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FOREWORD

This thesis focuses on effect of heat leakage on the optimal performance of a twin-
spool turbofan engine by utilizing thermodynamic cycle analysis. Optimal design
parameters and selected performance indicators have been inspected considering heat
leakage effect on them.
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EFFECT OF HEAT LEAKAGE ON THE OPTIMAL PERFORMANCE OF A
TWIN-SPOOL TURBOFAN ENGINE

SUMMARY

Transportation is one of the main areas where energy is utilized and it plays a crucial
role in human life. Besides ground and marine transportation, aviation has also an
important share in energy utilization, which utilizes thermal systems (aircraft
engines) for producing power.

Recently, sustainability and efficiency studies on thermal systems have increased due
to increasing concerns on effects of thermal systems on environment and life on the
Earth. Many researchers have focused on more efficient and more sustainable
technologies in terms of both thermal systems and other alternative systems. Most of
the studies have been performed on optimization of thermal systems, and some of the
researches have focused on heat losses on ground-type thermal systems. In literature,
there has been observed a lack of a study investigating the effect of heat losses on
aircraft engines in terms of energy and exergy performance, hence environmental
performance.

In this regard, this thesis focuses on the effect of heat leakage on the optimal
performance of a twin-spool turbofan engine, which type of engines are widely
utilized by commercial aircrafts in aviation and under further development.
Thermodynamic cycle analysis have been utilized in order to perform this
investigation both for energy (the First Law of Thermodynamics); and exergy
together with entropy (the Second Law of Thermodynamics) points of view.

Selected twin-spool engine configuration consists of a diffuser, fan, low-pressure
compressor, high-pressure compressor, combustion chamber, high-pressure turbine,
low-pressure turbine, and nozzle. After diffuser and fan, air stream is separated into
two inside the engine, one stream continues through compressors, combustion
chamber and turbines before being exhausted in nozzle; while the other stream (by-
pass air stream) does not pass through the compressor — combustion chamber —
turbine path; instead, it goes to nozzle after fan. Both streams are exhausted through
nozzle but they do not mix, so the configuration of the twin-spool turbofan engine is
unmixed.

Main design parameters selected to be varied in order to observe respective changes
in the performance of the engine are total compressor pressure ratio ¢ roeq;, fan
pressure ratio r, by-pass air ratio f and maximum turbine inlet temperature Ty,
Moreover, bleed air, cooling air for turbines, power extraction for auxiliary
equipment and polytropic efficiencies of turbomachinery have been taken into
account in this thesis.

There have been selected six performance indicators of aircraft engine among the
many others present in literature in order to be able to calculate and compare changes
in the performance of the aircraft engine. These six performance indicators are the

XXV



coefficient of ecological performance CEP, the overall efficiency n,, the exergy
destruction factor f,,4, the thrust specific fuel consumption TSFC, the specific thrust
F;, and the entropy generation rate S'gen. Three of the above performance indicators,
namely the overall efficiency n,, the thrust specific fuel consumption TSFC, and the
specific thrust F; are derived mainly by the First Law of Thermodynamics. On the
other hand, the other three performance indicators namely coefficient of ecological
performance CEP, the exergy destruction factor f,,,, and the entropy generation rate

Sgen are derived mainly by the Second Law of Thermodynamics.

Two types of heat leakages have been considered in the thesis. First one is heat
leakage from the combustion process taking place at very high temperatures to the
surrounding by-pass air (passing outside of the combustion chamber) through the
combustion chamber wall. And the second heat leakage has been considered as the
heat leakage from by-pass air to the ambient air which is very cold.

Variations of performance indicators with respect to changing design parameters
have been calculated and interpreted. Also, the analysis have been done for different
heat leakage levels. Relative importance of heat leakages have been compared in
terms of their effect on performance indicators. Moreover, optimum values of design
parameters and corresponding maximum or minimum values of performance
indicators have been calculated at different heat leakage levels. Additionally, relative
variations of performance indicators at different levels of design parameters for
changing heat leakage have been investigated and interpreted.

It has been concluded in the thesis that very small values of r¢ ro¢q;, 77 aNd Tpppq, are
not suitable areas in terms of CEP and n, due sharp decreases. Also it has been
observed that effect of design parameters on performance indicators depend on the
values of other design parameters.

One of the major conclusions of this thesis has been that effect of heat leakage two is
insignificant when compared to the effect of heat leakage one. Therefore, effect of
heat leakage one have been taken under investigation, and focus has been on heat
leakage one in the thesis.

It has been concluded that effect of heat leakage one is significant on CEP, f,,, and
Sgen at all levels of design parameters including optimum levels, but the same
conclusion is not valid for n,, TSFC and F,. At small and optimum values of ¢ ro¢a1,
rr and B; and large and optimum values of T,,,,, effect of heat leakage one on n,,
TSFC and F; is not significant. However, it becomes more significant at large values

of 7c rotar, 7 and B; and at small values of T,

Another main conclusion of the thesis is that performance indicators that are derived
by the 2" Law of Thermodynamics (CEP, fexa @and Sgen) have been affected by heat
leakage one more significantly than the other performance inidicators which are
derived by the 1% Law of Thermodynamics (n,, TSFC and F,). Reason of this
difference is that heat loss from the combustion chamber is realized between two
media having large temperature difference, so the heat loss process is highly
irreversible and entropy generation rate is very high. Therefore, the 2"-law-derived
performance indicators are affected more significantly than the 1%-law-derived
performance indicators.

XXVi



It has also been concluded that optimum values of design parameters change with
respect to the amount of heat leakage. As heat leakage ratio changes, optimum values
of design parameters and corresponding values of performance indicators change.

And lastly, it has been observed that effect of heat leakage on the performance
indicators are not linear.
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BiR ES MERKEZLI CIiFT MiLLi TURBOFAN MOTORUNUN OPTIiMAL
PERFORMANSINA ISI KAYBININ ETKIiSI

OZET

Insan hayatinin 6nemli ve kritik bir parcasi olan ulasim ve tagimacilik, enerji
tiiketiminde biiyiik bir paya sahiptir. Kara ulasimi ve tagimaciligi ile deniz ulagimi ve
tagimaciliginin yani sira hava ulasimi ve tasimaciliginda kullanilan araglar da 1s1l
sistemler (u¢ak motorlari) yoluyla gii¢ tiretmektedir, bu sebeple de dnemli bir enerji
tilkketim payina sahiptir. Dolayisiyla, fosil yakat tiiketimi konusunda havacilik sektorii
de 6nem arz etmektedir.

Fosil yakitlarla calisan 1s1l sistemler enerji iiretimi, aydinlatma, isitma, sogutma,
tasimacilik ve ulagim gibi pek ¢ok alanda uzunca bir siiredir yaygin bir sekilde
kullanilmaktadir. Bu kullanimin asirtya kagmasi neticesinde g¢evreye verebilecegi
zararlar tizerine bilimsel arastirmalar son yillarda artan bir bigimde literatiirde yer
almaktadir. Kiiresel 1sinma, Diinya {izerindeki canli tiirlerinin ve ekosistemlerin
mevcudiyetini tehdit etmesi sebebiyle, 1s1l sistemlerin daha verimli ve daha
stirdiiriilebilir  sekilde tasarlanmasi ve kullanilmasi konusundaki ¢alismalarin
yogunlastirilmasina sebep olmustur. Diger taraftan, alternatif gii¢ liretim teknolojileri
tizerinde ¢alismalar da siirdiiriilmektedir.

Literatiirde yer alan ¢alismalar incelendiginde pek ¢ok farkli tiirdeki 1sil sistemlerin
verimliligi, optimizasyonu ve performansinin arttirilmasi konularinda ¢aligildig ve
bu ¢alismalarin oldukc¢a genis bir yelpazede bulundugu goriilmektedir. Diger bir
taraftan, 1s1l sistemlerin 1s1 kayiplarinin etkisini inceleyen caligmalar da literatiirde
mevcuttur. Ancak bu caligmalar genellikle gii¢ liretimi i¢in kullanilan duragan 1sil
sistemler veya havacilik haricindeki motorlu tasitlarin giic iiretim sistemleri {izerinde
yogunlagmistir.

Literatiir arastirmasinin sonuglar1 degerlendirildiginde, hava tagimacilig1 yapan ugak
motorlarinin performansi lizerine 1s1 kayiplarinin etkisini inceleyen bir ¢alismanin
literatiirde mevcut olmadigi goriilmiistiir. Boyle bir ¢alismanin, hem enerji hem de
ekserji bakimindan ugak motorunun performansina 1s1 kayiplarinin etkisini
irdelemesinin ve dolayistyla 1s1 kayiplarinin ugak motorunun ekolojik performansina
olan etkisini ortaya koymasinin literatiire yapacagi katki énemli bulunmustur.

Bu kapsamda, bu tez ¢alismasinda bir es merkezli ¢ift milli (twin-spool) turbofan
ucak motorunun optimal performansmna 1s1 kayiplarinin  etkisi hususuna
odaklanilmistir. Es merkezli ¢ift milli ugak motorlar1 havacilikta olduk¢a yaygin
kullanilan bir motor tiiriidiir. Ayrica, gelisen teknoloji ile birlikte siirekli yeni
nesilleri gelistirilmekte ve bu motorlar {izerinde ileri diizeyde arastirmalar devam
etmektedir.

Gaz tirbini sistemlerinin termodinamik analizleri, hal degisimleri ideal
varsayildiginda, sabit entropide sikistirma, sabit basingta 1s1 alma, sabit entropide
genisleme ve sabit basingta 1s1 atma proseslerinden olusan Brayton g¢evrimi ile

XXiX



yapilmaktadir. Brayton ¢evrimi, gaz tiirbini sistemleri i¢in ideal bir ¢evrimdir ve bu
cevrimde hava standardi kabulleri (air standard assumptions) gegerlidir. Tim
prosesler icten tersinir olarak varsayilir ve ¢evrimdeki akiskan tiim ¢evrim boyunca
hava olarak varsayilir. Bu kapsamda gercek c¢evrimlerdeki yanma prosesi ideal
durum olan Brayton ¢evriminde 1s1 alma prosesi ile, €gz0oz prosesi ise 1s1 atma
prosesi ile yer degistirmistir. Brayton c¢evriminden net mil giicii iiretilmesi
amaclanirken, hava ulasim araglar1 i¢in gelistirilmis olan turbojet ve turbofan
cevrimlerinde ise tlirbin ile aslen kompresoriin ihtiyact olan giiclin kargilanmasi
amaclanmaktadir. Turbofan motorlari, Brayton ¢evriminden farkli olarak kompresor
giriginde bir difliizor, difiizoriin hemen ardinda bir fan ve tiirbin ¢ikisinda bir lileye
sahip turbofan c¢evrimi ile ¢alismaktadir. Fan ¢ikisinda motorun igerisindeki hava
akigi iki ayr1 akisa ayrilir. Birincisi merkezi (ana) akis (core air flow), digeri ise
merkezi akiga paralel tali (ikinci) akistir (by-pass air flow).

Merkezi akistaki hava fanin ardindan algak basing kompresorii, yiiksek basing
kompresorii, yanma odas1 yolunu takip ederek yanma odasinda yakit ile yanma
tepkimesine girer ve olusan yiiksek basing ve sicakliktaki yanma {irlinleri daha sonra
yiiksek basing tiirbini ve algak basing tlirbini yolunu izleyerek, ucak hareketinin tersi
yonde liileden disar1, ugak disindaki duragan farz edilebilecek havanin tizerine dogru
cok yiiksek hizla piiskiirtiilerek, dis ortamdaki havanin tepkisiyle ucagin ileri yonlii
hareketini saglayan itme kuvveti olusturulur.

Tali akimdaki hava ise fandan sonra kompresor, yanma odasi ve tiirbin grubunun
disindan onlara paralel akarak herhangi bir yanma tepkimesine girmeden dogrudan
lileye ulasir ve yiiksek hizla disar1 ¢ikarak itme kuvveti olusturmaya katki saglar.
Ana akim ile tali akim birbirine karismadan motordan ¢iktiklari i¢in bu tip motorlara
akislar1 karismayan (unmixed) motorlar denir.

Bu tiirden akislar1 karismayan motor konfigiirasyonunda fan ve diisiikk basing
kompresoriiniin ihtiyag duydugu giicii algak basing tiirbini tiretirken, yiiksek basing
kompresoriiniin ihtiyag duydugu giicii ise yiikksek basing tiirbini iretmektedir.
Tiirbinler sadece kompresorlerin ve ugaktaki diger yardimci ekipmanlarin ihtiyag
duydugu kadar gii¢ tiretir, dolayisiyla motorun ig¢inden gegen akimin geriye kalan
enerjisi motor ¢ikiginda lilleye kadar korunur, kalan bu biiyiik miktardaki enerjiyle
ucagin hareketini saglayan gok biiyiik itme kuvvetleri elde edilir.

Motorun g¢alisma kosullari, ugagin normal seyir irtifasinda ugusu fazindaki (cruise
phase) sabit ¢evre kosullarinda varsayilmis, dolayisiyla ucak igerisindeki birimlerde
gerceklesen prosesler siirekli-akigh (daimi rejimde) (steady-state) prosesler olarak
varsayilmistir.

Genel itibariyle bakildiginda, bu tez kapsaminda yapilan ¢alisma, bir termodinamik
cevrim analizidir. Bu analizde amag, Termodinamigin 1. Yasas1 (dolayistyla enerji)
ve Termodinamigin 2. Yasasi (dolayisiyla entropi) analizi vasitasiyla ugak
motorunun performansinin degerlendirilmesi ve secilmis bazi tasarim parametreleri
ile 1s1 kayiplarinin ugak motorunun performansina etkisinin incelenmesidir.

Dort farkli tasarim parametresi, turbofan ucak motorunun performansina olan
etkilerinin go6zlemlenebilmesi amaciyla calismada incelenmek iizere segilmistir.
Bunlar toplam kompresér basing orant 1¢ 7.4, fan (¢ikis basincy/giris basinct) basing
orani 1%, tali hava akisinda kiitlesel debi orani f ve maksimum tiirbin giris sicakligi
Tonax dir. Tez ¢alismasinda bu tasarim parametrelerinin farkli degerlerinin ugak
motorunun performansi tizerine etkisi irdelenmistir.

XXX



Tasarim parametrelerinin yansira ¢esitli sistemlerde kullanilmak iizere kompresorden
yapilan hava tahliyesi (bleed air), tiirbin giris sicakliginin kontrol altinda
tutulabilmesi i¢in kompresorden cekilip tlirbine aktarilan sogutma havasi (cooling
air), ucaktaki yardimci ekipmanlart calistirmak icin tlirbinden ¢ekilen giic ve
turbomakinalarin politropik verimliligi de goz Oniinde bulundurularak hesaplara
dahil edilmistir.

Degisken parametrelerin motorun performansina olan etkisinin incelenebilmesi ve
sayisal olarak degerlendirilebilmesi i¢in literatiirde mevcut olanlar arasindan alt1 adet
performans gostergesi (amag fonksiyonu) belirlenmistir. Bunlar ekolojik performans
katsayist CEP, turbofan motorunun toplam verimi n,, ekserji yikim faktorii f,q4,
ozgiil yakit tiketimi TSFC, 6zgiil itme kuvveti F;, ve toplam entropi tiretim hizi Sgen
olarak siralanabilir. Bunlar arasindan turbofan motorunun toplam verimi, 6zgiil yakit
tiketimi ve Ozgiil itme kuvveti, Termodinamigin 1. Yasast temelli performans
gostergeleri, ekolojik performans katsayisi, ekserji yikim faktorii ve entropi iiretim
hiz1 ise Termodinamigin 2. Yasas1 temelli performans gostergeleridir.

Bu tez ¢aligmasinda ugak motorunun yukarida belirtilen 6 performans gostergesinin
ve 4 tasarim parametresinin optimum degerlerine olan etkilerinin incelenmesi i¢in iki
farkli 1s1 kayb1 dikkate alinmistir. Birinci 1s1 kaybi, yanma odas1 igerisinde yiiksek
sicaklikta gergeklesen yanma tepkimesi esnasinda yanma odasindan disindan gegen
tali hava akimina olan 1s1 kaybidir. Bu kayip, yanma odasi1 duvart {izerinden tali hava
akimina 1s1 transferi seklinde varsayilmustir. ikinci 1s1 kaybr ise, tali hava akimindan
motorun disindaki (¢evredeki) ¢ok soguk atmosferik havaya olan 1s1 kaybidir. Ikinci
151 kaybinin motorun i¢ ve dis ylizeyi arasinda gergeklestigi varsayilmistir.

Literatiirdeki bilgilerden faydalanilarak, ticari bir ucagin normal seyir irtifasindaki
cevre kosullar1 yaklasik olarak elde edilmis, kompresor basing orani, fan basing
orani, tali akis orani, maksimum tiirbin sicakligi gibi tasarim parametrelerinin hangi
araliklarda olabilecegi incelenmistir. Ayrica, sogutma havasi akisi ile ana hava akisi
arasindaki kiitlesel debi orani, hava tahliye orani, turbomakinalarin politropik verim
oranlary, millerin mekanik verimleri gibi parametreler de literatiirdeki caligmalar
incelenerek belirlenmistir.

Havanin ugak turbofan motoruna giris kosullarindan, en son kisimda yanma
triinlerinin lile ¢ikis kosullarina kadar tiim prosesler denklemlerle birbirine
irtibatlandirilmis, ve giris sartlari ile tasarim parametrelerinin degerlerine gore bazi
calisma senaryolari i¢in yanma drlinlerinin ¢ikis kosullart ve performans
gostergelerinin  optimal degerleri hesaplatilmistir. Bu hesaplamalarda 1s1 kaybi
oraninin farkli degerleri de dikkate alinmig ve bu sayede hem tasarim
parametrelerinin hem de 1s1 kaybi oranmin farkli degerlerinin performans
gostergeleri lizerindeki etkileri hesaplanabilmistir.

Yapilan bu hesaplamalarla birlikte, tasarim parametreleri ikili gruplar halinde
secilerek bu parametrelerin CEP ve n, tzerindeki es zamanli etkileri 3 boyutlu
sekiller vasitasiyla incelenmis ve iki tasarim parametresi birden degisken oldugunda
performans gostergesinin karakterinin nasil degistigi gézlemlenebilmistir.

Buna gore CEP ve 7, performans gostergeleri bakimindan 7¢ rorar, 77 V€ Thpgy 10
cok kiiglik degerlerine sahip bolgeleri tasarim agisindan uygun olmayan bolgelerdir;
¢linkii bu bolgelerde CEP ve 1,’da ani diislisler gozlemlenmistir. Ayrica, bir tasarim
parametresinin degerindeki degisimin performans gostergesinin aldig1r degere olan
etkisinin, diger tasarim parametrelerinin degerlerine dogrudan bagli oldugu ve bu
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durumun performans gostergesinin egrisinin seklini dogrudan etkiledigi de
gbzlemlenmistir.

Daha sonra, aym1 kosullar altinda iki farkli 1s1 kaybinin degerindeki degisimin
performans gostergelerinin degerlerine yaptigi etki gozlemlenmis ve birbirlerine gore
goreceli (bagil) olarak karsilastirmasi yapilmastir.

Buna gore, yanma odasindan tali akis havasma olan 1s1 kaybi1 (birinci 1s1 kaybi)
etkisinin, tali akis havasindan dis ortama olan 1s1 kayb1 (ikinci 1s1 kaybi) etkisine gore
cok daha oOnemli oldugu, ikinci 1s1 kaybi etkisinin birinci 1s1 kaybi etkisiyle
karsilastirildiginda nispeten kiigiik oldugu goézlemlenmistir. Bu sebeple, bu tezde
birinci 1s1 kaybinin etkileri lizerine yogunlasilmistir.

Daha sonra, performans gostergelerinin degisen tasarim parametreleri degerleri
karsisinda hangi degerleri aldigi, tasarim parametreleri i¢in hangi degerlerin
optimum degerler oldugu ve karsilik gelen optimal (minimum ya da maksimum)
performans gostergesi degerlerinin ne oldugu belirlenmistir. Ayrica 1s1 kaybinin,
performans gostergesinin aldig1 degerlere ve tasarim parametrelerinin optimum
degerlerine olan etkisi de incelenmis ve hesaplanmustir.

Bu hesaplama sonunda, birinci 1s1 kaybinin CEP, f,.; Ve Sgen performans
gostergeleri iizerinde tasarim parametrelerinin tiim degerlerinde (optimum degerleri
de dahil olmak iizere) oldukga etkili oldugu gézlemlenmistir.

Ayrica, diger ii¢ performans gostergesi (n,, TSFC ve F,) lizerindeki etkisi ile
karsilagtirildiginda, birinci 1s1 kaybinin  CEP, f,,4 Ve Sgen uzerindeki etkisi 7¢ rorqr,
e Ve B’nin kiiglik ve optimum degerlerinde ve T,,,, 1n optimum ve biiyiik
degerlerinde ¢cok daha onemlidir. Diger taraftan, birinci 1s1 kaybinin n,,, TSFC ve F;
tizerinde etkili oldugu bélge ise 7¢rotqr, 7 V€ B nin bilyiik degerleri ile Tp,q, 10
kiiclik degerleridir.

Is1 kaybinin CEP, f,,q Ve Sgen tizerindeki etkisinin karakteristigi ile n,, TSFC ve F;
tizerindeki etkisinin karakteristiginin farkli oldugu, sunulan sonu¢ grafikleri ve
tablolar1 tizerinde yapilan gozlemlerin ve varilan sonuglarin en onemlileridir. Bu
farkliligin sebebi, yanma olaymin ¢ok yiiksek bir sicaklikta ger¢eklesmesi,
dolayisiyla yanma odasindan gergeklesen 1s1 kaybimin ¢ok yliksek sicaklik farklar:
arasinda olmasidir. Bu durum, 1s1 kaybinin oldukga tersinmez bir proses olmasina ve
bu proseste entropi tiretim hizinin oldukga yiiksek olmasina sebebiyet vermektedir.
Bu sebeple, Termodinamigin 2. Yasast temelli olan CEP, f,,q Ve Sgen performans
gostergeleri, Termodinamigin 1. Yasasi temelli olan n,, TSFC ve F, performans
gostergelerine kiyasla 1s1 kaybi oraminin artisindan olduk¢a fazla oranlarda
etkilenmektedir.

Ayrica, 151 kayb1 oranindaki degisimin, tasarim parametrelerinin optimum degerlerini
de etkiledigi, 1s1 kayb1 oranindaki artis veya azaliga gore tasarim parametrelerinin
optimum degerlerinde kaymalar oldugu yani tasarim parametrelerinin 1s1 kaybi
etkisiyle farkli optimum degerlere sahip oldugu gozlemlenmistir. Elbette ki bu
durum, performans gostergelerinin degerlerini de degistirmektedir.

Son olarak, tasarim parametrelerinin kiiciikk, optimum ve biiyiikk degerleri i¢in
performans gostergelerinin 1s1 kaybi artislariyla nispi degisimleri gozlemlenmis ve
buna gore 1s1 kaybi oranindaki lineer artisin performans gostergeleri degerleri
tizerindeki degisime olan etkisinin lineer olmadig1 gozlemlenmistir.
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1. INTRODUCTION

From past to present, energy has been playing a crucial role in human life. Many
technologies have been developed to utilize energy in all areas such as lighting,
transportation, heating, cooling etc. One of the major areas that energy utilization
constitutes an important point is transportation. In addition to ground and water

transportation, aviation has also a key role in transportation and energy consumption.

In the last decades, sustainability concept has drawn attention all over the world,
since human recognized the fact that conventional sources have been depleting and
fossil fuels that have been utilized for many decades have major negative effects on
environment. With this regard, studies on sustainability, ecofriendly products and

efficiency have been increased significantly.

In order to investigate performance of thermal systems, energy and exergy concepts
have been utilized as useful tools. In this point, thermodynamics is the related
science branch analyzing the thermal systems. The First Law of Thermodynamics is
utilized to analyze the conservation of quantity of energy, and The Second Law of
Thermodynamics gives an opportunity to analyze the decrease in quality of energy,

which corresponds to the exergy analysis concept.

By utilizing the thermodynamics tool, performance analyses of thermal systems have
been conducted and effects of performance of thermal systems on environment have
been investigated. With this motivation, many performance indicators for efficiency,
ecology and sustainability have been developed by scientists in order to be able to
make quantitative analyses.

As mentioned above, aviation is one of the major energy consuming sectors due to
increasing demand, long distances and large carrying capacities. Aircrafts utilize
specialized engines to operate and fly, which basically consumes fossil fuel and have
effects on environment with their irreversibility, loses and emissions. Performance

analyses of such large energy consumers and emission sources are crucial for



sustainable environment and development, and essential method to do this is using

thermodynamic analysis.

1.1 Purpose of the Thesis

Thermodynamic analysis is one of the most crucial stages for designing and
developing the thermal systems. For sustainable future, negative environmental
effects of thermal systems need to be reduced and performance of these systems need

to be improved or optimized.

Many thermal systems have been analyzed in terms of energy and exergy efficiency,
irreversibility, environmental effects, economy, sustainability and optimization of
design parameters by scientists. Performances of new technology thermal systems
have improved and become more sustainable and environmentally less harmful with

the help of these analyses.

Aircraft engines have also been under investigation in terms of performance,
efficiency and environmental sustainability more recently, and require more
development in this regard. For better engines, more detailed and various analyses

need to be conducted in terms of thermodynamics point of view.

During literature review phase, it has been observed that many different and detailed
studies have been conducted on performance of thermal systems, and observations
on reasons which reduce the performance and efficiency have been done for different
types of technologies. Also, it is further observed that some studies have been
focused on losses and leakages in thermal systems, especially for ground-type power
plants. However, it has been observed that effects of heat leakages on the

performance of aircraft engines have not been investigated in the open literature.

It is known that aircraft engines have to operate at very cold media due to very high
operating attitudes. Therefore, it has been considered that heat leakage from the
engine to the ambient and within the engine can be significant. Hence, heat leakage
can have significant effects on aircrafts engines in terms of performance and

environmental effects.

During the literature review, recognizing the absence of a study focusing on effect of
heat leakage on the performance of aircraft engines, and observing utilization of

turbofan engines widely by most of the commercial aircrafts in today’s technology,



and considering the environmental effects of these large engines’ performance, it has
been concluded that a new study is required focusing on effects of heat leakage on
the performance of a turbofan engine. Moreover, it should be performed with the
consideration of efficiency and environmental effects in terms of energy and exergy
analyses so that designers of new engines can benefit from this study to understand
the relation between heat leakage and performance of turbofan engines. This
consideration constitutes the purpose and motivation of this thesis study, and

possible future studies on the performance of aircraft engines.

1.2 Literature Review

A detailed literature review has been conducted in order to gather comprehensive
information on energy and exergy analyses for thermal systems, especially for

aircraft engines.

The mechanics, aerothermodynamics and thermodynamics of gas turbine propulsion
systems can be found in textbooks such as Cohen et al. (1996), Hiinecke (2003),
Oates (1998), Hill and Peterson (1992), Mattingly et al. (2002), Mattingly (2006),
Baskharone (2006) and EI-Sayed (2008). These textbooks also provide historical
background for aircraft engines, developments and advances in this area, detailed
information on different gas turbine propulsion engines and applications, detailed
information on different configurations for turbofan engines and many numerical

examples in addition to fundamental knowledge for aircraft engine analysis.

Also, widely utilized thermodynamics textbook Cengel and Boles (2005) gives
detailed information, provides useful illustrations and applications on
thermodynamics. One can learn almost all fundamental information on
thermodynamics by utilizing this source. Moreover, it presents a comprehensive
information on gas power cycles and introductory information on jet-propulsion

cycles.

Additionally, importance of thermodynamic analysis of thermal systems and need for
deepening these analyses by utilizing exergy concept have been stated by Bejan and
Siems (2001), Dincer and Rosen (1998, 2005), Hepbasli (2008), Rosen (2002) and
Rosen and Etele (2004).



In addition, optimization studies utilizing finite-time thermodynamics and ecological
optimization of thermal systems studies have been performed in literature such as
Chen et al. (2007), Durmayaz et al. (2004), Mollaoglu et al. (2009), Ust et al. (2006),
Wang et al. (2011), Wang et al. (2014), Xia et al. (2006) and Zhang et al. (2007).

A performance optimization for a single-spool turbofan engine has been performed
by Najjar and Al-Sharif (2006). Turbofan model utilized in this study includes
polytropic efficiencies of turbomachinery, and excludes auxiliary power, bleed air
and turbine cooling. Aim of the study is to minimize thrust specific fuel consumption
as an objective function, by using four design parameters, namely bypass ratio, fan
pressure ratio, overall pressure ratio and turbine inlet temperature. Optimization has
been performed twice, once with introducing a minimum specific thrust criteria and
optimizing thrust specific fuel consumption. In the second case, no specific thrust
constraint has been introduced and only thrust specific fuel consumption
optimization has been performed. It has been concluded that when optimization has
been performed without a minimum specific thrust constraint, maximum bypass ratio
and overall pressure ratio become limiting factors and this makes the optimization
problem a two-dimensional one due to fan pressure ratio and turbine inlet
temperature to be optimized as design parameters. In this configuration, it has been
found that for optimum values of maximum turbine inlet temperature and fan
pressure ratio, objective function takes better values with increasing bypass ratio and
total pressure ratio. Moreover, small variations from optimum values of design
parameters do not cause significant deterioration in thrust specific fuel consumption.
When a minimum specific thrust constraint introduced to the problem, it has been
observed that bypass ratio becomes no longer a limiting factor; hence, problem
becomes a three-dimensional one with bypass ratio, fan pressure ratio and maximum

turbine inlet temperature as the design parameters to be optimized.

An exergetic and exergoeconomic analysis of an aircraft jet engine has been
conducted by Balli et al. (2008). In this paper, it has been reemphasized that exergy
based performance analyses are more useful than energy based performance analyses
for thermal systems especially for aircraft engines. Also, importance of
exergoeconomic analysis has been indicated for cost-based point of view. Exergetic
analyses of each component and the whole aircraft engine have been conducted and
it has been concluded that the most exergy-destructive part of the engine is the



combustion chamber due to high level irreversibility of combustion process.
Moreover, balance equations for exergoeconomic analysis have been developed,
exergy cost and unit exergy cost of fuel and working fluid at each station have been
calculated. Exergy cost is defined as unit exergy cost times exergy of flow at that

station.

An exergetic analysis of an aircraft turbofan engine with an afterburner has been
performed by Turgut et al. (2007). In their study, several exergetic performance
parameters have been used and performance of each engine part has been calculated
for ground level and cruise level altitudes. Their study has been conducted to
investigate efficiencies and improvement potentials of each engine part considering
increasing demand for aviation and jet fuel. It has been concluded that the most
irreversible parts of the engine are afterburner, exhaust unit (nozzle) and combustion

chamber respectively, due to high exergy destruction and low exergy efficiencies.

An exergy and thermoeconomic analysis of a mixed exhaust turbofan engine during
a typical commercial flight has been conducted by Tona et al. (2010). In this study,
two different approaches have been utilized, one is the exergetic performance of the
whole engine for different phases of the flight (global model) and the other is the
exergetic performance of each engine part (local model). In this detailed study, all
parts and systems of aircraft have been defined carefully, and exergy flow analysis
has been conducted for each component. It has been concluded in this study that
exergetic efficiency is the highest in the cruise phase, while it is lowest in the
landing. Also, it has been observed that combustion chamber and mixer (where
bypass flow and core flow are mixed before leaving the engine) are responsible from

the most of the exergy destruction, hence irreversibility in the system.

An optimization of energy and exergy of two-spool turbofan engines using genetic
algorithms has been performed taking into account bleed air, cooling of the turbines,
combustion process in the combustion chamber and polytropic efficiencies of
rotation turbomachinery (fan, compressor and turbine) by Tai et al. (2014). In this
study, three different objective functions have been utilized namely energy
efficiency, exergy efficiency and combination of them. The aim of the study is to
optimize the design of a turbofan engine in order to have the most efficient and
effective system. It has been concluded that combination of energy and exergy
efficiency as an objective function provides the best exergy efficiency and specific



thrust values; however, it does not provide the best results for energy efficiency and
thrust specific fuel consumption. Also, when energy efficiency is the objective
function alone, thrust specific fuel consumption reaches the minimum value.
Moreover, authors have suggested including exergy efficiency too as an additional
objective function for aircraft engine design since it helps to maximize utilization of

the potential of the fuel efficiently.

An on-design analysis of high bypass turbofan engines study has been conducted by
Turan et al. (2008). In this study, a new software program has been developed for
parametric and performance analyzes of high bypass, unmixed, no afterburner
turbofan engines. By using this program, objective functions of a turbofan engine
such as specific thrust, thrust specific fuel consumption and efficiencies can be
optimized. Design parameters such as compressor pressure ratio, fan pressure ratio,
bypass ratio, Mach number for the flight, turbine inlet temperature etc. have been
utilized; and variations of values of objective functions with respect to some design
parameters have been analyzed with the help of this program. Also, plots of their
objective functions with respect to selected design parameters have been illustrated

in the paper, so that comparisons have been performed.

A first law of thermodynamics analysis of a low-bypass turbofan engine has been
performed by Turan et al. (2014a). Fuel consumption and emissions of aircraft
engines have been remarked and necessity of thermodynamically more efficient
systems for a more sustainable environment has been defended. In the analysis,
energy balance equations for each component of the engine have been developed,
and energy flow rate calculations have been done. Also, temperature, pressure and
mass flow rate values for each component have been calculated during the operation.
Thrust specific fuel consumption, overall efficiency and component energy flows at
maximum thrust level have been used as performance indicators of the engine. It has
been concluded that maximum energy flow rate is observed in high-pressure turbine
inlet (or combustion chamber exit) due to the combustion process with high fuel
energy. Moreover, importance of the first law analysis of aircraft engines has been
emphasized since fuel consumption and emissions, which can be assessed based on
the first law analysis, have effects on environment and sustainability as well as on

cost.



Some exergetic measures of a turbofan engine have been studied by Turan et al.
(2014b). JT8D series turbofan engines have been selected to study, which are widely
utilized low-bypass and twin-spool engines for commercial aircrafts. These engines
have been in use since 1964 and some of the commercial aircrafts that have been
powered by JT8D engines are 727, 737-100, 737-200 and MD-80 (Url-1). In this
study, effects of aviation emissions and fuel consumption on the environment have
been emphasized and importance of exergetic analysis for aircraft engines has been
noticed. In the analysis, fuel depletion ratio, productivity lack ratio, fuel exergy
factor, product exergy factor and improvement potential rates have been selected as
exergetic measures for each part of the engine. Turbine cooling and auxiliary power
requirements have not been taken into account in the study. Exergetic performances
of each component have been calculated, and it has been concluded that combustion
chamber is the most irreversible unit of the engine and it has the highest potential for
improvement. Moreover, it has also been noted that exergo-economic and exergo-
environmental analyses for turbofan engines would be useful to have more

comprehensive conclusions.

An exergetic analysis of an aircraft turbojet engine with an afterburner has been
conducted by Ehyaei et al. (2013). Analysis has been performed for both ground
level and an altitude of 11,000 m, and each unit of the engine has been considered
separately. Moreover, air inlet velocity to the engine has also been taken into
consideration. System has been described in detail and fundamental information has
been provided for thermodynamic analysis of aircraft engines including exergetic
analysis. Exergetic efficiencies and entropy generation rates of the engine parts have
been plotted to observe relative performances of these engine units. It has been
concluded that the most exergy-efficient unit is the compressor and the least one is
the afterburner for both altitudes. Moreover, it has been observed that reducing the

velocity decreases the exergy efficiency at sea level.

Aydin et al. (2013a) has studied exergo-sustainability indicators of a turboprop
aircraft for different phases of a flight. In this study, role of the aviation sector in the
global warming and emissions has been emphasized, and importance of exergetic
analysis for better sustainability has been remarked. Flight of a turboprop engine has
been divided into steps, and performance of the aircraft in terms of exergo-

sustainability has been evaluated. Exergy efficiency, waste exergy ratio, recoverable



exergy rate, exergy destruction factor, environmental effect factor and exergetic
sustainability index have been utilized as the exergo-sustainability indicators of the
turboprop engine. Turboprop engine analyzed in this study consists of a propeller,
compressor, combustion chamber and two turbines one of which drives the
compressor and the other one drives the propeller. Thrust is produced both by
exhaust gases and by propeller. It has been concluded that the worse performance in
terms of sustainability is seen during taxi and landing phases of the flight, where taxi
is the phase when aircraft is moving on the ground with its own power before and
after a flight. Moreover, it has been remarked in this study that it is important to
understand the relations between exergetic sustainability and phases of the flight to
further improve the performance and savings, and that exergetic performance

indicators are useful tools for understanding the environmental effects of aircrafts.

An exergy based ecological optimization of a turbofan engine has been performed by
Tanbay et al. (2015). In this study, a new performance indicator has been defined,
namely the Coefficient of Ecological Performance CEP, and calculated by propulsive
power per unit exergy destruction rate. Additionally, specific thrust, overall
efficiency, exergy destruction factor and exergetic sustainability index have been
selected as the other performance indicators while CEP has been considered as the
main performance indicator. Combustion process has been modeled as finite-rate
heat transfer from a hot source, and heat exchanger effectiveness has also been
considered. Compressor pressure ratio, fan pressure ratio, bypass ratio and turbine
inlet temperature have been used as design parameters and optimum range for these

parameters have been calculated.

Considering these studies in the literature, this thesis has been commenced. In the
same scope, some contents of the thesis has been presented in the 7™ International
Ege Energy Symposium (Colakoglu et al, 2014). Moreover, it has been accepted for

publication in the International Journal of Exergy (Colakoglu et al, in press).



2. SELECTED FUNDAMENTAL CONCEPTS OF THERMODYNAMICS
UTILIZED IN THE THESIS

Before proceeding with the details of the thesis, a brief review of some fundamental
information on thermodynamics will certainly be useful. This information may be

considered as the basics for the thermodynamic analysis of aircraft engines.

2.1 Enthalpy

Enthalpy is defined as a combination property consisting of internal energy and flow
work of a flowing fluid in or out of a system. Flow work is known as work required
for a fluid to push it in or out of an open system, and defined as the product of
volume and pressure of the fluid element to be pushed. Enthalpy represents the total
energy of a flowing fluid stream when its potential and kinetic energies are neglected
(Cengel and Boles, 2005). It is denoted by H having a unit of kJ and can be

formulated with the combination of internal energy, pressure and volume as
H=U+PV (2.1)

Specific enthalpy represents per unit mass of enthalpy and it is denoted by h. It is
also called as enthalpy for simplicity and from now on, specific enthalpy will be

referred as enthalpy within this thesis. Hence, unit of the enthalpy becomes kJ/kg.

Enthalpy is a very useful property for analysis of steady-flow devices, such as
turbines, compressors, nozzles etc. Since it is assumed that no change with time
occurs inside the control volume in the properties of the fluid, change in internal
energy of the fluid with time equals to zero for steady-flow devices. For the fluid
flowing in or out, enthalpy is used since it includes both the internal energy and the
flow work together. Hence, the conservation of energy equation for a steady-flow

process through a steady-flow device can be written as



Q=W = 1 (h+V[y+g2) = Y 1 (h+"/y+ g2) 22)

out in

For ideal gases, enthalpy is a function of only temperature and the relation between

these two properties may be written in differential form as
dh = c,dT (2.3)
where c,, is specific heat at constant pressure, and it is also a function of temperature

for ideal gases.

If it is further assumed that the ideal gas is a calorically perfect gas, which means that
specific heat is constant and not a function of temperature, then relation between

enthalpy change and temperature change becomes
Ah = c,AT (2.4)
hence relation between enthalpy and temperature becomes

h=c,T (2.5)

2.2 Stagnation (Total) Properties

As very well explained and illustrated by Cengel and Boles (2005), change in kinetic
energy cannot be neglected for most high speed flows. When there is no significant
elevation difference and no heat or work interaction, energy of the flowing fluid
stream consists of two terms, namely enthalpy and kinetic energy. Sum of these two
quantities is referred as stagnation (total) enthalpy and it can be regarded as the

enthalpy of a flowing fluid stream when it is brought to rest adiabatically.

Stagnation enthalpy can be defined as

2

ho = h + % (2.6)

Stagnation enthalpy change remains constant for a steady-flow process through a

control volume when there is no work or heat interaction, and it yields

10



which means
ho1 = ho2 (2.8)

When the fluid is brought to rest during the process mentioned above, then enthalpy

and stagnation enthalpy becomes equal at the final state and this can be shown as

vt
hl + 7 = hz = hoz (29)

Stagnation temperature can be found from stagnation enthalpy by using temperature-
enthalpy relation for an ideal gas with constant specific heats assumption.
Substituting equation (2.5) for equation (2.6) yields

2

v
¢yTo = T+ (2.10)

then stagnation temperature becomes
172
To =T+ oo (2.11)

Cp

By using the isentropic relation between the temperature and the pressure for an
isentropic process, stagnation pressure of an ideal gas with constant specific heats

can be found from

T, k/(k—-1)

fo _ (F) (2.12)

2.3 Speed of Sound and Mach Number

For ideal gases, speed of sound is a function of only temperature and it can be written

as

c = VkRT (2.13)

11



where k is the specific heat ratio and R is the gas constant for that specific ideal gas
(Cengel and Boles,2005).

Mach number is defined as the ratio of velocity of the gas to the speed of sound and

can be written as

(2.14)

als

2.4 Chocking at the Nozzle Exit

Thrust required for the propulsion of aircrafts is provided from the aircraft engines.
Thrust has two components, namely momentum and pressure. Momentum
component of thrust is provided by the difference between the inlet air velocity to the
engine and exit air velocity from the engine. On the other hand, pressure component
of the thrust is provided by the pressure difference between exit air at the exhaust and

ambient air.

When the critical pressure of exhaust gases at the exit is larger than the ambient
pressure, it is said that flow is choked at the nozzle exit. Then, speed of the exhaust
gases is at the sonic speed and Mach number is equal to 1. This provides contribution
to the thrust produced by the engine.

When the critical pressure of exhaust gases at the exit is less than the ambient
pressure, then it is said that flow is unchoked. In this case, pressure of the exhaust
gases is assumed to be equal to the ambient pressure and no thrust contribution is
provided due to pressure difference (El-Sayed, 2008).

2.5 Entropy

Entropy may be assumed as molecular disorder level (Cengel and Boles, 2005). As it
is valid also for energy, engineering studies deal with change in entropy not the exact
value of entropy. Definition of entropy is based on its differential change during an

internally reversible process as

12



Hence, entropy change for a system during an internally reversible process from state
1 to state 2 can be written as

..

AS:SZ_Sl:f T

1
Total entropy is denoted by S with the unit of kJ/K and entropy per unit mass (or
only entropy) is denoted by s with the unit of k/ /kg K.

In real processes, increase of entropy principle states that some entropy is always
created (or generated) during a real (irreversible) process and total entropy always
increases in the universe. For a closed system, entropy change can be written during
an irreversible process as

2(6_@

AS - Sz - 51 = j T ) + Sgen (217)

1
Constant specific heats assumption is a common practice for ideal gases, and it
provides sufficiently accurate results when the temperature range is not larger than a
few hundred degrees. Since specific heats of ideal gases change almost linearly with
the temperature, it is reasonable to assume average specific heats within the
temperature limits (Cengel and Boles, 2005). By using constant average specific
heats assumption, entropy change of an ideal gas during a process is

P,

Sy = S1 = Cpavg lnT—2 —R lnP— (2.18)
1 1

where ¢, 4,4 IS average specific heat at constant pressure of this specified ideal gas.

When entropy is held constant during a process, the process is referred as an

isentropic process and for an isentropic process of an ideal gas, it can be written that

(k-1)/k
T2 _ (ﬁ) (2.19)
T, \pP

For control volume analysis, an entropy balance equation can be written and

rearranged as

13



Z%+ > misi= Y mese + Spen = AScy (2.20)

and

: . . Q
Sgen = z MeS, — z m;s; — T—k (2.21)
k

in the rate form for steady-flow processes.

2.6 Exergy

Exergy can be defined as the maximum amount of useful work that a system is
assumed to deliver with a reversible process from a given state to dead state in a
specified environment by Cengel and Boles (2005). Since there is no reversible
process in real life practices, it is impossible to convert all of the exergy of a system
to work without any loss. Nonflow exergy or closed system exergy, ¢ on a unit-mass
basis, in kJ kg™ can be defined for closed systems as

2
¢ = (u—uo)+P0(v—v0)—TO(s—SO)+%+gZ (2.22)

and exergy for a stream or stream exergy, 1 on unit-mass basis, in kJ kg™ can be
defined as
2

¥ = (h—ho) = To(s = 50) + 5+ g7 (223)

where (h — hy) — To(s — s) is the thermophysical exergy component, ”2/2 is the

kinetic exergy component and gz is the potential exergy component. In a more
general definition, exergy has also chemical exergy component that can be obtained

in a unit-mass basis, in kJ kg™ by

€Xchem = Z xieiChem + ﬁTO Z x;lnx; (2.24)

L L

for gas mixtures (such as air) including i different gases where x; is mole fraction,

ef"e™ js standard chemical exergy and R is the universal gas constant (Szargut et al,
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1988; Kotas, 1995; Turgut et al, 2007). Standard chemical exergy models can be
found in literature. For technical liquid fuels, specific chemical exergy can be
calculated on a unit mass basis as it is proposed by Szargut et al. (1988) and utilized
by Kotas (1995), Szargut (2005) and Balli et al. (2008) as

echem = ©QLuv (2-25)

where ¢ represents the ratio of specific chemical exergy of the fuel to lower heating
value of the fuel, Q. represents lower heating value of the fuel and formulation of

¢ for liquid fuels has been presented as

H 0
ecnem = QLuv [1.0401 +0.1728 - +0.0432

(2.26)

+ 0.2169 S (1 2 0628H)]
' C ' C

In equation (2.26), H, C, O and S are mass fractions of hydrogen, carbon, oxygen and
sulphure in fuel. Fuel utilized in the thesis is kerosene (a widely utilized jet engine
fuel) and chemical formula is assumed as C,,H,5 (Balli et al, 2008; Turgut et al,
2007).

By using equation (2.26), ¢ is calculated as 1.067894 for kerosene. Q;yy of kerosene
Is considered as 43,15 MJ per kg (Tanbay et al, 2013, 2015) and by using equation
(2.25) specific chemical exergy of kerosene is calculated as 46,08 MJ per kg. In
order to be in alignment with literature, specific chemical exergy of kerosene is
assumed as 45.8 MJ per kg (Turgut et al, 2007, 2009b) with a 0.6% deviation from
the calculated value, which is insignificant and ignorable. One can reach detailed

information on oxidation of kerosene in Dagaut and Cathonnet (2006).

Also for further information, calculation details of ¢ according to equations (2.25)
and (2.26), and formulation for calculating specific chemical exergy of solid fuels

has been presented in Appendix A.

Dead state is the state of a system when it is in thermodynamic equilibrium with the
environment. When a system is in dead state, then no temperature and pressure
differences, no chemical reactions, no potential and kinetic energy differences, no
unbalanced magnetic, electric and surface tension or other effects exist between the

system and the environment. Restricted dead state is the state when the system is
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completely in thermo-mechanical equilibrium with but it has a different chemical

composition from its environment (Cengel and Boles, 2005).

Decrease of exergy principle states that in an irreversible process, exergy of an
isolated system or the universe always decreases and this decrease is proportional to
entropy generation of the universe and equal to exergy destruction (or irreversibility).
Exergy destruction is always positive for real processes and zero for reversible

processes and can be expressed as
Xaest = ToSgen 2 0 (2.27)
For a system, exergy balance equation can be written as
Xin — Xout — Xdest = AXsystem (2.28)

If the system is closed, then X;, and X,,: terms does not include exergy transfer with
mass transfer; however, for control volumes (open systems) it also includes exergy
transfer with mass. Equation (2.28) can be rewritten for steady flow as below.

_ dXsystem

Xin - Xout - Xdest - T (2'29)

2.7 Brayton Cycle

Brayton cycle is the ideal cycle for gas-turbine engines, which was developed by
George Brayton around 1870 (Cengel and Boles, 2005). It consists of processes in a
compressor, a combustion chamber and a turbine for the open Brayton cycle and
additionally a heat exchanger for the closed Brayton cycle. Open Brayton cycle is
widely utilized cycle for gas turbine engines, which takes fresh air from the ambient
and exhausts the burned gases to the atmosphere.

Steps of an ideal Brayton cycle can be summarized as

e Isentropic compression (in a compressor)
e Constant pressure heat addition (in a combustion chamber or heat
exchanger)

e Isentropic expansion (in a turbine)

16



e Constant pressure heat rejection (in a heat exchanger for closed Brayton

cycle or exhaust for the open Brayton cycle)

An open-cycle gas-turbine engine has been shown in Figure 2.1.

Fuel —

Combustion
chamber
e
WIS
T N
Compressor I Turbine
¥
® Fresh Exhaust | —
air pases 4

Figure 2.1 : An open-cycle gas-turbine engine (Cengel and Boles, 2005).

A closed-cycle gas-turbine engine and a T-s diagram for the Brayton cycle has been

presented in Figure 2.2 and Figure 2.3.
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Figure 2.2 : A closed-cycle gas-turbine engine (Cengel and Boles, 2005).
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Figure 2.3 : T-s diagram for the ideal Brayton Cycle (Cengel and Boles, 2005).
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3. AREVIEW OF PERFORMANCE INDICATORS USED IN THE
THERMODYNAMIC ANALYSIS OF TURBOJET AND TURBOFAN
CYCLES

In this chapter, a brief introduction to turbojet engines and turbojet cycles has been
presented in order to pass from Brayton cycle to jet propulsion cycle. Then, turbofan
cycle and single-spool turbofan engines have been introduced in order to construct
bases for twin-spool turbofan engines analyzed in the thesis. Moreover, selected
thermodynamic analysis parameters utilized in literature for turbojet and turbofan

engines have been introduced.

3.1 Turbojet Cycle and Turbojet Engine

Gas-turbine engines have been widely utilized for electricity production and aircraft
propulsion. ldealized version of these gas-turbine cycles is Brayton cycle with four
ideal processes described earlier. Aircraft engines utilize a special version of open
Brayton cycle, which has a name of jet propulsion cycle. In both applications (both
electricity production and aircraft propulsion), cycle consists of a compressor, a
combustion chamber and a turbine; however, in aircraft engines there are also
diffuser (intake) at the inlet and nozzle (exhaust) at the exit as additional parts
(Cengel and Boles, 2005).

For the electricity production, gases are expanded in turbine as much as possible
such that cycle produces net power that is more power than consumption of
compressor. On the other hand, gas-turbine engines utilized in aircraft produces zero
net power, which means that turbine produces just enough power to drive
compressor. The reason is that the main purpose of the aircraft engines is not
producing electricity but propel the aircraft. This has been realized by exhausting
very hot gases with a very high velocity enough to propel the aircraft (Cengel and
Boles, 2005; Tanbay et al, 2013). Steps of the processes a turbojet-engine (or an ideal

turbojet) cycle can be summarized as
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Isentropic deceleration and compression of air at the diffuser

Isentropic compression (much more compression than diffuser) in
compressor

Constant pressure combustion of fuel (or modelling as heat transfer to the
air) in combustion chamber

Isentropic expansion of combustion products (or modeling isentropic
expansion of air by neglecting the burned fuel mass in the combustion
products) in turbine (to provide the power consumption of the compressor
on the same shaft and the auxiliary power requirement)

Isentropic expansion and acceleration in nozzle

Exhaust to the atmosphere

T-s diagram of an ideal jet propulsion cycle and a schematic illustration of a turbojet

engine with its components have been presented in Figure 3.1 and Figure 3.2. Station

numbering has been arranged such that

2 e o

Diffuser inlet

Compressor inlet (diffuser exit)

Burner (combustion chamber) inlet (compressor outlet)

Turbine inlet (combustion chamber outlet)

Nozzle inlet (turbine outlet)

Nozzle exit

T L
4
u‘“—‘“%‘v
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3 ./, A ]
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2¢ _cot
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1
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Figure 3.1 : T-s diagram of an open ideal jet propulsion cycle.
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Diffuser Compressor Burner section  Turbine  Nozzle
Figure 3.2 : A turbojet engine with its components (Cengel and Boles, 2005).

Moreover, in some cases an afterburner is also added to the exit of turbine before the
gases enter to the nozzle in order to further increase the temperature of the gases such
as in fighter aircrafts. Purpose of this application is to increase the thrust provided by

the engine.

In contrast with the above ideal figure, in real life applications, cycles do not work
ideally and some irreversibility occurs during operation such as pressure drop, heat
leakage, friction etc. These effects cause deviations from the ideal operation of

engines and should be considered for more realistic calculations.

3.2 Turbofan Cycle and Single-Spool Turbofan Engine

Turbofan engines are modified version of turbojet engines with a fan in the front of
the engine and two separated streams along the engine. After passing the fan (F), one
of the streams pass through the compressor (C), the combustion chamber (CC), the
turbine (T) and the core nozzle (N). Meanwhile, the other stream directly goes
through the fan nozzle (FN) after the fan without passing through C, CC and T;
hence, it does not encounter the combustion process. This second stream is called as
bypass stream. Bypass concept has been first introduced in the 1950s, and it has been
successfully utilized since then. Turbofan engines have been powering both
commercial aircrafts and fighter aircrafts. Moreover, turbofan engines provide
greater thrust, improved fuel economy and lower noise level compared to turbojet
engines (El-Sayed, 2008).
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Processes of a turbofan cycle may be summarized as below considering the main
(core) flow and bypass flow.

e Isentropic deceleration and compression of air at the diffuser (core and
bypass air)

e Isentropic compression in fan (core and bypass air)

After the fan, bypass flow is separated and it goes through the fan nozzle with a

process as
e Isentropic expansion and acceleration in fan nozzle (bypass flow)
On the other hand, main (core) flow continues its path with

e Isentropic compression in compressor (core flow)

e Constant pressure combustion (or modelling as heat transfer) in
combustion chamber (core flow)

e Isentropic expansion in turbine (core flow)

e Isentropic expansion and acceleration in core nozzle (core flow)

These two streams (core flow and bypass flow) contribute to thrust produced by the
engine together. In unmixed-type engines, these two streams leave the engine
separately; while in mixed-type engines they are mixed before leaving the engine and
exhausted together as a single stream.

Another difference between the turbojet and turbofan is that turbine in the turbojet
drives the compressor; while, turbine in the single-spool turbofan drives the
compressor and the fan together. Hence, power generated by the turbine of turbojet is
equal to the power consumed by the compressor; on the other hand, power generated
by the turbine of a single-spool turbofan engine is equal to the power consumed by
the compressor plus power consumed by the fan. A schematic figure and a cross

section of a turbofan engine is illustrated in Figure 3.3 and Figure 3.4.

3.3 Performance Indicators Utilized in the Thermodynamic Analysis of

Turbojet and Turbofan Engines

Parametric cycle analysis provides a useful tool for thermodynamic investigation of
such systems. In parametric cycle analysis of aircraft engines, some objective

functions (thrust specific fuel consumption, specific thrust etc.) are selected to
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maximize or minimize and some design choices (compressor pressure ratio, bypass
ratio etc.) are done with the existence of some flight conditions (temperature and
pressure of the ambient air etc.) and some real-life limitations (maximum turbine
inlet temperature etc.). By this way, predictions on performance indicators can be

performed for aircraft engines (Mattingly et al, 2002).

Nozzle
~ e ———""8F
>|'hF
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Diffuser Fan Compressor Combustion Turbine Core

Chamber Nozzle

Figure 3.3 : A turbofan engine (Tanbay et al, 2015).

Figure 3.4 : Cross section of a turbofan engine (Rolls Royce, 1996).

When the open literature has been scanned, there are several performance indicators
(or objective functions) utilized widely for performance analysis of turbojet and
turbofan engines. Mattingly (2006) and EI-Sayed (2008) have utilized thrust specific
fuel consumption, specific thrust, propulsive efficiency, thermal efficiency and
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overall efficiency as adequate performance indicators of a turbojet or turbofan
engines considering the first law analysis of thermodynamics. T-s diagram for a
turbofan engine has been presented in Figure 3.5. It has be utilized for the

definitions for each of these performance indicators. Station numbering to be used is:
1. Diffuser inlet
2. Diffuser exit (fan inlet)
3. Fan exit (compressor inlet for core stream and fan nozzle inlet for bypass
stream)
4. Compressor exit (combustion chamber inlet) for core stream
5. Combustion chamber exit (turbine inlet) for core stream
6. Turbine exit (core nozzle inlet) for core stream
7. Core nozzle exit for core stream

8. Fan nozzle exit for bypass stream

o
e

S

Figure 3.5 : T-s diagram of a turbofan engine.
3.3.1 Thrust specific fuel consumption (TSFC)

Thrust specific fuel consumption, TSFC, shows the amount of fuel consumption in
order to produce one unit of thrust. It is a very helpful tool to analyze the efficiency
of the engine in terms of fuel consumption comparing with thrust produced by
burning this fuel. In the literature, it has been observed that several studies such as
Hill and Peterson (1992), Mattingly et al. (2002), Hiinecke (2003), Mattingly (2006),
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Najjar and Al-Sharif (2006), El-Sayed (2008), Turan et al. (2008), Turan and
Karakoc (2010) and Turan (2012) have utilized TSFC as a performance indicator. It
can be defined as

Fuel consumption per unit time _ my

= = 3.1
TSEC Total thrust F (3.1)

where thrust is defined as

F =ni.(v; —vy) + nip(vg —vy) + A7(P; — Py) + Ag(Pg — Py) (3-2)
where m.(v; — v,) is the momentum component by core stream, nigz(vg — v,) is the
momentum component by bypass stream, A, (P, — P;) is the pressure component by
core stream and Ag(Pg — P;) is the pressure component by bypass stream. m,. and
mpg represents mass flow rates of air in core stream and bypass stream respectively.
v;, A; and P; represents velocity of air at that station, area of corresponding exit

station and pressure of the air for the specified station respectively.

3.3.2 Specific thrust (Fy)

Specific thrust, F;, is a measure for how efficiently the engine produces thrust for
each unit of air taken in by the engine inlet (Hiinecke, 2003). Engines are required to
be built larger when it is desired to suck more air at the inlet; in other words, the
larger the engine, the larger the air sucking capacity. Therefore, F;, provides an
evaluation for the engine size compared to its thrust production capacity. It has been
utilized in the literature such as by Hill and Peterson (1992), Mattingly et al. (2002),
Hiinecke (2003), Mattingly (2006), Najjar and Al-Sharif (2006), El-Sayed (2008),
Turan et al. (2008), Turan and Karakoc (2010) and Tanbay et al. (2013, 2015). F, can

be defined as

_ Total thrust _ F
" Total air mass flow in ~ m, + niy

(3.3)

S

3.3.3 Propulsive efficiency (np)

Propulsive efficiency, np, is defined by El-Sayed (2008) as the indicator of how

efficiently the kinetic energy of air is converted to propulsive power in an engine.
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Also, two different formulations for n, have been presented by El-Sayed (2008).First

expression is

Propulsive power

e = Propulsive power + power wasted in the exhaust (34)
where
Propulsive power = Total thrust x Air inlet velocity = Fv, (3:5)
o)
Power wasted in the exhaust
= 2 (e + 1) (07 = v1)? 4 7 () (v — v, 39)
and the second expression is
Propulsive power
e = Rate of kinetic energy added to the airflow (3.7)
where
Rate of kinetic energy added to the airflow
(3.8)

) [(mc + mf)v72 +mpvg® — (M + mF)Ulz]

El-Sayed (2008) stated that this second expression must not be used when the
nozzles are choked since it comes out with results greater that unity. In other
textbook, the second expression for np has been utilized by Mattingly (2006)
assuming the gases expand to ambient pressure at the nozzle; in other words, nozzles
are not choked. Also, Hill and Peterson (1992) have already utilized the second

expression in their textbook.

3.3.4 Thermal efficiency (1;)

Thermal efficiency, n,,, is also another important performance indicator for aircraft
engines. It may be defined as rate of kinetic energy addition to the air per unit of fuel

energy consumed (Hill and Peterson, 1992). Thermal efficiency provides insight on
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how efficiently the fuel energy is converted into kinetic energy in aircraft engines.
El-Sayed (2008) defined 7, as

Propulsive power + power wasted in the exhaust

Ntn = (3.9)

Rate of energy supplied by the fuel

where

Rate of energy supplied by the fuel = Qf = msQruy (3.10)

and Q. is the lower heating value of the fuel. It has been formulized by EI-
Sayed (2008) as

1,. . 1, .
Fv, + 5 (mc + mf)(v7 - 771)2 + 3 (mg)(vg — 171)2

1M Qruy

(3.11)

Nen =

On the other hand, Hill and Peterson (1992) and Mattingly (2006) have utilized a

different expression as

__Rate of kinetic energy added to the airflow

flen = Rate of energy supplied by the fuel (3.12)
which yields
l . . 2 . 2 _ . . 2
- > [(m, + mif)v,? + mipvg? — (M + Mip)v,?] (3.13)

e QLuy

3.3.5 Overall efficiency (n,)

Overall efficiency, n,, has been defined as the product of propulsive efficiency and
thermal efficiency by Hill and Peterson (1992), Mattingly (2006) and El-Sayed
(2008). It may be interpreted as propulsive power produced by the engine per unit

fuel energy consumed. Overall efficiency hence can be expressed as

Propulsive power Fv,

Mo = NpNen = (3.14)

Rate of energy supplied by the fuel - mMeQruy

Combustion process has been modelled as finite-rate heat transfer from a constant-

temperature heat source to colder working fluid via a heat exchanger having
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efficiency of ey by Tanbay et al. (2013, 2015). In these studies, instead of fuel
addition and combustion, nearly-constant pressure heat addition process has been
considered. Therefore, a different overall efficiency expression has been required due

to absence of fuel combustion. It has been adopted as

Propulsive power

Mo = Max.rate of heat transfer possible from the heat source (3.15)
and it has been expressed as
Fv,
Mo (3.16)

B Thccp(Tos —Tos) /€n

When it comes to the 2" Law analysis of aircraft engines, there have been several
performance indicators utilized in the open literature. These indicators will be
explained below.

3.3.6 Exergetic efficiency (1.y)

Exergetic efficiency, 7., has been proposed by Clarke and Horlock (1975) with the
name of “rational efficiency”, utilized by Etele and Rosen (2001), which does not
reflect the meaning sufficiently. Hence, it is renamed as “exergetic efficiency” by

this thesis and presented with the same definition as

Propulsive Power

Exergetic ef ficiency = (3.17)

Exergy input rate

More generally it has been defined as rate of exergy recovered to rate of exergy
supplied. In addition, it can be written by using exergy destruction rate. Exergetic

efficiency can be expressed as

Rate of exergy recovered  EXyocy

E » - _ _ = .
xergetic ef ficiency Rate of exergy supplied  Exg,,, (3.18)
or
Rate of exergy destruction Ex
Nex = 1— f gy : =1—= dest (3.19)
Rate of exergy supplied EXsupp
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Exergetic efficiency is a useful tool for the second law analysis of aircraft engines
and it has been utilized by several studies such as Dincer and Rosen (2007), Turgut
et al. (2007, 2009a, 2009b), Balli et al. (2008), Tona et al. (2010), Midilli and Dincer
(2009), Midilli et al. (2011), Altuntas et al. (2012), Tai et al. (2014), Aydin et al.
(20134, 2013b, 2014a, 2014b), Aydin et al. (2012), Balli and Hepbasli (2013, 2014),
Ehyaei et al. (2013), Turan et al. (2013, 2014b) and Yildirim et al. (2013).

3.3.7 Coefficient of ecological performance (CEP)

Coefficient of ecological performance, CEP, has been first introduced and presented
by Tanbay et al. (2013, 2015). It has been defined as propulsive power per unit
exergy destruction rate. It provides information on how much exergy is being
destructed by the engine while producing propulsive power to propel the aircraft so

that it gives insight on ecological performance of the engine. It has been expressed as

Propulsive power

CEP = .
Exergy destruction rate (3.20)
or
Fv,
CEP = 3 (3.21)
0Ygen

3.3.8 Exergy destruction factor (fexq)

Exergy destruction factor, f,,4, is another exergetic performance indicator utilized in
the literature. It has been introduced by Bejan et al. (1996). Connelly and Koshland
(2001a, 2001b) used it as depletion number. Exergy destruction factor has been
defined by Midilli and Dincer (2009) as an indicator for decrease in sustainability. It
can be defined as exergy destruction rate per unit rate of exergy supplied and can be

expressed as

Exdest

fexd == (3.22)
EXgupp
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or by utilizing equation (3.19)
fexa = 1 — Exergetic ef ficiency (3.23)

Exergy destruction factor has been utilized in the literature by Dincer and Rosen
(2007), Midilli and Dincer (2010), Midilli et al. (2011), Aydin et al. (2013a, 2014a),
Turan et al. (2013) and Tanbay et al. (2015).

3.3.9 Waste exergy ratio (ryex)

Waste exergy ratio, 7,.,, has been defined as waste exergy rate per unit rate of
exergy supplied by Midilli and Dincer (2009). It gives information on how much
supplied exergy is wasted and it is better to have lower waste exergy ratios. It has
been utilized by Midilli and Dincer (2010), Midilli et al. (2011), Aydin et al. (20133,
2014a) and Turan et al. (2013). It may be expressed as

Total waste exergy output rate

= 24
Twex Rate of exergy supplied (3.24)

3.3.10 Environmental effect (impact) factor (feey)

Environmental effect factor, f..r, has been defined by Midilli and Dincer (2009) and
utilized by Midilli and Dincer (2010), Midilli et al. (2011), Turan et al. (2013) and
Aydin et al. (2013a, 2014a). It can be defined as an indicator of whether or not the

waste exergy of the engine damages the environment. It can be expressed as

Waste exergy ratio

Jeer = Exergy ef ficiency (3.25)
and by utilizing equations (3.24) and (3.18) it yields
Total waste exergy output rate
cef = (3.26)

Exergy output rate

3.3.11 Exergetic sustainability index (@ .,s)

Exergetic sustainability index, 60,,,, has been defined by Midilli and Dincer (2009)

as reciprocal of environmental effect factor. Midilli and Dincer (2010), Midilli et al.
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(2011), Aydin et al. (2013a, 2014a), Turan et al. (2013) and Tanbay et al. (2015)
have utilized this indicator in the literature. It is expressed as

1
Opys = .
¢ Environmental ef fect factor (3.27)
and by using equation (3.26) it yields
Exergy output rate
Opexs (3.28)

" Total waste exergy output rate

3.3.12 Improvement potential (IP)

Improved potential, IP, has been proposed by Van Gool (1997) and it can be defined
as a performance measure that shows how much more exergy rate can be utilized
instead of being lost or destructed. It has been used by Dincer and Rosen (2007),
Turgut et al. (2007), Balli et al. (2008), Balli and Hepbasli (2013, 2014) and Turan et
al. (2014b). It can be expressed as

IP = (1 — Exergetic ef ficiency)(Exergy input rate

— Exergy output rate) (3.29)

Improvement potential provides strong information on how much an engine or an
engine unit can be improved in terms of exergy rate wasted. When it is utilized for
comparison of engine units, it also provides information on which unit has the

highest potential to be improved.

3.3.13 Relative irreversibility (x;)

Relative irreversibility, x;, is an exergetic performance parameter utilized when units
of engine to be compared in terms of exergy destruction rates. Relative irreversibility
of each unit can be calculated by dividing its own exergy destruction rate to total
exergy destruction rate of the engine. By this way, it can be observed that what
percentage of the exergy destruction is caused by which unit of the engine. Also,
most irreversible unit can be revealed by using relative irreversibility. It has been

proposed by Szargut et al. (2002) and utilized by Xiang et al. (2004), Dincer and
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Rosen (2007), Turgut et al. (2007, 2009b), Balli et al. (2008), Balli and Hepbasli
(2013), Aydin et al. (2014b). It can be expressed as

Relative Irreversibility

_ Exergy destruction rate of the i thynit (3.30)

Total exergy destruction rate

or

EXgost i
Relative Irreversibility = ——2<54t (3.31)
Xdest

3.3.14 Fuel depletion ratio (6;)

Fuel depletion ratio, &;, has been a good exergetic performance indicator to analyze
exergy destruction rates of engine units compared to exergy of the fuel consumed. It
has been introduced by Bejan et al. (1996) and utilized by Xiang et al. (2004), Turgut
et al. (2007, 2009b), Balli et al. (2008), Balli and Hepbasli (2013), Tai et al. (2014)
and Turan et al. (2014b).

It can be defined as exergy destruction rate of each component divided by fuel
exergy input, and can be expressed as

EXgesti
Fuel Depletion Ratio = —desti

(3.32)
Exfuel
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4. THEORETICAL MODEL FOR THE THERMODYNAMIC ANALYSIS
ABOUT THE EFFECT OF HEAT LEAKAGE ON THE OPTIMAL
PERFORMANCE OF A TWIN-SPOOL TURBOFAN ENGINE

In the previous chapters, simple Brayton cycle, jet propulsion cycle and simple
turbofan cycle have been introduced. In this chapter, the theoretical model utilized
for this thesis will be introduced and steps of a parametric cycle analysis will be

determined in detail.

As mentioned earlier, single-spool turbofan engines have a fan and a bypass nozzle
in addition to one compressor, combustion chamber and one turbine. In this
configuration, fan and compressor are driven by turbine through a shaft between
them. As a new technological step, another compressor-turbine couple has been
introduced with another shaft in order to improve the performance of the turbofan

engine and this new configuration is called as twin-spool turbofan engine.

In twin-spool turbofan engines, one spool is called as low pressure spool, and the
second spool is called as high pressure spool. There have been two different
configurations for twin-spool turbofan engines. In the first configuration, low
pressure spool consists of a fan and a turbine, where turbine produces enough power
to drive only the fan. High pressure spool consists of a compressor and a turbine for
this configuration, and turbine drives the compressor. In short, this configuration can
be generalized as low pressure turbine driving the fan, high pressure turbine driving
the compressor. In the second configuration, low pressure spool consists of a fan, a
low pressure compressor and a turbine, where the turbine produces power to drive
fan and low pressure compressor. High pressure spool in this configuration consists
of a high pressure compressor and a high pressure turbine, where the compressor is
driven by the turbine (EI-Sayed, 2008).

In this thesis, the second configuration has been utilized, and Figure 4.1 shows it

schematically. Also a T-s diagram of this model has been shown in Figure 4.2.
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Figure 4.1 : The turbofan engine configuration and station numbering utilized in the
thesis.

>
S

Figure 4.2 : T-s diagram of the turbofan engine cycle and corresponding station
numbering utilized in the thesis.
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4.1 Processes and Assumptions

Processes for this configuration can be expressed as in the following.

1-2: Air at environmental conditions is taken into engine through diffuser,
slowed down and compressed. This process takes place adiabatically and
irreversibly.

2-3: After leaving the diffuser, air is further compressed in fan via an
adiabatic and irreversible process.

3-4: Part of this air, which has been introduced earlier as core flow, goes
through the low-pressure compressor (LPC). In LPC, air is compressed via an
adiabatic and irreversible process.

Bleed air extraction: After LPC, air is split into two streams. First stream is
taken out of the engine in order to provide in-cabinet pressure and anti-icing,
to drive flap system and to be utilized in environmental control unit. This air
taken out of the engine and utilized in several applications is called as bleed
air. Bleed air is always taken before air enters into combustion process as it is
still colder and fresher than combustion products.

4-5: Second stream continues to be further compressed in high-pressure
compressor (HPC) via an adiabatic and irreversible compression process.
Some of the air is taken out from some intermediate stage of compressor
(stage 4a) in order to cool low-pressure turbine (LPT). Other part continues
through core of the engine.

5-6”: After leaving the HPC, some part of the air proceeds through
combustion chamber (CC). Fuel is added to air, and this high-pressure fuel-
air mixture is burned with a slight pressure loss due to friction in CC and
some heat leakage occurs from hot CC to colder bypass air skirting. Some
other part is taken to cool high-pressure turbine (HPT) bypassing the CC
without any combustion.

67-6: Cooling air for HPT is added to the combustion products before
entering HPT in order to reduce temperature of the flow. This process
protects turbine blades from very high temperature of combustion that is

above metallurgical limits of turbine blades.
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e 6-7”: After the cooling, high-pressure high-temperature combustion products
enters into HPT. These gases expand via an adiabatic and irreversible
expansion process in HPT; by this way, HPT produces enough shaft power to
drive HPC and some auxiliary equipment of aircraft.

e 77-7: Cooling air for LPT is added to the combustion products proceeding
through core of the engine before entering LPT. This operation may not exist
for all engines utilized today.

e 7-8: Core flow leaving the HPT proceeds through LPT for further expanding.
In LPT, an adiabatic and irreversible expansion process takes place and shaft
power produced by LPT drives the fan and LPC.

e 8-9: After leaving the LPT, combustion gases expand in the core nozzle and
leave the engine at a very high velocity in order to provide propulsive power
to propel the aircraft.

e 3-10F: The real path that is followed by the bypass air, which has been
separated after leaving the fan. In this process, some heat is leaked from CC
and added to bypass air as mentioned earlier. It has been called as heat
leakage one, and denoted as Q4. Also, some heat is lost from bypass air to
ambient air during this process, which has been called as heat leakage two,
and denoted as Q,k,. This process is an irreversible expansion process
realized in fan nozzle, and air leaves the fan nozzle contributing to propulsive
power.

e 3-10F’: This is an imaginary path that would be followed by bypass air if
there were no heat leakages from CC to bypass air, and no heat leakages from
bypass air to ambient air. Bypass air would expand in fan nozzle adiabatically
(i.e no heat addition from CC and no heat loss to the ambient) and contribute
to propulsive power by leaving the engine with a high velocity.

e 3-10F”: This is a similar imaginary expansion process path followed by
bypass air in fan nozzle. This time there is heat leakage from CC to bypass
air, Q;x1, but no heat leakage from bypass air to the ambient air, Q;x,. In

other words, in this imaginary path, bypass air receives Q,x, but does not
lose Qx>

Assumptions made for this twin-spool turbofan engine have been expressed as in the

following.
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An open irreversible turbofan cycle is considered.

Air and combustion gases are ideal gases with the same constant specific
heats (k = 1.359 and ¢, = 1086 J kg " K ™).

The cruise phase of the flight is considered.

All processes are steady-flow processes.

Differential-pressure-change based irreversibility correction factor for
adiabatic compression process of turbomachinery (fan, LPC, HPC, HPT, and
LPT) have been taken into account (Cohen et al, 1996).

Cooling process causes some efficiency losses in turbines (Mattingly et al.
2002).

LPT cooling has been taken as zero (Mattingly et al. 2002).

Only chemical exergy of fuel and kinetic exergy of incoming air have been
considered.

Potential exergy of fuel and air have been neglected since there is no
elevation difference from the environment (Ehyaei et al, 2013).

Physical exergy of fuel due to very high pressures has been neglected because
of being small figures such as 0.03-0.06 MW (Turgut et al, 2007).

Physical exergy of incoming air has been considered as zero (Turgut et al,
2007; Ehyaei et al, 2013).

Lower heating value of the fuel (kerosene) is considered to be 43.15 MJ per
kg as utilized by Tanbay et al. (2013, 2015).

Specific chemical exergy of the fuel (kerosene) is considered to be 45.8 MJ
per kg as utilized by Turgut et al. (2007, 2009b).

Auxiliary power requirements provided from the engine is assumed to be
constant as 350 kW.

4.2 Mass Flow Rates and Ratios

As described above, there are several streams in the engine such as core air, bypass

air, cooling air, bleed air etc. When analyzing the performance of turbofan engines

and performing parametric cycle analysis, it becomes very important to denote these

streams separately and define some dimensionless mass flow ratios as applied by

Mattingly et al. (2002) and EI-Sayed (2008). By this way analysis becomes more
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practical to apply and easy to follow and understand. All mass flow rates according
to assumed model have been illustrated in Table 4.1.

Table 4.1 : Mass flow rates.

Stations Mass Flow Rates
Total air at the engine inlet me + mp
Bypass air through fan nozzle mp
Bleed air my,
Cooling air for LPT Meooi1
Cooling air for HPT Meool2
Air at the core before bleeding me
Air at the core after bleeding me — 1y,
Air at the core after LPT cooling extraction me — My — Meporn
Air at the core after HPT cooling extraction My — My — Mego11 — Meool2
Fuel added in CC T
Combustion product gases after combustion M — My — Megor1 — Meootz + My
Mass flow rate at the HPT inlet M — My, — Megery + My

Mass flow rate at the LPT inlet, nozzle inlet

and exhaust Me = My + My

According to above mass flow rates, some practical dimensionless mass flow ratios
to be utilized in analysis can be defined. One of the most important mass flow ratios
in analyzing turbofan engines is bypass air ratio. It can be defined as

mass flow rate of bypass air mg

mass flow rate of core air M, (4.1)

This ratio is also important for the size of the turbofan engines since it determines
how much air will flow through bypass nozzle compared to core stream. This ratio

has an important role on determination of size of the fan unit.

Another ratio that will be utilized is bleed air ratio. As it has been mentioned above,
bleed air is extracted after LPC. In general, it can be utilized in providing in-cabinet
pressure, in anti-icing application, in environmental control unit and flap system. As
indicated earlier, it should be fresh air because it is utilized in pressurizing the
cabinet air. Since bleed air is extracted from core stream, a dimensionless ratio can

be defined as

mass flow rate of bleed air extracted m,,
Y= = —

mass flow rate of core air i, (4.2)
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After bleed air is extracted after LPC and before HPC, cooling air is extracted from
one of the HPC stages. This extraction is done before the pressure of air gets too high
for LPT air. If this extraction is done from very last stages of HPC, then the pressure
of extracted air for cooling the LPT would be too high. In this situation, it would
require a throttling process to drop its pressure to the level of LPT entrance, and
power spent for compressing this cooling air would be wasted. Therefore, cooling air
one for LPT is extracted from one of the stages of HPC convenient for LPT pressure

level, and cooling air ratio-1 can be defined as

mass flow rate of cooling air for LPT  M,po11
1 = =

mass flow rate of core air me (4.3)

After the extraction of cooling air for LPT, pressure of the core air continues to
increase through HPC and reaches maximum at the end of HPC. At this point,
pressure is nearly the same as pressure of HPT inlet (only a slight pressure drop
occurs in CC). Therefore cooling air for HPT is extracted from core air after HPT

before entering CC. In the same fashion, cooling air ratio-2 can be expressed as

mass flow rate of cooling air for HPT  M,yo12
2 = = "

mass flow rate of core air me (4.4)

After all extractions have been realized, core air enters into CC and fuel is added to
air. Combustion takes place with this air-fuel mixture and temperature rises to very
high degrees. Determination of mass flow rate of fuel is closely related with the
maximum temperature level allowed for HPT inlet, due to metallurgical constraints.
Fuel to air ratio can be defined as

mass flow rate of fuel added in CC
a= - ——
mass flow rate of core air entering into CC

i, (4.5)

Me —Mp — Meooi1 — Meool2

4.3 Heat Leakage Rates and Ratios

In this thesis, two types of heat leakages have been modeled as stated above. First
one is heat leakage from CC to bypass air denoted as Q, 4. This leakage is a lost for
core air because it is a lost energy from potential of fuel energy to be supplied to core

air. On the other hand, this lost heat is received by bypass air, so it constitutes a gain
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for bypass air. Therefore, as Q,x; increases, loses of CC and gains of bypass air

increases in terms of heat transfer.

Second heat leakage modeled in this study is heat leakage from bypass air to ambient
air denoted as Q,k,. This leakage is lost from engine to environment; therefore, as

this leakage increases, energy loss of bypass air increases.

In order to be able to perform cycle analysis and performance assessment of the
turbofan engine, these two heat leakages stated above are required to be defined and
well expressed. They are very important for energy balances in CC and fan nozzle.

Therefore, they are required to be formulized before starting cycle analysis.

As it can be seen in Figure 4.1 and Figure 4.2, when CC is considered as control
volume to be analyzed, air after bleeding and cooling extractions enter into CC and
fuel is added to this air. Combustion takes place inside CC and some heat, Q,x,, is
lost to bypass air during this process. Fuel energy added during the combustion
process can be defined as follows.

Qf = meLHV (4-6)

in kJ/s where m; is mass flow rate of fuel (kg/s) added in CC, and Qyy is lower

heating value of the fuel in k] /kg.

As observed in T-s diagram of the turbofan engine in Figure 4.2, combustion process
would end at point 6’ if there were no heat leakage from CC, which is Q.. The real
process, however, ends at point 6” due to this heat loss. In other words, state of
working fluid would be carried to state 6’ instead of state 6” with released energy of
the fuel during combustion if there were no Q. Therefore energy equation in CC
can be expressed in two forms, one with Q, 4 term and one without it by utilizing the
first law of thermodynamics energy conservation equation for steady-flow processes

as described in Chapter 2, and written in the form of equation (2.2) as

Q—W=Zm(h+”2/2+gz)—zm(h+”2/2+gZ) (4.7)

out in

Equation (4.7) can be modified by eliminating potential energy term due to no
elevation difference and using stagnation enthalpy instead of enthalpy and velocity

terms separated. Therefore, without heat leakage term it yields
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Qs toe' — Ws toe' = Mg/ (hoe’) —m 5(h05) (4.8)

Simplifying equation (4.8) by canceling the work term since there is no work
interaction in CC, writing mass flow rates explicitly and using equation (2.5) it yields

Qf = (mc — Mp — Meoo11 — Meoorz + mf)CpT06’

. : : : (4.9)
- (mc — Mp — Mepoi1 — mcoolZ)CpTOS

where Qf is heat addition to CC shown in equation (4.6). The same energy balance

can be written with heat leakage term as
Qs o6 = Ws o6 = g (hogrr) — it 5(hos) (4.10)
and by eliminating work term it becomes

Qf - QLKl = (mc — My — Meoo11 — Meootz + mf)CpTOG”
. . . . (4.11)
— (e — My, — Moo — mcoolZ)CpTOS

Then, to find an expression for heat leakage Q, x4, equation (4.9) can be substituted
into equation (4.11) which yields
(mc — My — Meoo11 — Meootz + mf)CpT06’
- (mc - mb - mcooll - mCOOlZ)CpTOS - QLKl
(4.12)

= (mc — My — Meoorr — Meoorz + mf)CpTOG”

- (mc — Mp — Meoot1 — mcoolZ)CpTOS

Eliminating the same terms from both sides of the equation (4.12) and rearranging

yields
QLKl = (Thc — My — Meoor1 — Meootz + mf)cp(T06’ - TOG”) (4-13)

which mathematically proves that temperature difference between state 6’ and state
6” is caused by heat leakage from CC during combustion, Q k. As described earlier
and can be seen from Figure 4.2, combustion process would increase the state of

working fluid up until to 6’ but it can only reach state 6” due to Q.

As described earlier, heat leakage from the CC is received by bypass air. Therefore,
energy lost from combustion process causes an energy gain in fan nozzle process. By

utilizing energy balance equation of fan nozzle process, Q,x, can be defined in an
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alternative way. To do this, energy balance equation of process 3-10F* and 3-10F”
can be written and rearrangements can provide a second way to express Qpx;. As
described earlier, process 3-10F’ is an imaginary adiabatic process in fan nozzle;

while, process 3-10F” is the one when there is Q.

By utilizing equation (4.7), energy balance equation of process 3-10F’ can be written

in the following form as

2
. . . v ] .
Q3 to10r" = W3t 10r = Myop' (Ryopr + 1§F ) — 1g3(ho3) (4.14)

Since this process is an adiabatic one, heat transfer term will be eliminated.
Moreover, there is no work interaction during expansion process in fan nozzle, so
work term will also be eliminated. Since mass flow rate both in the inlet and at the
exit of fan nozzle has been donated by my and air has been assumed to be a
calorically perfect gas, equation (4.14) can be reduced to

2
v ’
0= (ThFCpTloF/ + Thp 1§F ) - ThFCpT03 (415)

Now, energy balance equation will be written for process 3-10F’in which Qpx; Will

be included. Utilizing equation (4.7) again, energy balance equation can written as

. . X v " .
Qs to 10F"" — W3 to10F' =M 10F”(h10F” + %) - mos(ho3) (4'16)

During this process no work interaction takes place, and the only heat transfer is heat
leakage from CC to fan nozzle, which is Q, . Again, the mass flow rate of the air is
my and air has been considered as a calorically perfect gas so equation (4.16)

becomes

2
leF”

QL1 = (MpcypTiop + Mp ) — MpcyTos (4.17)

Subtracting equation (4.15) from equation (4.17) yields

2 2
10F" v

. . . v 10F’
Qg1 = mFCp(TloF” —Tyopr) + mF(f) (4.18)
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Equation (4.18) proves that heat leakage from CC to fan nozzle causes the energy
difference between state 10F’ and state 10F’. If there were no heat leakage one,
Q1. then process in the fan nozzle could not reach 10F”’, instead it would end at

state 10F°.

Now, heat leakage ratio one can be defined since heat leakage one has been
expressed. Definition of heat leakage ratio one, &, , may start from the most basic
point of view of loss. For the combustion process, purpose is to increase the
temperature (energy) of the working fluid with all energy released from the fuel
within the limitations. Any part of energy released from the fuel but could not be
utilized for the energy increase of the fluid would be considered as “loss”. Hence,

heat leakage ratio can be defined as follows.

Rate of thermal energy increase of the flow in CC

€K1 = (4.19)

" Rate of total thermal energy released from the fuel

Energy of the flowing fluid increases to 6’ from 5 considering the heat leakage.
Therefore, energy difference of the fluid between state 6’” and state 5 will be written
on numerator of the equation (4.19). Also, fuel energy released has already been
expressed in equation (4.9), so it will be substituted for the denominator of the

equation (4.19). Hence, it becomes

me”(hoe”) —m s(hos)

k1 = 1 —— : (4.20)
e (hoer) — M 5(hos)
or explicitly
=1
_ (mc - mb - mcooll - mcoolz + mf)CpToe” - (mc - mb - mcooll - mcoolz)CpTOS (421)
(mC - mb - mcooll - mcoolz + mf)CpTOG’ - (mC - mb - mcooll - mcoolz)CpTOS
Eliminating c, terms and rearranging yields
ELK1
_ (mC — My — Meoo11 — Meoorz + mf)(T%’ - TOG”) (422)

(mC —Mp — Meootr — Meool2 + mf)Tij’ - (mC —Mp — Meoot1 — mcoolZ)TOS

Dividing by m. — my, — M o1 — Meoorz t€rm in order to utilize fuel to air ratio, «,

defined in equation (4.5), it becomes

43



€rk1

(mC — My — Meoor1 — Meoorz T mf)

0 T g o T ! - T n
— (mC —Mp — Meoot1 — mcoolz) ( 06 06 ) (423)
(mc — My — Mego11 — Mootz + mf) ,— (e — My — Meoorr = Meoorz) T
(mC —Mp — Mepor1 — mcoolz) 06 (mC —Mp — Mepor1 — mcoolz) 0

and using equation (4.5) it can be simplified to

¢ _ (1 + a)(Togr — Toe
Lt (1+ a)Toer — Tos (4.24)

As mentioned earlier, heat leakage from the bypass air (during fan nozzle process) to
the ambient air has been modeled as the heat leakage two, and can be denoted by
Q.x». This energy is completely lost from bypass air, and it causes a change in exit
state of the flowing fluid.

As already described, 10F”’ is exit state of fan nozzle process when there is no Qx>
(but Qx4 Still exists). On the other hand, in the real process Q,k, exists and the exit
state is 10F. Therefore, an expression for Q.x, can be found by writing energy
balance equations for process 3-10F’’ and process 3-10F. Equation (4.17) is the
energy balance equation for the process 3-10F>” where only Q,x; exists. For the
process 3-10F, equation (4.9) can be utilized and it can be written as

2
. . . v )
Q3 to10F — W3 to10r = M 10r(h1or + %) — 1oz (ho3) (4.25)

In the real process, Q,x, and Qx, exists together so heat transfer term will be
replaced by these two heat leakage terms. Q, 4 term increases the energy of bypass

flow; however, Q,x, causes the bypass flow to lose energy. Moreover, in fan nozzle
process, no work interaction occurs so work term will be cancelled. It can be

rewritten as

2
. . . v )
Qri1 — Qrkz = (MpcpTior + My —120F) — mpcyTos (4.26)
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Substituting equation (4.17) into equation (4.26) yields

2
leF”

) — mFCpTOS — QLk2

) (4.27)

. . Vior .
= (MpcpTyor + Mg N ) — mpcyTos

(mFCpTloF” + mg

and rearranging yields

. v120FII - UIZOF
Q2 = Mg |cp(Tyop — T1or) + - 5 (4.28)

Heat leakage ratio two, indicated by &, x, has been defined as heat leakage ratio from
the bypass air to the ambient air earlier. This time, heat leakage ratio has been
expressed by dividing the realized heat leakage amount to the maximum theoretical

heat leakage amount for the process in fan nozzle. Hence,

€LK2
Heat loss due to the second heat leakage (4.29)

~ Max. theoretical heat loss due to the second heat leakage

Numerator of the equation (4.29) has already been defined in equation (4.28). Now,
maximum theoretical heat loss due to the second heat leakage is to be calculated.
According to the second law of thermodynamics, heat transfer occurs from the high
temperature source to low temperature sink. Therefore, in this case, energy loss
occurs from the bypass air (higher temperature) to the ambient air (lower
temperature). Ambient air can be considered as an infinitely large thermal sink
compared to energy lost from the bypass air. Therefore, heat loss from the bypass air
can occur until the temperature of bypass air goes down to that of the ambient air. In
other words, bypass air may lose its excess energy to ambient air until it reaches the
temperature level of the ambient air. It can also be defined by utilizing station
numbering such that exit state 10F’’ decreases down to 10F with the realized heat
leakage two, and it would further decrease down to state 1 (ambient air state) in the
limiting case. Hence, energy difference between these two states constitutes the
maximum amount of energy transfer (heat loss) amount. Equation (4.28) can be

rewritten for 10F’-1 instead of 10F’’-10F as follows.
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. X U120Fll — V1
Qrkzmax = Mp [¢p(T1op — Ty) + - 5 (4.30)

Then, heat leakage ratio two becomes

. leF” - vaF
Mg |¢p(Tyop — T1or) + - 5
€LK2 = w2 1712 (4.31)
Mg lcp (Tyopr — Ty) + %l
and finally eliminating my terms yields
2 2
(% n —7U
cp(T1or — Tror) + M}
€LK2 = (4.32)

2 2
1% n—7v
[Cp (Tyopr —Ty) + %ll

4.4 Power Consumption and Production Balances

As indicated in Chapter 3, main purpose of the turbofan engine is not to produce
excess power but to propel the aircraft. Therefore, turbines produce just enough
power to drive power-consuming turbomachinery on the same shaft. In this thesis,
selected configuration of turbofan engine was that low pressure spool consists of
Fan, LPC and LPT, and high pressure spool consists of HPC and HPT.

In addition to these main turbomachinery, an aircraft engine also provides power for
some auxiliary requirements such as electric and hydraulic systems (Tona et al,
2010). This feature has been defined by Mattingly et al. (2002) as power takeoff
(extraction) for accessories. In this thesis, power requirement for auxiliary equipment
has been considered to be extracted from high pressure spool; therefore, HPT
produces power to drive HPC and auxiliary equipment.

As explained by Cengel and Boles (2005) and assumed in this thesis, turbomachinery
works adiabatically and all processes are stead-flow processes. Therefore, heat
transfer term in general energy conservation equation (the first law of
thermodynamics) vanishes when it is written for adiabatic fan, compressors and
turbines. Also, enthalpy terms are written as stagnation enthalpy without considering

the velocity (hence kinetic energy) term as shown in equation (2.6).
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4.4.1 Power consumed by fan

In the light of the explanation presented under Section 4.4 and equation 4.7, the

energy balance equation of the process 2-3 which occurs in fan can be written as

Qpez — Wy_3 = z m (ho our) — Z m (ho,in) (4.33)

out in

Due to adiabatic process and calorically perfect gas assumption, it can be rewritten as
—Wp = (i, + mg)cyTos — (M + mp)cy Ty (4.34)

where mass flow rate at both inlet and exit of the fan is m, + m; as shown in Table
4.1. Since fan consumes power, it has been seen that work term has a negative sign.
When it is considered as consumption and rewritten in a more compact expression,

the magnitude of power consumed by the fan becomes

WF = (. + mF)Cp(T03 — To2) (4.35)

4.4.2 Power consumed by LPC

Utilizing the same approach, heat transfer term will be eliminated in energy
conservation equation for LPC. Also, process starts at state 3 with a mass flow rate of
m, and ends at state 4 with the same mass flow rate. Therefore, with the same steps

done for the fan, power consumed by LPC can be written as follows.

WLPC = mccp (Toa — To3) (4.36)

4.4.3 Power consumed by HPC

Adiabatic compression process in HPC starts at station 4 with a mass flow rate of
m. — 1, since bleed air has been extracted just before air enters into HPC as shown
in Figure 4.1. Until the air extraction for LPT at station 4a in an amount of 11.,;1,
mass flow rate is constant at m, — m,;. Therefore, between the states of 4 and 4a,

HPC consumes power in an amount of

WHPC,4—4a = (m. — mb)cp (Toaa — Toa) (4.37)
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After cooling air for LPT extracted at 4a, there remains 1, — iy, — M,y @Mount
of mass flow rate in compressor, which is further compressed until the state 5.
Therefore, HPC power consumption after cooling air extraction can be written as

WHPC,4a—5 = (Thc — My — Meoon )Cp (Tos - TO4-a) (4,38)

Hence, total power consumed by HPC can be found by summing up the right hand

sides of the equations (4.37) and (4.38) since they represent the power consumption

starting from the beginning of HPC until the turbine cooling air extraction and from

extraction to the exit of the HPC respectively.

WHPC = (m, — mb)cp (Toaq — Toa)

. . . 4.39
+ (e — My, — Meoon )Cp (Tos — Toaa) ( )

Cooling air for HPT extraction occurs at station 5 just after the compression in HPC

before entering into CC for combustion process. This extracted air, in a mass flow

rate of m 012, Will be added to working fluid again, after combustion process before

entering HPT.

4.4.4 Power produced by HPT

Starting point of the adiabatic expansion process in HPT is point 6 because of two
effects. Firstly, due to the heat leakage one during combustion process in CC, ending
point of the process cannot reach 6’ but reach 6’°. Secondly, cooling air for HPT
decreases the temperature of the working fluid after combustion (before entering
HPT) from 6’ to 6. Adiabatic expansion process in HPT ends at point 7°’. Therefore,
power produced by the HPT is calculated by writing the energy balance of process 6-

7’ as follows.

Qg_rt — Wy = Z 1 (ho,out) = Z m (ho,in) (4.40)

out in

Adiabatic process and calorically perfect gas assumption makes the equation (4.40)
_WHPT = (Thc — My — Meoonn + mf)CpT07”

. . . (4.41)
- (mc — Mp — Meoopn t mf)CpT06
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rearranging equation (4.41) yields
Wypr = (mc — My — Meoonn + mf)cp (Tog — To77) (4.42)

where mass flow rate at the inlet and exit of HPT is m, — m;, — oo + My @S
shown in Table 4.1 On the other hand, quantity calculated by equation (4.42) is
equal to power consumed by HPC and auxiliary power requirement, since HPT

drives HPC and auxiliary equipment being on the same shaft.

As indicated by Mattingly et al. (2002), mechanical efficiency is defined for power
transmitting components such as shafts, gears etc. It has been defined considering

loses due to windage, bearing friction and seal drag. It can be expressed generally as

Mechanical power output

™ = "Mechanical power input (4.43)
where n,, represents mechanical efficiency. For HPT, it can be written that
_ Mechanical power transmitted to HPC and aux. equipment
Tz = Mechanical power produced by HPT (4.44)

where 7n,,, represents mechanical efficiency of high pressure spool (shaft). It has
been considered that power transmission to auxiliary equipment is provided by
another shaft, and mechanical efficiency of auxiliary equipment power extraction can

be written as

Auxiliary power requirement (W)

= 4.45
Maux = o chanical power extracted from HPT for aux. equipment (4.45)
or
Mechanical power extracted from HPT for aux.equipment
_ Waux (4.46)
T]aux
By substituting equation (4.46) into equation (4.44) and rewriting yields
_ WHPC + Waux/r/aux

NMmz = (4.47)

WHPT
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and finally becomes

; _ WHPC + Waux/naux
Whpr = (4.48)

Nm2

Equations (4.42) and (4.48) can be equated as follows.

WHPC + Waux/naux _ (m .
- c

Nm2

My — Megonn + mf)cp (Tos — To7rr (4.49)

4.4.5 Power produced by LPT

After adiabatic expansion process in HPT, cooling air for LPT is added to working
fluid and state of working fluid becomes 7 instead of 7°°. Therefore, adiabatic
expansion process from state 7 to 8 occurs in LPT. Energy balance equation can be
written for process 7-8 as

Q7= Wyg = ) 1it (hous) = ) 1 (hoin) (.50
out in '
and
~Wipr = (e — My + 1My )y Tog — (e — Ty, + 1), Ty (4.51)

and rearranging yields
Wypr = (mc —my, + mf)cp(TO7 — Tos) (4.52)

For the low pressure spool, mechanical efficiency can be written by utilizing
equations (4.43) and (4.44) as

Mechanical power transmitted to LPC and Fan

T = Mechanical power produced by LPT (4.53)
or
_ Wipc + Wy
Mt = =5~ (4.54)
LPT
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and rearranging yields
WLPT = (4.55)

Equations (4.52) and (4.55) can be equated as

Wipe + W, . . .
% = (mc -—my + mf)cp (To7 — Tog) (4.56)
M1

4.4.6 Thrust and propulsive power

As mentioned earlier, thrust and hence propulsive power are the main purposes of an
aircraft engine to propel the aircraft. Therefore, thrust and propulsive power
constitute important parameters for aircraft engine analysis. In chapter 3, a single-
spool turbofan engine has been utilized to demonstrate simple equations for thrust
and propulsive power. Now, formulations of thrust and propulsive power are to be
determined for the particular turbofan engine configuration utilized in this thesis.
These two parameters are utilized in calculations of objective functions of this thesis;
hence, they are very important.

4.4.6.1 Thrust

As expressed in equation (3.2), thrust consists of momentum component and pressure
component both for core nozzle and for bypass nozzle, when considering a turbofan
engine. For the configuration utilized in this thesis, thrust can be written part by part

as follows.
a. Core nozzle momentum component

Core air enters into engine at the mass flow rate of m_ at state 1 and leaves from the
core nozzle at the mass flow rate of m, —m;, + m, at state 9 as seen from Table
4.1 and Figure 4.1. Exit velocity of the core flow is vy and inlet velocity is v,.

Therefore core nozzle momentum part of the thrust is

F, = (e — my, + 1y )vg — 1wy (4.57)
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b. Core nozzle pressure component

Since inlet condition is 1 and exit condition is 9 for core flow in this thesis, utilizing

the third term of the equation (3.2), second part of the thrust can be written as
FZ = Ag(Pg - Pl) (458)

where A, is exit area of core nozzle and can be calculated via general mass flow rate
equation as performed by EI-Sayed (2008), Mattingly et al. (2002) and Cohen et al.
(1996).

m = pvA (4.59)
for this specific case it can be written as
The — 1y, + 1y = PVeAg (4.60)
rearranging yields

The — My, + M
Ag=—2—2 7 (4.61)
PoVg

where pg is the density of core flow at the core nozzle exit and it can be calculated

by utilizing ideal gas equation of state, due to ideal gas assumption. Hence,

P
— = RT, (4.62)
Po
Py
Po =R, (4.63)

where R is the gas constant of air. As explained in detail in Chapter 2, pressure
component of thrust is active only when choking at the nozzle exit occurs. If nozzle

is not choked, then pressure contribution in thrust equation becomes zero.
c. Bypass nozzle momentum component

Bypass air enters into engine at state 1 at a mass flow rate of m, and leaves bypass
nozzle at state 10F at the same mass flow rate. Exit velocity of the bypass flow is

v10r and inlet velocity is v;. Therefore, third part of the thrust is
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F3 = mp(vior — V1) (4.64)

d. Bypass nozzle pressure component

As applied in equation (4.58), pressure component of thrust for bypass nozzle can be

written considering inlet as state 1 and exit as state 10F as follows.
Fy = Ayor(Pror — P1) (4.65)

where A, is the exit area of bypass nozzle and can be calculated by mass flow rate

equation as written in equation (4.59).

Mg = p1orViorAior (4.66)
SO
Aror = —2F
O piorvior (4.67)

where p,,r is the density of air at bypass nozzle exit and can be calculated by ideal

gas equation of state as follows.

PlOF
p = ——
tor = (4.68)

Combining all of the above four components, thrust equation for this particular

turbofan configuration becomes

or

F = (1 — 1y, + 1ty )vg — 1,01 + 1i0p (V105 — V1) + Ag(Po — Py)

(4.70)
+ A1or (Pror — P1)

4.4.6.2 Propulsive power

Propulsive power has been expressed in Chapter 3 as thrust multiplied by aircraft
velocity (i.e. inlet velocity of air) as in equation (3.5). Therefore, propulsive power

for this particular turbofan engine is
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Wy, = v [ (i — 1y, + 1 )09 — vy + e (V107 — 11)
(4.71)

+ A9(Py — Py) + Asor (Pror — P1)]
Since thrust is a force, it is in units of N or kN; and propulsive power is a power, it is
in units of W or kW.

4.4.7 Thrust specific fuel consumption, specific thrust and overall efficiency

As explained in Chapter 3, there have been several performance parameters that
utilized as an objective function in thermodynamic analysis of aircraft engines. There
have been explained five broadly utilized parameters that are based on the first law
of thermodynamics point of view. These parameters were thrust specific fuel
consumption, specific thrust, propulsive efficiency, thermal efficiency and overall
efficiency. As mentioned earlier, overall efficiency is multiplication of thermal

efficiency and propulsive efficiency.

In this thesis, three of them have been selected as appropriate performance indicators
considering the first law of thermodynamics. These indicators are thrust specific fuel
consumption, specific thrust and overall efficiency.

4.4.7.1 Thrust specific fuel consumption (TSFC)

By utilizing equation (3.1) it can be written as

my
TSFC =—- (4.72)
and substituting equation (4.70) into equation (4.72) yields
TSFC
_ iy (4.73)
(mc —my + rhf)vg —mcvy + Mp(Wior — V1) + Ag(Py — Py) + Ayor(Pror — P1)
Unit of TSFC is g kN™'s™.
4.4.7.2 Specific thrust (Fy)
By utilizing equation (3.3) it can be written as
P = F
ST e + My (4.74)
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and substituting equation (4.70) into equation (4.74) yields F, in units of Ns kg™ as

F,

_ (11 — 1y, + Mg )vg — 1wy + e (V1p — V1) + Ag(Po — Py) + Ajor(Pror — Pr) (4.75)
m. +mg

4.4.7.3 Overall efficiency (n,)

It has been considered in this thesis that aircraft engine provides power for auxiliary
equipment in addition to propulsive power. Therefore, useful power produced by the
engine definition has been extended to propulsive power and auxiliary power.

Therefore, equation (3.14) can be rewritten as

No = W + Wy 4.76
? Mg QLuy (4.76)
and substituting equation (4.71) into equation (4.76) yields
N, = vl[(mc —my, + mf)% — vy + Me(Vior — V1)]
? mMeQrLuy
: 4.77)
+ V1[Ag(Py — Py) + A1or (Pror — P1)] + Wau
mMeQruy

4.4.8 Thermodynamic property relations

In order to be able to perform the thermodynamic analysis, all thermodynamic states
have to be determined. Starting from the state 1, all states have been determined one
after another. Temperatures, pressure, isentropic or polytrophic efficiencies,
velocities and mass flow rates have been determined where they are necessary. By
this way, all parameters that constitute objective functions have been accessed.
However, it is necessary to determine operating conditions of the engine before start
analyzing the parts one by one.

4.4.8.1 Operating conditions, design parameters and performance parameters
utilized in the thesis

Operating conditions, design and performance parameters utilized in this thesis has
been shown in Table 4.2. These values have been selected by utilizing references
Cohen et al. (1996), El-Sayed (2008), Mattingly et al. (2002), Mattingly (2006) and
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Tanbay et al. (2013, 2015) which includes many real-life examples and results of

experimental studies that characterize a typical twin-spool turbofan engine of a large

commercial aircraft. Values of design and performance parameters are constant as in

Table 4.2 when they are not variable.

Table 4.2 :

Operating conditions, design and performance parameters.

Operating Conditions

Value

216.8 K
22.7 kPa
0.85 Ma
100 kg s

Design Parameters

Value

TLpc
THPC

rC,Total

Waux HP

Tmax

3.5
5.0
175
1.7
6
0.03
0.00
0.05
350 kW
1300 K

Performance Parameters

Value

LK1
ELK2
er
€rLpc
€Hpc
€HPT
erpr
Tp
NN
NrN
M1
NMm2

naupr

APcc/Pos

0.02
0.02
0.90
0.90
0.90
0.88
0.90
0.95
0.95
0.95
0.98
0.98
0.98
0.02
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4.4.8.2 Diffuser

An adiabatic irreversible deceleration process occurs in diffuser of the turbofan
engine from state 1 to state 2. Some pressure losses occur due to friction and due to
shock waves (only for supersonic speeds) during this process. Temperature and
pressure at the inlet (state 1) is known since they are ambient air’s values at flight
altitude. Temperature and pressure of the ambient air is taken as 216.8 K and 22.7
kPa respectively at 11,000 m altitude for the cruise phase (Cohen et al, 1996). Inlet
velocity (flight Mach number) is assumed constant at 0.85 Ma, since commercial
aircrafts’ cruise speed is around this figure (Cohen et al, 1996; Mattingly, 2006). Exit
conditions have to be calculated by using inlet conditions and thermodynamic
relations for the process. A schematic illustration of a diffuser has been shown in
Figure 4.3.

:
|
|
|
|
V, —— Diffuser —+=V, < V|

|
|
|
|
|
d

Figure 4.3 : A diffuser (Cengel and Boles, 2005).

Energy equation for this process can be written as

Ora = Wia = ) 1t (hogud) = )12 (hosn) w8)

out in

Since there is no work interaction and process is adiabatic, heat and work terms

vanish. Remaining stagnation enthalpy terms yield
ho1 = hog (4.79)
and hence

To1 = To (4.80)
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By using equation (2.11), stagnation temperature relation can be written as
To1 =To =T4 + vi
o1 = Loz = 11 2, (4.81)
Ty, represents the stagnation temperature at the exit of diffuser for an irreversible
adiabatic process. If the process was reversible (i.e. isentropic and adiabatic),
stagnation temperature would be Ty, and related stagnation enthalpy would be hy,;.
In this case, isentropic efficiency of the diffuser can be written as

— hOZS B hl
b hOZ _ hl (482)

by eliminating c,, terms due to the calorically perfect gas assumption, it becomes

— TOZS - Tl
nD TOZ - T1 (4'83)

by rearranging equation (4.81), below can be written

vi

TOZ - T1 = T (484)
p

substituting equation (4.84) into denominator of equation (4.83) yields

T] — TOZS - Tl
b (4.85)
ZCp

then rearranging to draw T, yields

2
v
Toas =Ty +1p _2; (4.86)
p

On the other hand, by using isentropic process relation between temperature and

pressure as shown in equation (2.12), it can be written that

J/(k=1)

Py TOZS)
P ( T, (4.87)

by considering Py, = Py,s.
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Substituting equation (4.86) into equation (4.87) yields

vlz k/(k-1)

@:/Tﬁm)m
P, \ T,

or it can be written as

k/(k=1)
Poo (422
P, 2, T

By utilizing equation (2.13) and equation (2.14), it can be written that

%1

JKRT;

M1=

then by rearranging

v? = M2kRT,

(4.88)

(4.89)

(4.90)

(4.91)

Also, below arrangements can be done considering R, k, ¢, and c,, which are gas

constant, specific heat ratio, specific heats under constant pressure and constant

volume respectively (Cengel and Boles, 2005).

R=c¢,—¢
dividing by ¢,
c
—=1-=2
Cp Cp
also
L
C‘U
SO
1
Cp Tk

59

(4.92)

(4.93)

(4.94)

(4.95)



substituting equation (4.95) into equation (4.93) yields

R ) 1
& k (4.96)
or
R k-1
&k (4.97)

Substituting equation (4.91) into equation (4.89) yields

P M2kRT, /D
02 <+nu L 1) (4.98)

P, 2¢,T

cancelling T, terms and substituting equation (4.97) into equation (4.98) yields

Por _(,,, MEk(=1) /=)
P, D ok (4.99)
and cancelling k terms results in
P M2(k — 1)\/*V
% — <1 +np——= ( > )> (4.100)
1

In equation (4.100), purpose is to find P,,, the exit state pressure, by using the
known parameters P;, M; and k. However, n, is not known and below steps have
been performed to find an expression for it. Dividing both sides of equation (4.81) by
T, term yields

Toz vt
— =1
T, T3 T (4.101)

and substituting equation (4.91) into equation (4.101)

Too _ . MZ2kRT,
T, " 20T, (4.102)

simplifying and substituting equation (4.97) yields

Too . Mi(k—1)
T, - 1+ > (4.103)
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It has been already shown in equation (4.81) that T,, = Ty;. Using this equality,
equation (4.103) can be rewritten as

Tor .,  Mi(k—1)
T, 1+ > (4.104)

In Chapter 2, an equation for stagnation pressure and temperature have been defined
as equation (2.12). By utilizing this equation, left side of the equation (4.104) can be

written as
k/(k-1)

Poy To1)
P, (T1 (4.105)

S0 substituting equation (4.104) into equation (4.105) yields

k/(k-1)
Pos Mi(k—1)
P~ (1 + 5 (4.106)
The left side of equation (4.95) can be disintegrated into two parts as
Poz _ Foz For
P~ Py P (4.107)
where stagnation pressure ratio of the diffuser, r, is
_ Foz
p = Py, (4.108)

This pressure ratio is also known as pressure recovery factor and it has two

components as follows.
Tp =TpflDs (4.109)

In the right hand side of equation (4.109), first term, 7y, ¢, refers to pressure recovery
against decreasing effect of friction and it is a known parameter (less than but close
to 1) as seen in Table 4.2. On the other hand, second term, rp , refers to pressure
recovery against decreasing effect of shock waves when the Mach number is above
1. As mentioned by Cohen et al. (1996) and Mattingly (2006), r,s has been

formulized as

s =1 when M < 1 (4.110)
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and

mps = 1—0.075(M — 1)*3°  when1<M <5 (4.1112)

Since in this thesis Mach number of the flight has been assumed as constant at 0.85,
7ps IS considered as equal to unity, so it does not have any effects on equation
(4.109).

After accessing stagnation pressure ratio of diffuser, substituting equations (4.106)
and (4.108) into equation (4.107) yields

P M2(k — 1))/
2y <1 + ¥> (4.112)

P 2

and substituting equation (4.100) into equation (4.112), one can reach an equation

with the only unknown, isentropic efficiency of the diffuser as

M2 k—1 k/(k-1) Mz k—1 k/(k-1)
(1 +1p %) =1p (1 + %) (4.113)
taking the power of (k — 1)/k of both sides yields
MZ(k—1 MZ(k—1
141, % = (1)t D/k (1 + %) (4.114)

drawing the isentropic efficiency of diffuser and leaving it alone on the left side

yields

(1 + w) () 0D/ _ 1

MZ(k—1)
2

Np = (4.115)

By this equation, one can calculate P,,, stagnation pressure at the exit of diffuser by
using equation (4.100). Calculation of T, has already been demonstrated in equation
(4.103). Hence, state of air at the diffuser exit is known without any unknowns

remaining after performing above calculations.

4.4.8.3 Fan

An adiabatic irreversible compression process occurs in fan from state 2 to state 3.

Temperature and pressure of the air rises due to this compression process. Stagnation
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properties at the inlet of fan have been calculated above as exit properties of diffuser.
Here, aim is to utilize inlet properties of fan (exit properties of diffuser) and
determining the properties at the exit of fan by applying adiabatic irreversible
process relations. Schematic illustration of a turbofan has been presented in Figure
4.4,

Figure 4.4 : A turbofan (Langston, 2011).

Fan is one of the rotating machinery in the turbofan engine and it works with a
predetermined pressure ratio. In other words, exit stagnation pressure over inlet
stagnation pressure of fan is determined by designers and it is an input for cycle
analysis. This predetermined ratio is called as pressure ratio of fan and can be written

as

_Fos
"= (4.116)

In order to find exit stagnation temperature, there should be a link between pressure
ratios and temperature ratios for compression process in fan. In some studies in
literature, isentropic relation between temperature and pressure has been utilized
directly assuming the compression process in fan is adiabatic and reversible so
isentropic. However, in the thesis the process in fan is considered as adiabatic but
irreversible. Therefore, instead of directly utilizing the isentropic relation between
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temperature ratios and pressure ratios as it is, a corrected version of isentropic

relation has been utilized in the thesis.

In order to find a correction, literature review has been performed. In Mattingly
(2006) it has been shown that isentropic efficiency of a multistage compressor is a
function of compressor pressure ratio, pressure ratio of each stage and isentropic
efficiency of each stage as

Ne = k—1
e

In equation (4.117), n is compressor isentropic efficiency, r. is compressor

pressure ratio, N is the total number of stages, 7;; is isentropic efficiency of j™ stage
of compressor and ry; is pressure ratio of j™ stage of compressor. Derivation of

equation (4.117) has been shown in Appendix B.

For a specific compressor having a specific pressure ratio, specific number of stages,
specific isentropic efficiency of each stage and specific pressure ratio of each stage; a
constant and already-known isentropic efficiency of compressor could be determined
an utilized in calculations. This constant isentropic efficiency of compressor would
be the figure of merit for this component, and would be utilized to link the

temperature and pressure ratios at the exit and inlet of the component.

However, in parametric cycle analysis, since compressor pressure ratio is one of the
variables as being a design parameter, a constant isentropic efficiency is not the case
for such a hypothetic component which may have any pressure ratio between two
specified values. The same concern is also valid for fan and turbines due to having
variable compression or expansion ratios in parametric cycle analysis. Therefore, it is
a common practice to utilize another figure of merit for turbomachinery that is
constant for variable compression (or expansion) ratios in literature. This figure of
merit is named polytropic efficiency and has been utilized by many studies and
textbooks such as Cohen et al. (1996), Najjar and Al-Sharif (2006), Mattingly
(2006), El-Sayed (2008) and Tai et al. (2014).
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Firstly, isentropic efficiency has been defined for a fan, then polytropic efficiency
has been defined and derived for a fan. Also relation between isentropic efficiency

and polytropic efficiency has been shown.

Isentropic efficiency for a fan can be defined considering a specific compression

ratio as

work required for reversible (ideal)adiabatic compression

r = work required for real compression (4.118)
which can be rewritten in terms of stagnation entalpies as
e = pss oz 4119
F hoz — ho2 (4.119)
or eliminating constant c,, and rewriting in terms of temperatures
np = T03S - TOZ 4.120
" Toz = Toz (4.120)
Dividing by T, it becomes
h -1
_ TOZ
Nr = m (4.121)
Toz
and using isentropic relation for temperature and pressure ratios, it becomes
(h)(k—l)/k .
_ POZ
N = TO3 (4122)
ELER
TOZ
and lastly, using equation (4.116), equation (4.122) has been shown as
_ (rp) /K —1
F Tos _ 4 (4.123)
T
02

As stated before, this definition is valid for a specific fan having an already-

determined pressure ratio.

Before starting derivation of polytropic efficiency, it is important to note that

polytropic efficiency utilized in the thesis should not be perceived as the efficiency
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of a compression or an expansion process which also includes heat transfer (i.e.
polytropic process) as its name suggests. Instead, it is actually a correction factor for
isentropic property relations between temperatures and pressures when the process is
adiabatic but not reversible. The name of the polytropic efficiency would be more
correctly expressed as “differential-pressure-change based correction factor for
irreversibility of an isentropic relation”, “differential-pressure-change based
irreversibility correction factor for an isentropic relation” or briefly “differential-
pressure-change based irreversibility correction factor” in order not to cause any

confusion with polytropic process including heat transfer.
Differential-pressure-change based irreversibility correction factor for adiabatic
compression process in a fan can be defined as

work required for ideal (isentropic) compression for a dif f.pressure change
egp =

work required for real compression for a dif f.pressure change (4- 124)

By utilizing equation (4.124) and considering equation (4.35), differential-pressure-
change based irreversibility correction factor for adiabatic compression process of

fan can be expressed as

_ dhgs
ep = dhy (4.125)
or
_ dTos
er = aT, (4.126)

where subscript s represents the ideal (isentropic) process. Utilizing the general

equation for entropy change of an ideal gas as given in Cengel and Boles (2005),

dT dpP
ds=c,——R 7 (4.127)
dividing by R and utilizing the relation expressed in equation (4.97) yields
ds k dT dP
s T T 5 (4.128)

R k—-1T P

If the process is assumed to be isentropic, then it means that ds = 0 and temperature

takes subscript s as in equation (4.126). Then,
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0=r————— (4.129)

This relation can also be written for stagnation properties as

o_ _k_dTos _dp,
=171, P (4.130)

rearranging yields

dTys k- 1dP,
PR (4.131)

dividing equation (4.126) by T, yields

er = dTOS/TO

Now, equation (4.131) is substituted into equation (4.132) as

k—1dP,
__k Py (4.133)
T AT, /T,
rearranging
dTO _ k - 1 dPO
To ~ ken Py (4.134)

integrating between state 2 to state 3 yields

n = In
Tog kep Py, (4.135)
then it becomes
(ﬁ) 1
Tos _ (@) K er (4.136)
TOZ P02

then by using pressure ratio of fan definition as in equation (4.116), T,3 can be

found by

(4.137)

(%) —]

Toz = Toz [rp
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Value of differential-pressure-change based irreversibility correction factor for
adiabatic compression (or expansion) process is an input that is already known and
considered as constant for any turbomachinery, and values used in this thesis have

been shown in Table 4.2.

Therefore, with the known fan pressure ratio and differential-pressure-change based
irreversibility correction factor for adiabatic compression process of fan, inlet

temperature T,, has been utilized to calculate exit temperature Tjs.

In order to write a relation between differential-pressure-change based irreversibility
correction factor for adiabatic compression process and isentropic efficiency,

equation (4.136) and equation (4.116) have been substituted into equation (4.123) as

)T -1
k-1

(TF)(T) er — 1

Ng =

(4.138)

Equation (4.138) clearly shows the relation between constant differential-pressure-
change based irreversibility correction factor for adiabatic compression process
(figure of merit for turbomachinery), variable fan pressure ratio and variable fan
isentropic efficiency. In case of requirement, isentropic efficiency of fan can be
calculated by using equation (4.138) for a specific fan pressure ratio. In the thesis, it
has not been required to do so for turbomachinery (fan, LPC, HPC, HPT, LPT);
instead, exit pressure and exit temperature values have been calculated by using
equation (4.116) and equation (4.137) respectively. The same approach has been

considered for compressors and turbines.

4.4.8.4 LPC and HPC

Air enters into LPC at pressure P,; and temperature T,;. After an adiabatic and
irreversible compression process, air leaves LPC at P,,, Ty, respectively. Schematic

illustration of a twin-spool axial compressor has been presented in Figure 4.5.

Compression ratio or pressure ratio of LPC is an input, since it is a design parameter

as for the fan. Pressure ratio of LPC can be expressed as

P04-

TLpc = P_03 (4.139)
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Utilization of differential-pressure-change based irreversibility correction factor for
adiabatic compression process and steps for determination of the exit temperature
formula is the same as fan, since both in fan and in LPC air goes under an adiabatic
and irreversible compression process with work input. Therefore equation (4.124) is

also valid for LPC and equation (4.137) can be written for LPC as

k-1 1
Toa = Toz |1, [ L(pck Jare

(4.140)

—_ LP C()\MPRESSOR HP COMPRESSOR DRIVE FROM TURBINE

LP Sk

{AFT
DRIVE FROM TURBlNE\

.
% N \h J
w '
3 COMBUSTION SYSTEM
ACCESSORY DRIVE MOUNTING FLANGE

TWIN-SPOOL COMPRESSOR
Figure 4.5 : A twin-spool axial compressor (Rolls Royce, 1996).

where e; p IS differential-pressure-change based irreversibility correction factor for
adiabatic compression process of LPC. Now, pressure and temperature have been
determined at the LPC exit, which is inlet of HPC. HPC has been considered in two
parts. One part is from state 4 to state 4a until the cooling air for LPT is drawn.
Second part is from state 4a to state 5 until the end of HPC. For both of these parts of
HPC, pressure ratio is predetermined (design parameter) and can be written as

_ P04a

Thpc1 = Pos (4.141)
Pos

Thpc2 = Pora (4.142)
a
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Then, total compressor pressure ratio becomes

P04 P04a* POS

or by simplifying it becomes
Pys
Tc,Total = P (4.144)

03

since 1¢ rorq 1S the ratio of exit pressure of compressor (exit of HPC) to the inlet
pressure of compressor (inlet of LPC). In addition to section 4.4.8.1, it has to be
clarified that when total compressor pressure ratio, r¢ ro¢q;, IS cOnsidered as variable,
one of the components of compressor has been kept constant and the other
component has been varied. Namely, the compressor pressure ratio for LPC has been
kept constant at 2.5 and the compressor pressure ratio for HPC has been varied
within 1 and 13.4 so that total compressor pressure ratio has covered the values

between 2.5 and 33.5 when it is considered as variable.

As for fan and LPC, adiabatic irreversible compression process with work input is

valid for HPC; therefore, temperature relations can be written as

| ) amee
T04a = TO4- er61 eHPC (4145)

— (%) eHlpC—

TOS = T04a Tupc2 (4146)

where eypc Is differential-pressure-change based irreversibility correction factor for

adiabatic compression process of HPC.

4.4.8.5 Combustion chamber

After leaving the HPC, second cooling air (cooling air for HPT) is drawn at state 5
before entering combustion chamber. The mass flow rate for HPT cooling extraction
IS Mooz @S Seen in Table 4.1 Then, mass flow rate of remaining air flow is m, —
My — Meoo11 — Meoorz @Nd this amount goes under the combustion process. During

the combustion process, m, is the mass flow rate of fuel added. Therefore at state 5,

mass flow rate of air at the CC inlet is m, — my, — M;po11 — Meoorz @Nd at State 6 it
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IS e — My — Meoorn — Meoorz + My Schematic illustration of a combustion

chamber has been presented in Figure 4.6.

Due to metallurgical constraints, maximum temperature allowed at the CC outlet is
limited and it is a design parameter which is determined during the design phase of
the engine (Mattingly, 2006). Therefore, it is given as an input to the thermodynamic
cycle analysis of the turbofan engine. In this thesis, value of T, (maximum

temperature at CC exit) has been considered as an input and shown in Table 4.2.

In order to reach that temperature with known CC inlet temperature, mass flow rate
of fuel has to be adjusted such that it will carry the temperature of the flow to
predetermined T, level from different CC inlet temperatures. Therefore, two
expressions have been developed for the mass flow rate of fuel and fuel to air ratio
respectively. Right hand sides of these two expressions are composed of known

parameters, so mi, and a can be calculated depending on the inlet temperature of CC

and predesigned exit temperature.

FLAME TUBE COMBUSTION

TURBINE
\ OUTER CASING NOZZLE GUIDE

VANES

H.P COMPRESSOR QUTLET —
GUIDE VANES

COMBUSTION INNER
CASING

FUEL MANIFOLD \
/ TURBINE CASING MOUNTING
FLANGE

COMPRESSOR CASING DILUTION
MOUNTING FLANGE AIR HOLES

Figure 4.6 : An annular combustion chamber (Rolls Royce, 1996).
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Substituting equation (4.6) into equation (4.9) yields

1 Quuy = (e — 1y — Meoor1 — Mootz + 7t )T o

~ (g 1t — Meoots ~ Meoot2)sTos (@147
Rearrangement yields
(e — My — Megorr — mcoozz)cp (Toe' — Tos) = mf(QLHV — pToe’) (4.148)
SO
mf _ (e — My, — Megonn — mcoolz)cp(TOG' — Tos) (4.149)
Qruv — ¢pToe '

Dividing by (m; — 1y, — Mcpo11 — Meoorz) 1N Order to utilize equation (4.5) yields

Cp (Toe’ — Tos)
a =

= Vo = e To (4.150)

In order to find T, which is the temperature level fallen from maximum
temperature level T, due to heat leakage one, €., has to be utilized. &, has
been considered as an input in this thesis. Three different values for gk, have been
selected, 0%, 2% and 4%. Effects of &, on the performance of the engine have
been investigated on these three scenarios. In equation (4.24), a mathematical
relation has been established between calculated air to fuel ratio «, calculated CC
inlet temperature Ty, predetermined maximum CC outlet temperature T,.s, heat
leakage ratio one g, and temperature level after heat leakage T,.. Rearranging
equation (4.24)

erki[(1+ a)Togr — Tos] = (1 + @)(Toer — Toe) (4.151)
Then
ek1[(1 + a)Toer — Tos]
Toe — T = 1ta (4.152)
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And so

ek [(1+ )Ty — Tos)
1+a

Toer = Toer — (4.153)

Then, exit pressure of CC has to be calculated since temperature and fuel
consumption values have been determined. As expressed by Mattingly (2006) and
El-Sayed (2008), there exists a pressure loss in the CC mainly due to friction. This
loss may be a few percent in total and it has been assumed to be 2% in this thesis as
indicated in Table 4.2. Due to this loss, pressure ratio of CC can be written as

Pogrr
<1
Pos (4.154)
Then, to reach an expression
Pogrr = Pos — AP¢c (4.155)
or rearranging yields
AP
Pogrr = Pos (1 - Pos ) (4.156)

where AP is the pressure loss in the combustion chamber.

4.4.8.6 HPT and LPT

An adiabatic irreversible process takes place in each of HPT and LPT. After CC,
HPT is the next component to proceed for core flow. As mentioned earlier,
combustion products after combustion are mixed with cooling air two before entering
into HPT. After cooling effect, flow comes to state 6 and it is the inlet state of HPT.

Schematic illustration of a twin-turbine has been presented in Figure 4.7.

Since the pressure of cooling air and core flow is nearly the same, it can be written
that

Pog = Pogrr (4.157)
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Figure 4.7 : A twin-turbine (Rolls Royce, 1996).

Also, in order to find the temperature at state 6, energy balance equation has been
written for the inlet of HPT. Cooling air enters with temperature T, since it was
taken out from state 5 and mass flow rate m,,,;». On the other hand, core flow
enters with T, since it has dropped from state 6’ to state 6’ due to heat leakage
one. Mass flow rate of the core flow is m — m;, — M o011 — Mooz + My since fuel
has been added in CC. The resulting temperature at the HPT inlet is T, after
cooling. Total mass flow rate that enters HPT is summation of above mentioned two
streams resulting in m¢ — m;, — Me011 + M. Then equation is

mcoolZCpTOS + (mC — My — Meoor1r — Megorz T mf)CpT06”

. . . . (4.158)
= (mC —Mp — Meoor1 + mf)CpT06

cancelling ¢, terms and dividing by m¢ — m,, — M1 + ™M term in order to solve
for T, yields

T = MeoorzTos + (mC — My — Moo — Megolz T mf)TOG”
06 —

- - - : 4.1
(mC — My — Moo + mf) ( 59)
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By calculating the temperature and the pressure at state 6, inlet conditions at the HPT
inlet have been determined. Equation (4.49) can be rearranged to solve for T,»

which is the exit temperature of HPT.

WHPC + Waux/naux

Tog = To7 = 5 ; 5 ; 4.160
Nm2 (mc — Mp — Meooln + mf)cp ( )
then substituting equation (4.39) into equation (4.160) yields
Toe — Toyr
_ (mc - mb)cp(T04a - T04) + (mc - mb - mcooll )Cp (TOS - T04a) + (Waux/naux) (4161)
Nm2 (mc - mb - mcooll + mf)cp
eliminating ¢, terms and solving for T, yields
Toprr
(mc - mb)(T04a - T04) + (mc —my — mcooll)(TOS - T04a) + nwaiwép (4'162)
— T06 _ aux

Mz (e — 1y, = Mcoon + 1i1y)

Since temperature at HPT exit has been calculated, pressure at HPT exit has to be
calculated to access thermodynamic state of HPT exit. As done for fan and
compressors, differential-pressure-change based irreversibility correction factor for
adiabatic expansion process has been utilized for turbines in this thesis. By utilizing
differential-pressure-change based irreversibility correction factor for adiabatic
expansion process, a relation has been calculated between temperatures and pressures
of inlet and exit of turbines. differential-pressure-change based irreversibility
correction factor for adiabatic expansion process has been defined by Mattingly
(2006) as

€upr
_ actual HPT work for a dif ferential pressure change (4.163)
~ ideal (isentropic) HPT work for a dif ferential pressure change

then by utilizing equation (4.126)

dT,
eypr = m (4.164)
s
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dividing by T, and utilizing equation (4.131) yields

dTy/T,
CHPT = T/ T,

and
_ dTo/T,
k P,

then

dTy _ eypr(k —1)dP,
Ty k P,

integrating between state 7’ and state 6

Ty _ eypr(k —1)  Pon
In = In

T06 k P06
then it becomes
(k—Deppr
Topm _ <P07”>
T06 P06
Solving for P, yields
T k
1\ (k—1) egpr
07
Py :PO6<T )
06

(4.165)

(4.166)

(4.167)

(4.168)

(4.169)

(4.170)

where eypr is differential-pressure-change based irreversibility correction factor for

adiabatic expansion process of high pressure turbine. So, exit temperature and
pressure at HPT exit have been calculated with equations (4.157) and (4.165). After

HPT, core flow proceeds to LPT; however, cooling air for LPT is added to this core

flow before entering into LPT. Therefore temperature, T,> and pressure, P,, at the

LPT inlet have to be determined by considering the effects of cooling air for LPT.

As explained for HPT, cooling air for LPT also has a pressure level close to the core

air proceeding to LPT. Therefore it can be written that

Py; = Py,
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Energy balance equation can be written for LPT entrance as done for HPT entrance.
Cooling air has been drawn from state 4a with a mass flow rate of m_,,;;. Also, core
air proceeding to LPT is at state 7°” with a mass flow rate of m, — m, — Mgeo11 +
my. As aresult, inlet state of LPT is state 7 and mass flow rate is summation of these
two streams. Then, energy conservation equation at LPT entrance yields

(mc —Mp — Meoor1 + mf)CpT07” + mcoollcpT04a

L (4.172)
= (e — 1y, + 1)y To7

eliminating c, terms and dividing by m. — m, + m, in order to solve for T, yields

(mc — Mp — Meoon + mf)TO7” + Meoo11T04a

T, =

07 i, — 1y + ity (4.173)
Temperature and pressure have been calculated for LPT inlet. Then, those of LPT
exit have to be calculated. In order to calculate temperature at the LPT exit, equation
(4.55) can be utilized. When equations (4.35), (4.36) and (4.52) are substituted into

equation (4.55), it yields

(mC - mb + mf)cp (T07 - T08)
_ MeCp(Tos — To3) + (1 + 1p)cy(Toz — Toz) (4.174)

M1

where Tog is the temperature to be determined. Cancelling c, terms and dividing

by m, —m,, + m; yield

T = e (Toa — Tosz) + (M + mp)(Toz — Toz)
v N1 (i — 1hy, + 17y )

(4.175)

or

M (Tos — To3) + (M + mp) (T3 — Toz)

Tos = Toy —
v N (the — 1y + 10 )

(4.176)

Then, in order to calculate exit pressure of LPT, P,g, the same relation has been
utilized as for HPT exit. Therefore, by utilizing equation (4.170) it can be written that

__k
Tog)(k—l) eLPT

P08:P07(_

(4.177)
T07
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where e; pr Is differential-pressure-change based irreversibility correction factor for

adiabatic expansion process of the low pressure turbine.

4.4.8.7 Core nozzle

After HPT and LPT, core air proceeds to core nozzle before leaving the engine. Air
is expanded and accelerated to a very high velocity in order to provide thrust and
produce propulsive power for the aircraft. Air enters at state 8 and leaves the engine
at state 9. Schematic illustration of core nozzle has been illustrated in Figure 4.8.

Figure 4.8 : A nozzle or exhaust (inner red arrows show core nozzle) (Rolls Royce,
1996).

As mentioned in Chapter 2, exit condition of air from nozzle differs with respect to
expansion level (i.e. exit pressure level). If the critical pressure is above or equal to
the environment pressure, then it is said that flow is choked. Otherwise, it is
unchoked. This critical pressure yields the pressure where Mach number at the exit is

equal to unity (Cohen et al, 1996). It can be calculated as

172

hog = hog = her + % (4.178)

can be written since the process is adiabatic and no work interaction occurs. Then

due to calorically perfect gas assumption it becomes

2
1‘7(,' T

Tog = Tr +
08 cr 2c

(4.179)
p
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By using equation (2.13) and (2.14), since M = 1 at critical conditions

Ver = ¢ = [kRT,, (4.180)

Substituting equation (4.180) into equation (4.179) yields

kRT,,

Zc, (4.181)

Tog = Ter +

Utilizing equation (4.97) and cancelling k terms yield

k—1
Tog = Ter (1 t—— ) (4.182)
or
k+1
Tog = Ter (—2 ) (4.183)
then T,,. becomes
2
Ter = Tos 777 (4.184)
or it can be written as
k—1
TCT = T08 (1 - k—-|-1) (4185)

Critical temperature has been calculated in terms of core nozzle inlet temperature. To
link the critical pressure to temperature, isentropic efficiency of core nozzle ny has
to be utilized. It has been defined by Cengel and Boles (2005) as

Actual kinetic energy at the nozzle exit

v = Ideal kinetic energy at the nozzle exit (4.186)
SO it can be written as
Ny = hcr - hos
¥ Rers — hos (4.187)

where subscript s represents the isentropic case. Due to calorically perfect gas

assumption it can be written as
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Ny = Ter — Tog
N Tcr,s — Tos (4'188)

Dividing right hand side by T,g and then cancelling yields

Ter _
(4.189)

Into the numerator of equation (4.189), equation (4.185) can be substituted. Then it

becomes

k—1
I
W T (4.190)
s _
08

Also, utilizing isentropic temperature-pressure relation it can written that

k-1
Ter s _ (ﬁ) k (4.191)
T08 POS

Substituting equation (4.191) into equation (4.190) yields

k-1
_TRA1
k=1 (4.192)

NN = PR
k
(p) “ -1

Rearranging to solve for P,,

k-1
(Pcr)T 1| = k-1
(5. =171 (4.193)
and
PNT 1 /k—1
(i) _ __(;) (4.194)

80



then

k- 1)]% (4.195)

1
P, =P [1 —~ —(—
cr 08 Nx k+1
So, critical pressure has been calculated. If the critical pressure is above or equal to
the ambient pressure, where P.. > P;, then the flow is choked. Mach number is
equal to unity that is M = 1 and v? = kRT is valid. In this case, exit pressure Py is

equal to critical pressure that is Pyg = P.,.. Then using equation (4.184) and velocity

definition it becomes

2
Tog = Tosk—_l_1 (4.196)
and
Vg =/ kRTy (4.197)

If the critical pressure is less than the ambient pressure, which is P.,. < P;, then flow
is said to be unchoked. Pressure at the exit is assumed to be equal to ambient
pressure that is Pyo = P;. Temperature at the nozzle exit can be calculated in this

case as follows. By using equation (4.186)
ny = os ~hy 4108
N hog — hos (4.198)
then

- T08 _ T9s (4199)

and it becomes

NMn = T T, (4.200)

Utilizing the isentropic relation in equation (4.191) and substituting it into equation
(4.200) yields
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NN = Tos
k-1
1— (&)(T) (4.201)
Posg
then
k-1
1 Ty _ 1 <P9 )(T)
Tos v Pog (4.202)
or
k-1
Ty L 1 (P9 )(T)
Tos NN Pos (4.203)
and finally
k_
T r |4 1 <P9 )(Tl)
9 = log NN Pys (4.204)
and velocity can be found by
v5
calorically perfect gas assumption yields
vs
Ty + E = Tos (4.206)
and rearranging yields
vs = (Tog — To)2¢y (4.207)

then

Vg = /Zcp(Tos —To) (4.208)

82



or

T
Vg = \/ZCpTOS (1 - ﬁl) (4.209)

Substituting equation (4.203) into equation (4.209) finally yields

Py
179 = ZCPT]NTOS 1 - (P_O8>

So, for both of the scenarios temperatures, pressures and velocities have been

(k-1)/k
l (4.210)

calculated by utilizing critical pressure.

4.4.8.8 Fan nozzle

As mentioned earlier, after passing the fan component, some of the air proceeds
directly to fan nozzle without passing through compressor, combustion chamber,
turbine and core nozzle sequence. Fan nozzle process is an expansion process where
air is accelerated in order to contribute to thrust. State 3 is the inlet state of air and
10F is the real exit state where both heat leakage from CC to bypass air (i.e. heat
leakage one) and heat leakage from bypass air to ambient air (i.e. heat leakage two)
occurs. Moreover, imaginary state 10F’ represents the adiabatic case and imaginary
10F”” represents the exit state when there is only heat leakage one. Schematic
illustration of fan nozzle has been illustrated in Figure 4.9.

As done for core nozzle and shown in equation (4.195), critical pressure for fan

nozzle can be written considering the inlet state is 3 as follows.

k
1 k= 1\jF1
_ 1 4.211
PCT P03 [1 NrN (k + 1)] ( )

As mentioned above for core nozzle, if the critical pressure is greater or equal to the
ambient pressure at the fan nozzle exit (i.e. P.. = P;) then the flow is said to be
choked. In this case, exit pressure is assigned to critical pressure. So, it can be written
that

Piop' = Pyop" = Pror = Fer (4.212)
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Figure 4.9 : A nozzle or exhaust (outer blue arrows show fan nozzle) (Rolls Royce,
1996).

Since at the critical conditions Mach number is equal to unity and equation (4.192) is
also valid. Therefore it yields the following.

Vior' = v kRT1op (4.213)
Vior" =+ kRT1opr (4.214)
Vigr = +/ kRTlOF (4215)

When it comes to determination of temperatures, firstly T, has been calculated by
utilizing equation (4.196) since it is the adiabatic case. Then, the case that includes
heat leakage from CC to bypass air, T,,z, has been calculated by utilizing T yz.
After, T,,r has been reached which is the case that includes both heat leakage one

and heat leakage two. By utilizing equation (4.196)
2
Tyorr =337 Tos (4.216)
In order to find an expression for T,,z, equations (4.13) and (4.18) have been
equated, so it yields
(mc - mb - mcooll - mcoolz + Thf)cp (TOG’ - TOG”)
2 —v? (4.217)

v 17 ’
. . 10F 10F
=MgCy (T1oprr — T1gpr) + Mg ( 2

84



Dividing both sides by c,m it becomes

(mc — Mp — Meoor1 — Megorz + mf)(T06’ — Ty

mg
2 2 (4.218)
v n —7. r
= (TIOF” - TlOF’) + -0 -0
ZCp

Then, by utilizing equation (4.5), mass flow rate of fuel can be rewritten and

equation (4.218) becomes

(mc — My — Meoonn — mcoolz)(l + a) (TO6’ - TO6”)
mg
— 2 (4.219)

2
10F"’ 10F’

2cp

v
= (T10F” - TlOF') +

Then dividing left hand side of the equation (4.219) by m. and utilizing mass flow
ratio equations (4.2), (4.3), (4.4) and lastly (4.1) yields

A—y—=0;—0)(1+ a)(Toe — Toe)
B

2 (4.220)

2

v n—7 I

_ 10F 10F
= (Tyop — Tyop') + e

P

Then, substituting equations (4.216), (4.214) and (4.213) into equation (4.220) yields

A—-y—=0;—0)(A+ a)(Tye — Togr)

B
2 4.221
T 2 T4 kRTyop — kR k—-|-1T°3 ( )
T CA0FT T 03 2¢,
or
A-y—=06;,—0)(A+ a)(Tys — Toe)
B
2 4,222
_7 2 T+ kR(T1op" — k_—|—1T03) ( )
— T10F” k+1 9 2¢,

85



By utilizing equation (4.97) and substituting it into equation (4.222) yields

(1=y—=0;=0)(A+ a)(Tye — Togrr)

B
2 (4.223)
2 (k = 1)(T1op — k_-l—1T°3)
=T1op" — mTos + >
Then regrouping right hand side yields
1—y—0,—-0)(1+ a)(Toe — Tper)
b 4.224
—(1+k_1)T 2 T k—1 2 T (4.224)
B 2 )R T 1 T Ty 103

Rearranging the terms with Ty5 yield

A-y—6,-0)1+a)(Toe —Toe) (k+1
B =\ Tyor — To3 (4.225)

Then final form yields

2 1—yv—0,—0,))(1+a)(Tyer — Toerr
Tyop = (( )4 1 2)( )( 06 06 )+T03>

| 3 (4.226)

Then, in order to find Tyor by using T, .z, heat leakage ratio two, €, has been

utilized. Substituting equations (4.91), (4.214) and (4.215) into (4.32) yields
kRTyz" — kRT
cp(T1or" — Tror) + 10F > 107

€LKk2 = (4.227)
kRT,oz" — M?kRT
cp(Tropr — T1) + 107 ) 1 !

Rearranging yields

¢, + kR
( L 2 )(T10F” - TlOF)
SLKZ == (4228)
c, + kR
( £ ) )(TIOF” - M12T1)

Eliminating equal terms in the numerator and denominator yields

£,y = a0 = Tior) 4.229
LKz (Tyopr — M12T1) (4.229)
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or equation (4.229) can be rewritten as

erx2(T1opr — MPT1) = T1opr — Tior (4.230)
Then,
erx2Tror — Trop" = eLk2MiTy — Tiop (4.231)
and finally
Tior = (1 — e1x2) T1op! + ELk2MiTy (4.232)

Hence, all thermodynamic states have been determined and all required properties

have been calculated for the thermodynamic cycle analysis.

4.4.9 Coefficient of ecological performance, entropy generation rate and exergy
destruction factor

As defined and expressed in equations (3.20) and (3.21) under Chapter 3, CEP is a
measure that provides insight on how much power has been utilized from the engine
for each unit of exergy destructed. In this thesis, it has been assumed that engine does
not only provide propulsive power but also provides auxiliary power to aircraft.
Therefore, auxiliary power provided by the engine has also been added to the
definition of CEP and it has been updated for this thesis as

_ Propulsive power + Auxiliary power

CEP =
Exergy destruction rate (4.233)

And in mathematical form,
CEP = —— (4.234)

where W, has been given in equation (4.71), W,,,, is a constant power level for an

ordinary commercial aircraft and Exg, iS
EXgest = T1Sgen (4.235)

It is clear that Sgen has to be calculated first in order to reach Ex g,
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Entropy generation rate can be determined by writing the entropy balance equation
for the turbofan engine considering it as a control volume. Equation (2.21) has been
utilized for determination of entropy generation rate since it includes inlet flows, exit

flows and heat transfer terms which represent the steady-flow turbofan engine.

Inlet flows that have been considered are core flow and bypass flow at state 1.
Moreover, fuel has also been considered as an inlet flow. It has been assumed that
properties of the fuel are the same as air due to small fuel to air ratio and for
simplification. Therefore, entropy property of the fuel has been assumed to be the

average of states 5 and 6’ for simplification.

Exit flows that have been considered are air at the core flow exit, air at the fan nozzle
exit and bleed air. Exit states of fan nozzle, core nozzle and bleed air are state 10F,

state 9 and state 4 respectively.

Heat transfer terms that have been considered are heat transfer in CC and in fan
nozzle. Increase in the flow energy of the core air during combustion process has
been considered as the heat transferred to the engine, and heat lost to the surrounding
from the fan nozzle is considered as the heat transferred from the engine. Hence,

components of equation (2.21) can be written in the following form.
Z MeSe = [ThFSmF + (M, — myp + Ms)se + Thb504] (4.236)
where s; 4 IS the entropy of the bypass air at the fan nozzle exit, s, is the entropy of

the core air at the core nozzle exit and s, is the entropy of the bleed air.

. L (o Sog)
> s = [(mp O (4.237)

where s; is the entropy of the air at the engine inlet, sy5 and s, are the entropy
values at the CC inlet and outlet. Entropy term due to heat transfer for the CC can be
written as

Qk _ (mC — My — Meoo11 — Meoorz t mf)CpTO6’
1Tk Toe

. . . . 4.238
(mC —Mp — Meoo11 — mcoolz)CpTOS ( )

Tos'
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and, entropy term due to heat transfer from fan nozzle can be written as

UZ ll—'UZ
. 10F
O, Mmg [Cp (Tyopr — Tror) + Wfl

2T T,

Therefore, combining all the terms above yields

Sgen = [mFSmF + (M, —myp + Mf)se + mb504]

(sos + SO6")]

- [(mp + mc)s, + my >

(mC — Mp — Meoo11 — Meootz t mf)CpTOG’

Tos’
_ (e — My — Megonn — mcoolz)CpTOS
Toe’
2 2
v n—71
. 10F 10F
mg [Cp (Tyop — Tror) + - 5 l
+
T,

(4.239)

(4.240)

In order to solve equation (4.240), entropy terms have been coupled with respect to

their mass flow rates. Entropy change formulation of an ideal gas has been utilized to

solve these couples as shown in equation (2.18). All couples have been shown and

written explicitly as

MrSior — MpSq4 = M (c ln@—Rlnm)
FS10F FS1 FlCp T, P,
) ) . Ty Py
M Sg — M:S1 = M, (cp lnT—l—RlnP—I)
Ty Sgq — 11y Se = T (c 1nh—R1n@)
Tnf Tnf __Tnf 9 [b
759—7505— ) Cplnm—Rll’la
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Then, substituting equations (4.241a) through (4.241e) into equation (4.240) yields

; . TlOF PIOF . T9 P9
Sgen = mr (Cp lIlT—l —R lnP—1> + m. (Cp lnT—l —R lnp—l)
. TO4- PO4- mf T9 P9
+ In=2 — Rl —)+—< In—=—R1 —)
my (Cp n T9 n P9 2 Cp nTos nPOS
Thf( Ty Py )
+ —= 1 —R1
2 \ @ T
_ (mC — My — Mepo11 — Mootz + mf)CpTOG’ (4242)
TO6'

(e — My — Meoorr — Meoo12)CpTos
Toer

1.72 " — 172
: 10F 10F
Mmpg [Cp (T1op" — Tror) + . E— ]

Ty

+

Then, taking out ¢, terms and utilizing mass flow ratio equations (4.1), (4.2), (4.3),

(4.4) and (4.5), equation (4.242) can be written in the following form.
(

d T10F R PlOF T9 R P9 T04- R P04
Spen =1 In———In— In———In— In——-—In—
gen mccp<,8(n T, G n P, + nT1 G nP1 +v(In T, ¢ n )

1—-y—6,—-86 T R P.
_l_“( Y 1 2)<ln 9 — 9)

2 Toerr ¢y Py
“(1_}’_91_92)( Ty R P9>
+ In———In—
2 Tos Cp  Poy (4.243)
_ (1 —y—0,—0)[(1+ a)Tye — Tos]
Toer

2 2
(% 1 — VioF
B (TloF” — Tyor + L0F o — ZCp )l
Ty J

or by using equation (4.97) and utilizing the natural logarithm property to write the

+

equation (4.243) in more compact form yields
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k-1
k

B B y
Sgen = MeCpy { In (h) —In (m) ‘ + lnE —In (E> +In (E)
oen op T Py T, P, Ty

P (7)1, TR
—In (ﬂ) + ln( > )
Py Toer
(E)a(l—y—el—ez) a(l-y-61-6,)
—ln( P9> ‘ ’ +1n(—9> ’
Pogrt AR Tos (4.244)
—na(1—v—B —
| (pg)(T)iyz =
—In(=
Pos
_ (1-y—06,—0)[(1+ a)Tye — Tos]
T06’2 2
B <T10F” — Tyop + leF'é — Vlop)l
Cp
+
Tl I

)
or it can be written in the common natural logarithm base as

Sgen
a(1-y—61-6;) a(1-y—61-6;)
Tior\ To (Tos\' (_To 2 Ty 2
| ) 2(#) 72 (72)
=Thecp | In = = = k—1\a(1-y—6,-6,) k—1\a(1—y—6,-6,)
Plopﬁ(k)ng PMV(k) P, %) 2 g(k) 2
L) @ @) ) (72) (4.245)
’B T " —T i U120FH - Ulzop

_ (1—y—6;—0,)[(1 + a)Tys — Tos] + 1oF 10F 2¢p

TOG’ Tl

Finally it becomes

a(1-y=6,-6,) a(1-y—6,-65)

R O N €
T, J Ty\Te/ \Tyer Tos

e
(7)

E)a(l—y—ﬂl—ﬂz)]

S‘gen = McCp {ln

k-1 k-1 k—1)a(1—y—91—92)
k

NG
& G G

e (T
()

_ (1 ) S 81 - 92)[(1 + a)TOG’ — TOS] (4246)
T06l
2
B <T10F” —Tyor + —leF’éC_ vleF)‘
p
+
- }

)

Then, by utilizing equations (4.235) and (4.234), exergy destruction rate and

coefficient of ecological performance become as follows respectively.
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a(1-y—6,-6,) a(l-y—6,-6,) (ﬂ)]
|

[1 4 1 5
(7 °”) @) T )T G

|
Exgese = { Tamecy 1n| ~ ~ e 3 P
| l[( ) < )V(%) <P06n)(%)a(1 y2 1) (P()s)(%)a(l ]/2 . Z)Jl
( Poy Py Py
11—y =6, —0)[(A+ a)Tyg — Tys]
- Tos’ (4.247)
)
ﬁ(TIOF” — Tyor + UlOF’é leF ] l
Cp }
+
[
)
and
CEP
= {Ul[(mc — 1y, + 1)V — MV + 1ip (Viop — V1) + Ag(Py — Pp) + Ajop (Pror — Pl)]
+ Waux}
—y—-6,-6 (1-y—-6,-6,) -
( Ir( 10F>BT (T04) ( T, )a(l Yz 2)(T9 )a 1 yz 2 ( P, )ﬁ(%)'l
. T /) Ti\Ty Toe Tos Piop
/ \Tiriccy 1n| k= k=1 k=1\a(1—y—0,—65) k—1\a&(1—y—6,—65)
| | (E)T < Pg) ( ) (POGH)(T)ayf2 (@)(T)Hfz | (4248)
| (\z,) \&, P, P, |

(1 —y—6; —60)[(1+ a)Tys — Tos] B(Tll(,)F — Tior)
Toer Ty

)

When it comes to calculate exergy destruction factor, equation (3.22) has been
utilized. As indicated at the beginning of Chapter 4, in assumptions part, potential
exergy of air and fuel has been eliminated since there is no elevation difference.
Physical exergy of incoming air is considered as zero, and physical exergy of fuel
has been assumed as zero because of very small figures considering other terms.
Therefore, total exergy input rate is composed of two components; namely, total

chemical exergy rate of fuel, E’xchem,f, and total kinetic exergy rate of air, Ex;. It

has been written as

Exdest Tlsgen

f exd = Exm Exchem,f + Ex1 (4.249)

where Ex,,s is total exergy destruction rate as calculated in equation (4.247) and

Ex;, is total exergy input rate. Total chemical exergy rate of fuel has been written as

Exchem,f = Thf €Xchem,f (4.250)
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where excpem, s is the specific chemical exergy of the fuel (kerosene). It has been

assumed to be 45.8 MJ per kg as utilized by Turgut et al. (2007). Also, total kinetic
exergy rate of air has been defined as

Total kinetic exergy destruction rate

= Total mass flow rate of incoming air

(4.251)
(Velocity of incoming air)?
*
2
Then by using Table 4.1, it has been written as
2
: . .\ V1
Ex, = (i + 1) — (4.252)
or it can be rewritten by using equation (4.1) as
2
; . [
Ex, =mc(1+B)— (4.253)

Finally, substituting equations (4.250) and (4.253) into equation (4.249), exergy
destruction factor becomes

Tlsgen

fexa = 2
_ , v (4.254)
mf exchem,f + mc(l + ﬁ) 71
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5. RESULTS AND DISCUSSIONS

In Chapter 4, a twin-spool turbofan engine configuration has been selected and all
stations (thermodynamic states) have been determined. AIll parameters and
assumptions have been stated in order to perform a thermodynamic cycle analysis.
Inlet and exit conditions of all components have been expressed in terms of known
parameters, and all performance indicators have been expressed in terms of these

parameters.

In this thesis, main purpose is to investigate the effects of heat leakage on the
performance of a twin-spool turbofan engine during the cruise phase of a commercial
aircraft. To do this, some reference points of design parameters had to be determined
and effect of change in design parameters on performance indicators had to be

observed first so that it constructs a base to perform heat leakage analyzes.

Therefore, this chapter starts with the investigation of optimum values of design
parameters and corresponding optimal values of performance indicators. This
investigation has been performed with the help of 3-D figures which shows relative
change of one performance indicator with respect to two independent design

parameters each time, while other two design parameters are constant.

After observing optimum levels of design parameters, the analyzes have been
narrowed down to 2-D figures, which are actually cross-sections of the above
mentioned 3-D figures. In these 2-D figures, one more design parameter has been
kept constant and relative change of performance indicators have been observed with
respect to remaining single variable design parameter. In this setting, there has been a
chance to investigate the effect of heat leakage on the performance indicators, with

only one variable design parameter.

Considered performance indicators in these analyzes have been the coefficient of
ecological performance CEP, as indicated in equation (4.248), the overall efficiency
1o, as indicated in equation (4.77), the exergy destruction factor f,,4, as indicated in

equation (4.254), the thrust specific fuel consumption TSFC, as indicated in equation

95



(4.73), the specific thrust F;, as indicated in equation (4.75), and the entropy
generation rate S'gen, as indicated in equation (4.246) as determined earlier. Design
parameters that have been mentioned earlier are the total compressor pressure ratio
Tcrotarr @S INdicated in equation (4.144) , the fan pressure ratio g, as indicated in
equation (4.116), the bypass air ratio £, as indicated in equation (4.1) and maximum

turbine inlet temperature T4, @S T’ -

The effects of heat leakage ratio one ¢4, and heat leakage ratio two &, ,, at three
different values, which are 0.00, 0.02 and 0.04, have been investigated on each of six
performance indicators by using above mentioned 2-D cross-sections of 3-D

analyzes.

5.1 Optimal Values of Coupled Design Parameters with 3-D Figures

As mentioned above, design parameters namely 1¢ roq1, 77, B and Ty, have been
coupled and relative variation with respect to performance indicators have been
observed. ¢ roeqr - f couple has been selected as the sample couple to illustrate
relative variation with all six performance indicators and 3-D figures. These two
design parameters have been selected since they represent the characteristics of the
twin-spool turbofan engine. For other couples, relative variations of CEP and 7,
have been selected to be illustrated since CEP represents performance of the engine
in terms of ecological concerns by using the second law of thermodynamics (via
entropy), while n, represents the performance of the engine in the first law of

thermodynamics point of view (via energy).

5.1.1 Determination of optimum values of performance indicators with respect

to rC,Total and ﬁ

As mentioned above, 1¢rotq; — B couple has been selected as sample to show
relation variation with all six performance indicators in 3-D figures, and it can be

seen in Figure 5.1.

In Figure 5.1 (a), CEP has been calculated by utilizing equation (4.248). It has been
seen in Figure 5.1 (a) that CEP is higher at small g values together with moderate

Tcrotar Values. For lower B values, CEP increases very fast with increasing 7¢ rota;
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until its maxima, then start to decrease dramatically. At small values of r¢ 14¢q;, CEP
is very low independent of 8 value. At small values of 8, CEP reaches higher values
and increasing effect of 7¢ 7.4 lasts longer, and further increase in ¢ 744 does not
decrease CEP as it does at large £ values. Maximum CEP is reached as ~1.5885 at
Tcrotar~20.63 and g = 1.

In Figure 5.1 (b), n, has been calculated by utilizing equation (4.77). In Figure 5.1
(b) it has been observed that small § values gives lower 7, values. Also, as ¢ 1ot
increases, 7, increases for lower g values. However, at large g values, n, starts to
sharply decrease after some optimum level of ¢ r4¢q;, and it goes beyond feasible
level. Maxima levels of 5, is reached at moderate levels of £ with high levels of
Tcrotar; and high levels of § with moderate levels of 7¢ rora1- At 7¢ 7otqi~26.1 and

B~4.8 maximum level of n, is reached as ~0.3132.

=
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P Total

P Total

40

(c) (d)

Figure 5.1 : Relative change of performance indicators with respect to 7¢ 7.4, and
B simultaneously.
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F Total

(f)

Figure 5.1 (continued): Relative change of performance indicators with respect to
TcTota @Nd B simultaneously.

In Figure 5.1 (c), f.xq has been calculated by utilizing equation (4.254). Figure 5.1
(c) shows that f,,4 is at minima levels when g is at minimum (1). As 8 grows, fexa
increases independent from ¢ 7, Value. At f = 1, minima f,,4 values are
observed at small to medium levels of 7¢ ¢q;. At very small r¢ roeq; Values, f,,q is
still too high, which is not desired. Minimum f,,,; value reached is ~0.13 at
Tcrota~12.3and g = 1.

In Figure 5.1 (d), TSFC has been calculated by utilizing equation (4.73). It has been
observed in Figure 5.1 (d) that small values of ¢ ro¢q; gives worse TSFC values,
since they are too high. Small TSFC values are observed at larger r¢ rorq; Values
with medium-high g values. As seen, at very high g and very high ¢ rotm
values, TSFC values goes to infeasible region. However, increasing S with
increasing ¢ rocqr Values generally gives small TSFC values, which is desired,
until some optimum levels of 7¢ 74, Beyond that optimum level of 7¢7orar,
TSFC starts to an increasing trend. Minimum level of TSFC is reached as ~18.65 at
Terotar~25.1 and f~4.9.

In Figure 5.1 (e), F; has been calculated by utilizing equation (4.75). In Figure 5.1
(e) it has been seen that F; is at maxima level when g is small, and F, gets smaller
as [ gets larger. Also, F; makes a maximum peak with 7¢r4¢q; at very small
values, but after that peak F; starts decreasing with increasing r¢ ro¢q;. Therefore,
small level of r¢ 1o @and f = 1 provides maxima F;. It has been calculated that

F, reaches ~339.9 Ns kg " at 7 7orq~5.9 and 8 = 1.
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In Figure 5.1 (f), Sgen has been calculated by utilizing equation (4.246). Figure 5.1
(f) shows that Sgen has a very straight attitude with respect to 7¢7orq; and g
together. With increasing r¢ ro¢q; and decreasing g, S'gen reaches minima values.
On the other hand, as ¢ 1. decreases and f increases Sgen becomes larger,
which means worse scenarios. Therefore, minima Sgen values can be found at max.
Tcrotar @Nd Min. B. Hence S'gen reaches minimum level of ~41.4 kW K at Tc Total

= 33.5 (maximum given value) and g = 1.

5.1.2 Determination of optimum values of performance indicators with respect

to rC,Total and Trp

Relative variations of CEP and 1, with respect to ¢ ro¢q; and 7 in 3-D figures have

been shown in Figure 5.2.

7, Total

7, Tatal

(@) (b)

Figure 5.2 : Relative change of performance indicators of CEP and n, with respect
t0 7¢ 7otqr @Nd 7 Simultaneously.

It can be seen in Figure 5.2 (a) that CEP increases with increasing rr at the
beginning, however, it starts to decrease dramatically after some optimum level of
7. Also, at small values of 7¢ 74¢4;, CEP increases with increasing r¢ roq; Very fast,
but then after reaching some optimal level of ¢ 14¢q;, CEP starts to decrease slowly
with increasing 7¢ roeq;- Therefore, moderate levels of rr with moderate levels of
Tc rotar 10g€ther provides highest CEP levels. Maximum CEP level reached is ~1.36

a.t TC,Total~16-3 and T‘F~l.52.

In Figure 5.2 (b) it has been observed that at large levels of 1z, n, increases

dramatically with increasing 7¢rotq, reaches its local maximum and sharply
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decreases with still increasing r¢ rorq;- At smaller levels of increasing effect of
Tcrotar 1S More stable. Maxima levels of n, can be observed at moderate 7
levels together with higher 77, Values. Maximum n, is found ~0.314 at

TC'Toml'*Z?.l and TF~1.56.

5.1.3 Determination of optimum values of performance indicators with respect

to rC,Total and Tmax

Relative variations of CEP and n, with respect t0 7¢ rorq; and Tpq, in 3-D figures

have been shown in Figure 5.3.

(@) (b)

Figure 5.3 : Relative change of performance indicators of CEP and n, with respect
t0 7¢ rotar ANd g, Simultaneously.

It can be seen in Figure 5.3 (a) that CEP decreases sharply at small values of 7¢ 74¢a:
and small values of T,,4y. AS Thax and r¢rorq bECOMES larger together, CEP
reaches larger levels. At maximum level, CEP is ~1.77 at 1¢ 1p1q;=33.5 (Maximum

given value) and Ty,4, = 1800 K.

In Figure 5.3 (b) it has been observed that at small values of T,,,,, 1, increases
sharply with increasing T,,,, and finds its peak. Then it starts to decrease gradually.
This sharpness of T, is more visible at larger rcroeq; Values. As 1¢rorqr 9ets
larger, peak point of n, becomes higher. Also, at very small values of 7¢ rotar, 10
decreases dramatically. Maxima level of n, can be reached at moderate levels of
Trnax With maximum level of r¢roeq- 1o reaches it maximum level ~0.333 at

Tc Totar=33.5 (Maximum given value) and T4, = 1495 K.
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5.1.4 Determination of optimum values of performance indicators with respect

torpand B

Relative variations of CEP and n, with respect to 1= and 8 in 3-D figures have been

shown in Figure 5.4.

(@) (b)

Figure 5.4 : Relative change of performance indicators of CEP and n, with respect
to rr and B simultaneously.

It can be seen in Figure 5.4 (a) that CEP is at maxima level when 1 is at maximum
and £ is at minimum. On the other hand, CEP decreases continuosly with
increasing £ and decreasing rr together. Maximum point of CEP is ~1.61 at 1
=2and g =1.

In Figure 5.4 (b) it has been shown that at very large values of 1, S causes a sharp
increase and a sharp decrease with a maximum peak point of n,. However, at
small values of rz, B causes a gradual increase in n,. The same sharp increase-
decrease trend around a maximum peak can be observed at very large 8 values.At
moderate § and moderate rz, n, reaches maxima values. n, reaches ~0.308 at
r7~1.69 and B~5.6.

5.1.5 Determination of optimum values of performance indicators with respect

torrand Ty

Relative variations of CEP and n, with respect to 1 and T4, in 3-D figures have

been shown in Figure 5.5.

It can be seen in Figure 5.5 (a) that CEP shows a steady trend with increasing 7

together with increasing T,,,4,. Therefore maxima CEP is reached at maximum rg
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and maximum T,,,.. At smaller values of T,,,, CEP decreases sharply with

increase in ry. Maximum level of CEP is~1.75at rr = 2 and T,,,,, = 1800 K.

"’%"I
(FLTAT
L

2 1300 2.

() (b)

Figure 5.5 : Relative change of performance indicators of CEP and n, with respect
to rz and T,,,, Simultaneously.

In Figure 5.5 (b) it has been seen that at smaller 7 and larger T,,,, Vvalues, n,
becomes very small, and it is undesired. At very small values of T,,,, and very large
values of rp together, n, faces a dramatic drop. Therefore, maxima levels of n, is
reached at maximum rp value together with moderate T,,,, value. Maximum 7,
value is ~0.321 at r = 2 and T,,,, = 1565 K.

5.1.6 Determination of optimum values of performance indicators with respect
to B and T4y

Relative variations of CEP and n, with respect to g and T,,,,, in 3-D figures have

been shown in Figure 5.6.

It can be seen in Figure 5.6 (a) that at larger values of T,,,,, CEP reaches larger
values for all g levels. At very small T,,,, and very large S levels, CEP decreases

dramatically. CEP reaches ~1.66 at $~5.6 and T,,,, = 1800 as maximum level.

Figure 5.6 (b) shows that increasing  causes sharp drop in n, at small values of
Tmax- On the other hand, as g increases, n, also increases at large T, levels. Also,
maxima levels of n, is reached at larger § values. Maximum CEP is ~0.322 at f=8
and T, = 1520.
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Figure 5.6 : Relative change of performance indicators of CEP and n, with respect
to B and T4, Simultaneously.

5.2 Effect of Heat Leakage on the Optimal Design Parameters and Performance

Indicators

As mentioned earlier, in order to be able to perform heat leakage effect analyzes,
firstly optimum levels of design parameters have been calculated. Two of the design
parameters have been kept constant and other two have been analyzed each time.
Now, in order to inspect effect of heat leakage, one more design parameter has been

kept constant and analyzes have been narrowed down to 2-D.

First of all, in order to observe relative importance of two heat leakage types, one of
which is from CC to bypass air, and the second one is from bypass air to ambient air

(eLx1 @and g, respectively), a comparison between them has been performed.

5.2.1 Comparison of the results of two types of heat leakages €;x1 and &;x»

First of all, values of CEP, n,, fexa, TSFC, F; and S'gen have been calculated when
has a small value (1.0). These calculations have been performed repeatedly at €;
equals to 0.00, 0.02 and 0.04 while &, is constant at 0.02 for each of the
performance indicators. Variations in these performance indicators have been
calculated both in terms of their real values and in terms of percentage changes. The

same calculations have been performed also for £ having a large value (7.0).

Above mentioned effort have been performed again for &, , having values 0.00, 0.02

and 0.04 while g, is constant at 0.02 this time. Results have been illustrated in

Table 5.1.
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Table 5.1 : Comparisons of the variation of performance indicators with &; x; when ¢;x,=2% and those with &; x, when &, ,,=2% for small (1)
and large (7) values of 3.

k2 =2% B CEP % change Mo % change  f.,q %change TSFC % change F % change  Sg., % change

exg1=0% 1.0 1.72 = 0.2405 = 0.12 = 24.35 = 313.3 - 42.5 =
ek1=2% 10 158 -8.03% 0.2400 -0.21% 0.13 8.50% 2440 0.21% 3126  -0.21% 46.1 8.50%
ek1=4% 10 147 -7.16% 0.2394 -0.26% 0.14 7.44% 2447  0.26% 311.8  -0.26% 49.5 7.44%
exk1=0% 7.0 1.23 - 0.30 - 0.168 - 19.7 - 96.6 73.0 -
k1 =2% 70 112 -8.85% 0.28 -4.23%  0.176 5.06% 20.6 4.50% 92.4 76.7 5.07%
g1 =4% 70 1.00 -1041% 0.27 -6.13%  0.185 4.78% 22.0 6.66% 86.7 80.3 4.78%

exk1=2% B CEP %change 17, % change  f,,q %change TSFC % change F; % change  Sy., % change

k2 =0% 1.0 1.60 = 0.2406 = 0.1306 - 24.35 = 313.3 = 45,79 =
k2 =2% 10 158 -0.89% 0.2400 -0.22% 0.1315 0.67% 2440 0.23% 3126  -0.23% 46,10 0.67%
k2 =4% 10 157 -087% 02395 -0.22% 0.1324 0.65% 2446 0.23% 3119 = -0.23% 46,40 0.65%

k2 =0% 7.0 1.16 - 0.286 - 0.172 - 20.4 - 93.6 74,9 -
k2 =2% 70 112 -348% 0283 -1.20% 0.176 2.36% 20.6 1.24% 924 76,7 2.36%
k2 =4% 70 1.08 -340% 0279 -1.22%  0.180 2.25% 20.9 1.26% 91.3 78,4 2.25%
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When it comes to investigating and interpreting the resulting numbers, it has been
seen that CEP has the values of 1.72, 1.58 and 1.47 at 8 equals to 1.0 for &, x, equals
to 0.00, 0.02 and 0.04 respectively while &, is constant at 0.02. Therefore,
percentage changes in CEP are -8.03% from 0.00 &, to 0.02 &,; and -7.16%

from 0.02 &4, 10 0.04 & ;.

The same configuration for constant ,,, at 0.02 and changing &;x, from 0.00 to
0.02 and from 0.02 to 0.04 at 8 equals to 1.0 result in -0.89% and -0.87% changes in
CEP. This gives a clue on comparison of relative effects of heat leakage one and heat

leakage two.

When the comparison is done at 8 equals to 7.0, it has been observed that increasing
effect of €, causes change in CEP as -8.85% and -10.41% while that of &,
causing -3.48% and -3.40%.

Investigating the other performance indicators, for example f,.q at § equals to 1.0
shows 8.50% and 7.44% changes by increasing €;,; from 0.00 to 0.02 and from 0.02
to 0.04 respectively while &, is constant at 0.02. On the other hand, increase in

€12 causes only 0.67% and 0.65% changes in f,,4 for the same configuration.

Comparing all the other performance indicators by looking at the same colored cells
in Table 5.1 both for g equals to 1.0 and to 7.0 , change caused by heat leakage two
is relatively smaller than that of heat leakage one. Therefore, this observation guides
that effect of heat leakage two (from bypass air to ambient air) is relatively smaller
than effect of heat leakage one (from combustion chamber to bypass air through the
combustion chamber wall) on the performance of a twin-spool turbofan engine of a
commercial aircraft. Hence, this thesis has been focused on investigating the effects
of heat leakage one (g,x; and Qk;) rather than less significant effects of heat

leakage two (&,x, and Q x>).

5.2.2 Variations of performance indicators with respect to design parameters

and K1

Until now, it has been observed that €, , is more significant than &;,. In this part,
effects of heat leakage one on performance indicators and optimum levels of design
parameters have been investigated one by one.
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5.2.2.1 Variation with respect to ¢ roar

Variations of CEP, 1,, foxa, TSFC, F, and Sgen with respect t0 ¢ rocq at three
different €., values have been illustrated in Figure 5.7 (a)-(f). Also, relative
variation of CEP with respect to 7, have been shown for the same range of 7¢ 7ot
in Figure 5.7 ().
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Figure 5.7 : Relative change of performance indicators with respect to 7¢ ro¢q; at
three values of €, 4.
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Figure 5.7 (continued): Relative change of performance indicators with respect to
TcTotar at three values of ;.

By looking at Figure 5.7 (a), it has been seen that CEP reaches certain maximum
values for certain ¢ ro¢q Values at different values of &,x,. For example, CEP
reaches 1.42, 1.33 and 1.24 when 7 ro¢q Values are 13.0, 12.9 and 12.7 at &4
equals to 0%, 2% and 4% respectively. Here, if CEP is considered to be the objective
function, then these 7¢ 744, Values are considered as optimum values. It is clear that
maximum value that CEP can reach decreases with increasing €;x,. Also, optimum

value of 7¢ 1.4, eCOomes smaller as €4 gets larger.

In Figure 5.7 (b), it has been observed and compiled that optimum 7¢ 7,.4; Vvalues
that n, reaches its maximum at 0%, 2% and 4% &, are larger than that of CEP.
Numerically, n, reaches 0.314, 0.308 and 0.301 when 7¢ 744, Values are 20.0, 18.9
and 17.9. This shows that if n, is considered as the objective function, one should
select relatively larger r¢ o Values compared to CEP in order to have better 7,
performance. It is evident that maximum n, value decreases with increasing &;x1-

Moreover, optimum 7¢ 7.4, Values are smaller for the larger ;4 values.

It has been seen in Figure 5.7 (c) that f,,;, makes a minimum at certain 7¢ roea;
values for 0%, 2% and 4% ¢, values. In all of these three €5, values, foxa
reaches its minimum nearly at 10.0 7¢ 744, Value. These minimum points are 0.156,
0.165 and 0.174 respectively. This shows that as €;x, value increases, minimum f,,4
that can be reached gets larger, so it distorts the f,,, performance. It is evident that
when f,, is set as the objective function, selecting 7¢ ro¢q; Value as 10.0, which is

smaller than other two above, gives the best result for all of the three €, values.
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It has been observed in Figure 5.7 (d) that TSFC has also a minimum value with
respect to changing r¢ r,.q; Values for each €, value. When TSFC is considered as
the objective function, optimum 7¢ 7o Values that gives minimum TSFC are
very close to those of n,. Numerically, these optimum 7¢ 744, Values are 19.7,
18.7 and 17.7 with respect to 0%, 2% and 4% ¢g;,,; Vvalues. Corresponding
minimum TSFC values are 18.6, 18.9 and 19.3 g kN ' s* respectively. It has been
observed from these figures that as €, increases, the minimum value that TSFC can
reach increases, so this means a performance distortion. Also, it is clear that optimum

Tcrotar Values are smaller when &4 values are larger.

As it has been seen in Figure 5.7 (e) that F, reaches a maximum with respect to
Tcrotar TOr €aCh g4 value. These maximum values are 128.9, 127.6 and 126.2 N s
kg™ with respect to 0%, 2% and 4% &, x,. Corresponding Tcrota Values are 7.2,
7.1 and 7.0 respectively. This shows that &, distorts the maximum point that F;
can reach, causing smaller maximum points. If F; is considered as the objective
function, it is evident that £,,, causes optimum ¢ r,.q; Values to decrease. It is also
clear that F; requires smaller r¢ro.q Vvalues compared to other performance

parameters mentioned above.

In Figure 5.7 (f), it has been observed that S'gen decreases with the increasing
Tcrotar- 1herefore, there is no optimum 7¢ 740, Value that makes Sgen minimum.
However, considering the 7¢ o €quals to 29.0 as upper limit in order to have a
numerical evaluation, corresponding S‘gen values are 64.9, 68.0 and 71.1 kW K™
with respect to 0%, 2% and 4% ¢, Vvalues. It has been clearly observed that Sgen

level increases with increasing &; k.

By looking at Figure 5.7 (g), it has been seen that there is a region that CEP and 7,
have larger values. This region provide CEP values larger than 1.3 and n, values
larger than 0.3 at the upper right corner of Figure 5.7 (g) for 0% &,. These values

are corresponding to a range of r¢ ro¢q; Values, roughly between 10.0 ~ 25.0.
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5.2.2.2 Variation with respect to rg

Figure 5.8 (a)-(f) shows the variation of performance indicators, CEP, n,, fexa:
TSFC, F; and S'gen with respect to 1 at three different ¢, 5, values 0%, 2% and 4%.

Also, relative change of CEP and n, has been shown in Figure 5.8 (g).
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Figure 5.8 : Relative change of performance indicators with respect to r at three
values of &; 1.
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Figure 5.8 (continued): Relative change of performance indicators with respect to
rr at three values of &; 4.

By looking at Figure 5.8 (a), it has been observed that CEP makes a maximum peak
with respect to 1 at certain values. Numerically, CEP reaches the maximum
values of 1.45, 1.35 and 1.27 when r values are 1.5064, 1.5081 and 1.5069 at
0%, 2% and 4% ¢, values. This means that increase in &, have nearly no effect
on optimum 7 value, when CEP is considered as the objective function. Therefore,
1 values around 1.50 provide the best CEP values for different &, 5, values. It is

evident that increasing €, value causes a decrease in maximum CEP level.

It has been seen in Figure 5.8 (b) that n, also makes a maximum with respect to r at
certain values. However, as observed in Figure 5.8 (b), n, reaches the
maximum point at larger rr levels compared to CEP. Maximum values that 7,
has reached are 0.312, 0.308 and 0.303 at 0%, 2% and 4% &,,, Values respectively.
Corresponding optimum 7 values if n, is considered as the objective function are
1.67, 1.65 and 1.64. It is clear that increasing €, x, value distorts the n, performance,
causing a decrease in maximum level reached. Also, as &, increases, optimum 7

value gets smaller.

In Figure 5.8 (c), it has been seen that f,,, decreases as rx decreases. Therefore,
there is not a certain optimum 1 value that provides minimum f,,4. As can be
observed from Figure 5.8 (c), increasing &, decreases the f,,, level. Considering
1.30 as the lower limit for 1, f.,q reaches 0.14, 0.15 and 0.16 as minimum values

for this rx limit, with respect to 0%, 2% and 4% &, Vvalues.

It has been observed in Figure 5.8 (d) that TSFC reaches a minimum relatively larger
rr values than CEP, and very close to that of n,. Minimum values of TSFC are
18.7, 18.9 and 19.2 g kN * s for 0%, 2% and 4% ¢, x, values respectively. If TSFC

110



is considered as objective function, optimum rz values corresponding to above
minimum TSFC values are 1.67, 1.65 and 1.63. It has been seen that as €;,, gets
larger, optimum 7, values approach to the lower limit. On the other hand,
TSFC reaches larger values with increasing &;x4, which means a distortion in TSFC

performance with increasing heat leakage one.

In Figure 5.8 (e), it has been seen that F, reaches a maximum at certain r values for
different £, levels. The maximum values that F, can reach are 118.3, 116.9 and
115.4 N s kg at 0%, 2% and 4% &, 4, values respectively. Corresponding optimum
rp values are 1.59, 1.57 and 1.56 if F; is considered as the objective function. As
seen, optimum 1 values converge to smaller figures when &;,; is increased.

Meanwhile, performance of F; decreases with increasing heat leakage effect.

It has been observed in Figure 5.8 (f) that S'gen continuously increase with increasing
rr and vice versa. Therefore, there is not an optimum 7 values that gives the
minimum Sgen value. However, considering 1.30 as the lower limit for 7, it has
been compiled that minimum S‘gen values at that r value are 62.7, 67.1 and
71.4 kW K with respect to 0%, 2% and 4% &,4,. It is clear that increasing heat

leakage ratio increases the S‘gen level, which means a distortion in performance.

And lastly, by looking at Figure 5.8 (g), there is an optimum region at the upper right
corner instead of a point giving the maximum value both for CEP and for n,. This
region is again above 1.3 for CEP and above 0.3 for n,, approximately within 1.5 ~

1.7 interval for rz when &, is 0%.

5.2.2.3 Variation with respect to 8

In Figure 5.9 (a)-(f), variation of performance indicators, CEP, 1,, fexa: TSFC, F;
and Sgen with respect to S at three different &, values 0%, 2% and 4% have been
illustrated. Also, relative variation of CEP and n, with respect to changing S has

been demonstrated in Figure 5.9 (g).

By looking at Figure 5.9 (a), it has been observed that CEP decreases with increasing
B; therefore, when CEP is considered as the objective function, optimum g value
should be as small as possible. Considering as a lower limit, if g is selected

as 1.0, then corresponding maximum CEP values are 1.72, 1.58 and 1.47 with
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respect to 0%, 2% and 4% &;,, values. It is also clear that increasing &;,, has a

negative effect on CEP values.

CEP e
2 -

1.3
0.6 5
Sexd TSPCl:g l,d\'—ls—lzl
) 35 £151=0.00
1] S £1x1=0.02
15 - — =004 )
0.15 25 :
15
- = g =0.04
: . . . 10 .
"o : 4 6 s’ 0 2 4 6 2P
© @
Fs (Ns kg'1:| S‘gﬂ(k'“_r K—l:I
400 p——T 100 Py
o0 N |77 erx1=0.02 weeee gy =002
- =y =0.04 20
200}
100} 60
0 ) ’
0 2 4 6 e840 - y - 5
(€ 0

Figure 5.9 : Relative change of performance indicators with respect to g at three
values of €, ;.
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Figure 5.9 (continued): Relative change of performance indicators with respect to
at three values of &; 4.

It has been seen in Figure 5.9 (b) that n, reaches a maximum point for a certain S at
each g, value. Numerically, the maximum point that are reached by n, are 0.312,
0.308 and 0.303 and corresponding B values are 5.7, 5.6 and 5.4 at g, values
0%, 2% and 4% respectively. It has been observed that as &, , increases, maximum
n, Values decreases, SO €, has a negative effect on the n, performance. Also,
optimum g values, considering n, as the objective function, gets smaller when

€11 IS increased.

In Figure 5.9 (c), it has been observed that f,,; increases with increasing 5. It
means that there is not a certain optimum g value that gives the minimum
fexa- AS a limiting value, when g is taken as 1.0, corresponding maximum f,.q
values at this g value are 0.12, 0.13 and 0.14 with respect to &, values 0%,
2% and 4%. It is clear that increasing €, increases the minimum f,,, value, so it

causes distortion in the f,,q performance.

It has been observed in Figure 5.9 (d) that TSFC reaches a minimum at a certain
for each g, value. If TSFC is considered as the objective function, optimum g
values for minimum TSFC are 5.7, 5.6 and 5.4 at 0%, 2% and 4% &4
respectively. Corresponding minimum TSFC values are 18.7, 18.9 and 19.2 g kN's™
at these &;,, values. It is clear that increasing &;,; causes optimum g value to
become smaller. Also, it has been observed that minimum TSFC value is

increased with increasing €, x4, SO €, cause a distortion in TSFC performance.

In Figure 5.9 (e), it has been seen that F, does not reach a maximum point for a
certain § value. Instead, F; decreases with increasing f; therefore, there is not a

certain optimum g value that gives maximum F,. Therefore, selecting § equals
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to 1.0 as a limiting lower value, F, reaches 313.3, 312.6 and 311.8 N s kg at 0%,
2% and 4% ¢&;,, values respectively. It has been seen that €, has a slight

decreasing effect on F; as observed in Figure 5.9 (e).

In Figure 5.9 (f), it is clear that Sgen increases with increasing . Therefore, there
is not a certain g value, giving the minimum Sgen. So, taking S equals to 1.0
as a lower limiting value, S'gen has the minimum values of 42.5, 46.1 and 49.5 kW
K™ at 0%, 2% and 4% ¢, values respectively. It has also been observed that

increasing &, x, increases the Sgen level, so it deteriorates the performance.

Lastly, in Figure 5.9 (g), it has been seen that there is not a certain optimum region in
this figure. When CEP is at maximum above 1.7, n, is at very low levels below 0.25
for 0% &;,,. Also, when n,, is at its maximum above 0.3, CEP is at very lower end
around 1.4. This is due to the fact that CEP is very high at small g values; while it

is the opposite for n, because it reaches its maximum at larger 8 values.

5.2.2.4 Variation with respect to T,,,4x

Figure 5.10 (a)-(f) shows the variation of performance indicators, CEP, n,, fexa
TSFC, F; and S'gen with respect to T, at three different &5, values 0%, 2% and

4%. Also, relative change of CEP and n, has been shown in Figure 5.10 (g).
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Figure 5.10 : Relative change of performance indicators with respect to T, at
three values of €, ;.
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Figure 5.10 (continued): Relative change of performance indicators with respect to
Tnax at three values of € 4.

It has been seen in Figure 5.10 (a) that CEP increases with increasing Ty,gy-

Therefore, there is not a certain optimum T,,,, giving maximum CEP.

Considering T,,4, €quals to 1800 as an upper limit, CEP reaches 1.81, 1.66 and

1.54 with respect to 0%, 2% and 4% &, 4 values at this T,,,, value. It is clear that

increasing &;x, has a decreasing effect on CEP performance.

In Figure 5.10 (b), it has been observed that n, reaches a maximum point at a certain

Tmax Value for each &;x,. Numerically, maximum 7, values are 0.316, 0.313 and
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0.310 at 0%, 2% and 4% ¢, Values respectively. Corresponding T4, Values can
be considered as the optimum values, if n, is considered as the objective
function, and these values are 1380, 1394, 1409 respectively. As seen, these optimum
Tmax Values are closer to smaller end of the T,,,, scale. It is clear that &4
has a negative effect on n, since increase in g, causes decrease in n, level. Also,

increasing &, x4 shifts the optimum T,,,,, to larger values.

It has been seen in Figure 5.10 (c) that as Ty, increases, f.,q decreases.
Therefore, there is not a certain optimum T,,, value that minimizes f,.q.
Considering Ty, 4, €quals to 1800 K as a limiting upper bound, minimum value
of f,.q reaches 0.12, 0.13 and 0.14 with respect to 0%, 2% and 4% ¢&;x, values. It
has also been observed that increasing €, increases the f,,4 level, so it causes a

decline in performance.

In Figure 5.10 (d), it has been observed that TSFC reaches a minimum point at a
certain T4, Value for each g.x,. If TSFC is considered as the objective function,
optimum T,,,, Values are 1385, 1399 and 1414 K at 0%, 2% and 4% ¢, values
respectively. Corresponding minimum TSFC values are 18.4, 18.6 and 18.8 g kN 's™
respectively. It has been seen that optimum T,,,, values become larger when &,
is increased. Also, it is clear that €5, has a negative effect on TSFC performance,

since it increases the TSFC level.

In Figure 5.10 (e), it has been seen that F; increases with increasing T,,,,; therefore,
there is not a certain optimum T,,,, value maximizing the F,. Considering T,
equals to 1800 K as the upper limit, maximum F, values are 187.7, 187.6 and
187.4 N s kg™ with respect to 0%, 2% and 4% &;4, values. It is clear that &4

causes a distortion in F; but slightly.

It has been observed in Figure 5.10 (f) that S'gen increases with increasing T,qx-
Therefore, if S'gen wanted to be minimized, small values of T,,,, should be
selected. As a lower limit, 1250 K has been selected for T,,, and
corresponding minimum S‘gen values have been calculated as 66.5, 69.8 and 73.2
kW K with respect to 0%, 2% and 4% &, x, Vvalues. It is also clear that increasing

€rx1 CaUSESs an increase in Sgen so a decline in performance.
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In Figure 5.10 (g), it has been observed again that T,,,, shows different
characteristics for CEP and n,. Since CEP is maximum at larger T,,,, values but
1, IS maximum at relatively smaller T,,,,, values, there is not an optimum region
in Figure 5.10 (g) for having maximum of CEP and n, together. As CEP increases

with increasing Ty, 1, Value starts to decline after its maximum peak point.

5.2.3 Optimum values of performance indicators with respect to design

parameters

All of the above mentioned optimum values of r¢roeq;, 77, B and Tpg, With
corresponding maximum values of CEP, n,, F; and minimum values of f,,q4,
TSFC and S“gen have been summarized and illustrated together in Table 5.2. These
calculation have been presented at three levels of &; 4, 0%, 2% and 4%. In all of the

calculations, &;, has been kept constant at 2%.

The yellow highlighted values in Table 5.2 represent the active constraints which do
not make a peak minimum or maximum. Instead, values of CEP, n,, F;, foxq, TSFC
and Sgen have been calculated at a limiting maximum or minimum point of ¢ 7441,

e, B and T4, as stated above in the comments of Figures 5.7 - 5.10.

5.2.4 Relative change of performance indicators at different levels of design

parameters with respect to change in €4

Relative % changes of CEP, 1, fexa, TSFC, F; and Se, When &, is shifted from
0% to 2%, and from 2% to 4% have been calculated for three levels of r¢ a1, 77, B
and T,,q,, Which are small, optimum and large. The purpose here is to determine
relative % change of each performance indicator when heat leakage ratio one is
increased to 2% and 4% in order to observe characteristic of effect of heat leakage
ratio one on the performance indicators. This observation has been done for small
values, optimum values and large values of design parameters (¢ rotar, 77, B and
Tmax) 1IN order to observe this effect for different ranges of design parameters. In
other words, considering €, x, may have different relative % effect on the values of
performance indicators, investigation of this effect have been performed at different

design parameter levels.
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Table 5.2 : The optimum values of design parameters and corresponding maximum values of CEP, n, and
F, and minimum values of f,,4, TSFC and Sgen at £,x1 = 0%, 2% and 4% when &, x, = 2%.

k1 (%)

TC,Total,opt CEPmax rC,Total,opt

No,max

rC,Total,opt fexd,min T'C,Total,opt TSFCmin

rC,Total,opt

Fs,max

rC,Total,act

%)

gen,min

0 13.0 1.42 20.0 0.314 10.0 0.156 19.7 18.6 7.2 128.9 29 64.9

2 12.9 1.33 18.9 0.308 10.0 0.165 18.7 18.9 7.1 127.6 29 68.0

4 12.7 1.24 17.9 0.301 10.0 0.174 17.7 19.3 7.0 126.2 29 71.1
k1 (%) TFopt CEPRpax TFopt No,max TFact fexd,min TFopt TSFCpin TFopt Fsmax TFact Sgen,min

0 1.5064 1.45 1.67 0.312 1.30 0.14 1.67 18.7 1.59 118.3 1.30 62.7

2 1.5081 1.35 1.65 0.308 1.30 0.15 1.65 18.9 1.57 116.9 1.30 67.1

4 1.5069 1.27 1.64 0.303 1.30 0.16 1.63 19.2 1.56 1154 1.30 71.4
erk1 (%) Bact CEPpax ﬂopt No,max Bact fexd,min [))opt TSFCpin Bact Es max Bact Sgen,min

0 1.0 1.72 5.7 0.312 1.0 0.12 5.7 18.7 1.0 313.3 1.0 42.5

2 1.0 1.58 5.6 0.308 1.0 0.13 5.6 18.9 1.0 312.6 1.0 46.1

4 1.0 1.47 54 0.303 1.0 0.14 5.4 19.2 1.0 311.8 1.0 49.5
eik1 (%) Tmaxact CEPnax  Tmaxopt  Momax  Tmaxact fexamin  Tmaxopt TSFCnin  Tmaxact Fs max Tmax,act Sgen,min

0 1800 1.81 1380 0.316 1800 0.12 1385 184 1800 187.7 1250 66.5

2 1800 1.66 1394 0.313 1800 0.13 1399 18.6 1800 187.6 1250 69.8

4 1800 1.54 1409 0.310 1800 0.14 1414 18.8 1800 187.4 1250 73.2
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5.2.4.1 Relative % change of performance indicators at small, optimum and

large r¢ rotar Values

Relative % change of CEP, n,, fexa» TSFC, F, and Sgen corresponding to 2%
increase (from 0% to 2%) and another additional 2% increase (from 2% to 4%) in
e k1 at small, optimum and large values of r¢ 74 have been calculated and
presented in Figure 5.11. The selected small and large level of r¢ 1,4 are 5.0 and

29.0 in order to cover all values seen in Figure 5.7 (a)-(f) at 0%, 2% and 4% &; ;.
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Figure 5.11 : Relative % change of performance indicators at small, optimum and
large levels of r¢ ro¢q-

By looking at Figure 5.11 and Figure 5.7 (a), it has been observed that effect of &, x4
on CEP is significant at all levels of ¢ ro¢q;. FOr the small 7744, value (5.0),
increasing €;x;, by 2% causes 6.37% decrease in CEP, and additional 2% increase
In &1 causes 6.12% decrease in CEP. At optimum level of 1¢ 4.4, there is 6.57%
and additional 6.37% decline in CEP, which means slightly more effective than
small level of 7¢ro¢qr- At large ¢ rora; (29.0), 2% increase in g, causes 9.71%
decrease and another additional 2% causes 12.33% decrease in CEP. Therefore, it is
clear that €., causes more distortion on CEP at larger levels of r¢ 744, COMpared to

small and optimum levels, yet €, has significantly effective on CEP at all levels.

In Figure 5.11 and Figure 5.7 (b), it is clearly observable that effect of &;,, on n, is

significantly larger at larger r¢ 7.4, levels. As seen in Figure 5.7 (b), lines of 0%, 2%
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and 4% e, separates from each other more significantly as ¢ ro¢q; 9ets larger. In
Figure 5.11, it has been represented numerically. Comparing to 0.94% and 1.04%
decline in n, at small value of r;r,.q, and 1.94% and 2.05% decline in 7, at
optimum level of 7¢ 7¢q:; 5.39% and 8.36% decline in 7, at large value of ¢ 7.q; IS
far more significant. These values are valid for first 2% increase and further 2%
increase in &k, respectively. Therefore, it is evident that &, is significantly more

effective on n, at larger r¢ ¢4, Values, of course in a negative way.

It has been observed by looking at Figure 5.11 and Figure 5.7 (c) that effect of €,
ON foxq is significant at all levels of r¢ r4¢4;. In Figure 5.11, it has been seen that 2%
increase in &g, causes 5.81% increase in f,,; and another 2% causes 5.41%
increase at small level of r¢r4.q;. Slightly less significant, increase in ;x, causes
5.74% and 5.36% increase in f,,4. And lastly, at large level of r¢ ro¢q;, €141 Causes
4.78% and 4.53% increase in f,,4. Therefore, it is clear that negative effect of &,
ON fexq IS more significant at smaller levels of 77,4, cOmpared to larger levels,

recognizing that it is significant for all levels.

In Figure 5.7 (d), it has been seen that effect of ¢;,, on TSFC is clearly observable
by the divergence of the lines at larger r¢ g, Values. In Figure 5.11, it has been
shown that at small level of ¢ 74¢q;, TSFC is increased by 0.96% and 1.07% with the
increase of £, by 2% and another 2% respectively. Also, it has been seen that at
optimum level of ¢ 744, this effect is 1.99% and 2.09% respectively. As seen, it is
more significant than the effect at small level of r¢ .4, And lastly, at larger r¢ ro¢q
level, €., causes 5.84% and 9.36% increase in TSFC for 2% and additional 2%
increase respectively. Therefore, it is evident that €, is more effective on TSFC at

larger levels of 7¢ 7ot

Figure 5.7 (e) shows the similar pattern with Figure 5.7 (d) that is divergence of lines
caused by heat leakage (e.x,) in Figure 5.7 (e) becomes more obvious at larger
levels of 7¢ 7ot At small level of ¢ roq, Fs is decreased by 0.95% and 1.06% and
at optimum level of ¢ ro¢q:, this distortion effect is 1.01% and 1.11% for 2% and
another additional 2% increase in &,,,. However, at larger level of ¢ 144, this effect

becomes very significant and numerically 5.51% and 8.56% decrease in F; have been
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observed. Therefore, it has been clearly observed that effect of &, IS more

significant on F; at larger values of r¢ 1444,

By looking at Figure 5.11 and Figure 5.7 (f), it has been seen that effect of £, on

Sgen 18 significant at all levels of 7¢ 7444, With respect to 2% increase and another
additional 2% increase in &g+, Sgen is increased 5.81% and 5.41% at small level of
¢ Totals 4.78% and 4.53% at optimum level of r¢ 1,.q; and lastly 4.78% and 4.53%
at larger level of r;roeq. It has been concluded that effect of e, on S'gen is
comparably more significant at smaller r¢ 7.4, Values, acknowledging the fact that it

is significant at all 7¢ 744, levels.

Analyzing Figure 5.7 (a)-(f) and Figure 5.11, two important additional observation
have been made. Firstly, effect of &, on performance indicators is not linear. That
is first 2% increase in €, x4, causes certain % distortion in performance indicators, and
additional 2% increase in g;x; causes another % distortion, sometimes being less
sometimes being more than the first 2% but not equal. Secondly, it has been

observed that effect of €, is significant on CEP, f,,qs and Sgen at all levels of

Tc Totars that is more independent from r¢ ro¢q; level.

5.2.4.2 Relative % change of performance indicators at small, optimum and

large ry values

Relative % change of CEP, n,, fexa» TSFC, F, and S'gen corresponding to 2%
increase (from 0% to 2%) and another additional 2% increase (from 2% to 4%) in
€x1 at small, optimum and large values of r have been calculated and presented in
Figure 5.12. The selected small and large level of 1 are 1.30 and 1.80 in order to

cover all values seen in Figure 5.8 (a)-(f) at 0%, 2% and 4% &; 1.

By looking at Figure 5.12 and Figure 5.8 (a), it has been observed that effect of &, x4
on CEP is significant at all levels of r. At small level of r (1.30), CEP is decreased
by 7.01% and 6.58% with respect to 2% and additional 2% increase in &;x;. At
optimum level, this decreasing effect is 6.66% and 6.37% being slightly less
significant than small level. Lastly, at large level of = (1.80), 2% increase in €54
causes 9.71% decrease in CEP and additional 2% increase in €, causes additional
12.33% decrease in CEP. It is clear that negative effect of €., on CEP is significant

at all levels of g, but it is slightly more significant at large rz level.
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Figure 5.12 : Relative % change of performance indicators at small, optimum and
large levels of 7.

In Figure 5.12 and Figure 5.8 (b) it has been observed that as r increases, relative
effect of €., on n, becomes larger. In Figure 5.8 (b), this effect is observable when
looked at the right side of the figure as the lines of different ¢, levels diverge more
clearly. At small level of 1z, 2% increase in &, causes 0.52% decrease in n, and
additional 2% causes 0.56% decrease. At optimum level, this decreasing effect is
1.47% and 1.52% which is more significant than small level of rz. And more
significantly, 2% increase in &;x, causes 3.28% decrease in n, and additional 2%
causes 4.18% additional decrease. As realized, decreasing effect of €,,, on n,, is less

significant at smaller r levels, while it becomes more significant at larger 1 levels.

It has been observed in Figure 5.12 and Figure 5.8 (c) that effect of &,x,0N forq IS
significant at all levels of rz. Numerically, at small level of rz, 2% increase in &,
causes 6.98% increase in f,,; and additional 2% increase in &g, Causes an
additional 6.45% increase in f,,4. Since f.,; does not make a minimum peak at
some certain r (active constraint) as seen in Table 5.2, small level of r had been
considered as a lower limit that maximize f,,, . Therefore, at optimum level, the
effect is the same as small level due to the fact that optimum level and small level of
rp are the same (1.30) for f,,,. Lastly, at large level of 1, consecutive two 2%
increases in & causes 5.14% and 4.84% increase in f,,4; Which is less significant

than lower levels of 7. It has been observed that effect of &, ON forq IS
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comparatively more significant at lower levels of r; although, it is significant at all

levels.

By looking at Figure 5.8 (d), it has been seen that effect of £, shows similar
pattern to Figure 5.8 (b), that is effect of €;,,, on TSFC becomes more significant as
rr becomes larger. This effect is again observable in Figure 5.8 (d) with diverging
lines at right side (larger 7 levels). At small level of 1z, TSFC is increased by 0.53%
with 2% increase in g,x; and additional 2% causes additional 0.58% increase in
TSFC. At optimum level, being slightly more significant, TSFC is increased by
1.52% and 1.56% with two consecutive 2% increases in &;x, at optimum level of .
Then, at larger rz level, this effect is 3.46% and 4.45% which is clearly more

significant than smaller levels.

In Figure 5.8 (e), there is a similar pattern with Figure 5.8 (b) and Figure 5.8 (d). As
rr becomes larger, effect of ¢,,; on F, becomes more significant. Numerically, at
small level of 1z, F, decreases by 0.53% and 0.57% with 2% and additional 2%
increase in €; x4, While these figures are 1.22% and 1.26% at optimum 7 level. More
significantly, &, x, causes 3.34% and 4.26% decrease in F, with two consecutive 2%
increases in €. Therefore, it is evident that negative effect of ¢, on F; is more

significant at larger r values.

And lastly, it has been seen in Figure 5.8 (f) that &, is significantly effective on
Sgen. In Figure 5.12, it has been observed that at small level of 7%, S'gen increases by
6.98% and by 6.45% with 2% and additional 2% increase in &, x,. The same numbers
are also valid for optimum 75 level, since r is an active constraint for Sgen and the
minimum S'gen is reachable at minimum 7 as discussed earlier and demonstrated in
Table 5.2 above. At large level of 1w, these figures become 5.14% and 4.84%
respectively, which are clearly more significant compared to lower levels of 7.

However, it is still a fact that effect of €, on S‘gen is significant for all levels of 7.

Again analyzing Figure 5.8 (a)-(f) and Figure 5.12, two additional observations have
been made. Firstly, effect of &, on performance indicators is again not linear.
Secondly, CEP, f.,q and Sgen have been effected by ¢;,; more significantly at all
levels of r, that is again effect of heat leakage on these three performance indicators

are more independent of r level.
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5.2.4.3 Relative % change of performance indicators at small, optimum and

large B values

Relative % change of CEP, n,, fexa» TSFC, F, and S'gen corresponding to 2%
increase (from 0% to 2%) and another additional 2% increase (from 2% to 4%) in
€.x1 at small, optimum and large values of £ have been calculated and presented in
Figure 5.13. The selected small and large level of g are 1.0 and 7.0 in order to cover

all values seen in Figure 5.9 (a)-(f) at 0%, 2% and 4% &, ;.
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Figure 5.13 : Relative % change of performance indicators at small, optimum and
large levels of S.

It has been observed by looking at Figure 5.9 (a) that effect of &, on CEP is
significant at all levels of 8. As observed in Figure 5.13, at small level of g (1.0),
2% increase in g, causes 8.03% decrease in CEP, and another 2% increase in ;x4
causes additional 7.16% decrease in CEP. Since CEP does not make a maximum at a
certain £ value (active constraint) as seen in Figure 5.13 and the maximum value that
CEP reaches is realized at minimum S as seen in Figure 5.9 (a), optimum g level is
equal to the small g level (1.0). Therefore, effect of 2% and additional 2% &, is
the same; 8.03% and 7.16%. And lastly, at large level of g (7.0), CEP is decreased
by 8.85% and additional 10.41% due to 2% and additional 2% increase in heat
leakage (e.,1). As seen, this effect at large S level is more significant compared to
that of small level (and optimum level) of S, considering that effect of &,,, on CEP

is significant at all levels of .
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By looking at Figure 5.9 (b) and Figure 5.13, it has been seen that effect of &,
becomes more significant as 8 gets larger. It has been observed that at small level of
B, 2% increase in &, causes 0.21% decrease in n,. Also, another 2% increase
causes additional 0.26% decrease. At optimum level of B, successive 2% increases
cause 1.44% and 1.47% decreases in n,, which is a larger effect than small g level.
At larger level of S, these effects becomes 4.23% and 6.13% decrease in n,, which
is significantly larger than small and optimum level £ value. It is clear that as 8

increases, effect of heat leakage (&;x1) on n, becomes more significant.

It has been observed in Figure 5.9 (c) and Figure 5.13 that effect of &,,, On fo,q IS
significant for all levels of B. As seen in Figure 5.9 (c), f..q does not have a
minimum peak with respect to £, so the minimum £ is active constraint for f,,4, and
minimum and optimum g values are the same (1.0). At that minimum level of 3, 2%
increase in &, causes 8.50% increase in f,,q and additional 2% increase in &;x4
causes 7.44% additional increase in f,,q4. At large level of £, this effect becomes
5.06% and 4.78%, which is less significant than small level of S. Therefore, it has
been observed that effect of €5, on f..q 1S More significant at small level of g;

although, it is significant at all levels.

In Figure 5.9 (d) and Figure 5.13, it has been seen that effect of £, on TSFC
increases with increasing S, due to diverging lines at larger § values. Numerically,
at small B value, 2% increase in &, causes 0.21% and additional 2% causes 0.26%
increase in TSFC. At optimum level of 8, TSFC is increased by 1.49% and 1.52% by
first 2% and second 2% increase in &;x;. And lastly, this effect becomes 4.50% and
6.66% at large S value. Therefore, it has been observed that TSFC has been affected

by €.k, more significantly at large g level compared to small S level.

By looking at Figure 5.9 (e) and Figure 5.13, it has been seen that effect of &, IS
less significant except at the large edge of . Since F, does not make a peak with
respect to B, and decreases with increasing £, optimum point giving the maximum
F; for B is the small limit, (1.0). Therefore, optimum and small £ is the same. When
it comes to investigating the effect of ¢, x4, at small level of B, 2% increase in &; x4
causes 0.21% decrease in F; and another 2% causes 0.26% decrease. At larger level,

this effect becomes 4.31% and 6.24% respectively. This numbers and Figure 5.9 (e)
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shows that effect of &, is nearly insignificant on F, except very high level of g
such as (7.0).

It has been observed in Figure 5.9 (f) that effect of £,,, on S'gen is significant at all
levels of B. In Figure 5.13, it has been seen that at small level of g, S‘gen has been
increased by 8.50% and 7.44% due to 2% and additional 2% increase in & ;.
Optimum level of S is the same as small level of S, since S'gen does not make a peak
with respect to £, and it becomes larger as S is selected larger. Therefore, in order to
have smaller Sgen values, £ has been selected as small as possible, which is (1.0).
Hence, effect of €., on Sgen is the same; numerically, 8.50% and 7.44%. At large
level of B, this effect becomes 5.07% and 4.78% increase in S‘gen due to 2% and
another 2% increase in &.x;. Therefore, it has been observed that €, iS more
effective on Sgen at small levels of g compared to large level of 8, pointing that it is

significantly effective at all levels of .

Analyzing Figure 5.9 (a)-(f) and Figure 5.13, two additional observations have been
stated. First, the effect of £,,,; on performance indicators is not linear. Second, CEP,
fexa and Sgen have been effected by &, ,, more significantly at all levels of 3, that is
again effect of heat leakage on these three performance indicators are more
independent of S level. On the other hand, effect of ,x, onn,, TSFC and F, is more

dependent on g level, since it changes the significance of effect of €, .

5.2.4.4 Relative % change of performance indicators at small, optimum and

large T,qx Values

Relative % change of CEP, n,, f.xqa TSFC, F; and S'gen corresponding to 2% increase
(from 0% to 2%) and another additional 2% increase (from 2% to 4%) in €5, at
small, optimum and large values of T,,,, have been calculated and presented in
Figure 5.14. The selected small and large level of T,,,, are 1250 K and 1800 K in

order to cover all values seen in Figure 5.10 (a)-(f) at 0%, 2% and 4% &; k4.

As seen in Figure 5.10 (a) and Figure 5.14, effect of €., on CEP is significant at all
levels of T,,4,. At small level of T,,,, (1250 K), 2% increase in €, causes 7.54%
decrease in CEP and additional 2% of &;, causes 7.85% decrease in CEP. As CEP

increases with increasing Ty, there is not a maximum peak. Instead, T,,,, equals
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to 1800 K has been selected as the point that CEP reaches the maximum value for
this interval of T,,,, (active constraint). Therefore, optimum T,,,, for CEP is equal
to maximum T,,,,,, 1800 K. At large (and optimum) level of T,,,,,, CEP is decreased

by 7.89% and 7.24% consecutively due to 2% and additional 2% increase in &, 4.
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Figure 5.14 : Relative % change of performance indicators at small, optimum and
large levels of T,,qy-

In Figure 5.10 (b) and Figure 5.14, it has been observed that n,, is effected by &4
more significantly at small values of T,,,, compared to large values of it. At small
Tonax, 2% increase in €, causes 2.87% decrease in n, and another 2% increase in
€rx1 causes 3.46% decrease in n,. At optimum level of T,,,, 1, has been decreased
by 1.10% and 1.11% due to 2% and another 2% increase in &, respectively. Also,
at large level of T,,,,, this effect becomes only 0.06% and 0.09%. Therefore, it is
evident that n, is effected by ¢;x, significantly when T,,,, is small; however, this

effect becomes insignificant as T,,,,, becomes larger.

By looking at Figure 5.10 (c) and Figure 5.14, it has been observed that effect of
Erx1 ON foxq 1S significant for all levels of T,,,.. At small level of T,,.., 2%
increase in &, causes 5.06% increase in f,,4. An additional 2% increase in & g4
causes additional 4.77% increase in f,,4. Since f,,, does not make a peak minimum
with respect to T4, and it becomes smaller as T,,,,, gets larger, the optimum T,

has been selected as the maximum value (1800 K) in order to have minimum f,,,; at
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that range (active constraint). At maximum level of T,,,, effect of &, becomes
8.50% and 7.71% increase in f,,q due to 2% and additional 2% increase in ;.
Therefore, it has been seen that as T,,,, becomes larger, effect of €,x; ON foxa

becomes more significant.

It has been seen in Figure 5.10 (d) and Figure 5.14 that effect of &,,, on TSFC is
significant at small values of T,,, and this effect becomes insignificant with
increasing T4, Value. Numerically, at small level of T,,,, 2% increase in &g,
causes 3.01% increase in TSFC and additional 2% increase in €, causes additional
3.66% increase in TSFC. At optimum level of T,,,,, two consecutive 2% increases
in .5, causes 1.09% and 1.11% increase in TSFC. And lastly, at large values of
Tinax, this effect becomes 0.06% and 0.09%. Therefore, it has been concluded that
negative effect of €,,, on TSFC is more significant at small levels of T,,,,, while it

Is comparably insignificant at larger levels of T,

In Figure 5.10 (e) and Figure 5.14, effect of £,,, on F; with respect to T,,,, has been
observed. At small level of T,,,,, increasing the &, by 2% causes 2.93% decrease
in F,. Additional 2% increase in €, causes 3.53% decrease in F;. Since F, does not
make a maximum peak with respect to T,,,,,, and F; value increases with increasing
Tonax, IN order to have maximum F, value, maximum T,,,, Value has been selected
as optimum value (active constraint). Therefore, maximum level of T,,,, and
optimum T,,,, Value is the same. At that maximum level of T,,,,, F, decreases by
0.06% and 0.09% with respect to two consecutive 2% increases of €, x,. Therefore, it
has been seen that at small values of T,,,., €.x1 effect on F; is more significant

compared to that of large level of T4,

Lastly in Figure 5.10 (f) and Figure 5.14, it has been seen that S'gen has been effected
due to heat leakage, €1, significantly. This effect is significant at all levels of Ty,
as seen in Figure 5.10 (f). In Figure 5.14, it has been observed that at small level of
Tonaxs Sgen increases by 5.06% and 4.77% due to 2% and additional 2% increase in
Erx1- Optimum T, level is equal to the minimum T,,,, level since S'gen does not
make a minimum with respect to T, and it increases with increasing Ty, qy-
Therefore, minimum Sgen at that range of T,,,, can be found at minimum T,,,,. At
large level of T,,,,, effect of 2% increase in &, oON S'gen is 8.50% increase, and

additional 2% increase causes 7.71% increase respectively. Therefore, it is evident
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that effect of ¢4, On S'gen is significant at all levels of T,,,,; however, it is more

significant at larger levels of Ty, -

Analyzing Figure 5.10 (a)-(f) and Figure 5.14, two additional observations have been
made. First, the effect of ¢;,, on performance indicators is not linear. Second, CEP,

fexa and Sgen have been effected by €;x,; more significantly at all levels of T4,

that is again effect of heat leakage on these three performance indicators are more
independent of T, level. On the other hand, effect of ¢,,; on n,, TSFC and F; is

more dependent on T,,,,, level, since it changes the significance of effect of &, 4.
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6. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, the main purpose is to investigate the effects of heat leakage on the
optimal performance of a twin-spool turbofan engine during the cruise phase of a
commercial aircraft. There have been considered six different performance
indicators, namely the coefficient of ecological performance CEP, the overall
efficiency n,, the exergy destruction factor f,,q, , the thrust specific fuel
consumption TSFC , the specific thrust F; , and the entropy generation rate Sgen. The
effects of heat leakage ratio one &;x,, and heat leakage ratio two ¢;,, at three
different values namely 0.00, 0.02 and 0.04, on these six performance indicators have
been investigated when design parameters have been considered as variable on
different ranges. These design parameters are the total compressor pressure ratio
Tcrotals the fan pressure ratio ¢, the bypass air ratio f, and maximum turbine inlet

temperature Tp,qx-

Firstly, operating conditions of aircraft and parameters of the engine have been set,
and related equations have been derived starting from the entrance until the exit of
the engine. Secondly, optimal operating areas have been determined for each design
parameter considering six performance indicators. And lastly, effect of heat leakage
on the optimal performance of the engine in term of both design parameters and

performance indicators have been investigated.

6.1 Conclusions of the Thesis

Conclusions of the thesis have been summarized as follows

e Considering two primary performance indicators namely CEP and n,, very
small values of ¢ roeqr, 77 and Tpg, are not suitable areas to consider in
design phase, since in these areas performance indicators shows sharp

performance drops.

e Effect of one design parameter on any performance indicator is highly

dependent on the values of other design parameters. Shape of the curve
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changes for a performance indicator with respect to a design parameter when
values of other design parameters are changed.

Effect of heat leakage from combustion chamber to by-pass air through the
CC wall (g,51) on the performance of a twin-spool turbofan engine is
considerably more significant than the effect of heat leakage from by-pass air

to environment (&.x-).

Effect of heat leakage one (k1) is significant on CEP, f,,4 and S'gen at all

levels of design parameters including optimum levels.

Effect of heat leakage one (g.x,) is more significant on CEP, f,,q and S'gen
at small and optimum values of ¢ ro¢q:, 77 @and B; and at large and optimum

values of T,,,, compared to effect on n,, TSFC and F;.

On the other hand, this effect is significant on n,, TSFC and F; at large

values of ¢ ro¢q1, 77 and £; and at small values of T,

The different characteristic of effect of heat leakage one on CEP, f,,, and

Sgen compared to effect on n,, TSFC and F, is mainly due to the fact that the
heat loss from the combustion chamber during the combustion is high-
quality, and the process is highly irreversible. Large temperature difference
between the combustion chamber and by-pass air causes an increase in
entropy generation rate during this heat loss and exergy destruction rate also
increases significantly. Therefore, the performance indicators which are
derived by the 2" Law of Thermodynamics (CEP, fexa and Sgen) are
affected more significantly than the other performance indicators which are
derived by the 1% Law of Thermodynamics (n,, TSFC and F,) by this heat

loss even the loss amount is very small.

Optimum values of design parameters are dependent on the amount of heat
leakage, which means that as heat leakage amount changes, optimum values
of design parameters and corresponding values of performance indicators

also change.

The effect of heat leakage on the performance indicators is not linear with
respect to relative % change in performance indicators for different levels of

heat leakage.
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6.2 Recommendations for Future Studies

In this thesis, thermodynamic analysis for a twin-spool turbofan engine has been
conducted in terms of energy and exergy. Effects of heat leakage on the optimal
performance of these engines have been investigated. The selected configuration was
front-fan, no-afterburner and no-mixed-exhaust type twin-spool turbofan engine with

kerosene as a fuel.

For the future studies, a configuration with an afterburner can be selected to perform
thermodynamic analysis. Due to a second combustion process after turbine exit, the
mass flow rates, entropy generation rate and so exergy destruction rate, temperature
of the flow at different stages, optimum design parameters and corresponding
performance indicators would change. Also, effect of heat leakage would be
analyzed both from first combustion and from second combustion, and it would
make the analysis different from this thesis to be considered as a future study. In
addition, examinations of rear-fan, mixed exhaust and triple-spool configurations

would enrich the study.

Apart from the conventional transportation from one place to another in the world,
space transportation has become a topic of interest for researchers. Recognizing the
high investment values of conventional vehicles and engines for space transportation,
researches have been focused on new solutions with reviews of current technologies
(Hempsell, 2010). Turbojet, turbofan, turboramjet, scramjet, LACE (liquid air cycle
engine) and SABRE (Synergetic air-breathing and rocket engine) have been
investigated for new opportunities (Webber et al, 2007; Jivraj et al, 2007; Varvill and
Bond, 2003; Cecere et al, 2014) .

Moreover, instead of flight speeds of conventional commercial aircrafts, which is
around 0.8 — 0.9 Mach, some researchers have focused on higher speeds.
Transportation in supersonic (1.2 — 5.0 Mach) and hypersonic (5.0 — 10.0 Mach)
speeds have become a new interest area for many researchers. Transporting between
any two places of the world in 4 — 5 hours with acceptable noise levels has become

one of the main drivers of these researches (Jivraj et al, 2007).

For high level of speeds, researches have been focused on hydrogen instead of

current fossil fuels both in terms of environmental effect and in terms of convenience
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of thermophysical and thermochemical properties of hydrogen for thermodynamic
cycles of such high-speed flights.

Derived from the SABRE engine, the Scimitar engine has been proposed for
hypersonic speeds. This engine is an air-breathing engine utilizing hydrogen both as
fuel and as pre-cooler of incoming air. It can operate both in subsonic speeds and in
hypersonic speeds, and utilizes air, hydrogen and helium gases in its thermodynamic

cycle (Jivraj et al, 2007).

Considering new fuel utilization other than conventional fossil fuels, hypersonic
speeds of travel instead of conventional subsonic speeds of travel and complex
thermodynamic cycle with introduction of hydrogen and helium instead of
conventional aero-type engines (turbojet, turbofan etc.), the Scimitar engine is an
opportunity for future studies. Analyzing its thermodynamic cycle, performing
optimization of design parameters and assessing the energy and exergy performances
Is considered as a valuable contribution to the literature.

134



REFERENCES

Altuntas, O., Karakoc, T.H. and Hepbasli, A. (2012). Exergetic, exergoeconomic
and sustainability assessments of piston-prop aircraft engines. Journal
of Thermal Science and Technology, 32 (2), 133-143.

Aydin, H., Turan, O., Midilli, A. and Karakoc, T.H. (2012). Energetic and
exergo-economic analysis of a turboprop engine: A case study for
CT7-9C. International Journal of Exergy, 11 (1), 69-88.

Aydmn, H., Turan, O., Karako¢, T.H. and Midilli A. (2013a). Exergo-
sustainability indicators of a turboprop aircraft for the phases of a
flight. Energy, 58, 550-560.

Aydin, H., Turan, O., Midilli, A. and Karakoc, T.H. (2013b). Energetic and
exergetic performance assessment of a turboprop engine at various
loads. International Journal of Exergy, 13 (4), 553-564.

Aydin, H., Turan, O., Karakoc, T.H. and Midilli, A. (2014a). Sustainability
assessment of PW6000 turbofan engine: an exergetic approach.
International Journal of Exergy, 14 (3), 388-412.

Aydin, H., Turan, O., Midilli, A. and Karakoc, T.H. (2014b). Exergetic
performance of a low bypass turbofan engine at takeoff condition. In
Dincer, 1., Midilli, A., Kucuk, H. (Eds.), Progress in Exergy, Energy
and the Environment (Vol.1l, pp.293-303). Cham : Springer
International Publishing.

Balli, O., Aras, H., Aras, N. and Hepbasli, A. (2008). Exergetic and
exergoeconomic analysis of an Aircraft Jet Engine (AJE).
International Journal of Exergy, 5 (5-6), 567-581.

Balli, O. and Hepbasli, A. (2013). Energetic and exergetic analyses of T56
turboprop engine. Energy Conversion and Management, 53 (1), 106-
120.

Balli, O. and Hepbasli, A. (2014). Exergoeconomic, sustainability and
environmental damage cost analyses of T56 turboprop engine. Energy
Conversion and Management, 64 (1), 582-600.

Baskharone, E.A. (2006). Principles of Turbomachinery in Air-Breathing Engines.
New York: Cambridge University Press.

Bejan, A. and Siems, D.L. (2001) The need for exergy analysis and thermodynamic
optimization in aircraft development. Exergy, 1 (1), 14-24.

Bejan, A., Tsatsaronis, G. and Moran, M. (1996). Thermal Design and
Optimization. New York: Wiley.

135



Cecere, D., Giacomazzi, E. and Ingenito, A. (2014). A review on hydrogen
industrial aerospace applications. International Journal of Hydrogen
Energy, 39 (20), 10731-10747.

Chen, L., Zhang, W. and Sun F. (2007). Power, efficiency, entropy generation rate
and ecological optimization for a class of generalized irreversible
universal heat engine cycles. Applied Energy, 84 (5), 512-525.

Clarke, J.M., Horlock, J.H. (1975). Availability and propulsion. Journal of
Mechanical Engineering Science, 17 (4), 223-232.

Cohen, H., Rogers, G.F.C. and Saravanamuttoo, H.l.H. (1996). Gas Turbine
Theory, 4th ed. Essex: Longman Group Limited.

Colakoglu, M., Tanbay, T., Durmayaz, A. and Sogut, O.S. (2014). Effect of Heat
Leakage on the Performance of a Twin-Spool Turbofan Engine. In
Canan Kandilli, (Ed.), 7" IEESE. Proceedings of the 7" International
Ege Energy Symposium & Exhibition, (pp. 477-500). Turkey : Usak
University Green Economy Research and Application Centre, June
18-20.

Colakoglu, M., Tanbay, T., Durmayaz, A. and Sogut, O.S. (in press). Effect of
heat leakage on the performance of a twin-spool turbofan engine.
International Journal of Exergy.

Connelly L, Koshland CP. (2001a). Exergy and industrial ecology. Part 1: An
exergy-based definition of consumption and a thermodynamic
interpretation of ecosystem evolution. Exergy, An International
Journal, 1 (3), 146-165.

Connelly L, Koshland CP. (2001b). Exergy and industrial ecology. Part 2: A non-
dimensional analysis of means to reduce resource depletion. Exergy,
An International Journal, 1 (4), 234-255.

Cengel, Y.A. and Boles, M.A. (2005). Thermodynamics: An Engineering Approach,
5" ed. New York: McGraw-Hill.

Dagaut, P. and Cathonnet M. (2006). The ignition, oxidation and combustion of
kerosene: A review of experimental and kinetic modeling. Progress in
Energy and Combustion Science, 32 (1), 48-92.

Dincer, I. and Rosen, M.A. (1998). Worldwide perspective on energy, environment
and sustainable development. International Journal of Energy
Research, 22 (15), 1305-1321.

Dincer, 1. and Rosen, M.A. (2005). Thermodynamic aspects of renewables and
sustainable development. Renewable and Sustainable Energy Reviews,
9 (2), 169-1809.

Dincer, I. and Rosen, M.A. (2007). Exergy: Energy, Environment and Sustainable
Development. Oxford: Elsevier.

Durmayaz, A., Sogut, O. S., Sahin, B. and Yavuz, H. (2004). Optimization of
thermal systems based on finite-time thermodynamics and
thermoeconomics. Progress in Energy and Combustion Science, 30
(2), 175-217.

136



Ehyaei, M.A., Anjiridezfuli, A. and Rosen M.A. (2013). Exergetic analysis of an
aircraft turbojet engine with an afterburner. Thermal Science, 17 (4),
1181-1194.

El-Sayed, A.F. (2008). Aircraft Propulsion and Gas Turbine Engines. Florida: CRC
Press.

Etele, J. and Rosen M.A. (2001). Sensitivity of exergy efficiencies of aerospace
engines to reference environmental selection. International Journal of
Exergy, 1 (2), 91-99.

Hempsell, M. (2010). A phased approach to orbital public access. Acta Astronautica,
66 (12) 1639-1644.

Hepbasli, A. (2008). A key review on exergetic analysis and assessment of
renewable energy resources for a sustainable future. Renewable and
Sustainable Energy Reviews, 12 (3), 593-661.

Hill, P.G. and Peterson, C.R. (1992). Mechanics and Thermodynamics of
Propulsion, 2" ed. Massachusetts: Addison Wesley Publishing
Company.

Hiinecke, K. (2003). Jet Engines: Fundamentals of Theory, Design and Operation,
6" ed. lowa: Motorbooks International Publishers and Wholesalers.

Jivraj, F., Varvill, R., Bond, A. and Paniagua, G. (2007). The Scimitar precooled
Mach 5 engine, The 2" European Conference for Aerospace Sciences,
Brussels, Belgium : 1 — 6 July.

Kotas, T.J. (1995). The Exergy Method of Thermal Plant Analysis. Florida: Krieger
Publishing Company.

Langston, L.S. (2011).Turbine fuel efficiency: Fitting a pitch. American Society of
Mechanical Engineers. Retrieved: November 22, 2015, from
https://www.asme.org/engineering-topics/articles/turbines/turbine-
fuel-efficiency-fitting-a-pitch

Mattingly, J.D. (2006). Elements of Propulsion: Gas Turbines and Rockets, 2nd ed.
Virginia: American Institute of Aeronautics and Astronautics.

Mattingly, J.D., Heiser, W.H. and Pratt D.T. (2002). Aircraft Engine Design, 2nd
ed. Virginia: American Institute of Aeronautics and Astronautics.

Midilli, A. and Dincer, 1. (2009). Development of some exergetic parameters for
PEM fuel cells for measuring environmental impact and sustainability.
International Journal of Hydrogen Energy, 34 (9), 3858-3872.

Midilli, A. and Dincer, I. (2010). Effects of some micro-level exergetic parameters
of a PEMFC on the environment and sustainability. International
Journal of Global Warming, 2 (1), 65-80.

Midilli, A., Kucuk, H., Dincer, I. (2011). Exergetic sustainability evaluation of a
recirculating aquaculture system, Global Conference on Global
Warming 2011, Lisbon, Portugal : July 11-14.

Mollaoglu, G., Durmayaz, A., Sogut, O.S. and Aydin, M. (2009). Performance
optimization of a gas-cooled-reactor nuclear power plant with finite-
rate heat transfer, The 4™ International Exergy, Energy and
Environment Symposium, Sharjah, UAE : April 18-23.

137



Najjar, Y.S.H. and Al-Sharif, S.F. (2006). Thermodynamic optimization of the
turbofan cycle. Aircraft Engineering and Aerospace Technology, 78
(6), 467-480.

Oates, G.C. (1998). Aerothermodynamics of Gas Turbine and Rocket Propulsion,
3rd ed. Virginia: American Institute of Aeronautics and Astronautics.

Rolls-Royce. (1996). The jet engine, 5" ed. Derby: The Technical Publications
Department, Rolls-Royce plc.

Rosen, M. A. (2002). Assessing energy technologies and environmental impacts
with the principles of thermodynamics. Applied Energy, 72 (1), 427-
441.

Rosen, M. A. and Etele, J. (2004). Aerospace systems and exergy analysis:
applications and methodology development needs. International
Journal of Exergy, 1 (4), 411-425.

Szargut, J. (2005). Exergy Method Technical Ecological Applications.
Southampton: WIT Press.

Szargut, J., Morris, D.R. and Steward, F.R. (1988). Exergy Analysis of Thermal,
Chemical, and Metallurgical Processes. New York: Hemisphere
Publishing Co.

Szargut, J., Ziebik, A. and Stanek, W. (2002). Depletion of the non-renewable
natural exergy resources as a measure of the ecological cost. Energy
Conversion and Management, 43 (9), 1149-1163.

Tai, V.C., See, P.C. and Mares, C. (2014). Optimisation of energy and exergy of
turbofan engines using genetic algorithms. International Journal of
Sustainable Aviation, 1 (1), 25-42.

Tanbay, T., Durmayaz, A. and Sogut, O.S. (2013).Turbojet motorunun sonlu
zaman termodinamigi ile ekolojik optimizasyonu, /9.Ulusal Is: Bilimi
ve Teknigi Kongresi, Samsun, Turkey : September 9-12.

Tanbay, T., Durmayaz, A. and Sogut, O.S. (2015). Exergy-based ecological
optimization of a turbofan engine. International Journal of Exergy, 16
(3), 358-381.

Tona, C., Raviolo, P.A., Pellegrini, L.F. and Oliveira Jr., S. (2010). Exergy and
thermoeceonomic analysis of a turbofan engine during a typical
commercial flight. Energy, 35 (2), 952-959.

Turan, O. (2012). Effect of reference altitudes for a turbofan engine with the aid of
specific-exergy based method. International Journal of Exergy, 11
(2), 252-270.

Turan, O., Aydin, H., Karakoc, T.H. and Midilli, A. (2014a). First law approach
of a low bypass turbofan engine. Journal of Automation and Control
Engineering, 2 (1), 62-66.

Turan, O., Aydin, H., Karakoc, T.H. and Midilli, A. (2014b). Some exergetic
measures of a JT8D turbofan engine. Journal of Automation and
Control Engineering, 2 (2), 110-114.

Turan, O., Karakoc, H. and Sogut, M.Z. (2013). Exergetic definition of
sustainability for small turbojet engines, 12" International Conference

138



on Sustainable Energy Technologies, Hong Kong, China : August 26-
29.

Turan, O. and Karakoc, T.H. (2010). Effects of fuel consumption of commercial
turbofans on global warming. In Dincer, 1., Midilli, A., Hepbasli, A.
and Karakoc, T.H. (Eds.), Global Warming: Engineering Solutions
(Vol. 1, pp.241-253). New York : Springer.

Turan, O., Orhan, I. and Karakog¢, T.H. (2008). On-design analysis of high by-
pass turbofan engines. Journal of Aeronautics and Space
Technologies, 3 (3), pp.1-8.

Turgut, E.T., Karakoc T.H. and Hepbasli A. (2007). Exergetic analysis of an
aircraft turbofan engine. International Journal of Energy Research, 31
(14), 1383-1397.

Turgut, E.T., Karakoc T.H. and Hepbasli A. (2009a). Exergoeconomic analysis of
an aircraft turbofan engine. International Journal of Exergy, 6 (3),
277-294.

Turgut, E.T., Karakoc T.H., Hepbasli A. and Rosen, M.A. (2009b). Exergy
analysis of a turbofan aircraft engine. International Journal of Exergy,
6 (2), 181-199.

Ust, Y., Sogut, O.S., Sahin, B. and Durmayaz, A. (2006). Ecological Coefficient of
Performance (ECOP) optimization for an irreversible Brayton heat
engine with variable-temperature thermal reservoirs. Journal of
Energy Institute, 79 (1), 47-52.

Van Gool, W. (1997). Energy policy: fairy tales and factualities. In Suares, O.D.D,
Martins da Cruz, A., Costa Pereira, G., Soares, .M.R.T. and Reis,
A.J.P.S. (Eds.), Innovation and Technology-Strategies and Policies,
(Vol. 1, pp.93-105). Dordrecht : Kluwer Academic Publishers.

Varvill, R. and Bond, A. (2003). A comparison of propulsion concepts for SSTO
reusable launches. Journal of the British Interplanetary Society, 56
(3), 108-117.

Wang, J., Chen, L., Ge, Y. and Sun, F. (2014). Ecological performance analysis of
an endoreversible modified Brayton cycle. International Journal of
Sustainable Energy, 33 (3), 619-634.

Wang, W., Chen, L. and Sun, F. (2011). Ecological optimisation of an irreversible
ICR gas turbine cycle. International Journal of Exergy, 9 (1), 6-79.

Webber, H., Bond, A., and Hempsell, M. (2007). The sensitivity of precooled air-
breathing engine performance to heat exchanger design parameters.
Journal of the British Interplanetary Society, 60, 188-196.

Xia, D., Chen, L., Sun, F. and Wu, C. (2006). Universal ecological performance for
endoreversible heat engine cycles. International Journal of Ambient
Energy, 27 (1), 15-20.

Xiang, J.Y., Cali, M., Santarelli, M. (2004). Calculation for physical and chemical
exergy of flows in systems elaborating mixed-phase flows and a case
study in an IRSOFC plant. International Journal of Energy Research,
28 (2), 101-115.

139


http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=5&SID=X2r9xrO71KerGVOz2uQ&page=1&doc=8
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=5&SID=X2r9xrO71KerGVOz2uQ&page=1&doc=8

Yildirim, E., Altuntas, O., Karakoc, T.H. and Mahir, N. (2013). Energy and
exergy analysis of piston-prop helicopters, 8" International Green
Energy Conference, Kyiv, Ukraine : June 17-19.

Zhang, W., Chen, L., Sun F. and Wu, C. (2007). Exergy-based ecological optimal
performance for a universal endoreversible thermodynamic cycle.
International Journal of Ambient Energy, 28 (1), 51-56.

Url-1 <http://www.pw.utc.com/JT8D_Engine>, date retrieved 29.08.2015.

140



APPENDICES

APPENDIX A: Calculation of ¢ for kerosene and formulation of ¢ for solid fuels

APPENDIX B: Derivation of isentropic efficiency of compressor shown in equation
(4.117)
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APPENDIX A

In equation (2.25) and (2.26) ratio of specific chemical exergy to lower heating value
of the fuel, ¢, has been introduced and written explicitly. For kerosene, considering
the chemical formula of C;,H,5, mass fractions of H, C, O and S has been calculated
for each element by

Mass fraction of an element

_ Total mass of the element in fuel molecule (A1)

Total mass of the fuel molecule

Atomic mass of H,C,0 and S are 1.00794, 12.0107, 15.9994 and 32.066
respectively in amu. Therefore mass fractions are calculated as

H= 23 » 1.00794 = 0.13856003 A2
= (12 %12.0107) + (23 * 1.00794) (A22)
C= 12+ 120107 = 0.86143997 A.2b
"~ (12%12.0107) + (23 * 1.00794) (A.2D)
0= 0 * 15.9994 _ 0 Ao
~ (12 % 12.0107) + (23 * 1.00794) _ (A-2¢)
. 0 * 32.066 _ 0 A
"~ (12 %12.0107) + (23 * 1.00794) (A-2d)
Therefore by using equation (2.26), ¢ becomes
= [1.0401 + 0.1728 013856003 + 0| = 1.067894 (A.3)
=1 440086143997 T T T '

Then by using equation (2.25), specific chemical exergy of kerosene becomes

= @Quuy = 1.067894 * 43.15 = 46.0796261 (A.4)

€chem
in units of MJ per kg. The value that is taken from the literature to utilize in the thesis

has been 45.8 MJ per kg. Therefore the difference between the value calculated in
equation (A.4) and the value taken from the literature is
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Deviation = 1 458 = 0,00606 = 0.6% (A5)
eviation = & = 460796261 = 1.6% '

which is insignificant and ignorable.

For solid fuels, equation (2.25) is also valid; however, ¢ formulation differs from
that of liquid fuels (Szargut et al,1988; Kotas, 1995). For solid fuels consisting of
H,C,0 and N; and having mass ratio of oxygen to carbon less than 0.667, ¢ has
been presented in equation (A.6).

H 0 N
Pary = 1.0437 + 0.1882 T + 0.0610? + 0'0404E (A.6)

It has been noted that equation (A.6) is not valid for wood. For solid fuels having
oxygen to carbon ration between 2.67 and 0.667, ¢ has been presented in equation
(A.7), which is also valid for wood.

1.0438 4+ 0.1882 "_ 0.2509 (1 + 0.7256§) + 0.0383ﬁ
— C C C
(pdry - 0 (A7)
1- 0'3035?

For solid fuels, ¢ value can be calculated by using equation (A.6) or equation (A.7)
and then by using equation (2.25), specific chemical exergy can be calculated.
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APPENDIX B

Isentropic efficiency formulation of a compressor in terms of stage isentropic
efficiency, stage pressure ratio and compressor pressure ratio has been presented in
equation (4.117).

For any j™ stage in compressor, equation (4.123) has been rewritten as

(Tsj)(k_l)/k _1

Nsj = T. (B.1)

J
-1
T

where 7y is pressure ratio of | stage to j-1" stage. Rewriting equation (B.1)

Tj 1 (k-1)/k
T,-_il =1+ (n_> [(rsj) — 1] (B.2)

SJ

Then, by extending it from stage 1 to stage N

N
T, 1 (k=1)/k
w1 ()™ 1) ©3
0 L Nsj
j=1
Also for the whole compressor, pressure ratio has been defined as
Py T1(/ P
=116
PO j=1 st—1
where
P
P_I:)I =1, (B.5)

Also, as written in equation (4.123), isentropic efficiency of the whole compressor
has been written as

(re)*~D/k -1
Ne = Ty (B.6)

Then, by substituting equation (B.3) into equation (B.6), equation (4.117) in Chapter
4 has been obtained as the isentropic efficiency of the compressor as a function of
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compressor pressure ratio, isentropic efficiency of each stage and pressure ratio of
each stage.
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