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AvAaAuon Kot oXeSLGUOG oTpOoLAonXovVwy yla
BEéAtiotn Asttovpyia UBPLOILKWV CUCTNHATWY TUTTOU
SOFC-GT

Turbomachinery Analysis and Design for Hybrid SOFC-GT Systems Optimized
Performance

EruBAEnwy kaBnyntng: Ap. Avaotdolog ITapdtng, AvamAnpwtig kabnyntng

NepiAnyn

Meyahn mpoomdBela yivetal to TeEAsutaia xpovia ylo TNV AVATTUEN OMOSOTIKWY HNXOVWY
UETOTPOTG EVEPYELOC. Ta KivnTpa yla auth Thv Mpoomabsla sival KUplwg n oAoéva auéavouevn
{NTNon yla nAekTpKn evépyela, n €€AVIANGCN TWV KOLTAOUATWY OPUKTWY KAUCIHWY KaBwg Kot n
HOAuvon tou TMEPLBAANOVTOG OO EKTIOUTIEG a€plwV PUTIWV. Mia texvoloyia mou ¢aivetal otL Ba
OUUBAAEL onuavtikd otnv Slapopdwaon Tou evepyelokol TopEa oOTo HEANOV, eival ol
ULKpoOoTPpOBIAoL. Ol UIKPOOTPORIAOL AOYW TWV TAEOVEKTNUATWY TOU TAPOUCLAIOUV UIMopouUV va
xpnowomnownBolv o ePpaPHUOYEC KATAVEUNUEVNG TTAPAYWYNG NAEKTPLKAG EVEPYELOC, smart grids,
UBPLSIKA cuoTAHATO KOL CUCTAATO CUUITAPAYWYNG.

Avtikeipevo Tng mapovoag Satplpic eival n pelétn edappoywv  HKpootpofilwvy, TOCO
UTIOAOYLOTIKA 000 KOl TELPOOTIKA. Ol UTTOAOYLOTIKEG SpaoTnpLlOTNTEG TEPAAUBAVOUV KUplwg TNV
peAETN uBPLSIKWY cuoTnuAtwy TtuTtou SOFC-GT (Solid Oxide Fuel Cell — Gas Turbine). Ita cuotrpata
oUTA yivetol ouvduAOPOG €VOC HLKPOOTPORIAOU Kol pLog yevwnTplag tumou SOFC, n ormola
Aewtoupyel og ouvBnkeg unepmnieong (umetpododoteital). To KAUOLWO AVILOPA NAEKTPOXNILKA OTLG
KU ENeg kavaoipou SOFC (mou umokaBlotouv to BAAopo kadong Tou UKPooTpoBilou) Kal mopayet
NAEKTPLKA evépyela pali pe Bgppodtnta. H Bepudtnta xpnolomnoleital and To UkpooTtpoBido yia thv
apaywyr eNUTAEoV NAEKTPLKNG eVEpyeLag. Ta cuoTApaATa autd €xouv uPnAolg Babuoug anddoong
KoL BewpolvTtol WG Pt EVOAAOKTLKI ETIAOYI TWV CUUPATIKWY CUCTNUATWY NAEKTPOTIOPOYWYNC.

o TNV povtelomoinon Twv UBPLSIKWY CUCTNUATWY XpNoLpomoLlonke évo AOYLOULKO YEVIKAG XPRONS
(AspenPlus). Zekwwvtag pe [La TPOTEWVOUEVN HEB0SO amo tnv Stabéowun BiBAloypadia, £ywvav
TMPOCONKeC VEWV OTOLKEIWV HE OKOmMO TtV Snuloupyia evog PeAtiwpévou povtélou. EmumAéov,
ovamTuxOnKav HOVTEAQ YL TNV TPOCOUOLWON TwV GTPORAOUNXAVWY OTO AOYLOMLKO YEVLKAC XPRong,
olaltepa og Peptko doptio, yla mpwtn ¢popa o€ AUTO To TEPLBAANOV.

Ytnv mapovoa Siatplpn s€etalovral oxedlaopol UBPLSIKWY CUCTNUATWY BACL{OUEVOL OE EUTIOPLKA
Sl00€atpoug pikpootpoBiloug Kat os pLa emtuxnuévn yevntpla tumou SOFC n omola Sokipdotnke
O€ QPKETA TUAOTIKA mpoypappota Slebvwe. Avamtuxbnkav povtéAa kat Babuovoundnkav pe Baon
nepapotika dedopéva amnod tnv BiBAoypadia. Meletnbnke n cuumnepipopd os cuVONKEG TARPOUC
KoL pEPLKOL dopTiou KaBwe Kal n eMidpacn oNUAVIIKWY AEITOUPYLKWY TTOPOUETPWY OTLC EMLEOOELS
Twv UPPWOIKWY ocuotnudtwyv. Ta anoteAéopota €8elav OTL TO CUCTAUOTO OQUTA MMOPEL va
oénynoouv oce uyPniolg PBabuolc amodoong, sdodoov yivel kotdAnAn PeAtiotonmoinon oto
OXEOLOOUO TOU oUOTAHATOG KABWCE Kal oTo HeEyeBog Tou pikpootpoBilou.
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H mponyoupevn gumelplo mou amoktninke odrynoe o pla pebBodoloyia yla tnv BeAtiotomnoinon
TwvV otpofiopnxavwy os uPpLSLkE cuotipata SOFC-GT. H peBodoloyia nephapPavel duo Bruarta.
ITO TPWTO YIVETAL MLO TIOPAMETPLK OVAAUGCN yla va omotiunBel to Aettoupylkd medio Tou
ouotnuatog kalt oto &eltepo, AapPBavovtag umoyn Tt mAnpodopie¢ Tou MPwIou PAUOTOC,
umoloyilovtal oL BEATLOTEC YEWHUETPLEG VLA TOV CUILECTH KL TOV OTPOBIAO XPNOLUOTOLWVTAS in-
house kw6lKeC TMOU avamtuxOnkov yld AuTO Tov OKOMoO. Ta amoteAéopata €8el€av ONUAVTLKA
BeAtiwon twv €mSO0EWV TOU CUCTNUATOC O OAO TO €UPOG Asttoupyiag tou. H umodoun mou
Snuloupyndnke emTpEmel tn HeAETN eMUTAEOV OXESLAOTIKWY ETAOYWVY, HE XwPLOTH €emAoyn
ouprLeotn Kol otpofilou, SladopeTikoU TUTIOU CUUTILEDTH KTA, OMwG Kol SLAPOPETIKWY EMAOYWY
OTO oUOTNUA EAEYXOU.

Ol TELPAPATIKEG SpAOTNPLOTNTEG TIOU €ylvav ota MAaiola autng tng Statplpnig, adopouv éva
ULIKpooTpOBido tuTou turbojet. Mapouoldletal n UMELpia TTOU ATTOKTABNKE Ao TNV AVATTTUEN EVOC
MOVTEAOU yla TNV Tipooopoiwon NG cumepPLPopPAC TOU OE HOVIUEG ouvbnkeg Asttoupyiag. Ta
anoteAéopata €6et€av OTL KATIOLEG LETPNOELG TTOU AopPBAvovTal amo TV Asltoupyia TNG UNXAVNG
S&v elval QVTIMTPOCWITEUTIKEG TNG LEONC TIUNAG TIOU EMLKPATEL 08 KABe Statour. QOTO00 N AMOKALON
glval ovotnuatiky Kal emoavaAfPLun UE OMOTEAECUA va UIOpoUvV va uloBetnBolv Sladikacieg
610pBwoNnC TV PETPNOEWV. EKTOC amod tnv HEAETN O£ POVIUEG OUVONKeG Aettoupylag, pehetnBnke
KoL N WETABATIKA AElTOUPYLOC TNG UNXOAVAG MECW £VOG HOVTEAOU TIOU avamtUuxBnke ywo autd To
OKOTIO. TO QMOTEAECHOTO TWV TIPOCOUOLWOEWY £(VaL 08 OPKETA KOAN CUUGWVIA UE TA TIELPAUATIKA
Sebopéva. H eumelpia mou amoktnBnke amod To UETOPATIKO UOVIEAO AELTOUPYLAC QVOUEVETOL VO
aflomownBel yia tnv avamtuén petafatikol povtéAou Asltoupyiog yla ta cuotipata SOFC-GT,
TIPOKELUEVOU Va LEAETNOEL KAAUTEPA TO CUCTNA EAEYXOU YLO TPooTacia tng cuotolyiag SOFC amo
OlLYUEG TiiEONC, surge, QMOCUGUTieEoN KTA.
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Abstract

Abstract

Nowadays, great effort is made by the research community to develop efficient energy conversion
engines. The motivation for this effort derives from the growing demand for electricity, the
exhaustion of fossil fuels reserves and the environmental pollution caused by the exhaust emissions
from engines. A technology that seems to play an important role in the development of energy
sector is the microturbines. The microturbines have many advantages over the conventional
reciprocating engines, which make them suitable for distributed generation applications, smart
grids, hybrid and cogeneration systems.

In this thesis, applications of microturbines are studied, both numerically and experimentally. The
numerical works include the study of hybrid SOFC-GT (Solid Oxide Fuel Cell — Gas Turbine) systems.
These systems combine a microturbine with a SOFC generator that operates at elevated pressure
conditions. The fuel reacts electrochemically within the fuel cell stack (which substitutes the
combustion chamber of the microturbine) and produces electric power and heat. The heat is utilized
from the microturbine to produce additional electric power. The hybrid SOFC-GT systems have high
efficiency and are considered as an alternative to conventional electric plants.

For the modeling of the hybrid systems a general purposes software (AspenPlus) was used. Starting
from a method published in the literature for the modeling of a SOFC generator, changes were made
in order to develop an improved model. Moreover, simulation models for the part-load performance
of turbomachines were developed for the first time using this general software.

In the present thesis, hybrid systems were examined which are based on commercially available
microturbines and a successful SOFC generator, which have been tested in various research
programs. Models were developed and validated against experimental data from the available
bibliography. The models were used to study the behavior of hybrid systems under full and part-load
operating conditions. Also, the influence of important performance parameters, such as the SOFC
stack temperature, was investigated. The results showed that these systems can achieve high
efficiency values with a proper choice of the design parameters as well as of the size of the
microturbine.

The previous experience was used to develop a method for the optimization of the compressor and
turbine components in hybrid SOFC-GT systems. The method consists of two steps. In the first step a
parametric study is conducted in order to assess the operating range of the hybrid system and, in
the second, the compressor and turbine geometric parameters are calculated using in-house
turbomachinery design codes and an optimization procedure. Based on the new turbomachines the
hybrid system has shown a clear efficiency advantage over the whole operating range. The
developed optimization tools allow the study of further design options, such as a separate
compressor and turbine selection or a different compressor type.
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Abstract

The experimental activities conducted in this thesis concern a small turbojet engine. The experience
gained during the development of a simulation model for the steady state operation is presented.
Data analysis showed that some measurements were not thermodynamically consistent and
representative of the average value of the thermodynamic parameter in the engine station.
However, there were systematic deviations which were repetitive. This led to adoption of data
correction procedures in order to correct the non-representative measurements and make them
compatible with the others. Apart from the steady state model, a transient model was developed.
The model was validated by comparing model predictions with experimental data. The gained
experience will be used for the development of a transient model for SOFC-GT applications, in order
to study control methods that ensure protection against pressure spikes, surge, overpressure etc.
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Nomenclature

Nomenclature

area

effective surface area

blade height

specific heat

diffusion coefficient, diameter

DOOT>>

3

cell mean diameter

activation energy

exergy flow

specific exergy

Faraday constant, thrust

Gibbs free energy

enthalpy

enthalpy

current density

electric current

exchange current density
thermal conductivity, pre-exponential factor
length

molecular weight, Mach number
mass flow

rotational speed

molar flow

number of electrons

Nusselt number

ST ST oMo mm

53233°xF

° =2
<

power
pressure

Py partial pressure of component ()
Pr Prandtl number

PR pressure ratio

0 heat transfer rate

R gas constant, resistance

r average pore radius

R universal gas constant
S

s

o

entropy
specific entropy
SE efficiency deviation
S¢ skin friction coefficient
SP pressure ratio deviation
Sw mass flow parameter deviation
t thickness

T temperature
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Nomenclature

overall heat transfer coefficient (W/m?2.K)
blade speed

fuel utilization factor

Velocity, voltafe

Fuller diffusion coeficience

work

specific work, relative velocity

number of blades or vanes
enthalpy losses

§N§§<<$EQ

Greek symbols

electronic transfer coefficient, relative flow angle
ratio of specific heats, pre-exponential coefficient
ratio of inlet total pressure to standard atmospheric pressure

M O™

porosity, emissivity, function of y used in relating parameters to those using
air inlet conditions at standard sea level conditions
efficiency

> S

ratio of inlet total temperature to standard atmospheric temperature
O squared ratio of critical velocity at turbine inlet to critical velocity at standard
atmospheric temperature

% Fuller diffusion coefficient, kinematic viscocity
& tortuosity

p resistivity, density
o Stefan-Boltzman constant
Q angle

Subscripts

A anode

Act activation

b blade

bl blade loading

c compressor, cold
C cathode

Conc concentration

cor corrected

df diffusion

E electrolyte

eff effective

el electrons

ex exergetic

f fuel, full blades
GEN generator

h hot

h hub

id ideal

inc incidence

Int interconnection
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Nomenclature

is isentropic
K Knudsen
m mechanical
mix mixture
N Nernst
o reference
Ohm ohmic
r rotor, component in meridional direction
rc recirculation
ref reference
rel relative
rev reversible
s stator
sp split blades
t turbine, total, tip
component in tangential direction
v vane
vd vaned diffuser
vld vaneless diffuser

Superscripts

ch chemical

/ inlet

k kinetic
potential

ph physical

r reaction

eff effective

Abbreviations

AC alternating current

CCHP combined cooling , heat and power
CHP combined heat and power

cop coefficient of performance

DC direct current

GT gas turbine

HS hybrid systm

SCR steam to carbon ratio

SOFC Solid Oxide Fuel Cell

LHV lower heating value
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Chapter 1 Introduction

Chapter 1

Introduction

In this chapter, the reasons and motivations for undertaking this thesis are presented. A brief
introduction about the trends in energy market is done and the role of the main systems studied in
this thesis is discussed.

1.1 Background

Demand for energy is increasing steadily since the beginning of the industrial revolution. The energy
sector is vital for the industry, services, transporting the people and goods, protecting against
weather conditions etc. Most of the energy comes from the fossil fuels (see Figure 1-1). The fossil
fuels have two major drawbacks: firstly, their reservoirs are finite, which is one of the main reasons
that the prices are high, and secondly, the large amounts of greenhouse gas emissions. Because of
these two drawbacks, the fossil fuels should be used efficiently and with technologies that
contribute to lower CO, emissions.

. 30 Biofuels and waste
5.7% 10%

Natural gas
21.4%

Coal/peat
27.3%

Oil Other
32.4% 0.9%

Figure 1-1 World total primary energy supply for 2010,[1].
The worldwide trends in the energy policy can be classified into three groups:

Energy savings: This group includes socio-political actions to sensitize the society, through
informative campaigns, to a more rational use of the available energy. This does not
necessarily imply the decline in standards of living but the adoption of actions that
contribute to energy savings. There are many ways to save energy, such as turning of the
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lights when it is not necessary, regular maintenance and proper setting of heating/cooling
equipment, use of public transport, green buildings, distributed generation systems etc.
These actions not only produce individual economic benefits, but also make a positive
impact on the society and the economy of a country, since they contribute to a reduction of
dependence on oil rich countries and on price variations.

Environmental protection: This group includes actions to switch to more environmentally

friendly technologies, with low greenhouse gas emissions. This goal can be met effectively
by the renewable energy sources (such as solar, wind, hydropower, tidal and geothermal
power) which have zero CO, emissions. However, there are renewable energy sources such
as biogas, biodiesel and biomass with emissions, but nevertheless remain eco-friendly. A
disadvantage of the renewable sources is the low availability since it is high susceptible to
environmental conditions (adverse weather, day/night cycle etc.). To overcome this
problem, several ways have been proposed in the literature to store excess energy and
release it when needed.

Apart from the renewable energy technologies, considerable effort has been made on CO,
capture and separation technologies. There are many options available including
absorption, low temperature distillation and membrane separation.

Conversion efficiency: There is a big effort to develop and use efficient energy conversion

devices such as high energy efficiency class appliances, hybrid cars and efficient electric
power plants. Towards this direction is the use of fuel cells, which convert the chemical
energy of the fuel directly and efficiently to electric energy.

Various energy systems have been proposed for the simultaneous production of more than
one useful form of energy, e.g. cogeneration of heat and electric power or trigeneration
systems. These systems present high total efficiencies, since they utilize a larger amount of
the primary fuel (energy). Moreover, in recent years the popularity of hybrid energy
systems increases steadily. These systems combine different type of energy supply devices
and achieve very high efficiencies.

From the previous analysis, it is clear that there is a need for efficient and environmentally friendly
techniques to produce electric power. In the available literature, there are many proposed systems
that fulfill the criteria described previously. Among them, the microturbines have a leading role in
the energy market. Their advantages make them an ideal solution for numerous applications. The
microturbines have a prominent role in the hybrid systems, and especially in the systems that
combine fuel cells with microturbines.

In this research activity, applications of the microturbines in hybrid fuel cell gas turbine systems are
mainly studied. In the following sections, the characteristics of the main systems that this thesis
deals with i.e. microturbines and fuel cells are presented and discussed.

1.2 The role of the microturbines

The microturbines are miniatures of larger gas turbines (GT) engines, either turbojet or turboshaft
type. The small turbojet engines are mainly used for the propulsion of Unmanned Aerial Vehicles
(UAVs) or from airplane modelers. The small turboshaft engines are suitable for distributed
generation applications, because of their advantages such as high specific power, multi-fuel
operation, low maintenance costs, ability to provide reliable and stable power, parallel connection
to serve larger loads and low pollutant emissions [2].
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Typical applications of microturbines are:

Stand-alone applications

CHP and CCHP

Backup/standby power

Peak shaving and base load power

Microturbines can be used in public buildings such as universities, hospitals etc., in small or large
commercial applications (e.g. hotels, industries), in apartment buildings covering totally or partially,
the electricity and/or thermal needs. They can provide electricity in remote areas that are out of the
electricity grid or for telecommunications and military purposes, such as the operation of
transmitters, radars etc.

The use of the microturbines is expected to increase in the near future. A major reason is the ability
to utilize the rejected thermal energy for cogeneration and trigeneration purposes, with very high
efficiency (80-90%). Another reason is the avoidance of the transmission and distribution losses
since the electric power is produced close to the consumption points; and moreover, the
development of natural gas distribution networks expands the geographical area in which
microturbines can be installed.

1.3 The role of the fuel cells

The fuel cells are electrochemical devices that convert the chemical energy of the fuel directly and
efficiently to electricity. A typical fuel cell consists of an ion-conducting electrolyte in contact with a
fuel electrode (anode) on the one side and an oxidant electrode (cathode) on the other side. It is a
promising technology since it offers very high energy conversion efficiencies and low environmental
impact.

There is a plurality of fuel cells that are classified according to the electrolyte and fuel type, which in
turn determine the electrochemical reactions that take place inside the cells [3]. As the power
produced by a single fuel cell is very low, it is necessary to stack many cells together to obtain a
reasonable power output. The fuel cells are constructed in several geometries, each having its pros
and cons, broadly classified as either tubular or planar.

Of the available fuel cell technologies, the Solid Oxide Fuel Cells (SOFCs) show the most promising
results for stationary applications. The main characteristics of the SOFCs are the high efficiency and
the high operating temperature that make them an ideal choice for distributed generation
applications. The high temperature of the exhaust gases from the SOFC stack is able to power a gas
turbine without additional fuel supply, leading to electric efficiency values over 60%.

1.4 Thesis aims and objectives

The coupling of microturbines and fuel cells is not a simple process. There is a plethora of different
combinations that can be made. Each combination has its pros and cons. Moreover, during their
operation critical phenomena can appear such as carbon deposition, high temperatures, compressor
surge etc. In order to avoid these dangerous conditions a careful selection of key operating
parameters should be done and a suitable control strategy should be applied.
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This thesis is targeted at the analysis of hybrid SOFC—GT systems. It is intended to help understand

better the processes take place in a hybrid SOFC-GT system and give recommendations for

improving its performance. The main objectives of this research are:

Study the interaction of the microturbine and the SOFC generator in a hybrid SOFC-GT
system. More practical applications are covered due to the absence of relative bibliography.
Development of a detailed and accurate computational model for a SOFC generator.

Gain knowledge on the part load performance of the hybrid systems.

Study the irreversibilities in a hybrid SOFC-GT system.

Optimization of a hybrid system as there is no effort by the research community to suggest a
practical method to optimize the performance over the whole operating engine.
Experimental study of microturbines and development of a transient model which in the
future will be helpful for the development of a transient SOFC—GT model.

1.5 Thesis contribution

The work carried out in this thesis has made significant contributions to the field of hybrid SOFC — GT
systems and on the gas turbine field, inter alia:

Improvements were done in a simulation methodology for a SOFC generator.

A methodology was proposed for improving the hybrid SOFC-GT systems performance
through turbomachinery design.

A complete approach for the modeling of hybrid SOFC-GT systems in AspenPlus simulation
environment was developed.

The non-representativeness of some measurements in a turbojet engine was studied and a
correction procedure was proposed.

A list of papers published in international journals and conferences are enlisted here:

1.

Bakalis, D. P.; Stamatis, A. G., Optimization methodology of turbomachines for hybrid SOFC-
GT applications. Energy 2014, 70, 86-94.

Bakalis, D. P.; Stamatis, A. G., Improving hybrid SOFC-GT systems performance through
turbomachinery design. International Journal of Energy Research 2014.

Bakalis, D. P.; Stamatis, A. G., Incorporating available micro gas turbines and fuel cell:
Matching considerations and performance evaluation. Applied Energy 2013, 103 (0), 607-
617.

Bakalis, D. P.; Stamatis, A. G., Full and part load exergetic analysis of a hybrid micro gas
turbine fuel cell system based on existing components. Energy Conversion and Management
2012, 64 (0), 213-221.

Bakalis, D.; Stamatis, A., Exergy Analysis of a Hybrid Micro Gas Turbine Fuel Cell System
Based on Existing Components. ASME Conference Proceedings 2012, ASME Paper No.
GT2012-69258.

Bakalis, D. P.; Stamatis, A. G., Data analysis and performance model calibration of a small
turbojet engine. Proceedings of the Institution of Mechanical Engineers, Part G: Journal of
Aerospace Engineering 2011, 226 (12), 1523-1533.

Bakalis, D.P., Stamatis, A.G. Performance simulation of a hybrid micro gas turbine fuel cell
system based on existing components , ASME Conference Proceedings 2011, ASME Paper
No. GT2011-45834.
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1.6 Thesis outline

This thesis is organized in 10 chapters. Following this introduction the technology background is
given in Chapter 2. The characteristics of the main components are described and the design
challenges of the hybrid SOFC — GT systems are discussed. In Chapter 3 the operating principles of
the system components are presented. Chapter 4 presents the model developed for the hybrid
SOFC-GT system. In Chapter 5 a hybrid system based on existing devices is analyzed and an
exergetic analysis is performed. Chapter 6 discusses the matching consideration of a SOFC generator
with four different microturbines. In Chapter 7 a methodology to improve the performance of a
hybrid SOFC-GT system for the whole operating range is proposed. In Chapter 8 the experience
gained during the development of a microturbine simulation model is presented. Chapter 9 presents
a transient model developed for a microturbine, and finally, Chapter 10 concludes this research and
makes recommendations for future work.
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Chapter 2

Technology background

In this chapter the characteristics of the main components and the auxiliary equipment are
described. The basic hybrid system layouts and their basic auxiliary equipment are presented. The
SOFC generator developed by Siemens-Westinghouse is presented and the design challenges of
hybrid systems are discussed.

2.1 Microturbines

The microturbines are small gas turbine engines, either turbojet or turboshaft type. The turboshaft
type microturbines operate similarly to the conventional, larger gas turbine engines [4]. Their
operation is usually based on the recuperated Brayton thermodynamic cycle in the case of the
distributed generation applications. A schematic diagram of this type of microturbines is shown in
Figure 2-1. Atmospheric air enters the compressor and exits at an elevated pressure. Then, the
compressed air passes through a heat exchanger where it is heated by extracting heat from the hot
exhaust gas. The compressed and heated air is guided into the combustor where it is mixed with the
fuel and the gaseous mixture burns. The hot gas expands in the turbine and generates power to
drive both the compressor and the generator. The hot exhaust gas is directed into the recuperator,
where it provides heat for the compressed air before it enters into the combustor.

The ideal thermodynamic diagram of the recuperated Brayton cycle is shown in Figure 2-2.

Exhaust gas (6) Fuel

Combustor

Generator

Compressor 5

Figure 2-1 Schematic diagram of a microturbine
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[
-

S

Figure 2-2 T-s diagram of the ideal recuperated Brayton cycle

The turbojet type microturbines are simpler than the turboshaft type, since they do not utilize the
recuperator component. The air is compressed in a centrifugal compressor, is burned in an annular
type or reverse flow combustor and is partially expanded in an axial type turbine to produce power
for the compressor. The hot and pressurized gases that exit the turbine are expanded to atmosphere
though a convergent nozzle and produce thrust.

Microturbines operate at very high rotational speeds. The turboshaft type can have either a single
shaft or a dual shaft configuration. In the single shaft configuration (Figure 2-1) the turbine
generates power to drive the compressor and the generator which are mounted on the same shaft.
In this design, the produced electric power has a very high frequency, which is variable as the
generator speed varies during the part load operation. The output power of the generator is
adjusted to the desired voltage and frequency values with an AC/DC/AC power controller.

Exhaust gas (7) Fuel

Air (1)

/ Combustor
Recuperato

———————— Power
turbine

Figure 2-3 Dual shaft microturbine

Generator

Compressor

On the other hand, in the dual shaft configuration the hot gases exit from the combustor expand
partially on the high pressure turbine and produce power for the compressor. Thereinafter, the
gases exit from the high pressure turbine and fully expand on the low pressure turbine (power
turbine) and produce power for the generator. In this configuration the rotating speed of the power
turbine remains constant. Some designs incorporate a gear box to reduce the shaft speed and to
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transmit the power to the generator. The generator produces the desired frequency without the use

of a power converter. In Table 2-1 the two types of microturbines are compared.

Table 2-1 Comparison of single shaft and dual shaft microturbines, [4]

Difference item Single shaft Dual shaft
Speed of rotation (rpm) 50000 - 120000 3000 or 3600
Alternator frequency (Hz) 1500 - 4000 50 or 60

Coupling

Turbine and alternator are

directly coupled

Gear box is used to couple
turbine shaft with alternator

shaft
No need for power electronics

Power electronics section is
needed to convert the high
frequency AC output voltage
into DC and then into AC with
frequency of 50Hz or 60Hz
Usually permanent magnet
synchronous generator

Less maintenance

Power electronics

Alternator type Usually induction generator

Maintenance Higher maintenance because of
additional moving parts.

Lower cost

Cost Usually higher cost because of
the power electronics section
and type of generator used.

Higher chances

Chances of failure Lower chances as gearbox is
more robust than complex
power electronics section.

Higher because of gear box and

the lubricating system

Dimensions and weight Lower

As the microturbines operate, they reject heat to the environment, like all thermal engines. The
superiority of the microturbines, over the diesel and spark ignition engines, is that the rejected heat
is mainly available in the exhaust gases. The hot exhaust gases can be used for space heating
purposes, for hot water production, for cooling, by a bottoming cycle etc. There are a lot of research
works that study applications of microturbines. Colombo et al. [5] studied experimentally the
performance of a cogeneration plant based on a 100 kW microturbine. In high electrical load the
systems’ efficiency remained nearly constant, while it reduced as the power dropped below 60 kW.
Also, the SO, and CO emissions increased significantly at part load conditions. Gomes et al. [6]
studied experimentally the performance (full and part load) of microturbines fuelled with natural gas
and diesel. The results showed that the efficiency is higher at full load and decreases significantly as
the power decreases below 50% of the full load. The microturbines had very low emissions which
make them appropriate for residential applications. The economic analysis results showed that the
cogeneration is the most economically effective application of microturbines since a short payback
period is achieved because of the high energy savings. Tassou et al. [7] studied the application of a
trigenetation system in a supermarket and compared the results with a conventional system. The
trigeneration system was based on a microturbine with an efficiency of 28% at maximum electrical
power of 80 kW. The microturbine was coupled with an ammonia-water absorption chiller of cooling
capacity 12 kW. They concluded that the economic viability of the system is sensitive to the prices of
electricity and natural gas. The COP of the absorption refrigeration system affects the environmental
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benefits of trigeneration over conventional systems. Huicochea et al. [8] based on experimental
data for a microturbine studied numerically the performance of a trigeneration system, that
consisted from the microturbine, a double effect absorption chiller and a heat exchanger.

The microturbines can operate either in stand-alone or in grid-connected applications [9]. For the
latter case, it is required a connection with the electricity distribution network for account of any
shortage or surplus results from changes in energy demand. Also, the microturbines can be
connected in parallel to meet higher power demands. These modular systems have a lot of benefits
such as easier maintenance, higher availability, easy replacement of a single faulty engine and high
energy conversion efficiencies.

A major benefit of microturbines is the ability to operate with various fuels. Gomes et al. [6] studied
the performance of two Capstone C30 microturbines, fuelled with natural gas or diesel. Krishna [10]
tasted the same engine with different soy-based biodiesel blends. The results showed no significant
changes in efficiency. The addition of biodiesel contributed to a reduction of CO, NO, as well as SO,
emissions. Habib et al. [11] used a small turbojet engine to study the effect on the performance and
the emissions of pure biofuels and their blends with Jet A aviation fuel. The addition of biofuel had a
positive impact on the thermal efficiency, however it hadn’t a distinct static thrust advantage since
the results with the biodiesel was comparable with those of the reference fuel (Jet A). The CO and
the NO emissions decreased significantly when biodiesel was used; on the other hand, the turbine
inlet and exhaust temperatures did not change notably. Park et al. [12] fed with biogas a
microturbine. The raw biogas, from waste water treatment process, was further treated to remove
the harmful contaminants (moisture, H,S, NH;, siloxane etc.) before it was burned in the
microturbine. The experiment showed that engine operation was unstable when the CH, was below
32%. The NO, emissions were not affected from the N, concentration in biogas or the engine power
level. On the other hand, the CO concentration increased at part load conditions.

Microturbines can be combined with one or more generation sources [4]. The resulted systems are
called hybrid systems and their main advantage is the higher efficiencies compared to single sources.
These microturbines can be effectively combined with renewable energy sources such as a
photovoltaic system and a wind turbine and mitigate the effect of randomness of these sources, or
can be combined with high temperature fuel cells (MCFC and SOFC) and supply electric power with
very high efficiency. More details about the latter group of hybrid systems can be found in section
2.3.

The main pollutants resulting from the operation of the microturbines are CO, NO,, unburned
hydrocarbons and negligible amounts of SO, [13]. They are designed to produce low specific
emissions at full load; however, at part load conditions the emissions are higher compared to full
load. CO and unburned hydrocarbons are due to the incomplete combustion process. Various
reasons contribute to incomplete combustion such as the bad fuel-air mixing, the low residence time
and the bad maintenance. The NO, emissions in microturbines are mainly depended on the high
flame temperature and the residence time.

2.2 Fuel cells

Fuel cells are electrochemical devices that convert the chemical energy of a fuel into electricity with
high efficiency and low environmental impact [3]. There are many types of fuel cells, which are
commonly classified by the type of the electrolyte [3, 14] (see Table 2-2). Moreover, fuel cells can
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be classified according to the operating temperature (high, low or medium), the operating pressure
(atmospheric or pressurized) or the cell geometry (planar, tubular etc.). Among the various types of
fuel cell, in this study only the Solid Oxide Fuel Cells (SOFCs) are examined.

All the fuel cells consist of an electrolyte layer, in contact with two electrodes (anode and cathode)
on each side. A schematic representation of a SOFC type unit cell is presented in Figure 2-4. The
oxidant, pure oxygen or oxygen from the atmospheric air, are inserted in the cathode side of the fuel
cell. The porous material of the cathode allows the adsorption of oxygen molecules and the catalytic
dissociation of them into atoms. The atoms are reduced by electrons to oxide ions according to the
reaction (2-1). The oxygen ions are conducted through the electrolyte to the anode side of the fuel
cell while the depleted oxidant exits the cell.

%0, 22 O (2-1)

In the anode side, the oxide ions react with the fuel (e.g. hydrogen) and release electrons which
travel through an external circuit to the cathode side of the fuel cell as shown in Figure 2-4. The
reaction that takes place in the anode side is described from the relation (2-2).

H, 0° HO 2e (2-2)
The overall reaction is:

H, %0, H.O (2-3)

2e’
(= ~V

Fuelin — -4— Oxidantin
—— H, - —
L 0% 105
J
f 0*
_ JH,O - -
Depleted fuel and 2 Depleted
-|— —» .
product gases out j/\ /\t oxidant out
Anode T Cathode
Electrolyte

Figure 2-4 Operating principle of SOFC

33

Institutional Repository - Library & Information Centre - University of Thessaly
22/01/2026 05:16:16 EET - 18.97.14.89



Chapter 2 Technology background
Table 2-2 Fuel cell types
Fuel Cell Type Polymer Electrolyte | Alkaline Fuel Cell (AFC) Phosphoric Acid Fuel Cell | Molten Carbonate Fuel | Solid Oxide Fuel Cell
Membrane (PEM) (PAFC) Cell (MCFC) (SOFC)
Electrolyte Hydrated Polymeric lon | Mobilized or Immobilized | Immobilized Liquid | Immobilized Liquid Molten | Perovskites (Ceramics)
Exchange Membranes Potassium Hydroxide in | Phosphoric Acid in SiC Carbonate in LiAIO,
asbestos matrix
Operating 50-100 °C 90-100 °C 150-200 °C 600-700 °C 700-1000 °C
Temperature
Charge Carrier H* OH H* coy” o~
Typical Stack Size | <1 -100 kW 10 -100 kW 100 - 400 kwW 300 kW -3 MW 1 kW -2 MW
Efficiency 60% transportation 60% 40% 45-50% 60%
35% stationary
Applications Backup power Military Distributed generation Electric utility Auxiliary power
Portable power Space Distributed generation Electric utility
Distributed generation Distributed generation
Transportation
Specialty vehicles
Advantages Reduced corrosion & Cathode reaction faster Higher temperature High efficiency High efficiency
electrolyte management in alkaline electrolyte enables CHP Fuel flexibility Fuel flexibility
problems leads to high Increased tolerance to Can use a variety of Can use a variety of
Low temperature performance fuel impurities catalysts catalysts
Quick start-up Low cost components Suitable for CHP Suitable for CHP & CCHP
Hybrid/GT cycle
Disadvantages Expensive catalysts Sensitive to CO, in fuel Pt catalyst High temperature High temperature
Sensitive to fuel and air Long start up time corrosion and corrosion and
impurities Electrolyte management Low current and power breakdown of cell breakdown of cell
Low temperature waste components components
heat Long startup time High temperature
Low power density operation requires long
start up time and limits
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The fuel cells are considered as a very promising alternative to traditional power generation
systems, since they offer higher electric efficiencies and lower emissions [15]. Beside the high
efficiency, the fuel cells do not utilize moving parts, except the balance of plant equipment. This
contributes to low vibration operation, with low noise level, which make them appropriate for
installation in urban areas and even in dwellings. Moreover, the absence of moving parts enhances
the reliability and reduces the maintenance cost. Furthermore, the SOFC type generators can
operate with a variety of fuels [16, 17] which make them suitable for various applications . Finally,
the size of a SOFC stack is flexible since can be easily modified by adding or removing cells, allowing
it to be constructed for use in any power range.

Ideal operation

The fuel cell converts the chemical energy of a fuel into electric work. The maximum electrical work
is obtained when the fuel cell operates ideally. At constant operating temperature and pressure, the
ideal work is equal to the Gibbs free energy of the reaction [18].

W, G H T 'S (2-4)

rev
Taking into account the reaction (2-2) the molar flow of the electrons is:
n, 21, (2-5)

el

The electric current is defined as the flow rate of the electric charge in an electric field, usually an
electrical circuit. For the case of a fuel cell the electric current can be estimated by multiplying the
mole flow of the electrons by the charge of a single mole, i.e. the Faraday constant.

I nF 2r'1H2F (2-6)

The minus sign is for negative charge of the electrons.

The reversible power is the product of the electric current by the reversible operating voltage, or
taking into account the Eq. (2-4) is written as

I:)rev Vrevl hszrev th rG (2-7)
By combining the relations (2-5)-(2-7) the reversible voltage can be estimated from the following
equation
‘G
V 2-8
rev 2F ( )
The Gibbs free energy change for the total reaction (2-3) can be expressed as:
r r 0 pHZO
G(T.p) 'G(T.p7) R,TIh —— (2-9)
Py, S,
HZ 02
where the p° is the standard pressure (100 kPa).
The standard Gibbs free energy of formation is given from the following relation
1
‘G(T,p") G(T.p")o G(T,P%),, 560, P°)o, (2-10)

By combining the Eq.(2-9) and Eq. (2-8) the reversible voltage is:
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GOLP") Rl PuPs
oF F T Puo

(2-11)

which is the well-known Nernst equation. The reversible (or Nernst) voltage is the maximum voltage
value that can be achieved at given operating conditions.

Voltage losses

During the actual operation of a fuel cell, the voltage is different from the reversible voltage due to
voltage losses. The voltage loses are dependent from the operating conditions and the
characteristics of the fuel cell. The main voltage losses in an actual fuel cell are [19]:

Activation losses are due to the sluggish electrode kinetics. There is an energy barrier that

must be overcome to transfer the electrons to or from electrodes.

Ohmic losses are due to the resistance of the components along the current path. They are
depended from material properties and the geometric characteristics of the conductive
components.

Concentration losses are due to the diffusion phenomena taking place between the bulk

flow and the place where the electrochemical reactions occur.

The voltage losses can be easy distinguished in the V-I diagram (Figure 2-5) of a fuel cell [3]. In the V-I
diagram the cell voltage is plotted against the current density. The current density is a typical
parameter to describe a fuel cell performance. It is defined as the current per unit area. Usually, it is
given in A/m”.

Figure 2-5 V-|l diagram
Fuel utilization factor

Another parameter that describes the fuel cell operation is the fuel utilization factor. It is a measure
of the amount of fuel consumed to produce electric current. It is defined as the ratio of the
hydrogen amount consumed and the equivalent hydrogen amount supplied to the fuel cell.
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Uf r‘]H2 ,consumed (2_12)
r]HZ ,equivalent

The equivalent hydrogen (Eq.2-13) flow is calculated for the inlet fuel composition assuming that all

hydrocarbons are fully reformed to hydrogen and carbon monoxide, and moreover, the carbon

monoxide is completely shifted to hydrogen.

r]Hz,equivalent r.]fresh fuel sz Yeo 4 yCH4 7 yCZH6 (2-13)

Fuel - Reforming process

The most common fuel for the SOFC type fuel cells is the hydrogen or hydrogen rich fuel mixtures.
The reasons are the high reactivity for the reactions that take place in the anode side of the fuel cell,
and also it can be produced from a wide range of available fuels (fossils or renewables) [3].
Although, the fuel cells theoretically can operate with various fuels, in practical applications, the
direct use of any fuel is difficult to be realized since it contributes to carbon formation on the anode
side [20, 21].

The carbon formation on the anode side is a serious problem since it can deactivate the cells. Two
mechanisms are known to exist for carbon deposition at high temperatures [22]. The first is the
carbon formation, as a result of the reactions taking place over the catalyst, the deposition onto the
metal surface, the dissolution into the bulk of the metal and finally precipitation of the carbon as
fiber at some surface of the metal particle. The second is the formation of carbonaceous compounds
in the absence of a catalyst via free-radical, gas-phase condensation reactions. The problem is severe
when high hydrocarbons (e.g. butane) are present in the fuel [21, 23].

In order to prevent the carbon deposition, the hydrocarbon fuel, together with water steam is
catalytically converted to hydrogen, carbon monoxide and some carbon dioxide within the fuel cell
stack (internal reforming) according to the following reactions.

C,H, nH,O (m/2 nH, nCO (2-14)
CO HO0 CO, H, (2-15)

The internal reforming process of the fuel can be achieved, either directly on the anode side of the
fuel cell or indirectly by using a separate catalyst within the fuel cell stack or by combining direct and
indirect internal reforming [24]. The advantages of internal reforming include the simple system
layout and the increased overall system efficiency since the rejected heat from the electrochemical
reactions is utilized. Nevertheless, the problem with carbon deposition still remains with the higher
than methane hydrocarbons. In order to overcome this problem, a pre-reformer stage is installed
upstream the internal reformer so as to reform the higher hydrocarbons. The pre-reformer operates
at lower temperatures to preclude the carbon deposition. Moreover, as the reforming reactions are
endothermic, the pre-reforming process prevents the generation of cold spots on the fuel cell stack
or on the internal reformer, which can be catastrophic for these devices.

Steam to carbon ratio

In steam reforming reaction excess steam is needed in order to inhibit the soot formation and force
the reactions to completion [3]. A parameter to describe the amount of water in the hydrocarbon
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fuel is the steam to carbon ratio. It is defined as the ratio of the steam moles to the number of moles
of carbon in the fuel (Eq. 2-16), and usually takes values in the neighborhood of 2.5.

number of H,0 moles
number of fuel C moles

SCR (2-16)

2.3 Hybrid systems

A hybrid energy system is a synergetic combination of two or more energy conversion technologies
which supply the same type of useful output. Usually, the hybrid systems achieve higher efficiency
greater than either technology is capable independently.

The microturbines are an attractive choice for hybrid systems. In the literature there are many
examples where the microturbines are coupled with different types of energy systems. Kalantar and
Mousavi [25] proposed a hybrid system consisting of a wind turbine, a solar array, a microturbine
and a lead acid battery pack for a stand-alone application. The microturbine and the batteries are
used as a backup to meet the power demand under all weather conditions. The authors chose a
microturbine instead of a diesel engine because of the significant advantages of the former.
Mohamed and Koivo [26] presented a method to optimize the operation of a micro-grid unit
consisting of a microturbine, a wind turbine, a fuel cell, a diesel generator, a photovoltaic array and a
battery storage with respect to the operating cost and emissions. Verda and Sciacovelli [27] studied
and optimize the performance of a hybrid system obtained by integrating a microturbine and
molten carbonate fuel cell. The system was fuelled with biogas and produces electric power and
heat for the anaerobic digester. The digester treated the organic waste collected from a small town
and used bacteria to break down the biodegradable material in an oxygen free environment. One of
the products of the anaerobic digestion is the biogas which was used to fuel the hybrid system. The
exhaust gas of the hybrid system was used to supply heat for the digestion process.

One of the most effective combinations is the microturbines and the SOFC type fuel cells (SOFC-GT).
In hybrid SOFC- GT system the high temperature exhaust of the fuel cell generator is used to drive a
gas turbine which produces supplementary power and supplies the fuel cell generator with
compressed air. This integration contributes to very high efficiency values of about 60%. Integrating
a fuel cell and a gas turbine is by no means trivial and a significant system-level effort has been made
to understand hybrid system integration and thermodynamics. The most important concern is the
smooth matching of a SOFC module with a gas turbine [28, 29].

A plethora of studies can be found in the literature dealing with hybrid SOFC-GT systems [30-36].
These systems are based on micro-turbines, a sufficiently mature technology, which has been
developed significantly in the last decades [37, 38]. Microturbines present some unique
characteristics compared with the larger gas turbine engines such as the high rotational speeds, the
ability to burn various fuels and the radial turbomachines. Various integration strategies have been
proposed, for example see [15, 39]. When a SOFC generator is coupled directly to a Brayton cycle,
two basic arrangements can be recognized [15]: (a) the SOFC stack operates under pressure and
substitutes (totally or partially) the burner of the gas turbine cycle and (b) the SOFC is placed at the
exit of the turbine and operates close to atmospheric pressure.

In the case of the pressurized SOFC systems high efficiency values are achieved. These hybrid
systems show high specific power values which contributes to small equipment sizes. The
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disadvantage in this arrangement is the demanding design of the pressure vessel for the SOFC
generator, which leads to an increased manufacturing cost. In the non-pressurized configuration, the
SOFC generator is placed at the exit of the turbine component. These systems have lower efficiency
values than the pressurized ones. Due to the gas expansion in the turbine, the inlet air for the SOFC
generator may not have the required temperature value, if the operating temperature of the fuel
cell is too high. This fact makes the non-pressurized configuration suitable for intermediate-
temperature SOFC applications. Furthermore, the exhaust gases in the non-pressurized systems
have higher temperature, which contribute to less effective waste heat recovery.

The simplified layouts of the two basic arrangements are shown in Figure 2-6. This work deals only
with pressurized SOFC-GT systems.

Pressurized Non-pressurized
G
....... T . @ -
—l - | c F--= . @
.Z S
RE P Y
Exhaust RE
gas Exhaust SOFC generator
gas
B

SOFC generator

Figure 2-6 The two basic layouts of hybrid SOFC-GT systems
(C: Compressor, T: Turbine, B: Burner, G: Generator, RE: Recuperator)

2.4 Balance of plant equipment

A practical fuel cell system installation, apart from the fuel cell stack, requires several auxiliary items
for its operation. This auxiliary equipment is usually referred as balance of plant (BoP) and includes
the fuel processing system, the air processing system, the power conditioning and the control unit,
the valves etc. In the following paragraphs the basic BoP equipment is presented and discussed.

2.4.1 Desulfurizer

The fossil fuels contain sulfur compounds that have to be removed before they are used by the fuel
cell. The sulfur contents can deactivate the reforming process as well as the anode catalysts , even if
in low concentrations [19]. A usual desulfurization process involves the conversion of any organic
sulfur-containing compounds into hydrogen sulfide (H,S), over a supported cobalt-molybdenum or
nickel-molybdenum catalyst, by reaction with hydrogen (hydrogenolysis) and subsequently the
absorption of H,S onto a bed of zinc oxide. Unfortunately, the previous process cannot be easily
implemented for an internal reforming SOFC system, since it requires hydrogen for the
hydrogenolysis reaction. To overcome this limitation an absorbent such as activated carbon can be
used to remove sulfur from feed gases.

2.4.2 Ejector/Jet pump
The ejector is a simple pump without moving parts. In SOFC systems it is used to recirculate part of
the anode exhaust gases. The recycled gases contain hot steam which is necessary for the
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endothermic reforming process. The operating principle of the ejector is based on the momentum
transfer between two streams (Figure 2-7). The high pressure actuating fluid (fresh fuel) expands
through a nozzle and enters the mixing chamber with high velocity. The high velocity of the
actuating flow lowers the pressure and creates a suction effect which draws the induced fluid
(recycled fuel) into the suction chamber. The fresh and recycled fuels are mixed in the mixing
chamber and slow-down in the diffuser to recover static pressure. The ejector outlet pressure is
greater than the inlet pressure of the recycled fuel to overcome the pressure loses in the fuel path.

Suction Mixing
chamber chamber Diffusser
actuating fluid / \
(fresh fuel) —>
—» —»
—

induced fluid
(recycled fuel)

i
e ]
f

Figure 2-7 Ejector scheme

2.4.3 Fuel pre-reformer

In the pre-reformer, the higher hydrocarbons with the steam contained in the recycled fuel are
converted into methane, hydrogen and carbon oxides [3]. As the process is endothermic, it utilizes
the heat of the recycled fuel. At the operating conditions (low temperature < 500 °C) of pre-reformer
carbon formation does not occur. The reformed fuel that exits the pre-reformed is routed to the
SOFC stack where internal reforming is achieved.

2.4.4 Internal reforming

The internal reforming process can be achieved either indirectly or directly or by a combination of
direct and indirect reforming approach. The indirect internal reforming (IIR) utilizes a separate
catalyst to reform the supplied fuel. The catalyst is placed upstream the anode and utilizes the
generated heat from the fuel cell stack for the endothermic reforming process. In the direct internal
reforming the reforming reactions take place on the anode. Although, this is a simpler, cheaper and
more efficient solution, it contributes to large temperature gradients in the cell between inlet and
outlet which can result in cracking of the fuel cell materials.

2.4.5 Power conditioning unit

In a hybrid SOFC-GT system a power conditioning sub-system is necessary to convert the electric
power supplied from generator and SOFC stack to the desired voltage and frequency. The generator
is mounted on the shaft of the microturbine, so it rotates with very high rotational speed which
varies at part load conditions. Consequently, the delivered alternating current (AC) has to be
converted (to 50 or 60 Hz) for general use. The power condition process involves rectifying the high-
frequency AC to DC, and then inverting the DC to the desired AC [9]. The SOFC stack produces DC
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output voltage that is unregulated since it varies with the operating conditions (pressure,
temperature etc.). A DC-DC converter is connected to the output of the SOFC stack to convert the
unregulated voltage to the desired voltage level. The regulated DC voltage is then fed to an inverter
to convert to the desired AC output [19].

It is a usual practice in hybrid SOFC-GT systems to utilize a common DC-AC converter for the gas
turbine and the SOFC outputs [3]. This choice can reduce significantly the cost of the power
conditioning system.

2.5 Solid Oxide Fuel Cells

Several fuel cell designs have been proposed over the years. Generally, the proposed designs are
divided into two groups, the first is the planar and the second is the tubular design. The planar fuel
cells are composed from planar layers of the anode, cathode, electrolyte and interconnection which
are connected in electrical series. The main advantages of this design are the high power densities
and the easy fabrication [40], but their major drawbacks are the mechanical loads and the sealing at
high operating temperatures. The seals are necessary for a planar SOFC stack in order to block the
mixing of the oxidant and fuel gases. A typical planar fuel cell is shown in Figure 2-8. During the
operation the fuel and the oxidant guided from the flow channels formed by the bipolar separator to
the anode and cathode sides of the fuel cells, respectively. In a planar fuel cell, the fuel and oxidant
flows can be arranged in different flow configurations (Figure 2-9). The flow configuration plays a
major role in the temperature and current distribution in a fuel cell stack.

Figure 2-8 Typical planar SOFC, [41].
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Figure 2-9 Flow configurations of a planar SOFC, [42].

A cross section of a tubular SOFC design is shown in Figure 2-10. This design solved the sealing
problems existing for the planar fuel cells and, moreover, has a very good mechanical integrity [40].
In contrast to the planar design, the tubular SOFCs have lower power densities. This is due to higher

ohmic — resistance, resulting from the longer current path along the circumference of the circular
cross section.

Figure 2-10 A schematic of tubular SOFC, [43].

To eliminate the problem of low power densities alternative designs have been developed by
Siemens-Westinghouse (Figure 2-11). In these flattened tubular fuel cells the current pathway is
shorter. The ribs inside the cell, as well as the wavy shape reduce the current path; they work like a

bridge for the electrons, and reduce the internal resistance [40, 43]. The formed cavities (cathode)
are used for the oxidant supply.
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Figure 2-11 Schematic (left) and actual image (right) fuel cell developed by Siemens-
Westinghouse [43]

2.5.1 Siemens - Westinghouse tubular design

Siemens — Westinghouse is a pioneer in tubular SOFCs. This company, in 1997, presented a 100 kWe
atmospheric pressure SOFC-CHP system. The system was able to produce 105 — 110 kWe net AC
power with an electrical efficiency of 46% [43, 44]. It was the first demonstration that utilizes the
commercial prototype cathode supported cells and in stack reformers. The system accumulated
~16600 testing hours, becoming the longest-running fuel cell in the world [41].

The geometric data of the tubular SOFC are presented in Table 2-3, [45, 46]. Each fuel cell has 834
cm?’ effective area. The system consists of 1152 fuel cells. The cells are arranged in bundles of 24
units, which are organized in three series of eight cells. Four bundles are connected in series to form
a bundle row of 96 cells. Twelve bundle rows are placed side-by-side to form the SOFC stack of the
100 kWe system (Figure 2-12).

Table 2-3 Geometric data of tubular SOFC

Cell length, (m) 1.5
Cell diameter, (m) 0.022
Anode thickness, (m) 0.0001
Cathode thickness, (m) 0.0022
Electrolyte thickness, (m) 0.00004
Interconnection thickness, (m) 0.000085
Interconnection width, (m) 0.009
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Figure 2-12 Siemens — Westinghouse SOFC stack, [3].

A schematic layout of the Siemens — Westinghouse SOFC generator is shown in Figure 2-13.
Desulfurized fuel, in high pressure passes through the ejector and is mixed with the anode exhaust
gases (depleted fuel). The mixture is fed into the adiabatic pre-reformer in order to reform the
higher hydrocarbons and then is guided to the top of the IR, where is further reformed as it flows
downward through a catalytically active space to the fuel distribution plenum [44]. The IIR is heated
by the hot fuel cells. The completely reformed fuel flows through the exterior of the tubular fuel
cells where electrochemically reacts to produce electric power and heat. Thereinafter, the depleted
fuel flows into the recirculation plenum where partially recirculates and the rest flows into the
combustion plenum. The air enters into the air plenum and is guided to the bottom of the internal
side of the fuel cells by the air feed tube. The air exits the feed tube and moves upward in the
annular space formed by the air feed tube and the fuel cell where it reacts electrochemically. The
depleted air exits the fuel cells and reacts with the depleted fuel in the combustion plenum to supply
heat for the incoming air passes through the air feed tubes. After the heat exchange process the
exhaust gasses are guided out of the SOFC generator.
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Figure 2-13 Siemens — Westinghouse SOFC generator, [42].

The previously described SOFC generator was matched with a microturbine to form a hybrid system
(Figure 2-14). The system operated at an elevated pressure (about 3 atm) and it was able to produce
220 kWe net AC power, 176 kW from the SOFC generator and 47 kW from the gas turbine (minus 3
kW for auxiliary loads). The system was fueled with natural gas and achieved a net electrical
efficiency value of 57% [44].

The system operated for about 3400 hours from June 2001 to April 2002. It was the world’s first
SOFC-GT hybrid system [47]. The operation showed that coupling of a SOFC system with a
microturbine is technically feasible but it requires further investigation regarding the microturbine
design and integration.
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Figure 2-14 The hybrid SOFC — GT system developed from Siemens — Westinghouse, [43].

2.5.2 Other hybrid SOFC-GT system

Except from the Siemens-Westinghouse, several companies including Rolls-Royce and Mitsubishi
Heavy Industries have developed hybrid SOFC-GT systems. The Rolls-Royce utilize a planar SOFC
technology based on the “multi-cell membrane electrode assembly” (MEA)[48], which is
characterized by thin fuel cells stacked in series as shown in Figure 2-15.

Figure 2-15 Multi-cell MEA concept, [48].

Rolls-Royce developed small hybrid systems (250 kW) which were successfully demonstrated
between 2008 and 2010. Rolls-Royce has also been developing a hybrid SOFC-GT system on the
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order of 1 MW fueled by natural gas. The system consists of a 200kW gas turbine and a 800kW SOFC
generator [49].

Mitsubishi Heavy Industries developed of a SOFC-GT hybrid system rated at 200 kW, combing a SOFC
module and a modified gas turbine [50]. The system was reported to operate successfully with an
efficiency of 52%.

2.6 Design challenges

As previously mentioned, the hybrid SOFC-GT systems are a very effective energy conversion
technology. The coupling of a gas turbine with a SOFC generator has two advantages: a) the hot
exhaust gases from the SOFC generator are used to produce additional electrical power and b) the
gas turbine supplies the SOFC stack with the required air for the electrochemical reactions and the
rejection of the produced heat.

An important concern in SOFC-GT systems is the smooth matching of the SOFC generator and the
gas turbine [51-53] since the systems operating parameters must match both in design point and in
part load conditions. The purpose of the good matching is twofold, to ensure: a) the good
performance in the whole operating range and b) the safe operation since the key process variables
(e.g. SOFC operating temperature) must be kept within certain bounds.

For the design of a new hybrid system there are three alternative solutions:

1. Design a totally new hybrid system, optimized for the desired range of power output. This
solution is time consuming and costly, since it requires the development of new devices
which have to be studied and tested to ensure their safe and efficient operation.

2. Starting with an existing SOFC generator and choosing the characteristics of the
microturbine or finding an appropriate microturbine package.

3. And finally, starting with an existing microturbine package and choosing the characteristics
of the SOFC generator.

The last two cases are the more economical solutions because they are based on existing devices
which are incorporated on the developed hybrid system. Attention must be paid in critical operating
conditions such as the SOFC stack operating temperature, turbine inlet and outlet temperatures, air
mass flow and compressor surge margin.

The integration of a SOFC generator into the Brayton cycle can affect the operating points of the
turmbomachines, because, the SOFC generator components affect the pressure difference between
the compressor and turbine. This cause a rematching of the turbomachines which may have a
negative impact on the system performance since it can affect their efficiencies. A major concern is
the reduction of the surge margin. This situation should be avoided since it can drive the compressor
to unstable operation which is characterized by rapid air flow and pressure fluctuations. The surge
events are harmful not only for the microturbine, but also for the SOFC stack since they can lead to
overheating as the air mass flow varies and additionally, the pressure waves formed at the surge
event can travel along the gas path and affect its mechanical integrity.

The SOFC fuel flow is greater than for the coupled microturbine. This fact slightly increases the mass
flow through the turbine and consequently the power production [54]. Also, the higher amount of
water vapor in the exhaust gases has impact on the heat transfer processes that takes place on the
hot side of the recuperator.
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The microturbine can affect the temperature difference in the cathode compartment of the fuel cell
[55]. As the larger microturbines operate with higher air mass flow, the inserted air to the SOFC may
not sufficiently be preheated in the recuperator. This contributes to low temperature at cathode
inlet and consequently larger temperature gradients which results in higher thermal stresses.

The temperature of exhaust gases from the SOFC stack is crucial for the turbine operation. It
contributes to high turbine inlet and exit temperatures which can affect the mechanical integrity of
the turbine and recuperator respectively.

In order to avoid the overheating of the devices of a hybrid system, a well-designed control system is
necessary. The system should collect data during the system operation and do the appropriate
settings to avoid dangerous conditions. Also, it should be capable to start up and shut down the
system with safety and track the load demand by keeping the operating parameters within a
prescribed region bounded by system and process constraints.
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Chapter 3

Modeling of SOFC-GT system

In this section the operating principles of the main components of the hybrid SOFC-GT system are
presented and discussed.

3.1 Gas turbine components modeling

The gas turbine systems are a mature technology and a lot of work has been done for their
modeling. In the available literature there are many methodologies to model gas turbines such as
CFB-medeling, neural networks, Kalman filters and zero -dimensional methods.

The most common approach to simulate a gas turbine engine is the zero-dimensional models since
they are able to reproduce the overall engine performance with low computational cost and
adequate accuracy. Those methods are mainly used is design and off-design simulations as well as
during the preliminary design phase where the design parameters are under discussion and it
essential to estimate the engine performance under various operating conditions.

With the zero-dimensional models the averaged working media characteristics (e.g. temperature
and pressure) are estimated at discrete positions along the flow path. Generally, the discrete
positions are the inlets and outlets of subsystems of the engine such as compressor, turbine,
combustion chamber and exhaust nozzle. These models do not require a detailed geometric
description of the engine.

3.1.1 Turbomachinery models
According to Stamatis [56] the turbomachinery components (compressor, turbine) are modeled with

three groups of equations:

Definition equations: These are the pressure ratio and isentropic efficiency relations for the

compressor (Eq.3-1) and turbine(Eqg. 3-2) components.

h,. h
pr, P Towis T (3-1)

pin ’ hout hin
PR & hin hout (3 2)

t Vst -
pout hin hout,is
Conservation equations: In general form are:
My, m, O (mass balance) (3-3)
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Q P houtmout hinrhin (energy balance) (3-4)

Usually, the compressor and turbine devices are considered adiabatic, so the heat transfer rate Q is
equal to zero. Also, the power output P is negative in case of the compressor and positive in case of
the turbine.

Relations of characteristic parameters: Usually, they are referred as performance characteristics or

performance maps and used to describe the off design performance of compressor and turbine
components. They are given in table form. The tables contain the pressure ratio, the mass flow
parameter and the isentropic efficiency for different speed values.

The values in performance maps are in quasi-dimensionless form [57]. Moreover, the map
parameters are referred to a reference working media (e.g. dry air). For this reason, corrections
should be applied to consider the changes in working media composition.

The corrected parameters for the map interpolation are [58]:

N N ref Rref

— — / (3-5)
\/_ ref \/_ mix mix Rmix
R

m\/_ m\/_ ref ' *mix

ref mix mix' ‘ref

Compressor

(3-6)

o ref 1
mix R C . ref
PR mx 1 ref  ref meX 1 (3_7)

ref mix
Rmix mixCpref

PR

There is not a general equation for the isentropic efficiency variation due to changes in working
media composition [58]. Therefore, it is common practice to assume that efficiency does not change
with fluid properties.

Turbine

l l Rref ref mix 1 (3 8)

\/_ ref \/_ mix Rmix ref 1 mix

ref 1 mix 1
m\F m\F ref Rmix 2 W 1) mix 1 2mD (3-9)
ref mix mix " ‘ref ref 1 2
mlop 1C ffl

PR, 1 1 PR, = —e_r mc =>P (3-10)

ref mix
R

mix  ref 1 mix Cpref

The isentropic efficiency variation with the working media composition was not taken into account
as in compressor’s case.
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Typical performance maps for the compressor and turbine components are presented in Figure 3-1.
The constant speed lines are shown with solid lines and the efficiency contours with dashed lines.

»

A h Typical turbine map

Typical compressor map

0
o

(NVB)-(rh-V6/3)

\ 4

v

m-vVe/d PR
Figure 3-1 Typical form of turbomachinery maps

In simulation models, maps from similar engines are utilized which are scaled according to the

following scaling factors in order to correspond to the engine.

- design
mc engine
fm mdesign (3-11)
c,map

PRdesign 1
(3-12)

engine
" OpRISO ]
des@gn
~dedar (3-13)
map

3.1.2 Burner model
The role of the burner is to mix the air with the fuel and burn the mixture to produce thermal energy

for use elsewhere in the system. Usually, for simplification purposes, the combustion process is
considered complete and the burner adiabatic. In common applications, the supplied fuel is a
mixture of hydrocarbons which reacts with the oxygen of the supplied air according to the following

reaction:

a b

CH, a 202 aco, gHZO (3-14)

When the burner is fed with syngas consisting primarily of hydrogen and carbon monoxide, the

following reactions take place:

H, 0, H,0 (3-15)
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CO -0, CO, (3-16)

As the combustion process is complete, the fluid composition can be easily estimated [59]. Taking an
energy and mass balance on the burner control volume, it is possible to estimate the temperature
and the enthalpy at the exit.

3.1.3 Recuperator

The recuperator is a heat exchanger which is used to recover heat from the hot exhaust gases. The
heat is supplied to the compressed air before it enters into the combustion chamber (or into the
SOFC generator in case of hybrid SOFC-GT systems) contributing to lower fuel consumption.

A common method to model the steady state operation of a heat exchanger is the log mean
temperature difference (LMTD) [60]. In Figure 3-2 is shown schematically a counter flow heat
exchanger.

\

Thout Hot stream Thin

-« ANANANN———

Tc,in Tc,out
— NN

Cold stream

-

Figure 3-2 Counter flow heat exchanger

For a counter flow heat exchanger the heat transfer between the two fluid is given from the
following equation (Eq. 3-17).

o up o T Tox len (3-17)
|n M
Th,out Tc,in

The overall heat exchanger thermal conductance (UA;) varies at off-design conditions according to
the power low expression of Eq. (3-18), where the reference values are for the design point of heat
exchanger.

(3-18)

The outlet conditions can be estimated by taking energy and mass balances, according to the
following relations.

mc,in mc,out (3'19)
Mo Mo (3-20)
Q mccpc Tc,out Tc,in thph Th,in Th,out (3'21)
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3.1.4 Power produced & thermal efficiency
The total power produced from a microturbine is given from the following relation. Where the _is

the mechanical efficiency.

I:)GT mPt Pc (3-22)

The thermal efficiency of the microturbine is given from the equation (3-23).

PGT

LAY 3:23)

GT

3.2 Literature review of SOFC modeling

The SOFC systems are complicated devices and consequently, advanced models are required in
order to study their operation. A combination of complex phenomena, such as heat transfer
mechanisms, chemical reactions, diffusion processes and conduction of electric charges should be
considered. The developed models in the available bibliography vary from lumped models, which are
mainly used for the simulation of thermal plants, to more detailed, for the study of the reactions at
the interface between electrolyte and electrode. These models are characterized by different length
scales. The following modeling levels can be distinguished [61-63]:

System level (m-scale): These models are used mainly to investigate the interaction of SOFC
system with the balance of plant equipment in an energy production plant. They can be used
for steady state or transient performance prediction. Moreover, are useful for defining
values of critical operating parameters, operational bounds, optimization of the overall
systems and for controlling purposes.

Stack level (cm-scale): Stack level models serve in the investigation of the complex
interactions between thermal, fluid dynamic, chemical and electrochemical phenomena in
the elements of a fuel cell stack. For example, they can be used to investigate the
distributions of chemical species, thermal stresses, temperature, pressure and current
density. Besides, are useful for the optimization of stack architecture, gas duct design etc.
Cell level (mm-scale): These models simulate the performance of a single cell. Indicative
outputs are the polarization curve, the heat production in the cell and the temperature
distribution. Typical design characteristics such as cell length or channel width as well as
flow configurations are studied with these models.

Electrode level (um-scale): Electrode level models offer a more detailed description of the
performance of the fuel cell electrodes. They are used for the investigation of mass and
charge transfer phenomena, Knudsen diffusion phenomena, voltage loss mechanisms and to
define structural and geometrical details of the fuel cells.

Molecular level (nm-scale): Typical applications of these models are to investigate the
reaction kinetics, ageing of materials, crack formation and propagation, oxygen ion diffusion
phenomena.

The models in this thesis belong to the first category (system level). This type of modes is suitable to
evaluate the matching of the SOFC generator with a gas turbine. The model provides realistic
performance data, which are useful to analyze the global system. Moreover, they have low
computational costs and they are useful for the preliminary design phase where a sufficient number
of cases need to be examined.
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Examples of such models are copious in the available literature. Campanari [64] developed a simple
thermodynamic model for a tubular SOFC stack. The system operated under atmospheric pressure
running with natural gas. For the fuel cell voltage calculation, an experimental V-i curve was used for
specific operating conditions and semi-empirical equations were incorporated to account the effects
of pressure, temperature and air and fuel composition. The same methodology was used by Zhang
et al. [65] and implemented in AspenPlus software. Akkaya [66] used a more detailed, zero-
dimensional, modeling approach, which utilizes Butler —Volmer equation, Fick’s law and Ohm’s law
to determine the voltage losses. The model was able to provide information for a tubular SOFC and it
was used to study the effect of operating and design parameters on the fuel cell performance. Song
et al. [67] developed a quasi-two dimensional mode for an internal reforming SOFC system to
predict temperature and current density distributions along the longitudinal direction of tubular fuel
cells, as well as temperature distributions along the internal reformer wall. The model was used to
study a hybrid SOFC-GT system with different system arrangements. Zhang et al. [68] studied the
electrical characteristics in both planar and tubular SOFCs by a three dimensional model. The
simulations were performed using the Fluent CFD simulation software.

In this work an advanced software tool is used for the modeling of the SOFC generator. The model is
based on the methodology developed by Zhang et al. [65] which is upgraded in order to approach
more accurately the examined SOFC system. The modifications are related with the voltage
calculations, the reforming process and the recycling of the depleted fuel.

3.2.1 SOFC modeling simplifications

An accurate numerical model for a SOFC system requires the solution of large systems of equations
that describe the complex transport phenomena within. One of the main disadvantages of this type
of models is the high computational time. Several reasonable simplifications can be made in order to
reduce their complexity and simultaneously to establish a suitable level of modeling accuracy and
detail. The following assumptions and considerations are applied to the SOFC stack model.

1. The calculations are done for steady state conditions.
The current density distribution along the tubular SOFC is uniform.
Only the voltage of a single cell is estimated. The stack voltage is computed by taking into
account the number of the cell and the relative connection configuration.

4. The temperature and composition distribution of the gases (fuel and oxidant) entering the
SOFC stack are uniform.

5. Isothermal fuel cell. The elements of the fuel cell structure (anode, cathode, electrolyte)
have the same temperature (lumped temperature).Moreover, there is a uniform
temperature distribution along the tubular cell.

6. The species compositions are taken as the average values of the cathode and anode inlet
and outlet streams.

7. Only the H, reacts electrochemically, the CO it is assumed that shifted to H, according to the
reaction (2-15).

8. There are not gas leakages.

9. All reactions reach equilibrium.

10. Fuel cell operates with 100% current efficiency.
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3.2.2 Voltage calculations
The operating voltage of a fuel cell is equal to the open circuit voltage minus the voltage losses
(Eq.3-24). These losses are due to ohmic, activation and diffusion phenomena.

\Y VN (VOhm VAct VConc) (3'24)

The open circuit voltage is calculated using the Nernst equation (Eq. 2-11), which takes into account
the partial pressures of the components participating in electrochemical reactions.

The ohmic losses represent the voltage losses due to the resistance of the components along the
current path. They are depended from material properties and the geometric characteristics of the
conductive components. The ohmic losses are calculated using the equations presented by Song et
al. [67] which takes into account realistic electron/ion paths. The total ohmic losses for the fuel cell
are the sum of the following quantities:

VAnode I A(A Dm)2

Ao o, (3-25)

thone %A{A 21 A B (3-26)
:

e g 327

Vi (D) (3-28)

Int

The activation losses are owing to the sluggish electrode kinetics. Activation losses are calculated
through the Butler-Volmer relation [45, 66].

i i, exp % exp (1 )% (3-29)

where the exchange current density i, is different for the anode and cathode components and it is

given from the following relationships respectively:

. pH pH (0] EA
loa A — =~ exp —= (3-30)
° pref pref RT
p 0.25 E
e o 2 exp ﬁ (3-31)

ref

The concentration losses are due to the diffusion phenomena taking place between the bulk flow
and the place where the electrochemical reactions occur. The equations (Eqs 3-32 and 3-33)
developed by Chan and Xia [69] are used to calculate the concentration losses. The developed
equations take into account the ordinary and Knudsen diffusion phenomena.

v/ fnode Rljp 1 RT effA [ 1 RT effA i (3-32)
2F 2F D;"p,, 2F D;"py 6
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RT p p RT ot .
V Cathode —In — — exp ——2 | 3-33
Conc AF o N p% AF Dgff p pOZ ( )

The diffusion coefficients for the anode and cathode compartments are functions of the effective
diffusion coefficients of the components participating in electrochemical reactions.

Pu,0 Py,

D" o Dy . Dio (3-34)
D" D (3-35)
D,
o A pif (3-36)
K,0, 0, N,

The effective diffusion coefficients for each component are calculated taking into account the
ordinary and Knudsen diffusion phenomena as follows.

t 1 (3:37)
D D, D

X

where the subscripts x and y represent the gaseous components. The ordinary diffusion coefficients
for both anode and cathode compartments are given from the following equation.

7T 175 1/2
1 10 'T*@/M, M,)

Xy 2
1/3 1/3
p Vv vy

(3-38)

The calculations are done for the H,-H,0 and O,-N, binary gas mixtures. The Fuller diffusion volumes
are given in Table 3-1.

Table 3-1 Fuller diffusion volumes

Element Fuller diffusion volume

H, 7.07
H,O 12.7
0, 16.6
N, 17.9

Further details about the calculations and Fuller diffusion volumes can be found in references [46,
70]. Knudsen diffusion occurs when the mean free path of the molecules is long compared with the
pore size of the porous media. The following equation is used in order to estimate the Knudsen
diffusion coefficients for the anode and cathode gases.

T
DK,x 97r ’M—X (3'39)
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Chapter 4

Hybrid SOFC-GT model description

This chapter presents an overview of the approach for the modeling of a hybrid SOFC — GT system.
The developed models of subsystems are presented and discussed. Finally, model validation for the
SOFC generator is done with data from the available bibliography.

4.1 Introduction

The hybrid SOFC-GT system model was developed using the commercially available process
simulator AspenPlus [71]. This software has a large number of databanks and permits the evaluation
of the thermodynamic properties required for the modeling purposes. The model is based on both
built in blocks and user models. The user models are developed in FORTRAN programming language
and are incorporated into AspenPlus. The blocks are interconnected with material, power and heat
streams to form a complete flowsheet.

AspenPlus is a widely accepted software for studying the performance of energy plants. Vidal et
al.[72] used the AspenPlus in order to develop a simulation model for a microturbine. The system
was simulated for high ambient temperatures. These results were useful since the microturbine was
coupled with thermally activated cooling devices at hot climate conditions. Zheng and Furimsky [73]
used it to simulate a combined cogeneration plant with a gas turbine of 43.6 MW output and a
steam turbine rated at 28.6 MW. The results were in good agreement with the measurements.
Barelli et el. [74] studied the energetic and exergetic performance between two CHP systems based
on PEM and SOFC respectively. The models were developed in AspenPlus simulation environment.
The authors conclude the most efficient system is the PEM based CHP system when it operates at
low temperature and atmospheric pressure. Fryda et al. [32] used the AspenPlus software to
simulate the combination of an air blown fluidized bed biomass gasifier with a SOFC and/or
microturbine for cogeneration purposes. The system based on the microturbine was more efficient
than the system based on the atmospheric SOFC. But, both of the previous systems were less
efficient than the integrated system that combines the SOFC generator with the microturbine.

In the present work, it is the first time that AspenPlus simulation tool is used to simulate the part
load performance of hybrid SOFC-GT system. The model incorporates performance maps for the
turbomachinery components in order to estimate the off-design performance. The part load
operation is determined by the external power demand. As the power demand changes, the SOFC
operating temperature, the fuel utilization and the air flow have to be regulated to ensure safe
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system operation. The controlled parameters are the fuel flow, the SOFC current and the generator
power.

4.2 Hybrid system layout

Figure 4-1 presents the hybrid system’s layout. The ambient air is compressed and heated during the
transit through the recuperator. Then, the air enters the SOFC generator, where after the heat
exchanging with the leaving hot exhaust gases in the air feed tube (the process is simulated with a
heat exchanger named pre-heater), is fed to the cathode side of the fuel cells in order to react
electrochemically with the fuel. In the ejector, the fresh fuel is mixed with the recycled fuel from the
anode outlet, before entering the pre-reformer (PR). In the pre-reformer, the mixed fuel is partially
reformed, and then is fed into the indirect internal reformer (lIR) where is totally reformed. The lIR is
heated radiatively by the fuel cells. The fully reformed fuel is directed into the anode compartment
of fuel cell stack where it is electrochemically reacted. The depleted fuel and air from the SOFC stack
are burned into the afterburner and supply heat for the air preheating process. After that, the
exhaust gases expand in the turbine to produce the necessary power for the compressor and the
generator. Thereinafter, the gasses pass through the recuperator to heat the compressed air.

’—‘9 Recuperator

Compressor

Stream flow
— - — - Shaft

ISOFC generator| - e e+ Radiation

| cAp
Ejector 1] |a i || stationNr.
g
2 :
T E
8 s
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—
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Figure 4-1 Hybrid SOFC-GT system layout
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The power output of the hybrid system is estimated as:

PHS PSOFC PGT (4_ 1 )

The power generation efficiency is defined as:

|:>HS
" mLHV

(4-2)

The following assumptions are made to simplify the hybrid system analysis:

Steady state operation is considered.

There are no gas leakages from the system.

The operating cell voltage in each fuel cell is constant.

The distributions of temperature, pressure and gas compositions are neglected.

The fuel is desulfurized.

The fuel compression work is not taken into account.

SOFC and afterburner thermal losses =2 %

Mechanical efficiency = 0.97, generator efficiency = 0.95, power condition systems
efficiency = 0.96.

4.3 Compressor model

The compressor is simulated in AspenPlus using the COMPR block. This block simulates the
compression process, by specifying the efficiency and the outlet specifications such as pressure ratio
or discharged pressure. The block can be fed directly with performance curves or indirectly, through
a user subroutine written in Fortran programming language. The AspenPlus provides a template
subroutine which can be used as a driver for the performance curve interpolations. The map is
provided in table form through a text file. For the interpolation procedures, in-house subroutines
where incorporated into the external code.

4.4 Turbine model

The COMPR block can also be used for the turbine simulation. But, in this case, it cannot handle
performance curves [71]. So, it was decided to develop an external subroutine for the expansion
process. The USER2 block was used to interface the external subroutine developed in Fortran
programming language with the AspenPlus. The AspenPlus incorporates a specific template for the
external subroutine.

The inputs to the turbine model are:

The inlet stream data (mass flow, composition, pressure etc.)
The outlet pressure

The rotational speed

The performance curves (map)

The model based on the input data fills in the outlet material stream and the work stream.

Apart from the calculations presented in section 3.1.1, the turbine model performs interpolations on
the supplied performance map to state the operating point of the turbine. An operating point is
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specified when two of the four parameters of the performance curves are given. In the specific case
the given parameters are the speed and pressure ratio, and the resulted parameters are the
corrected mass flow and isentropic efficiency. Another way to locate the operating point on the
performance map is the well-known beta line grid method [75].In this method the operating point is
determined by the speed and the arbitrary beta value. It is used in performance computer programs
since it offer a stable method for interpolations on performance maps. In this model it was not used
since there were not arisen interpolation problems during the determination of the operating point.

4.5 Afterburner model

The afterburner is simulated with two AspenPlus blocks, the RSTOIC “AFTERBUR” and the HEATER
“HEATER2"” (Figure 4-2). The RSTOIC block is used when the reaction stoichiometry and extent of
conversion are known. The user must define the reactions that take place. The heat generated by
the oxidation reactions (Eqs 3-15 and 3-16) is calculated by the “AFTERBUR” block and is put into
the stream “2”. The heating process of the exhaust gases is simulated by the “HEATER2” block. The
block is fed with the heat stream “2” and calculates the burner exit temperature after taking into
account the heat losses “QLOSS”

AFTERBUR

HEATER2

[EXFAUST}0)

fQross}- &>

Figure 4-2 Afterburner model in AspenPlus

A Design-Spec block is used to specify the amount of heat loss (equal to a percent of heat stream
“2") by changing the temperature increment in the “HEATER2” block.

Comments

With the methodology used in this work, the combustion and the heat transfer processes take place
in the combustion plenum are simulated independently. This fact contributes to quite high
afterburner outlet temperatures as the afterburner model simulates only the combustion process,
namely the reaction of air and fuel and the head addition to the exhaust gases. Then the hot
exhaust gases enter into the preheater and exchange thermal energy with the fresh air that enters
the SOFC generator. In the actual system, the reactions and the heat exchange process take place
simultaneously, and thereupon the exhaust gases exits the combustion plenum at lower
temperature.

This methodology is acceptable from the researchers study hybrid SOFC-GT system, when it is not
needed to simulate with accuracy the processes that take place in the combustion and air plenums,
but the total performance of the SOFC generator.

4.6 Recuperator-Preheater

The heat exchange process in the recuperator and preheater (air plenum) is simulated with a HEATX
block. The shortcut calculation method was used since the heat exchanger’s configuration and

60

Institutional Repository - Library & Information Centre - University of Thessaly
22/01/2026 05:16:16 EET - 18.97.14.89



Chapter 4 Hybrid SOFC-GT model description

geometry were unknown. For the design point, as the inlet data are known, the desired
temperatures at outlets and the overall heat transfer coefficient need to be specified. Then, the
block estimates the heat exchanger area. This area value is used for off-design calculations for the
determination of the outlet temperatures according to the relations of section 3.1.3. The heat
exchangers are adiabatic.

The pressure drop values or the pressure drop correlation parameter have to be specified for the
pressure drop calculations according to equation:
1/ . 1/

p kpm in 2 out (4_3)

4.7 Ejector

Usually, in SOFC models, the ejector performance is represented by the ratio of the recycling fuel to
fresh fuel determined either by a specified SCR value [30, 65, 76] or by a constant recycle ratio [77].
More complicated methodologies based on momentum and mass balances [78, 79], have been also
utilized [64, 80, 81]. The ejector model adopted in this work is based on the methodology of Leucht
et al. [82]. It utilizes a polynomial relation (Eg. 4-4) which relates the recycled fuel and fresh fuel
enters to the system.

2
r-]rec A pfuel panode B pfuel panode C hfuel (4_4)
pfuel pfuel

with A,B, C constants

An AspenPlus CALCULATOR was used for the calculation of the recycled fuel. The model despite its
simplicity it is able to predict the off-design performance of ejector, as it calculates the molar flow
ratio between the recirculated depleted fuel and fresh fuel based on the fresh fuel and anode gas
pressures.

The fuel flow at the anode side exit is divided in two streams, the first one is guided in the
afterburner and the second one is recycled. This process is simulated with the FSPLIT “SPLIT” block.
As the recycled fuel is determined from the ejector model the remaining depleted fuel guided to the
afterburner is calculated to satisfy the flow continuity. The recycled fuel is mixed in the MIXER
“EJECTOR” block.

@ &
[PREREFIN|]  [ANODEOUT]
= &
— —>
EJECTOR SPLIT
RECYCLED

Figure 4-3 Ejector model in AspenPlus
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4.8 Pre-reformer

The pre-reforming process is simulated with a combination of two AspenPlus blocks, an equilibrium
reactor block RGIBBS “PRE-REF” and a HEATER “COOLER1” block. The RGIBBS reactor is used to
simulate the reactions taking place into the pre-reformer while the HEATER is used to simulate the
temperature decrease due to the overall endothermic reaction. The temperature of stream at the
“COOLER1” exit represents the temperature of the fuel at the pre-reformer exit equal with the
operating temperature of the “PRE-REF” block. The heat stream “Q1” represents the thermal energy
consumed from the reactions, while the heat stream (Q2) is used to ensure that the pre-reformer
component is adiabatic. This is done using a Design-Spec block in AspenPlus, which varies the
temperature of COOLER1 until the net heat duty (Q2) of the PRE-REF equals zero.

COOLER1 PRE-REF

o> {PrRERFIN] 4/ \/

PRERFOUT

Figure 4-4 Pre reformer model in AspenPlus

4.9 Indirectinternal reformer

The indirect internal reformer is modeled with the Gibbs reactor model (RGIBBS), an equilibrium
reactor that calculates the equilibrium composition by minimizing the Gibbs free energy. The
indirect internal reformer components are placed between the fuel cells and are heated radiantly
(“RAD” heat stream) from” the fuel cells in order to support the endothermic reforming reaction
[81].

INT-REF

Figure 4-5 Indirect internal reformer in AspenPlus

4.10 Cathode

The cathode side phenomena are simulated with two AspenPlus blocks (Figure 4-6). A SEP
“CATHODE” block has been selected to simulate the oxygen ion diffusion in the cathode side. The
SEP block extracts the required oxygen amount for the electrochemical process. The steam “13”
simulates the oxygen ions moves to the anode side of the fuel cell. The block HEATER “HEATER”
simulates the heat addition to the cold air during the pass from the cathode side of the fuel cell. The
heat amount “14” is determined by specifying that the temperature of the depleted air (“CATHOUT")
equals to the anode outlet temperature (see next session).
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CATHODE

HEATER
—— ) S

Figure 4-6 Cathode model in AspenPlus
An AspenPlus CALCULATOR was used to calculate the molar flow rate of the stream “13” (ﬁOZ],equired)

based on the fuel utilization factor and the equivalent hydrogen flow (Eq. 2-13).

r:loz,required 0.5 Uf r.]Hz,equivalent (4'5)

4.11 Anode

The reformed fuel and the oxygen amount from the cathode are inserted into the RGIBBS “ANODE”
block. The “ANODE” block calculates the anode outlet composition by minimizing the Gibbs free
energy. The reactions that take place are exothermic and the produced heat is used to heat up the
indirect internal reformer (“RAD”) and the depleted air of the cathode (“Q3").

Figure 4-7 Anode model in AspenPlus

The “Q4” heat stream represents the net energy production from the fuel cell stack. By assuming a
certain amount of heat losses from the stack we can write:

Q4 Qloss I:)DC 0 (4'6)
The electric power Py is estimated from the following relation
Pe 1AV (4-7)

The fuel cell voltage (V) estimation was described in section 3.2.2. The calculations were
implemented in a CALCULATOR block.
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4.12 SOFC model

By combining the previous models for the sub-systems, the model for the whole SOFC generator
arises. Figure 4-8 presents the SOFC generator model as it was implemented in AspenPlus.

The operating point of the SOFC generator is determined by defining the fuel utilization factor (Uy),
fuel cell operating temperature (Tsoec) and current density (/). Two AspenPlus Design-Spec blocks
were used to determine the fuel and air inputs to the generator

i.  The first Design-Spec is used to determine the fuel flow by satisfying the Eq. 4-6.
ii.  The second Design-Spec is used to achieve the desired current density value by varying the
air mass flow.

[ | : YiIA |_¢
EJECTOR L IAIRIH J EXHAUST

'E' PREHEAT

COOLER1
ey
----------- RE

PRE-REF

...................

~————  Fresh fuel
~——  Depleted fuel
—— Freshair
———  Depleted air = Ny .

Exhaut gas
............ Heat rate

Figure 4-8 AspenPlus flowsheet of SOFC model

4.13 SOFC model validation

The developed model for the SOFC generator that was described in the previous sections requires
information for the material properties in order to perform the voltage calculations. The data used
for the simulations are presented in Table 4-1.

The voltage calculations require the geometric data of the fuel cell as shown in Table 2-3. Moreover,
a fuel utilization factor of 0.85 was considered. Typical values for that parameter are in the range of
0.7 to 0.9 [83]. The lower values can lead to deterioration of the fuel cell performance, while the
higher values can cause permanent damage due to fuel starvation.
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Table 4-1 SOFC model parameters

Material properties, [46, 66]

Anode resistivity, (Q m) 2.98x10” exp(-1392/7)
Cathode resistivity, (Q m) 8.114x10” exp(600/T)
Electrolyte resistivity, (Q m) 2.94x10 exp(10350/7)
Interconnection resistivity, (Q m) 0.012 exp(4690/T)

Ohmic losses, [46, 67]
Coefficients A/ B 0.804/0.13

Activation losses®

Anode activation energy, (kJ/mol) 115
Cathode activation energy, (kJ/mol) 129
Anode pre-exponential coefficient, (A m™) 2.13x10%
Cathode pre-exponential coefficient, (A m™) 1.49x10°

® The specific values were calculated through model calibration

The SOFC model was validated with experimental data from the available literature [84] ,and the
results are presented in Table 4-2. The model shows good agreement with the experimental data.
The error in the simulated operating points is below 1% for all operating parameters. Compared
with the date in Table 3 of reference [84] it has been attained better fitting than the model
presented by the specific authors. This is probably due to the more detailed equations for the ohmic
and the concentration losses that are adopted in this work.

Table 4-2 SOFC model validation

Experiment Model Error (%)

Tsorc = 1264 K, i = 1800 A/m”

Fuel flow rate (kg/h) 19.9 19.91 0.04
DC power (kW) 118 117.30 -0.59
Cell voltage (V) 0.682 0.678 -0.55
Tsorc = 1254 K, i = 2000 A/m?

Fuel flow rate (kg/h) 22.24 22.12 -0.54
DC power (kW) 127.4 127.47 0.05
Cell voltage (V) 0.661 0.663 0.36
Tsorc = 1241 K, i = 2350 A/m?

Fuel flow rate (kg/h) 26 25.99 -0.03
DC power (kW) 144.3 143.99 -0.21
Cell voltage (V) 0.639 0.638 -0.19
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4.14 Gas turbine model

Figure 4-9 presents the gas turbine model as it was implemented in AspenPlus. It incorporates the
compressor, turbine and recuperator models presented previously. The burner was modeled using
an RSTOIC “BURNER” block. The RSTOIC block was set adiabatic (Heat duty=0 W). Thus, the heat
generated from the combustion process is totally given to the exhaust gases (stream “4”). The
control variables of the model are the rotational speed and the turbine inlet (or outlet) temperature.
For the engine state estimation two AspenPlus Design-Spec blocks are used.

i.  The first determines the fuel flow, so as to achieve the desired turbine inlet (or outlet)
temperature.
ii.  The second varies the air mass flow (stream “1” ) until to satisfy the mass balance

(rhair mfue| Meyhaust ) Of the gas turbine
The net electric power of the gas turbine is estimated from the following relation

P (Pt mech Pc) gen inv (4'8)

Where
mech .Mechanical efficiency

gen - 8enerator efficiency
: power conditioning system efficiency

inv

Validation of gas turbine model is done for each case study presented in the following chapters.

M M
A 18] K

BURMNER

TURB

TSER2 |

"o fur ]

Figure 4-9 AspenPlus flowsheet of gas turbine model

4.15 Overall hybrid system model

The two independent models for the gas turbine and the SOFC generator were merged into a single
one in order to investigate the performance of the integrated hybrid system. Figure 4-10 presents
the hybrid system model as it was implemented in AspenPlus software. It utilizes the compressor
model “COMP”, the recuperator model “RECUP” and the turbine model “TURB” which were
developed for the gas turbine. The burner model of the gas turbine was replaced with the model
developed for the SOFC generator “FC”. The SOFC generator model (Figure 4-8) was imported into a
HIERARCHY block in order to simplify the model flowsheet. The HIERARCHY block offers the ability to
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group complex parts of a simulation code in order to simplify its presentation. In the specific case
the “AIRIN” and “EXHAUST” streams of the SOFC generator, shown in Figure 4-8, are connected with
the streams “3” and “4” respectively, in Figure 4-10. Similarly the “FUELIN” stream is connected
with stream “7”.

In order to simulate the performance of the hybrid system at part load conditions, the rotational
speed of the gas turbine is given as input to the model in order to adjust the produced power. Also,
the SOFC operating temperature and the fuel utilization factor are determined.

TURB

—

|
"o {a]- -

Figure 4-10 AspenPlus flowsheet of hybrid SOFC-GT model

USER2

An AspenPlus Design-Spec block is used to determine the required fuel flow in the SOFC stack as in
section 4.12 and another one is used to determine the air fuel flow as in section 4.14.
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Chapter 5

Analysis of a hybrid micro gas turbine
fuel cell system based on existing
components

Based on the methodology in Chapter 4, a hybrid SOFC-GT model was developed based on existing
devices. It can be seen from a literature review that only few papers are dealing with existing
integrated systems or potential cooperation of existing subsystems. In this chapter the performance
of a hybrid system consisting of existing microturbine and fuel cell subsystems using appropriate
models is studied. Such an effort has its own value as it is based on validated technologies and the
models could be verified against real data for both subsystems. A model for the commercial
available Capstone C30 recuperated gas turbine has been developed and compared against
published performance data. The gas turbine model and the SOFC model developed in the previous
chapter are merged into a single one in order to investigate the integrated hybrid system.

The irreversibilities and thermodynamic inefficiencies of the system are evaluated after examining
the full and partial load exergetic performance and estimating the amount of exergy destruction and
the efficiency of each hybrid system component. Furthermore, the effects of the various
performance parameters such as fuel cell stack temperature and fuel utilization factor are assessed.

5.1 Model development

The selected gas turbine was the commercially available C30 micro turbine manufactured from
Capstone. This recuperated gas turbine produces 30 kW of electrical power with 26% + 2% (LHV)
efficiency at I1SO conditions. It consists of a centrifugal compressor, a recuperator, a combustion
chamber, a radial turbine and a generator [72]. All the rotating components are mounted on a single
shaft which rotates at high rotational speed. Owing to the high rotational speed of the generator this
system requires an inverter — power conditioner system in order to reduce the high frequency AC
output to the desirable value.

Table 5-1 summarizes the assumptions of the developed model for the micro turbine. The data
presented are compiled from the available literature.

The model was validated using data available from the manufacturer. Table 5-2 presents the design
point operating parameters as predicted from the developed model and compared with
manufacturer’s data.
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Table 5-1 Capstone design point assumptions at design point

Pressure ratio 3.6
Turbine inlet temperature 1117 K
Recuperator AP/P air/gas side 2%/5%
Combustion chamber AP/P 4%
Combustion chamber thermal losses 2%
Compressor isentropic efficiency 83%
Turbine isentropic efficiency 84%
Power condition system 96%
Mechanical efficiency 97%
Generator efficiency 95%

Table 5-2 Calibration results at 96000 rpm

Capstone AspenPlus Error [%]

Power, (kW) 30 30.7 2.22
Fuel energy, (kW) 115.36 119.2 3.30
Air flow, (kg/s) 0.31 0.307 -0.99
EGT, (K) 549 546 -0.59
Net efficiency, (%) 2612 25.7 -

—— Constant speed line
— Constant efficiency line

Figure 5-1 Compressor map
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—— Constant speed line
— Constant efficiency line

Figure 5-2 Turbine map

For the part load operations of the engine, the model is supplied with performance maps for the
compressor (Figure 5-1) and the turbine (Figure 5-2). The resulted model predicts the part load
operation of the engine with satisfactory accuracy as shown in Figure 5-3.

30
25 T
;\3 20 // ~ - -
N—r ’P
= e
©'15 ’
@ / 7 — Capstone
= 10 /7 = = AspenPlus
w /
5
0
0 10 20 30 40

Net power, (kW)

Figure 5-3 Part load performance of microturbine

In Table 5-3 are summarized the assumptions done for the fuel cell model. Validation of the SOFC
model was done with the available literature data in Chapter 4.

The two independent models developed for the gas turbine and the SOFC stack are merged into a
single one in order to investigate the integrated hybrid system.
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Table 5-3 Assumptions for the fuel cell model

Active area (1152 cells) 96.1 m’
Afterburner efficiency 100%
DC to AC inverter efficiency 96%
Overall fuel utilization factor 0.85
SOFC thermal losses 2%
Total SOFC stack pressure losses 4%

Cell operating temperature 1183 K

In Table 5-4 are presented the predicted design point data of the hybrid system. They are describing
the performance of the hybrid system at full load and at standard conditions for temperature and
pressure (288.15 K, 1.013 bar).

Table 5-4 Hybrid system design point data

Total power 175.7 kW
SOFC power 146.5 kW
GT power 29.2 kW
Fuel consumption 7.28/s
Air flow 0.315 kg/s
Exhaust gas temperature 549 K
Efficiency 63.8%
Fuel cell efficiency 53.2%

5.2 Partload performance

For the part load operation of the hybrid system the rotational speed, the SOFC operating
temperature and the fuel utilization factor are given as inputs to the model in order to determine
the operating point. The power output is adjusted by changing the rotational speed.
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“—*—H_i_ - -
0.66 "y
- 6
= A Y w
S 062 T g
@ A =
5 k“‘"l._ & B ;
= = =
w 058 e jpi— b=
054 | ——HS EWIEI?HF‘J" e e
—=—S0OFC efficiency - -1
——Fuel flow
0.50 ’ ! ’
h - A 90 110
Net power output (%)

Figure 5-4 Part load performance of hybrid system
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Figure 5-4 presents the efficiency of the hybrid system under part load conditions, when the fuel cell
operating temperature and the fuel utilization factor are kept constant at their design values. It is
obvious that the system efficiency increases as the produced power decreases. This was expected
since the system operates with variable rotational speed [85] . At part load conditions both the
ingested air and the supplied fuel are reduced. In this case the fuel cell voltage increases (Figure 5-5)
due to the influence of both the lower current density as the SOFC power decreases and the high cell
operating temperature. As a result the SOFC efficiency as well as the total system efficiency are
higher at part load conditions.

The calculated polarization curve (cell voltage versus current density) is shown in Figure 5-5. The

reduction of fuel flow causes the fuel cell to operate with lower current density values (Eq. 2-6)
which results in lower polarization losses and higher cell voltage values.
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Figure 5-5 Polarization curve

Figure 5-6 presents the compressors’ running line. It is obvious that at part load conditions the
compressor operates with lower efficiencies. Moreover, the pressure ratio value is reduced. This fact
has negative effect on the gas turbine performance. Nevertheless, this is not sufficient to reduce the
total system efficiency. This is better explained in Figure 5-7.

73

Institutional Repository - Library & Information Centre - University of Thessaly
22/01/2026 05:16:16 EET - 18.97.14.89



Chapter 5 Analysis of a hybrid micro gas turbine fuel cell system based on existing components

Figure 5-6 Compressor running line
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Figure 5-7 Gas turbine to SOFC power output and fuel cell cathode temperature rise at
part load conditions

When the hybrid system operates at part load conditions the contribution of the gas turbine to the
total system output decreases (Figure 5-7). This occurs since the gas turbine performance
deteriorates sensibly (Figure 5-3) at part load conditions and on the other hand the SOFC stack
operates more efficiently.
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In order to verify that the two independent systems (namely the C30 microturbine and the Siemens-
Westinghouse SOFC generator) are combined safely, the fuel cell cathode temperature difference is
checked. Tarroja et al. [86] suggest that this temperature difference must remain under 200 K in
order to avoid high thermal stresses within fuel cells and possible failure. Figure 5-7 indicates that
the temperature rise in the fuel cell cathode side (i.e. the temperature difference between the inlet
and outlet of the stack) remains below that limit.

5.3 Effect of operating parameters

5.3.1 SOFC operating temperature

The SOFC temperature is one of the most important operating parameters for the fuel cell
generators and hybrid systems since it has significant effects in power and efficiency. Figure 5-8
shows the part load performance of the hybrid system for various values of SOFC operating
temperature. The system works more efficiently for the higher values of SOFC temperature. The
effect of this operating parameter is stronger at higher rotational speeds since it affects considerably
both the produced power and the system efficiency.
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Figure 5-8 Effect of SOFC operating temperature in part load performance

The resulted values of the turbine inlet temperature are presented in Figure 5-9. As it was expected
the higher values of turbine inlet temperature have arisen for the higher SOFC operating
temperatures. The temperatures tend to constant values at low rotational speeds. Moreover, the
turbine inlet temperature values are lower than the design value (1117 K) of Capstone C30
microturbine. The different turbine inlet temperatures can affect the matching of the
turbomachinery components resulting in changes of the air flow and pressure ratio of the
compressor. This fact has an impact on the surge margin of the compressor. The operating points of
the compressor are presented in Figure 5-10. From the results it is apparent that the increment of
SOFC operating temperature moves the operating line of the compressor towards to the surge area.
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Figure 5-9 Turbine inlet temperature for different values of SOFC temperature

Figure 5-10 Compressor operating lines

5.3.2 Fuel utilization factor

Another important parameter that affects significantly the performance of the SOFC generator and
consequently the performance of a hybrid system is the fuel utilization factor. It describes the
amount of fuel that reacts electrochemically within the fuel cell stack. In practical applications a

certain fuel amount does not react and escapes out of the fuel cells. This is done for two reasons
[87]:
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As the fuel mixture passes through the anode compartment of the fuel cell, the hydrogen
concentration falls. If fuel utilization is large, the domain close to the outlet suffers from fuel
starvation. In this situation the fuel cell voltage is lowered and can lead to permanent
damage of the cell.

Besides the unreacted fuel is burned in order to provide energy for the fresh air entering the

stack or for a heat engine

Figure 5-11 presents the effect of fuel utilization factor on the part load performance of the hybrid
system. The system operates more efficiently by increasing the value of fuel utilization factor. This
occurs because more power is produced from the SOFC generator (Figure 5-12). The SOFC generator
is a more efficient device than the gas turbine, and this fact contributes to higher efficiency values

for the whole system.
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Figure 5-11 Effect of fuel utilization factor in part load performance
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Figure 5-12 Gas turbine to SOFC power output for different values of fuel utilization
factor
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The variation of the turbine inlet temperature is shown in Figure 5-13. The turbine inlet temperature
increases with the decrement of the fuel utilization factor. This is done because larger amount of
fuel escaped from the SOFC stack and is burned in the combustor, which produces energy for the
incoming fresh air and the turbine.
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Figure 5-13 Turbine inlet temperature for different values of fuel utilization factor

5.3.3 Sensitivity analysis

Figure 5-14 presents the effect of SOFC operating temperature and fuel utilization factor of various
operating parameters. The results have arisen by varying either Tsorc or Ur by 1% and calculating the
deviation of the performance parameters from their values at the reference case.
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Figure 5-14 Effect of SOFC temperature and fuel utilization factor on various parameters

From the results it is obvious that the higher cell temperature contributes to higher fuel
consumption which increases the total power production. The air mass flow slightly decreases with
the increment of SOFC temperature since higher turbine inlet temperatures arise (see section 5.3.1).
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This fact contributes to higher oxygen utilization factors. The current density increases because of
the higher amount of fuel flow. There is also an increment in the cell voltage since there are lower
voltage losses. Finally, as it can be seen the increment of SOFC temperature leads to more efficient
operation in both SOFC generator and whole system.

The effect of fuel utilization factor on various operating parameters is shown in Figure 5-14, too. The
hybrid system responds similarly as in the case of varying the SOFC temperature. The differences are
in air mass flow and in the fuel cell voltage.

By comparing the effect of those two parameters is obvious that the SOFC operating temperature
affects significantly the power output of the system. The efficiency advantage is not very high when
increase either the Tsoec Or U

5.4 Exergetic analysis

The research work in the area of hybrid SOFC-GT system usually deals with the energy analysis of
such a system [28, 30, 39, 88]. In the past few years there is a growing interest for the study of the
exergetic performance of those systems. Calise et al. [89] simulated and studied a hybrid SOFC-GT
system at design and part load conditions. Although different part load strategies were investigated,
one of the main part load handles (variable speed control) was not considered. Their system
presented an electrical efficiency of 65.4% at full load operation. It was also concluded that the best
part load strategy corresponds to a constant value of fuel to air ratio. Granovskii et al. [39] compared
two combined SOFC-GT systems with different configurations for supplying the required steam to
methane ratio, on the basis of energetic and exergetic performance criteria. Haseli et al. [90]
examined the exergetic performance of a hybrid SOFC-GT system as well as the effect of operating
parameters such as the turbine inlet temperature and compression ratio. Their results were
compared with a traditional gas turbine cycle and a significantly better performance of the SOFC-GT
plant has demonstrated.

The exergy analysis is able to detect the position, the type and the magnitude of irreversibilities-
losses on a thermal system [91]. This information is useful either in designing or upgrading existing
(energy) systems, since it can help to improve the performance by making the appropriate
modifications leading to reduction of irreversibilities.

5.4.1 Exergy

According to Kotas [92]: “Exergy of a system is the amount of work obtainable when the system is
brought to a state of unrestricted equilibrium (that is, thermal, mechanical, and chemical) with the
environment by means of reversible processes involving thermal and chemical interaction only with
the environment”.

There are three ways that the energy is transferred: with work, with heat and with mass flow. The

exergy of a flow is the sum of four quantities (e e* e” e™ e™ ). Usually the components of the
kinetic and potential exergy are considered negligible and are not taken into account. The specific
physical exergy at a given state is given from Eq. 5-1.

e hh Tss (5-1)

0 0o 0
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The specific chemical exergy of a gas mixture at a given state is defined as:

ch

e X:e:

R,T, XInx

_ _ (5-2)
] ]
where eJ-Ch’O is the standard chemical exergy of species [93].
The overall exergy of a stream flow is calculated from the following relation:
E ne” e (5-3)

The exergy destruction rate in a control volume at steady state conditions can be calculated from

the difference between the inlet and exit exergy flows.

1

j

des

T,

ch E‘i E.e (5'4)

The exergy balances and exergetic efficiencies for the basic components can be found in references

[90, 94]. Apart from the burner and SOFC stack, all other components are treated as adiabatic (Table

5-5).

Table 5-5 Exergy destruction rates and exergy efficiencies

Compressor Edes,c WC E'1 Ez
ex,c (EZ El)/VvC
Recuperator Edes . E2 Ea E‘3 E
ex,rec (E3 EZ)/(EB E )
Preheater Edes e E E E E
ex,pre ( ) (E E )
Burner E'de&b E5 Ellb E‘6
ex,b 1 Edes b / (E Ellb)
SOFC StaCk Edes,SOFC E4 E.14 E5 Ella WSOFC DC (1 To / TSOFC )Qrad
ex,SOFC 1 E.des SOFC (E E14)
Turbine Edes,t E7 E8 \Nt
W/E, E)
Ejector E.des,ej Elo Ellc E12
ex,ej 1 E.des,ej / I'110(e10 elz)
Reformer Edes r E12 E13
ex,r E13 / E12
”R Edes,IIR E'13 E14 1 To /TSOFC Qrad
ex,lR 1 E.des,IIR E13 1 To / TSOFC Qrad
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The overall exergy balance of the system is written as (see Figure 5-15):

E E, Eo E WSOFC,AC Wer 1

] j

— |

des,sys Qj (5'5)
The total exergetic efficiency is expressed by Eq. 5-6. It is the ratio of the net power output to the
exergy supplied to the system.

I:)SOFC ,AC I:)MGT

| : (5-6)
ex,sys ElO

Figure 5-15 Control volume for the overall exergy balance

5.4.2 Exergy analysis results

The analysis described in the previous paragraphs is applied to the developed hybrid SOFC-GT
system in order to locate the main exergy destructions and identify inefficiencies. The basic
thermodynamic properties of each station of the system are presented in Table 5-6.

Table 5-6 Thermodynamic properties at each station

Station m (kg/s) T(K) P (bar) E (kw)

1 0.315 298 1.013 1.40
2 0.315 452 3.596 45.37
3 0.315 744 3.502 92.67
4 0.315 1053 3.493 165.48
5 0.297 1183 3.480 189.54
6 0.322 1314 3.480 256.99
7 0.322 1039 3.466 175.24
8 0.322 818 1.064 85.08
9 0.322 549 1.013 29.29
10 0.007 423 8.696 286.10
11a 0.097 1183 3.493 310.60
11b 0.026 1183 3.493 83.25
11c 0.071 1183 3.493 227.35
12 0.078 1072 3.493 509.62
13 0.078 882 3.493 507.71
14 0.078 1183 3.493 577.10
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Figure 5-16 presents the exergy destruction rate of each component of the hybrid system. It is
obvious that the SOFC stack (anode-cathode) and the burner contribute the most to the
irreversibility of the system. This is due to the chemical and electrochemical reactions as well as the
mixing processes taking place in these devices.
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Figure 5-16 Exergy destruction rate of main devices at design point
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Figure 5-17 Exergetic efficiencies of main devices at design point

The exergetic efficiencies of the main components, i.e. the ratio of the exergy recovered to the
supplied exergy, are presented in Figure 5-17. The lower exergetic efficiency value is for the
recuperator. This is due to the high temperature differences between the fluids and the pressure

losses. The SOFC stack exergetic efficiency is very high despite the high amount of exergy destruction
rate.
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Figure 5-18 Exergy destruction in percentage of total exergy destructed

Figure 5-18 illustrates the exergy loss and destruction balance for the whole system. There is a large
amount of exergy loss to the environment; about 26% of the total exergy destruction, larger than
the amount of exergy destructed in SOFC stack. This high quality energy can be used further for
useful energy production such as a bottoming cycle, space heating or cooling etc.

The exergy destruction rates at part-load conditions of the main components are shown in Figure
5-19. As the power output of the system decreases, the exergy destruction rates decrease too. The
variation is larger for the SOFC stack and the burner because of the reduction of reaction rates. At
very low loads the exergy destruction is larger for the recuperator. This is due to the lower mass flow
rates and excess area of recuperator which enhances the exchange of thermal energy. That fact
contributes to larger variation of the temperatures in the two streams, and consequently to larger
irreversibilities and exergy destruction rates.
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Figure 5-19 Exergy destruction rate at part-load operation
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Figure 5-20 illustrates the thermal and exergetic efficiency as well as the total exergy destruction
rate at part load conditions. A nearly constant difference between the thermal and the exergetic
efficiencies can be observed all over the range of operation. The system works more efficiently at
part load conditions due to the smaller irreversibilities (see Figure 5-19).
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Figure 5-20 Efficiencies and total exergy destruction rate at part load conditions

The SOFC stack temperature is an important parameter in hybrid SOFC/GT system. This parameter
affects significantly the exergetic efficiency of the system (Figure 5-21). As the SOFC temperature
increases the exergy destruction increases due to the larger temperature differences in the system
and the higher fuel consumption rates which contribute to higher values of current density and
larger polarization losses. Nevertheless, the total exergetic efficiency increases since more net
electrical power is produced. It is obvious that there is an upper bound in the exergetic efficiency
increase. This is an interesting result which shows that very high values of fuel cell temperatures are
not effective.
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Figure 5-21 Effect of Tsorc On exergetic efficiency and exergy destruction rate
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Figure 5-22 illustrates the effect of fuel utilization factor on the system exergetic performance. The
variation in exergetic efficiency as well as in total exergy destruction rate is smaller compared with
the variation caused from the SOFC stack temperature change. An increase in fuel utilization factor
causes more fuel to react electrochemically within the fuel cell. Thus, the fuel amount reacting in the
combustion chamber is reduced, causing a decrease in exergy destruction rate in this device. The
total exergy destruction rate is reduced with the increment of fuel utilization factor. This is due to
the lower amount of fuel introduced into the fuel cell according to Eq. 5-7 [46].
|

oo ]
SUNPT=T) (5-7)

This contributes to lower irreversibities, due to the restriction of mixing processes and chemical
reactions. The exergetic efficiency of the system increases since the chemical exergy of the fuel is
utilized more efficiently.
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Figure 5-22 Effect of fuel utilization on exergetic efficiency and exergy destruction rate

Figure 5-23 illustrates the effect of the previous parameters on the exergy destruction rate of the
components. The results are obtained by varying (increasing) each operating parameter by 1% and
calculating the deviation of the exergy destruction rate of each component from the corresponding
value at the design case. The increase of SOFC stack temperature has negative impact in most of the
devices. The major impact is on the fuel processing system (ejector-reformer-IIR). This is due to two
reasons: a) the hotter recycled fuel that enters the ejector and b) the higher fresh fuel flowrate. The
SOFC stack irreversibilities tend to decrease since this device works more efficiently [95].

An increase of the of fuel utilization factor has a considerable positive impact on the burner in terms
of irreversibility since less fuel reacts into the device. The exergy destruction rate increases only in
the SOFC stack as well as in the reformers. The reason for the increase in fuel cell stack is the larger
fuel amount reacting electrochemicaly.
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Figure 5-23 Sensitivity analysis of operating parameters in exergy destruction rate

Taking into account the previous results, certain improvements may be suggested in order to reduce
the system exergy destruction. A possible improvement refers to the utilization of the exhaust gas
heat carrying a high exergy amount which can be used further for useful energy production. This
could be done with the use of a heat recovery steam generator or/and an absorption chiller, a
bottoming cycle etc.

Another improvement would be the operation at higher fuel utilization factor as it results in reduced
irreversibilities at the system or a different control strategy in which the SOFC temperature and fuel
utilization factor will be regulated simultaneously in order to achieve the optimal performance.
Finally, as large amounts of exergy are destructed in the heat exchangers, an optimization
concerning the matching of the temperature levels on these devices could probably reduce
irreversibilities.

Further investigation has been performed in order to compare the exergetic performance as well as
the greenhouse gas emissions of the hybrid SOFC/GT system against a similar conventional GT
system. Both systems rated at nearly the same electric power output. The conventional GT system
was based on the commercially available Capstone C200 micro-turbine generator. Design
parameters for the calculation of the thermodynamic cycle of the engine were taken from [96] (see
Table 5-7).

Table 5-7 Capstone C200 design parameters

Electrical power (kW) 200
Mass flow (kg/s) 1.3
Pressure ratio 4.3
Turbine inlet temperature (°C) 950
Exhaust gas temperature (°C) 280
System efficiency (%) 33
Compressor isentropic efficiency (%) 75
Turbine isentropic efficiency (%) 90
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The model was developed in AspenPlus environment, using only built-in blocks. Performance maps
were not used since the part load performance was not studied. It was calibrated in order to predict
the engine behavior accurately at design point conditions.

The analysis was performed for the same environmental conditions and fuel composition. Although
the selected gas turbine engine is slightly larger (200 kW electric power output) the direct
comparison is not expected to affect significantly the conclusions as reduced parameters are used.
The results presented in

Table 5-8 indicate that the hybrid system has almost double exergetic efficiency than a similar rated
power conventional gas turbine system, while it is more environmental friendly as its CO, emissions
are almost the half.

Table 5-8 Comparison of hybrid and conventional plants

Hybrid SOFC/GT  Conventional GT
Exergetic efficiency (%) 61.3 34.0
CO, emissions (kg/kW.hr) 0.313 0.565

5.5 Conclusions

In this chapter, a simulation model for a hybrid SOFC-GT system based on existing devices is
developed, using the AspenPlus process simulator.

The micro turbine is modeled and calibrated using the available manufacturer data for Capstone
C30. The model incorporates typical performance maps for the compressor and turbine and is able
to predict the part load performance of the engine.

The fuel cell model was developed based on available literature data for Siemens-Westinghouse
tubular SOFC design. The voltage calculations were done by taking into account the fundamental
phenomena taking place and fuel cell geometry.

The two independent models are incorporated into a single one and performance data for the
resulting hybrid system were presented and discussed. The effect of main operating parameters on
the system performance was also studied. The simulations showed that the two existing systems can
be coupled safely together, achieving thus high electrical efficiency. The size of the proposed hybrid
system and its efficient operation make it an attractive solution for distributed generation
applications.

Moreover, an exergetic analysis of the hybrid system was performed. The results have shown that
the SOFC stack and the burner are the devices with the higher exergy destruction rate. There is also,
a large amount of exergy loss due to exhaust gases. A certain amount of this exergy stream may be
used further through incorporated technologies.

An increase of the SOFC stack temperature has a positive impact on system exergetic efficiency,
despite of the increment in exergy destruction. An increase of fuel utilization factor has an even
more positive effect on the system performance; it increases the exergetic efficiency and at the
same time, it reduces the exergy destruction.

Comparison of the hybrid system with a conventional GT of similar power indicated that the hybrid
system is significantly more efficient in terms of second law efficiency and CO, emission.
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Chapter 6
Matching consideration and
performance evaluations

The present chapter aims to study the performance of the hybrid systems based on the fuel cell
stack developed by Siemens-Westinghouse coupled with four different commercially available
recuperated micro-turbines. The different systems considered were studied through the
development of appropriate simulation models validated with available data. Full and part load
performance of those systems are presented and discussed. For the part load operation two control
strategies were adopted by maintaining either the SOFC stack temperature or the turbine exit
temperature constant.

6.1 Introduction

Integrating a fuel cell and a gas turbine is by no means trivial and a significant system-level effort has
been made to understand hybrid system integration and thermodynamics. Although there are a lot
of works in the literature, most of them analyze theoretical hybrid systems. Only few papers are
dealing with existing systems or systems based on actual devices.

The papers dealing with the matching of a SOFC module with a gas turbine can be classified in three
categories.

In the first category are examined theoretical hybrid systems. Usually, in these works, the effect of
some performance parameters on system behavior is studied. Indicatively, Tarroja et al. [86] studied
the behavior of a hybrid system by changing performance parameters and also the size of system
components. Uechi et al. [97] studied the effect of the design variables on a hybrid system
performance and made suggestions in order to increase its efficiency.

Papers of the second category examine hybrid systems based on existing gas turbines and seek for
the proper fuel cell configuration. Lundberg et al. [98] studied the appropriate size for the SOFC
generator to be coupled with an actual gas turbine. Park et al. [99] based on a fixed gas turbine
design studied the effect of the SOFC stack operating parameters on system behavior. Also, Song et
al.[51] studied a system based on a commercially available gas turbine, specified the operating
characteristics of the fuel cell stack and assessed the effectiveness of various control methods.

Finally, the works based on existing component belong to the third (and less extensive) category. Li
and Weng [100] based on Siemens-Westinghouse fuel cell stack and on the Capstone C30 micro-
turbine designed a hybrid system and simulated its performance for various fuels. Roberts and
Brouwer [31] developed a dynamic model of an actual system and they validated it using
experimental data.
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The present chapter aims to study the performance of the hybrid systems based on the fuel cell
stack developed by Siemens-Westinghouse coupled with four different commercially available
recuperated micro-turbines. There is no similar work in the related literature concerning the
matching of different low rated available micro-turbines with an existing fuel cell. The effects of the
different engine designs are studied through the development of appropriate simulation models
validated with available data.

6.2 Gas turbine models

As mentioned previously, the present chapter deals with the study of the hybrid systems arisen from
the coupling of the SOFC generator developed by Siemens-Westinghouse and commercially available
micro-turbines. In the literature there are a lot of works about the coupling of the specific SOFC
stack with a micro-turbine [28, 30, 31, 81, 100, 101] as well as different enhanced thermodynamic
cycles [102-104]. Most of the works are not based on actual micro-turbines and adopt typical values
for the performance parameters of the engine components.

Although, this approach gives realistic results, it is not fully representative when compared with an
actual engine, especially in part load conditions. For this reason, the authors based on the
performance data from commercially available engines, they developed reliable simulation models.
Four engines were selected: C30 and C60 manufactured from Capstone Turbine Corp., the Parallon
75 kW and the T100 from Turbec. The characteristics of each engine are presented in Table 6-1.

Table 6-1 Parameters of micro-turbines at design point

Parameters Capstone C30  Capstone C60 Parallon 75 Turbec T100
[100, 105, 106] [105] [107] [108]
Rotational speed, (rpm) 96000 96000 65000 70000
Pressure ratio 3.6 4.8 3.5 4.5
Air flow rate, (kg/s) 0.31 0.48 0.75 0.79
Turbine inlet temperature, (K) 1117 1228 1148 1223
Turbine exit temperature, (K) 866 908 912 923
Exhaust gas temperature, (K) 546 578 511 543
Compressor isentropic efficiency 0.83 0.77 0.78 0.78
Turbine isentropic efficiency 0.85 0.85 0.84 0.83
Electric power, (kW) 30 60 75 100
Specific power (kW s/kg) 96.8 125 100 126.6
Electric efficiency 0.26 0.28 0.285 0.30

The developed models for each engine are based on general performance maps for the compressor
and turbine components. The maps are given to the model in dimensionless form and are scaled in
order to correspond to a specific engine. Performance map of the compressor is shown in Figure 6-1.
The scaling of the maps is done according to the Eqs (6-1) — (6-3).
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Figure 6-1 Initial compressor map

As it can be seen in Table 6-2, there is a good agreement between expected and calculated
performance parameters for all engines at design point conditions.

Table 6-2 Microturbine models validation

Engine Expected Calculated Error (%)
C30
Efficiency 0.26 0.257 -1.15
Power (kW) 30 30.7 2.33
Cce60
Efficiency 0.28 0.276 -1.43
Power (kW) 60 59.3 -1.17
Parallon 75
Efficiency 0.285 0.288 1.05
Power (kW) 75 74.4 -0.80
T100
Efficiency 0.30 0.302 0.67
Power (kW) 100 98.7 -1.30

6.3 Hybrid system model

The gas turbine and the SOFC generator model were merged into a single one by substituting the
burner of the micro-turbines with the SOFC, in order to investigate the integrated hybrid systems.
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The hybrid system model and its assumptions have been presented in Chapter 4. The fuel supplied
to the system is natural gas (CH, 81.3%, C,Hg 2.9%, CsHg 0.4%, C4Hy0 0.2%, N, 14.3%, CO 0.9%)

6.3.1 Design point performance

In general there are two alternatives for the definition of the hybrid systems’ design point. The first
approach starts with the design point data of the existing micro-turbines and finds the resulting
operating temperature of the SOFC generator, while the second approach starts with the design
data of the SOFC system and predicts the operating characteristics of the micro-turbines. The
present study predicted design point results are based on the first approach and are summarized in

Table 6-3.
Table 6-3 Hybrid systems design point data

Parameter C30 C60 Parallon75  T100
Total power, (kW) 200.9 302.0 290.5 364.2
SOFC power, (kW) 164.0 235.3 214.8 259.8
GT power, (kW) 36.9 66.7 75.7 104.4
Fuel consumption, (g/s) 7.95 12.52 12.87 16.07
Air flow, (kg/s) 0.31 0.48 0.73 0.79
SOFC temperature, (K) 1256 1285 1165 1221
Afterburner outlet temperature, (K) 1402 1434 1269 1339
Exhaust gas temperature, (K) 552 583 517 549
Hybrid system global efficiency 0.66 0.63 0.59 0.59
Fuel cell efficiency 0.54 0.49 0.43 0.42

It is obvious that the total power produced increases significantly with the size of the micro turbine,
as expected. On the other hand, the total efficiency decreases with the system size.

This general remark is not true when comparing C60 and Parallon 75 micro-turbines. Although the
Parallon 75 is a more powerful engine than C60, the resulted hybrid system is less powerful. This can
be explained by comparing the specific power values for each engine (see Table 6-1).

The reduction in the total efficiency is mainly due to the deterioration of the fuel cell stack
performance because of the lower operating temperatures and the higher air mass flows. The
increment in air mass flow contributes to more electric power production, and consequently to
higher values of current density. The increment in current density causes a reduction in SOFC
efficiency [30].

It is also evident that as part of a hybrid system, the micro-turbines produce more power compared
with the power output of the stand-alone recuperated gas turbine cycles (Table 6-2). This is due to
the different pressure losses caused by the SOFC generator as well as the increased turbine flow
(higher fuel rates are supplied to the hybrid system in comparison to stand-alone gas turbine) [109].
The higher SOFC temperature results for the system based on C60 machine at design conditions, and
is lower than the limit temperature ensuring safe operation of the device (1293.15 K) [98]. The
higher afterburner outlet temperatures are also for the system based on C60 microturbine. Although
the temperature values are high, they are in accordance with previous works [102, 110].
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The previous results are discussed analytically in the following paragraphs where the off-design
performance of the hybrid systems is presented.

6.3.2 Partload performance

Part load operation in hybrid SOFC/GT systems is of major importance. Several theoretical studies
[28, 30, 33, 81, 88, 111-113] and recent experimental works [114, 115] have been contacted in this
subject. Campanari [28] assuming constant shaft speed, he suggested reducing air utilization factor
and current density for part-load. This approach reduces the power output of the SOFC as well as the
turbine inlet temperature (TIT) and consequently the power output of the GT. For variable shaft
speed he suggested to reduce air flow rate and current density for maintaining constant TIT.
Costamagna et al. [30] investigated the behavior of a small hybrid system using two different control
strategies: constant or variable rotating speed. The results showed that the system is more efficient
when its operation is controlled by the latter option. Yang et al. [85]compared three different
control modes: a) only fuel flow manipulation, fuel and air mass flow manipulation by adjusting b)
the speed or c) the inlet guide vanes angle. The most efficient alternative was proved again to be the
one with the variable speed.

Kimijima and Kasagi [88] compared also variable and fixed shaft speed operation and concluded that
variable shaft speed operation is favorable in terms of part-load performance. Chan et al. [116]
proposed an external combustor for system part-load operational control. In their approach the
part-load operation incorporates the inherent characteristics of a SOFC-GT hybrid system by
adjusting the system power output through bypassing part of the fuel to a combustor. This enhances
the upstream condition of the gas turbine and hence improves turbine performance. Though the
total efficiency of the system is reduced, the operation is simpler and safe. Kaneko et al. [112]
controlled the fuel cell temperature by introduction and use of a bypass valve around the
recuperator. By releasing excess heat to the exhaust, the bypass valve provided the control means to
avoid the self-exciting behavior of system temperature and stabilized the temperature of SOFC at
850 °C.

Stiller et al. [81] presented a multi-loop control strategy for a SOFC/GT hybrid system with the main
objective being a fairly constant fuel cell temperature under all conditions. A multi-loop control
strategy is also developed by Wu et al. [113] in order to ensure the system safe operation as well as
long lifetime of the fuel cell. The system has four control variables, which are power, SOFC operating
temperature, turbine inlet temperature and fuel utilization. The manipulated variables are current,
fuel flow, air flow and bypass valve opening. Jiang et al. [111] proposed control strategies for startup
and part load operation. The control objective for the part load operation regardless of load
changes, as proposed, was to maintain constant fuel utilization and a fairly constant SOFC
temperature within a small range by manipulating the fuel mass flow and air mass flow.

In most of the presented works part load performance is considered by manipulating the fuel flow as
well as the air mass flow, through the variation of the compressor’s operating conditions.

In this study during the part load operation the system follows the variation of the load by changing
the rotational speed and the fuel flow rate simultaneously. Two different part load strategies were
examined: in the first, the SOFC stack temperature remains constant; in the second, the turbine exit
temperature remains constant. In both cases the fuel utilization factor is considered invariable.
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Fixed SOFC stack temperature

In Figure 6-2 is presented the part load performance of the four hybrid SOFC-GT systems which arise
by coupling the Siemens-Westinghouse fuel cell generator with four different micro-turbines. It is
obvious that the hybrid system with the smaller micro-turbine (Capstone C30) works more efficiently
than the others, especially on high relative power outputs. The hybrid system which is based on
Parallon 75 micro-turbine has the lower efficiency values. This is mainly due to the low value of this
micro-turbine’s specific power. It is evident also that the hybrid systems work more efficiently at
part load conditions. The increment in efficiency values was expected as a rotational speed control
mode was utilized [85].

Figure 6-2 Part load performance of the hybrid systems (constant Tsogc)

Figure 6-3 Gas turbine output to SOFC output power fractions

The smaller hybrid systems are more efficient for two reasons. Firstly, as the gas turbine size
decreases, the contribution of that component to the total system output decreases, too. This fact
can be seen in Figure 6-3, where the fraction of gas turbine power to the SOFC power is plotted. As
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fraction values increase, the system operates less efficiently since more power is produced from the
less efficient component of the hybrid system. Secondly, the SOFC generator works more efficiently
in the smaller systems as shown in Figure 6-4.

Figure 6-4 SOFC stack efficiency

SOFC polarization curves are shown in Fig. 8. It can be observed that the cell electrical characteristics
for the two smaller systems (based on C30 and C60) are almost the same and better than the
corresponding of the two bigger systems. The worst performance of SOFC is again for the Parallon
system probably because the SOFC works with the smaller temperature in that case.

Figure 6-5 Cell voltage vs current density

At part load conditions the systems tend to operate at lower turbine inlet temperatures (Figure 6-6).
This is due to the lower fuel consumption which contributes to reduction of the fuel amount reacting
in the afterburner. The results are similar for the C60 and T100 engines as the design values of the
turbine inlet temperatures are very close (Table 6-1).
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Figure 6-6 Turbine inlet temperature

The turbine exit temperature at the part load conditions is presented in Figure 6-7. The temperature
increases with the total power decrement, since the turbine component operates at lower mass flow
rate and pressure ratio and utilizes smaller amount of the available energy. Attention must be paid
to high values since this can affect the recuperator lifetime. The turbine exit temperature increases
with the micro-turbine size as expected from design point data (Table 6-1) and the turbine inlet
temperature values (Figure 6-7).

Figure 6-7 Turbine exit temperature

Figure 6-8 presents the SCR values at part load conditions for the hybrid systems. The results are in
accordance with reference [81].
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Figure 6-8 SCR variation at part load conditions

Fixed turbine exit temperature

Usually the studies of hybrid SOFC/GT systems are emphasized on fuel cell performance and utilize
the appropriate control strategies in order to ensure safe and reliable operation for the system.
Generally, one of the scopes of the control systems is to maintain the SOFC temperature fairly
constant so as to ensure the long lifetime of the system. Except for the SOFC temperature, also the
turbine inlet and exit temperatures may affect the reliability and lifetime of the system, especially
the turbine and recuperator components.

In micro-turbines the turbine exit temperature is controlled by manipulating the fuel amount fed to
the combustion chamber [72, 117]. When a microturbine is coupled with a fuel cell stack to create a
hybrid system, the turbine exit temperature is determined from the operating conditions of the
turbine and the turbine inlet temperature which is dependent with the fuel cell stack temperature.
In the specific control method the turbine inlet and exit temperatures can take extremely high
values since are not controlled. Although in various studies [88, 100] it is mentioned that the turbine
exit temperature takes high values when the system operates at part load, nevertheless, there is no
existing hybrid system with controlled turbine exit temperature.

In a hybrid system the turbine exit temperature can be controlled by two ways. The first is by
changing the fuel amount in the SOFC stack. The SOFC operating temperature changes according to
the fuel change. The variation of the SOFC temperature affects the fuel cell generator exhaust
temperature and consequently affects the turbine exit temperature. The other one is by changing
the fuel utilization factor. This parameter affects the fuel amount in the burner. In the case of a
decrement in fuel utilization factor higher amount of fuel reacts in the burner and this contributes to
higher turbine exit temperatures. In this work the first method was used in order to control the
turbine exit temperature.

Figure 6-9 presents the expected part load performance of the studied hybrid systems in the case of
keeping constant turbine exit temperature. The systems behave similarly to the previous case,
where the SOFC temperature was fixed.
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Figure 6-9 Part load performance of the hybrid systems (constant TET)

Although the SOFC temperature decreases at part load conditions (Figure 6-10) the efficiency is not
affected significantly.

Figure 6-10 SOFC stack temperature

The higher values of SOFC stack temperature are arisen for the Capstone C60 micro-turbine (Figure
6-10). This is due to the high values of the turbine inlet temperature (Table 6-1) and the low air mass
flow rate in which the system operates. However, the specific control method causes large variations
of the fuel cell stack temperature, which contribute to shortening of the fuel cell lifetime.

6.4 Discussion

From the previous results it is obvious that the four engines can be combined effectively with the
Siemens-Westinghouse tubular SOFC stack design. As presented in Figure 6-11, the higher
efficiencies arise for the smallest micro-turbine, while the smaller size of the micro-turbine
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contributes to lower values of total power output, as expected . This fact is confusing when one aims
at assessing which of the micro-turbines is the best choice to be coupled with the SOFC stack.

Figure 6-11 Design point data of the hybrid systems

An alternative assessment that could give a clearer picture may be based on the specific power of
the systems. The specific power is the power per unit airflow which is defined as:

PHS

spec m_air (6‘4)

w

As it can be seen in Figure 6-11 the hybrid systems based on C30 and C60 micro-turbines have the
higher specific powers. The values for those systems are similar and differ significantly from the
specific power of the hybrid system based on Parallon 75 and T100 micro-turbine. This fact makes
those engines an attractive solution for the hybrid system which is based on the Siemens-
Westinghouse SOFC stack. The high specific power output is preferred since contributes to lower
airflows which requires smaller equipment for the same power output [118]. However, a
compromise between the total power output and efficiency of the hybrid system must be done,
since the smaller engine (C30) results in lower power output and higher efficiency whereas the
larger engine (C60) results in higher power output and lower efficiency. The choice of the engine
depends on the installation requirements.

An important fact that arises from the simulation of the four hybrid systems is shown in Figure 6-12.
At low power demands, the same load can be provided from different hybrid systems (C30, C60)
without significant loss in efficiency. This information can be useful during the choice of system
configuration. The designer can select the larger engine, in order to serve peak power demands,
without sacrificing the performance of the system on base load operation. The same remark (though
there is an increased efficiency drop at the higher power range) applies to high power demands for
the systems C60 and T100.

99

Institutional Repository - Library & Information Centre - University of Thessaly
22/01/2026 05:16:16 EET - 18.97.14.89



Chapter 6 Matching consideration and performance evaluations

Figure 6-12 Efficiency vs power of hybrid systems

6.5 Conclusions

The coupling of SOFC generator manufactured from Siemens-Westinghouse with four commercial
available micro-turbines was investigated. Separate models for the SOFC generator and micro-
turbines were built and merged in order to realize the hybrid system.

Design point for each hybrid system was determined and the part load performance was studied. For
the part load operation two control strategies were adopted by maintaining either the SOFC stack
temperature or the turbine exit temperature constant. The performance of the hybrid systems was
similar for both the control methods.

The part load results have shown large variations in SOFC stack and turbine exit temperatures. Those
data must be taken into account in order to avoid system malfunctions and to ensure the long
lifetime.

The smaller (among the four considered) the micro-turbine coupled with the Siemens-Westinghouse
SOFC generator, the more efficient is the corresponding hybrid system.

When the power requirements are low (less than 150 kW), the designer may choose a larger micro-
turbine than the required (i.e. based on C60 instead of C30), as the system operates efficiently also
at higher than the base load and could satisfy peak energy demands.
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Chapter 7

Improving hybrid SOFC-GT systems
performace through turbomachinery
design

In this chapter a methodology to improve the performance of a hybrid SOFC-GT system for the
whole operating range is proposed. The method suggests a way for optimizing the compressor and
turbine components. It is based on the search of the compressor and turbine operating lines giving
an improved system efficiency both in design and part load operation. Turbomachinery models are
used to calculate the geometry that produces the desired performance maps and the corresponding
operating lines. Based on the new turbomachinery design the hybrid system shows a clear efficiency
advantage for the whole operating range.

7.1 Introduction

The first generation of fuel cells for stationary applications is already available in the market [119].
These fuel cell generators operate under atmospheric pressure and produce electric power less than
250 kW. SOFC-GT systems though more efficient than atmospheric SOFC generators are not
commercially available yet, since they are more complex and there are reliability and availability
problems [119, 120].

A lot of research has been done investigating the performance and the interaction of the main
subsystems (namely the gas turbine and the SOFC generator) in a hybrid system. The works are,
either theoretical [30] or based on existing devices [98]. They are dealing with the operation under
steady state or transient conditions [121], the exergetic performance [76, 122-125], the utilization
of alternative fuels [126-128] and the control of these systems [81]. Also, there are papers that
investigate the optimal design of a SOFC-GT hybrid configuration [98, 129-131].

An important issue when designing a hybrid system is the selection of design parameters (such as
pressures, temperatures) in order to achieve the optimal and efficient matching of the subsystems
and to ensure the long lifetime and the safe operation. For example, Calise et al. [130] optimized a
hybrid plant rated at 1.5 MW by changing many operating variables except for the geometrical
dimensions of cell tubes. For the turbomachines, properly scaled typical operating maps were used.
The same authors in another work [129] optimized a hybrid system based on thermoeconomic
criteria without taking into account the part-load operation of the system during the optimization
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process. Lundberg et al. [98] in their study optimize a SOFC generator size for combination with a gas
turbine by minimizing the cost of electricity produced. Sieros and Papailiou [131] studied the
matching of a small gas turbine with a hybrid SOFC-GT system. The authors suggested variable
geometry turbomachines in order to achieve a better match with the SOFC stack.

The good matching between the two main subsystems (SOFC stack and gas turbine generator) can
offer a lot of advantages for the hybrid SOFC-GT system, such as:

Safe operation, since all the devices work within their operating limits and they are resistant
to faults.

High efficiency, since the individual systems are designed to cooperate efficiently and ensure
the best performance not only in the design point, but also in part-load conditions.

Increased lifetime and lower maintenance costs as a result of the efficient operation and the

good operating conditions ensured for all subsystems and especially for the components of
the SOFC generator (fuel cell, reformer) which are most prone to degradation problems.
Fuel savings and short payback period. The investment cost of hybrid SOFC-GT systems is

high so this is a drawback for their commercialization. By designing an economical system it
will be possible to compete the conventional power systems.
Reliability and availability since the good matching of the subsystems contributes to simpler

system layouts without by-pass streams or guide vanes and complicated control systems.
This fact makes them less prone to faults and increase time between overhauls.

The proposed SOFC-GT systems are usually based on existing gas turbines which are modified to be
able to operate with a SOFC generator. For example, Lundberg et al. [98] modified the commercial
available Mercury 50 gas turbine engine, fabricated from Caterpillar/Solar Turbines, and integrated it
with a SOFC generator. The final system was able to produce 12.3 MWe with a net efficiency of
59.9%. This is an economical solution as the cost for the development of new compressor and
turbine components is excluded from the final product/system. The integration of the fuel cell
generator and the auxiliary equipment in the flow path of the working fluid from the compressor
exit to the turbine inlet can affect the operation of the turbomachines by changing their matching
[132]. This fact may have a negative impact on the performance of the turbomachines, since it can
change their efficiency values. Also, the rematching of the turbomachines may affect negatively the
safe operation of the system, since can force the compressor to operate with smaller surge margin
values. This can be dangerous, especially during transient conditions.

In the available bibliography there is a limited number of studies for the turbomachinery matching in
order to improve performance at part-load conditions for a hybrid SOFC-GT system, suggesting
variable geometry turbomachines and by-pass flows [131, 133]. Although, these solutions seem to
give good results, they are complicated and contribute to greater investment costs and lower
reliability and availability of the hybrid system.

In the present work a method is proposed in order to design the turbomachinery components
aiming at an improved performance in the whole operating range, while keeping the system simple
and safe. The proposed optimization method is applicable in hybrid SOFC-GT systems that
incorporate either a variable speed gas turbine with a power conditioner to convert the variable
frequency output of the generator to the grid frequency, or an engine that has a separate power
turbine to drive the electric generator. It consists of two steps: (i) a parametric study is conducted in
order to assess the operating range of the hybrid SOFC-GT system and select the desired operating
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line for achieving the optimum system efficiency at various operating points and (ii) based on that
information, the compressor and turbine geometries are estimated using in-house turbomachinery
design codes and an optimization procedure.

7.2 Hybrid SOFC-GT model

The SOFC-GT system considered in this study is shown schematically in Figure 7-1, it is based on the
hybrid system developed by Siemens-Westinghouse rated at 220 kW net electric power output [44].
The system incorporates a high temperature SOFC generator integrated with a single shaft
recuperated gas turbine. Because of its size, it utilizes a centrifugal compressor and a radial turbine.
The air enters the system through the compressor. Thereafter, the compressed air is preheated in
the recuperator and is led in the SOFC generator where it reacts electrochemically with the fuel. The
hot exhaust gases from the fuel cell generator are expanded on the turbine and produces
mechanical work for the compressor and electric generator. The hot gases at the exit of the turbine
are used to preheat the SOFC supplied air.

Figure 7-1 Hybrid SOFC-GT system layout (AB: Afterburner, IIR: Indirect internal
reformer, PR: Pre-reformer)

The SOFC generator utilizes a tubular cell configuration. The main device of that SOFC generator is
the fuel cell stack, namely an array of vertically aligned cells. Except for the cells the system contains
an ejector which mixes the depleted fuel with the fresh fuel in order to supply steam for the shift
and steam reforming reactions. The unreacted (and non-recycled fuel) and the air exiting the cells
are burned into the burner. Next, the hot gases pass through a heat exchanger, where the fresh air is
heated before entering the stack.

The system simulation is based on the methodology described in previous chapters. During the part
load operation, the fuel cell stack operating temperature and the fuel utilization factor are regulated
(remain constant) by changing the fuel flow rate, the SOFC current and the generator power.

For the part load operation representative performance maps from similar size turbomachines were
used, which were scaled in order to correspond to the design point. The scaling process involves the
derivation of scaling factors from comparison between the design point of the turbomachine and the
one reference point given for the original map and then the multiplication of the original map data
with the scaling factors to obtain the new map [134]. The compressor map presented in Figure 7-2,
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has been produced by modifying a centrifugal compressor performance map presented in reference
[135]. The turbine map is taken from reference [42] and it is presented in Figure 7-3.

The design point data [44, 76] of the hybrid system are presented in Table 7-1. The values in italics
represent the data originally given by the manufacturer. The model was validated against published
data from reference [44]. The results are shown in Table 7-2. It is obvious that the model predicts
with good accuracy the performance of the hybrid system.

Table 7-1 Hybrid system design parameters

Parameter Value
SOFC generator

Number of cells 1,152
Cell active area (m?) 0.0834
Cell operating temperature (K) 1,183
Fuel utilization factor 0.85
Steam to carbon ratio 2.5

DC to AC inverter efficiency (%) 94
Burner thermal losses (%) 2

Gas turbine

Compressor pressure ratio 2.9
Turbine pressure ratio 2.48
Air flow rate (kg/s) 0.5897
Recuperator pressure loss (cold/hot) (%) 3/7
Compressor isentropic efficiency (%) 78
Turbine isentropic efficiency (%) 82
Mechanical efficiency (%) 97
Generator efficiency (%) 97

Table 7-2 Hybrid system validation

Parameter Reference Model Error (%)
Net electrical power output (kW) 220 220.7 0.30
SOFC generator — DC power (kW) 187 187.0 0.01
SOFC generator — AC power (kW) 176 175.8 -0.11
Gas turbine electrical power (kW) 47 47.8 1.80

Cell voltage (V) 0.610 0.607 -0.54
Current density (A/mz) 3,200 3,208.5 0.26
Turbine inlet temperature (K) 1,113 1,113.2 0.01
Thermal efficiency (%) 57 58.5 2.66
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Figure 7-2 Compressor map for the reference system

Figure 7-3 Turbine map for the reference system

Figure 7-4 presents the efficiencies of the main components of the hybrid system, namely the
compressor, the turbine and the SOFC stack (Eq. (7-1)), as well the total system efficiency (Eq. (7-2))
as a function of net power output. The SOFC generator efficiency increases at part load conditions
since the current density decreases and contribute to lower ohmic losses [136]. On the contrary, the
total system efficiency decreases as net power output demand is below 60%. This is due to the
deterioration of the turbomachinery performance.
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Figure 7-4 Part load performance of the reference system

Looking at the performance maps (Figure 7-2 and Figure 7-3), it is observed that the turbomachinery
devices can operate with higher efficiencies even at very low rotational speeds. Nevertheless, this is
not happening because of the improper matching of the compressor and turbine components at
part load conditions. A reasonable question arisen thus is the following: is there any pair of
turbomachinery devices capable of improving the performance of the hybrid system over the whole
operating range ensuring at the same time its safe operation? To answer this question one has to
seek for the appropriate turbomachineries (in terms of their characteristic performance maps) in
order to obtain the theoretical maximum efficiency of the hybrid system at each operating point
over the whole operating range.

7.3 Outline of the proposed method

The model described in the previous section is used for the hybrid system optimization over the
whole operating range. In a hybrid system the operating line is determined by manipulating the fuel
flow, the SOFC current and the power of the gas turbine. A compressor is used to determine the fuel
flow and pressure of the fresh fuel. The fresh fuel pressure has no significant impact on the overall
system performance, however it is important for anode gas recycling to meet the steam-to-carbon
ratio values for the proper operation of the reformer [78, 137]. The SOFC current mainly affects the
total power of the system. The power level of the gas turbine affects its rotational speed. The
rotational speed has significant impact on the amount of the ingested air and the operating pressure
of the system, since it affects the operating points of the turbomachines. The air pressure is crucial
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for the system performance as it could give a high efficiency advantage [138]. Consequently, the
turbomachines are key elements for an efficient hybrid SOFC-GT system.

As the scope of this work is to design the compressor and turbine components that ensure an
improved system performance, the ingested air mass flow and the operating pressure were selected
as the decision variables. These parameters have a major impact on the geometry and the size of the
turbomachines.

Thus, by using the developed model the pairs of air mass flow and pressure ratio values giving the
higher system efficiency are specified. In the hybrid system, these operating parameters are
determined from the air compressor, and consequently, the compressor component should be
designed to operate as close as possible to the optimum pressure ratio and mass flow values
(desired operating line). The turbine component should be designed to correspond to the
compressor, so as to ensure the best system performance. An operating line for the turbine
component is required in order to provide guidance for its design process. The operating line is
estimated from the turbine operating data (e.g. pressures, temperatures, mass flows) arisen from
hybrid system model when it is fed with the compressors’ operating line data. The new
turbomachines ensure an improved system performance. The procedure is shown schematically in
Figure 7-5.

Figure 7-5 Hybrid system optimization procedure outline

7.3.1 Hybrid system theoretical best performance

In order to assess the performance of the hybrid system, a parametric study was conducted to
investigate the effect of the key process variables. The parameters that mainly affect the geometry
and size of the turbomachines; i.e. the mass flow and the pressure ratio, were varied over a wide
range to explore the system behavior. Apart from the previous parameters, the isentropic efficiency
can also affect the geometry. For this reason different values for the compressor efficiency were
given to study the impact on the system performance.
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The results of parametric study for the whole operating range are presented in Figure 7-6. The
curves have been arisen by maintaining the mass flow that enters the system as well as the
compressor isentropic efficiency constant and varying the compressor pressure ratio. This is done for
the design point air mass flow (the higher one) as well as for lower values in order to assess the
performance at off-design conditions. It is obvious that as the mass flow decreases the system
operates more efficiently. Also, the system presents a narrower operating range at lower mass
flows. The peak efficiency points for the same mass flow values are connected with dotted lines. As
it was expected, as the compressor efficiency increases the system works more efficiently, and the
optimum operating point of the system shifts to higher power production when the mass flow
remains constant. The systems’ behavior was similar when varying the turbine isentropic efficiency,
so the results were omitted for clarity.

Figure 7-6 Part load performance of the hybrid system

7.4 Compressor design

Based on the results of Figure 7-6, the desired operating line for the compressor can be extracted.
The points of the compressor operating line should correspond to the optimum operating points
(peak points) of the system. For the sake of simplicity, the optimum operating points are selected for
a single (constant) compressor isentropic efficiency value. In general, this assumption is not quite
correct, since in most practical applications the compressor efficiency varies about 5 percentage
points between the full load and idle conditions. However, considering the shape of the typical
performance curves for a centrifugal compressor [139], it is feasible to attain a compressor which
operates with an almost constant efficiency value. Consequently, the assumption of nearly a
constant compressor efficiency, at the whole operating range does not impact the proposed
method.

Moreover, the selected compressor efficiency values neither represent the best technology nor any
attempt is made to optimize them, because the aim of this work is to propose a method to design a
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compressor for a hybrid SOFC-GT system that contributes to improved performance at a reasonable
cost.

The operating line of the new compressor should approach the desired optimum operating line as
much as possible. The procedure is described graphically in Figure 7-7. It starts with an initial
compressor design in which an operating line is selected empirically. The initial design is then
modified to approach the desired (optimum) operating line.

In compressors the running lines are determined by swallowing capacity of the downstream
components. In this step of the optimization procedure, the swallowing capacity of the turbine is
unknown, thus technically it is impossible to determine an operating line for the compressor. In
order to overcome this obstacle, an operating line should be chosen. A rational choice is an
operating line that approaches the peak efficiency line (in the middle of the map). This is valid for
most applications since it is achieved an efficient and safe operation, because of the high surge
margin levels that are obtained. Details about the optimization process are presented in section
7.4.2.

A

Pressure ratio

e |nitial map

e Optimum map

Corrected mass flow

Figure 7-7 Compressor map optimization process

7.4.1 Compressor in-house model

For the compressor design, the methodology developed by Galvas [140] was adopted. This method
requires the compressor overall geometry as well as the working fluid inlet conditions and physical
properties. The thermodynamic properties of the working fluid are computed at five stations (Figure
7-8):

rotor inlet
rotor outlet
vaned diffuser leading edge

vaned diffuser throat

A S

vaned diffuser outlet.
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The centrifugal compressor for this system assumed without inlet guide vanes. Also, the impeller is
considered with splitter blades in order to achieve better flow condition (no slip) and higher
efficiencies. The geometry parameters affecting the performance as well as the operational range
are shown in Figure 7-8.

Figure 7-8 Geometric description of the compressor

The method takes into account the main loss mechanisms and predicts the behavior of a centrifugal
compressor. Losses considered are: a) inducer incidence losses, b) blade loading losses, c) skin
friction losses, d) disk friction losses, e) recirculation losses, f) vaneless diffuser losses and finally g)
vaned diffuser losses.

The inducer incidence losses are caused from the deviation of the relative flow angle at rotor inlet
from its optimum value. The optimum angle is given from the methodology developed from Stanitz
[141]. The corresponding enthalpy losses due to incidence are

h. 05 Wlsin| > 1| i (7-3)

Inc

The optimum relative flow angle fpt is

opt
n 1 (7-4)
The deviation angle ¢ is given from Eq. (7-5)

(L By)tan

tan 5
1 B;tan” |

(7-5)

where

Zt

fl 2 o (7-6)
E(Dl,h Dl‘t)

The blade load is defined as the pressure difference between the pressure and the suction surfaces

B, 1

of blades. This pressure difference contributes to increment of boundary layers and the extent of
leakage flows near the tip of the blade. Blade loading losses defined as:
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h, 0.05DU (7-7)
where the diffusion coefficient is given from the following relation

06C, T, T,
Wl,t (Zf Zsp) 1 %
D2

Y
2% Wl,t (7_8)
D2

Skin friction losses are because of the roughness of the compressor wetted areas, which raises the
resistance during the passage of the working media through the compressor. The corresponding
enthalpy loss is:

L

h, 7.0S, —wW’ (7-9)
Dh
where the hydraulic diameter is:
D D, 1
nzZoZ 20Z, Z -
r % D2 % %) [t 1 05D,/0, " (7-10)
Cos 2 b2 Dl,t Dl,h (Dl,t Dl,h)
and the mean flow path length
1 Dl,rms
L D._ 03048 (7-12)
2 cos ,

During the operation of the compressor, the rotation of the impeller backplate exerts shear forces to
the fluid between the impeller and the adjacent parallel wall. The enthalpy change due to disk
friction losses (or alternatively windage losses) is given from the following equation:

hy 0.01356 mRé“ usz2 (7-12)
The recirculation losses represent the work performed by the backflow, which is caused from fluid
portion that does not have enough energy to overcome the pressure gradient of the diffuser and

returns to the impeller. The recirculation losses expressed as:

h, 0.02,/tana,Du’ (7-13)

rc

The vaneless diffuser is the space between the impeller exit and the leading edge of the vanes in
vaned diffuser. The losses in that section are due to skin friction, diffusion and heat transfer
phenomena. They are expressed as follows:

_1 _1
P P

T, — = -
hig  CoTe P, P, (7-14)
The vaned diffuser is characterized geometrically with the area ratio of the throat and diffuser exit.
The vaned diffuser model utilizes a performance map that takes into account the Mach number, the
total pressure and the blockage at throat section and estimates the pressure recovery coefficient for
the specified geometric area ratio. Assuming one-dimensional flow the exit conditions are estimated
and the enthalpy loss is given from the relation (7-15).
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1 1

P5 PS
= —= (7-15)
Rs Fa

hg C.T
The geometry parameters affecting the performance as well as the operational range are
summarized in Table 7-3. These parameters do not have the same effect on the shape of the
compressor characteristic curves. In order to assess the effect of each parameter on the output of
the model, a sensitivity analysis was conducted by varying individual input parameters by 1%, one
variable at a time, and estimating the percentage change of some key parameters.

The output of the model it is not simple technical parameters, but sets of characteristics curves. The
only way to assess the effect of each one of the input parameters is to compare the resulted maps
graphically. However, this is not practical since it requires so many graphs as the number of input
parameters. To overcome this difficulty and get a better insight of the effect of input parameters, it
was decided to study the behavior of a single operating point (i.e. the pressure ratio and efficiency
variation).

Table 7-3 Sensitivity analysis of the compressor model

Parameter Pressure ratio Efficiency
N 3.07 -0.36
Dy 3.32 -0.51
D;/Ds -3.12 0.49
D1 4/D -0.15 -0.05
8, -0.17 0.00
D;/D, -0.34 -0.23
b, 0.19 -0.03
61,rms 0.00 0.00
As/A, 0.04 0.03
t -0.00 0.00
o3 -0.02 -0.00
Ay -0.05 -0.04
S¢ -0.15 -0.09
Z (full+split) 0.05 -0.02

The results are presented in Table 7-3. The values may differ if the operating point changes (e.g. at
lower rotational speed). Nevertheless the conclusions are similar since the deviations have the same
order of magnitude.

From the sensitivity analysis results it is clear that some geometrical characteristics did not affect
significantly the compressor performance. For example, the effect of 8, ,,sangle was negligible. The
insensitive variables, those with effect less than 0.1% (absolute value), should not be taken into
account in optimization procedure, except from A, which is a geometric dimension that changes
with the size of the compressor. On the other hand, there are parameters that affect significantly the
performance map such as S;, which is kept constant since skin friction coefficient is a technological
constraint.
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7.4.2 Compressor optimization
The new compressor must be optimized so as the Eq. (7-16) become as small as possible.

PR ° moC ?
OF w, 1 PR‘ﬂ 1 m& ] —Lmae penalty (7-16)

i,desired i ,desired i,desired

Equation (7-16) represents the difference between the desired operating points for the compressor
and the map operating points. The w; are weight factors for each operating point. The penalty term
is zero unless there are interpolation errors (e.g. the interpolated map point lies outside the
operating region).

During the optimization process, as the independent variables vary, may arise performance maps
whose mass flow or pressure ratio values are either very high or very low, as a result the optimum
operating point to lie outside the map region. This situation can cause the optimization algorithm to
stack on a local optimum, since the objective function (Eq. (7-16)) is non-smooth due to the penalty
term. An obvious solution to that problem is a good set of initial values as a starting point in order to
avoid the local minima. However, this is not practical since it requires experience and effort to
choose a good set of initial values. In order to overcome this problem, the transformation of Eq.
(7-17) is introduced. The transformation takes into account the fractional variation of the system
parameter (mass flow or pressure ratio) from idle to full load and sets that equal to the fractional
variation (from idle to full load) of the corresponding parameter in the new map. Eq. (7-17) is
applied only for pressure ratio and mass flow parameter. It is not necessary to be used for the
isentropic efficiency since its values vary always between 0 and 1.

idle idle
Xmap Xmap Xdesired Xdesired (7_17)
X full load X idle X full load X idle
map map desired desired

The previous equation (Eq. (7-17)) requires the pressure ratio and the mass flow parameter at idle
and full load conditions. For the hybrid system, these values can be determined during the design
process based on the parametric analysis data. For the new compressor map the full load operating
point (design point) is located near the peak efficiency on the design speed line, namely for N,
=100%. The mass flow parameter at design point is defined as

m m

- full load surge choke

y full loa f (7-18)
@Ny 100%

whereas, the mass flow at idle conditions is defined similar to Eq. (7-18) but for N,; =50%. Also, as

the mass flow and speed parameter values are known, the pressure ratio and efficiency values are

easy to be estimated by an interpolation process.

The foregoing method for selection of full load and idle operating points has two advantages: firstly,
the speed range is constrained between the 100% and 50% of the relative rotational speed and
secondly, the compressor operating line pass through the middle of the operating range, between
the surge and choke flow (see the dashed line in Figure 7-7). This ensures large surge margin values
and efficient operation since the efficiency values are high at that operating region
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The generic optimization program GenOpt [142] was used for the optimization process. The GenOpt
can minimize an objective function which is calculated by external simulation software. GenOpt can
be coupled to any program that utilizes text files for input and output. In the specific case, the in-
house model was developed in FORTRAN programming language. All the input data were received
from a text file. The FORTRAN program was executed by the GenOpt and the value of the objective
function (Eg. 7-16) was written in an output file. Then, the GenOpt by taking into account the output
value updates the input values. This procedure is repeated until there is no further change in the
objective function value.

7.5 Turbine design

Given the compressor best operating line, the next step is to specify the turbine operating line. This
is a simpler procedure than the corresponding for the compressor, since it does not require a
parametric analysis for the whole system. The operating line data for the compressor, namely the
pressure ratio, the mass flow and the efficiency are introduced to the model and computation of
turbine performance data is performed. These data are used in order to find the turbine operating
line. Attention should be paid about the varying composition of the working media at turbine inlet at
different operating points which must be taken into account. The performance parameters should
be expressed on a dry air basis by applying appropriate transformations to include the variable
composition effects.

7.5.1 Turbine in-house model
The turbine characteristic curves are estimated based on the methodology proposed from
Wasserbauer and Glassman [143]. The developed model is supplied with the working fluid data, the
geometric data of the turbine as well as the design point requirements, and estimates the
characteristic curves of the turbine.

The analysis is done along the mean streamline. The thermodynamic properties and the velocity
triangles are estimated in three representative positions (Figure 7-9):

1. Stator exit
2. Rotorinlet
3. Rotor exit

Figure 7-9 Geometric description of the turbine
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The model predicts the performance map by taking into account the basic loss mechanisms, namely
a) stator losses, b) incidence losses and c) rotor losses.

The stator losses are due the viscous forces which contribute in kinetic energy loss of the moving
media during the passage through the stator vanes. The stator losses are expressed as the ratio of
the stator exit to stator inlet total pressure (Eq.7-19). The total pressure ratio remains constant
during off-design operation.

P, /P, costant (7-19)

The incidence losses are due to the deviation of the incidence angle in the rotor inlet from its
optimum value. The optimum flow angle is given as follows:

co 1.98
Sz (7-20)

u2 Zr
Wi ol u, (7-21)

Wopt
tan ' —2- (7-22)

Cr2

The incidence losses are:

h, 05wsin"(, ) (7-23)

where the exponent n is 2 for negative incidence ({2 - ¢) and 3 for positive incidence.

The rotor losses are caused from the friction forces acting on the working fluid. They are assumed to
be proportional to the kinetic energy of the inlet and exit relative kinetic energies (Eq.7-24).

2 2 2 2 2
W Wi K wycos”(, ) w;

' 2 ' 2
The turbine rotor is composed from full and splitter blades. The model takes into account the

trailing-edge blockage at both the stator and rotor exits. The blockage is defined as the ratio of the
just inside to the just outside flow area in the trailing-edge of a blade or vane row.

h (7-24)

Table 7-4 Sensitivity analysis of the turbine model

Parameter Mass flow parameter Isentropic efficiency
N -0.01 -0.07
D; 0.04 -0.30
D;:/D; 0.20 -0.05
D3, 0.83 0.24
D3y/D3 -0.13 -0.08
b 0.75 -0.11
7 -0.01 0.00
t -0.05 0.01
a; -3.41 0.62
B3 -0.52 -0.18
Zs -0.05 0.01
Zr -0.01 -0.01
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Pt1/Peo 2.21 2.24
K, -0.04 -0.07
In Table 7-4 are presented the input variables that specify the turbine performance maps. Beyond

the geometric characteristics, the rotational speed, the stator total pressure ratio and the rotor loss
coefficient must be determined. On the same table a sensitivity analysis of the input data is
presented. The values have been arisen by keeping the values of pressure ratio and speed parameter
constant and changing the input parameters by 1%. Then the percent deviations of interpolated
values of mass flow parameter and isentropic efficiency are estimated.

Similar to the compressor, there are some input parameters that affect significantly the turbine
performance and some others that have negligible effect. The less sensitive geometric variables
were kept constant during the optimization process.

7.5.2 Turbine optimization process

Given the compressor best operating line which has been estimated with the previous procedure,
the next step is to specify the turbine operating line. The operating line data for the compressor,
namely the pressure ratio, the mass flow and the efficiency are introduced to the model and the
turbine operating data are calculated. These data are used in order to determine the turbine
operating line (pressure ratio, mass flow parameter).

The working media composition varies at the turbine since the fuel flow changes at different
operating points. Thus, the performance parameters should be expressed on a dry air basis by
applying appropriate corrections to include the variable composition effects.

s

cor (7-25)
C 71 ref 1
PR, 1 1t Rqpp (7-26)
R 1C,
ref
N
N, — (7-27)
J
where
—RT
1
(7-28)
—RT
1 ref
P/Py (7-29)
1 /(1)
ref 2
(7-30)
1 (1)
2
ref
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The isentropic efficiency variation due to changes in working media composition is not taken into
account.

As the compressor operating line has been determined in Section 7.4.2, the rotational speed and the
pressure ratio variation for the turbine device are known. These two parameters are adequate to
determine the turbine operating point on the performance map. The final turbine component
should operate with consistent mass flows values with the compressor operating line and with the
desired efficiency. Therefore, Eq. (7-31) should be minimized. This process is shown graphically in
Figure 7-10.

OF w1 Mimep 1 —Lmae penalty (7-31)

i m; ,desired i, desired

\

Y
/

Operating lines

’
’
4
2
’
’
4
’

’
’

;'/
Initial map

e Optimum map

Mass flow parameter, [Ncor Meor]

Pressure ratio

Figure 7-10 Turbine map modification process

7.6 Improved hybrid system - results

In the previous sections the parameters describing the geometry of the turbomachines were
presented. For the parameters having a major effect on the performance of the turbomachines a
broad variability range was chosen. For the remaining parameters, typical values were considered
and were kept constant during the optimization procedure.

Table 7-5 Decision variables and constant parameters for compressor component

Variables Unit  Range Constant parameters Unit Value
N rom  [65000, 110000] B1,rms ° 49
D1 m [0.07,0.013] As/As4 - 2.8
D1/D3 - [0.5,0.7] t mm 13
D1,h/D1,t - [0.4, 0.7] as ° 65

B2 ° [0,60] Sy - 0.04
D3/D2 - [1.05, 1.3] (Zf+ Zsp) - 24
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bz mm [4, 7] Tin K 288.15
Ay m’  [0.0006, 0.0010] Pin kPa 101.325

Table 7-5 indicated the independent variable with their range and the fixed geometry parameters for
the compressor.

In Table 7-6 are presented the input variables that specify the turbine performance maps. The less
sensitive variables are kept constant during the optimization process.

Table 7-6 Decision variables and constant parameters for turbine component

Parameter Unit  Range Constant parameters Unit Value

D; m [0.1,0.17] Nes rpm 69480°

D1/D> - [1.02,1.25] t mm 1.5

D3 m [0.05, 0.095] t mm 1.0

D31/D3¢ - [0.2,0.7] Zs - 13

b m [0.005, 0.015] Zr - 22

a; ° [50,85] pe1/Peo - 0.98

B3 °  [-70,-40] K: - 0.28
Tindes K 1100°
Pin,des kPa 356.0°

®These parameters are depended from the compressor device

Firstly, the optimum design for the compressor was determined, by minimizing the Eq. (7-16). Based
on the new compressor operating line data, a new turbine operating line was estimated and used
for its design process (minimization of Eq.(7-31)).

In Table 7-7 are summarized the design point data of the new improved system. The new system is
able to produce more power (about 26 kW). This is mainly due to the increment of the pressure ratio
which contributes to a higher power production from the gas turbine and the SOFC generator.
Moreover, the slightly higher air mass flow contributes to higher power output but, the contribution
of this parameter is negligible compared to the increment of pressure ratio. Also, the thermal
efficiency at the design point shows a small improvement compared with the corresponding one of
the reference system.

Table 7-7 Optimized system design point data

Parameter Value
Net electrical power output (kW) 246.4
SOFC generator — DC power (kW) 204.5
SOFC generator — AC power (kW) 192.2
Gas turbine electrical power (kW) 57.2
Cell voltage (V) 0.596
Current density (A/m?) 3570
Turbine inlet temperature (K) 1103
Air mass flow (kg/s) 0.594
Pressure ratio 3.7
Thermal efficiency (%) 58.7
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Based on the optimized turbomachines, the part-load performance of the hybrid system was
estimated. The results are shown in Figure 7-11 along with the ones of the reference system. It is
obvious that the new proposed system operates more efficiently (black line) than the reference
system (red line). The efficiency advantage is significant in the whole operating range because of the
higher operating pressures and the good matching of the turbomachinery components. The
optimized system has a wider operating range (from 246 to 47 kW) compared with that of the
reference system (from 218 to 64 kW). Moreover, the optimized system efficiency starts to decrease
as the power drops below 100 kW, whereas in the reference system this power level is 150 kW.

Figure 7-11 Comparison of the reference and optimum systems part load performance

The new system approaches more the optimum performance (blue line) at the high power outputs.
This result was expected, since in Eqs (7-16) and (7-31), a high value for the weight factor was used
in case of the design point (namely the operating point with the higher mass flow), in order to
ensure the best possible system performance at the design point. Also, the new hybrid system is
able to operate at lower power outputs than the optimum one. This is due to the lower operating
pressures which contribute to lower power production from the hybrid system.

Figure 7-12 presents the performance map of the optimized compressor. With the red color is the
operating line. The compressor device operates with a high surge margin and close to the high
efficiency region.

The performance map for the optimized turbine is presented in Figure 7-13. The mass flow
parameter (Ncm mc) and isentropic efficiency are shown for different values of speed parameter
and pressure ratio. With the red color is the operating line of the turbine.

The efficiency advantage in the whole operating range is due to the increment of the pressure ratio
values. This is shown in Figure 7-14 where the operating lines of compressor and turbine
components are presented. It can be seen the optimized turbomachines cover a broader operating

range. The turbine operates with lower corrected mass flow values because of the higher operating
pressures according to the Eq. (7-32).
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. m t,in /Tref
M, in 7 el (7-32)
pt,in /pref

Figure 7-12 Optimized compressor map

Figure 7-13 Optimized turbine map
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Figure 7-14 Compressor (left) and turbine (right) operating lines

The efficiencies of compressor and turbine components are illustrated in Figure 7-15. The
operational efficiencies of the new components approach the target values 78% and 82% for the
compressor and turbine, respectively. There is a significant improvement of the efficiency values at
low power conditions, compared with the reference system.

Figure 7-15 Turbomachinery efficiencies for the reference and optimized system

7.6.1 Case studies

In order to further assess the proposed method, two case studies were conducted with a smaller
and a bigger system than the optimized one, presented in the previous section. The first one (HS80),
is rated at =80% and the other (HS120) at =120% of the nominal power of the optimized system
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(HS100). The desired power outputs are achieved by changing the fuel cell area and the air mass
flow and consequently the size of the turbomachines.

The SOFC generator of the reference system (HS100) consists of 1152 fuel cell. Each fuel cell has
834cm? effective area [44]. The cells are arranged in bundles of 24 units, which are organized in
three series of eight cells. Four bundles are connected in series to form a bundle row of 96 cells.
Twelve bundle rows are placed side-by-side to form the SOFC stack of the reference system. To
increase or decrease the power output of the new hybrid system the number of the bundle rows
should be change. The desired characteristics of the new hybrid systems are summarized in Table
7-8. Other characteristics, such as SOFC operating temperature, fuel utilization factor are kept the
same.

Table 7-8 Desired characteristics of new systems

Parameter HS80 HS120
Net power (kW) 200 300
Air mass flow (kg/s) 0.5 0.7
Bundle rows 10 14
Fuel cell area (m?) 80.1 112.1

The same procedure used for the reference system was followed for the design of the
turbomachinery devices. The optimum operating lines for the compressors were found, for constant
values of n;=0.78 and n;=0.82. The results are presented in Figure 7-16 for the three hybrid
systems. It is obvious that there are only small differences between the optimum compressor
operating lines in the different hybrid systems which means that the SOFC stack size has a small
effect on optimum operating pressure of the system.

Figure 7-16 Compressor operating lines for the three systems
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Based on the compressors’ optimum operating lines (Figure 7-16) the geometric data of the
compressor and turbine components were estimated. The geometry parameters for the three
systems are presented in Table 7-9.

Table 7-9 Geometric data of turbomachines

Compressor

System  N(rpm)  Dy.(m) D;y/Ds Dyp/Dye Da/Dy  Bo(°)  ba(mm)  Au(x10°m?)

HS80 73203 0.078 0.628 0.625 1.063 48.2 5.8 8.27
HS100 69480 0.088 0.669 0.658 1.073 47.1 6.9 9.07
HS120 67833 0.095 0.677 0.420 1.101 45.2 6.4 9.58
Turbine

System D, (m) D3t (m)  D3n/Ds: a5 (°) B:(°) Di/D; b, (mm)

HS80 0.108 0.095 0.421 60.2 -61.9 1.130 7.3

HS100 0.122 0.093 0.245 60.3 -58.2 1.138 7.4

HS120 0.128 0.095 0.255 66.1 -56.4 1.118 9.5

Table 7-9 presents the compressor dimensions as the system size is changing. Rotational speed is
decreasing when system size is increasing while the opposite trend is observed D;; D;,/D; and A,,
something expected because the larger area requirement for the flow path as the mass flow rate is
increasing. The D3/D, ratio does not vary significantly with the system size. For the rest of the
parameters no correlation with the system size seems to exist possibly due to insensitivity of the
compressor geometry to these parameters.

Regarding the turbine dimensions (Table 7-9), it is observed again that increase of system size (and
therefore greater mass flow rates) leads to greater dimensions for the inlet and outlet rotor
diameters as expected. There is no evidence for any trend for the rest of the parameters.

Figure 7-17 Bounds of compressor maps
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In Figure 7-17 are presented the bounds of the compressor maps, for clarity reasons. The operating
line for each compressor is shown with a dashed line. As it was expected the compressors tend to
operate with higher mass flow values as the size of the system increases. For the same mass flow
rate, as the size of the hybrid system decreases the system operating pressure increases. The same
behavior is shown in Figure 7-18 regarding the turbine map.

Figure 7-18 Bounds of turbine maps

7.7 Discussion

In the method presented in this chapter a significant improvement of the hybrid systems’ efficiency
was achieved through the design of turbomachines. Nevertheless, this method has a shortcoming,
that is, the running lines of the turbomachines are not the optimum. The design process is done in
two independent steps, firstly for the compressor and secondly for the turbine component. The
compressor is designed to approach the optimum operating line and the turbine is designed based
on the compressors’ optimum running line. However, due to optimization limitations there is a
slightly different matching of turbomachines when they are incorporated into the hybrid system.
This shortcoming can be compensated by optimizing simultaneously the compressor and turbine
components. However, this was not done because it requires a substantial computational effort.

7.8 Conclusions

In this chapter a methodology to achieve the best performance in the whole operating range of a
hybrid SOFC-GT system was proposed. The results are very encouraging since a clear efficiency
advantage can be achieved. The method consists of two steps. A parametric study is conducted in
order to assess the operating range of the hybrid SOFC-GT system and select the desired operating
line for achieving the optimum system efficiency at various operating points. Based on that
information, optimum compressor and turbine geometries are estimated using in-house
turbomachinery design codes and an optimization procedure. Weight factors were used during the
optimization process to increase the optimality of the system in the desired operating region.

124

Institutional Repository - Library & Information Centre - University of Thessaly
22/01/2026 05:16:16 EET - 18.97.14.89



Chapter 7 Improving hybrid SOFC-GT systems performace through turbomachinery design

Turbomachinery in house models with empirical correlations which implement an one-dimensional
flow solution along the mean streamline were used to calculate the geometry that will give the
desired performance maps and the corresponding operating lines. Based on the new
turbomachinery design the hybrid system shows a clear efficiency advantage in the whole operating
range.

The main conclusions are:

The optimized turbomachinery components operate efficient in the whole operating range
because of their better matching, especially in part-load conditions.

From the results, it appears that not only the design variables are important for the performance
of a hybrid system but also the good matching of the system components.

The hybrid SOFC-GT system performance improved significantly. The new system was able to
produce more electric power (about 12% increment) than the reference one. This was mainly
due to the increment of the design pressure ratio.

The optimized system has a wider operating range and improved performance (at low power
conditions was obtained about 3% higher efficiency), since the new turbomachines (compressor-
turbine) operate more efficiently due to their better matching.

There is no considerable difference in the optimum compressor operating line as the fuel cell
size changes. The optimum pressure ratios tend to greater values as the fuel cell size increases.
Nevertheless, there were substantial differences between the final optimized turbomanchines
not only in their geometry but also in their performance maps. The differences were mainly due
to the different range of air mass flows.
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Chapter 8 Experimental activities

Chapter 8

Experimental activities

In this chapter, the experience gained during the development of a small turbojet engine simulation
model is presented. Data analysis procedures indicated that some measurements were not
thermodynamically consistent. Model recalibration based on the use of static instead of total
pressure measurements in the turbine exit has proven to be beneficial both for the prediction of the
measured parameters and for producing reasonable values for the turbine efficiency. Data
correction procedures were also implemented successfully in order to incorporate all the available
measurements in the model.

8.1 Introduction

Microturbines are miniatures of larger gas turbine engines which are either used for thrust
production or for power generation. In reality, microturbines are not simply a size reduction of larger
engines. They present unique characteristics such as simple designs with single-stage compressors
and turbines, high rotational speeds, usually between 50000 and 120000 rpm, low pressure ratios,
and the ability to operate with a variety of fuels. They have been used by many researchers due to
their ability to be operated within the confines of a laboratory.

Lichtsinder and Levy [144] used a micro-turbine to develop a real-time model for the simulation of
transient performance and engine control. Davison and Birk [145] produced steady-state and
transient performance models for a micro-turbine. In addition, Rahman and Whidborne [146] used
experimental data from a microturbine in order to validate their numerical model for engine bleed.

The flow through a turbomachine is extremely complex [147]. It is characterized by three-
dimensionality, and viscous, compressible, and turbulent phenomena. The previous considerations
contribute to boundary layer development and total pressure losses. Although all gas turbines are
governed by the same laws of physics, there are a number of size effects such as the value of the
Reynolds number of flow along the gas path [148]. A large engine operates in a highly turbulent
environment, whereas a small engine works in a much more viscous environment. Small blade
heights result in increased tip clearance losses, boundary layers tend to appropriate an increasingly
larger part of the flow, combustors do not scale linearly with the diameter, and their design for low
pressure ratios is very different. The viscous operating environment and the loss mechanisms (such
as tip clearance losses, trailing edge thickness losses, and profile losses), which are proportionally
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more significant in the case of small turbomachines, lead to higher total pressure losses and larger
variations of the thermodynamic properties in each section of a micro-turbine.

The measurements that are mostly affected by the rough flow field in micro-turbines, are those
located in the hot section. As seen in reference [149], high temperature gradients are noticed at the
outlet of the combustor of a micro-turbine. The developed temperature profile is propagated
through the turbine and it affects the temperature measurements in hot section areas. Apart from
the temperature profile, the temperature measurements are also affected by the heat transfer
mechanisms [150]. The heat transfer mechanisms contribute to deviations between the
temperature of the sensor and the actual temperature of the working media. The inhomogeneous
flow field also affects the pressures. The effect is more significant at the turbine exit where the loss
mechanisms cause pressure losses and pressure distributions in circumferential and radial directions
[151, 152].

From the above-mentioned brief review, it is obvious that high temperature and pressure variations
in micro-turbines must be taken into account during experiments to avoid erroneous assessments of
engine operating conditions.

The aim of this chapter is to present the experience gained during the processing of the
measurements received from a small turbojet engine installed in our laboratory. In particular, it was
realized during the calibration of an initial engine simulation model based on these measurements
that using the model, although accurate for the reproduction of the quantities measured, leads to
unrealistic values for the turbine efficiency. Therefore, it was necessary to recalibrate the simulation
model after careful data analysis which indicated existing inconsistencies and suggested data
correction procedures. In this chapter, the methodology adopted for the model refinement is
described and the calibration results are presented.

While there are works in the literature related to the instrumentation and modeling of
microturbines[145, 146, 153-157], it appears that there is no integrated approach providing a
methodology for model refinement in order to match experimental data or to evaluate the reliability
of the complete measurement set.

To the author’s knowledge, this is the first time an inverse approach based on adaptive performance
modelling principles [158] has been applied to microturbines, and it is validated in their frame with
the above-mentioned size effects.

The identified instrumentation problems, the data analysis, and correction procedures proposed as
well as the model calibration methodology provide a sound framework for feature performance and
diagnostic studies.

8.2 Description of experimental layout

The small gas turbine used is an Olympus HP ES, manufactured by AMT Netherlands. It is a small
turbojet engine that produces a thrust of up to 230 N. The basic engine data are presented in Table
8-1. The engine has the ability to operate with different fuels, such as kerosene and paraffin oil. The
micro-turbine also uses the fuel for lubrication; so, the fuel is premixed with lubrication oil. The
Olympus turbine is controlled and protected from improper use by a microprocessor controller
(engine control unit, ECU). ECU uses the exhaust gas temperature (EGT), the RPM, and the control
box inputs as the input data.
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Table 8-1 Basic engine data

Engine parameter Value
Length (mm) 384
Diameter (mm) 131
Maximum thrust (N) 230
Maximum rotational speed (rpm) 108,500
Pressure ratio 3.8:1
Mass flow (kg/s) 0.45
Fuel consumption (kg/min) 0.64
Normal EGT (K) 973
Maximum EGT (K) 1023
01 2 3 4 5 7 8
ot —" —
g | ‘Fn/ _ _
N H—
Pu
Ps P
Tis Tiz
Pt3 Ps3

Figure 8-1 Longitudinal section through the engine, and sensor locations

The version which is used, is modified, with additional measuring probes for temperature and
pressure along the gas path.

A schematic layout of the engine identifying the additional measuring points is presented in Figure
8-1. The engine is a single spool with a single-stage centrifugal compressor, a single-stage axial
turbine, and a fixed geometry convergent nozzle (Figure 8-2). The combustion chamber utilizes an
annular geometry. The probes (except those measuring the static pressures) are placed in the mean
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radius. Table 8-2 presents the measured parameters and the number of probes in each engine
station.

Figure 8-2 Olympus HP cutaway

Table 8-2 Measurements

Station Description Measured Parameters

0 Ambient conditions Temperature
Atmospheric pressure
Relative humidity

1 Inlet duct Nothing
2 Compressor .
. Nothing
inlet
3 Compressor exhaust 2 x Total temperature

2 x Total pressure
2 x Static pressure

4 Turbine inlet 1 x Total temperature
1 x Total pressure

5 Turbine exhaust 4 x Total temperature
2 x Total pressure
2 x Static pressure

8 Nozzle exhaust Nothing

Apart from the measurements in Table 8-2, there are two further measurements which are outputs
from the ECU, the rotational speed of the engine (RPM) and the EGT. The EGT sensor is placed
between stations 5 and 7, and it is used from the ECU in order to control the engine. The engine
signals are transferred to a personal computer from the ECU through an RS232 interface. The
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resolution of the sent data strings is 8 bit. The engine speed is represented by multiples of 500
r/min, and the accuracy is about 0.5 per cent at full and 1 per cent at idle speed. In order achieve a
better accuracy during transient operation of the engine, it would be necessary to bypass the ECU
device. The thrust is measured with a Z-type load cell rated at about 590 N.

For the amplification of thermo-sensor signal, it was decided to build an amplifier. The amplifier uses
a commercially available monolithic chip with accuracy in the range £3°C. All the sensor signals are
selected from a data acquisition card and transferred to a personal computer. The computer is
equipped with in-house software developed in the laboratory which transforms the signals to
engineering units and presents the data on the monitor.

Table 8-3 presents the characteristics of each type of measurement.

Table 8-3 Sensor characteristics

Station Measurement Accuracy Notes

3,4,5 Pressure +1% (FS) Wika A-10

3,45 Temperature +3¢2C Ktype— 1.5mm
Thrust 0.046%(FS)

5 Temperature +52C From ECU
RPM + 500 rpm From ECU

8.3 Experimental data

The data collection from micro-turbines must be conducted with accuracy, reliability, and means for
the elimination of errors which affect the measurements and contribute to misleading information
about the engine. When the data collection is accurate and free of errors, it is conducive to:

(a) better control and more efficient operation;
(b) better estimation of engine conditions.

The impacts of the precision, calibration, and data acquisition system are present even in the most
rigorously designed test procedure. The previous factors contribute to inaccurate measurements
which are susceptible to errors. There are mainly two types of error: random and systematic errors.
The measurement error is the sum of these two types of error [159].

The random error appears randomly in the measurements during a test. It can be eliminated via
statistical methods or using filtering methods. On the other hand, a systematic error is caused by
bad calibration, poor positioning of measuring probes, environmental conditions, etc. Systematic
errors can be quantified and the appropriate correction can be applied. The most frequent way to
eliminate a systematic error is recalibration. However, it is a common technique to use correction
factors in order to adjust the values of a measurement. When the systematic error is caused by the
test conditions it is preferable to use data reconciliation in order to calculate the true values [160].
Once the erroneous measurement has been isolated, it is adjusted to produce more rational results
and satisfy the governing equations.
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The engine was tested under steady-state operating conditions for specific operating points, from
idle to higher rotating speeds. The acquired measurement sets are filtered with a median filter [161],
a non-linear filter that provides the opportunity to remove gross outliers and noise from a signal
while preserving features of the root signal. It uses both past and futurevalues for the prediction of
the instant value. It is characterized by the parameter /, and length 2/+1, and can be represented by
equation (8-0). The filtered measurement sets are averaged in order to calculate the mean value of
each measured parameter

X, median(x, ,,X, , 1,---X X X ) (8-0)

n n**17% n 11

The values resulting from the previous procedure are averaged again in each section, and the final
value of each parameter is obtained. Certain results from two experimental sets are presented in
Figures 8-3 to 8-5.

Figure 8-3 displays the total and static pressures at the compressor exit. It is obvious that there is a
small difference between the total and static pressures, since the measuring probes are placed after
the diffuser, where the working media flow is decelerated. The pressures present a parabolic
behaviour as expected for a centrifugal compressor [145, 146]. Also, the same occurs with the
compressor exit temperature in Figure 8-3.

Figure 8-4 presents the pressure and temperature measurements at the turbine exit. As can be seen,
there is a deviation between the total and static pressures because of the high velocities of the
moving media at that section. EGT has a parabolic trend which is in accordance with the
manufacturer’s data.

Figure 8-3 Pressures and temperature at compressor exit
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Figure 8-4 Pressures and temperature at turbine exit

The turbine inlet temperature (TIT) values (Fig. 5) deviate from their fitted line at higher rotational
speeds, probably due to the heat transfer mechanisms or the variation of temperature profile at the
combustor exit. The shape of the thrust measurement curve is in good agreement with the
manufacturer’s data as well as with similar engines [154].

Figure 8-5 5 Turbine inlet temperature and thrust

8.4 Data analysis

The author in a previous publication presented a model for the engine under consideration [162].
The developed model was based on a modular general approach using adaptive modelling principles
[158]. The small turbojet engine was divided into subsystems, e.g. compressor, combustor, etc. Each
subsystem was considered as a control volume, and the appropriate governing equations were used
in order to describe the operations which take place inside. Generally, each subsystem is modelled
by four groups of equations:
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a) definition equations such as relations for isentropic efficiencies;

b) relations of characteristic parameters, for example compressor maps;
c) conservation equations;

d) compressibility equations.

The subsystems are coupled with the mechanical energy balance and the continuity equations.

Aside from the simulation of the engine’s performance, the model can be supplied with
measurement data collected during engine operation and calculate the unknown operating
parameters of the thermodynamic cycle.

The developed model is able to predict the design and off-design performance of the engine. For the
off-design simulations, performance maps are adopted, for the compressor and the turbine
components, from similar engines and scaled in order to correspond to the particular engine. Apart
from the performance maps, various other parameters are required in order to complete the model,
such as burner and nozzle efficiencies where typical values (Table 8-4) are used from the available
literature [146, 163, 164].

It should be noticed that the assumed burner pressure losses seem to be very low compared with
the corresponding losses for larger engines. However, these losses are measured in our engine and
found to be at that level. The assumed burner efficiency low value is in accordance with other works
related to small engines [146, 165].

Table 8-4 Assumptions for simulation model

Simulation model parameters Value
Mechanical efficiency 0.99
Burner efficiency 0.85
Burner pressure losses 0.99
Nozzle efficiency 0.94
Inlet duct pressure losses 0.99

The calibration of the model was based on the total temperatures and pressures at the compressor
exit, and the total pressures and just one temperature measurement (the one with the highest
value) instead of the average values of the four measurements taken at the turbine exit. The reason
for that choice was the non-realistic values of the turbine efficiency that arose when the average
value was considered.

The developed model helped the authors to conduct a deeper investigation of the engine behaviour,
since it was possible to easily and accurately estimate various performance parameters of the engine
with the available measurements.

Trying to discover why the turbine isentropic efficiency takes non-acceptable values, it was decided
to investigate the heat transfer through the turbine casing. Based on reference [166], which presents
a method to estimate the turbine efficiency in a turbocharger under strong heat transfer, some
simple calculations were done in order to assess the amount of heat transfer.
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In the turbine subsystem the heat is exchanged by conduction between the metal parts of the
engine, by convection between the outer casing and the ambient air, as well as by radiation from the
outer casing to the surroundings.

In this specific case, the conduction phenomena are neglected since the engine has small dimensions
and does not produce high temperature gradients. However, the high temperature difference
between the turbine casing and the outer air flow contribute to heat losses by convection and
radiation.

Assuming typical values for the velocity of ambient air around the engine casing we can calculate the
Reynolds number from equation (8-0).

Re \i (8-0)

where L is a characteristic length

The flow around the engine is laminar because of the low air velocity. Assuming the casing of the
turbine as a plate, the Nusselt number can be calculated from the following relationship:

Nu % 0.664Re"/Pr!/3 (8-0)

The external heat transfer coefficient h arises from the equation (8-0). The heat flux by convection is

Qconv Ah(Tsur Tamb) (8'0)

where T,,, is the external surface temperature of the turbine casing, which is taken equal to:

T, T

_t4 5 8-0
sur 2 ( )

The radiative heat flux is given by the following equation:
. 4
Qrad A Tsur (8-0)

The total heat flux from the casing of the turbine is the sum of convective and radiative heat fluxes,
namely:

Qtotal Qconv Qrad (8'0)

The previous rough calculations indicate that the heat losses are very small compared with the
power produced from the turbine (0.5-1.5%). Therefore the heat transfer cannot significantly affect
the turbine’s isentropic efficiency values in the specific case.

The next step was to investigate whether the measurements contained systematic errors. Starting
from the compressor exit, both thermocouples indicated similar temperatures, as expected, since
the compressors do not usually exhibit high temperature gradients at their exits. The same occurs
with the total pressures which compared well with the total pressure at the combustor exit (and the
results were in good agreement). As the engine is equipped with just one preinstalled TIT sensor, the
turbine inlet temperature cannot be considered trustworthy and representative since it is strongly
affected by the heat transfer effects and the rough temperature profile [149, 150]. Usually this
temperature is corrected/calculated from the energy balance on the engine [156, 157].
Temperatures at the nozzle guide vanes of a microturbine are relatively low, and the radial and
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circumferential variation of temperature could be measured in order to derive the average
temperature and the pattern factor. Of course this task would require several sensors and should
also increase the flow blockage effect.

Figure 8-6 Temperature profiles at turbine exit

Although there were high variations in the measurements at the turbine exit (Figure 8-6), in the
present analysis, the average value it is assumed to be representative since it is very close to the
value of the EGT measurement. EGT measurements are assumed to be more reliable with respect to
the radial and circumferential variations of temperature, as they are taken at a greater distance from
the turbine exit. There, the flow and the profiles are smoother and therefore the sensor indication
should be closer to the mean value.

For the thrust, the indicated values are considered trustworthy due to the effort made during the
set-up and the calibration procedure in order to eliminate the errors as much as possible.

The static pressure at the turbine exit was not used in the initial model calibration and therefore the
only questionable measurement for introducing systematic errors can be considered to be the total
pressure measurements at that section.

In order to assess the quality of those measurements, some simplified calculations were made to
estimate the exhaust gas mass flow using two different approaches.

In the first approach, the mass flow is calculated by eliminating the Mach number from the following

equations:
1

. PesAs 1 (Y

mgas % EMS 1 TMS (8'0)
t5
P 1o 1t
Ps 1 w2 (8-0)
Ps 2
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The second approach is based on the thrust measurement. The mass flow is calculated by using the
following equations:

Pe T ! (8-0)

Pamb TS
Vs 2 hy) (8-0)
F rhgaSV8 (8-0)

whereP, P, andT, T,, assumingthat the nozzle is adiabatic without pressure losses.

The mass flow values from the two methodologies must be the same; in the opposite case, the
pressures at the turbine exit are erroneous or not representative.

Figure 8-7 clearly illustrates that the results are not in agreement and that there are large
differences between the two methods. Thus, assuming that the rest of measurements are free from
errors, it is reasonable to consider the total pressure measurements responsible for the discrepancy.

This problem may not be existed if there were more test points in the circumferential direction as
well as in the radial direction.

Figure 8-7 Comparison of exhaust gas mass flow resulting from simplified calculations

8.5 Model calibration and data correction

Model calibration was based on the adaptive performance modeling method [158, 162]]. In brief,
the method minimizes the error between the measured and model predicted values by modifying
model parameters (scaling factors of initial compressor, turbine maps, etc.). Not all the available
measurements are needed in the procedure as their number is greater than the number of the
calculated parameters. Therefore, in an initial calibration, a subset of the measurements including
the total pressures at the turbine exit was used. Recalibration was done using static instead of total
pressures at the turbine exit.
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Compressor and turbine final maps resulting from the calibration procedure are shown
correspondingly in Figure 8-8 and Figure 8-9 . As the nozzle exhaust area is fixed, it is plausible that
only a small part of the compressor and turbine maps (only for the points of each speed
corresponding to the operating line) could be calibrated. Therefore, the shape of the initial maps has
been adopted from existing maps of similar small engines [146].

Although this limitation has no impact on the model’s ability to accurately predict the expected
measured quantities, provided that the nozzle area is constant, special attention was given
concerning the shape and smoothness of the adapted maps in order to be consistent with the laws
of physics according to the guidelines provided in reference[135].

Another improvement of the model resulted when the burner efficiency considered being variable
and described as a function of burner load adopted from reference [57].

. f(BL (8-0)

The burner load is given from the following relation

rhair
VPP 107 400)" where V, = burner volume (8-0)
b inlet

inlet

Figure 8-8 Compressor final map
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Figure 8-9 Turbine final map

Engine performance results predicted with the use of the recalibrated model are presented in
Figures 8-10 to 8-12. The calculated exhaust gas mass and fuel flows (Figure 8-10) smoothly increase
with the rotational speed as expected for a small turbojet engine [153, 154]. The fuel flow rate curve
follows the trend of the manufacturer’s data. The turbine isentropic efficiency (Figure 8-11) values
are typical for that type of engine, as shown in references [145, 157, 165].

Figure 8-12 presents the measured and calculated values of the turbine inlet temperature. It is
obvious that there is a large deviation between them at low rotational speeds. This is probably due
to either the radiative heat transfer from hot gases to the sensor or due to the measurement of local
maximum of the temperature profile [149]. In micro turbines, radiative heat transfer is pronounced
at both the combustor primary zone and its exit [154, 155]. Apart from the radiation, a possible
cause of high temperature indications is incomplete combustion, which implies a combustor
efficiency drop particularly at low speed operation [154]. As incomplete combustion can be
measured relatively easily at the engine exhaust, it is in our future plan to use a gas analyser in order
to obtain a picture of the combustor efficiency variation.

Figure 8-12 also depicts the measured and calculated total pressures at the turbine exit. The
measured pressures at that section are larger than the pressures which are obtained from the
calculations. This probably occurs because of the non-representativeness of the measurements. The
total pressure probes are placed in the mean radius where the peak value of the total pressure is
located. Although in larger turbines the total pressure radial profiles are sufficiently smooth [167,
168], in small turbines they seem to exhibit a more sharp shape.
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Figure 8-10 Exhaust gas mass flow and fuel flow

Figure 8-11 Turbine isentropic efficiency
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Figure 8-12 Turbine inlet temperature and total pressure at turbine exit

For the last two measurement quantities (T.x and p:s) it is obvious that there are systematic
deviations which are repetitive. Regarding the p;s the error is present over the whole range of the
rotational speeds, while the error for T, is only significant at low rotational speeds. Thus, it is
reasonable to introduce a correction factor for those measurements in order to correct the
measured values and make them compatible with the other measurements.

The use of correction factors is widely accepted in the field of gas turbines. Jackson et al. [169] used
them to relate the thrust measurements between the indoor and outdoor test beds for a micro-
turbine. Also, Davison and Birk [154] used correction factors to correct the mass flow in the inlet
duct of a test rig.

In order to validate the need for the introduction of correction factors, the same calculations were
carried out using various other combinations of the available data. Also, the manufacturer’s data for
the thrust and fuel flow were taken into account for the conclusion enhancement. The cases that
were examined are presented in Table 8-5. For each case, the measurements which are used and the
basic calculated parameters (unknowns) are marked with different symbols.

The calculated parameters are defined as ratios of the actual (calculated) and the reference (initial)
values of a performance parameter.

SX actual (8-0)

ref

where X is the actual value

actual
and X, is the reference value

In the case of the compressor and turbine components the reference values of manipulated
parameters (pressure ratio, mass flow parameter and efficiency) are taken from the performance
maps, while for other components (burner and nozzle) the reference values are the typical values
assumed for the specific engine.
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Table 8-5 Summary of examined cases

Meas. Case | Case | Case | Case | Case | Calc.
1 2 3 4 5

P ® 0|6 06 0/ ¢ 0/ ¢ o|°F
Tis ¢ 0|0 06 06 0|0 oSEL
Tea ° ol ¢ SE2
P ® 06 06 06 06 oW
Tis ¢ 0|6 0/ ¢ 00 o e | SE3
Fress. | 4 ® o o ¢ ofSE4
Firan ¢ ¢

M ¢ ¢

(#: used measurement, e: estimated parameter)

Only the calculations for the correction factor of the total pressure at the turbine exit are presented.
The correction factor for the turbine inlet temperature is calculated using the same procedure. The
pressure error is defined as:

measured calculated
Pts,c Pts,c 8 0
Pmeasured ( - )

t5,c

Total pressure error [%]=100

Figure 8-13 Total pressure errors for various cases

In Figure 8-13 , the total pressure errors at the turbine exit as have arisen by examining the cases
described in Table 8-5 are presented: case 0 corresponds to the initial run where the measurements
p3 T3, ps, Tis (Figures 8-10 to 8-12) are used and the parameters SP, SE1, SW, SE3 are calculated. All
the curves exhibit similar trends. The values for cases 3 and 4, where the manufacturer thrust values
are used, are significantly smaller than the others. However, this result does not affect the
conclusions, since it is expected that differences do exist between the engine installed in the
laboratory and manufacturer’s data for two additive reasons: small differences due to
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manufacturing variability and (in our case the most significant) the engine in our lab differs from the
basic edition of the manufacturer as it is equipped with extended instrumentation. The extra sensors
located inside the small passages affect the engine’s flowfield and therefore its performance. It
should be noted that the experiments were realised in almost standard ambient conditions, and
data were corrected to correspond in the exact standard ambient conditions in order to be
comparable with the manufacturer’s data.

Obviously there is a relationship between the pressure error and the rotational speed. Therefore, a
simple equation may be applied to correct the measurements in all operating points.

pta;tual 1 CF(NreI) ptn;easured (8-0)

where the correction factor CF(N,.) is a function of the (relative) rotational speed and is calculated
by the interpolated curve in Figure 8-13.

The relationship between the pressure error and the rotational speed was repeatable during
different experiments. The ‘physics’ involved most probably has the following explanation: as speed
is increased the velocity and total pressure profiles are stretched due to the growing three-
dimensional boundary layers. Since the sensors are in fixed locations, it is reasonable to assume that
even though they have been calibrated to give the ‘true’ mean values for a given speed flow field,
their indications deviate from the mean as the flow field is altered. The corrections applied could
enhance diagnostics capabilities. Having established the baselines for the expected error as a
function of the operating point through the model, any further deviation should be useful
information for possible fault detection.

By introducing correction factors in the recalibrated model, it was possible to accurately reproduce
all the measurements (e.g. ps), even the non-representative ones (e.g. pis), as it can be seen in Figure
8-14.

Figure 8-14 Predicted and measured pressures at turbine exit

Non-representative measurements, although they cannot be used in one-dimensional lumped
volume mass, and energy balance relations, may supply extra information to various diagnostic
methods (neural networks, blind parametric models, etc.) for better and safer diagnosis.
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8.6 Conclusions

The aim of this work was to present the problems arising and the solutions given during the
development of an adaptive performance simulation model for a small turbojet engine. The
experience gained can be summarised as follows:

. The use of an initial model, calibrated using total temperature and pressure
measurements at compressor and turbine exits, was proven inadequate. Turbine
efficiency calculations based on those measurements set were too high (in the range of
95% and above at higher speeds).

. Two possible reasons were examined for the inadequacy: heat transfer through the
turbine casing which was not taken into account and the possibility of systematic errors
in the measurements used.

. Simple calculations revealed that the amount of heat transfer occurring through the
turbine casing is almost negligible. On the other hand, data analysis procedures
indicated that two measured quantities deviate systematically from the predictions,
namely the turbine inlet temperature and the turbine exit total pressures.

. Model recalibration based on the use of static instead of total pressure measurements in
the turbine exit has proven adequate, both for the prediction of the measured
parameters and for producing reasonable values for the turbine efficiency.

. This is a strong indication that in the case of small engines, static pressures
measurements at hot sections are more reliable than the total ones. The later due to the
sharper radial profile are more susceptible to systematic errors.

. Data correction procedures were finally implemented successfully in order to
incorporate all the available measurements in the model, thus enhancing the model’s
capabilities for feature diagnostic studies.
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Chapter 9

Transient model

In this chapter, a transient model for the small turbojet engine described in the previous chapter is
presented. The model is based on the intercomponent volume technique and takes into account the
shaft dynamics, the heat transfer effects and the volume dynamics. The model is validated against
experimental data and the comparison shows good agreement.

9.1 Introduction

Gas turbines operate under transient conditions during load changes, start up or shut down
procedures and under abnormal conditions such as an emergency shutdown or a load rejection.
During the transient operation the engine should respond quickly to load demand. The critical
operating parameters such as turbine inlet temperature or surge margin should remain between
certain bounds in order to ensure safe and reliable operation. Thus, a precise transient model for a
gas turbine it is essential for safe system design, controller design, fault detection etc.

Several modeling methods have been proposed for the prediction of the gas turbines transient
behavior. Camporeale et al. [170] developed a high fidelity aerothermal model for gas turbines in
Matlab-Simulink environment. The model took into account the actual composition of the working
media and the variation of specific heats with the temperature. Compressor and turbine
components were considered volume-less and a volume was introduced between them in order to
model the unsteady mass balance. Shaft dynamics as well as the dynamic behavior of transducers
and actuators were considered in this study.

Kim et al. [171] developed a transient model for heavy duty gas turbine engines and applied on a
real engine. Each component was modeled on the basis of ordinary differential equations describing
the dynamics of the fluid (continuity, momentum and energy equations) flowing through the control
volume. Advanced models for the compressor and turbine components were developed based on a
novel stage-stacking method in order to simulate multistage axial devices with interstage bleeding
and variable inlet guide vanes or variable stator vanes. Practical operations were simulated by
incorporating a controller which maintained the rotational speed and either the turbine inlet or the
turbine outlet temperature constant.

Martin et al. [172] presented details about a nonlinear real-time model for a civil turbofan engine
and validated against dynamic performance data for a similar engine. The model accounts for the
shaft dynamics, gas dynamics, heat soakage effects, actuators and transducers dynamics. A gain-
scheduled controller was designed to cover the full-flight envelope. The resulted model estimations
corresponded closely to a real engine.
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Rezvani et al. [173] created a gas turbine transient model based on feed forward neural network
methodology. An aerothermal model was used to produce data points. Details of selecting proper
training and verification data sets were discussed. The results of neural network showed good
prediction accuracy.

9.2 Transient performance methods

There are two methods that can be adopted, in order to perform a gas turbine transient simulation
[145]:

Iterative method
Intercomponent volume method

In the iterative method, it is assumed that the mass flow of the working media is the same at the
inlet and the outlet of the control volume, flow compatibility satisfied, even if the engine operates
under transient conditions.

The intercomponet volume method is more accurate compared to the previous one, because during
the transient operation, the mass, the energy and the momentum imbalances are taken into
account. In order to capture the gas dynamics effects, the gas turbine components are divided in
two segments as shown in Figure 9-1.

Upstream /N Downstream
engine components / engine components

Upstream Downstream
engine components engine components

Figure 9-1 Intercomponent volume method

The first segment is the same as in steady state model. The calculations are done without taking into
account the volume of the component, and thus, there is not mass storage (M, m,). The
thermodynamics data at the exit of this segment (2s state) are referred to as quasi steady state. In
the second segment, the volume dynamic effects are calculated. In this segment ism,, m,, and this
difference contribute to the chance of the mass stored in the components’ volume. The
thermodynamic properties are calculated by using the gas dynamics equations described in section
9.3.3.
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9.3 Dynamic effects

Dynamic behavior of gas turbines is described by conservation laws and equations of motion. The
fluid flow through the engine components is three-dimensional, and thus unsteady three-
dimensional calculations are required for analyzing the transient phenomena. However, in most
practical applications, it is inefficient to apply three-dimensional calculations because of their high
computational cost. In an attempt to overcome this obstacle, one-dimensional equations are applied
which give accurate results for integral modeling purposes [171].

The transient behavior of a gas turbine is mainly affected from:
1. Shaft dynamics
2. Heat soakage effects
3. Gas dynamics

9.3.1 Shaft dynamics

If a gas turbine operates at steady state conditions and suddenly the fuel flow increases, the turbine
inlet temperature will increase causing the turbine to produce more power. This introduces an
energy imbalance on the shaft, since the power produced from the turbine exceeds the required
power to drive the compressor. This imbalance results in a change in the rotational speed, which is
described by the following equation [57]:

dN ITIPt PC

dt 1 N2 /60° 61

spool
A rotor inertia of /5,0, = 0.0012 kg’ was selected for the engine. The exact value was not available,
and this value was assumed as it corresponds to a rotor with a radius of 4 cm and mass equal to 1.5

kg.

9.3.2 Heat soakage effects

Heat soakage effects account for the heat transfer between the gas passing through the engine and
the body (metal parts) of the engine. This phenomenon changes both the outlet temperature and
pressure of a component. The heat transfer phenomena can change the tip clearances and efficiency
during transients. This is particularly important in axial flow compressors and turbines. In this work
the changes in efficiencies due to the heat soakage effects were not taken into account because of
the small size of the engine which do not lead to thermal expansion mismatch between the engine
components. Heat soakage effects are not always included in transient models due to lack of
knowledge on the heat transfer phenomena between the gas and metal parts, because it is difficult
to acquire experimental data during changes of the engine operating conditions [174].

In this study the heat soakage effects are calculated based on the methodology outlined by Stamatis
et al. [175]. According to this methodology the heat transfer coefficient is given from the relation
(9-2)
0.8 k
h 0.0201 C Re I (9-2)

where
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m L
Vi A

Re (9-3)

According to the law of conservation of energy, the heat that is removed from the gas equals to the
heat transferred to the component. This is described by the following equations:
(Heat flow fromgasto metal) hA . (T Tiewa) (9-4)

dT,

|
p,metal mmetal én:ta (9'5)

(Heat flow to metal)=C

Thereby, the equation describing the heat transfer effects is:

dTmetal hAmetal
d C m

(Tgas Tmetal) (9'6)

p,metal " " ‘metal

where
T in out (9_7)

In the previous analysis the metal temperature assumed uniform. The conduction through the
components is very fast compared to the convection.

In case of the compressor and turbine components the temperature change affects the pressure
ratio. The pressure ratio value from the performance map is modified according to equation

PR TR* (9-8)
where
InPR . /INTR .,
. . (9-9)
1 QHeat / WComponent

9.3.3 Gas dynamics

During steady state operation of a gas turbine, the amount of gas entering into an engine
component (control volume) equals the amount of gas out. But this is not valid during the transient
operation, as the density in a component changes and mass either is accumulated or is rejected,
resulting an imbalance of mass flow between the inlet and outlet sections.

Inlet section Q Outlet section
T,,h,,m, \ T,,h,,m,
Al 1 1 pl n n A2 1 20 p2
-———— >
Control Volume
V1 VZ
— -
-

Ny

Figure 9-2 Control volume and notation used in conservation equations
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Gas dynamics have notable impact on gas turbine’s transient operation since affect the stored mass,
energy and momentum in the volumes of the engine components. Gas dynamics are modeled using
the one-dimensional conservation equations of mass, energy and momentum.

For the discussion of the conservation equations, a component is represented by a control volume
with inlet and outlet sections as shown in Figure 9-2.

Continuity equation

The integral form of continuity equation is [147]:

—thOI VndA 0O (9-10)

Vol A

The unsteady behavior is obtained by integrating the equation (9-10). The ordinary differential
equation that describes the transient performance is

m,_m,

— (9-11)
t Vol
Energy equation
The conservation of energy is given by:
(e . c?
—thoI (enV)JdA Q W where e u I3 (9-12)

Vol A

The mechanical power P in a control volume is the sum of the shaft power Ps,. and the pressure
work P, which is needed to overcome the nominal and shear stresses at the inlet and exit of the
system

P PFoar P (9-13)

The pressure work is the product of the force vector and vector of displacement:

? 2 FdX
P dwW, d — 9-14
b b m (9-14)

1 1

where F : force vector (|F|=p-S)
dX : displacement vector

At inlet of the control volume (Section 1) the displacement and the force act towards the negative
direction. Moreover, the force is the product of the pressure and the area (p;-A;). Thus,

dF dX) d ( n) ( npAdx pdVol (9-15)
but

dvol dm (9-16)

Using (9-15) and (9-16), equation (9-14) becomes:
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W, d— — — (9-17)

Using the relation M AV, the second term of equation ( 9-12) can be written as:

(en V)dA e, me (9-18)
A

By replacing equations (9-17) and (9-18) into equation (9-12) we get:

V2 . V7 . : : m m
u 7dVoI m, u, ?2 m, u, ?1 Q Py mp mp (9-19)
Vol 2 1
The enthalpy and total enthalpy are:
V2
huPag hub > (9-20)

Combining the previous equations, we take the differential equation describe the energy
conservation in a control volume:

w\ml mh, mh, Q Popatt (9-21)

Momentum equation
The general form of the momentum equation for a control volume is

M Vvl n WdA  (np t)dA G (9-22)
dt A A

Vol

The vector G is the gravitational forces acting on the control volume. In this study the effect of
gravity is considered negligible and in not included in the model equations.

The first integral of equation (9-22) can be written as

MdVoI E VvV dvol Voli( V) (9-23)
dt dt dt

Vol Vol

Using the continuity equation:

. m
m VA vV — (9-24)
A
we get:
d 1dm
—(V) =— (9-25)
dt A dt
Expressing the volume as a function of cross sectional are and equivalent length, we have:
Vol LA (9-26)

and, the unsteady integral of momentum becomes:
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d dm
Vol—( V) L— 9-27
p t( ) ot (9-27)
The flux term (second integral) can be written as:
n (W)dA MVV,A VA MV, mY, (9-28)

A

The stress term (third integral) can be decomposed in two integrals, one with normal forces and an
additional one with shear stress forces. The integral with normal forces is written as:

npdA pA pPA, (9-29)

A

The shear stress forces term can be calculated for steady state operation from momentum balance:

I Vol n (WjdA  npdA tdA £ (9-30)
Vol A A A

Vol n (VW)A npdA F @ (9-31)

Vol A A
my, mV, pA pA F (9-32)
FomV, mV, pA pA (9-33)

Taking into account the previous analysis the momentum equation (9-22) becomes now:
dm .

LE mV, mV, pA PpA F (9-34)

9.3.4 Sensor dynamics

Sensor dynamics were adopted only for the temperature sensors. The response of a temperature
sensor (thermocouple) to a fast temperature change in not rapid, but take some time to respond.
This is because of the heat transfer effects that take place between the body of the temperature
sensor and its environment. The thermocouple dynamics were modeled assumed a first order lag.

9.4 Transient model for AMT Olympus

In Figure 9-3 are presented the control volumes for the transient model of the AMT Olympus
microturbine. Control volumes that take into account the gas dynamics effects were considered for
the compressor, the burner and the turbine components.
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Figure 9-3 Control volumes for transient model

Representative performance maps for the compressor and turbine component from references [146,
176] were selected. The maps were modified by adopting the adaptive characteristics of the
simulation model [158]. The modification process involves the use of steady state operational data
from the whole operating range of the engine. The data set is given as input and the model
calculates a set of modification factors which denote how the maps must change in order to be
consistent with the supplied measurements. The modified maps are presented in Figure 9-4 and 9-5
in relativized form.

Figure 9-4 Relativized compressor map
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Figure 9-5 Relativized turbine map

To simulate the engine behavior under transient conditions a typical proportional, integral and
derivative (PID) controller was implemented. The PID controller is extensively used in gas turbine
applications, because of the robustness and simple structure [146, 177, 178]. The control scheme is
shown in Figure 9-6. The engine throttle gives the operating speed required (Ngemand). The controller
input is the error signal (e(t)) generated between the set point and the shaft speed of the engine.
Gain values for the proportional, integral and derivative were set K, = 1.1, K, = 0.0055 and K, = 0.8
respectively.

Neemand et | PID ut)  Rate 1 uft) | o iiration 42t o
+ Controller limiter Fuel flow

Nengine

Figure 9-6 Block diagram of engine controller

A rate limiter is employed in order to prevent high temperatures and engine surge. The slew rate
was set 2.8 g/s. The output of the rate limiter is given by the following function:
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T28 wt 1) if w0 ?“1)23
W) U if 2.8 “ﬁ)rm D g (9-35)
T28 utt 1) if w® L Y g

Also, fuel saturation occurs if the fuel flow exceeds a permissible upper or lower limit value. The
output of the saturation block (us(t)) is calculated by:

95 if u(t) 9.5
L) ) if 17 u() 95 (9-36)
17 if u(t) 1.7

The transient model of the gas turbine consists of a set of non-linear algebraic and ordinary
differential equations. The transient performance of the engine is predicted by solving this equation
set numerically with the prescribed boundary and initial conditions. A time step of 10 ms is selected.
At each time step, the ordinary differential equations are integrated using an implicit approach.

9.5 Model validation - Results

Experiments were carried out in order to validate the developed model. The data received during
the experimental procedure were filtered with a median filter as described in section 8.2. The model
is validated in the whole operating region. The model results are presented in the following sections
and are compared with the experimental data.
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9.5.1 Acceleration from 66500 to 92000 rpm

Figure 9-7 Transient response of engine to a step change from 66500 to 92000 rpm

In Figure 9-7 is presented the transient response of the engine to a step change from 66500 to
92000 rpm and compared with the model results. The model predicts very well the shaft speed and
the temperature and pressure at the compressor exit. The produced thrust is slightly over estimated,
contrary to the static pressure at turbine exit that is lower than the measured pressure values. The
correlation of the turbine exit temperature is not as good as the other experimental data. This is
probably due to the heat soakage effects that take place in the turbine component, but this point
will be discussed later
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9.5.2 Acceleration from 80000 to 97000 rpm

Figure 9-8 presents the acceleration of the engine from 80000 to 97000 rpm. During this transition
the model predicts quite well the engine behavior, the results are very close to the experimental
data. The discrepancy at the turbine exit temperature is not significant compared to the previous
case (see Figure 9-7).

Figure 9-8 Transient response of engine to a step change from 80000 to 97000 rpm
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9.5.3 Deceleration from 108500 to 103500 rpm

Figure 9-9 compares the model and experimental data as the engine decelerated from 108500 to
103500 rpm, and in this case the match is very good. A remarkable fact is that pressure and trust
measurements at high rotational speeds contain too much noise, which is not filtered.

Figure 9-9 Transient response of engine to a step change from 108500 to 103500 rpm
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9.5.4 Deceleration from 96000 to 36500 rpm

Figure 9-10 presents the changes after a step decrease of set point from 96000 to 36500 rpm. The
model responds very well, but as in the case shown in Figure 9-7, the predicted turbine exit
temperature does not correlate very well with the experimental data.

Figure 9-10 Transient response of engine to a step change from 96000 to 36500 rpm

9.6 Engine transient simulation and comparison with steady state
performance data

Transient performance simulation is carried out for three different step changes using the developed
model. The engine is accelerated from an initial shaft speed to maximum shaft speed. The
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simulation time is set to 50 s, so as to ensure that steady state conditions have been reached. The
operating lines of the compressor and turbine components are presented in the following figures.

Figure 9-11 Compressor performance changes during transient operation

Figure 9-12 Turbine performance changes during transient operation
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In Figure 9-11, the compressor working lines for the three different step changes are illustrated and
compared with the steady state working line. The sudden increase of the speed command causes a
sudden increase of fuel flow, which moves the operating point of the compressor towards the surge.
From the results it is obvious that the larger the speed increment the larger the deviation from the
steady state working line. The corresponding changes in turbine working lines are shown in Figure
9-12. The increament in fuel flows moves the turbine operating point towards the choking region

9.7 Conclusions

A gas turbine simulation program was developed for the transient performance and the results were
compared with experimental data from the AMT Olympus microturbine. The model takes into
account the shaft dynamics, heat soakage effects, gas dynamics and sensor dynamics. In general the
results are in good agreement with the experimental data. Differences were only observed for the
turbine exit temperature values in some cases. This probably is due to the methodology used to
calculate the heat transfer effects within the turbine component. A more detailed analysis may
improve the model predictions. With the developed model the effect of amplitude of step change
was studied. The results showed that as the amplitude increases the compressor tend to operate
close to the surge region during the transient response.
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Chapter 10

Summary

This thesis investigates mainly, the applications of microturbines in hybrid SOFC-GT systems on the
basis of modeling. It is the first time in the literature that is studied the matching of commercially
available microturbines with an existing SOFC generator. Simulation models that represent the
operation of the devices with high accuracy were developed. A novel method for the optimization of
the performance of hybrid systems over the whole operating range was presented. Moreover,
experimental activities were undertaken with a small turbojet engine and simulation models were
developed. The experience gained from the experimental activities will be useful for further
investigation of hybrid systems.

The main results can be summarized as follows:

1. A model was developed for the simulation of hybrid SOFC-GT systems performance at both
design and off-design conditions. For the simulation purposes the commercially available
AspenPlus process simulator was used.

2. Simulation models for four different microturbines were developed and validated against
manufacturer’s data.

3. Analysis of the part load performance characteristics of hybrid SOFC-GT system was
performed and the effect of key performance parameters was studied. The results showed
that the hybrid system operates more efficient as the power demand decreases, and that the
SOFC operating temperature has significant effect on system performance.

4. Exergetic analysis was performed and shows that the SOFC stack and the burner are the
devices with the higher exergy destruction rate. There is also, a large amount of exergy loss
due to exhaust gases. An increase of the SOFC stack temperature has a positive impact on
system exergetic efficiency, despite of the increment in exergy destruction. An increase of
fuel utilization factor has an even more positive effect on the system performance; it
increases the exergetic efficiency and at the same time, it reduces the exergy destruction

5. The matching of a SOFC generator design with four different recuperated microturbines was
studied. Design point for each hybrid system was determined based on microturbine data
and the part load performance was studied. For the part load operation two control
strategies were adopted by maintaining either the SOFC stack temperature or the turbine exit
temperature constant. The performance of the hybrid systems was similar for both the
control methods. The results shown that, the smaller (among the four considered) the
microturbine coupled with the Siemens-Westinghouse SOFC generator, the more efficient is
the corresponding hybrid system.
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6. A methodology to achieve an improved performance in the whole operating range of a hybrid
SOFC-GT system was proposed. It was based on the search of the turbomachines operating
lines giving the optimum system efficiency both in design and part load operation.
Turbomachinery models were used to calculate the geometry that produces the desired
performance maps and the corresponding operating lines. Based on the new turbomachines
the hybrid system shown a clear efficiency advantage in the whole operating range.

7. The experience gained during the development of a small turbojet engine simulation model
was presented. Data analysis procedures indicated that some measurements were not
thermodynamically consistent. Model recalibration based on the use of static instead of total
pressure measurements in the turbine exit has proven to be beneficial both for the prediction
of the measured parameters and for producing reasonable values for the turbine efficiency.
Data correction procedures were also implemented successfully in order to incorporate all
the available measurements in the model.

8. Moreover, the development of a transient model for a small turbojet engine was presented.
The model is based on the intercomponent volume technique and takes into account the
shaft dynamics, the heat transfer effects and the volume dynamics. The model has quite good
agreement with the experimental data. Suggestions were done in order to increase its
accuracy.

Based on the research undertaken on this study, the author suggests the following directions for
future research:

The models developed in this thesis can be used to study the performance of different
designs of hybrid systems, such as configurations with separate power turbine,
arrangements incorporating intercooling of reheating etc.

The development of a transient model for hybrid SOFC-GT systems. The model by utilizing
the experience gained from the present thesis, it will be a useful tool to study critical
operations such as emergency shutdown or startup under different control methods.

The transient model for the small turbojet engine can be used to research gas turbine
diagnostic methods. To the author’s opinions, this is a very challenging field since the
diagnostics with transient data is superior to that with steady state data.
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