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Compression Ignition (CI) engines are of great significance, especially in commercial
terms, due to their ability to provide high torque and low fuel consumption. However,
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INVESTIGATION OF THE EFFECTS OF ALTERNATIVE FUEL USE ON
PERFORMANCE AND EMISSIONS IN A COMPRESSION IGNITION (ClI)
DIESEL ENGINE

SUMMARY

Undoubtedly, one of the most crucial options under investigation for enhancing
performance and emission characteristics in internal combustion engines (ICEs) is the
adoption of alternative fuels. It is of utmost importance that these alternative fuels are
compatible with engine operation and do not lead to substantial structural alterations
in the engine. These fuels need to be thermodynamically compatible with the engine
and environmentally friendly. Key characteristics to look for in alternative fuels
include having high reserves, high energy density, and causing minimal emissions.
Due to possessing all these features, natural gas and hydrogen fuels hold significant
importance among alternative fuels. Natural gas and hydrogen fuels are
thermodynamically compatible with engines that operate on both Otto and Diesel
cycles. Their ability to be used in internal combustion engines as alternative fuels
without causing significant structural changes paves the way for their application.
Furthermore, their lower emissions contribute to their appeal. In a compression-
ignition (CI) engine, natural gas and hydrogen fuels, along with diesel fuel, can be
used by mixing the gaseous fuel with intake air through a low-pressure injector in the
manifold. Subsequently, ignition is achieved by injecting pilot diesel fuel onto the
compressed charge during the compression process. The combustion technology that
occurs in Cl engines through this method is called "Dual-Fuel™ combustion.

The combination of the high energy density of natural gas and its environmentally
friendly nature, coupled with the high thermal efficiency of the diesel engine, results
in both efficient and environmentally friendly operating conditions. In high
compression ratio CI (Compression Ignition) engines, natural gas with a high octane
number can be used directly in a premixed form without causing knock up to a certain
compression ratio. When it comes to hydrogen fuel, it is known that its use in
compression-ignition engines is highly suitable, just like natural gas, and it does not
require any structural changes in the engine. The advantages of natural gas, such as its
low carbon-to-hydrogen ratio, and the absence of this ratio in hydrogen, combined
with their high energy densities, have increased the interest in these gaseous fuels. This
situation has motivated the current thesis work. The impact of CI engines on air
pollution worldwide, along with the economic and high-energy capacity
characteristics of natural gas and hydrogen, strengthens the case for the alternative use
of these gas fuels. The environmentally friendly and high-performance attributes of
natural gas, combined with hydrogen's rapid and extensive ignition range, along with
its high mass-specific energy density, have shed light on the application of these two
gas fuels together in CI engines. Utilizing these advantages, the current thesis work
has not only improved performance values but has also met the increasingly stringent
emission limit values.
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The thesis work involved the numerical modeling of an experimental study based on
the literature, utilizing the ANSYS Forte CFD program. In the experimental part, the
energy in a partially loaded (25% - 4.05 BMEP) compression-ignition diesel engine
was supplied by 25% diesel fuel and 75% natural gas fuel. Different diesel fuel
injection advances (10°, 14°, 18°,22°,26°, 30°, 34°, 38°,42°,46°, and 50° CA BTDC)
were investigated at a constant engine speed (910 rpm) to explore their effects on
performance and emission values. The test results were compared with the obtained
numerical results to validate the established model. Subsequently, using the validated
numerical model, parametric studies involving hydrogen in combustion were
conducted.

Parametric studies were conducted in two stages. In the first stage, the effects of energy
fractions of natural gas and hydrogen, as well as diesel fuel injection advances, were
examined. Two fundamental principles guided the energy fractionation. In the first
principle, the total fuel input energy under test conditions remained constant, while a
portion of the natural gas energy was gradually transferred to hydrogen fuel. The
diesel-derived energy fraction was kept constant at 25%, while the remaining 75% was
allocated between natural gas and hydrogen fuels. These operating points were named
Mode 1, also known as the energy-sharing mode for gas fuels. For Mode 1, the energy
sharing ratios were established as D25NG75H00 (test case), D25NG65H10,
D25NG50H25, D25NG25H50, and D25NGO0H75. The second principle involved
maintaining the diesel and natural gas energy ratios (25% diesel and 75% natural gas)
constant, while providing extra energy input to the system through the inclusion of
hydrogen. These operating points were labeled as Mode 2, also referred to as the
hydrogen enrichment mode. For Mode 2, the operating points resulting from hydrogen
enrichment were designated as D25NG75H00 (test case), D25NG75HO05,
D25NG75H10, D25NG75H15, D25NG75H20, and D25NG75H25. Various fuel
energy fractions for both Mode 1 and Mode 2, combined with different diesel fuel
injection timings (10°, 14°, 18°, 22°, 26°, 30°, 34°, and 38° CA BTDC), were
examined to analyze their effects on performance and emission values. Among the
examined values, it was observed that the operating points D25NG50H25 (14° CA
BTDC for SOI) for Mode 1 and D25NG75H15 (10° CA BTDC for SOI) for Mode 2
produced more reasonable results in terms of both engine performance and exhaust
gas emissions compared to other operating points. The optimal condition obtained for
Mode 1 resulted in improvements of 21%, 29%, 88%, 86%, and 77% for power, BSFC,
HC, CO, and SOOT (PM), respectively. For Mode 2, the optimal condition yielded
improvements of 36%, 22%, 76%, 80%, and 83% for the same parameters. However,
when comparing both Mode 1 and Mode 2 test conditions, the higher cylinder
combustion temperatures due to hydrogen led to higher NOx and MPRR values. While
there was a 12% increase in NOx for Mode 1, Mode 2 showed an increase of 11%.
Although significant results were achieved in terms of performance and emission
values in the first stage, especially for NOx and MPRR, the same situation did not
occur. Therefore, the second stage of the study was carried out to implement some
processes to maintain the improvements obtained in other emission types, especially
NOyx and MPRR.

In the second stage, Exhaust Gas Recirculation (EGR), pilot diesel fuel injection (Pl),
water injection into the combustion chamber (W1), and water vapor direct injection
(WVI) processes were applied to reduce NOx and MPRR values. The Pl strategy aimed
to reduce the MPRR value, and the other processes were intended to improve NOx.
The PI strategy, along with other processes (EGR-PI, WI-PI, and WVI-PI), was
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applied to achieve simultaneous reasonable results for MPRR and NOx. In the PI
application, the injection advance and duration were kept constant at 40° CA BTDC
and 2.5° CA, respectively, for all conditions. The study investigated the effects of
different Exhaust Gas Recirculation (EGR) ratios (0%, 10%, 15%, and 20%) and EGR
temperatures (100 °C, 200 °C, and 300 °C) along with various pilot diesel fuel
injection ratios (0%, 20%, 30%, and 50% - as the mass fraction of fuel sent with the
main injection) on the points where the EGR effect was analyzed. When the
D25NG50H25-20P1-10EGR 100°C working point obtained for Mode 1 was compared
with the test conditions (D25NG75H00 14° CA BTDC for SOI), improvements of
17%, 28.4%, 87.4%, 84.4%, and 32% were observed for power, BSFC, HC, CO, and
NOy, respectively. Similarly, for Mode 2, the D25NG75H15-20PI-10EGR100°C
working point showed improvements of 31.15%, 21%, 74%, 77.15%, and 30%,
respectively, compared to the test conditions (D25NG75H00 10° CA BTDC for SOI).

In the analysis conducted for water injection, the effects of different water injection
ratios (0%, 5%, 10%, 15%, 20%, and 25% - as the mass fraction of diesel fuel sent
with the main injection) and temperatures (25 °C, 60 °C, 75 °C, and 90 °C) along with
various water injection timings (20° CA BTDC, 10° CA BTDC, 0° CA BTDC - TDC,
and 10° CA ATDC) were investigated. The PI value for WI was chosen as 20%, which
was obtained from EGR studies and yielded significant results. For Mode 1, the
working point D25NG50H25-20P1-25W175°C, in terms of WI-PI strategies, showed
improvements of 14.26%, 20.7%, 88.33%, 85.7%, and 23.42% for power, BSFC, HC,
CO, and NOy, respectively, compared to the test conditions (D25NG75H00 14° CA
BTDC for SOI). Similarly, for Mode 2, the operating point D25NG75H15-20PI-
25WI75°C showed improvements of 30.33%, 15%, 77.29%, 79.5%, and 17%,
respectively, for the same magnitudes compared to the test conditions (D25NG75H00
10° CA BTDC for SOI) at the 20° CA BTDC water injection timing (SOWI - Start of
Water Injection).

In the study conducted for water vapor injection (WVI) into the combustion chamber,
similar to the water jet analysis, the effects of different water vapor ratios (0%, 5%,
10%, 15%, 20%, and 25% - as the mass fraction of diesel fuel sent with the main
injection) and temperatures (100 °C, 125 °C, 150 °C, and 200 °C) were investigated at
various water vapor injection timings (20° CA BTDC, 10° CA BTDC, 0° CA BTDC
- TDC, and 10° CA ATDC). Similar to W1, PI was chosen as 20% for WVI. For Mode
1, the operating point D25NG50H25-20P1-15WVI100°C, obtained with WVI-PI
processes, showed significant improvements of 17.39%, 25%, 89.12%, 88%, and
14.56% for power, BSFC, HC, CO, and NOy, respectively, compared to the test
conditions (D25NG75H00 14° CA BTDC for SOI) at the 20° CA BTDC water vapor
injection timing (SOWVI - Start of Water Vapor Injection). Similarly, for Mode 2, the
operating point D25NG75H15-20P1-15WVI100°C showed improvements of 33.2%,
18.89%, 78.68%, 82%, and 9.8%, respectively, for the same engine parameters
compared to the test conditions (D25NG75H00 10° CA BTDC for SOI) at the 20° CA
BTDC water vapor injection timing (SOWVI1 - Start of Water VVapor Injection).

Within the scope of the thesis, the goal for Mode 1 operating points is to achieve higher
performance and lower overall emissions with the same fuel energy input. For Mode
2 operating points, the goal is to achieve higher efficiency, higher performance, and
lower overall emissions by including additional hydrogen in the combustion chamber.
When examining the obtained numerical results, it is observed that both Mode 1 and
Mode 2 have successfully achieved these goals.
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SIKISTIRMALI ATESLEMELI BiR DIiZEL MOTORDA ALTERNATIF
YAKIT KULLANIMININ PERFORMANS VE EMISYON DEGERLERI
UZERINDEKI ETKILERININ ARASTIRILMASI

OZET

Enerji insanoglunun ihtiyag duydugu en temel unsurlarin basinda gelmektedir.
Enerjinin {iretilmesi cesitli yollarla saglanabilmektedir. Ancak hangi yontemle
karsilanirsa karsilansin enerji tiretirken ¢evreyi de kirletiyoruz. Hava kirliliginin en
temel sebebi enerji iiretimine baglh olusan zararli gazlarin havaya salinmmidir. igten
yanmal1 motorlar enerji liretiminde en ¢ok kullanilan araglardir. Hava kirliligine sebep
olan unsurlarin en basinda gelmektedir. Giinliimiiziin en 6nemli sorunlarindan biri olan
hava kirliliginin 6nlenmesine yonelik bilim insanlar1 tarafindan ¢esitli calismalar
yapilmaktadir. Enerji lretimini gergeklestirirken onemli iki unsur saglanmalidir.
Bunlar sirastyla ihtiya¢ duyulan enerjiyi daha ekonomik elde etmek ve havaya daha az
emisyon salinimina neden olmaktir.

Icten yanmali motorlarin enerji ihtiyaci siv1 hidrokarbon yakitlardan saglanmaktadur.
Bu yakitlarin mevcut rezervlerinin kisitli olmasi1 ve siirekli daraltilan uluslararasi
emisyon standartlarini karsilamada sahip olduklar1 bazi problemler s6z konusudur. Bu
problemleri asmak igin ¢alismalar {i¢ ana koldan ilerlemektedir. Uzerinde yogun bir
sekilde calisilan birinci yol mevcut motorlarda bazi miidahaleler yapilarak zararli
emisyon gazlarinin azaltilmasina yoneliktir. Bu yontemlerin basinda After-Treatment
Systemler gelmektedir. Bu yontemler igerisinde farkli metotlar vardir. SCR (Selective
Catalytic Reduction) ve Scrubber bu metotlardan bazilaridir. Bu yontemler ekonomik
olarak uygun degillerdir. Ayrica sivi hidrokarbon yakitlarinin rezervlerinin ¢ok az
olmasindan dolay1 uzun 6miirlii bir ¢6ziim olarak goriilmemektedir. Diger bir yontem
ise i¢ten yanmali motorlarin isletme ve dizayn parametreleri lizerinde parametrik
caligilarak optimum performans ve emisyon degerlerinin arastirilmasina yoneliktir.
Parametre ¢alismalar1 ile mevcut motorun performans ve emisyon degerlerinin
tyilestirilmeleri son derece Onemli olmasina ragmen sivi hidro karbon yakit
rezervlerinin kisitli olmasi sebebiyle gegici bir 6nlem olarak goriilmektedir. Uzerinde
calisilan diger bir secenek siiphesiz alternatif yakitlar secenegidir. S6z konusu bu
secenek motorlart ciddi bir yapisal degisiklife maruz birakmadan onlarin
caligmalarina uygun olan yakitlarin arastirilmasidir. Bu yakitlarin  motor
termodinamigine uygun olmasi ve ¢evreci yakit olmalar1 gerekmektedir.

Alternatif yakitlarda aranmasi gereken 6zellikler rezervi ve enerji yogunlugu fazla ve
cevreye az emisyon salinimina neden olmalaridir. Sayilan tiim bu 6zelliklere sahip
olmasindan dolay1 dogalgaz ve hidrojen yakitlar1 alternatif yakitlar arasinda biiytik bir
oneme sahiptir. Dogalgaz ve hidrojen yakitlar1 hem otto hem de dizel ¢evrimi ile
calisan motorlara termodinamik olarak uyumlu olmasi ve motorda yapisal biiyiik bir
degisiklige sebep olmamasi bu yakitlarin i¢ten yanmali motorlarda alternatif yakat
olarak kullanilmalarinin 6niinii agmaktadir. Ayrica ¢evreye verdikleri zararli gazlarin
daha az olmasi da bir baska 6zellikleridir. Dogalgaz ve hidrojen yakitlarmin dizel
yakitiyla birlikte sikistirmali ateslemeli (CI) bir motorda kullanilmasinda manifoldda

XXXVii



bulunan diisiik basing enjektdrii vasitasiyla emme havasi ile gaz yakitinin 6n karigimi
saglanir. Daha sonra sikistirma prosesi sirasinda dolgunun tizerine pilot dizel yakitinin
puskiirtiilmesiyle ateslemenin gerceklestirilmesine dayanmaktadir.  Sikistirilan
dolgunun 1sinmas1 sonucu iizerine piiskiirtiillen yakit buharlagir ve kendi kendine
tutusur. CI motorlarda bu sekilde olusan yanma teknolojisine ‘‘Dual-Fuel’’ yanmasi
denilmektedir.

Dogalgazin yiiksek enerji yogunlugu ve ¢evreci yakit olusu, dizel motorunun ytiksek
termal verimliligi ile birlestirilince hem verimli hem de cevreci ¢alisma kosullari
ortaya konabilmektedir. Yiiksek sikistirma oranina sahip CI motorlarda belli bir
sikistirma oranina kadar yiiksek oktan sayisina sahip dogalgazin vuruntuya neden
olmadan direkt 6n karigim olarak kullanilabilmektedir. Hidrojen yakit1 agisindan
incelendiginde sikistirmali ateslemeli motorlarda kullaniminin son derece uygun
oldugu tipki dogalgaz yakitinda oldugu gibi motorda herhangi bir yapisal degisiklige
gerek olmadigi bilinmektedir. Dogalgaz yakitinda C/H oraninin diisiik olmasi ve
hidrojende hi¢ olmamasi1 avantajlarinin yani sira yiiksek enerji yogunluklari da bu gaz
yakitlarina olan ilgiyi arttirmistir. Bu durum yapilan mevcut tez ¢aligmasi i¢in bir
motivasyon kaynagi olusturmustur. Diinya iizerinde CI motorlarin hava kirliligi
tizerindeki etkisi basta olmak iizere dogalgaz ve hidrojenin ekonomik ve yiiksek ener;ji
kapasitesi 0Ozelliklerine sahip olmalar1 bu gaz yakitlarinin alternatif olarak
kullanilmalarint giiclendirmektedir. Dogalgazin ¢evreci ve performans degerleri
yiiksek bir yakit olmasi ile hidrojenin hizli ve genis bir tutugsma menziline sahip olmasi
ozelliklerinin yani1 sira ayrica hidrojenin yiiksek kiitlesel enerji yogunlugunun mevcut
olusu bu iki gaz yakitinin birlikte CI motorlara uygulanmasina 1s1ik tutmustur. Bu
avantajlar kullanilarak mevcut tez calismasi kapsaminda hem performans degerleri
tyilestirilmis hem de giderek kisitlanan emisyon sinirlar1 degerleri karsilanabilmistir.
Elde edilen sonuglar literatlirde ki ¢alismalar ile karsilastirildiginda benzer egilimde
bilgiler sunmustur.

Tez calismasi literatiir iizerinden elde edilen bir deneysel calisma referans alinarak
ANSYS Forte CFD programinda sayisal olarak modellenmistir. Deneysel ¢alisma
kismi yiikte (25% - 4.05 BMEP) sikistirmali ateslemeli bir dizel motorda enerjinin
25%’1 dizel yakitindan 75%’1 dogalgaz yakitindan karsilanacak sekilde farkli dizel
yakit enjeksiyon avanslarinin (10°, 14°, 18°, 22°, 26°, 30°, 34°, 38°, 42°, 46° and 50°
CA BTDC) sabit motor hizinda (910 rpm) performans ve emisyon degerlerine olan
etkilerini arastirmistir. Test sonuclari ile elde edilen sayisal sonuglar karsilastirilarak
kurulan modelin validasyonu saglanmistir. Daha sonra validasyonu saglanan sayisal
model kullanilarak yanmaya hidrojeninde dahil edildigi parametrik calismalara
gecilmistir.

Parametrik calismalar iki asamada gerceklestirilmistir. Ilk asama olarak dogalgaz ve
hidrojenin enerji fraksiyonlar: ile dizel yakitinin piiskiirtme avanslarinin etkileri
irdelenmistir. Enerji fraksiyonu olarak iki temel kaide iizerinden hareket edilmistir.
Birinci kaide test kosullarindaki toplam yakit girdi enerjisi sabit kalacak sekilde
dogalgaz enerjisinin bir kism1 kademeli olarak hidrojen yakitina aktarilmistir. Dizel
kaynakli enerji oran1 25% olarak sabit tutularak kalan 75% oran1 dogalgaz ve hidrojen
yakitlar1 arasinda paylastinlmistir. Bu ¢alisma noktalart Mode 1 olarak
isimlendirilmistir. Mode 1 gaz yakitlar1 enerji paylasim modu olarakta anilabilir. Mode
1 icin enerji paylasim oranlar1t D25NG75H00 (test case), D25NG65H10,
D25NG50H25, D25NG25H50 ve D25NGOOH75 seklinde olusturulmustur. ikinci
kaide ise test kosullarindaki dizel ve dogalgaz enerji oranlar1 (25% diesel and 75%
Natural Gas) sabit kalacak sekilde sisteme ekstra enerji girdisi olarak hidrojenin dahil
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edilmesi saglanmistir. Bu ¢alisma noktalar1 ise Mode 2 olarak kodlanmistir. Mode 2
hidrojence zenginlestirme modu olarakta isimlendirilebilir. Mode 2 i¢in hidrojen
zenginlestirme sonucu olusturulan c¢aligma noktalar1 D25NG75H00 (test case),
D25NG75H05, D25NG75H10, D25NG75H15, D25NG75H20 ve D25NG75H25
olarak belirlenmistir. Mode 1 ve Mode 2 icin olusturulan bu cesitli yakit enerji
fraksiyonlar1 farkli dizel yakit pliskiirtme avanslar1 (10°, 14°, 18°, 22°, 26°, 30°, 34°
and 38° CA BTDC) ile birlikte kombine edilerek performans ve emisyon degerleri
incelenmistir. Incelenen degerlerden Mode 1 igin D25NG50H25 (14° CA BTDC for
SOI) ve Mode 2 i¢in D25NG75H15 (10° CA BTDC for SOI) ¢alisma noktalarinin hem
motor performansi hem de egzoz gazi emisyonlar1 agisindan diger ¢alisma noktalarina
gore daha makul sonuglar trettikleri goriilmiistiir. Mode 1 igin elde edilen optimum
durum ile gii¢, BSFC, HC, CO ve SOOT (PM) acisindan sirasiyla 21%, 29%, 88%,
86% ve 77% oranlarinda iyilesme saglanirken Mode 2 i¢in elde edilen optimum durum
ile bu degerler sirasiyla 36%, 22%, 76%, 80% ve 83% oranlarinda gerceklesmistir.
Ancak hem Mode 1 hem de Mode 2 test kosullari ile karsilagtirildiginda hidrojenin
silindir i¢i yanma sicakliklarini yiikseltmesinden dolay:1 daha yiiksek NOx ve MPRR
degerlerinin olugsmasina yol agmistir. Mode 1 ile NOy igin 12% bir artis s6z konusu
iken Mode 2 icin 11% oraninda bir artisin olustugu goriilmiistiir. Ik asama ile
sonuclarin performans ve emisyon degerleri agisindan kayda deger olarak elde
edilmesi saglanmasina ragmen 6zellikle NOx ve MPRR i¢in ayn1 durum olusmamustir.
Bu yiizden NOx ve MPRR basta olmak {izere diger emisyon tiirlerinde elde edilen
tyilestirmeleri de koruyacak sekilde bazi proseslerin uygulanmasi i¢in ¢alismanin
ikinci agamasi gergeklestirilmistir.

Ikinci asamada NOx ve MPRR degerlerininde diisiiriilmesi i¢in EGR, pilot dizel yakit
enjeksiyonu (PI), yanma odasina su jeti (WI) ve su buhar1 (WVI) direkt enjeksiyonu
prosesleri uygulanmistir. PI stratejisi ile MPRR degerinin diisiiriilmesi amaglanmis
diger proseslerle de NOx iyilestirilmesi hedeflenmistir. PI stratejisi diger prosesler ile
birlikte uygulanarak (EGR-PI, WI-PI and WVI-PI) MPRR ve NOx igin es zamanli
olarak makul sonuglarin elde edilmesi saglanmistir. PI uygulamasinda piiskiirtme
avansi ve siiresi sirastyla 40° CA BTDC ve 2.5° CA olacak sekilde tiim kosullarda
sabit tutulmustur. EGR etkisinin arastirildigi ¢alisma noktalarinda farkli EGR oranlar
(0%, 10%, 15% and 20%) ve EGR sicakliklarinin (100 °C, 200 °C and 300 °C) ¢esitli
pilot dizel yakit enjeksiyon oranlar1 (0%, 20%, 30% and 50% - ana piiskiirtme ile
gonderilen yakitin kiitlesel fraksiyonu olarak) ile birlikte etkileri incelenmistir. EGR
analizlerinden Mode 1 i¢in elde edilen D25NG50H25-20PI-10EGR100°C ¢alisma
noktasi test kosullar1 (D25NG75H00 14° CA BTDC for SOI) ile karsilastirildiginda
giic, BSFC, HC, CO ve NOx i¢in sirasiyla 17%, 28.4%, 87.4%, 84.4% ve 32%
oranlarinda 1yilesmeler gdstermistir. Benzer sekilde Mode 2 icin elde edilen
D25NG75H15-20PI-10EGR100°C  ¢alisma  noktasininda  test  kosullarina
(D25NG75H00 10° CA BTDC for SOI) gore ayn1 biiytikliikler i¢in sirasiyla 31.15%,
21%, 74%, 77.15% ve 30% oranlarinda iyilesmeler gosterdigi gézlemlenmistir.

Su jeti enjeksiyonu i¢in gerceklestirilen analizlerde farkli su jeti oranlariin (0%, 5%,
10%, 15%, 20% and 25% - ana piiskiirtme ile gonderilen dizel yakitinin kiitlesel
fraksiyonu olarak) ve sicakliklarinin (25 °C, 60 °C, 75 °C and 90 °C) etkisi ile ¢esitli
su jeti enjeksiyon avanslariin (20° CA BTDC, 10° CA BTDC, 0° CA BTDC - TDC
and 10° CA ATDC) etkileri aragtirilmistir. Wl igin PI degeri EGR ¢alismalarindan elde
edilen ve kayda deger sonuglar iireten 20% orani olarak tercih edilmistir. Mode 1 i¢in
WI-PI stratejileri agisindan elde edilen D25NGS50H25-20P1-25WI175°C c¢alisma
noktast su jeti enjeksiyonu avansinin 20° CA BTDC degerinde test kosullari
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(D25NG75H00 14° CA BTDC for SOI) ile karsilastirildiginda gii¢, BSFC, HC, CO ve
NOx agisindan sirasiyla 14.26%, 20.7%, 88.33%, 85.7% ve 23.42% oranlarinda
diizelmeler gostermistir. Benzer sekilde Mode 2 i¢in D25NG75H15-20P1-25WI175°C
operasyon noktas1 20° CA BTDC su jeti enjeksiyon avansinda (SOWI — Start of Water
Injection) test kosullarma goére (D25NG75H00 10° CA BTDC for SOI) ayni
biiyiikliikler icin sirastyla 30.33%, 15%, 77.29%, 79.5% ve 17% degerlerinde
iyilesmeler saglamstir.

Yanma odasina suyun buhar fazinda enjeksiyonu (WVI) igin yapilan ¢alismada da su
jeti analizlerinde ki gibi farkli su buhart oranlarinin (0%, 5%, 10%, 15%, 20% and
25% - ana piiskiirtme ile gonderilen dizel yakitinin kiitlesel fraksiyonu olarak) ve
sicakliklarmin (100 °C, 125 °C, 150 °C and 200 °C) etkisi ¢esitli su buhari enjeksiyon
avanslarinda (20° CA BTDC, 10° CA BTDC, 0° CA BTDC - TDC and 10° CA ATDC)
gerceklestirilmistir. Tipk1 Wligin oldugu gibi WVIicinde P120% oraninda seg¢ilmistir.
Mode 1 i¢in WVI-PI prosesleri ile elde edilen D25NG50H25-20P1-15WVI100°C
operasyon noktasi su buhari avansinin 20° CA BTDC degerinde test kosullari
(D25NG75H00 14° CA BTDC for SOI) ile karsilastirildiginda giic, BSFC, HC, CO ve
NOx bakimindan sirastyla 17.39%, 25%, 89.12%, 88% ve 14.56% oranlarinda kayda
deger iyilesme saglamistir. Mode 2 i¢cin D25NG75H15-20P1-15WVI100°C c¢alisma
noktasi yine 20° CA BTDC su buhari enjeksiyon avansinda (SOW VI — Start of Water
Vapour Injection) test kosullarina gore (D25NG75H00 10° CA BTDC for SOI) ayni
motor terimleri i¢in sirasiyla 33.2%, 18.89%, 78.68%, 82% ve 9.8% oranlarinda
gelisme gostermistir.

Tez calismast kapsaminda Mode 1 ¢alisma noktalar ile elde edilmek istenen ayni1 yakit
enerji girdisi ile daha yiiksek performans ve daha diisiik tim emisyonlar hedefidir.
Mode 2 operasyon noktalar1 i¢in hedef ise yanma odasina ekstra hidrojen dahil edilerek
daha yiiksek verimde daha yiiksek performans ve daha diisiik tiim emisyonlarin elde
edilmesidir. Elde edilen sayisal sonuglar incelendiginde hem Mode 1 hem de Mode 2
icin belirlenen bu hedeflerin basaril bir sekilde gergeklestigi goriilmiistiir.
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1. INTRODUCTION

Scientists are conducting various studies to address one of today's most critical issues,
air pollution. Due to the cost implications of applying certain systems (After-
Treatment System) to meet increasingly stringent emission standards in existing
internal combustion engines, alternative solutions have always been considered. In
addition to their economic disadvantages, the limited lifespan granted to current liquid
hydrocarbon fuels (gasoline and diesel) has led to the temporary use of these systems.
Given the constrained reserves of these liquid hydrocarbon fuels, a series of studies is
being conducted globally to ensure the continued operation of internal combustion
engines. At the forefront of these efforts is the use of alternative fuels in internal
combustion engines without undergoing significant structural changes. These fuels
must be both abundant in supply and have a more environmentally friendly
characteristic. Due to their compliance with these desired features, natural gas and
hydrogen are of great importance.

The susceptibility of natural gas and hydrogen fuels to both Otto and diesel cycles
paves the way for their future use. Compared to hydrogen, the use of natural gas in
internal combustion engines dates back much earlier. In the literature, there are
numerous studies on the use of natural gas in diesel engines. The utilization of natural
gas and diesel fuel in a compression ignition engine is as follows: A premixture of
natural gas is provided with intake air, and subsequently, pilot diesel fuel is injected
onto it. The combustion relies on reaching the autoignition temperature of the injected
diesel fuel, leading to the initiation of combustion. Engines operating with this system
are referred to as "Dual-Fuel™ engines. In gasoline engines operating on the Otto cycle,
natural gas is commonly preferred as a standalone fuel. Air and natural gas are
homogeneously mixed to create a charge, which is then sent to the combustion
chamber. The combustion process is initiated by igniting the mixture using a spark
plug. These types of engines are often referred to as "Gas Engines” in the literature.

There are numerous studies in the literature regarding the use of hydrogen as an

alternative fuel in both diesel and gasoline (Otto cycle) engines. In diesel engines, a



pre-mixture of air and hydrogen is generally created, and this mixture is sent to the
combustion chamber. Diesel fuel is then injected into the chamber when the piston is
near the Top Dead Center (TDC), initiating combustion. Hydrogen usage is more
commonly observed in Otto cycle engines. A homogenous mixture of hydrogen and
air is introduced into the cylinder. The compressed mixture, as the piston moves
towards the Top Dead Center, is ignited by a spark plug, leading to combustion. There
are also studies exploring the co-utilization of hydrogen with natural gas as a combined

fuel in Otto engines.

The mixture of hydrogen and natural gas is referred to as hydrogen-enriched natural
gas or, briefly, Hythane fuel. Although not very common in diesel engines, there are
studies on the use of Hythane fuel. There are several reasons for the preference for the
co-utilization of hydrogen and natural gas. Hydrogen combustion results in water
vapor as the only environmentally harmless byproduct. Furthermore, considering the
efficient cycle of separating water vapor back into hydrogen and oxygen, an
environmentally friendly cycle can be achieved. Additionally, natural gas is known for
its slow combustion, while hydrogen is a fast-burning fuel. Combining the two can
overcome the individual disadvantages when used as a standalone fuel, providing a
significant advantage. When considering emissions, literature indicates positive
improvements. In the combustion process with hydrogen fuel, it has been observed
that regional temperatures inside the cylinder are high. However, when used in
conjunction with natural gas, regional temperatures decrease. The reduction in
regional temperatures is associated with a decrease in NOx emissions, and the
proportion of harmful gases resulting from dissociation decreases. Hydrogen, as a fuel,
is not a hydrocarbon fuel. Therefore, combustion end products do not include unburned
hydrocarbons (HC) or carbon monoxide gas (CO). Additionally, compared to liquid
hydrocarbon fuels, methane (CHa), considered as natural gas fuel, has a lower
proportion of carbon atoms. Taking all these factors into account, there is no doubt
that hydrogen and natural gas fuels will play a crucial role as alternative fuels in the

future.

1.1 Purpose of Thesis

Fuels used in internal combustion engines are desired to vaporize easily and mix

homogeneously with the air taken into the cylinder. Furthermore, it is desirable for the



mixture to provide a high amount of energy per unit volume and to ignite easily. Liquid
hydrocarbon fuels, particularly gasoline and diesel fuels, have been the types of fuel
that could meet all these requirements until our recent past. One of the most significant
characteristics of these fuels is their ease of acquisition and the presence of a well-
established global trade network. However, these fuels, which have been the unrivaled
energy source for internal combustion engines until recently, will be depleted in a
relatively short period due to their limited reserves. Additionally, considering their
adverse environmental effects, finding alternatives has become extremely important.
Scientists have conducted numerous studies on this issue for approximately the last 40

years.

Despite the existence of many alternative fuel types, obtaining a renewable high-
energy fuel is not an easy task. Scientists have conducted numerous experimental and
numerical studies on alternative fuels, including natural gas, alcohols, biogas,
biodiesel, and liquefied petroleum gas (LPG). The most important feature of these
studies has been the reduction of air pollution and the achievement of energy
efficiency. Certain negative changes occurring in the ecosystem and natural balance
have necessitated the implementation of some national and international measures.
These measures aim to reduce the environmental impact of emissions from internal
combustion engines. Over the years, these rules, gradually tightening, aim to at least

minimize the damage to the disrupted natural balance.
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Figure 1.1 : Euro emission standards for NOyx and PM emissions [1].

One of these standards is the "European Emission Standards,"” which has gradually set
certain limit values for NOx and PM emissions on a yearly basis. The applicable years



for limitations are set as follows: Euro | for 1992—-1998, Euro 1l for 1998-2000, Euro
I11 for 2000-2005, Euro IV for 2005-2008, Euro V for 2008-2014, and Euro VI for
2014 and beyond. The NOx and PM emission limit values specified in the European
emission standards are provided in Figure 1.1. For emissions from ships, limits set by
the International Maritime Organization (IMO) have been gradually implemented over
the years. IMO has categorized these limitations for NOy as Tier I, Tier Il, and Tier Il1.
Tier | applies to ships built between 2000 and 2011, Tier Il applies to ships built
between 2011 and 2016, and Tier 111 applies to ships built after 2016.

: . Total weighted cycle emission limit {(g/kKWh)
Tier Ship construction n = engine’s rated speed (rpm)
date on or after = =n9 = P
n< 130 n=130-1999 n = 2000
02
I 1 January 2000 17.0 45n 9.8
e.g. 720rpm—-121
l-023)
i 1 January 2011 144 #4n 7.7
e.g. 720 rpm - 9.7
il 1 January 2016 34 Fn 2.0
e.g. 720rpm- 24

Figure 1.2 : Calculation of IMO emission standard based on RPM for NOx
emisssions [2].
The NOx upper limit values determined by IMO, considering the years and engine
speeds, are illustrated in Figure 1.2. Figure 1.3 displays the graphical representation of

these values.
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Figure 1.3 : IMO emission standards for NOx [3].



IMO has also mandated the limitation of sulfur content in fuel. Sulfur is an unwanted
substance found in liquid hydrocarbons obtained from underground reserves.
Complete removal of sulfur from fuel content is not entirely feasible. Therefore, the
presence of sulfur in fuel content leads to the formation of gases and derivatives called
SOx after combustion. IMO aims to reduce SOx emissions from ships. Over the years,
the volumetric limits of sulfur (S) content in fuel are shown in Figure 1.4.
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Figure 1.4 : IMO emission standards for SOx [4].

It is known that conventional diesel and gasoline engines face some challenges in
meeting these limits. Scientists have aimed to overcome these challenges through two
main approaches. One of these approaches relies on making certain chemical and
physical interventions in the exhaust gas. In the literature, this method is referred to as

"After-Treatment Systems".
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Figure 1.5 : SCR system scheme [5].




Within this method, there are various techniques, with SCR (Selective Catalytic
Reduction) and scrubber being among the most prominent ones. The working principle
of the Selective Catalytic Reduction (SCR) system is adapted to the gradual passage
of exhaust gases through certain processes and sections to mitigate their harmful
effects. The exhaust gases, containing NOx, CO, UHC, and PM emissions, initially
enter the catalytic converter. Inside the catalytic converter, CO and UHC gases are
transformed into CO, and H2O gases. No processing is done in this section for NOx
and PM. Subsequently, in the SCR section, AdBlue (a urea-ammonia solution) is
sprayed onto the NOx, converting it into N2 and H20 gases. The gases, mainly N,
H20, and CO., along with PM components, finally enter the particulate filter, reducing
PM emissions. This process results in approximately a 90% reduction in NOx. The

basic working diagram of the SCR system is presented in Figure 1.5.
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Figure 1.6 : Scrubber system basic operating scheme [6].

The Scrubber system is based on the principle of washing exhaust gases with water to
reduce SOx emissions. It involves the collision of SOx gases from the engine exhaust
with water. The harmful byproducts resulting from the wash (H2SO4 or SOy gases) are
transferred to another tank, where, through some chemical processes, they are

transformed into harmless waste.



The basic operational diagram of the Scrubber system is shown in Figure 1.6. Although
SCR and Scrubber systems are effective methods, they are expensive and not
economically viable for their applicability. Moreover, these methods are temporary

solutions to meet emission standards for liquid hydrocarbon fuels.

Therefore, another more effective method to be considered is the discovery of
alternative and renewable fuels. Natural gas stands out as a primary alternative fuel
due to its abundant reserves and high energy potential per unit volume. The preference
for hydrogen has increased, as its environmental impact is significantly lower when
compared to liquid hydrocarbon fuels. Recently, hydrogen has become one of the most
popular fuels as a renewable energy source. One of the most significant advantages of
using hydrogen fuels is their minimal impact on air pollution. Unlike hydrocarbon
fuels, the combustion of hydrogen with air does not produce gases like CO, CO>, SOy,
and unburned hydrocarbons. Consequently, phenomena such as acid rain,
photochemical smog, and the greenhouse effect, which are associated with combustion
by-products, are not relevant when hydrogen is used as fuel. One of the most important
features of hydrogen is its ability to exist in both liquid and gas states. Hydrogen gas
Is approximately 14 times lighter than air of the same volume. When compared to fuels
used in ICEs, liquid hydrogen is about 10 times lighter than liquid hydrocarbon fuels,
and gaseous hydrogen is 10 times lighter than gases like methane and natural gas.
Another crucial advantage of using hydrogen as a fuel in engines is its wide
flammability limits, spanning across a broad range of fuel-air mixtures. Hydrogen can
ignite in air within the range of 4% to 75%. While gasoline-air mixtures can ignite
within an air excess ratio range of 0.3 to 1.7, hydrogen-air mixtures have a broader
range of 0.14 to 4.35 for ignition. Hydrogen-air mixtures also have wider ignition
limits compared to gas fuels. For example, for methane-air mixtures to ignite, the air
excess ratio must be between 0.6 and 1.9. The lower heating value of hydrogen is
higher than other conventional motor fuels (119.93 kJ/g for hydrogen, 43.4 kl/g for
gasoline). However, when considered volumetrically, the lower heating value of
hydrogen is lower than other fuels (8.41 MJ/liter for hydrogen, 31.8 MJ/liter for
gasoline, 15.9 MJ/liter for methanol, 20.8 MJ/liter for methane). Hydrogen's adiabatic
flame temperature is comparable to gasoline. (Hydrogen 2318 K, Gasoline 2470 K,
Methane 2148 K). The level of NOx components resulting from hydrogen combustion

is higher compared to other fuels due to the increase in temperature levels. The



production and storage costs of hydrogen are still high today, which is one of the
reasons why hydrogen is not widely used. However, as the widespread use of hydrogen
and the increase in production capacity occur, the cost will naturally decrease. Some

characteristics of diesel, hydrogen, and natural gas fuels are shown in Table 1.1.

Table 1.1 : Fuel properties for diesel, hydrogen and natural gas.

Properties Diesel  Hydrogen Natural Gas
Main compenent CandH H Methane (CHa)
Auto-ignition temperature (K) 553 858 923
LHV (MJ/kg) 42.5 120 50
Density (kg/m?®) 833 - 881 0.08 0.692
Molecular weight (g/mol) 170 2.016 16.043
Flammability limits in air (vol %) 0.7 -5 4-175 5-15
Flame velocity (m/s) 0.3 2.65-3.25 0.45
Specific gravity 0.83 0.091 0.55
Boiling point (K) 453 — 653 20.2 111.5
Cetane number 40 - 60 - -
Octane number 30 130 120
CO- emissions (%) 134 0 9.5
Mass diffusivity in air (cm?/s) - 0.61 0.16
Minimum ignition energy (MJ) - 0.02 0.28

Natural gas can be used in both diesel and gasoline engines without any structural
conversion to the engines. In diesel engines with a high compression ratio, natural gas
can be directly used as a premix since it does not cause knock up to a certain
compression ratio with a high octane number. However, in some applications where
the tendency for knock is reduced by lowering the compression ratios, the top dead
center has been brought closer to the bottom dead center, and the compression ratio
has been reduced. In gasoline engines, the low compression ratio has been increased
to improve thermal efficiency. This action has become an advantage because the
octane number of natural gas fuel is higher than that of gasoline.

When the hydrogen is in turn as a fuel, it is well-known that its use in both
compression-ignition and spark-ignition engines is highly suitable, just like natural gas
fuel, without the need for any structural changes to the engine. In diesel engine
applications, a low-pressure injector in the manifold injects hydrogen and/or natural
gas in gas form onto the air, creating a premixture with the air, and the cylinder is filled
with an air-natural gas/hydrogen mixture. The compressed mixture is ignited by
injecting pilot diesel fuel near the TDC. In Sl engines, instead of gasoline, a mixture
of natural gas and/or hydrogen with air is created, and ignition is achieved by spark



near the top dead center. The use of natural gas and hydrogen fuels in conventional
gasoline and diesel engines is becoming increasingly common due to their fuel
properties, such as low carbon-to-hydrogen ratio in natural gas and the absence of
carbon in hydrogen, as well as their high energy density and abundant reserves in

nature.

This dissertation has sparked a detailed interest in the combustion of diesel/natural
gas/hydrogen. The impact of internal combustion engines on air pollution worldwide,
along with economic reasons and high energy capacity, encourages the use of these
gas fuels as alternatives. The environmentally friendly and high-performance values
of natural gas, along with hydrogen's rapid and broad ignition range, as well as its high
mass energy density, shed light on the application of these two gas fuels in internal
combustion engines. Along with these advantages, improvements in emission values
have been observed, especially considering the increasingly restricted emission limits.
Literature studies also provide information in line with this trend. The increase in NOx
emissions due to the high temperatures in hydrogen combustion can be mitigated by
using hydrogen in conjunction with natural gas fuel. For all these reasons, within the
scope of this thesis, the effects of both natural gas and hydrogen fuels on the
performance and emission values of a compression ignition diesel engine have been
examined. The main goal in in-cylinder combustion studies is to achieve high
performance and low overall emissions. It is possible to achieve this goal by utilizing

the physical, chemical, and thermodynamic properties of hydrogen.

In pursuit of the goal of high energy and low environmental pollution, scientists have
conducted numerous studies, and they continue to do so. The main objective of the
current dissertation has also been to achieve this principle. When looking at studies in
the literature, various liquid and gas fuels have been investigated as alternative fuels.
The application of these alternatives to compression ignition engines has contributed
various pieces of information to the literature. Natural gas and hydrogen, due to their
properties, have become among the most researched fuels in recent times. In general,
a review of the literature reveals the examination of the effects of these gas fuels when
used individually in internal combustion engines. Although limited in number, there
are also studies focusing on the simultaneous use of both gas fuels. This thesis
investigates comprehensively the effects of using natural gas, hydrogen, and

hydrogen-enriched natural gas as alternative fuels in a compression ignition engine,



comparing their performance and emission characteristics. The study is based on the
previous experimental study in the literature. The experimental work involved a dual-
fuel diesel-natural gas engine, operating at a constant engine speed (910 RPM) and a
constant indicated mean effective pressure (4.05 BMEP) under 25% load (partial load).
Different diesel fuel injection timings (10°, 14°, 18°, 22°, 26°, 30°, 34°, 38°, 42°, 46°,
and 50° CA BTDC) were examined to understand their impact on the engine

performance at partial load conditions [7-9].

This experimental study intends to be a pioneer work for creating a numerical model
using the ANSYS Forte CFD program. The numerical model was validated by
comparing the numerical results with the experimental findings. The numerical
investigations were evaluated in two stages. The first stage involves the effects of
alternative fuels and diesel fuel injection timings on the performance characteristics
and exhaust emission levels. The second stage consists of different processes and
strategies affecting engine performance and emissions. The second stage contains the
application of EGR (Exhaust Gas Recirculation) and water jet/vapor injection

processes in conjunction with a pilot diesel injection strategy.

The first stage of the numerical study covers some essential parametric variations
based on two different modes, including also hydrogen. These modes were identified
as Mode 1 and Mode 2. In Mode 1, the shared energy fractions of gas fuel mixtures
(natural gas/hydrogen) were gradually changed. The total fuel energy was distributed
between hydrogen and natural gas at different energy fractions while keeping the test
conditions the same. The effects of these energy-shared operating points on engine
performance and emission values were investigated at different diesel fuel injection
timings (10°, 14°, 18°, 22°, 26°, 30°, 34°, and 38° CA BTDC). For Mode 2, the
amounts of diesel and natural gas fuel were kept constant (25% diesel and 75% natural
gas), and extra energy in the form of hydrogen was introduced into the combustion
chamber. The effects of different diesel fuel injection timings (10°, 14°, 18°, 22°, 26°,
30°, 34°, and 38° CA BTDC) were taken into account. The description "energy sharing
mode" can be attributed to Mode 1, and "hydrogen enrichment mode™ can be attributed
to Mode 2. In the second stage, the effects of Exhaust Gas Recirculation (EGR), water
injection/vapor (WI — Water Injection and WVI — Water Vapor Injection), and pilot
diesel fuel injection (Pl — Pilot Injection) were investigated. Despite achieving high-

performance and low-emission results in the first stage, some engine outputs did not
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reach desirable values. These outputs include the crank angle-resolved pressure rise
rate (MPRR) and NOy emission values. The goal was to achieve higher performance
and lower overall emissions by improving both parameters. Thus, information about
which gas mixture fractions and which diesel fuel injection timings result in more
optimal operating points in terms of performance and emissions has been added to the
literature. The knowledge of how the results would change and improve with the
implemented processes was obtained. The processes were further expanded by delving
into more specific details. In studies where the EGR with pilot diesel fuel injection
process was examined, different EGR ratios and temperatures, as well as different pilot
diesel fuel injection rates and timings, were considered. In the analyses examining
seperately water injection and steam injection with pilot diesel fuel injection strategies,
different water/steam ratios, temperatures, and injection timings were investigated,
and numerical results were evaluated. The aim was to improve the negative outcomes
observed in cases involving hydrogen in the numerical studies conducted in the first
and second stages and to open the way for increased presence of hydrogen in the gas
mixture. Recently, there has been a considerable number of computational fluid
dynamics-based software packages that are highly economical and reliable. Through
numerical studies, diversifying various parameters and conditions allows for the
emergence of more information and knowledge, enabling the acquisition of reliable
results in a shorter time frame. In this thesis, the ANSYS Forte CFD program was

utilized to establish a numerical model and conduct parametric studies.

1.2 Literature Survey

In order to improve engine performance and emission values, scientists have
conducted numerous numerical and experimental studies on alternative fuels. In the
literature, various liquid and gaseous fuels have been used as alternative fuels in diesel
engines, including natural gas, hydrogen, and hydrogen-enriched natural gas fuel.
While these studies have led to increased efficiency of diesel fuel in compression
ignition (CI) engines, complete replacement of diesel fuel has not been a common
practice. In cases where this substitution has occurred, it is observed that there is often
a limited operational range. Generally, these studies have used alternative fuels to
create a homogenous mixture with air, which serves as the main power source, while

diesel fuel is used to ignite the mixture. In some cases, gaseous and liquid alternative
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fuels have been directly injected into the combustion chamber. Studies on the effects
of hydrogen in CI engines have provided valuable insights into the literature. Below
are findings from various experimental and numerical studies on hydrogen-diesel

combustion.

While hydrogen is directly injected into the combustion chamber in Cl (compression
ignition) engines, diesel fuel injection can be carried out in two stages, involving pilot

injection and main injection, to control the combustion process more effectively.

The study demonstrates the feasibility of achieving operational points with hydrogen
energy fractions of up to 90% in a single-cylinder compression-ignition light-duty
engine utilizing hydrogen-diesel dual-fuel mode [10]. Hydrogen injection is facilitated
through a dedicated gas injector positioned at the cylinder center. Operating across a
range of 20%-90% hydrogen energy fraction, tests were conducted at an engine speed
of 2000 rpm. Variations in the injection advance of hydrogen, spanning from 0° CA
(TDC) to 180° CA BTDC, were explored. Notably, at a 90% hydrogen energy fraction,
the IMEP (Indicated Mean Effective Pressure) reached 9.43 bar, accompanied by a
57.2% improvement in Brake Specific Fuel Consumption (BSFC) compared to pure
diesel conditions. However, the study highlights a significant increase in NOx
emissions with high hydrogen content. The timing of hydrogen injection is identified
as a critical factor influencing combustion characteristics and control. Different
injection advances demonstrated distinct combustion behaviors high injection advance
showcased premix combustion characteristics, while later advances (40° CA BTDC
and beyond) exhibited effects akin to mixture-controlled combustion. For the case of
a 90% hydrogen energy fraction with a high injection advance, while maximum
efficiency and IMEP were achieved, undesirable increases in NOx were observed due
to elevated combustion temperatures. The study underscores the importance of
carefully selecting the hydrogen injection advance to balance performance and
emissions. It is recommended that a hydrogen injection advance of 40° CA BTDC can
prevent NOy escalation and yield performance values comparable to diesel combustion
conditions. Additionally, direct injection of hydrogen into the combustion chamber at
this advance could lead to an 85.9% reduction in CO2 emissions and a 13.3% increase
in IMEP.

The performance and emission effects of hydrogen direct injection into the combustion

chamber of a diesel engine have been numerically investigated [11]. Numerical results
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were obtained for different hydrogen injection rates and injection timings. The study
was conducted under 25% load conditions in a single-cylinder, four-stroke diesel
engine. According to the numerical results, the injection of H15 (15% hydrogen
fraction) at 20° CA BTDC resulted in the maximum pressure, temperature, and Heat
Release Rate (HRR). It was stated that increasing hydrogen fraction and advance led
to higher power, thermal efficiency, and IMEP values. The increase in hydrogen
fraction led to higher combustion temperatures, causing an increase in NOx emissions.
It was also noted that earlier hydrogen injection into the combustion chamber had
negative effects on NOx. The study emphasized that selecting the appropriate hydrogen

fraction and advance could result in both higher performance and lower emissions.

The experimental investigation explored the impact of hydrogen on the performance
and emission characteristics of a compression-ignition diesel engine [12]. Hydrogen
was introduced into the combustion chamber by mixing it with air in the intake
manifold, with the energy of diesel fuel being gradually replaced by hydrogen in
various fractions (ranging from 0% to 30%). At full load with a 30% hydrogen energy
fraction, there were significant increases of 13%, 46%, and 35% in the maximum
combustion pressure, heat release rate, and maximum pressure increase rate,
respectively. The results indicated that there should be a limit on hydrogen addition
due to its effect on shortening the burning time, influenced by the accelerated
combustion rate. At 14% and 25% hydrogen energy fractions (DH14 and DH25), the
BSFC value improved by approximately 17%. However, at 30% hydrogen (DH30),
substantial deteriorations in engine stability were observed. For DH25, there was a
notable reduction of 85%, 57%, and 27% in particulate matter (PM), carbon monoxide
(CO), and carbon dioxide (CO2) emissions, respectively. High hydrogen addition
(DH30) to the combustion chamber resulted in an increase in hydrocarbon (HC) and
nitrogen oxides (NOx) emissions by 80%. These results highlight the delicate balance
required in adjusting hydrogen ratios to optimize combustion efficiency, reduce
emissions, and maintain engine stability. While moderate hydrogen addition showed
positive effects, exceeding certain levels (such as DH30) led to challenges in terms of

engine stability and increased emissions.

In a four-cylinder diesel engine equipped with a common-rail injection system, the
introduction of hydrogen fuel into the combustion chamber at different volumetric

rates (O L/min, 20 L/min, and 40 L/min) was facilitated, and the experimental values
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for engine performance and emissions were obtained [13]. The engine was operated at
a constant speed (1750 rpm) under different loads (50 Nm, 75 Nm, and 100 Nm).
While diesel fuel was injected into the cylinder at high pressure, hydrogen fuel was
mixed with intake air through a low-pressure injector in the intake port and sent to the
combustion chamber. It was shown that at 50 Nm load, hydrogen with a volumetric
rate of 20 L/min constituted 12.63% of all energy, at 75 Nm load it was 8.93%, and at
100 Nm load it was 7.12%. It was reported that as the load increased, there was a
decrease in the corresponding ratios of energy for hydrogen fuel with the same
volumetric rate. According to the results, it was stated that the cylinder pressure
increased when the volumetric ratio of hydrogen was increased under all load
conditions. Additionally, it was mentioned that the crank angle value where the peak
pressure occurred approached TDC (Top Dead Center). Compared to diesel engine
conditions at 50 Nm and 75 Nm loads, HC and CO: emissions decreased, NOx
emissions decreased for H2O conditions (20 L/min hydrogen), while increased for H40
conditions (40 L/min hydrogen). In terms of thermal efficiency, the addition of
hydrogen improved thermal efficiency except for the volumetric hydrogen ratio of H40
under 100 Nm load. Exhaust gas temperatures increased as the amount of hydrogen
increased under all loads. Under 100 Nm load, NOx emissions remained at lower
values compared to diesel engine conditions. In this study, it was emphasized that
hydrogen-enriched intake filling in a diesel engine should be preferred as hydrogen

increased thermal efficiency and reduced carbon emissions.

The research conducted involved experimental exploration into the impact of diesel-
hydrogen dual fuel combustion on both the emissions and performance of a
turbocharged four-cylinder direct injection diesel engine [14]. The study also delved
into the influence of various ratios between hydrogen and diesel fuels on knock
tendency and ignition capability. The experiments were conducted at a consistent
engine speed of 2400 rpm but at different loads (30%, 60%, and 100%). Each load
condition had a distinct maximum hydrogen ratio: 80% for 30% load, 60% for 60%
load, and 40% for 100% load. Comparative analysis revealed a reduction of about
54.2% in diesel-specific fuel consumption when 80% hydrogen was substituted at 30%
load, as opposed to pure diesel combustion at 100% load. While augmenting hydrogen
at all engine loads enhanced specific fuel consumption and lowered CO, emissions,

the NOx emissions varied depending on the engine load conditions.
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The impact of hydrogen addition on the combustion process, particularly NOx
emissions, in a compression ignition diesel engine was investigated through numerical
simulation [15]. The numerical model was developed using the AVL Fire CFD
program, focusing on a heavy-duty diesel engine with Exhaust Gas Recirculation
(EGR) applied. The validation of the model included cases where hydrogen was added
up to 6% by volume to the combustion chamber, and these results were compared with
experimental data. Subsequently, the validated numerical model was extended to
explore the effects of different hydrogen ratios (ranging from 6% to 18%) on
combustion and NOyx formation. The numerical model was validated by comparing
results, particularly for cases where hydrogen was added up to 6% by volume, with
experimental data. At 1200 rpm and 70% load, hydrogen addition resulted in increased
ignition delay and positive effects on premix fuel development and diesel diffusion
combustion. It was found that 12% volumetric hydrogen addition led to the maximum
cylinder pressure, while the addition of 16% volumetric hydrogen resulted in the
maximum heat release rate. Hydrogen addition was identified as having a dominant
effect on NOx emissions. Although hydrogen had a positive impact on Particulate
Matter (PM) emissions, it unfortunately had an adverse effect on NOx emissions. It
was emphasized that appropriate combinations of EGR and hydrogen could yield
preferable results in terms of both engine performance and the balance between PM
and NOyx emissions. In summary, the numerical study highlighted the complex
interplay between hydrogen addition, combustion characteristics, and emissions in a
compression ignition diesel engine. While hydrogen showed promise for PM
emissions, the challenge lies in finding the right combinations with EGR to achieve a
balanced and favorable outcome for both PM and NOyx emissions alongside overall

engine performance.

In a numerical investigation, the impact of hydrogen addition on the performance and
emission characteristics of a diesel engine was examined [16]. The simulations
involved a comparison between pure diesel combustion and scenarios with varying
levels of hydrogen inclusion, exploring constant compression ratios (set at 17.5:1),
different diesel-hydrogen ratios (0%, 5%, 10%, 20%, 30%, and 40% by volume),
diverse engine speeds (ranging from 1000 to 4000 rpm), and a spectrum of air-fuel
ratios (from 10 to 80 air/fuel). The results indicated that the introduction of hydrogen

into the combustion chamber led to enhanced engine performance and reduced
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emissions. Notably, even at low volumetric levels of hydrogen supplementation, there
was a smoother start of combustion attributed to the shortened ignition delay compared
to pure diesel combustion. This resulted in a reduction in the rate of pressure increase
per crank angle, indicating a more controlled combustion process. These findings
underscore the potential benefits of hydrogen addition in terms of optimizing
combustion characteristics and improving overall engine performance while

mitigating emissions.

The primary objective of directly injecting hydrogen into the combustion chamber of
a diesel engine is to enhance both knock resistance and ignition limits in comparison
to combustion through port injection. This involves placing a high-pressure gas
injector adjacent to the diesel injector within the combustion chamber. Operating the
engine at a medium load ensures a consistent energy input to the combustion chamber
[17]. To maintain stability in the combustion phase, there is a deliberate reduction in
the diesel fuel fraction despite an increase in the hydrogen ratio. Analyzing heat release
rates and emission values, it was observed that conditions with high advance hydrogen
injection were indistinguishable from port injection conditions. However, it has been
emphasized that the critical factor in low-advance hydrogen injection lies in the
fraction of hydrogen introduced into the combustion chamber. By employing a 50%
hydrogen fraction and optimizing the injection advance to 40° CA BTDC, notable
improvements were achieved, including a 6 dB reduction in noise emissions and an
11% enhancement in NOx emissions. The reported thermal efficiency at these
optimized conditions was 47%.

The experimental investigation aimed to explore the effects of introducing hydrogen
at different volumetric ratios (10 I/min, 20 I/min, and 30 I/min) into the combustion
chamber of an Audi/VW 1.9 TDI turbocharged Compression Ignition (CI) engine [18].
The study considered various engine speeds (1900 rpm and 2500 rpm) and loads (4
bar, 6 bar, and 8 bar BMEP), comparing the results with those obtained from pure
diesel combustion. At all loads, the low hydrogen fraction (maximum 15.74%)
exhibited noticeable impacts on both engine performance and emissions. Under low
and partial load conditions, a modest rate of hydrogen supplementation (10 I/min and
20 I/min) at both engine speeds led to a reduction in ignition delay, resulting in
decreased cylinder pressure, pressure increase rate, and thermal efficiency. This was

accompanied by an increase in Brake Specific Fuel Consumption (BSFC) compared
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to pure diesel combustion. However, with an increased hydrogen ratio (30 I/min), a
decrease in BSFC and an increase in thermal efficiency were observed compared to
the pure diesel results. The results were further validated numerically using AVL
Boost, reinforcing the experimental findings. This suggests that the addition of
hydrogen, particularly at higher ratios, can positively influence engine performance

and emissions under certain operating conditions.

In an experimental investigation, the impact of hydrogen on the performance,
emissions, and combustion characteristics of a compression ignition engine was
systematically examined [19]. The tests were conducted at various engine speeds
(1500 rpm, 2000 rpm, and 2500 rpm) and different volumetric hydrogen ratios (21.4
Ipm, 28.5 Ipm, 36.2 Ipm, 42.8 Ipm, and 49.6 Ipm). Hydrogen ratios of 21.4 Ipm and
42.8 Ipm were found to have a substantial impact on the engine coefficient of variation
(COV) and overall engine performance. Carbon monoxide (CO), carbon dioxide
(CO2), and particulate matter (PM) emissions showed improvement, suggesting a
positive effect of hydrogen addition. Positive outcomes for both engine performance
and emission values were attributed to the formation of an ideal combustion time at a
hydrogen ratio of 21.4 Ipm. The study emphasized that hydrogen, as an alternative
fuel, is expected to receive increased attention in the future, considering its positive

impacts on engine performance and emissions.

In an experimental investigation, the impact of different hydrogen ratios on
performance, emissions, and combustion characteristics was examined across various
energy fractions (ranging from 50% to 90%), loads (3 bar, 7 bar, and 9 bar BMEP),
and engine speeds (600 rpm, 1000 rpm, and 1500 rpm) in a single-cylinder
compression-ignition engine [20]. The findings revealed that the addition of hydrogen
at high loads contributed to an increase in thermal efficiency when compared to the
diesel engine baseline. However, it was noted that elevated values of hydrogen energy
fraction led to the initiation of combustion before diesel ignition. As a consequence, it
was emphasized that there should be limitations on the amount of hydrogen in the
combustion chamber to manage and control the combustion process effectively. These
results underscore the complexity of optimizing hydrogen addition in compression-
ignition engines, necessitating a careful balance to achieve improved performance
without compromising combustion stability and control. With the ideal hydrogen ratio,

higher performance values are achieved more stable and efficient.
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The use of hydrogen in diesel engines has been reported to result in higher
temperatures and an increased tendency for knocking. As a consequence of the
elevated temperatures, the levels of NOx have also significantly risen. To overcome
these issues, particularly in the case of hydrogen, different alternative fuels (such as
alcohol-derived fuels, biodiesel, biogas, and ammonia) and combustion technologies
(RCCI and PCCI) have been utilized in conjunction with hydrogen to control NOx and
MPRR values. The introduction of various fuels into the combustion chamber along
with hydrogen has led to improvements in undesirable outcomes associated with

hydrogen combustion.

The experimental investigation aimed to assess the effects of three different fuel
combinations-diesel-hydrogen, diesel-biogas, and hydrogen-biogas-diesel on the
performance and emission characteristics of a compression ignition engine [21]. In
comparison to pure diesel fuel combustion, the results revealed that hydrogen-biogas-
diesel combustion yielded increased performance values and reduced emissions.
Specifically, in the presence of hydrogen-biogas-diesel fuel, a noteworthy
improvement of 3.09% in thermal efficiency was observed, accompanied by a
significant 71.05% reduction in Brake Specific Fuel Consumption (BSFC). Emission
reductions were also prominent, with an 88.09% improvement in carbon monoxide
(CO), a 5.68% reduction in hydrocarbons (HC), and an 83.01% decrease in nitrogen
oxides (NOx). The injection advance timing of 21° CA BTDC during hydrogen-
biogas-diesel combustion was highlighted as crucial for achieving optimal values in
the tests. This suggests that the specific fuel combination, along with a carefully tuned
injection strategy, can lead to improved engine performance and reduced emissions

compared to conventional diesel fuel combustion.

The experimental investigation delved into the impact of hydrogen on the combustion
of diesel and biodiesel in a compression ignition engine [22]. The biodiesel was
produced by blending diesel fuel with 20% by volume of honge oil. In the intake
manifold, a mixture of hydrogen (at rates of 10 It/min and 13 It/min) with air, at various
volumetric ratios, was introduced, filling the combustion chamber during the intake
stroke. The study examined the effects of hydrogen enrichment on performance,
emissions, and combustion characteristics. Comparatively, it was observed that
biodiesel combustion exhibited higher thermal efficiency when contrasted with pure

diesel combustion. For instance, the combination of 20% biodiesel and 13% hydrogen
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showed improvements of 2.2% in thermal efficiency and 6% in Brake Specific Fuel
Consumption (BSFC). Carbon monoxide (CO) and hydrocarbon (HC) emissions also
demonstrated notable improvements, with reductions of 21% and 24%, respectively.
However, there was an increase in nitrogen oxide (NOx) emissions due to higher in-
cylinder temperatures resulting from increased hydrogen content. This elevation in
NOx was associated with higher cylinder pressure, an increased heat release rate, a
heightened maximum pressure increase rate, and a shortened combustion time. These
results emphasize the complex relationship between the addition of hydrogen,
combustion properties, and emissions in compression ignition engines operating on

biodiesel blends.

In an experimental investigation, the impact of hydrogen enrichment in a compression
ignition engine fueled by diesel and diesel-biodiesel blends (specifically, P20 - 20%
Palm Oil + 80% Diesel by volume) was explored [23]. Different volumetric ratios of
hydrogen (7 Ipm and 10 Ipm) were introduced into the intake manifold, and the mixture
was sent to the combustion chamber under various engine loads (30%, 60%, 80%,
90%, and 100%). Thermal efficiency, cylinder pressure, and rate of heat release
increased due to the high lower heating value of hydrogen. Hydrocarbon (HC), carbon
monoxide (CO), and carbon dioxide (CO2) emissions decreased due to the carbon-free
nature of hydrogen. NOx emissions increased as a result of elevated in-cylinder
temperature values associated with hydrogen enrichment. Hydrogen addition led to a
reduction in ignition delay, attributed to an increase in the combustion rate. Under 90%
load conditions with 10% hydrogen added to P20, there was a 28% increase in thermal
efficiency compared to P20 without hydrogen, along with a 20% improvement in
specific energy consumption (BSEC). Emissions such as HC, CO, and CO, were
reduced, but there was a 13% increase in NOx emissions. At full load, the P20+10%
H> operating point reduced combustion time by 12.5% compared to the P20 case.
However, it increased cylinder pressure and heat release rate in the range of 1-5%.
These results emphasize the trade-offs and complexities associated with hydrogen
enrichment in compression ignition engines, showcasing the potential for performance
gains and emission reductions but also highlighting challenges related to NOx

emissions and combustion characteristics, particularly at higher loads.

In a numerical investigation, the objective was to augment the hydrogen ratio under
medium load conditions (9.4 bar BMEP) within the RCCI engine [24]. Gaseous fuels,
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namely natural gas enriched with hydrogen or syngas (80% H> + 20% CO), were
employed. The approach involved maintaining a constant injection of diesel fuel while
adjusting the proportions of hydrogen or syngas mixed with natural gas, along with
appropriate Exhaust Gas Recirculation (EGR) ratios, to achieve the concept of low-
temperature combustion and provide requisite energy. Gas mixture ratios were tailored
for each cycle. The numerical results revealed that the hydrogen energy fraction could
be increased to 40.43% in the gas mixture without inducing diesel knocking, with only
a 1% power loss. When considering the total fuel energy, the hydrogen energy fraction
reached 27.05%, resulting in a power increase of over 4%. Enriching natural gas with
hydrogen led to a substantial 46.6% reduction in HC emissions, while a 33.86%
improvement was observed in the syngas and natural gas mixture. The study
emphasized a remarkable 50% increase in engine efficiency compared to the RCCI

engine utilizing diesel and natural gas.

An experimental investigation was conducted to examine the impact of hydrogen on
combustion, performance, and emission characteristics in a compression ignition
engine operating with rapeseed methyl ester (RME) and a 7% RME blended diesel
fuel (RME7) [25]. The primary objective of the study was to enhance the hydrogen
ratio in the combustion chamber, achieved by increasing the hydrogen fraction up to
44%. The elevated hydrogen ratio led to a reduction in ignition delay, as well as
decreased emissions of hydrocarbons (HC), particulate matter (PM), and carbon
monoxide (CO). It's noteworthy that the hydrogen fraction was capped at 35% due to
the propensity for knock at higher ratios. This limitation suggests a careful balance
between maximizing hydrogen content for improved combustion and mitigating

potential issues related to knock tendencies in the engine.

Several formations of various fuels enrichened with hydrogen at different ratios, as
well as the application of various processes (such as EGR, split injection, water
injection, and different injection strategies), have allowed for the emergence of highly
effective studies in the literature. The implementation of EGR and water injection for
reducing combustion temperatures has successfully improved NOx emissions, while
injection-related studies have aimed to enhance power output and mitigate knocking

tendencies.

The experimental investigation focused on assessing the impact of a hydrogen-diesel

dual fuel mode on the emissions and performance of a compression-ignition single-
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cylinder engine [26]. Recognizing the tendency of hydrogen combustion to increase
NOx emissions, the Exhaust Gas Recirculation (EGR) method was applied at varying
rates (0%, 5%, and 10%) in the tests. Experiments were conducted across different
loads (25%, 50%, 75%, and 100%) and hydrogen energy share rates (HES - 0%, 10%,
and 30%). The findings underscored that combining EGR with hydrogen yielded
highly favorable outcomes in emission values, albeit with a marginal loss in thermal
efficiency. Notably, at a 30% hydrogen energy fraction and 10% EGR, there was a
substantial reduction of 38.4%, 27.4%, 33.4%, 32.3%, and 20% in NOx, CO, CO, HC,
and PM emissions, respectively. This underscores the significant impact of the EGR
method on all emissions when utilizing hydrogen in the combustion chamber. The
results emphasize the effectiveness of employing a combined approach for emissions

reduction while acknowledging a minor compromise in thermal efficiency.

In an experimental investigation, the impact of utilizing hydrogen in a heavy-duty
diesel engine was studied, focusing on engine performance and emissions under low
and medium load operating conditions at a constant engine speed of 1500 rpm [27].
The study considered the effects of Exhaust Gas Recirculation (EGR), diesel fuel
injection pressure, and injection strategies on combustion at various hydrogen energy
sharing rates (42%, 60%, 81%, 93%, and 98%). Diesel-hydrogen combustion was
achievable up to 98% hydrogen energy fraction without any modifications to the
engine under low load conditions. Emissions exhibited significant improvements, with
hydrocarbon (HC) and nitrogen oxides (NOx) decreasing by approximately 90%, and
particulate matter (PM) emissions improving by 85% compared to pure diesel fuel
combustion. It was emphasized that hydrogen had a negative impact on NOx emissions
in the medium load region, suggesting challenges in maintaining emission reductions
observed at low loads. These results highlight the potential for significant emission
reductions, especially under low load conditions, when incorporating hydrogen into
heavy-duty diesel engines. However, the study underscores the importance of carefully
managing hydrogen utilization, especially as load conditions vary, to achieve optimal

emission performance across different operating regimes.

In an experimental study conducted on a 6-cylinder turbocharged compression-
ignition heavy-duty engine, the impact of Exhaust Gas Recirculation (EGR) on
stoichiometric air-fuel ratios was investigated in the context of diesel-natural gas dual-

fuel combustion mode [28]. The study maintained a constant total fuel input to the
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combustion chamber, with the diesel fuel injection strategy held consistent. Different
inert gases, namely N2, Ar, and CO3, were utilized as components of the EGR content.
Reducing the N2 and Ar ratios in the EGR content resulted in an increase in engine
power. Reducing the CO- ratio in the EGR content led to a decrease in engine power.
It was noted that the order of dilution effect factors for increasing engine power is Ar,
N2, and CO». Each inert gas (N2, Ar, CO) exhibited different effects on engine
performance and emission values. The study emphasizes the need for caution when
adjusting ratios, as different gases in the EGR content have distinct effects when

applied in the engine.

In a diesel engine, an investigation was conducted to examine the effects of different
Exhaust Gas Recirculation (EGR) ratios and injection advances on performance and
emission values across various engine loads [29]. This analysis utilized a two-zone
numerical model. The study aimed to validate the established numerical model by
comparing its results with experimental data, literature findings, and reinforcing the
validation study. The established numerical model was validated by demonstrating
agreement with experimental results and comparing them with literature data. Results
obtained from the numerical model were compared with literature findings, reinforcing
the validation of the established model. The study explored the combined effects of
various pilot diesel fuel advances with different EGR rates and temperatures at
different engine loads. Results from the numerical model provided significant insights
into local combustion mechanisms and the formation of regional emissions. The study
emphasized that using a numerical model enables faster and cost-effective exploration
of results compared to experimental approaches. This eliminates the need to face
challenges in terms of economy and time associated with experiments. The numerical
model facilitates obtaining information for a wider range of working points, providing
comprehensive insights into engine performance and emissions. In summary, the two-
zone numerical model proved effective in analyzing the effects of EGR ratios and
injection advances on diesel engine performance and emissions. Its advantages include
efficiency, cost-effectiveness, and the ability to explore a broader range of working
points, providing valuable information for understanding combustion mechanisms and

optimizing engine operation.

In a comprehensive three-stage study, waste fuel oil (WFQO) derived from waste frying

oil was introduced in the initial phase [30]. The second stage delved into investigating
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the effects of the engine's fuel composition, pilot fuel injection pressure (PFIP), and
pilot fuel injection time (PFIT). The final stage of experiments explored the impact of
hydrogen in dual fuel mode, considering both hydrogen manifold injection (HMI) and
hydrogen port injection (HP1). Additionally, the study examined the effects of different
Exhaust Gas Recirculation (EGR) ratios. The engine utilized in the experiments was a
compression-ignition (CI) single-cylinder diesel engine with a compression ratio of
17.5:1 and featured a Common Rail Direct Injection (CRDI) system. PFIT variations
between 0° and 15° CA BTDC and PFIP changes from 600 to 1000 bar were
investigated. Adjustments to PFIT and PFIP had notable impacts on combustion
parameters and emissions. Hydrogen injection was explored in both manifold (HMI)
and port (HPI) modes. Injection advance and duration of induced hydrogen were
significant parameters in achieving optimal combustion and emission results. Different
EGR ratios in the range of 0-15% by volume were combined with other parameters.
Results showed improvements in NOx emissions and trade-offs in thermal efficiency
and emissions with varying EGR levels. Specific operating points with adjusted PFIT,
PFIP, hydrogen injection parameters, and EGR showed a 5.8% lower thermal
efficiency but increases in PM, HC, and CO emissions. NOx emissions demonstrated
improvement compared to the case without EGR under 80% load. Proper adjustments
of injection time and pressure contributed to reduced combustion pressure (CP) and
heat release rates (HRR), along with improvements in combustion time (CD) and
ignition delay (ID) values. In summary, the study provided insights into optimizing
combustion and emissions in a Cl engine through careful adjustments of various

parameters, including PFIT, PFIP, hydrogen injection, and EGR.

In a single-cylinder diesel engine, experimental studies were conducted where the
energy of diesel fuel was transferred to hydrogen fuel at different rates (ranging from
0% to 20%) under a constant speed (1800 rpm) and various Exhaust Gas Recirculation
(EGR) rates (ranging from 0% to 40%) [31]. It was reported that specific fuel
consumption decreased with the addition of hydrogen under various EGR rates, while
there was no difference in terms of thermal efficiency. Increasing the EGR ratio in the
diesel-hydrogen mixture was reported to cause ignition delay. The increased hydrogen
ratio increased cylinder pressure and heat release rate values, but the increase in EGR
ratio showed a decrease in both quantities. It was stated that the additions of hydrogen

and EGR did not lead to any instability in the in-cylinder combustion process. Under
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conditions of 60% load and 40% EGR, the addition of 20% hydrogen resulted in an
84% reduction in CO emissions. The maximum decrease in CO2> emissions,
approximately 17.46%, was observed when no EGR was applied at 60% load. The
diesel-hydrogen energy distribution system, connected to EGR, increased HC
emissions. The increase in hydrogen or EGR ratio was observed to reduce NOx
emissions. On the other hand, while the addition of hydrogen reduced soot emissions,
an increase in the EGR ratio was reported to adversely affect this emission value.
Under 60% load, the addition of 40% EGR and 20% hydrogen to the intake air resulted
in approximately 37.6% reduction in soot emissions and 59.5% improvement in NOx
emissions. It was reported that among all the conditions tested in the study, the ratios
of 20% hydrogen and 40% EGR showed more favorable results in terms of

performance and emissions when compared to diesel engine conditions.

The absence of CO, CO, and unburned HC components in hydrogen and the high
thermal efficiency of diesel engines have led scientists to explore the potential
advantages of these two characteristics. In another study, the effects of using hydrogen
as a dual fuel in a diesel engine were experimentally and numerically investigated in
terms of performance and emission characteristics [32]. Additionally, the effects of
different Exhaust Gas Recirculation (EGR) rates and pilot diesel fuel injection timing
advances were examined under dual-fuel conditions with hydrogen. Energy was
distributed between hydrogen and diesel fuel at various ratios, and an optimization
study was conducted by altering EGR rates and injection timing advances under these
conditions. It was highlighted that increasing EGR rates reduced NOx emissions, but
there was a slight loss in thermal efficiency, which was compensated by improvements
in injection timing advances. These studies were conducted both experimentally and
numerically. In the numerical study, the authors established their own chemical kinetic
models for reaction mechanisms and species, emphasizing that the obtained results
aligned with experimental findings.

To address NOx emissions in a diesel engine, a strategy involving the application of
cooled heavy Exhaust Gas Recirculation (EGR) was employed [33]. However, the
implementation of EGR was constrained to a specific value due to the observed
increase in Hydrocarbon (HC) emissions and the decrease in thermal efficiency.
Concurrently, varying amounts of hydrogen were introduced into the intake manifold,

maintaining the hydrogen fraction within the range of 2% to 10% of the total energy
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fraction. While keeping other diesel engine test conditions constant, such as injection
timing, engine speed, and diesel fuel injection ratio, the experimental investigation
aimed to examine the effects of different hydrogen ratios on engine performance and
emission characteristics. The test results revealed that thermal efficiency increased,
and NOy emissions decreased at suitable combinations of EGR (2%, 16%, and 31%)
and hydrogen ratios. It was emphasized that lower NOx emissions were achieved at
higher EGR rates when compared to pure diesel conditions with the addition of
hydrogen. For instance, under conditions involving 31% EGR and 10% hydrogen
energy fraction, there was an observed improvement of approximately 25% in NOx
emissions, with only a slight increase in thermal efficiency. This suggests that the
introduction of hydrogen, combined with controlled EGR, can be an effective strategy

for enhancing engine performance while mitigating NOx emissions.

The pilot injection timing and injection pressure also play a crucial role in mitigating
the adverse effects of hydrogen. Properly-timed pilot injection results in a reduction in
MPRR, and the injection pressure significantly contributes to fuel vaporization and the
creation of homogeneous fuel mixtures, which are important for both homogeneous
and diffusion combustion processes. Additionally, achieving a gradual and smoother
start of combustion helps avoid high temperatures and pressures associated with abrupt
combustion. This leads to significant improvements in both NOyx emissions and

performance values.

The experimental study investigates the effects of pilot fuel injection pressure (FIP)
and timing (FIT) on combustion and emissions in a dual-fuel compression ignition
engine using biodiesel derived from Jatropha oil and hydrogen [34]. Hydrogen
volumetric fractions of 5 It/min, 7 It/min, and 9 It/min were used in the tests. Three
different fuel injection pressures (FIP) were considered: 500 bar, 1000 bar, and 1500
bar. Biodiesel fuel injection advances (FIT) of 5° CA, 11° CA, and 17° CA BTDC
were examined. Under pure diesel operating conditions, thermal efficiency was
25.02%. In biodiesel-hydrogen dual fuel mode with 1500 bar FIP, 17° CA BTDC FIT,
and 9 It/min hydrogen fraction, thermal efficiency increased to 32.15%. However,
there was a notable increase of 20.61% in NOyx emissions. Higher FIP values resulted
in increased cylinder pressure and heat release rates. Increasing the injection advance
(FIT) had a similar effect on cylinder pressure and heat release rates. Biodiesel-
hydrogen dual fuel mode with 1500 bar FIP, 11° CA BTDC FIT, and 9 It/min hydrogen
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fraction improved HC and PM emissions by 59.52% and 46.15%, respectively,
compared to 100% diesel conditions. The study emphasizes that higher FIP and FIT
values are appropriate for improving engine combustion, performance, and emissions
in biodiesel-hydrogen dual fuel operating conditions. Optimizing injection pressure
and timing is crucial for achieving a balance between combustion efficiency, thermal
efficiency, and emissions in dual-fuel compression ignition engines using biodiesel
derived from Jatropha oil and hydrogen. The interplay of these parameters influences
various aspects of engine performance and environmental impact. The study
emphasizes the need for a careful selection of injection parameters to attain the desired
trade-off between efficiency and emissions, highlighting the importance of precise

control strategies for achieving optimal results in dual-fuel operations.

The study aimed to investigate the effects of various fuel injection strategies on diesel-
hydrogen combustion using a numerical approach [35]. Two injection strategies were
considered: single injection and split injection. The engine had a compression ratio of
19.5:1, and the analyses were conducted at a constant speed of 1500 rpm. The
strategies investigated were single injection (Fuel injected for 2° CA —23° CA between
BTDC with 100% mass fraction) and split injection (Pilot injection for 12° CA - 24°
CA BTDC with 4° CA incremental increases and Fixed main injection at 8 CA BTDC
with 90%, 80%, 70% mass fractions). The numerical model was created using the
CONVERGE CFD program, and validation was performed by comparing the results
with experimental data conducted at a hydrogen energy fraction of 18.5%. The results
suggested that the optimum pilot injection rate was 10%. The optimum injection
advance was found to be 16° CA BTDC. This injection strategy (10% pilot injection
rate, 16° CA BTDC) led to higher indicated mean effective pressure (IMEP). The
proposed strategy resulted in lower NOx, PM, HC, and CO emissions. Indeed, the
numerical study suggests that a split injection strategy with a 10% pilot injection rate
at 16° CA BTDC is a promising approach for achieving improved performance and
reduced emissions in diesel-hydrogen combustion. This discovery emphasizes the
significance of injection timing and strategy when it comes to optimizing the
combustion process in dual-fuel engines, ultimately leading to more efficient and
environmentally friendly combustion. EGR (Exhaust Gas Recirculation) process
enriched with hydrogen is another method that has been applied. EGR helps reduce

NOx emissions, and with the addition of hydrogen to the combustion, performance
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values can be maintained. Thus, it is achieved that both performance and emission

values is controlled.

In a compression ignition diesel engine, an investigation was conducted to observe the
effects on performance and emissions at various loads (0%, 20%, 40%, 60%, 80%, and
100%) in conditions with and without Exhaust Gas Recirculation (EGR) (basic diesel)
[36]. Additionally, the study explored the impact of hydrogen-enriched EGR
(H2EGR), involving hydrogen addition ranging from 9.3% to 14.4% by volume.
Comparing the results with EGR and base diesel scenarios, H.EGR demonstrated
substantial improvements in Particulate Matter (PM), Hydrocarbons (HC), and all
carbon-containing emissions. Notably, H2EGR achieved an approximate 46%
reduction in NOx emissions compared to baseline diesel conditions. In summary, the
study emphasized that HoEGR led to decreases in both NOx and PM emissions, with

positive outcomes on thermal efficiency.

The study investigated the impact of Exhaust Gas Recirculation (EGR) with different
ratios of intake air supply on a supercharged diesel-hydrogen dual-fuel compression-
ignition engine [37]. The experiments were conducted at various engine loads, and the
addition of hydrogen with energy fractions of 15% and 28% was explored. The
supercharged system contributed to a rich oxygen concentration in the combustion
chamber, resulting in positive effects on performance values. EGR had a positive
impact on reducing NOyx emissions. The addition of EGR, combined with the
supercharged system, contributed to improvements in NOx emissions. The presence of
rich oxygen in the combustion chamber, facilitated by the supercharged system, led to
positive results in reducing Particulate Matter (PM) emissions. Increasing the
hydrogen ratio was associated with an increase in NOx emissions and a decrease in PM
and CO2 emissions. Hydrogen addition had a more significant effect on PM emissions,
particularly in low and medium-sized intake air boost conditions. High EGR rates
resulted in a reduction of about 2% in oxygen concentration in the combustion
chamber. The addition of hydrogen with a 15% energy fraction led to a significant
reduction (75%) in particles formed at the end of combustion. The overarching goal of
the study was to determine appropriate intake air, EGR, and hydrogen ratios to enhance
both performance and emission values. In summary, the study aimed to optimize the
combination of intake air, EGR, and hydrogen ratios to achieve improved performance

and emission characteristics. The findings highlight the synergistic effects of
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supercharging, EGR, and hydrogen addition on combustion and emissions in a dual-

fuel compression-ignition engine.

In an experimental investigation conducted on a compression ignition diesel engine,
the impact of enriched hydrogen ratios (13.4%, 20.9%, and 29.3% for 30% load;
10.8%, 17.2%, and 24.1% for 45% load; 8.4%, 13.8%, and 19.5% for 60% load,
hydrogen energy fractions) on engine performance and emission characteristics was
studied [38]. The experiments were carried out under varying load conditions (30%,
45%, and 60%), incorporating cooled Exhaust Gas Recirculation (EGR) at different
ratios (20%, 30%, and 40%) and employing different intake air scenarios
(temperatures of 30 °C, 45 °C, and 60 °C). The experimental setup involved combining
intake air with a methanol mixture at different flow rates (6.5 g/min, 10 g/min, and
13.5 g/min) with the addition of cooled EGR. The temperature of the intake air was
controlled using a heater, and a mixture of aqueous methanol was introduced into the
intake air with a rich hydrogen fraction. Cooled EGR was applied to the combustion
chamber from the intake port to regulate NOx emissions. The objective was to achieve
optimum Brake Specific Fuel Consumption (BSFC), thermal efficiency, and emission
values (CO, HC, and NOy). All obtained results were compared with those of the
engine operating under pure diesel conditions. The optimal outcomes demonstrated
notable improvements, with a 31.58% reduction in CO emissions, a 15% reduction in
HC emissions, a 41.35% reduction in NOx emissions, a 29.27% reduction in PM
emissions, and 5.13% improvements in both BSFC and thermal efficiency values.
These findings underscore the positive impact of enriched hydrogen ratios, cooled
EGR, and varying intake air conditions on the overall performance and emission

profile of the diesel engine.

Exhaust Gas Recirculation (EGR) is implemented to mitigate NOx emissions, but it
tends to increase Particulate Matter (PM) emissions. A numerical study was conducted
to address both concerns, recommending the application of EGR under high pressure
for a comprehensive solution [39]. The approach involves a turbocharger system to
introduce high-pressure intake air into the engine. Exhaust gases are then cooled and
mixed with the high-pressure intake air. This process, when applied to the combustion
chamber, reduces combustion temperatures without significantly decreasing oxygen
concentration, resulting in decreased NOx emissions. The presence of high oxygen

facilitates the combustion of particles, enhancing the reduction of soot formation. In
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this numerical study, a two-zone combustion model was established, and various EGR
rates (ranging from 0% to 30%) and temperatures (varying between 90 °C and 240 °C
in 50 °C increments) were introduced into the combustion chamber under high
pressure. The effects of these parameters on performance, emissions, and combustion
were examined under full load conditions. The need for a turbocharger system to
introduce high-pressure intake air for EGR application was emphasized. The
application of EGR under high pressure effectively reduces combustion temperatures,
leading to a decrease in NOx emissions. The high oxygen concentration in the
combustion chamber facilitates the combustion of particles, contributing to the
reduction of soot formation. The study found that decreasing EGR temperature had
more positive effects on Brake Specific Fuel Consumption (BSFC) and PM emissions.
However, its impact on NOyx emissions was relatively weaker. The effects of EGR
temperatures were noted to be more pronounced at high EGR rates. In summary, the
proposed approach of applying EGR under high pressure, facilitated by a turbocharger
system, demonstrates promise in simultaneously reducing NOx emissions and
mitigating PM emissions. The study highlights the importance of carefully managing
EGR rates and temperatures, especially at high EGR rates, to optimize engine

performance and emissions.

In an experimental study, the energy and exergy analyses of diesel-biogas dual-fuel
combustion mode in a compression ignition engine were conducted [40]. The
investigation included the effects of different Exhaust Gas Recirculation (EGR) rates
(5%, 10%, and 15%) and EGR temperatures (35 °C and 65 °C) on engine performance
and emission values at various compression ratios (16.5, 17.5, 18.5, and 19.5). Initial
tests focused on varying compression ratios, revealing that an increase in compression
ratio led to improvements in thermal efficiency and reductions in emissions. At low
loads, EGR slightly increased engine efficiency and significantly reduced nitrogen
oxides (NOyx) emissions. However, applying EGR at high loads caused a slight
decrease in engine efficiency. In the third stage of experiments, hot EGR was applied,
and results were compared with cold EGR. Hot EGR yielded more positive results in
terms of engine efficiency and exhaust emissions at both low and high loads. These
findings underscore the intricate relationship between compression ratio, EGR
(Exhaust Gas Recirculation) rates, and temperatures in a diesel-biogas dual-fuel

combustion mode. While increasing compression ratio and applying EGR showed
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benefits in certain aspects, the introduction of hot EGR emerged as a favorable
strategy, particularly for enhancing engine efficiency and mitigating emissions under

varied load conditions.

The study explored engine performance and emissions in the context of hydrogen-
diesel dual fuel combustion by introducing oxygen into the combustion chamber
(ranging from 21% to 27% by volume) during partial and low loads [41]. Notable
enhancements were observed, particularly in carbon-based emissions. Elevating the
oxygen concentration resulted in a 1.6% increase in thermal efficiency, accompanied
by a 4% reduction in specific fuel consumption. The rise in oxygen levels led to
elevated in-cylinder temperatures, prompting the application of Exhaust Gas
Recirculation (EGR) as a mitigation strategy. The introduction of oxygen without EGR
resulted in a substantial 63% increase in NOx emissions. However, a significant 72%
reduction in particulate matter (PM) emissions was noted. In specific scenarios, such
as combining 27% oxygen enrichment with a 24% EGR ratio, a 79% improvement in
NOx emissions and a 2.6% enhancement in thermal efficiency were achieved at a 45%

hydrogen by volume operating point.

In an experiment with a compression ignition engine, a mixture of air and biogas was
introduced into the intake port and sent to the combustion chamber, where it was
ignited with diesel fuel [42]. The study aimed to analyze engine performance and
exhaust emissions at a constant compression ratio (18:1). The experimental results
were compared across tests with different biogas ratios (Biogas 1# H2:CO:CH4:N2 =
5:40:5:50 and Biogas 2# H>:CO:CH4:N2 = 15:30:5:50) and various Exhaust Gas
Recirculation (EGR) ratios. Increasing EGR ratios were found to prolong combustion
time and ignition delay. NOx emissions exhibited a monotonic decrease at EGR ratios
of 50% and above. PM emissions were notably high in the Biogas 1# (H2:CO:CHa4:N>
= 5:40:5:50) gas mixture. It was emphasized that as the EGR ratio increased, the
thermal efficiency value gradually decreased. Biogas 2# with a higher hydrogen (H>)
concentration at similar EGR rates showed more positive results in terms of
combustion reactivity. Biogas 2# (H2:CO:CH4:N2 = 15:30:5:50) caused higher in-
cylinder temperatures, resulting in higher thermal efficiency and NOx emissions. The
study concluded that positive results in performance and emission values could be
achieved in biogas-diesel dual-fuel combustion mode by applying EGR, split diesel

fuel injection, and hydrogen addition together. These findings highlight the
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significance of considering a combination of strategies, such as EGR, fuel injection
techniques, and hydrogen addition, to optimize performance and emissions in a biogas-

diesel dual-fuel combustion mode.

Since hydrogen usage in the engine tends to increase NOx and MPRR values, various
strategies have been combined in studies to improve these values. In most studies,
EGR and injection strategies have been applied together to expedite obtaining more

reasonable results.

The experimental study investigates the effects of PCCI (Premixed Charge
Compression Ignition) technology on a compression-ignition engine [43]. High
premix-combustion rates in PCCI technology lead to lower temperatures compared to
traditional compression-ignition combustion, resulting in lower NOx emissions.
However, at high loads, the sudden formation of knock tendency and high
temperatures limit the positive effects on NOx emissions. PCCI technology is
considered applicable up to medium loads. Adjusting injection timing and providing
in-cylinder pressure-temperature control can improve the applicability of PCCI
technology. Splitting the injection time and applying suitable EGR ratios help reduce
knocking tendency and temperature spikes, leading to improved NOx emissions. Tests
considered various pilot injection advances (30°, 35°, and 40° CA BTDC) and main
injection advances (12°, 16°, 20°, and 24° CA BTDC) with different EGR rates (0%,
15%, and 30%). The combination of a 35° CA BTDC pilot injection advance and a
15% EGR ratio was recommended for optimum results. Delaying the pilot injection
(30° CA BTDC) resulted in higher NOx and PM emissions, while too much advance
(40° CA BTDC) led to lower engine power. Appropriate EGR rates (15% and below)
had a positive effect on combustion and emission values. High EGR rates (above 15%)
caused a decrease in cylinder temperatures, leading to a deterioration in performance.
The study emphasizes the importance of split fuel strategies (Pilot and Main injection)
with an appropriate EGR ratio to increase the PCCI combustion limit. These findings
highlight the complexity of optimizing PCCI technology, considering factors such as
injection timing, EGR rates, and their impact on combustion efficiency and emissions

at different engine loads.

The tests aimed to investigate the effects of different injection strategies in hydrogen-
diesel dual-fuel mode at low load (2 bar BMEP) [44]. Four injection strategies were

compared (Single pulse injection = 100% of the fuel injected in a single pulse, double
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pulse phase 1 injection = 50% of the fuel in the first pulse - 50% of the fuel in the
second pulse, double pulse phase 2 injection = 30% of the fuel in the first pulse - 70%
of the fuel in the second pulse and multi pulse injection = 45% of the fuel in the first
pulse - 45% of the fuel in the second pulse - 10% of the fuel in the third pulse). The
maximum hydrogen energy shares (HES) that could be substituted into the combustion
chamber with the applied injection strategies were found to be 73.99%, 48.98%,
34.46%, and 24.39%, respectively. Double Pulse Phase 2 injection exhibited the
highest thermal efficiency at 21.61%, while single pulse injection had a slightly lower
efficiency at 19.5%. With the increase in temperatures, NOx emissions also increased
slightly. Multi-pulse injection led to a decrease in NOx emissions. Multi-pulse
injection resulted in increased PM emissions, while other strategies showed varying
effects. Multi-pulse injection had a moderate positive effect on BTE. At the maximum
HES, there was a significant improvement in NOx emissions, and engine stability was
maintained despite a small increase in PM emissions. In summary, the choice of
injection strategy had notable impacts on thermal efficiency, emissions, and overall
engine performance in hydrogen-diesel dual-fuel mode, with different strategies

showing varying trade-offs between efficiency and emissions.

The combination of n-butanol and diesel fuels, brought together through a post-
injection strategy, has resulted in extremely low soot emissions [45]. However, it has
been observed that the inclusion of n-butanol in the combustion chamber leads to an
increase in NOy emissions. The EGR process has proven effective in mitigating NOx
formation to some extent. In study, the impact of n-butanol and EGR ratios on
emissions and combustion performance was experimentally investigated on a
turbocharged diesel engine. The effects of different fuels and EGR ratios in
compression ignition engines were also explored. Tests utilized different fuels: pure
diesel (D100), diesel with 10% n-butanol (NB10), diesel with 20% n-butanol (NB20),
and diesel with 30% n-butanol (NB30). The results indicate that while post-injection
timing has little effect on brake thermal efficiency (BTE), it reduces CO, HC, NOy,
and soot emissions by 33.3%, 10%, 25%, and 50%, respectively. Under specific post-
injection strategies, the addition of n-butanol (at 10%, 20%, and 30%) leads to a
significant reduction in CO and soot emissions. In the 10% and 20% EGR range, it is
suggested that NB20 fuel can strike a balance between combustion performance and

emissions under certain post-injection strategies. Furthermore, it was emphasized that
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NB30 fuel results in the lowest soot and CO emissions and has the highest heat release
rate. The reason which the lowest soot composed with NB30 was explained that it has

lower C content than diesel fuel.

A numerical investigation was conducted to assess the impact of hydrogen on a diesel
engine, aiming to reduce hydrocarbon emissions and enhance performance values
[46]. Various hydrogen fractions were introduced with air into the combustion
chamber, and ignition was facilitated through the injection of pilot diesel fuel. As the
hydrogen ratio increased, particulate matter (PM) emissions exhibited a decrease, and
there was an improvement in thermal efficiency. However, nitrogen oxide (NOx)
emissions increased due to elevated cylinder temperatures resulting from the higher
hydrogen ratio. The augmentation in the hydrogen ratio led to a decrease in the
formation rate of OH radicals, causing an increase in ignition delay. To address the
elevated NOx emissions, the Exhaust Gas Recirculation (EGR) method and various
injection advance strategies were employed. These additional measures were
implemented to mitigate the adverse effects on NOyx emissions, thereby striking a
balance between reducing hydrocarbon emissions, improving performance, and
managing the trade-offs associated with increased hydrogen content in the combustion

process.

In the literature, numerous studies have explored the combined effects of certain
processes (such as EGR and injection strategies) and various engine parameters
(including compression ratio and combustion chamber geometry) on performance and

emission values.

In a numerical investigation, the influence of the interplay between different
compression ratios and hydrogen ratios on engine performance and emission
characteristics in a compression ignition engine was examined [47]. Hydrogen was
introduced into the intake air using a low-pressure injector on the intake port,
considering compression ratio values of 14.5:1, 16.5:1, and 19.5:1. Analyses were
conducted for varying ratios of hydrogen energy fraction, ranging from 0% to 55%.
The numerical results indicated that to counteract the increasing tendency for knock
with rising compression ratios, it is advisable to reduce the hydrogen fraction.
Specifically, as the compression ratio increased from 14.5 to 19.5, the hydrogen
fraction decreased from 45% to 20%. In terms of emissions, all pollutants except

nitrogen oxides (NOx) demonstrated improvements with an increasing hydrogen
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energy fraction. These findings highlight the delicate balance required in adjusting
hydrogen ratios to mitigate knock tendencies associated with higher compression

ratios while simultaneously improving emissions in compression ignition engines.

The study emphasizes the intricate relationship between compression ratios and fuel
injection timing when utilizing ammonia-hydrogen mixtures in a compression ignition
engine [48]. Delaying the injection timing was observed to reduce engine performance
and increase ignition delay. This delay was associated with a gradual increase in
particulate matter (PM) and carbon monoxide (CO) emissions. Interestingly, delaying
the injection timing had a positive effect on NOyx emissions. Increasing the
compression ratio was found to enhance combustion performance but also increased
NOx and nitrous oxide (N20O) emissions. The study identified an operating point with
a 12° CA BTDC injection advance and a compression ratio of 13.5 as meeting the Tier
I11 standards set by the International Maritime Organization (IMO) for NOyx emissions.
It's noteworthy that the NOx emissions caused by each compression ratio and injection
timing were found to be suitable for Tier 11 standards. This suggests that careful tuning
of injection timing and compression ratio is essential for achieving a balance between
combustion performance and emissions, especially when dealing with alternative fuel
mixtures like ammonia-hydrogen. The study's findings contribute valuable insights for
meeting stringent emissions standards in compression ignition engines using such

alternative fuels.

The numerical study explores the impacts of different piston bowl geometries (P1, P2
and P3), injection advances (1.5°, 2°, 3° and 4° CA BTDC), and EGR ratios (0%, 10%
and 20%) on the performance and emissions of a compression ignition engine [49]. P2
piston geometry resulted in 12% better results in terms of thermal efficiency and power
compared to P1. P2 geometry showed a 10.5% reduction in PM (Particulate Matter)
emissions compared to P1, while maintaining similar NOx emissions. The study
suggests that an injection advance of 2° CA BTDC is optimal in terms of performance
and emissions. The introduction of 10% EGR (Exhaust Gas Recirculation) reduced
NOyx emissions by 37%, indicating the effectiveness of EGR in NOx reduction.
However, 10% EGR also led to a 6.4% increase in CO2 emissions. P2 geometry
provided better results in terms of combustion efficiency compared to other
geometries. Approximately a 20% improvement was observed in CO emissions with

the P2 geometry. It's interesting to note that the optimal injection advance and piston
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bowl geometry play crucial roles in achieving improved efficiency and reduced
emissions. Additionally, the trade-offs between NOx reduction and CO2 emissions,
especially with the introduction of EGR, highlight the complexity of optimizing

combustion in internal combustion engines.

Direct or indirect water jet/vapor injection into the combustion chamber leads to
significant and reasonable improvements in NOx emissions. In CI engines, the
application of water injection methods during the combustion of various fuels makes
it possible to achieve a decrease in all emissions, including NOy, with very little loss

in performance values.

The numerical analysis of the effects of direct water injection (DWI) into the
combustion chamber of a ship diesel engine on performance and emission
characteristics has been conducted [50]. The study investigated parameters such as the
amount of water injected, water injection temperature, and injection timing. In the
numerical study, comparisons between DWI and Exhaust Gas Recirculation (EGR)
were performed, expanding the scope of the research. With an increasing ratio of DWI,
power, in-cylinder pressure, temperature, and NOx values decreased. When DWI
advance was chosen as the compression stroke, a 55.6% improvement in NOx was
reported. It was stated that the temperature of DWI had a minimal impact on engine
performance and emission values. As the DWI advance increased, engine power
decreased, while an increase in advance led to an increase in power. Among the
examined parameters, DWI advance was observed to be the most influential parameter
on NOx emissions. When comparing DW1 with EGR in terms of power and NOx, the
results indicated that the DWI process resulted in higher power output and lower NOy

emissions.

In a Compression Ignition engine fueled by hydrogen (HFCI - Hydrogen-Fueled
Compression Ignition), various advances and ratios of water injection into the
combustion chamber were provided to mitigate the increased NOx emissions
associated with hydrogen use [51]. Hydrogen was introduced into the cylinder through
an injector at a constant flow rate of 5 LPM (Liters Per Minute) over a period of 40°
CA. Water injection was provided between 20° CA Before Top Dead Center (BTDC)
and 20° CA After Top Dead Center (ATDC) with injection durations of 20° CA and
40° CA. It was observed that thermal efficiency and power values increased in the case

of water injection with an advance of 20° CA ATDC and an injection duration of 20°
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CA. The lowest NOx and lower Exhaust Gas Temperature (EGT) values were obtained
at 2500 rpm across all speed ranges. The highest Heat Release Rate (HRR) and the
longest ignition delay time were observed in the case of water injection with an
advance of 20° CA BTDC and an injection duration of 40° CA. The study suggests
that water injection is a promising technique to effectively enhance the performance
and emission quality of HFCI engines.

The effects of water injection into the combustion chamber as a measure to mitigate
the increase in NOx and MPRR values caused by hydrogen in a Compression Ignition
diesel engine have been investigated [52]. Water injection was provided into the
combustion chamber at various volumetric ratios (0%, 5%, 10%, and 15%) with
different advances (9° CA BTDC, 3° CA BTDC, and 3° CA ATDC). The effects of
water injection were also examined considering different water jet temperatures (27
°C — room temperature and 60 °C). Results for water injection in diesel fuel and
diesel+hydrogen fuel conditions were obtained and interpreted. It was mentioned that
the condition of 15% Water Injection (WI) and 60 °C water jet temperature provided
the highest pressure value, more torque, higher thermal efficiency, and greater engine
power. The lowest emission values were achieved under the conditions of 5% WI and

27 °C water jet temperature.

The effects of different gaseous fuels (hydrogen, methane, and hythane) and nozzle
hole sizes in a Compression Ignition (CI) engine were investigated both numerically
and experimentally [53]. Tests were conducted based on energy fractionation with
50% diesel-50% methane (D50M50), 50% diesel-50% hydrogen (D50H50), and 50%
diesel-50% hythane (D50Hy50) ratios. The results were compared with pure diesel
outcomes. Additionally, due to the high temperatures encountered in points involving
hydrogen and hythane, volumetric water injection at a rate of 10% was included in the
combustion chamber. The results showed that under D50H50 fuel fractionation and a
1 mm nozzle hole size condition, Brake Specific Fuel Consumption (BSFC) was 28%
higher compared to pure diesel conditions, indicating that diesel fuel consumption was
more dominant at smaller nozzle sizes. The injection of water vapor into the
combustion chamber contributed to the maximum pressure, and as a result, the
D50Hy40W10 (50% diesel, 40% hythane, and 10% Water Injection) condition
produced a high torque value at smaller nozzle hole sizes. An increase in nozzle hole

size led to a decrease in combustion temperature and an increase in CO content in
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exhaust gases. The increasing of nozzle diameter led to lower surface area/volume rate
for fuel droplets. Thus, the combustion temperature declined and NOx emission

decreased.

The experimental study aimed at improving NOx emissions due to biodiesel fuel,
which leads to higher combustion temperatures compared to diesel fuel, through water
injection into the combustion chamber in a Compression Ignition (CI) engine [54]. The
study was conducted on a four-cylinder, four-stroke, direct-injection (DI), and
turbocharged diesel engine. The 3 kg/h water injection rate was found to be not very
effective for Brake Specific Fuel Consumption (BSFC), but it resulted in
approximately a 50% improvement in NOx emissions. The study indicated that water
injection into the intake manifold had very little effect on the cylinder pressure and

heat release rate of the Cl engine under different operating conditions.

There is a significant amount of research in the literature regarding the use of natural
gas in compression ignition (CI) engines in conjunction with hydrogen. It has been
observed that natural gas fuel leads to very reasonable results in controlling the fast
combustion characteristic of hydrogen to some extent. Compared to other fuels, the
collaboration of hydrogen and natural gas has shown to be more environmentally

friendly and provide more favorable results in terms of engine performance.

The experimental investigation explored the impact of high hydrogen ratios (20%,
30%, 40%, and 50% by volume) on the performance, emissions, and knock tendency
in a dual-fuel engine using diesel and natural gas [55]. Increased hydrogen ratios at
high loads resulted in heightened maximum pressure and rate of heat release (HRR).
Notably, the addition of hydrogen positively influenced the combustion of gas
mixtures, with the most significant HRR and pressure values observed at a 50%
hydrogen mixture. The introduction of hydrogen led to a reduction in combustion time
and an enhancement in thermal efficiency across all volumetric fractions. Particularly,
at 50% hydrogen enrichment, there was a noteworthy improvement of approximately
16% in thermal efficiency compared to pure natural gas dual-fuel combustion.
Hydrogen supplementation proved effective in reducing carbon monoxide (CO) and
hydrocarbon (HC) emissions, especially in medium and high load operating
conditions. Positive outcomes were observed in terms of nitrogen oxides (NOx)
emissions with hydrogen addition at low and medium loads; however, caution was

advised against its use at high loads. It was emphasized that the enrichment of natural
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gas with 80% or more hydrogen significantly increased the tendency for knocking.
These results underscore the potential benefits of hydrogen addition in terms of
improving combustion dynamics, enhancing thermal efficiency, and reducing specific
emissions in dual-fuel engines. However, careful consideration is crucial, particularly

at high loads, to manage challenges associated with increased knock tendency.

In a comprehensive numerical study using AVL Fire CFD program, the effects of
hydrogen addition to natural gas (HCNG - Hydrogen Compressed Natural Gas) and
the application of Exhaust Gas Recirculation (EGR) to the combustion chamber were
investigated [56]. The diesel fuel's energy was gradually replaced by natural gas and
hydrogen, ranging from 0% Hydrogen for 0% HCNG to 15.59% Hydrogen for 40%
HCNG. The energy fraction for the gas mixture was varied from 0% to 40%. To
mitigate the knock tendency resulting from hydrogen addition, the compression ratio
of the diesel engine was reduced from 17:1 to 15:1. The analyses were conducted on a
three-cylinder compression-ignition engine at different loads (40% and 80%) and
engine speeds ranging from 1000 rpm to 1800 rpm. EGR rates of 5%, 10%, and 15%
were considered in the study. The increase in EGR led to a longer combustion time
and a decrease in thermal efficiency, engine power, and Brake Specific Fuel
Consumption (BSFC). While EGR increased the cumulative heat release in the
cylinder, it did not significantly affect the in-cylinder pressure. Enriching natural gas
with hydrogen resulted in increased combustion temperatures and, consequently,
higher NOx emissions. Optimum values for performance and emission parameters
were recommended at 6.35% EGR and 31% HCNG. The reduction in compression
ratio (from 17:1 to 15:1) aimed to address the knock tendency associated with
hydrogen addition. In summary, the study emphasized the trade-offs involved in
adjusting EGR rates and HCNG composition in terms of combustion characteristics,
performance, and emissions. The recommended optimum values provide insights for
achieving a balance between these factors in the context of a compression-ignition

engine.

In a numerical study, a D19 diesel engine was modeled both in one-dimensional and
three-dimensional forms, and the engine was converted into dual fuel mode with
natural gas at different rates (0%, 20%, 40%, and 60% natural gas content) under
specific operating conditions (2200 rpm and 50% load). The integration of natural gas

into the model involved using the GRI-Mech 3.0 skeletal mechanism and the 95/55vv
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diesel fuel mechanism [57]. A reduced mechanism with 79 species and 224 chemical
Kinetic reactions was employed. The study aimed to investigate the combustion
performance and exhaust emissions (NOx and PM) of the engine in both diesel and
diesel-natural gas dual fuel modes. The numerical model was validated by comparing
the simulation results with experimental data obtained at different operating conditions
(1500 rpm, 60% load, and 42% natural gas content & 2200 rpm, 80% load, and 27%
natural gas content). The results indicated that the thermal effects of Exhaust Gas
Recirculation (EGR) on the engine were greater than the chemical effects. EGR
content, consisting of CO2 and HO gases, played a dominant role in thermal effects,
with CO2 being more influential. At 50% EGR, the efficiency rates were observed to
be 65.3% for thermal effects and 36.7% for chemical effects in 100% diesel (pure
diesel mode) conditions. In diesel-natural gas dual fuel mode at the same 50% EGR
ratio, the thermal and chemical effects were 62.2% and 39.2%, respectively. The
application of EGR in dual fuel mode was found to be less effective for thermal values
but had a more decisive impact on chemical reactions. In summary, the study
highlighted the complex interplay between EGR, combustion performance, and
emissions in both diesel and dual fuel modes. The findings contribute to understanding
the relative importance of thermal and chemical effects in different operating

conditions.

The experimental setup aimed at reducing NOx and PM emissions involved converting
a compression ignition diesel engine to dual-fuel combustion mode with natural gas
[58]. The study observed that natural gas-diesel combustion led to high HC and CO
emissions with low thermal efficiency at low loads. To address these issues, the effects
of single and split injection strategies (pilot injection, main injection, and post
injection) on diesel-natural gas combustion were investigated in terms of performance
and emission values. The tests were conducted in a single-cylinder engine at a constant
speed of 1500 rpm and under different load conditions (20%, 40%, 60%, 80%, and
100%). Two types of split injection strategies were employed. First strategy is pilot —
main injection (Pilot injection at 11° CA, 16° CA and 20° CA BTDC, contributing
20% of the fuel - Main injection at 4.5° CA BTDC, constituting 80% of the fuel).
Second strategy is pilot — main — post injections (Pilot injection at 11° CA BTDC,
contributing 20% of the fuel — Main injection at 4.5° CA BTDC, constituting 60% of

the fuel — Post injection at various injection advance by timings of 4° CA, 8° CA, 12°
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CA, 20° CA, and 28° CA BTDC, contributing 20% of the fuel). The results indicated
that the split fuel application had a significant impact on engine combustion and
emissions. Notably, the split injection strategy led to a 25.6% improvement in thermal
efficiency compared to single injection at low load conditions. At 20% load,
employing 11° CA BTDC pilot injection resulted in a 20.4% improvement in BSFC,
along with reduced HC, NOy, and noise emissions. Furthermore, the study emphasized
the positive effects of early post-injection advances on thermal efficiency. Delaying
the post-injection advance at low and medium loads was found to decrease NOx
emissions. Overall, the findings highlight the effectiveness of split injection strategies
in enhancing engine performance and emission characteristics in dual-fuel combustion

mode with natural gas.

In an experimental study aimed at improving NOx and PM emissions, a diesel engine
was operated in dual fuel mode with compressed natural gas (CNG) at a constant
engine speed of 1500 rpm [59]. The investigation involved varying diesel-natural gas
ratios at different energy fractions (D + 10% CNG, D + 15% CNG, D + 20% CNQG)
across various loads (low, medium, and high) and Exhaust Gas Recirculation (EGR)
ratios (5%, 10%, and 15%). Compared to pure diesel conditions, dual fuel combustion
mode resulted in a decrease in thermal efficiency by 1-2% across all loads. The Brake
Specific Fuel Consumption (BSFC) value at high loads showed an improvement of
approximately 2-3% under dual fuel combustion conditions. HC and CO emissions
were found to be higher under low and high load conditions in dual fuel combustion
compared to diesel combustion conditions. There was an improvement of 21% and
18% for NOx and PM emissions, respectively, under dual fuel combustion conditions.
The findings suggest that while there is a trade-off with a slight reduction in thermal
efficiency, the dual fuel mode led to improvements in NOx and PM emissions. The
study provides insights into the potential benefits and challenges associated with using
compressed natural gas in dual fuel combustion for diesel engines.

In an experimental investigation conducted on a compression-ignition CRDI engine,
the effects of pilot diesel fuel and gaseous fuels with different energy compositions on
combustion and emission values at high loads were explored [60]. Three dual-fuel
approaches were examined (DFAL: 100% hydrogen, DFA2: 95% hydrogen + 5%
CNG and DFA3: 90% hydrogen + 10% CNG). Three different pilot diesel injection

pressures were considered: 500 bar, 750 bar, and 1000 bar. Improved combustion was
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observed at dual-fuel operating points. In-cylinder pressure values increased,
indicating enhanced combustion efficiency. Ignition delay and combustion time were
significantly affected at dual-fuel operating points. Brake Specific Fuel Consumption
(BSFC) and emissions showed improvements. Hydrogen substitution led to a
reduction in HC and CO> emissions by 30-35% and 3-4%, respectively. A 5-10%
decrease in soot emissions was observed compared to pure diesel. Performance values
were 37.2% higher with dual-fuel approaches compared to pure diesel. DFA2 type fuel
composition (95% hydrogen + 5% CNG) yielded more positive results in terms of
performance and emissions compared to DFAL and DFA3. In summary, the study
highlights the advantages of using gaseous fuels in a dual-fuel approach, particularly
emphasizing the positive impact on combustion efficiency, emissions, and overall
engine performance. The specific composition of DFA2 (95% hydrogen + 5% CNG)
showed superior results among the examined fuel approaches.

In a study aimed at reducing engine exhaust emissions by utilizing natural gas as a
dual fuel in a compression ignition diesel engine, various diesel fuel injection
strategies were investigated in diesel-natural gas dual combustion mode [61]. The
primary goal is to reduce CO and HC emissions in a diesel-natural gas dual-fuel
combustion engine. Different diesel main injection advances were analyzed (4° CA,
8° CA, 12° CA, and 16° CA BTDC). Split injection strategies were implemented. The
effects of pilot fuel injection at different fractions (15%, 30%, and 45%) were
investigated under a constant main injection advance (8° CA BTDC). Numerical
results were obtained by varying the pilot injection timing between 12° CA BTDC and
30° CA BTDC. An 8° CA BTDC injection advance for the main injection was
identified as causing optimum values for both performance and emission parameters.
For the split injection strategy, HC and CO emissions improved with a 24° CA BTDC
value for pilot injection advance. Advances greater than 24° CA BTDC increased HC
and CO emissions significantly (by 30% and 45%, respectively) for all pilot fuel
fractions (15%, 30%, and 45%). Increasing the pilot fuel injection fraction did not
yield positive results for HC and CO emissions in the 24°-30° CA BTDC injection
advance range. The optimum conditions identified for diesel-natural gas dual fuel
combustion were a 24° CA BTDC pilot fuel injection advance, 8° CA BTDC main
injection advance, and a 15% fuel fraction for the split injection strategy. In summary,

the study highlights the significance of injection strategies in the context of dual-fuel
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combustion, pinpointing specific injection advances and fractions that result in
enhanced performance and decreased emissions in diesel-natural gas engines. These
findings offer valuable insights for optimizing engine operation in dual-fuel mode,
contributing to the ongoing efforts to develop more efficient and environmentally

friendly combustion systems.

The study investigates the effects of different injection pressures and various EGR
rates in a diesel-natural gas dual fuel compression ignition engine [62]. Increasing
injection pressure (from 800 bar to 1600 bar) resulted in increased natural gas flame
propagation speed and thermal efficiency. However, higher injection pressure led to
an increase in the unburned natural gas ratio near the cylinder walls, contributing to
higher UHC (Unburned Hydrocarbon) emissions. EGR (Exhaust Gas Recirculation)
increased thermal efficiency up to a certain value (up to 20%) but then started
decreasing it. The increase in thermal efficiency was accompanied by increased
unburned CH4 emissions due to the chemical reactions involving diesel fuel. Low EGR
rates (10% and below) were not effective in reducing CO (Carbon Monoxide) and HC
(Hydrocarbon) emissions. CO and HC emissions decreased at high EGR rates (30%
and above) due to the increase in thermal efficiency. The study suggests that the
conditions of 1600 bar injection pressure and 20% EGR rate are suitable for achieving
optimum thermal efficiency and low emissions. These findings highlight the intricate
balance between injection parameters, EGR rates, and their impact on combustion
efficiency, emissions, and thermal efficiency in dual fuel compression ignition
engines. Optimal conditions may vary depending on the specific requirements and

trade-offs of the application.

The experimental investigation of the impact of adding hydrogen, a pre-mixture fuel,
to natural gas in a single-cylinder diesel-natural gas dual-fuel engine (HCNG) on
performance and emission values was conducted [63]. In the study, the combustion
chamber was recorded with an imaging system, and the obtained images were
interpreted. Dual-fuel engines, taking advantage of the high compression ratio
characteristic of diesel engines and the environmentally friendly nature of natural gas
used as an alternative fuel, are known for their high thermal efficiency and low
emissions. However, during the initial study, the drawback of knocking in cold
weather and high unburned HC emissions at low loads was identified. To overcome

this issue, hydrogen, with its wide ignition limit, was introduced to natural gas used as
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a premixed fuel in varying volumetric ratios (from 0% to 30%). The energy ratio of
the natural gas-hydrogen mixture (HCNG) was intended to be kept at the 70% limit.
According to the results, an increase in the volumetric ratio of hydrogen in the mixture
led to an increase in cylinder maximum pressure and heat release rates, while reducing
the ignition delay. The combustion inside the cylinder was explained by dividing it
into five phases: ignition delay phase, diesel premixed combustion phase, diesel
mixture-controlled combustion phase, ignition (HCNG) premixed combustion phase,
and the remaining diesel mixture combustion phase. The impact of hydrogen was felt
more in the initial combustion phase than in the final combustion phase. The study
also highlighted that the premixed combustion with blue flames was observed, while
diffusion combustion was seen with yellow flames. Increasing the volume of hydrogen
in the premixed mixture was stated to increase the number of yellow flame zones,

representing diffusion combustion.

A single-cylinder air-cooled diesel engine was operated in conventional diesel mode,
diesel-natural gas dual-fuel mode, and with the addition of hydrogen to natural gas in
premixed combustion (HCNG - hydrogen + natural gas) mode, and both performance
and emission values were experimentally obtained and compared [64]. Various
volumetric ratios of hydrogen were added to natural gas (10%, 20%, 30%, and 70%),
and their effects were examined. According to the results, adding hydrogen to natural
gas fuel generally improved the gas mixture combustion phase, leading to increases in
cylinder peak pressure and heat release rates, especially at high loads (4.1 bar and 70%
load). The highest cumulative heat release and heat release rates were reported to occur
with a 10% volumetric ratio of added hydrogen. This improvement was attributed to
an increase in combustion rate and enhanced ignitability of the mixture. It was stated
that increasing the hydrogen ratio shortened the combustion phase duration of gaseous
fuels and increased combustion stability. The coefficient of variation of indicated mean
effective pressure (COVmep) did not exceed 10% for all hydrogen mixture ratios,
indicating that combustion noise did not increase significantly. Ignition delay did not
vary significantly for all mixture ratios. When examined from a thermal efficiency
perspective, adding hydrogen improved the gas fuel combustion phase, resulting in
approximately 32.5% maximum thermal efficiency. The specific fuel consumption
reached a minimum value of approximately 236 g/kW.h at 70% load with 10%

hydrogen added to the mixture. It was noted that compared to the conventional diesel
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engine, the dual-fuel diesel-natural gas mode had higher combustion noise but became
similar in combustion noise characteristics with the addition of hydrogen. Regarding
combustion duration, the diesel engine was reported to have a shorter combustion
duration, especially at low and medium loads, compared to the dual-fuel diesel-natural
gas mode. When hydrogen was added to the dual-fuel mixture with higher combustion
duration than the conventional diesel engine, the combustion duration slightly
decreased due to the combustible properties, rapid combustion characteristics, and
wide combustion range of hydrogen. It was mentioned that there was not much
difference in ignition delay between the traditional diesel engine and the dual-fuel
diesel-natural gas mode at low loads, but this difference increased towards high loads.
This was explained by the fact that at low loads, the premixed gas fuel ratio was very
low, and therefore, no significant difference was observed with the diesel engine. At
approximately 70% load, where a portion of the premixed mixture consisted of gas
fuel, it was stated that the oxygen concentration decreased and the ignition delay time
increased, but the addition of hydrogen did not significantly affect this time. The
changes in the dual-fuel mode were reported to be lower compared to the conventional
diesel engine. The COVimep coefficient is the most important parameter used to
determine combustion stability. After the improvement in combustion due to the
enrichment of natural gas with hydrogen, the decrease in cycle-to-cycle variations and
the fact that the COV mep value did not exceed 10% were emphasized. In low-load
regions, compared to the diesel engine, the dual-fuel mode with lower thermal
efficiency was stated to lead to higher specific energy consumption, but with the
addition of hydrogen to the premix, it was mentioned that this situation improved due

to the improvement in gas mixture combustion.

The results in the literature have generally shown that using hydrogen as the sole fuel
in a compression ignition (CI) engine is quite challenging. The results also emphasize
that the combination of hydrogen with another alternative fuel in CI engines, ignited
by pilot diesel fuel, would yield more significant results. It has been observed from the
studies that natural gas can provide more consistent and preferable results when
combined with hydrogen. The importance of hydrogen and natural gas becomes more
significant for achieving lower fuel consumption, higher performance, and lower
overall emissions. Various processes such as EGR, injection strategies, and water

injection play an indispensable role in achieving these goals.
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1.3 Hypothesis

Diesel engines have become indispensable on a global scale due to their high torque
and efficient operation. In today's world, especially with the rapidly increasing global
population, transportation has gained significant importance, and diesel engines play
a crucial role. However, as pollutant emissions have reached levels that threaten our
planet, national and international regulations have been introduced to restrict diesel
engines. As a result, some engine manufacturers have discontinued diesel engine
production, while others have taken various measures to address these restrictions.
Despite the prejudice against diesel engines due to their high emissions, no one can
deny their significant contribution to meeting global energy needs. The key here is to
mitigate the harmful effects of diesel engines as much as possible, allowing them to
continue their operations while addressing environmental concerns. Using clean
alternative fuels suitable for the diesel engine cycle leads to a significant reduction in
diesel engine emissions. Clean alternative fuels, such as natural gas and hydrogen,
should be given top priority. For compression ignition (CI) engines, a fuel with
automatic ignition capability is required to provide ignition. Within the broad
operating range of an engine, there is no fuel other than diesel fuels with the automatic
ignition feature. Therefore, in CI engines, diesel fuel is used for ignition. The most
direct approach here is to minimize the contribution of diesel fuel to the combustion
process and allow alternative fuels to be the primary source of power. Diesel fuel
should become a mere ignition source, and the main power should be generated by
alternative fuels. Globally, vehicles and machinery that require high power
(commercial ships, trucks, lorries, and agricultural equipment) also require high
torque. To meet this need, engines with high fuel efficiency and torque values, like ClI

engines, should be used.

The primary scientific contribution of this thesis work is to provide clear answers to
the questions of the permissible limits for the use of natural gas and hydrogen as
alternative fuels in partial loads for compression ignition (CI) engines and how they
affect performance and emission values. It aims to provide insights into the effects of
EGR, water injection, and pilot diesel fuel injection strategies on diesel/natural
gas/hydrogen combustion. The current study has demonstrated that by incorporating
hydrogen into the combustion with constant fuel input energy, higher performance and

lower overall emissions can be achieved. Furthermore, by introducing hydrogen as an
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additional energy input into the combustion process, the goal of achieving higher
performance and lower unit power per emissions has been realized. The dissertation
will be a valuable and original resource for those interested in research on hydrogen,

natural gas, or hydrogen-enriched natural gas fuels in ClI engines.
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2. FUELS AND COMBUSTION IN THE DIESEL ENGINES

In diesel engines, pressure and temperature of the air in cylinders increase due to the
piston’s movement through TDC from BDC. Combustion is initiated by injecting
diesel liquid hydrocarbon fuel into the heated air through injectors. The self-ignition
property of the fuel leads to the ignition of the mixture. To mathematically express this
combustion process in thermodynamic terms, it is necessary to formulate the event
known as the diesel cycle. To quantify the energy released as a result of this cycle,
specific engine parameters are required. Furthermore, combustion is a chemical
process, and each fuel has different thermodynamic properties. Not all fuels are
suitable for diesel engines due to differences in their thermodynamic characteristics.
Therefore, it is essential to thoroughly analyze both the fuel and the cycle to derive
meaningful engine parameters. In this section, diesel cycle types, engine performance
parameters, phases and chemistry of combustion events, combustion technologies used
in diesel engines, alternative fuels compatible with the diesel engine cycle, the
formation of polluting emissions resulting from diesel engine combustion, and some

methods used to reduce these emissions will be discussed.

2.1 Diesel Engine Cycles

Diesel engines are known as compression-ignition internal combustion engines. In
these engines, the air drawn into the cylinder is compressed, reaching high
temperatures. Diesel fuel self-ignites due to the high temperature and pressure in the
cylinder. Therefore, there is no need for an external ignition source, such as a spark
plug, as is the case in gasoline engines. The downward motion of the piston is
transformed into rotary motion that drives the engine's crankshaft through the piston

pin and crank pin bearings.

In four-stroke diesel engines, fuel is efficiently injected into the cylinder using fuel
pumps and injectors to ensure optimal combustion. This process involves increasing
the fuel pressure during injection, which helps in better fuel atomization. Diesel

engines operate through a series of synchronized steps in which the crankshaft moves
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in a specific timing to generate power. This operating cycle consists of the following

stages sequentially:

intake valve fuel injector exhaust valve

intake compression power

Figure 2.1 : Diesel engine operating diagram [65].

Intake Stroke: During this stage, the intake valve on the cylinder head is open, and the
piston moves downward. As the piston moves downward, air from the intake manifold

is drawn into the cylinder.

Compression Stroke: In this phase, the piston begins to move upward. The piston
compresses the air that has been drawn into the cylinder. The compressed air can reach
temperatures of up to 900 °C, depending on the type of engine. Both the intake and
exhaust valves are closed at this point. As the cycle approaches its end, the diesel fuel,
typically having an auto-ignition temperature ranging from 320 to 360 °C, is injected

into the cylinder with the help of injectors.

Ignition and Combustion Stroke: This stage is where the actual work is done. Fuel
particles spontaneously ignite when mixed with the very hot compressed air, causing
an explosion in the cylinder. This explosion rapidly forces the piston downward.
During the explosion, the internal pressure can rise up to 180 bar, depending on the

engine type, and the temperature can vary from 2000 to 2500 °C.

Exhaust Stroke: This stage begins with the opening of the exhaust valve, and the gases
produced by the combustion inside the cylinder start escaping into the exhaust
manifold. As the piston moves upward, it pushes the gases in the cylinder toward the
manifold. The schematic of all these processes is shown in Figure 2.1.
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The working principle (cycle) of a diesel engine has been mathematically modeled
based on thermodynamic principles. However, in order to make practical calculations
easier, an ideal (theoretical) cycle model is created by making certain assumptions. In
the ideal cycle, intake and exhaust losses, pumping losses, and heat losses are

neglected.
2.1.1 Real (actual) cycle

Real cycles can present challenges in thermodynamic calculations. Idealized models,
such as the Otto and Diesel cycles, provide a simplified framework for analysis.
However, real-world systems often involve complexities such as heat losses, friction,
and non-ideal behaviors of gases. In theoretical systems, it is assumed that heat is given
at constant volume and/or constant pressure. However, in reality, the combustion
process takes place over a very short period. During this short time frame, the piston
continues to move, and it moves away from the point where maximum pressure should

occur. This affects power generation and efficiency negatively.

Ideal air cycles do not cover any combustion models. Performing the real cycle models
to examine the events occurring in diesel engines is very difficult and laborious and
takes a rather time to produce the realistic results. However, studying the ideal air cycle
with simple assumptions gives fast but acceptable approximate values. Adding some
suitable assumptions into the mathematical model of an ideal air cycle, produces also
more satisfactory results. The differences between ideal and real cycles are indicated
in the table below (Table 2.1).

Table 2.1 : Comparison of ideal and real diesel cycle.

Ideal Cycle Real Cycle
Working Fluid * Only air through Air flows in the compressor only; fuel
the whole cycle is added to the flow in the combustor
Specific Heats Assumed constant  Vary with the temperature variation
* Assumed at * Pressure drop occurs across the

constant pressure combustor due the friction
Heat Addition
* Assumed from an * Fuel is physically added to the flow,

external source combustion efficiency is not 100%
Equals to the Losses in the inlet ducts reduce the
Inlet Pressure ambient pressure value of the pressure at the compressor
inlet
Compressionand  Assumed reversible Real processes are irreversible with
Expansion processes isentropic efficiency less than 100%
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The assumptions of the ideal cycle provide convenience for thermodynamic
calculations, and the results obtained are often very close to real results. Regarding the
losses compared to the ideal cycle, approximately 12% are due to heat losses, 2% are

due to exhaust losses, and 6% result from valve opening and closing timings.
2.1.2 Ideal cycles

Two types of ideal cycles have been defined: the Diesel cycle, in which heat addition
occurs at constant pressure, and the Seilinger (dual) cycle, in which heat addition first

occurs at constant volume and then at constant pressure.
2.1.2.1 Diesel cycle

The Diesel cycle assumes that the working fluid in the cycle is air. It assumes that the
air taken into the cylinders is compressed reversibly and adiabatically (isentropically)
and that when the piston reaches the top dead center (TDC), there is heat addition at
constant pressure. Similarly, it assumes that the expansion stroke is reversible and
adiabatic and that there is heat rejection at constant volume during the exhaust process.
In reversible and adiabatic processes, the entropy (s) remains constant. Figure 2.2
shows the P-V (Pressure-Volume) and T-S (Temperature-Entropy) diagrams for the

Diesel cycle.

P, =P

v, v V=V,

Figure 2.2 : P-V and T-S diagram for ideal diesel cycle.

The thermodynamic relationships for these processes are provided below. For
isentropic process in the range 1-2 (Equation 2.1):

P.VKk=P,Vk=¢ (2.1)
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equality is ensured. Here, k is known as the isentropic index. The equation for the
exponent k is as follows (Equation 2.2):

k=2 2.2)
CV
The specific heat at constant pressure, denoted as cp, and the specific heat at constant
volume, denoted as cy, are here. In reality, as temperature changes, the value of k also
changes. As the temperature increases, k decreases. Point 1 represents the position of
the piston in BDC, while point 2 represents its position in TDC. The ratio of the volume
that the cylinder possesses between these two positions is equal to the compression

ratio (¢) value (Equation 2.3).
£E=— (2.3)

Therefore;

k
(ﬂ) _ek_ (2.4)
V2 Py

obtained. For points 1 and 2 from the ideal gas equation:

PV, PV,
m;RT, m,RT,

(2.5)

The relation is obtained. Where m1 = m2 (since the derivation of mass by time is zero),

the final version of the expression is as follows (Equation 2.6):

Pl.V]_:Pz-VZ_ Vl_PZ'Tl_ EZSkE_ E—

=>—= => —=>—=¢l7K 2.6
T, T, V, P.T, T, T, °© (26)

The ideal gas equation for the heat input process range at constant pressure 2 — 3
(Equation 2.7):

PV,  P.V;
m,R.T, m3R.T;

(2.7)

Since P2 = Pz and m2 = m3 (no mass loss), the final version of the expression is as

follows (Equation 2.8):
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V, V3 T3 V3

= => = = 2.8
T, T, T, Vv, * (28)

Here, p is referred to as the pre-compression ratio. In addition, the heat entering the

system is determined as follows (Equation 2.9):
Q2‘3 = m. Cp.AT =m. Cp. (T3 - Tz) (29)

For the isentropic process in the range 3 — 4 (Equation 2.10):

Vs\© P
P, VK =P, Vf=c= (V—3) =0 (2.10)
4 3

Similarly, if the ideal gas equation is written for points 3 and 4:

P3-V3 — p4.-v4 > E - P4_.T3 4 E y (E)klg _ 4 (E)l—k _ E (2l11)
T, T, Vv, T, v, ) T, "\, T,

The value of p was obtained previously with equation (2.8).

V3
Vv,

When the equation is rearranged for p and the equation V4 = V1 is used,

<p-V2)1_k _L (p-Vz>1_k _ (B)l‘k ] (2.13)
v, T, \y, e T,

If the ideal gas equation is rewritten for the 4 — 1 constant volume heat release process

range:

PV, PV
m,RT, mRT

(2.14)

Where V4 = V1 and ms = my (Since the derivation of mass by time is zero), the final

version of the expression is as follows:

P, T,
BT (2.15)

The magnitude of the heat released from the system is found by the equation below.

52



Q4'1 = m. CV' AT = m. CV' (T4_ - T1) (2.16)

Thermal efficiency is the ratio of the net heat in the system to the heat entering the
system. If the following equations are followed step by step by substituting the
previously obtained data (Equation 2.17-2.20):

Qnet Q23 —Q41 Mm.Cp. (T3 = Tz) —m.cy. (T, — Ty)

= 2.17
Neh Qinlet Q2,3 m. Cp- (T3 - TZ) ( )
T, T,

(T, —Ty) Tz- (T_z B T_z)

Nw=1-——Fx=1-——""F=7—"C (2.18)
k. (T; = Tz) T _
3~ I k. T,. (Tz )
T, 1k T, T3 1k ( P Sl _ 1—k>
; _1_(T2 £ )_ _(T3XT2 £ )_1_ (§) »-: (2.19)
. k(p—1 k(p—1) k(-1
Thermal efficiency expression in the diesel cycle will be obtained:
k _

1 (p 1) (2.20)

Teh = 1_sk‘l'k.(p—l)

2.1.2.2 Seilinger (dual) cycle

In the Seilinger cycle, the working fluid is assumed to be air. It is assumed that the air
taken into the cylinders is compressed reversibly and adiabatically (isentropically), and
there is heat input at a constant volume and pressure to the system when the piston
reaches TDC. Similarly, it is stated that the expansion stroke is reversible and
adiabatic, with heat output at a constant volume during the exhaust process. The
difference from the Diesel cycle is the presence of heat input at constant volume in the
2-3 process. P-V and T-S diagrams for the Seilinger cycle are given in Figure 2.3.
Similar thermodynamic expressions are also valid for this cycle. Below, some of the

expressions are shown (Equations 2.21-2.36).

The equations obtained earlier are valid for the isentropic process in the 1-2 range in

the Diesel cycle.

— =gl K (2.21)
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The ideal gas equation between points 2 and 3 for the process range of 2 — 3 constant

volume heat input:

PV,  P.Vg
m,R.T, m3R.T;

(2.22)

Pressure
Temperature
w

Specific Volume ' i Specific Entropy

Figure 2.3 : P-V and T-S diagram for ideal seilinger cycle.

Where V2 = V3 and mz = ms (since the derivation of mass by time is zero), the final

version of the expression is as follows:

b T, P T,
A 4 223
p,oT, P T, P (2.23)

Here B is called the pressure increase rate. Additionally, the heat entering the system

is found as follows:
Q2’3 = m. CV' AT = m. CV' (T3 - Tz) (224)

For the process range of 3 — 4 constant pressure heat input: Since P3 = P4 and mz = ma
(no mass loss), when the conversions in the diesel cycle are applied, the final version

of the expression is as follows:

T, Vy
T, P (2.25)
Additionally, the heat entering the system is found as follows:

When the transformations made in the diesel cycle are applied in the isentropic process
in the range 4 - 5, the following equations are obtained (Equations 2.27-2.30):
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Vo< P
P,.VK = P..VE = (V—‘5‘> =P—i (2.27)

P,.V, P..V. V, P..T \Y AR AR |
aVe _T5 Vs Ve T5la 4:<_4> 4:><_4) % (2.28)

T, Ts Vs PuTs Vs V) Ty~ \Vg Ty
Vy
V3
1-k 1-k 1-k
V5 T5 Vl €

Ideal gas equation for the process range 5 — 1 constant volume heat release:

Ps.Vs PV,
msRTs m;RT,

(2.31)

Since Vs = V1 and ms = mz (no mass loss), the final version of the expression is as

follows:

Ps _Ts

= 2.32
P T, (2.32)

The magnitude of the heat released from the system is found by the equation below
(Equation 2.33).

Qs1 = m.cy. AT = m.c,. (Ts — Ty) (2.33)

Thermal efficiency is the ratio of the net heat in the system to the heat entering the
system. By using the previously obtained equations, the thermal efficiency expression
for the Seilinger cycle is obtained (Equation 2.34-2.36). As seen from equation (2.36),
thermal efficiency has higher value with increasing compression ratio. Thus, ClI
engines operates than SI engines by higher thermal efficiency.

N = Q23+ Q34 —Qs1
T Q3+ Qs
_ m.cy. (T3 = T) + m.cp,. (T, — T3) —m.c,. (Ts — Ty)
m. y. (T3 — T) + m.cp. (T, — T3)

(2.34)
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Cy. (TS - Tl)

=1-
Nth Cy (T3 — T,) + p. (T4 — T3)
s T,
. CV.TZ.(T—Z—T—Z)
B T; T, T3
_ 1 (pk.Bp—1)
Nth =

1_ek‘1'(p—1)+k-p-(8—1)

2.2 Engine Performance Parameters

(2.35)

(2.36)

Each of the engine parameters is of great importance, as they provide crucial

information about engines. Understanding the meaning of each parameter and how to

calculate them is essential. In the previous section, we derived some thermodynamic

expressions for ideal Diesel cycles. However, the values obtained after the cycle in the

engine are smaller than the values obtained during the cycle. This decrease occurs due

to reasons such as friction between engine components, heat, and combustion losses.

The values obtained during the cycle are called indicated values, while the values

obtained at the engine output are referred to as effective values.

2.2.1 Power

Power is defined as work done per unit time. In a diesel engine, work is the area under

the p-V diagram (Equation 2.37).

W=¢p.dV

Specific work and volume per unit mass:

If the specific values are written in their place in the equation:

W=3€p.dv

(2.37)

(2.38)

(2.39)

The w value here is the indicated value. There are differences between indicated and

effective quantities due to friction.
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Wi = We + Wg (2.40)

Here wi is considered as indicated work, we as effective work and ws as losses due to
friction. From the above integral, the dv differential emerges as VH stroke volume and

the equation is:
w = p.Vy (2.41)

While +W in the graph indicates positive work, —~W indicates negative work due to

pumping losses.
The sum of these two works is the indicated work, which means the net work in the
cylinder (Figure 2.4).

Wi

= W (2.42)

Pmi

Therefore, the ratio of the indicated work to the stroke volume provides the average

indicated pressure.

To convert to power, the engine speed and the fact that a four-stroke engine's
crankshaft completes one cycle every two revolutions should also be taken into

account. Expression of power:

i- Vg. N
i:&%ﬁ_ (2.43)

Here, the value of "i" is taken as 2 for four-stroke engines. "N" represents the engine

speed in RPM (revolutions per minute), and "P;" indicates the indicated power.

By subtracting friction losses, effective values are obtained. The equation mentioned

above can include friction losses as well.

_ Pt Vi N (2.44)

P
f 60. i

"Pf" represents friction power, and "pms'" denotes the average friction pressure. With

these two values obtained, the transition to effective power is made.

P,=P — P (2.45)
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Figure 2.4 : Indicator (p-V) diagram for diesel engines.

2.2.2 Efficiencies

Combustion efficiency is the ratio of the energy released during combustion to the

energy possessed by the fuel entering the cylinders (Equation 2.46).

(2.46)

Hu is the lower heating value of the fuel (in kJ/kg), and ms represents the amount of
fuel entering the cylinder. The symbol nc represents the combustion efficiency.

The thermal efficiency is the ratio of the difference between the energy input to the
system and the energy output from the system to the energy input into the system
(Equation 2.47). It measures how effectively the system converts input energy into

useful work or output.

Qin - Qout

Qin
L Qu (2.47)

Qin

Nth =
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Mechanical efficiency is the ratio of the power extracted from the crankshaft to the
power generated as a result of combustion (Equation 2.48). It measures how efficiently
the engine converts the energy released during combustion into useful mechanical

work.

(2.48)

The mechanical efficiency value typically ranges between 75% and 95%. As the
engine speed increases, friction-related losses tend to increase, which can lead to a
decrease in mechanical efficiency. This relationship between engine speed and
mechanical efficiency is an important consideration in engine design and performance

analysis.

Effective efficiency is the ratio of the energy measured from the engine with the help
of a dynamo (generator) to the energy possessed by the fuel entering the engine
(Equation 2.49).

We P, _ 3600

Ne = M H, mpH, H, b,

(2.49)

Here be is the specific fuel consumption in g/kW.h. Hy is the lower calorific value of
the fuel. And its unit is taken as kJ/kg.

Volumetric efficiency is the ratio of the actual amount of air taken into the cylinders
to the theoretically required amount of air (Equation 2.50). It measures how effectively
the engine's induction system fills the cylinders with air. A higher volumetric
efficiency indicates that the engine is better at drawing in air, which can lead to

improved performance.

C Vg + Ve

Ny (2.50)

V. represents the amount of air drawn into the cylinders, Vn denotes the total stroke
volume, and V¢ represents the total clearance volume. In naturally aspirated engines,
the volumetric efficiency value is typically less than one, indicating that the engine
cannot completely fill the cylinders with air during the intake stroke. However, in
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supercharged or turbocharged engines, the overall volumetric efficiency can be greater
than one, indicating that the engine is capable of filling the cylinders with more air
than their actual volume, thanks to forced induction. This leads to increased power

output in such engines.
2.2.3 Air excess ratio

The amount of air needed for the complete combustion of fuel is called the
stoichiometric air quantity. The ratio of the actual amount of air taken into the
combustion chamber to the air quantity at stoichiometric conditions is referred to as
the air-fuel ratio, denoted by the symbol A (lambda) (Equation 2.51). Conversely, the
reciprocal of the air-fuel ratio is known as the equivalence ratio, symbolized by ¢ (phi).

A= r_ (2.51)

e Fuel rich mixture for A<1 or ¢>1
e Stoichiometric mixture for 1= ¢ =1

e Fuel-lean mixture for 2>1 or ¢<1

Diesel engines generally operate in the lean mixture combustion region, especially at
partial and medium loads. However, at full load conditions, the A value can be less
than one. When the A value in diesel engines drops below 1.2, significant increases in
soot emissions are observed. As the air-fuel ratio increases, combustion worsens due
to reduced fuel density in the air, leading to decreased engine performance. Therefore,
for diesel engine operating conditions, a A value in the range of 1.2 to 2 is more suitable
in terms of performance and emission values. For instance, in the Figure 2.5, values

for a gasoline engine are shown.

It can be seen that the stoichiometric value is at a ratio of 14.7:1, and the maximum
power is reached at a rich mixture of 12.6:1. The most efficient value, in terms of
efficiency, is 15.4:1 in the lean mixture region. As observed, the air-fuel ratio plays a
critical role in both performance and fuel consumption. The combustion speed is at its
maximum around stoichiometric mixture, while it decreases in lean and rich mixture

regions.
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Figure 2.5 : Air excess ratio — power & BSFC graphic for a Sl engine [66].
2.2.4 Compression ratio

The ratio of the volume the cylinder possesses when the piston is at the BDC (Bottom
Dead Center) to the volume it possesses when the piston is at the TDC (Top Dead
Center) is called the compression ratio. It is of utmost importance for engine

performance values.

Vepc = Vi + Ve & Vrpe = Vrotal (2.52)

Vi Vy +V, Vi
_Yeoc_YHT Ve VW

€= 2.53
Vrpe Ve Ve (2:3)

In diesel engines, the compression ratio typically falls within the range of 14:1 to 22:1,
while in gasoline engines, this value is in the range of 8:1 to 10:1. The compression
ratio is particularly important, especially concerning thermal efficiency. When we
examine the expression for thermal efficiency in diesel engines, it becomes evident

that as the compression ratio (€) increases, the thermal efficiency also increases.

B 1 (pk.p—1)
=1 (p-D+kp(B-1 (2549

The most significant factor limiting the compression ratio in an engine is knocking,

also known as engine knock. At very high compression ratios, the fuel begins to auto-
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ignite in the hot air before the desired ignition time, leading to decreased engine
performance. High compression ratios have allowed diesel engines to achieve high
torque values. Diesel fuel needs a longer stroke length to form a homogeneous mixture
with air and reach its self-ignition temperature. Time is required for mixture formation
and the beginning of the combustion process. A longer stroke length results in a higher

moment arm, which gives diesel engines their high torque characteristic [67].

2.3 Phases of Combustion

In diesel engines, combustion occurs in four stages. These are the ignition delay phase,
premixed combustion phase, mixture-controlled combustion phase, and the post-
combustion phase. The positions of these phases relative to the crank angle can be

observed in the Figure 2.6.
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Figure 2.6 : The state of combustion phases depending on CA.
2.3.1 Ignition delay phase

The time interval between the injection of fuel into the combustion chamber and the
start of combustion is called ignition delay. During the ignition delay period, the
injected fuel mixes with air in the combustion chamber, creating an almost

homogeneous mixture and becoming ready for combustion.

Ignition delay consists of both physical and chemical stages. The physical delay
represents the time between fuel injection and the establishment of chemical reaction

62



conditions. During this stage, the fuel atomizes, vaporizes, and the mixture
temperature increases. The chemical delay, on the other hand, refers to the time from
the establishment of reaction conditions to the beginning of ignition. In this stage, the
reaction starts slowly and accelerates until ignition takes place [67,68]. The ignition
delay time is extremely important. As the delay increases, more fuel will accumulate
in the cylinders as a result of injection. Excess fuel can lead to sudden explosions,
resulting in high pressure and temperatures. High pressure can cause an increase in
noise emissions and mechanical stresses on the engine structure. High temperatures
can lead to increased NOx emissions and thermal wear on engine materials. The
ignition delay and the rate of pressure rise should be at appropriate values. Otherwise,
it can lead to an increase in knocking tendencies [69]. After fuel injection begins, it
will absorb heat from the surroundings to vaporize. For the vaporized fuel to have a
tendency to ignite, certain chemical mechanisms need to occur. Fuel particles with the
activation energy required for combustion will start to ignite. All of these factors
indicate that there is a need for some time for fuel combustion. Naturally, it is desired
that this process doesn't take too long or happen too quickly. Early ignition results in
the maximum pressure occurring earlier than TDC (Top Dead Center), leading to
deteriorated combustion and decreased engine performance.

Ignition delay is influenced by factors such as the air-fuel ratio, intake air temperature
and pressure, and the physical and chemical properties of the fuel (vaporization heat,
cetane number, surface tension, etc.). These factors can vary the ignition delay, and
engine performance and emissions are sensitive to these variations [70]. Some
empirical expressions have been developed to estimate the ignition delay time in diesel

engines. Hardenberg proposed the equation 2.55 for ignition delay [71].

tip = (kl + k. up). exp [EA (i — i) (L)kﬁl (2.55)
RT ks/ \Prpc — ks
For diesel engines, based on experimental data, the values k1=0.36, k»=0.22, k3=17190,
ks=21.2, ks=12.4, and ke=0.63 are appropriate. In the equation, Ea represents the
activation energy of the fuel, up represents the piston mean speed, and Ptpc represents
the cylinder internal pressure at TDC (Top Dead Center). It's important to note that the
activation energy of each fuel can be different, and even fuels with the same name can

have different activation energies depending on their specific composition. For
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instance, when we refer to diesel fuel, its ignition characteristics vary depending on
the ratio of hydrocarbons in the composition. Cetane number is a parameter that best
expresses the ignition characteristics of diesel fuels. Diesel fuels with a higher cetane
number ignite more easily. Therefore, the activation energy is related to the cetane
number. Hardenberg and others have proposed the equation 2.56 for the activation
energy of the fuel [71]:

618840

Edebdihel 2.56
Ea CN + 25 (2:56)

Another empirical expression for estimating ignition delay was suggested by Wolfer.

4650
_0.44e(T)

2.57
tip = p119 ( )

In the formula, T stands for temperature and P stands for pressure [68].

Another recommended equation for ignition delay time for atmospheric direct

injection diesel engines is as follows (Equation 2.58).

y 2.4 Ea
tip =~ 02 exp (R.T) (2.58)

[

In the equation where A represents the air-fuel ratio, P represents the maximum
cylinder pressure (kPa), T represents the average cylinder temperature (K), R
represents the universal gas constant (8.31434 kJ/kmol.K), and Ea represents the
activation energy for the fuel (kJ/kmol-K), the ignition delay time can be obtained

from the expression in milliseconds (ms) [72].

2.3.2 Premixed combustion phase

During the ignition delay phase, some of the fuel that continues to be injected into the
combustion chamber while the mixture is ready to ignite will also ignite as the ready-
to-burn mixture ignites. The injection of fuel into the cylinder can continue during the
second stage or be terminated before this stage is completed. After the controlled
ignition delay period, the mixture burns very rapidly. This premixed combustion has a
similar characteristic to spark-ignited (SI) engine combustion, where ignition is

initiated by a spark plug.

64



The duration of the premixed combustion phase depends on the following factors:

e Ignition delay phase,

e Distribution of fuel in the combustion chamber,

e The amount of fuel injected during the ignition delay phase,

e The amount of fuel injected during the premixed combustion phase,

These factors are important factors affecting the duration of the premixed combustion
phase [67,68].

2.3.3 Controlled combustion phase

This phase is also known as the diffusion-controlled combustion phase. After the
premixed phase, as injection continues, the fuel continues to vaporize and mix with air
due to the heat generated by the combustion during the premixed phase. Chemical
reactions in this stage are extremely rapid, and the combustion process is controlled
by the mixture ratio. As the piston moves from top dead center (TDC) to bottom dead
center (BDC), swirls are created at the edges of the combustion chamber due to the
gas pressure of the burned mixture. Under specific conditions, these swirls create
turbulence and help in achieving a homogeneous mixture between fuel and air. The
end of the main combustion phase marks the moment when the maximum temperature

is reached in the combustion chamber.
The controlled combustion period depends on several factors, including [67,68]:

e Fuel droplet characteristics (average droplet diameter)
e Airmotion
e Air-fuel ratio

e Degree of turbulence

2.3.4 Post-combustion phase

As combustion progresses, the pressure and temperature ahead of the flame decrease,
and simultaneously, chemical reactions slow down. The conversion of unburned fuel
toward the end of the process decreases significantly because the intermediate products
formed due to oxygen deficiency during the main combustion phase oxidize during the
post-combustion phase. Therefore, the post-combustion phase is particularly crucial

for the oxidation of pre-existing carbon compounds.
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2.4 Wiebe Function

Wiebe factor, also known as the Wiebe function, is an important parameter in the field
of internal combustion engines, especially in explaining the combustion rate within a
cylinder. The Wiebe factor is used to model the progression of the combustion process
in an engine cylinder. It represents the relationship between the burned fuel volume
and the crankshaft angle and helps us understand the pressure changes inside the
cylinder and the work generated by the engine more effectively. In 1967, Wiebe

proposed the following equation as a percentage of the burned fuel:

9 _ 9 m+1
Xp =1—exp [—a.( 20 0) l (2.59)

In this equation:

e Xp represents the percentage of burned fuel mass.

o 0 represents the instantaneous crank angle.

e 0o represents the crank angle at the start of combustion.

« A0 represents the total crank angle over which combustion occurs.
o aand m are empirical coefficients.

For the constants a and m, Heywood suggests values of 6.908 and 2, respectively.
These values are used to fit the Wiebe function to experimental data and may vary

depending on the specific engine and operating conditions [67].

The double Wiebe function is another variation of the Wiebe function used in the field
of internal combustion engines. It is applied as a method to approximate the measured
heat characteristics of a diesel engine. In this context, two separate motion functions
are defined: the first is used to model the peak of premixed combustion, while the
second is used to model diffusion-controlled combustion. When the fuel distribution
is known for both of these motion functions, the heat release from these two motion
functions can be combined. The use of a double Wiebe function allows for a more
accurate modeling of the combustion process in a diesel engine, taking into account
both premixed and diffusion-controlled combustion. This can help in better
understanding and optimizing the combustion characteristics and performance of the

engine.
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In the double Wiebe function equation, the terms with a subscript of 1 are related to

(2.60)

the premixed combustion phase, while the terms with a subscript of 2 are related to the
diffusion-controlled combustion phase. The weight factor A helps combine these two
phases to provide a more comprehensive model for the combustion process in a diesel
engine, considering both premixed and diffusion-controlled combustion. For example,
a study was conducted comparing the standard Wiebe and double Wiebe functions,
and the effect of different m values was also investigated. The results of the study are
shown in the Figure 2.7 below.
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Figure 2.7 : Comparison of standard and double Wiebe functions for different m
factors [73].

2.5 Diesel Engine Technologies

To reduce emissions from diesel engines, strategies have been developed to operate
the engine at lower combustion temperatures. The aim of these strategies is to achieve
efficient combustion in lean mixture regions while also obtaining low NOx emissions
as a result of lower temperatures. These combustion strategies differ from traditional

diesel combustion in that they involve sending the fuel to the combustion chamber
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well before ignition. This provides a longer time for the air-fuel mixture to form,
allowing for combustion in leaner mixture limits. Additionally, the elimination of
diffusion combustion leads to significant improvements in soot emissions. One
disadvantage of these combustion technologies is that they have limited operating
ranges and may not be suitable for engines that require high maneuverability. Some
prominent types of these combustion technologies include Homogeneous Charge
Compression Ignition (HCCI), Premixed Charged Compression Ignition (PCCI), and
Reactivity Controlled Compression Ignition (RCCI), which is used in dual-fuel
engines. These technologies aim to provide a balance between efficiency and

emissions reduction in diesel engines.

2.5.1 HCCI engine

HCCI engines are a combined version of combustion technology used in gasoline and
diesel engines. Like other internal combustion engine types, HCCI engines are built
on a four-stroke working principle, which includes intake, compression, combustion-
expansion, and exhaust strokes. In HCCI engines, during the intake stroke, the piston
moves from top dead center to bottom dead center. During this movement, the intake
valve is opened, allowing a homogeneous air-fuel mixture to fill the cylinder due to
low cylinder pressure. When transitioning from the HCCI mode, a homogeneous air-
fuel mixture can be prepared using port injection or early direct injection. When
transitioning from CI mode to HCCI mode, early direct injection is used to create a

homogeneous air-fuel mixture for achieving HCCI combustion.

The piston, at the end of the intake stroke, moves from bottom dead center to top dead
center, compressing the homogeneous air-fuel mixture inside the cylinder. Toward the
end of the compression stroke, the air-fuel mixture reaches suitable pressure and
temperature values and spontaneously ignites, initiating the combustion process. Since
the combustion process starts simultaneously at various points inside the cylinder, the
combustion duration is shortened, leading to an increase in thermal efficiency. During
the expansion stroke, the heat energy released as a result of combustion drives the
piston from top dead center to bottom dead center. This means the conversion of
chemical energy into mechanical energy. At the end of the expansion stroke, the piston
moves from top dead center to bottom dead center to initiate the exhaust stroke, where

it expels the combustion residues through the exhaust manifold.
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Figure 2.8 : Comparison of SI, Cl and HCCI engines in terms of combustion
characteristics [74].

HCCI engines offer advantages over conventional internal combustion engines,
including simultaneous combustion and better thermal efficiency and emission
performance. HCCI engines combine the advantages of spark-ignited (SI) and

compression-ignited (CI) engines.
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Figure 2.9 : The temperature and equivalence ratio range at which HCCI engines
operate [75].

They have higher thermal efficiency compared to traditional gasoline (S1) and diesel
(CI) engines, and they produce lower NOyx and soot emissions. Additionally, they offer

the ability to simultaneously reduce NOx and soot emissions, which is typically
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challenging in conventional diesel engines. HCCI engines are well-suited for running
on alternative fuels. Since the fuel and air mixture is premixed during the intake phase,
it results in a homogenous charge inside the cylinder [76—78]. However, HCCI engines
do have some disadvantages. For example, it is not possible to directly control the
initiation of combustion, and their operating range is limited. Additionally, they face
issues such as knocking at low loads and detonation at high loads, which can hinder
their use in industrial applications [79,80]. Therefore, researchers are conducting
studies to expand the operating range of HCCI engines and address issues like
knocking at low loads and detonation at high loads. They are focusing on factors such
as compression ratio, intake air temperature, exhaust gas recirculation (EGR), variable
valve timing, alternative fuels, fuel injection strategies, and supercharging to achieve
these goals [81-85].

2.5.2 PCCI engine

It is a combustion technology that stands for Premixed Charged Compression Ignition.
The goal here is to send the fuel into the cylinder earlier than in a conventional diesel
engine to achieve homogeneous air-fuel mixture [86]. In HCCI engines, controlling
ignition has been a challenge. In PCCI engines, to overcome this difficulty, a small
amount of fuel is taken into the cylinders at a high advance, while a larger amount of
fuel is injected into the cylinders later. This way, the ignition timing is controlled by

the secondary injection [87-89].

Transition to the PCCI combustion mode can be achieved in a conventional diesel
engine by introducing a high level of EGR (Exhaust Gas Recirculation) and increasing
the injection advance. It is recommended to apply EGR to PCCI engines because in
regions with homogeneous air-fuel mixtures, the high concentration of oxygen leads
to increased NOy emissions. This is especially prevalent in high-temperature regions
(above 1800 K) that encompass burned gas regions, where the air-fuel mixture's air
excess ratio is relatively high compared to other regions [43,90,91]. Compared to
HCCI engines, PCCI engines produce higher levels of NOx and soot emissions. The
formation of soot is based on the oxidation of unburned and non-vaporized fuels when
they come into contact with the burned gases. This oxidation primarily occurs in
regions with rich fuel mixtures, especially in the fuel spray core. In PCCI engines, this

phenomenon is more pronounced than in HCCI engines [92,93].
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Figure 2.10 : Operating regions of PCCI and HCCI combustion in terms of NOx and
SOOT emissions [94].

As seen in the Figure 2.10, HCCI combustion is closer to NOx and soot emission limits

compared to PCCI combustion.

Table 2.2 : Basic combustion characteristics for diesel, HCCI and PCCI engines

[95].
Diesel Engine HCCI Engine PCCI Engine
Injection Near the TDC High advance Near e TDC and
High advance
E:/I%rggustlon Diffused Premixed Diffused + Premixed
Auto ignition Auto ignition Auto ignition
Ignition (Controlled by (Controlled by (Controlled by
injection time) Chemical Kinetics) injection time)
Temperature Relatively High Relatively Low Relatively Low
. Low NOx due to low
g P P EGR rate
High SOOT dueto  Low SOOT due to Low SOOT due to
SOOT diffusion homogeneous lean homogeneous lean
combustion mixture mixture

In a diesel engine, combustion occurs in a stratified manner during the injection
process, resulting in a combustion pattern known as diffusion combustion. In PCCI
engines, combustion is more homogeneous within the combustion chamber due to the
simultaneous occurrence of multiple points of ignition. It can be thought of as if there
were a spark plug at each ignition point, similar to how combustion is initiated around
a spark plug in gasoline engines. However, controlling these simultaneous ignitions,

especially in high-load regions, is very challenging in PCCI engines. Therefore, just
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like HCCI engines, the operating range of PCCI engines is very narrow. PCCI engines
combine elements of both the HCCI combustion mode and the conventional diesel

combustion mode.
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Figure 2.11 : Flame propagation for CI, Sl and PCCI engines [94].

The partial premixing achieved by injecting a portion of the fuel with high advance is
similar to HCCI engines. Sending a significant portion of the fuel to the cylinders with
low advance is similar to diesel engine combustion. Having these two modes allows it
to have low NOx and soot emissions while also increasing the operating range
compared to HCCI engines. This is because the flexibility of the second injection

timing allows control of the combustion phase.

2.5.3 RCCI (dual fuel) engine

RCCI stands for Reactivity Controlled Compression Ignition. Its operating principle
is based on using different fuels with low and high reactivity. The high reactivity fuel
is referred to as the primary fuel, while the low reactivity fuel is called the secondary
fuel. The secondary fuel (low reactivity) is premixed with air in advance and this air-
fuel mixture is introduced into the cylinder. Then, to initiate combustion, the primary
fuel (high reactivity) is directly injected into the combustion chamber to enable the
engine to operate. Typically, diesel or dimethyl ether is used as the high reactivity
primary fuel, while gasoline, natural gas, ethanol, or methanol is used as the low
reactivity secondary fuel. The secondary fuel is injected into the intake port with a
low-pressure injector [96,97]. The secondary fuel should have the characteristics of
easy vaporization but challenging ignition. If a high-reactivity fuel is chosen, early
ignition tendencies occur inside the cylinder, and maximum pressure force is generated

before the piston reaches TDC (Top Dead Center). On the other hand, the primary fuel
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is desired to be highly reactive. When the fuel is injected (typically around 10°-20°
CA BTDC), the ambient temperatures are around 500 K on average. In such an
environment, the high-reactivity fuel that is sprayed first vaporizes and then ignites
within the temperature range of its ignition limits. RCCI combustion exhibits lower
NOx and soot emissions compared to other LTC (Low-Temperature Combustion)
strategies. It also provides higher thermal efficiency. However, one issue with RCCI
is that, like other LTC methods, its operating range is limited, and during high load

conditions, NOy and soot emissions can significantly increase [98].

PFI DI

Port injection for Low reacitve fuel Direct injection for high reactive fule

Figure 2.12 : Representation of RCCI combustion on the engine [99].
2.6 Alternative Fuels

In recent times, intensive research is ongoing regarding alternative fuels that can be
used instead of diesel fuel in compression ignition (CI) engines. The primary focus of
these studies is on alternative fuels with good combustion characteristics and low
pollutant properties. Among the alternative fuels used in diesel engines, alcohol
derivatives (such as methanol and ethanol) in liquid phase, biodiesel, and more
recently, ammonia, have emerged as prominent choices. In the gaseous phase, natural

gas, hydrogen, and biogas are among the options.

2.6.1 Liquid fuels

The most significant advantage of taking the fuel into the engine in liquid form is that

it generally contains a higher amount of energy per unit volume compared to the gas
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phase. Additionally, since it occupies less volume within the cylinder, it provides more
positive results in terms of volumetric efficiency. The fuel introduced into the
combustion chamber in the liquid phase will absorb heat from the environment to
vaporize. The heat taken from the environment will partially reduce the increase in
post-combustion temperatures. This situation leads to positive outcomes in terms of
NOx emissions.

2.6.1.1 Methanol

Methanol is a compound containing methyl alcohol and can be obtained through the
distillation of fossil fuels such as wood or coal at high temperatures, the distillation of
natural gas, or the synthesis of CO and H> in a catalytic environment. However,
obtaining methanol from renewable sources may not be possible, making its use as an
alternative fuel a temporary solution. Additionally, the current production of methanol
is energy-intensive, meaning that the energy used for methanol production may exceed
the energy obtained in the end. Methanol has a boiling point of 65.1°C and a freezing
point of -97.6°C, and it can mix with water in any proportion. Therefore, methanol can
be easily used in vehicles with minimal modifications. Despite having a high octane
number, methanol has a very low cetane number. As a result, there may be some issues
related to its use in diesel engines. Due to its low cetane number, high ignition
temperature, and resistance to autoignition, methanol can pose some challenges in the
combustion process when injected into the compressed air at the end of the
compression stroke in a diesel engine. It can delay ignition and lead to knocking in a
diesel engine [100,101]. However, methanol's resistance to autoignition allows for an
increase in the compression ratio in Otto engines, making methanol more suitable for
use in Otto engines. Therefore, the use of methanol in diesel engines often requires the
use of spark plugs or blending with diesel fuel. Various studies have been conducted
to address the combustion issues associated with low-cetane-number fuels in diesel
engines. The Table 2.3 illustrates these studies. Methanol has a lower energy density
per unit volume compared to gasoline, which means that you might need to use more
methanol to travel the same distance. For example, you may need 1.7 liters of methanol
to provide the same energy as 1 liter of gasoline. This could lead to larger and heavier
fuel tanks in vehicles, resulting in a loss of storage space. Additionally, if standard fuel

pumps are used, you might need to inject a larger quantity of methanol to achieve the
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same energy output. Therefore, the amount of fuel passing through the pump and
injectors is crucial. Methanol has a lower heating value than petroleum, which means

it has a higher vaporization temperature. This can make it more challenging to start

engines in cold weather conditions.

Table 2.3 : Methods developed for the use of methanol in diesel engines.

Method

Advantage

Disadvantage

Chemical Additives

No need for changes in
the engine.

The high cost and the
large quantity required of
additives.

Emiilsion

It requires very few
changes in the engine.

Requiring two separate
fuel tanks due to 50% of
the fuel being diesel.

The Separate Use of
Methanol and Diesel

Minimal diesel fuel
requirement for pilot

The requirement for two
separate injection

Injector injection. systems.
. 4 Requiring two separate
The Use of Methanol Economic than using two fuels due to 50% of the

with Diesel Fuel

separate injectors.

fuel being diesel.

Surface Ignition

Requires only a single
fuel.

The high energy
requirement for obtaining
hot surfaces.

Spark Ignition

Requires only a single
fuel.

The cost of the ignition
system.

2.6.1.2 Ethanol

Ethanol is a type of alcohol obtained through the fermentation of substances like sugar,
cellulose, or starch. It can be produced from agricultural products such as potatoes,
grains, sugarcane, and sugar beets. The energy required for the production of ethanol
is generally higher than the energy it would provide when used in diesel engines,
making it an inefficient choice for diesel engines. Ethanol is a clean, colorless, and
non-toxic liquid. Its heating value is lower than that of gasoline. Additionally, ethanol
can mix with water in any proportion. While ethanol has a high octane rating, it can
pose some challenges when used in diesel engines due to its low cetane rating and self-
ignition resistance. Therefore, the use of spark plugs or blending with diesel fuel is
often required for ethanol to be used in diesel engines. Ethanol has a lower heating
value than petroleum and a higher vaporization temperature. It also has a lower vapor
pressure. This higher vaporization temperature can make it difficult to start engines in
cold weather conditions. The physical and chemical properties of liquid fuels are
shown in the Table 2.4.
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Table 2.4 : Physical and chemical characteristics of liquid fuels.

Gasoline Diesel Methanol Ethanol

Chemical Equation C,H;; C;;H;9 CH30H  C,H;OH
Rate of C/H 0.41 0.58 0.25 0.333
Molecular Mass (g/mole) 101.17  151.2 32.04 46.07
Specific Density as Liquid 0.74 0.84 0.79 0.79
(kg/dm?3)

Calorific Value (Mj/kg) 42.5 42.5 20.1 26.9
Stoichiometric Air/Fuel as mass 14.7 14.3 6.44 8.96
Heat of Vaporization (Mj/kg) 0.31 0.28 1.10 0.856
Ignition Limits (%Volume) 14-76 0.7-5 6-37 3.5-19
Laminar Flame Speed (m/s) 0.58 0.3 0.52 0.47
Adiabatic Flame Temperature (°C) 2200 2390 1878 1924
Auto-Ignition Temperature (°C) 370 235 470 392
Octane Number - ROS 95 - 110 106
Octane Number - MOS 85 - 87 89

The methods applied to enable the use of ethanol in diesel engines are similar to those

used for methanol, as mentioned in the Table 2.3.

2.6.1.3 Biodiesel

Biodiesel, a fuel alternative for diesel engines, is defined as the monoalkyl esters of

long-chain fatty acids obtained from raw materials containing vegetable or animal oil.

Biodiesel is produced through chemical reactions involving vegetable or animal oils

and alcohols like methanol or ethanol, with the aid of homogeneous or heterogeneous

catalysts. This alternative fuel is non-toxic, biologically degradable, and referred to as

methyl/ethyl ester or biodiesel. The biodiesel production process is illustrated in Figure

2.13.
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Figure 2.13 : Scheme of production of biodiesel.
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Animal or vegetable oils, along with various alcohol and base mixtures
(Methanol/Ethanol-NaOH/KOH), are introduced into a reactor. The reactor is heated
to approximately 55°C — 60°C. The animal or vegetable oils are allowed to dissolve in
the alcohol-base mixture for about 1-2 hours. At the end of this period, two types of
products, biodiesel and glycerin, are formed in the environment. This process is called
transesterification. The resulting mixture of biodiesel and glycerin is separated using
a separation funnel. Glycerin passes through the separation funnel since it is denser
than biodiesel, leaving crude biodiesel, which is called fatty acid alkyl ester, in the
reactor. However, there are alcohol residues in both biodiesel and glycerin to a certain
extent. The separation of alcohol in glycerin and biodiesel is required. Distillation is
used for this separation process. The alcohol that has been separated is recycled back
into the system for later use. Pure biodiesel is obtained by removing alcohol from crude

biodiesel.

2.6.1.4 Ammonia

Under stoichiometric (A=1) conditions, the required air-to-fuel ratio for the combustion
of ammonia is approximately 6.1. This value is lower compared to diesel or other fuels,
making ammonia less efficient in terms of combustion. Considering the ignition
temperature of ammonia, which is 651°C, it becomes evident that it is resistant to high
compression ratios. The laminar flame speed of ammonia is minimal among all fuels,
indicating that high engine speeds cannot be achieved with ammonia. In terms of
adiabatic flame temperature, ammonia exhibits characteristics similar to diesel and
gasoline fuels. The high adiabatic temperature suggests the creation of a high-pressure
zone during combustion. Ammonia falls into the category of low-reactivity fuels,
having lower activity compared to diesel fuel. In a study, the effects of different
concentrations of ammonia as a secondary fuel on engine performance and emissions
were investigated in a diesel engine. The study showed that increasing the amount of
ammonia delayed ignition and reduced the tendency for autoignition in the engine
[102]. Ammonia has a higher heat of vaporization compared to other fuels and also
has a lower lower heating value. For pure ammonia (100%) to be burned in a
compression ignition diesel engine, the engine compression ratio needs to be at least
35:1. However, this is impractical and costly in reality, so using 100% ammonia in
diesel engines is not suitable. Instead, a mixture of diesel and ammonia should be used

in specific proportions. Studies have shown that the required amount of ammonia to
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be used should be in the range of 20% to 40% of the mass of the diesel used [102,103].
In compression-ignition engines, the high-temperature formation due to ammonia
content has an effect on NOx formation. At low ammonia usage rates, the rate of NOx
formation is low, while at high ammonia rates, it increases the NOx formation rate.
Because of the high ignition temperature of ammonia, it results in more effective
outcomes when used with a certain amount of diesel fuel. This is because the
compression-ignition engines have high compression end temperatures, and including
a certain amount of liquid ammonia in the combustion chamber will lower the ambient
temperature. As ammonia evaporates, the heat it takes from the environment reduces
the post-combustion temperatures, and consequently, NOx formation improves as
temperatures decrease [104]. A high input of ammonia would increase ignition delay,
resulting in an accumulation of excess fuel in the chamber. As a consequence,
combustion begins abruptly, and the rate of pressure rise per unit crank angle increases.
This, in turn, shortens the combustion duration. The primary goal of using ammonia
in diesel engines at the moment is to reduce NOx emissions by lowering the
combustion chamber temperatures in a certain fraction and, by utilizing its energy, to
decrease the contribution of diesel to combustion. This leads to an improvement in
HC, CO, and CO emissions [105].

Ammonia theoretically shows a combustion reaction under stoichiometric conditions

(complete combustion) according to the equation (2.61).
4NH; + A.3(0, + 3.76N,) - 6H,0 + 13.28N, (2.61)

The equation used in case of incomplete combustion (incomplete combustion) is

shown in equation (2.62).

aNH; + A.3b(0, + 3.76N,)

(2.62)
- XH20 + yNzo + zNO + mNOZ + nNH3 + kNZ + SOZ

When examining the products part of the equation, it can be observed that the amount
of unburned ammonia and NOx components, which are incomplete combustion
products, affect the quality of combustion. Using a higher fraction of ammonia in
diesel engines increases both NOy emissions and the amount of unburned ammonia.
By balancing the equation above, it is possible to express each unknown in terms of

one another. The combustion characteristics of ammonia are shown in Table 2.5.
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Table 2.5 : Combustion characteristics for ammonia.

Ammonia

Chemical Equation NH5

Molecular Mass (g/mole) 17.03
Specific Density as Liquid (kg/dm3) 0.68
Calorific Value (MJ/kg) 18.8
Stoichiometric Air/Fuel as mass 6.05
Stoichiometric Air/Fuel as volumetric 3.57
Heat of Vaporization (MJ/kg) 1.37

Ignition Limits (%Volume) 15-28
Laminar Flame Speed (m/s) 0.015
Adiabatic Flame Temperature (°C) 1717
Boiling Point (°C) -33.5
Auto-Ignition Temperature (°C) 651

Octane Number - ROS >130

2.6.2 Gaseous fuels

The gaseous state of matter has more freedom of movement and interparticle space
compared to the liquid state, which means that it occupies more volume. Therefore,
gaseous fuels exhibit more dispersion inside the cylinder compared to liquid fuels. This
situation has both advantages and disadvantages. The advantage is that it leads to
higher air-fuel homogenization due to the turbulence generated inside the cylinder.
When the ignition temperature is reached, gaseous fuel will ignite directly. The
disadvantage is that it occupies more volume inside the cylinder, which leads to a
reduction in oxygen concentration to some extent. In gaseous fuels, it is desirable for
the fuel to carry a large amount of energy per unit volume. This allows for the
extraction of more energy. Among alternative fuels, the most important ones in the

gaseous phase are natural gas, hydrogen, and biogas.

2.6.2.1 Natural gas (CNG)

Natural gas is one of the gaseous fuels that can be used in diesel engines. Especially
preferred as a dual fuel, natural gas has drawn the attention of researchers due to its

abundant reserves, ease of implementation, and cost-effectiveness.

The majority of natural gas consists of methane (CHa) gas, typically around 90-96%.
The remaining composition includes approximately 2.411% ethane (C2Hs), 0.736%
propane (CzHs), 0.371% butane (CsH10), 0.776% nitrogen (N2), 0.164% pentane
(CsHy2), and 0.085% carbon dioxide (COz). Natural gas has low density and is a lighter

gas than air. However, it has a relatively high diffusion coefficient. The diffusion
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coefficient of natural gas is about twice that of gasoline (0.08). This characteristic
allows natural gas to mix and spread easily and quickly with air. Natural gas has a high
air excess ratio. While the stoichiometric air/fuel ratio is 14.7 for gasoline and 14.5 for
diesel, the stoichiometric air/fuel ratio for natural gas is 17.2. This means that natural
gas can combust under lean conditions with a lower fuel density, providing a
significant advantage in terms of fuel efficiency. Additionally, the laminar flame speed
of natural gas is lower compared to a gasoline-air mixture, resulting in a slightly longer
combustion duration [106]. Natural gas has a wide flammability range. While the
flammability range for gasoline is approximately 1.4-7.6, and for diesel, it's 0.7-5.0,
natural gas has a range of about 5-15. In other words, natural gas cannot burn with air

mixtures that have less than 5% or more than 15% gas content.

Natural gas has a relatively low boiling point, making it storable under high pressure.
Additionally, the auto-ignition temperature of natural gas is higher than that of
gasoline and diesel. While the auto-ignition temperature for gasoline is 27-216 °C, for
diesel, it's 160-382 °C, but natural gas has an auto-ignition temperature of
approximately 632 °C. This indicates that the use of natural gas is advantageous from
a safety perspective [107]. Furthermore, natural gas has a lower carbon-to-hydrogen
(C/H) ratio compared to gasoline and diesel. Gasoline and diesel have a C/H ratio of
approximately 0.5, whereas natural gas has a C/H ratio of 0.25. This means that the
use of natural gas contributes to the reduction of carbon-containing pollutants,

especially CO2 emissions.

Finally, natural gas has a higher heating value compared to gasoline and diesel. The
lower heating value of gasoline and diesel is approximately 43 MJ/kg, while the lower
heating value of liquid natural gas is approximately 50 MJ/kg. This lowers the cost of
providing a unit of energy content. The use of natural gas in diesel engines is typically
implemented in dual-fuel mode. In this mode, the engine can run on both natural gas
and diesel fuel without the need for major modifications. The combustion of natural
gas in this method is achieved by using a small amount of pilot diesel fuel injected into
the cylinder. The pilot diesel fuel injected at the end of the compression stroke rapidly
ignites due to the compression temperature, subsequently igniting the natural gas-air
mixture in the cylinder. The primary advantage of these dual-fuel systems is their cost-
effectiveness and the ability to switch between single and dual fuels as needed.

Therefore, dual-fuel systems are often a preferred option [108-110].
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2.6.2.2 Hydrogen

One of the important characteristics of hydrogen is that it can be used in both liquid
and gaseous states. In its gaseous form, hydrogen is approximately 14 times lighter
than the same volume of air. When compared to other internal combustion engine
fuels, liquid hydrogen is approximately 10 times lighter than liquid hydrocarbon fuels,
while gaseous hydrogen is about 10 times lighter than other gaseous fuels like methane
or natural gas. One of the advantages of using hydrogen in internal combustion engines
is the wide flammability limits it offers. Hydrogen can burn in a mixture with air in a
range of approximately 4% to 75%. This provides a more flexible combustion
capability compared to other fuels [111,112]. For example, the appropriate mixture
ratio for gasoline-air mixtures is typically between 0.3 to 1.7, while for hydrogen-air
mixtures, this range is wider, spanning from 0.14 to 4.35. Hydrogen-air mixtures have
broader flammability limits compared to other gas fuels. For instance, methane-air
mixtures typically require an air-fuel ratio within the range of 0.6 to 1.9. Hydrogen has
a higher lower heating value compared to many conventional motor fuels. However,
when considered volumetrically, hydrogen has a lower energy content compared to
other fuels. Additionally, hydrogen has a similar adiabatic flame temperature to
gasoline. The use of hydrogen can potentially increase NOx emissions, but this can be
mitigated by co-firing hydrogen with natural gas [113]. While the current production
and storage costs of hydrogen are high, it is expected that these costs will decrease in

the future.

Table 2.6 : Comparison of physical and chemical characteristics of natural gas and
hydrogen with diesel and gasoline.

Gasoline  Diesel Natural ~ Hydrogen

Gas

Chemical Equation C,H;; C;1Hyg CH, H,
Rate of C/H 0.41 0.58 0.25 -
Molecular Mass (g/mole) 101.17  151.2 16.04 2.02
Specific Density as Liquid (kg/dm3) 0.74 0.84 0.424 0.7
Calorific Value (MJ/kg) 42.5 42.5 50.8 120
Stoichiometric Air/Fuel as mass 14.7 14.3 17.2 34.32
Heat of VVaporization (MJ/kg) 0.31 0.28 0.509 0.446
Ignition Limits (%Volume) 1.4-76  0.7-5 5-15.4 4-75
Laminar Flame Speed (m/s) 0.58 0.3 0.37 2.93
Adiabatic Flame Temperature (°C) 2200 2390 1954 2110
Auto-Ignition Temperature (°C) 370 235 537 500
Octane Number - ROS 95 - 130 >130
Octane Number - MOS 85 - 105 60
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Therefore, as hydrogen becomes more widely used and production capacity increases,
costs are likely to decrease. The comparison of gas fuels with diesel and gasoline in

terms of physical and chemical properties has been made in the Table 2.6.

2.6.2.3 Biogas

Biogas is a gas mixture formed as a result of the anaerobic fermentation of organic
waste. This gas is colorless, odorless, lighter than air, and burns with a bright blue
flame. The composition of biogas varies depending on the organic materials it
contains, but it typically consists of different proportions of methane, carbon dioxide,
nitrogen, and hydrogen, with trace amounts of hydrogen sulfide. 1 m?® of biogas
generates approximately 19-24 MJ/m? of heat energy. Additionally, 1 m* of biogas is
equivalent to approximately 0.66 liters of diesel, 0.75 liters of gasoline, and 0.25 m?
of propane in terms of fuel quantities. Due to the carbon dioxide it contains, biogas has
a higher density than methane. Also, the amount of carbon dioxide affects the calorific
value of biogas. As the carbon dioxide content increases, the density of biogas
increases, but its calorific value decreases [114]. The ignition temperature is the
temperature at which a fuel can spontaneously ignite. Biogas has a high ignition
temperature, which means that to use it in diesel engines, either external energy must
be supplied to the combustion chamber or the engine needs to be converted into a dual-
fuel system. This is because in compression-ignition engines, the compression end
temperature does not typically exceed 700°C [115]. The heat value of biogas is
primarily derived from the methane gas it contains, along with small amounts of
hydrogen gas. For biogas to burn effectively, the methane content should be at least
50%. Following methane, the gas found in the highest proportion in biogas is carbon
dioxide. The table below provides the basic characteristics of biogas with a
composition of 60% CH4 and 40% CO», along with other gas fuels. The environmental
impact of biogas suggests that it has the potential to be a more environmentally friendly
fuel when compared to fossil fuels. The most critical factors determining these
environmental impacts are the gases present in the composition of biogas and their
ratios. In other words, as the methane content in biogas increases, its environmental
impacts are positively affected, making it a more sustainable fuel [114]. Gas-fueled
diesel engines generally exhibit performance quite close to that of regular diesel
engines. However, a decrease in the calorific value of the gas and an increase in the

gas fuel volume required for power can lead to a decrease in performance. In these
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types of engines, diesel fuel is replaced by a gas-air mixture in the cylinders, which
means that gas fuel takes the place of air entering the cylinders, resulting in a reduced
air-fuel ratio. Consequently, the decrease in both diesel fuel and air can lead to a lower
generated power compared to single-fuel operation. However, noticeable performance
degradation is generally not observed under low and medium load conditions since
more air is taken into the cylinders in dual-fuel operation. Additionally, in dual-fuel
operation, the exhaust gas temperature is typically higher compared to single-fuel
operation. Due to the slower combustion rate, the combustion process shifts towards
the exhaust timing during dual-fuel operation. This situation can lead to overheating
and damage to the exhaust valves. The thermodynamic properties of gas fuels are given
in Table 2.7 [116].

Table 2.7 : Basic physical and chemical characteristics of gaseous fuels [116].

Natural Gas Hydrogen Biogas
Chemical Equation CH, H, 60% CH4 + 40% CO>
Calorific Value (MJ/kg) 50.8 120 18
Stoichiometric Air/Fuel as mass 17.2 34.32 10.2
Ignition Limits (%Volume) 5-15.4 4-75 5-15
Auto-Ignition Temperature (°C) 537 500 650
Octane Number - ROS 130 >130 130

2.7 Emissions

Combustion in internal combustion engines is one of the most significant contributors
to air pollution. Various substances and gases produced from the combustion of fossil
fuels are the major factors in the formation of air pollution. These substances and gases
include NOx (nitrogen oxides), particulate matter (soot), HC (hydrocarbons), CO
(carbon monoxide), and CO- (carbon dioxide). Among these, especially CO, NOy, and
particulate matter are of great importance in terms of air pollution. When these gases
and particles are released into the environment, they lead to health issues, acid rain,
the greenhouse effect, and, in general, the degradation of air quality. Therefore,
controlling and reducing emissions resulting from the combustion of fossil fuels is

critically important in reducing air pollution and its environmental impacts.

2.7.1 NOx emissions

The attainment of high temperatures during combustion leads to the formation of
nitrogen oxides as atmospheric nitrogen combines with oxygen. When looking at this
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formation process, some important parameters come into play. These parameters

include the combustion chamber temperature and the air-fuel ratio.

The quantity calculated from chemical equilibrium reactions differs from the quantity
formed as a result of the combustion occurring in the engine. This difference arises
because under engine conditions, there is not enough time for the combustion products
to reach chemical equilibrium. Since reaction rates are temperature-dependent, once
the highest temperature is reached, the temperatures of the burned gases start to
decrease before they can reach chemical equilibrium. During the cooling of the burned
gases, differences from the chemical equilibrium state are also observed. As the
temperature decreases, it is expected that NOx components will dissociate into N2> and
O2 gases. However, due to the very slow reaction rates at low temperatures, these
dissociation reactions slow down. Therefore, the NOyx quantities obtained at higher
temperatures become fixed at lower temperatures, as if they were frozen. Initially, the
amount of NOx components is low because the reaction rates are insufficient to reach
the equilibrium conditions (due to limited reaction rates). However, after a certain
time, as the temperatures drop, the reactions stop, and the NOx amount in the exhaust
gases becomes fixed, proportional to the maximum temperature level reached earlier.
This situation indicates that the formation of nitrogen oxides depends on reaction rates

and the time required for the reactions to complete [67].

The formation of NOx is also dependent on the oxygen content. Therefore, in very rich
mixtures, the NO levels decrease due to incomplete combustion. When the air-fuel
mixture's air content is significantly increased, the combustion temperatures will
decrease, and the NO levels will decrease as well. Hence, another parameter that
affects NOx emissions is the air-fuel ratio. There is a range of values within which the
air-fuel ratio affects temperature and pressure, depending on the amount of injected
fuel. Controlling the air-fuel ratio within this range is an important factor in managing
NOx emissions [67,117].

2.7.2 SOOT (PM) emissions

In diffusion flames that occur in diesel engines, soot is typically formed under
conditions of time and, especially, oxygen deficiency because hydrogen is generally
more reactive towards oxygen compared to carbon. Soot consists of solid carbon

particles that form under these conditions. The amount of soot formed varies as a
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function of the air-fuel ratio (AFR), which changes depending on the engine's load
condition. This, in turn, has an effect on the engine's power output. Typically, soot
formation is a part of the diesel combustion process. Therefore, initially, a significant
portion of the formed carbon will re-burn. However, when a large amount of fuel is
injected into the combustion chamber to increase power, insufficient oxygen will be

available, resulting in some soot in the exhaust gases.

Soot emission formation can be defined as the oxidation of unburned fuel vapors in
high-temperature regions with high oxygen concentration inside the cylinder. Soot
emissions are particularly observed in the rich fuel content of the inner core region of
the fuel spray [67,118]. Soot formation can lead to cylinder wear and the clogging of

piston ring grooves, potentially causing damage to the engine.

2.7.3 HC emission

The use of all saturated and unsaturated hydrocarbons as well as aromatic compounds
as fuels causes the formation of HC (hydrocarbon) emissions. The presence of HC
substances in exhaust gases is not due to high temperatures, unlike CO (carbon

monoxide) and NOx (nitrogen oxides) emissions.

The primary factor contributing to the formation of HC emissions is the incomplete
combustion that occurs when temperatures are low or when there is insufficient

oxygen. This occurs due to the following reasons:

e Having a very lean or very rich local mixture ratio can slow down oxidation
reactions and lead to flame extinction due to heat loss.

e A high surface-to-volume ratio of the mixture in different regions of the
combustion chamber can cause significant heat losses that prevent the mixture in
these areas from igniting.

e Heat losses towards the cold walls of the combustion chamber can result in the

immediate extinction of the flame reaching this region.

The richness or leanness of the mixture also affects HC (hydrocarbon) emissions.
When the air-fuel equivalence ratio is high, the combustion chamber temperature
decreases, preventing complete combustion, which leads to increased HC emissions.
In the case of a rich mixture, not enough oxygen is present for complete combustion,

causing an increase in HC emissions [67].
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2.7.4 CO emission

The primary reason for the formation of CO is the lack of oxygen during combustion.
CO emissions occur when there is generally an oxygen deficiency in the combustion
chamber, or when fuel and air do not mix homogeneously, or when there is local

oxygen deficiency in specific areas of the combustion chamber.

CO formation primarily depends on the air-fuel equivalence ratio. Therefore,
correcting combustion conditions and ensuring sufficient oxygen are important for
reducing CO emissions. Diesel engines often operate with lean mixture ratios, which
means that the overall mixture in the combustion chamber is lean. This condition
contributes to lower CO emissions because there is sufficient oxygen under these
conditions, allowing for the complete combustion of CO. Therefore, CO emissions

from diesel engines are generally low [67,117].

2.7.5 CO2 emission

The combustion of hydrocarbon fuels results in the formation of water and CO> gas.
Accumulated CO- gases in the atmosphere prevent sunlight from being reflected back
into space. Intense ultraviolet radiation absorbed by atmospheric CO2 causes warming
of the Earth's surface. This excessive warming phenomenon is called the greenhouse
effect.

The greenhouse effect leads to global warming, which, in turn, disrupts the world's
climatic and ecological balance. Melting polar ice caps, sudden meteorological events,
or climate shifts are all recent events exacerbated by global warming. Reducing CO>
emissions is most effectively achieved by shifting to alternative fuels that do not
contain carbon. Especially in contrast to the high carbon content in diesel and gasoline
fuels, green fuels that are carbon-free should be used in these engines. Otherwise, the

effects of global warming will intensify, leading to an irreversible scenario.

From a performance perspective, a high CO. content in exhaust gases indicates
efficient combustion. However, considering the environmental impact, the transition
to alternative fuels without carbon is of utmost importance.

2.7.6 Noise emission

Emission sources related to noise and vibration are a result of engine knock. While the

impact of knocking in diesel and gasoline engines may appear to be the same, the
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formation of knocking differs between them. Knock in gasoline engines is due to auto-
ignition of the fuel inside the cylinder before spark plug ignition occurs. Early ignition
results in engine knocking, misfiring, and a loss of performance, as maximum pressure

occurs before top dead center (TDC).

Knocking in diesel engines is related to the value of the pressure increase per unit
crank angle. Three types of combustion performance are possible: mild combustion
with values of 1-5 bar/CA (crank angle), severe combustion with values of 5-10

bar/CA, and knocking combustion with values of 10 bar/CA or higher.

Reducing noise and vibration in engines depends on achieving knock-free operation.
To mitigate knocking tendencies, adjustments to ignition/injection timing, fuel
quantities, and the suitability of the chosen fuel for the engine cycle should be carefully
considered. In the literature, extensive studies have been conducted on various engine

parameters to reduce knocking and noisy operation in diesel engines [119-123].

2.8 Methods for Emission Reduction

Reducing emissions without sacrificing engine performance has been a major goal in
the literature's research efforts. Achieving lower emissions can involve adjustments to
engine operating parameters and is highly influenced by the composition of the fuel
used. Interventions in operating parameters typically revolve around optimizing
parameters like injection timing and angle, intake air temperature and pressure,
turbulence levels, the implementation of Exhaust Gas Recirculation (EGR), injection
strategies (such as split injection), and the injection of additives into the combustion
chamber to reduce emissions. These measures are aimed at minimizing emissions

while maintaining engine performance [124-127].

Within the scope of the thesis, the methods used to improve emissions include the use
of alternative fuels, adjusting injection timing, implementing Exhaust Gas
Recirculation (EGR), applying injection strategies (pilot injection), and introducing

water jet/vapour into the combustion chamber.

2.8.1 Fuel injection strategies

The advancement of fuel injection timing in diesel engines has a significant impact on

performance and emission values. Studies in the literature have shown improvements
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in emissions through the optimization of fuel injection timing or the application of
various strategies, such as split injection. Injection strategies consist of three main
types: pilot injection, main injection, and post-injection. Each type of injection serves
a specific purpose. Pre-injection introduces fuel to the combustion chamber in
advance, facilitating the formation of a homogeneous mixture by allowing the fuel to
mix with air for a longer time. This results in a smoother combustion environment with
reduced tendencies for knocking and noise emissions, as well as improved NOx
emissions. Main injection is the type of injection used to initiate combustion, following
the pre-injection, and it ignites the vaporized fuel along with the fuel introduced into
the combustion chamber. Post-injection is applied especially towards the end of the
combustion process, aiming to burn oxidized fuel particles, thus extending the
combustion duration and improving soot emissions. While there are three main
injection strategies, these strategies can also be applied in a split manner, involving
multiple injections of pre-injection or other types as part of the application [128].

Main Injectipn

20 CA Single injection
© 2CA 2CA
- }—
g Main Injegtion
2 (5)
=
F 16 CA
-é‘ 1
5 ZEA 2CA 2CA 2CA Post Injection
© Main Irfjectipn /

Pilot Injection / ™| [ 12 CA 3] |3
L

5-split injection

Iy

Start of injection Crank angle degree

Figure 2.14 : Scheme of multi split injection for a diesel engine [128].
2.8.2 EGR

EGR is the process of passing a certain portion of the exhaust gases, sometimes after
passing through an intercooler, through a valve and back into the cylinder along with
the intake air. The primary purpose of this practice is to reduce the oxygen
concentration inside the cylinder, leading to a decrease in post-combustion
temperatures. Lower temperatures result in reduced NOx emissions. EGR is essentially
an application designed to improve NOx emissions, even if it involves a certain degree

of compromise in performance. With increasingly stringent emission standards, the
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practical use of this application has become quite common in the field. The EGR
operation diagram is given in Figure 2.15.
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Figure 2.15 : Schematic representation of engine EGR application [129].

EGR application in engines results in the following observations:

e It prolongs the ignition delay period.

e |t causes an improvement in NOx emissions due to the deteriorating combustion
leading to a decrease in regional temperatures.

e It causes a certain increase in specific fuel consumption.

e It leads to a decrease in performance values.

e Itincreases HC, CO, and soot emissions.

All studies have primarily focused on achieving the maximum reduction in NOx

emissions with minimal performance loss [124,125,130].

2.8.3 Water jet/vapor injection into the combustion chamber

There are two main methods for injecting water or steam into the combustion chamber.
The first method involves mixing water with the intake air. Here, an injector in the
intake manifold blends water and air, and the cylinder receives humid air. The other
type is direct injection into the combustion chamber. When comparing liquid and
steam phase injections, it has been observed that the liquid phase reduces NOx
emissions more effectively. The main reason for this is that the liquid phase absorbs
heat from the surroundings during vaporization, leading to a greater decrease in
combustion chamber temperatures compared to the steam phase. As a result, it leads

to a more significant reduction in NOx emissions. The injection of water or steam into
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the combustion chamber can potentially lead to decreases in performance values due
to the temperature drop within the combustion chamber. However, by creating an
appropriate turbulence environment inside the cylinder and ensuring reasonable water
injection into the combustion chamber, it has been observed that there is a likelihood
of increasing performance values [131,132]. The increase in performance in the study
is attributed to the fact that water droplets with low surface tension cause fuel droplets
to break into smaller pieces. Smaller fuel droplets have a larger surface area, which
leads to improved combustion efficiency and, consequently, better performance
parameters [131].
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3. MATERIAL AND METHOD

Mathematical models are created for systems by making certain assumptions in control
volumes where many physical and chemical events take place. Assumptions are made
to simplify the mathematical modeling of the process. In the in-cylinder combustion
process, the motion and properties of the fluid, as well as chemical reactions, are the
physical and chemical events that occur. Physical and chemical events are interrelated.
Fluid dynamics are fundamentally controlled by the Navier-Stokes equations, and
transport equations describe the turbulent properties of a flow. When a liquid is
injected into a flow or sprayed, exchange functions are used to describe the interaction
between the gas phase and liquid droplets. Fick's Law is used for mass diffusion, and
Fourier's Law is used for heat diffusion. The goal of the turbulent combustion model
approach is to maintain the fundamental effects of turbulence on flow and combustion
properties while eliminating the need to resolve all small-scale structures and
fluctuations. To achieve this goal, the Favre average is used to represent the
instantaneous quantities. Under the mathematical model, information about
conservation equations, turbulence models, chemical kinetics, combustion model,

collision model and evaporation models will be given.

3.1 Conservation Equations

When creating a numerical model, the fundamental assumptions are the continuity
equation, conservation of momentum, conservation of energy, and the ideal gas state

equations for the gases in the system.

3.1.1 Continuity equation

This is the most fundamental equation from which the conservation equations are
derived. Its form for compressible and incompressible flows is shown in equation
(3.2).

d
S+ V.G = 7, (31)
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3.1.2 Conservation of the momentum (Navier-stokes equation)

The closed form of the momentum conservation equation is shown in equation (3.2)

below.

dpi 2 . —
% + V. (piil)) = —Vp + —Vo — 3PKI+ F +pg (3.2)

The term G represents the Viscous Stress Tensor, and it is shown in equation (3.3).

Here, | is the unit tensor, F is the rate of gain of momentum per unit volume, and g is

the specific body force.
— 2
o= (u+ pp) |V + Vil — 3 (V. 1)1 (3.3)

The term p represents the laminar dynamic viscosity, while ut represents the turbulent
dynamic viscosity. In equation (3.2), k represents turbulent kinetic energy. The

expression for k is calculated as shown in equation (3.4).
R=-uu (3.4)

The turbulent dynamic viscosity pr is calculated based on turbulent kinetic energy and

turbulent Kinetic energy dissipation rate (&), as shown in equation (3.5).

=c.p— (3.5)

HT = CuP =
The parameter c, is a model-specific constant for the turbulence model. After
determining the value of pr, thermal diffusivity (or) and mass diffusivity (D) can be

calculated using equation (3.6) and equation (3.7), respectively.

Vr Kt
AT = P_I'T = EPFT (36)
Vr KT
Dy = — = — g
T Scr pScr S

The V7t term represents the turbulence kinetic viscosity, Prr is the turbulence Prandtl

number, and Scr is the turbulence Schmidt number. Pry is a dimensionless number
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used to represent the ratio of momentum diffusion to thermal diffusion. Scr, on the
other hand, is a dimensionless number defined as the ratio of momentum diffusivity

(kinematic viscosity) to mass diffusivity.

When considering the general expression for the viscous stress tensor in Equation
(3.3), the expression for the Reynolds stress tensor arising due to turbulence is
represented in equation (3.8) [133].

2 2__
T = (up) [VI + VaT — 3 (V.0)I| — §5k1 (3.8)

3.1.3 Conservation of the energy
The conservation equation for internal energy is represented by equation (3.9).

opl

o = V. (D) = ~Vpi — V] + & + Qc +Q (3.9)

I represents specific internal energy, and J is the heat flux term. Heat flux is created
within the control volume through heat conduction and enthalpy diffusion. The ] term

is represented by equation (3.10).

J = —AVT —pDr ) i ¥ <%> (3.10)
k

A represents the thermal conductivity, T is the flow temperature, and hy corresponds

to the specific enthalpy values of the species. 65 and 65 terms represent the chemical
heat release and spray interaction coefficients, respectively. The thermal conductivity

A is determined using equation (3.11) [133].
A = pepar (3.11)

3.1.4 Ideal gas equation of state

The equation of state for all species and mixtures in the control volume, both before

and after combustion, is derived from the ideal gas law as given in equation (3.12).

p= RUTZ (&—‘;) (3.12)
k
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Where Ry is the universal gas constant, and Wy represents the molecular weight of
each species in the control volume [133].

3.2 Turbulence Models

Turbulence is the term used to describe the irregular distribution of flow within a
system. It is caused by pressure and velocity fluctuations, as well as the diffusion of

low momentum and the transport of high momentum within the control volume.

Fully defining turbulence, which represents chaotic flow, is challenging. The system
is shaped by viscosity and the kinetic energy of moving particles. Numerous regional
vortices form within the control volume, and these vortices interact with each other.
Turbulence has a significant impact, especially before and after combustion.
Therefore, an appropriate turbulence modeling approach is necessary for an accurate

representation.

In many physical phenomena, turbulence is commonly encountered, and turbulence
models have been developed to help explain turbulent environments. Therefore,
choosing the appropriate turbulence model is crucial for solving fluid dynamics

problems. Ansys Forte includes standard k-epsilon and RNG k-¢ turbulence models.

3.2.1 Standard k-¢€ turbulence model

The Standard k- € turbulence model, which is used at high Reynolds numbers, includes
two transport equations for turbulence kinetic energy (k) and the rate of turbulence

kinetic energy dissipation (g). The equation for k is shown in equation (3.13) below.
k is the turbulence Kinetic energy:

0 0
a(pk) + a—xj[pujk - (u + o

du; .10 2 ou; ou;
:ut<s_._1 g__p)_pe__<ut_l+pk)a_;
) ) i

(3.13)

The first term on the right-hand side of equation (3.13) represents turbulence due to
normal and shear stresses, the second term accounts for viscous dissipation, and the

third term represents the effects caused by compression.

The turbulence dissipation rate ¢ is represented by equation (3.14).
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The turbulence dissipation rate €:

9 9 e\ de

¢ (Pe) + 7%, Ipujﬁ - (H + G_s) 7%,
_c &l ou; 2 ( ou; N k) ou; c g2 (3.14)
- “eq k “‘t ij aX] 3 “‘t aXi p aXi 82p k '

The equations contain the following variables: u; represents the absolute velocity, o
stands for the turbulence Prandtl number, € is the turbulence dissipation rate, k

represents the turbulence kinetic energy, Sjj is the mean strain rate, and p is the density.

Ce1, Cer, Ce3 and Ces are coefficients representing constants. The first term on the
right-hand side of equation (3.14) represents the linear strain, the second term accounts
for the dissipation of turbulence spreading, and the third and fourth terms denote the

distribution due to buoyancy and transient mean density changes, respectively [133].

3.2.2 RNG k-¢ turbulence model

The most fundamental difference between the RNG k-g turbulence model and the
standard k-epsilon turbulence model is that the RNG model takes into account the

effects of smaller-scale motions.

Another difference is that it includes calculations for various scales of motion,
providing more precise results. RNG stands for Re-Normalization Group, and this

theory was initially developed and used by Yakhot and Orszag [134].

The RNG k-¢ turbulence model also includes two transport equations for turbulence
kinetic energy k and its dissipation rate €. For k, equation (3.15) is shown below, and

this equation is the same as the one used in the standard k-epsilon turbulence model.

Turbulence kinetic energy k:

9 o) +-L | puik (+”t)ak
ot P 0x; PYj H Ox/ 0X;

_ S 6ui gi 16p 2( aui+ k) aui
= Hel vy 0X;  Opy P 0X; pe 3 He 0% P 0%

(3.15)

The equation for the turbulence dissipation rate ¢ is represented by equation (3.16).
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Compared to the standard k-epsilon turbulence model, it can be observed that an
additional term has been added to the end of the equation on the right-hand side.

Turbulence dissipation rate €:

d 0 U\ d€
= (pe) + [pujs—<u+—t>—_l

a_x]- 0¢/ 0X;
—C € S aui 2 ( aui N k) aui C g2
3(1 1L
e, Bilop, .0 e’ ( no)ﬁ
kM onpax P ax 1+pn® Kk

The term 1) in the equation for turbulence dissipation rate €, given by equation (3.16),

Is calculated using equation (3.17).

The values of no and P are experimentally determined, with values of 4.38 and 0.012,

respectively.

The constants Ce1, Ce2, Cez and Ces are the same as those in the standard k-¢ turbulence

model.

—g- 3.17
n Ss (3.17)

The expression for S is calculated using the equation given by equation (3.18).

— -1
S = (25:5)z (3.18)
The S term is calculated using the equation given by equation (3.19).
-1
S=-(Vi+ vi™) (3.19)

All the constants used for the RNG k-¢ turbulence model are shown in Table 3.1 below
[133].

Table 3.1 : Coefficients for standard k-e and RNG k-¢ turbulence models [133].

CM Ce1 Cez Ce3 1/PT'k 1/PT£ No B
Standartk-¢  0.09 144 192 -1.0 1.0 0.769
RNGk-&¢ 0.0845 142 168 144 139 139 4.38 0.012
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3.3 Chemical Kinetic Formulation

ANSYS Forte carries out the chemical reactions in the combustion process using
chemical kinetic mechanisms. Chemical kinetic mechanisms describe the reaction
rates that change species concentrations based on the chemical, thermophysical, and
thermodynamic properties of the fuel. Chemical kinetic mechanisms calculate the
concentrations of K species, whether reversible or irreversible, using the equation
(3.20).

K
D ViXee © D ViXie (1= 12 1) (3.20)
k=1

The production rate of species i in the k-th reaction is expressed by equation (3.21).
ori = Vg — Vikai (k=1,2, ..........,K) (3.21)

The term ¢ in the equation represents the reaction progress rate. The chemical source
term in the species continuity equation, considering the production rate of all reactions,

is determined by equation (3.22).

I
P = Wi ) g (322)
i=1

Equation (3.23) is used for the chemical heat release term in the energy conservation
equation.

I

K
Q== > (Vi = i) (Ahd)ia (3:23)

i=1 k=1
The term Ah{ represents the standard heat of formation for species i [133].

3.3.1 SOOT (PM) model

When calculating SOOT emissions in ANSY'S Forte, a two-step approach is followed.
In the first step, it focuses on the formation of soot, and in the second step, it
investigates the oxidation reactions. During these steps, Hiroyasu soot formation is
used in the first step, and Nagle and Strickland-Constable oxidation models are used
in the second step [135,136].
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The expressions used for the SOOT model are shown below with equations (3.24),
(3.25), (3.26), and (3.27).

dM;  dMg  dM,,

dt dt dt (3.24)
dglt“ = KMpre (3.25)

K¢ = Agp"exp (— %) (3.26)
e = S MR 327)

In the equations, P represents pressure, n is a constant, Ms denotes soot mass, Ms is
the formed soot mass, Mso is the soot mass undergoing oxidation, My is the initial
formed soot mass, K is the soot formation rate, Ast is the pre-exponential factor, Es is
the activation energy required for soot formation, MW¢ is the molecular weight of
carbon, ps IS the soot density, Ds is the soot particle diameter, and Riotal represents the
Nagle and Strickland-Constable oxidation rate. In ANSYS Forte, by default, the SOOT
model uses the values n = 0.5, Ast = 40 cm®/mol, Er = 12500 cal/mol, ps = 2 g/cm?, and
Ds = 25 nm [133].

3.3.2 Turbulence-kinetics interaction model

ANSYS Forte uses the turbulence-kinetic interaction model proposed by Kong in

combustion simulations for diesel engines [137,138].

The turbulence-kinetic interaction model examines the effects of turbulence on
combustion. The mixture time-scale model is based on the idea that turbulence can be
partially controlled by the termination of turbulent effects due to the incomplete
mixing of combustion chemistry, fuel, and oxidizer in a real engine process. This
model is especially based on the assumption that the effective time scales (teff) Of each
species approach equilibrium values within a certain time frame, and therefore, the

formation rate of species (k) is expressed by the following equation (3.28).

~ Yieq — Yk
Wi eff = T (3.28)
e
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The effective time scale occurs based on the chemical time scale and depends on the
turbulent scalar mixing time scale. Equation (3.29) represents the effective time scale.

Teff = Tchem T Tmix (3.29)
The chemical time scale (tchem) defines the time it takes for the mixture to reach
equilibrium under the conditions inside the computational cell.
The turbulent mixing time scale (tmix) IS obtained from the rate of turbulent kinetic

energy and dissipation, as shown in equation (3.30) below.

K
Tmix = CikiTeurb = Ctkig (3.30)

The model constant (Cwi) is one of the turbulence model coefficients and is a user-
provided input parameter in ANSYS Forte. It is typically chosen as a value of 0.5,

especially in shear flow turbulence analyses.
The relationship between the effective species production rate and the species

production rate due to kinetic effects is shown by equation (3.31).

~ Tchemd)k
Dreff = ——— . (3.31)
e

The progression of the effective species production rate is shown by equation (3.32).

~ — wvh+1 n __
WgerfAt =Y, T — Y =

. ki
Tenem i _ Tehem (V" = Yic) (3.32)
Teff Tchem + fTmix

The progress variable f is obtained using equation (3.33).

‘o 1 — exp(—Yproduct) (3.33)
1—exp(=1)

Here, Yproduct represents the mass fraction of all combustion products. When f = 0, the
Turbulence-Kinetic Interaction Model approximates ignition in a CFD cell entirely

controlled by chemical kinetics.

As the combustion process progresses, combustion products are formed, indicating an

increase in turbulence effects [133].
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3.4 Combustion Model and Submodels

The G-Equation model is used as the combustion model in ANSY'S Forte. This model
provides significant results for premixed, partially premixed, and diffusion

combustion. It also enables accurate prediction of the types of emissions generated.

3.4.1 G-equation model

The foundation of the G-Equation combustion model is based on Peters' flame theory
[139].

According to this theorem:

¢ In the wrinkled flamelet regime, it is assumed that the size of the eddies within the
reactive-diffusive flame structure is embedded in the Kolmogorov length scale.

e Kolmogorov eddies (turbulence) can penetrate into the preheat region of the
chemically reactive and diffusive flame structure in the thin reaction zone regime

but chemical reactions cannot reach the inner layer.

The G-Equation model was further developed by Tan et al, as well as by Liang et al
[140-142].

The G-Equation model consists of Favre-averaged level-set equations, including the

Favre-mean (G) and Favre variance (C“z) terms. Within the model, turbulent/laminar

flame surface area ratio is used to calculate turbulent flame speed (S%).

The Reynolds-averaged Navier-Stokes equations and turbulence modeling equations
together form a complete set of equations to describe the propagation of a premixed
turbulent flame in front, and for the G-Equation Combustion Model used in ANSYS
Forte, the equation set is given as equation (3.34) and equation (3.35) [133].

aa —> g ~ 51.1 0 ~ 4 -~
¥ (U + Uyertex) VG = =2 S2|VG| — DrK|VG| (3.34)
t Py
aanz 2 5 ~_ 2 ~\2 E~ 2
+UVG™ = Vy [ =DV G ) + 2D4(VG)” — Cs =GP (3.35)
ot Py k

Vi tangential gradient operator; u fluid velocity vector; U, tex Velocity of a moving

vertex; p, and p, are the burnt and unburned mixture densities, respectively; Dr
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turbulent diffusivity; K Favre mean flame front curvature; Cs model constant; k Favre

mean turbulent kinetic energy and & Favre mean dissipation rate terms.

Predicting turbulent combustion speed accurately is crucial. To obtain an accurate
prediction of a turbulent flame, calculating the laminar flame speed is necessary. In
the ANSY'S Forte G-Equation combustion model, two parameters are used to calculate
the laminar flame speed. These parameters are determined by the Power-Law

correlation and values in the flame speed table [133].

The Power-Law equation is shown below with equation (3.36):

T, \“/ p \P
SE=SE,ref(—“ ) (-=) Fan (336)

Tu,ref Pref

For the ref index terms in the equation, values at 298 K temperature and 1 atm pressure
are generally used. Fqil is the diluent's effect term. Two different formulas are used for
the reference laminar flame spread rate Sp ... These are Metghalchi formulation and

Giilder formulation. Metghalchi formula is shown in equation (3.37) [143,144].
SE,ref = Bm + B¢(¢ - ({bm)z (3-37)

The terms Bm, B, and ¢m have different values depending on the fuel type. The values

of these terms are shown in Table (3.2).

Table 3.2 : Values for By, , By , and ¢y, in the Metghalchi formula [145].

Fuel Bm By $m

- (cm/sec) (cm/sec) -
Methanol 36.9 -140.5 1.11
Propane 34.2 -138.7 1.08
I1zo-Octane 26.3 -84.7 1.13
Gasoline 30.5 -54.9 1.21

The Metghalchi formulation can yield negative values under conditions with very lean
or very rich air-fuel mixture excess air ratios. To address this issue, another
formulation called the Giilder Formula was developed to determine the reference

laminar flame speed. The Giilder formula is represented by equation (3.38) [143].

SDrer = wpexp[—E(¢ — 0)?] (3.38)
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The terms o, 1, &, and ¢ are data-fitting coefficients that vary depending on the fuel
type. These coefficients are specific to the fuel being used, and their values are
determined through data-fitting.

The range for ¢ (equivalence ratio) is defined as 0.65 < ¢ < 1.6. The exponents a and
B in the laminar flame speed equation are coefficients that vary with temperature and

pressure.

Equations (3.39) and (3.40) provide recommended expressions for o and B based on

the equivalence ratio, respectively [146].
a=oy + % (3.39)

B =Py + PP (3.40)
The suitable values for a1, 02, as, B1, P2, and B3 obtained using the least squares method,
are 2.98, -0.8, 1.0, -0.38, 0.22, and 1.0, respectively [146].

The term Fqii, known as diluent's effect, is represented by the suggested equations in
(3.41) and (3.42).

Fail = 1 — fq X2 (3.41)
f,
Fain = 1= f1y 4 (3.42)

The terms x in the equations represent molar units, while the terms y represent mass
units. Therefore, Xqil represents the diluent molar ratio, and ydil represents the diluent
mass ratio. The recommended coefficients based on experimental data are fx1, fx2, fy1,

and fy> with values of 2.06, 0.773, 2.3, and 1.0, respectively.

Once the data related to the laminar flame speed is obtained using the equations
mentioned earlier, calculations for the turbulent flame speed are performed.

The ratio between the turbulent flame speed and the laminar flame speed is shown in
equation (3.43).

2 . 1/2
u
) +a4b§0—‘] (3.43)

S9 a,b2l a,b2l
_'(1)‘ — 1 + Ip _ 4V31] 4U31]
S? 2b,Ip 2b, If
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In the equation, Ip represents the flame progress variable, S? is the laminar flame speed,
I is the turbulence integral length scale, and Ir is the laminar flame speed thickness

[133]. The flame progress variable (lp) is represented by equation (3.44).

t —to\]*/2
Ip = [1 — exp (—cmz < 0)] (3.44)

The coefficient cm2 in the equation is specifically used in spark ignition engine
simulations to find the flame progress variable. It represents the flame development
coefficient. The coefficients bi, bz, and a4 in equation (3.43) are obtained from
experimental data and are used in the G-Equation combustion model. Their values are
1.5, 1.07, and 0.78, respectively [147]. The majority of the heat released as a result of
combustion is generated by the turbulent flame. ANSYS Forte uses the method
proposed by Liang to calculate heat release when simulating combustion. The
numerical description of the turbulent flame structure is provided in Figure 3.1 [141].

This method assumes that the volumes containing the burned and unburned regions
(turbulence-containing vortices) are in small-scale shapes. Here, V, denotes the
volume where combustion occurs, while Vy represents the region where combustion
does not occur. The volume where combustion occurs propagates towards the volume
where combustion does not occur. It is assumed that the advancing burned volume
reaches instantaneous thermodynamic equilibrium under constant pressure and
enthalpy. The increase in pressure (deflagration wave theory) is consistent with the
flame propagation theory, and it is assumed to remain constant along the flame within
the grid.

Unburnt o

A 2
ettt
A

s’

\«\ < _ ™~ Mean Flame Front

¥

Figure 3.1 : Numerical description of turbulent flame structure [133,141].
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The numerical description of the turbulent flame structure begins with determining the
equilibrium concentration and adiabatic flame temperature under constant pressure
and enthalpy conditions, which, in turn, involves calculating the species

transformation rate and the associated primary heat release rate.

For a cell containing a flame, it is assumed that the average flame front crosses the
unburned volume Vy within the time step dt. The transformation rate of species k
within the time step dt is calculated using equation (3.45), taking into account the part

of the mixture within the swept volume Vs that has reached the equilibrium state.

dpy _ PYib — Pk (3.45)
dt dt
p represents the density of the total mixture, while pk represents the density of the k
species. The equation for the swept volume by the burned region is given by equation
(3.46) as follows:

V, = ASpdt (3.46)

The flame front area (Ar) represents the area of the flame front within the grid, St is
the turbulent flame speed, and Kk is the conversion rate of species, which is represented
by equation (3.47).

(3.47)

In ANSYS Forte, when calculating post-combustion, species conversion and heat
release in regions outside the turbulent flame volumes are modeled as processes
controlled by chemical kinetics. Particularly, in the calculation cells of the post-flame
and final gas regions, chemical processes are assumed to be primarily controlled by
reaction pathways defined by chemical kinetic mechanisms. In these regions, the
turbulent-kinetic interaction model, including species transformation, can also be
included [133].

Some turbulent flames may encounter unburned regions containing oxygen-rich or
oxygen-poor mixtures. This interaction can lead to flame quenching, where layering
causes the flame to lose its ability to burn, ultimately resulting in flame extinction.

These regions where the flame tends to extinguish are known as Flame Quenching
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Regions. For laminar flames, the combustibility of the unburned mixture is primarily
controlled by the balance between the heat transfer from the preheat region due to
chemical heat release and the heat loss from the preheat region to the unburned
mixture. However, for turbulent flames, the disturbances caused by turbulence have

significant additional effects on the heat transfer balance.

In ANSYS Forte's flame extinction model, local flame extinction is investigated by
examining whether the local flame quenching boundary passes from the thin reaction

zone regime to the broken reaction zone regime [133].

3.4.2 Spray model

ANSYS Forte is capable of reasonably simulating the preparation of the fuel-air
mixture and the physical changes that occur during the fuel injection process before
the combustion phase. Therefore, ANSYS Forte incorporates advanced sub-models to
simulate multi-component fuel-spray fluid dynamics and interactions with multi-
component gases. These sub-models include the Nozzle Flow Model, Breakup
Models, Unsteady Gas Jet Model, Collision Model, and Vaporization Models.

3.4.2.1 Nozzle flow model

The Nozzle-Flow model explains the instantaneous flow conditions inside the nozzle.
The primary purpose of this model is to provide initial conditions to the spray model.
The input parameters for the nozzle flow model include mass flow rate, ambient gas
pressure, physical properties of the liquid fuel, geometrical hole diameter, L/D ratio
(where L is the length of the injector entrance region), and R/D ratio (where R is the
radius of curvature of the injector entrance region). These input parameters are used
within the nozzle flow model to determine the instantaneous discharge coefficient
(Cd), spray angle, effective injection velocity, and effective flow exit area. The flow
exit area is later used to determine the initial size of the injected liquid droplets. Flow

through the injector nozzle shown in Figure 3.2 [133].

When the nozzle diameter is not equal to the outlet diameter during the flow, cavitation
can occur. In such cases, cavitation can result in flow losses. Taking these flow losses

into account, it's necessary to calculate the average flow velocity.

The volumetric average flow velocity (Umean) at the entrance of the nozzle passage for
liquid fuel is calculated using equation (3.48) as follows:
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Figure 3.2 : Flow through injector nozzle [133].

m 4m

Umeangln oA = D2 (3.48)

In the equation, m "represents the mass flow rate, pi is the density of the liquid fuel, A
is the nozzle cross-sectional area, and D is the nozzle diameter. The average mass flow
rate at the nozzle exit is always lower than the values estimated by the Bernoulli
equation because it decreases due to losses in the flow. These losses occur as a result
of expansion and include factors like acceleration, the formation of the inlet velocity
profile, throat contraction, and wall friction. The amount of this difference is referred

to as the "discharge coefficient (Cq)" and is calculated using equation (3.49).

Umean

DD (3.49)
P1

Cd:

p1 represents the inlet pressure, and pz is the outlet pressure. pi is the inlet density of
the fluid. If inlet loss coefficients (Kinet) are available in tabular form, the discharge
coefficient for wall friction is determined using Blasius or laminar equations and is

used as given in equation (3.50).

1

Cd:

(3.50)
\/Kinlet FEC+1

The friction coefficient f, which can take on a range of values, is proposed to be within

the range given by equation (3.51).
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64

f = Max (0.316Re0-25,—) (3.51)
ReD

Rep is the Reynolds number associated with the nozzle diameter. The initial

approximation for the inlet pressure (p1) in a turbulent environment is determined

using equation (3.52).

2

P1 = P2 + %(Uréean) (352)
d

In the next step, ANSYS Forte checks for cavitation in the flow under these conditions.

Assuming a uniform velocity profile and using Nurick's expression to calculate the
contraction size, the minimum velocity in the smallest flow area is determined based

on the principle of continuity.

This continuity principle indicates that the velocity at any section of the flow is related
to the flow area and volume. Therefore, with Nurick's expression, the velocity (Uvena)

at the point where the flow area is reduced is calculated, as shown in equation (3.53).

U
Uvena = néean (3-53)
c

Uvena represents the velocity at the section where the flow area narrows, and Ce is the
cavitation coefficient. C is given by equation (3.54) as shown below.

-0.5

C.= (2.6 — 11'46) (3.54)

In the case of cavitation, the potential flow theory allows the application of Bernoulli's
equation from point 1 to point 2 without any losses. In this scenario, equation (3.52)

can be used as represented in Equation (3.55) below.
P 2
Pvena = P1 — E (Uvena) (3.55)

If pvena IS lower than the vapor pressure pvapor, it indicates that the flow is entirely
cavitated. In such a case, a new inlet pressure and discharge coefficient are calculated

as shown in equation (3.56) and equation (3.57) below.
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p
P1 = Pvapor — E (Uvena)2 (3.56)

Cp = CVK = ¢, [P Pvapor (3.57)
P1— D2

In cases of non-cavitating turbulent flows, the exit velocity of droplets is set to be the
same as the average velocity (Umean), and the jet diameter at the nozzle outlet is equal

to the nozzle diameter.

However, if cavitation occurs in the nozzle, in that case, the effective injection velocity
components are calculated as shown in equation (3.58), and the effective exit area
value is calculated as shown in equation (3.59). Additionally, the effective injection

exit diameter value is given by equation (3.60).

P2 — Pvapor
Ueer = U ¥ 3.58
eff vena plUmean ( )
U
Aegr = A Sl = (3.59)
eff
4A
Defr = / ﬂeff (3.60)

In the nozzle flow model, the spray angle is predicted using an aerodynamic model.
This approach is based on Taylor's analysis, which explains high-speed liquid
disintegration due to the unstable growth of surface waves resulting in mass shedding.

In this approach, the spray angle (0) is represented by equation (3.61).

0 _ 4T |pg
tan <§> = X\/;f(T) (3.61)

For the variable A in the equation, equation (3.62) is recommended.
L
A=3+028 (5) (3.62)

The following equation (3.63) and equation (3.64) are used for the function f(T).
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f(T) = ? [1 — exp(—10T)] (3.63)
_ (Reypy
T= (") . (3.64)

In ANSYS Forte, users conducting simulations have the option to input experimental
constant values for the discharge coefficient and spray angle instead of applying the
nozzle flow model. The experimental discharge coefficient is then used to calculate

the effective injection velocity and initial droplet size at the nozzle exit [133].

3.4.2.2 Kelvin — Helmholtz / Rayleigh Taylor (KH/RT) break-up models

After the fuel exits the nozzle and encounters the turbulent environment inside the
cylinder, the fuel spray undergoes a breakup process under the influence of surface
and viscous forces. This breakup process occurs in two stages: primary and secondary

breakup.

The breakup of the fuel jet is influenced by the Weber number, representing surface
tensions, and the Reynolds number, representing viscous forces. Spray atomization
and droplet breakup are modeled using the Kelvin-Helmholtz/Rayleigh-Taylor
(KH/RT) hybrid breakup model [148,149].

The KH/RT (Kelvin-Helmholtz/Rayleigh-Taylor) breakup model for sprays combines
two types of breakup models: the KH (Kelvin-Helmholtz) and RT (Rayleigh-Taylor)
models. The KH breakup model is applied within a certain breakup length (L) from
the nozzle exit (Region A). This model separates small droplets from the jet, but the
jet still retains a dense liquid core. Beyond the Breakup Length (Region B), the RT
model is used in conjunction with the KH model to predict secondary breakup. The

breakup steps associated with the model are shown in Figure 3.3 [148-150].

3.4.2.2.1 Kelvin — Helmholtz model

The Kelvin-Helmholtz (KH) model is based on a linear stability analysis of a liquid jet
to define the initial breakup region of a liquid jet [151,152]. As a result of linear
stability analysis, it is observed that any disturbance applied to the liquid-gas interface
can expand as a Fourier series, with the most rapidly growing mode contributing to the

breakup and the formation of new droplets.
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Figure 3.3 : KH/RT break-up model for liquid fuel jet [133].

The growth rate and wavelength of the most rapidly growing mode are numerically
calculated and expressed in equations (3.65) and (3.66) as follows [151].

A 1+ 0.45Z%>)(1 + 0.4T%7
At _ o )( )

. 3.65

p (1 +0.87Wel67)"* e
oir\** (034 + 0.38Wel®)

O [222) = (3.66)
o (1+Z)(1 + 1L.4TO6)

In the equations, Akn represents the wavelength of the fastest growing wave, Qkn is
its growth rate, rp is the jet radius, o is surface tension, and Weg is the dimensionless

Weber number for gas, as shown in equation (3.67).

2
We, = PgUre (3.67)
o

Urel represents the magnitude of the relative velocity between the liquid and gas phases.

Equation (3.68) is used for relative velocity.

Urel = |Vgas + Vt’urb - ﬁdl (3.68)
The vector Vgas represents the CFD gas phase constant, and the Weber number for

liquid phases is similarly represented using equation (3.69).
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2
We, = plU%rP (3.69)

Some dimensionless numbers affect the fragmentation of the liquid jet. These include
the Ohnesorge number and the Reynolds number, which are respectively represented

by equation (3.70) and equation (3.71) below.

Wel
7 = 3.70
Rel ( )
UZ
Re, = pl:l_drp (3.71)
1

w represents the dynamic viscosity of the liquid. Another dimensionless number is the

Taylor number, which is represented by equation (3.72).

T=17 /Weg (3.72)

The relationship between the radius (r¢) of the newly formed droplets during the

primary break-up process and the wavelength (Akn) is expressed by equation (3.73).
e = BguAxn (3.73)

Bkn represents the size constant of the Kelvin-Helmholtz (KH) breakup model.
ANSYS Forte uses the "blob injection™ concept, where it assumes that the liquid jet
initially consists of blobs with characteristic sizes equal to the nozzle diameter [153].
Using this concept, primary breakup is modeled as a process where new droplets (with
a radius of r¢) are formed from previous droplets (with a radius of rp). The change in
radius due to the mass loss from the previous droplets to the subsequent droplets is
defined by the velocity equation. The resulting radius change is followed according to

the ratio given in equation (3.74) [153].

r, —I¢

3.74
— (3.74)

The droplet radius initially formed (rp) is either equal to or larger than the droplet radius
formed later (rc). Here, tkn is the breakup time scale. This relationship is shown in
equation (3.75).
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3.726CKHrp

Tk = (375)

AKHQKH

CkH Is the time constant of the KH breakup model. In summary, the KH breakup model
consists of two steps. The first step gradually reduces the size of the initial droplet
(parent droplet) through the velocity equation (equation 3.74), and the second step
creates a new particle. During the second breakup step, there are two different options
that can be used to determine the droplet sizes and droplet count of the initial and final

particles.

In the first option, the droplet count in the initial particle remains the same before and
after breakup. The droplet sizes in the initial particle are adjusted based only on the

subset received by the final particle. This is the default option used in ANSY'S Forte.

In the second option, it is argued that the second breakup step involves the numerical
regrouping of droplets and there is no actual breakup event. Therefore, not only the
mass conservation between the initial and final particles but also the original Sauter
Mean Diameter (SMD) is preserved. Applying this SMD preservation constraint
generally results in a slower breakup rate [133].

3.4.2.2.2 Rayleigh - Taylor model

The Rayleigh-Taylor (RT) model is used in conjunction with the KH model to predict
the secondary breakup of spray droplets [148,149]. The breakup length is predicted
using Levich's theory and is calculated as shown in equation (3.76) [152].

_ P1
Lbrk - denoz\/p:g (376)

In the equation, dnoz represents the nozzle radius, Cp is the RT distance constant, py IS

the liquid phase density of the fluid, and pq is the gas phase density of the fluid.

The RT model considers the instability that occurs when two fluids with different

densities accelerate in a direction perpendicular to the interfaces during the breakup.

Therefore, it calculates the frequency and wavelength of the fastest-growing wave as
suggested by the equations proposed by Bellman as shown below (Equation 3.77 and
equation 3.78) [154].
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The term "a" in the equation represents the deceleration experienced by a droplet
moving through the air at high speeds. Similar to the KH model, the RT model also

performs calculations based on the breakup of the fastest-growing droplet.

The equations for the radius of the newly formed droplet and the breakup time are

proposed as shown in equation (3.79) and equation (3.80) respectively.

re = BRTART (379)
C
Tgp = Q—RT (3.80)
RTRT

Here, Brr and Crt are two constants. Brr is the RT Breakup Size Constant, and Crr

is the RT Breakup Time Constant.

Unlike the KH model, the standard implementation of the RT model does not separate
the small-sized final droplets from the initial droplets; instead, it assumes the final
droplet as a partial breakup of the initial droplet and assumes that the liquid column of

droplets disintegrates at the end, mixing with the surrounding gas.

ANSYS Forte reduces the time step dependency of the RT model by modeling the RT

breakup process with a velocity equation, similar to equation (3.74) of the KH model.

— == (3.81)

Here, rc is estimated using equation (3.79). The initial droplet continuously breaks up
at each time step, preventing time step dependency. It is assumed that rc does not

change over time and is analytically solved using equation (3.81).

If equation (3.81) is integrated under the required conditions, the term rp, as shown in

equation (3.82), is analytically obtained.
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t
rp = I¢ + (rpo — I'c)exp®T (3.82)

Here, rpo is the initial radius of the first droplet at the beginning of the breakup.
Therefore, the characteristic time t required for the breakup of the first droplet depends

on the initial radius of rpo [133].

3.4.2.3 Unsteady gas-jet model

The mesh dependency of the KH-RT breakup model arises from the calculation of the
liquid-gas relative velocity Ure as described in equation (3.68). In this calculation, Urel
Is taken as the velocity of the gas inside the CFD cell. ANSY'S Forte uses an unsteady
gas jet model to eliminate the mesh size dependency of the interaction between the
liquid droplet and the surrounding gas [151,155,156].

The gas jet model is based on the theory of an unsteady gas jet, where the relative
velocity between the droplet and gas is modeled without the need for differentiation
within the CFD grid. Liquid droplets are assumed to behave as a gas jet after breakup,
and they are solved within the Unsteady Gas-Jet Model. The visual representation of

the model is shown in Figure 3.4.
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Figure 3.4 : Unsteady gas-jet model [133].
The jet's tip part in the Unsteady Gas-Jet Model evolves as shown in equation (3.83).

dx _ 3 Uinjert(y, Ddeq

. 3.83
TR ” & (x=xq) (3.83)

114



The equation contains the following variables: x, the jet tip penetration; y, the local
spray axial location of the particle; K, an entrainment constant; Uinjeff, the effective
injection velocity; and deq, the equivalent diameter. The equivalent diameter is related
to the nozzle diameter (dnoz) and the liquid-gas density ratio. It is shown in equation
(3.84).

P1
deq = dpoz p_ (3-84)

g

The downstream spray-axial location, denoted as Xo, marks the start of the jet velocity

decay, and it is calculated as shown in equation (3.85).

3deq
3.85
= (3.85)

X0:

The effective injection velocity (Uinjefr) IS considered as an indicator of changes in
injection velocity. It is obtained by taking the integral of injection velocity from the

start of injection (to) to the current time (t) (Equation 3.86).

t

Uinjetf(y, ) = Uij(to) + f

to

dUjy,
R(y,t—1) <Ud—i®> dt (3.86)

The response function (R) in the equation is represented by equation (3.87).

t—T
(¥, T

R(y,t—1) =1—exp [— (3.87)

The response time scale (tv) in the equation is related to the local flow time scale (tf)
and the Stokes Number (St) (Equation 3.88).

y
Uinj (T)

Ty(y, T) = St.1¢(y, T) = St (3.88)
All the forces acting on a particle within the flow field cause changes in the particle's
velocity. When we track the changes in velocity over time, we can see how the particle
responds to the surrounding gas medium. Examining this transformation of the particle
within a time scale allows us to determine how long the particle has been present in

the flow and in which direction along the local axial location (y) it is situated [143].
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The local gas-jet speed along the spray axis direction (Ujetax) IS Shown by equation
(3.89) as follows.

E Uinj,eff(Y; t) d

~ = & (y=xo) (3.89)

Ujet,ax (Yr t) =

It is possible to calculate the gas jet velocity in cylindrical coordinates. With the
assumption of axisymmetry, the gas jet velocity at any radial position r within the jet
cross-section can be calculated as following equation (3.90) [155].

3U; i, ff(y, t)d
Ujet(y' r,t) = — 12r2eq & (y = %o) (3.90)
K (1 + —szz)

Using the gas jet velocity in equation (3.90), it is possible to model the drop-gas

relative motion given by equation (3.68) with equation (3.91).

dig 3 p

1 — =, N — 7/ — —
= 302 Mo+ Vs = Wl T + Vo ~ 00} 1)

In the equation, Uy represents the droplet velocity vector, Cp is the drag coefficient,

V.., is the local gas phase turbulent fluctuating velocity vector, and g is the

gravitational acceleration.

Vjet from equation (3.91) indicates the corrected mean velocity of the gas jet. The radial

and angular components are preserved and therefore do not appear in the equations.

Thus, instead of the term Vgas, the corrected velocity component V]-et is used. Equation

(3.68) takes the following form as equation (3.92).
Urel = [Viet + Vigrn — Ua (3.92)

Jet velocities should be calculated using different equations depending on the distance
from the injector nozzle. For example, in regions very close to the nozzle, the jet
velocity is nearly equal to the injection velocity, while in more distant regions, the jet's
velocity is slower. Below are the equations for positional jet velocities relative to the
nozzle. When examining Figure 3.5, the variation of the velocity regime with distance
for the effective jet velocity can be observed.
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0
3 Uinj,eff(Y» t) deq
\ Ky

ify > Xcvg

The coefficient y in the equations has a value of 0.6. Applying the parabolic drag gas-
jet velocity profile along the spray axis is quite effective in reducing the grid-size
dependence of the break-up models. In ANSYS Forte, the gas entrainment constant K
in equation (3.83) is a user-defined input. A larger K value increases the gas drag force
and, therefore, reduces the spray penetration length. Additionally, the Effective
Distance Factor is a dimensionless distance factor used to control the effective range
of the gas jet model. The actual effective distance is calculated by multiplying this
factor with the breakup length and is measured from the nozzle exit to the spray
droplets [133].
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Figure 3.5 : Effective injection velocity in unsteady gas-jet model [133].
3.4.3 Droplet collision and coalescence model

The event of droplet collision and coalescence represents important physical
phenomena in dense spray processes. The collision event has been defined by
O'Rourke with three fundamental components. These are: first, permanent
coalescence; second, the grazing event — in which droplets separate after collision and
turn into satellite droplets; and third, shattering events [157]. However, Munnannur

and Reitz have added various additional collision outcomes in addition to the collision

117



results. These additional components include bouncing, stretching, and reflexive
separation [158]. The outcome that will occur depends on the forces acting on the
colliding droplet pair. At low Weber numbers, surface forces exceed liquid inertia
forces, and the droplets tend to coalesce permanently. At higher Weber numbers, liquid
inertia forces become more prominent, and grazing collisions can occur. With further
increases in the Weber number, dominant liquid inertia forces can lead to the shattering
of colliding droplets and the formation of small droplet clusters. ANSYS Forte
provides all these outcomes to accurately predict the results of a successful collision
[133].

The possible collision outcomes for two colliding droplet fragments are shown in

equation (3.94) below.

N3N,
Vcol

v p(ry; + rz)ll_l)d,1 - a)d,zl (3.94)
The terms N1 and N2 in the equation represent the number of droplets in two different
parcels, the terms r1 and r2 represent the average radius of the droplets in the parcels,

and the term Vo represents the control volume in which droplet collisions occur [133].

3.4.3.1 Radius of influence (ROI) collision model

In O'Rourke's collision model, spray particles are allowed to collide only if they are in
the same computational cell. In a cylindrical grid, the cell size around the spray axis
can be very small, which may prevent collisions from occurring. In ANSY'S Forte, to
eliminate both mesh size dependence and time step dependence in the droplet collision
process, the Radius of Influence (ROI) collision model is used [158]. In the ROI
method, a particle is allowed to collide only with another particle if it is within the
influence radius of the other particle. Droplets that are likely to collide within a specific
parcel are searched for within an "influence region™ generated near the parcel. All
particles within this influence region can be potential collision partners. This approach

eliminates the mesh size dependence in the CFD grid [157-159].

The problem of time step dependence was also investigated in a study by Munnannur,
taking into account the observation that a particle's travel distance within one time step
should be a fraction of the average cell length. Using the Munnanur ROI approach, the

mean collision time (MCT) for each cell is suggested as equation (3.95) [133,158].

118



Ccol Rinf

1/3
Ud, max,cell NR/OI

Ateo) = (3.95)

The variable uqg in the equation represents the average droplet velocity, and Nroi
denotes the number of parcels within the radius of influence. In ANSYS Forte for ROI
model, the influence radius (Rinf) is considered as the default value based on

Munnannur's recommended value [158].

3.4.3.2 Collision mesh model

ANSYS Forte includes an alternative approach to reduce the solution grid dependency
of the collision model, called the "collision mesh model,"” in addition to the ROl model
[160]. The Collision Mesh model creates a separate virtual cylindrical collision
solution by segregating the particles present in the computational solution grid. This
approach is called the Collision Mesh model and is based on cylindrical coordinates,
primarily used in conjunction with coaxial sprays. It ensures that, in cases where the
predicted axial symmetry of the spray structure diminishes, cylindrical-coordinate
particle groups are always randomly rotated around the spray axis at each time step.
This method allows for the possibility of collisions between particles located in the
same grid cell. The use of the Collision Mesh grid model requires determining the

angular diameter, height, and the number of grids of the collision grid [133].

3.4.4 Multi-compenent droplet vaporization model

In the previous sections, we examined the events related to the breakup, coalescence,
and collision of droplets. Now, we will delve into the physical and chemical
mechanisms of the evaporation of these broken, combined, and collided droplets.
ANSYS Forte uses a discrete multi-component (DMC) fuel evaporation model to
represent the evaporation of spray droplets [161]. The DMC evaporation model tracks
the individual components (molecules) of a real surrogate fuel during the evaporation
process and allows these individual fuel components to interact with reaction kinetics.
In the DMC model, an explicit form of the equation (an approximate solution of the
quasi-steady energy equation) that determines the heat flux from the droplet-gas
interface to the surrounding gas mixture is obtained through an approximate solution
[133]. The model is formulated to track each component of the fuel independently,

regardless of direction, from evaporation at the droplet surface to re-condensation from
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vapor to the droplet surface. Additionally, the DMC evaporation model assumes that
a liquid droplet containing a finite number of components evaporates without chemical
reactions in a spherical structure. It neglects second-order effects such as radiation,
Soret, and Dufour effects [133].

The process of evaporation involves the transition from the liquid phase to the gas
phase, so all effects related to the liquid and gas phases must be carefully examined.
The distribution of liquid fuel in the surrounding environment is crucial for the
evaporation process. Therefore, it is assumed that the ambient gas is not absorbed into
the liquid fuel, and the distribution of liquid fuel in the ambient environment is given
by equation (3.96) as follows.

%<Yi,lpl§ﬂR3> = 1;4mR? (3.96)
Here, yi, is the mass fraction of liquid droplet component i, p; is the mass density of
liquid fuel, R is the droplet radius, and m; is the evaporative mass rate per unit area of
species i [133].

The change in liquid droplet energy is obtained from the energy conservation equation
for a two-phase system consisting of the droplet and the surrounding gas mixture. The
equation is shown below as equation (3.97).

R
%Uo cvllp14n2r2T(r)drl = %(Cv,lplgﬂR3Td> = 41R?(q; — they, Ts) (3.97)
Where, cv, is the specific heat capacity of the liquid fuel, g is the heat transfer rate per
unit area from the droplet surface to the inner part of the droplet, and Tq and Ts are,
respectively, the average droplet temperature and the droplet surface temperature. The
equations related to the gas phase after the liquid phase should be examined carefully.
The transport equation for the conservation of species in the gas phase is shown by
equation (3.98).

d
It (py) + V(pyiv) = V(pD;Vy;) + Sg; (3.98)

Where, v is the velocity of the gas mixture, p is the density of the gas mixture, y; and
Di represent the mass fraction and diffusion coefficient of species i, and Sy is the term
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from the vaporization source. Equation (3.98) represents the species i within it. For a
diesel engine inside a cylinder, there are typically two species: air and fuel. Therefore,
the species conservation equation for the mixture of air and fuel is as shown in equation
(3.99) [133].

d _
¢ (Pye) + V(pyrv) = V(pDVyp) + S, (3.99)

Here, yr is the total mass fraction of the fuel species, D is the average diffusivity of
the fuel species, and Sy is the total evaporation source term. Once the species
conservation equation is expressed in equation (3.99), the energy conservation
equation for the gas phase with two species (air-fuel) is shown in equation (3.100)
[133].

_ 0 _ i d
Cr (pT) + CpV. (pvT) = V.AVT + (CpgDg — CpaD)pVy. VT (3.100)

Here, T is the temperature, Kk is the thermal conductivity, Cp is the mixture specific
heat, Cpa is the specific heat of air, and CprDg represents the average value of the
product of the specific heat and the diffusion coefficient of the fuel species. The last
term in equation (3.100) represents the energy transport due to the inter-diffusion of
species [133].

The equilibrium between the droplet and the surrounding gas phase is based on the
assumption that the chemical potential energy is equal for each species in both the
liquid and gas phases. Assuming that the mixture (air-fuel) is in the form of an ideal
solution, the fuel vapor mass fraction can be determined using Raoult's Law. Raoult's
Law suggests an equation relating the mole fractions of species to their partial

pressures. Equation (3.101) shows Raoult's Law as follows.
pi,v = Xi,vP = Xi,lPsat,i (3101)

Where, pi represents the partial pressure of species i in the vapor phase on the droplet's
surface, Psati IS the vapor pressure of species i at temperature T, X is the mole fraction,
and v and 1 indices denote the vapor and liquid phases, respectively. The vapor pressure
of a species is determined by the Clausius-Clapeyron equation. The droplet's surface

temperature is determined from the heat and mass transfer balance between the droplet
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and the surrounding gas. Heat transfer occurs in two different regimes: first, the heat
transfer from the inside of the droplet to the surface (i), and second, the heat transfer
from the external gas to the surface (qo). The rate of heat transfer balances with the

heat required for evaporation at the surface.
L(To)rh = q; + qo (3.102)

For the equation (3.102), m represents the mass vaporization rate, and L(Ts) is the
latent heat of the fuel at the surface temperature Ts. Heat transfer occurring inside the
droplet is modeled as a convective heat transfer process, taking into account the
circulation between the droplet and the surrounding gas. The effective heat transfer
coefficient in this heat transfer process is determined from the approximate solution of
the energy equation for the vapor phase, considering the effects of inter-species
diffusion and Stefan flow. Equation (3.103) combines the temperatures of the droplet

and the surrounding gas mixture in a common equation [161].

ML(Ts) = hje(Tqg — Ts)

E .
+ = . S (Tsur — Ts) (3.103)
2r,Cpm _ (CA)(YFsur o YFO) & -1
ANu A Nu

exp

Equation (3.103) contains hiefr, which represents the droplet convective heat transfer
coefficient. It is obtained from thermal conductivity (1) and the unsteady equivalent
thickness of the thermal boundary layer (ro). Sh and Nu are the Sherwood and Nusselt
numbers, respectively. C, is the average specific heat of the gas mixture including fuel

vapor, and the « term is a correlation factor suggested by Ra and Reitz [162].

Ca represents the inter-diffusional difference in energy flux between fuel and air. The
terms yro and yrsur in the equation are the fuel mass fractions at the interface and far
away from the interface, respectively. Tsur is the temperature of the ambient gas. The
mass transfer rate at the droplet surface is calculated using the equation for the high

mass transfer rate calculated with Spalding's transfer number (Equation 3.104) [163].
m = g,In(1 + By) (3.104)

The symbol "gm" represents the mass transfer coefficient, which is calculated using
equation (3.105).
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>hpD (3.105)
8m =

The symbol "Bm" represents Spalding's transfer number (STN), and it is shown in
equation (3.106).

_ (YFS B YFsur)

STN = =135 (3.106)

The boiling model is based on the following three fundamental propositions:

e Unless the droplet undergoes significant surface distortion, surface decay can be
neglected.

e Droplets do not suddenly shatter due to internal events (such as micro-explosions).

e As long as the droplet's surface temperature remains in equilibrium, it will remain

at the boiling temperature.

Furthermore, it is assumed that the surface temperature (Ts) is equal to the fuel's
boiling temperature (Tp). Under these assumptions, equation (3.103) is transformed
into the form shown in equation (3.107) [133].

mL(Ty) = (hjegrs — asp)(Tg — Tp)

kCpri
+ = : (Tsur — Tp) (3.107)
exp | 2ot _ (CA)Ypsur =D Sh|
Pl™Nu A Nu

Where, hiess represents the contribution of heat transfer by internal circulation at
saturation temperature, and asn represents the factor that enhances heat transfer
through nucleation effects. The evaporation rate calculated based on Spalding's mass
transfer number (Equation 3.104) is no longer valid under these conditions [133].
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4. NUMERICAL STUDY

A numerical study was conducted to model a compression-ignition diesel engine that
had been previously studied in experimental research in the literature [7-9]. In the
experiment, a diesel engine was operated in dual-fuel mode, using both diesel and
natural gas, and the experimental results were obtained in this manner. The
experimental study was conducted at a constant speed of 910 RPM and a fixed
indicated mean effective pressure (IMEP) of 4.05 BMEP. The engine's power was
adjusted in such a way that 25% was provided by diesel fuel, and the remaining 75%
was supplied by natural gas. The experiment examined the effects of different diesel
fuel injection timings (10°, 14°, 18°, 22°, 26°, 30°, 34°, 38°, 42°, 46°, and 50° CA
BTDC) on the engine's performance under 25% load conditions [7—9]. The conditions
used for this experiment were taken into account to establish a numerical model using
the CFD program ANSYS Forte. The accuracy of the numerical model was validated
by comparing it with the experimental results. Subsequently, various parametric
studies were conducted to investigate the effects of alternative fuels on performance

and emission values.

4.1 Set of the Numerical Model

ANSYS Forte CFD program was used to establish the numerical model and obtain
results. This program, with its compatibility with the chemical kinetics program called
Chemkin-Pro, provided practical capabilities for modeling the fuel. In the modeled
engine in ANSYS Forte, the injectors are 6-hole and their positions are symmetrical to
each other. In such cases, many CFD programs implement a practical application
called "sector mesh" to prevent unnecessary processing of both time and data. ANSY'S
Forte uses this symmetry to allow modeling of the engine by dividing the combustion
chamber into slices based on the number of injector nozzle holes, as results will be
similar for each injector hole. In this study, since the injector nozzle has 6 holes, the
results were obtained for the 60° combustion chamber slice. In this study, the closed-

cylinder internal combustion was modeled as a closed process in the ANSYS Forte
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CFD program. The analyses started with the intake valve closing (IVC) and ended with
the exhaust valve opening (EVO). The grid structure was created within the program
itself without the need for any other program.

4.1.1 Model geometry

The modeled engine is a single-cylinder direct-injection heavy-duty diesel engine with

six nozzle holes in its injector [7-9].

Table 4.1 : Engine specifications.

Test Engine Caterpillar 3401
Number of Cylinders 1

Bore x Stroke 137.2 mm x 165.1 mm
Compression Ratio 16.25:1

Stroke Volume 2.44 L

Spray Angle 130°

Spray Cone Angle 15°

Number of Valves 2 intake & 2 exhaust
Diesel Injection Direct Injection
Natural Gas Injection Port Injection

Maximum Power 74.6 KW (@2100 rpm)

All geometric parameters used in the experimental conditions have been adapted to the

program in the numerical modeling.

Some of these parameters include compression ratio, injection angle, spray cone angle,
cylinder volume, and combustion chamber geometry. Engine specifications are shown
in Table 4.1.

4.1.2 Initial and boundary conditions

Considering that the study was conducted under partial load conditions and the
characteristic features of the heavy-duty engine, as well as the low-speed operation
(910 rpm), it is assumed that the swirl ratio is not very high. A swirl ratio of 0.5 is
assumed as the initial value [164-166]. The spray angle is obtained as 130°, and the

spray cone angle is 15° from the engine specifications.

4.1.3 Adapting experimental conditions to the numerical model

The experiment was conducted on a compression ignition diesel engine operating in
dual-fuel mode at partial load (4.05 BMEP - 25%). The engine's energy was supplied
by 25% diesel fuel and 75% natural gas. Natural gas was introduced into the cylinder

126



through a low-pressure gas injector in the intake port, while diesel fuel was injected
directly into the combustion chamber.

Table 4.2 : Initial conditions.

Intake Pressure (bar) 1.02
Intake Temperature (K) 360
Turbulent Kinetic Energy (m?/s?) 10
Turbulent Length Scale (m) 0.003
Turbulent Model Rans RNG k-epsilon
Swirl Ratio 0.5
Spray Angle 130°
Spray Cone Angle 15°
Nozzle Hole Number 6
Nozzle Hole Diameter (mm) 0.23
IVO (CABTDC) 358.3°
IVC (CA BTDC) 169.7°
EVO (CA ATDC) 145.3°
EVC (CA ATDC) 348.3°

The engine power (4.05 BMEP) and speed (910 rpm) were kept constant, and the
injection advance of the injected diesel fuel was varied (10°, 14°, 18°, 22°, 26°, 30°,
34°, 38°, 42°, 46°, and 50° CA BTDC) to measure performance and emission values

[7-9].

Table 4.3 : Boundary conditions.

Cylinder Head Wall, 425 K

Piston Mesh Movement, 450 K
Liner Wall, 400 K

Segment Cut  Periodic Inlet Outlet

In modeling this experimental study using the ANSYS Forte CFD program, it is crucial
to accurately adapt the experimental conditions to the simulation. As mentioned in the
previous sections, the geometry of the engine, initial conditions, and boundary
conditions were input into the CFD program. The properties of the fuel and the
quantities of the fuels used need to be correctly introduced into the program for

satisfactory results in the numerical study.

The flexible communication between ANSYS Forte and the Chemkin Pro software
provides significant advantages in numerical modeling. When modeling fuel using
Chemkin Pro, the program creates a skeletal kinetic mechanism by using three types

of files: one containing the reaction mechanisms of species likely to be involved during
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combustion, one with the thermodynamic properties of the species, and, if necessary,
a transport file that calculates heat transfer and heat flux for interactions between the
fuel and the surfaces. This skeletal kinetic mechanism incorporates these three file
types to model fuel chemical kinetics. This extensive kinetic mechanism, which
contains a high number of species and reactions, can be simplified by removing some
species and reactions based on their weak influences, creating a reduced mechanism.
This approach allows for obtaining reasonable numerical results more quickly and
reduces the computational cost. For the analysis, methane (CH4) represented natural
gas, and n-heptane (n-C7Hzie) represented diesel fuel. Consequently, the kinetics of
these two fuels were derived from the mechanism files. The mechanism used in the
analysis consists of 137 species and 1022 reaction steps [167]. Within the program,
the physical properties of n-heptane fuel were replaced with n-tetradecane (n-C14Hzo)
to better mimic the physical characteristics of diesel fuel [168]. To model spray
characteristics, the effective radius of influence collision model was used, with an

impact radius set to 0.2 cm [168].

After modeling the fuel used in the analysis, the fuel quantities used in the test
conditions were entered into the program. The fuel quantities for the test conditions
are shown in Table 4.4 below. The energy fraction balance between natural gas and
diesel fuels in the experiments was ensured by Equation 4.1 [7-9].

mpyg- LHVNG

NG% = 100
% mpyg- LHVNG + mp. LHVD X (41)

Table 4.4 : Test conditions [7-9].

Test CaseS Pinake Tinake ENgine Speed SOl EOI Air  Diesel NG
- (bar) (K) (rpm) (CABTDC) (CABTDC) (kg/h) (kg/h) (kg/h)
1 10° 3.57° 66.93 0.5238 1.470
2 14° 7.71° 67.21 0.4948 1.389
3 18° 11.81° 67.57 0.4710 1.306
4 22° 15.89° 67.45 0.4503 1.259
5 26° 19.95° 67.08 0.4370 1.237
6 1.05 313 910 30° 23.86° 66.70 0.4552 1.234
7 34° 27.99° 67.24 0.4337 1.215
8 38° 32.01° 67.62 0.4314 1.199
9 42° 36.04° 67.73 0.4167 1.190
10 46° 40.12° 67.65 0.4122 1.179
11 50° 44.15° 67.85 0.4134 1.164
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In the equation, mnc and mp represent the mass of natural gas and diesel fuel per cycle,
respectively. LHVne and LHVp represent the lower heating values of natural gas and
diesel fuels, respectively. LHVnG is assumed to be 50000 kJ/kg, while LHVp is
assumed to be 44640 kJ/Kkg.

4.1.4 Mesh structure

When setting up the numerical model, the mesh structure plays a crucial role in the
accuracy of the results. Having a very fine mesh does not necessarily imply a correct
mesh structure. The mesh structure should be created based on regional priorities
within the cylinder. In a closed-cycle simulation, a sequence of processes including
compression, injection, combustion, and expansion occurs during one cycle. It is
known that physical and chemical events have a more significant impact on the cycle
at crank angles where injection and combustion processes take place. Therefore, a finer
mesh is required for the crank angles where these processes occur, while a reasonable
mesh density is sufficient for the compression and expansion processes. CFD program
recommendations generally suggest that cell sizes should be a minimum of 0.5 mm
and a maximum of 2 mm. The aspect ratio of the mesh structures (the ratio of the
longest side to the shortest side of a cell) should preferably be close to 1 or equal to 1
[168,169].

Figure 4.1 : Mesh structure of combustion chamber geometry.

A higher mesh density should be used in the vicinity of the injector and where the
injection and combustion processes take place. Structuring the mesh in this way not
only prevents unnecessary extension of the analysis but also helps create an

economically efficient computational environment for the computer's operating
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system. The mesh structure for the modeled engine's combustion chamber is shown in
Figure 4.1.

4.2 Grid-Independent Solution

As mentioned earlier, both obtaining reliable numerical results and saving time and
computational resources are essential for mesh structure. Another important point is

that numerical results should not change as the mesh density increases.
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Figure 4.2 : Crank angle - pressure curves for different mesh numbers.
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In this study, numerical results were monitored from low mesh densities to high mesh
densities. Analyses were repeated for mesh numbers of 25000, 50000, 75000, 100000,
125000, and 150000. For each mesh number examined, pressure and heat release rate

(HRR) curves inside the cylinder were obtained and compared with each other.
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Figure 4.3 : Crank angle - HRR curves for different mesh numbers.

The conditions of pressure curves and heat release rates for different mesh numbers
are shown in Figure 4.2 and Figure 4.3, respectively. It can be observed that the results

did not change significantly after a mesh number of 75000.

131



In addition to the conditions of cylinder pressure and heat release rates, the effects of
different mesh numbers on certain performance and emission values were also
examined. Relative error rates for every 25000 increment in mesh numbers were
calculated to ensure a mesh-independent solution. While Table 4.5 shows the relative
error rates for increasing mesh numbers, Table 4.6 presents the relative error between

the results obtained under test conditions and numerical results.

When examining Table 4.5 and Table 4.6, it can be seen that the results for a mesh
number of 75000 fall within a reasonable and acceptable range of relative error rates.
Since time is an important factor in obtaining analysis results, there is no need for
higher mesh numbers. Moreover, the results do not change significantly with higher

mesh numbers.

4.3 Model Validation

After obtaining a mesh-independent solution, the numerical results should be
compared to experimental results to demonstrate their reliability. The most crucial
indicators in verification studies are the graphs depicting in-cylinder pressure and heat
release rate as a function of crank angle. Therefore, pressure curves and heat release
rate curves obtained experimentally at different injection timings were compared with

the curves obtained from numerical simulations.

It is evident from the indicator diagrams that the experimental results obtained at
various injection timings are consistent with the numerical model, indicating that the

in-cylinder combustion process occurred in a similar manner.

Considering the numerical results, a relative error rate of at most 2% was observed in
terms of pressure values according to the test conditions for different mesh numbers
(Table 4.5). However, in order for the HRR curves to be at the values under the test

conditions, acceptable relative error rates were possible at higher mesh numbers.

Additionally, NOx emissions, BMEP (Brake Mean Effective Pressure), ignition delay,
and thermal efficiency, which are highly important for the initiation and continuation

of the combustion process, were also compared.

The compatibility of experimental and numerical results is shown in Figure 4.4 and

Figure 4.5. Table 4.7 shows the relative error rates between experimental and
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numerical results for performance parameters (BMEP, Ignition Delay, and Thermal

Efficiency).
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Figure 4.4 : Comparison of pressure and HRR between experimental and numerical
results for 10°, 14°, 18°, 22°, 26° and 30° CA BTDC values of SOI.
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Table 4.5 : Relative error rates for various engine values across different mesh numbers.

Mesh Rel. Rel. Rel. Rel. Rel.  Max. Rel. Max.Mean Rel. Rel.
Numbers Powey Err. Torque Err. SMER Err. - Err. TE Err. Pressure Err. Temperature Err. NOX Err.

- (kW) (%) (Nm) (%) (bar) (%) (g/kW.h) (%) (%) (%) (bar) (%) (K) (%) (ppm) (%)
25000 9.31 - 97.70 - 4.28 - 182.85 - 3432 - 71.12 - 1630 - 1396 -
50000 921 1.08 96.65 108 423 118 18494 113 3395 109 69.76 1.95 1617 0.80 1365 2.27
75000 911 109 9560 109 418 120 187.01 111 3356 116 69.17 0.85 1608 0.56 1330 2.63
100000 9.12 0.11 9570 011 419 024 186.67 0.18 33.62 0.18 6875 0.61 1607 0.06 1325 0.38
125000 9.04 088 9486 0.88 415 096 18842 093 3332 090 6825 0.73 1596 0.69 1318 0.53
150000 9.08 044 9528 044 416 024 18732 059 3342 030 68.87 0.90 1602 0.37 1307 0.84

Table 4.6 : Comparison of results obtained using the number of meshes employed in numerical calculations with measurements obtained in

experiments.

Experimental Result

Rel. Rel. Rel. Rel. Rel. Rel. Rel. Rel.

Power Err ID . BMEP Err. CcoO Err. TE Err. Max. Pressure Err. (6{0) Err NOxy Err

kW) () (CA) (%) (bar) (%) (pm) (%) (%) (%) (bar) (%) (g/kw.h) (%) (ppm) (%)

Test Data 8.82 - 12 - 4.05 - 1074 - 3545 - 69.43 - 8.46 1300 -
75000 911 329 12 - 418 3.21 1163 8.29 3356 1.89 69.17 0.37 8.67 248 1330 2.31
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Figure 4.5 : Comparison of pressure and HRR for 34° and 38° CA BTDC values of
SOl as well as BMEP, ID and NOx between test and numerical results.

When the experimental results and the numerical model were compared, the %RE
values were obtained as 3.29% for power, 3.21% for BMEP, 8.29% for CO (ppm),
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1.89% for TE, 0.37% for pressure and 2.31% for NOx (ppm), respectively (Table 4.6).
After acceptable and reasonable results were obtained at all injection timings, and this

was followed by the parametric study phase.

Table 4.7 : Relative error between test cases and numerical model.

SOl (CA BTDC)

10°  14° 18° 22° 26° 30° 34° 38°

Test 405 405 405 405 405 405 405 4.05

BMEP (bar) Numerical 4.47 439 426 418 459 48 453 4.35
%RE  10.37 839 518 321 1333 1851 11.85 7.41

Test 1125 11.29 11.22 12.23 13.43 15.87 19.52 23.73

ID (CA) Numerical 11.02 11.02 11.02 12 13.02 15.01 17.01 20.02
%RE 2014 239 178 1.88 305 542 12.85 1563

Test 30.82 33.02 34.62 35.45 35.88 35.02 36.1 36.62

TE (%) Numerical 30.83 32.02 32.93 3356 37.6 39 37.78 36.67
% RE 003 3.03 488 533 479 1136 465 0.13
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5. PARAMETRIC STUDY

The effects of a diesel-natural gas dual-fuel operation were investigated in
experimental studies [7-9]. The thesis work aims to investigate the effects of hydrogen
on a diesel engine. Therefore, to evaluate the results of the effects of alternative fuels
on performance and emission values in more detail, hydrogen fuel should also be
considered. In the parametric studies in question, numerical studies were conducted in
a dual-fuel mode with diesel, natural gas, and hydrogen fuels at different injection
timings. The results were evaluated, taking into account two modes in numerical
studies. In the first mode of the study, while the injected diesel fuel was kept constant
(25% energy fraction), the remaining 75% of the energy was distributed between
hydrogen and natural gas fuels. The amount of natural gas fuel was gradually reduced
and transferred to hydrogen fuel. This part of the study was named the energy sharing

mode and coded as Mode 1.

In the second mode, additional energy transfer to the system was provided. According
to this mode, the amount of diesel fuel with 25% energy fraction was kept constant,
while 75% energy fraction of natural gas fuel was maintained, and additional hydrogen
fuel was sent to the combustion chamber. This part of the study was named the
hydrogen energy enrichment mode and coded as Mode 2. Different injection timings

were considered for both modes in the study.

As a result of the studies conducted for Mode 1 and Mode 2, the optimum gas-to-fuel
ratios and optimum diesel fuel injection timings were determined concerning
performance and emission values. The subsequent steps aim to improve the results
obtained in the initial stage. The inclusion of hydrogen in the combustion chamber has
led to high combustion rates, elevated temperatures, and increased MPRR values.
Although performance and some emission types (CO, CO,, HC and SOOT) have
improved significantly, the results in terms of NOx and MPRR have deteriorated. To
ensure that the results are reasonable in all aspects, it is necessary to reduce NOx and
MPRR values. Therefore, various strategies recommended in the literature were

applied to meet all the desired conditions in the engine's operation. These strategies
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include EGR (Exhaust Gas Recirculation), PI (Pilot Injection), WI (Water Injection)
and WVI (Water Vapour Injection), implemented in a combination with PI.

Alternative Fuels (Natural Gas & Hydrogen)

Diesel Injection Advance & Gas Fuel Energy Fraction

Gas Fuels Energy Sharing (Mode & aad Hydrogen Energy Enriching (Mode
1\ 2\
High NO, & High MPRR High NO, & High MPRR
| |

Low NO, & Low MPRR Low NO, & Low MPRR | Low NO, & Low MPRR

Figure 5.1 : Scheme of parametric studies.

The aim of Pl is to reduce MPRR, while other strategies (EGR, WI, and WVI) are
aimed at reducing NOx. The details of these studies will be provided in subsequent

sections. All the processes conducted in the thesis work are illustrated in Figure 5.1.

5.1 The Effect of Natural Gas and Hydrogen as Alternative Fuels

The experimental study was conducted under partial load conditions (4.05 BMEP), at
a constant engine speed (910 rpm), in the diesel-natural gas dual-fuel mode. In this
mode, 25% of the energy was provided from diesel fuel, and the remaining 75% was
supplied from natural gas. Furthermore, the effects of various diesel fuel injection
timings (10°, 14°, 18°, 22°, 26°, 30°, 34°, 38°, 42°, 46°, and 50° CA BTDC) were also
investigated [7-9].

In the scope of the thesis, the effects of hydrogen were investigated by following the
guidance of this experimental study. The effects of hydrogen were examined in two
different ways. First, with 25% energy fraction in diesel fuel held constant, the 75%
natural gas energy fraction was transferred to hydrogen at various ratios. The
numerical values of these points with gas fuel energy sharing fractions were calculated
at different diesel fuel injection timings (10°, 14°, 18°, 22°, 26°, 30°, 34°, and 38° CA
BTDC).
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In the second part, 25% diesel energy fraction and 75% natural gas energy fractions
were kept constant, and additional hydrogen was introduced into the system. As in the
first mode, the effects of different diesel fuel injection timings (10°, 14°, 18°, 22°, 26°,
30°, 34°, and 38° CA BTDC) were investigated in this mode as well.

The effects of the 42°, 46°, and 50° CA BTDC injection timings were not included in
the numerical study under the experimental conditions. The results obtained for these
injection timings did not provide reasonable results for performance and emission

values.

Different numerical studies were conducted for other injection timings using two
different modes. These two-stage studies were coded as Mode 1 and Mode 2. The
energy distributions of the fuels for Mode 1 and Mode 2 were calculated using equation
(5.1) and equation (5.2). The case matrix for the parametric study is shown in Table
5.1. Figure 5.2 is presented for a more concrete understanding of the parametric study.

m x LHYV,
CH,% = CH, CH,

x100 51
Mgjesel X LHVgjesel + Mcn, X LHVey, + my, x LHVY, 1)

mH2 X LHVH2

H,% = x100 (5.2)

Mgjese] X LHVdiesel + Mcy, X LHVCH4

The codes in the table (Table 5.1) represent the percentage distribution of energy for

diesel, natural gas, and hydrogen fuels.

Table 5.1 : Parametric case matrix.

SOl (CABTDC)

Mode 1 10° 14° 18° 22° 26° 30° 34° 38°
D25NG75H00 Casel Case2 Case3 Case4 Caseb5 Case6 Case7 Case8
D25NG65H10 Case9 Case10 Case 11 Case 12 Case 13 Case 14 Case 15 Case 16
D25NG50H25 Case 17 Case 18 Case 19 Case 20 Case 21 Case 22 Case 23 Case 24
D25NG25H50 Case 25 Case 26 Case 27 Case 28 Case 29 Case 30 Case 31 Case 32
D25NGO0H75 Case 33 Case 34 Case 35 Case 36 Case 37 Case 38 Case 39 Case 40

SOl (CABTDC)

Mode 2 10° 14° 18° 22° 26° 30° 34° 38°
D25NG75H00 Casel Case?2 Case3 Case4 Case5 Case6 Case7 Case8
D25NG75H05 Case 41 Case 42 Case 43 Case 44 Case 45 Case 46 Case 47 Case 48
D25NG75H10 Case 49 Case 50 Case 51 Case 52 Case 53 Case 54 Case 55 Case 56
D25NG75H15 Case 57 Case 58 Case 59 Case 60 Case 61 Case 62 Case 63 Case 64
D25NG75H20 Case 65 Case 66 Case 67 Case 68 Case 69 Case 70 Case 71 Case 72
D25NG75H25 Case 73 Case 74 Case 75 Case 76 Case 77 Case 78 Case 79 Case 80
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For example, the working point coded as D25NG65H10 indicates that 25% of the
energy is obtained from diesel fuel, 65% from natural gas fuel, and the remaining 10%
from hydrogen fuel. This working point is one of the Mode 1 working points because
the total energy is kept constant at 100%, and only an energy sharing is made between

natural gas and hydrogen.

+4° CA incremental) 10° - 38° CABTDC (+4° CA incremental)

NG75-X HX D25

LAULLLLULLLLULLUULLL
LU
LU DU UUULUUUALL
WLy

Figure 5.2 : Representative numerical model scheme for Mode 1 and Mode 2 [170].

Let's take another example: D25NG75H20. For this point, under experimental
conditions, 25% of diesel energy fraction and 75% of natural gas energy fraction were
kept constant, and extra hydrogen fuel was supplied to the system (cylinder) to
investigate the effects of hydrogen-enriched natural gas fuel. As seen, the total energy
ratio is not 100% but includes an additional energy input, such as 20%. This working

point is one of the Mode 2 working points.

5.1.1 Gas fuel energy sharing mode (Mode 1)

The use of hydrogen in compression ignition engines is a common topic in the
literature. It contributes greatly to achieving lower emissions as well as higher
performance [20,46,171-173].

In this part of our numerical study, the advantages of including hydrogen in the fuel
mixture under experimental conditions will be discussed. In this numerical setup, 25%
of the energy was maintained as constant from diesel fuel, and the remaining 75% was
divided between natural gas and hydrogen gases in varying ratios. Different pilot diesel

injection advances were tested, and improvements in performance and emission values
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were observed. The increase in hydrogen content in the gas mixture initially improved
performance values at low injection advances but started to decline after a certain
point, particularly when the hydrogen content exceeded 50% (Figure 5.4). Increasing
the hydrogen content at low injection advances had a positive effect on performance
values (Figure 5.4). However, when the hydrogen content in the mixture exceeded
50%, the values began to decrease (Figure 5.4 and Figure 5.5).
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Figure 5.3 : Mode 1 results - The effect of SOI for fixed gas mix.
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It is desirable for the crank angle at which the maximum cylinder pressure occurs to
be around 7°-15° CA ATDC.
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Figure 5.4 : Mode 1 results for Power, BSFC and ID - The effect of gas mix for
fixed SOI.
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Values before or after this range indicate a loss of power. Hydrogen is a fast-burning
fuel compared to natural gas. Increasing the hydrogen content in the gas mixture
resulted in a higher burn rate, causing the maximum in-cylinder pressure to move
towards the top dead center (Table 5.2). This suggests that excessive increases in
injection advance are not suitable for high hydrogen content (Table 5.3). If an increase
in hydrogen content is desired, reducing the injection advance is necessary (Table 5.3).
At low injection advances, increasing the hydrogen content significantly reduced the

specific fuel consumption (Figure 5.4).

Table 5.2 : Results of different gas fuel energy sharing fractions in Mode 1 at 14°
CA BTDC value of SOI.

NG75H00 NG65H10 NG50H25 NG25H50 NGOOH75
Case 2 Case 10 Case 18 Case 26 Case 34

Power (kW) 9.575 10.23 11.58 11.29 10.69
Torque (N.m) 100.477 107.30 121.47 118.45 112.18
BSFC (g/kW.h) 196 171.67 13627 11455 95.73
Ignition Delay (CA) 11° 11° 11° 11° 11°
Thermal Efficiency (%) 32.02 34.19 38.71 37.75 35.75
Combustion Duration (CA) 27° 23° 19° 11° 9°
MPRR (bar/CA) 2.66 2.9 3.6 5.57 8.35
Max. Press. (bar) 57.25 60.64 67.45 81.96 85.89
CA for Max. Press. (ATDC) 7° CA 8° CA 8° CA 7° CA 4° CA
Max. Mean Temp. (K) 1504 1593 1779 1963 1997
NOy (9/kW.h) 6.66 7 7.46 11.27 14
SOOT (g/kW.h) 0.000766  0.00035 0.000172 0.000089  0.00007
CO (g/kW.h) 9.94 6.43 1.42 0.23 0.0036
HC (g/kW.h) 35.21 21.46 4.04 0.98 0.0015

As the injection advance increased, the hydrogen content in the gas fuel caused a
decrease in performance values (Figure 5.4). This decreasing trend is observed after
the injection advance reaches 22° CA BTDC. This drop in BMEP, power, and torque
values indicates that the injection advance has a significant impact on performance
values (Figure 5.4). The main reason for this is that the increased injection advance
leads to an increase in the amount of fuel inside and a delay in ignition (Figure 5.4).
The increased ignition delay suddenly increased cylinder peak pressure and
temperature, shortening the combustion duration. The effect of increasing the
hydrogen content on ignition delay at low injection advances was almost negligible
(Figure 5.4). 1t played a more effective role at high injection advances. However, the

change in injection advance had a more significant effect on ignition delay than the
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hydrogen content (Figure 5.3). Taking performance values into account, for Mode 1,
it was observed that low injection advances and a gas mixture with a 50% hydrogen

content would yield better results.
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Figure 5.5 : Mode 1 results for CD, NOx and MPRR — The effect of gas mix for
fixed SOI.
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In terms of emission values, increasing the injection advance has improved all
emissions except NOx emissions for all gas mixture ratios (Figure 5.3 and Figure 5.4).
The increase in hydrogen content has increased cylinder regional temperature values,
resulting in an increase in NOx emissions. When compared to situations where
hydrogen is not present in the gas mixture (D25NG75H00), hydrogen has improved
all emission values except for NOx emissions. To reduce NOx emissions, the natural
gas content in the gas mixture needs to be increased (Table 5.2). This way, desired
results in terms of performance and emissions can be achieved in low load regions.

Natural gas, being slower-burning compared to hydrogen, prevents the increase of
cylinder regional temperatures.

As a result, NOx emissions, which are a function of temperature, are reduced. For this
reason, when conditions with hydrogen and conditions without hydrogen

(D25NG75H00) are compared, NOx emissions are higher in the presence of hydrogen.

Table 5.3 : Results of different diesel fuel injection advance values at D25NG50H25
operating points of Mode 1.

SOI of Diesel (CA BTDC) 10° 14° 18° 22° 26° 30° 34° 38°
Case 17 Case 18 Case19 Case20 Case?2l Case22 Case 23 Case 24
Power (kW) 11.48 11.58 11.11 10.54 10.15 9.74 9.33 9.12
Torque (N.m) 120.42 121.47 116.63 110.64 106.52 102.23 97.88 95.72
BSFC (g/kW.h) 14552 136.27 133.84 136 138.83 146.85 148.76 150.01
Ignition Delay (CA) 11° 11° 11° 12° 13° 15° 18° 21°
Thermal Efficiency (%) 36.26 38.71 3941 3886 3819 3636 3564 3525
Combustion Duration (CA) 22° 19° 14° 13° 12° 10° 10° 10°
MPRR (bar/CA) 3 3.6 4.48 5.18 6.49 8.78 7.1 6.71
Max. Press. (bar) 58.61 67.45 77.16 85.50 88.40 90.89 89.21 87.57
CA for Max. Press. (ATDC) 11°CA 8°CA 8°CA 4°CA 1°CA 0°CA 0°CA 0°CA
Max. Mean Temp. (K) 1698 1779 1889 1925 1951 1999 1963 1927
NOx (g/kW.h) 5.73 7.46 10.98 13.52 16.71 18.90 14.73 12.98
SOOT (g/kW.h) 0.00033 0.000172 0.00011 ~0 ~0 ~0 ~0 ~0
CO (g/kW.h) 2.38 1.42 0.73 0.69 0.76 0.80 0.76 0.73
HC (g/kW.h) 8.16 4.04 2.99 2.61 2.05 1.58 1.64 1.97

Cylinder peak pressures increase with an increase in hydrogen content in the mixture,
which can lead to knocking tendencies and engine noise issues. To avoid these
problems, the hydrogen content in the mixture should be kept within a certain range.
Excessive hydrogen content in the gas mixture leads to sharper pressure curves,
resulting in shorter combustion durations and sudden pressure spikes [26]. The very

rapid combustion process can lead to a performance loss when considering that the
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area under the pressure curve represents the engine's power. In this case, an energy
balance must be achieved with an appropriate mixture of natural gas and hydrogen

fuel.

Table 5.4 : Comparison of optimum case for Mode 1 and test case.

Case2 Case 18 Variation

Power (kW) 9.575 11.58 +21%
Torque (N.m) 100.477  121.47 +21%
BSFC (g/kW.h) 196 136.27  -30.5%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 32.02 38.71 +6.7%
Combustion Duration (CA) 27° 19° -8°
MPRR (bar/CA) 2.66 3.6 ~+1
Max. Press. (bar) 57.25 67.45 ~+10
CA for Max. Press. (ATDC) 7° CA 8° CA -
Max. Mean Temp. (K) 1504 1779 +275
NOx (9/kW.h) 6.66 7.46 +12%
SOOT (g/kW.h) 0.000766 0.000172 -77.5%
CO (g/kW.h) 9.94 1.42 -85.7%
HC (g/kW.h) 35.21 4.04 -88.5%

Hydrogen, with its high thermal energy and rapid combustion characteristics, has
reduced the proportion of unburned regions inside the cylinder. The decrease in
unburned areas leads to a reduction in emissions of incomplete combustion products
such as CO and UHC. Additionally, the absence of carbon atoms in the structure of

hydrogen has also resulted in improvements in SOOT emissions (Table 5.2).

The co-operation of hydrogen and natural gas yields more favorable results in
combustion. As mentioned earlier, hydrogen has a rapid combustion rate, while natural
gas burns more slowly. With suitable fractions of these two gases, optimal results can
be achieved in terms of performance and emissions. When Table 5.2 is examined, the
condition with 50% natural gas and 25% hydrogen energy fraction has provided ideal
performance results. Similarly, the results for other emission types are reasonable,

except for NOx emissions.

Determining the appropriate diesel fuel injection timing for the D25NG50H25
operating point is also crucial. When Table 5.3 is examined, it is seen that 14° CA
BTDC has yielded positive results in terms of performance. Higher injection advances
have led to the maximum pressure occurring closer to the top dead center (TDC).

Considering the Mode 1 analyses, it is observed that the most optimum condition in
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terms of both performance and emission values is the mixture of 14° CA BTDC
injection timing with 50% natural gas and 25% hydrogen gas (14° CA BTDC
D25NG50H25 = Case 18). It has improved engine power by 21% and specific fuel
consumption by 30%. There is an approximate 12% increase in NOx emission values.
Excellent results have been achieved for other emission types. There is a reduction of
88% for HC, 77% for SOOT, and 86% for CO emissions, respectively.

Table 5.5 : Results of different diesel fuel injection advance values at D25NGO0OH75
operating points of Mode 1.

SOl of Diesel (CA BTDC) 10° 14° 18° 22° 26° 30° 34° 38°
Case 33 Case 34 Case 35 Case 36 Case 37 Case 38 Case 39 Case 40

Power (kW) 1161  10.69 9.71 9.09 8.79 8.57 8.31 8.18
Torque (N.m) 121.82 112.18 101.85 9542 9223 89.96 87.23 8581
BSFC (g/kW.h) 93.18 9573 99.82 102.58 104.03 108.93 108.53 109.09
Ignition Delay (CA) 11° 11° 12° 12° 14° 16° 19° 22°
Thermal Efficiency (%) 36.68 35.75 34.42 33.52 33.07 32 31.77 31.60
Combustion Duration (CA) 11° 9° 8° 7° 7° 5¢ 5¢ 5¢
MPRR (bar/CA) 8 8.35 8.85 10.25 9.65 1336 10.16 10.01
Max. Press. (bar) 79.83 8589 8758 8769 8819 89.36 87.71 8591
CA for Max. Press. (ATDC) 8°CA 4°CA 1°CA 0°CA 0°CA -1°CA -1°CA -1°CA
Max. Mean Temp. (K) 1992 1997 1986 1988 2002 2039 2000 1957
NOx (g/kW.h) 11.19 14.04 18.01 21.70 25.18 24.08 19.14 15.18
SOOT (g/kW.h) ~0 ~0 ~0 ~0 ~0 ~0 ~0 ~0
CO (g/kw.h) 0.011 0.0036 0.0022 0.0020 0.00086 0.0017 0.0048 0.00022
HC (g/kW.h) 0.0067 0.0015 0.0013 0.0014 0.0003 0.00014 0.0064 0.00017

When comparing the results obtained under test conditions with the results from
numerical simulations, it is evident that the performance values and emission levels
have improved. By examining Table 5.4, it is clear that, except for NOx and MPRR,
other parameters show more favorable results. The results of the analysis for the

Diesel-Hydrogen dual-fuel mode are shown in Table 5.5.

The results indicate that using hydrogen as the sole secondary fuel in a diesel engine
is not suitable. Due to hydrogen's rapid combustion characteristics, at all diesel fuel
injection timings, high MPRR, high temperatures, and NOx levels close to top dead
center are observed, with maximum pressure even occurring very close to or even
before top dead center in some injection timings (In fact, in some injection timings, it
even results in negative work, such as at 30° CA BTDC and beyond). To eliminate
these issues, the application of natural gas-hydrogen dual-fuel is necessary. The

numerical results support this conclusion.
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5.1.2 Hydrogen enriching mode (Mode 2)

While keeping the energy distribution at 25% from diesel fuel and 75% from natural

gas, additional energy input to the system was provided by hydrogen fuel.

D25NG75H00
D25NG75H05
D25NG75H10
D25NG75H15
D25NG75H20
D25NG75H25

10 14 18 22 26 30 34 38 42
SOl (CA BTDC)

.

D25NG75H00
D25NG75H05
D25NG75H10
D25NG75H15
D25NG75H20
D25NG75H25

10 14 18 22 26 30 34 38 42

SOl (CA BTDC)

[ [Mode 2

L e

D25NG75H00
D25NG75H05
D25NG75H10
D25NG75H15
D25NG75H20
D25NG75H25

10 14 18 22 26 30 34 38 42

SOl (CA BTDC)

17 250
- D25NG75H00 [
16 F D25NG75H05
- D25NG75H10 25 b
15F = D25NG75H15
- -~ D25NG75H25 ]
E e ’ 5200 B
E 13 F S )
5 12F . Q175 |
% n - - ‘0
ey %150
10 E_ — L \-\: |2
°F 125 |
8 F i
7 F 100 [
6 10 14 18 22 26 30 34 38 42 6
SOl (CA BTDC)
30 40
- D25NG75H00
28 F D25NG75H05
- D25NG75H10
26 F D25NG75H15| < |
g D25NG75H20| © 30 [
24 -+ D25NG75H25 5 -
_2F s
< o 5 |
© 20F S 20
e .t S |
18 3 =
16 F a |
i E 10
14 3 o 5
12 F i
10 SN TR SNNET SNEEE AN NN PN SN 0 |
6 10 14 18 22 26 30 34 38 42 6
SOl (CA BTDC)
ar D25NG75H00 20
40 2 D25NG75H05
F D25NG75H10
35 | ——— D25NG75H15 -
F D25NG75H20 15 |
i -~ +  D25NG75H25| _ |
-~ 30 F <
= - A (&)
2 5fF 5 |
S | 2 10|
I v i
§°F 2
Z 15F = |
10 F St
st
0 Foo 0
6 10 14 18 22 26 30 34 38 42 6
SOl (CA BTDC)
Figure 5.6 : Mode 2 results - The effect of SOI for fixed gas mix.
Various

pilot diesel injection timings were used in this mode, resulting in

improvements in performance and emission values within this mode. Increased

hydrogen proportions for all injection timings have improved performance values.
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Especially, increasing the hydrogen content at lower injection timings has significantly
enhanced performance values. The effect of hydrogen enrichment on ignition delay is
minimal (Figure 5.7). It is observed that the injection timing has a greater effect on

ignition delay, just like in Mode 1 (Figure 5.6).

Table 5.6 : Results of different hydrogen enriching fractions in Mode 2 at 10° CA
BTDC value of SOI.

NG75H00 NG75H05 NG75H10 NG75H15 NG75H20 NG75H25

Case 1 Case 41 Case 49 Case 57 Case 65 Case 73
Power (kW) 9.76 10.89 12.14 13.28 14.27 15.05
Torque (N.m) 102.42 114.29 127.35 139.34 149.69 157.92
BSFC (g/kW.h) 203.85 185.23 168.46 156 147.03 141.09
Ignition Delay (CA) 11° 11° 11° 11° 11° 11°
Thermal Efficiency (%) 30.84 32.77 34.86 36.48 37.56 38.04
Combustion Duration (CA) 31° 28° 26° 23° 20° 17°
MPRR (bar/CA) 1.85 2.23 2.64 3.08 3.77 4.62
Max. Press. (bar) 50.55 52.78 55.76 60.35 65.74 71.94
CA for Max. Press. (ATDC) 9° CA 10°CA 11°CA  12°CA 12°CA 12°CA
Max. Mean Temp. (K) 1477 1574 1688 1809 1933 2057
NOx (g/kW.h) 4.90 5 5.11 5.44 6.19 7.43
SOOT (g/kW.h) 0.0012 0.00072  0.00034 0.0002 0.00011  0.00015
CO (g/kW.h) 10.25 7.04 3.70 2.02 1.17 0.49
HC (g/kW.h) 36.73 25 15.29 8.76 4.66 2.36

An increase in the hydrogen fraction results in higher thermal efficiency at low diesel
fuel injection timings, but this effect diminishes at high injection timings. In fact,
beyond 30° CA BTDC injection timing, thermal efficiency starts to decrease (Table
5.7). Similarly, the total specific fuel consumption decreases with an increase in the
hydrogen fraction at low diesel fuel injection timings, but the dependency on the
injection timing decreases as the injection timing is advanced (Figure 5.6 and Figure
5.7). In terms of emissions, just like in the results of Mode 1, all emissions except NOx
decrease as the injection timing is advanced (Figure 5.9 and Table 5.7). Increasing the
hydrogen fraction at fixed diesel fuel injection timings also results in a similar trend
(Table 5.6). At low injection timings, increasing the hydrogen fraction in the gas fuel
leads to an increase in NOx emissions; however, this increase is relatively small when

compared to high diesel fuel injection timings (Figure 5.8).

If no specific injection strategy or EGR application is employed, it should be noted
that increasing the hydrogen fraction along with injection timing can have adverse

effects beyond a certain point. Especially at an injection timing of 14° CA BTDC and
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a hydrogen enrichment rate exceeding 20%, MPRR and NOx values rise to critical
levels (Figure 5.8).
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Figure 5.7 : Mode 2 results for power, BSFC and ID - The effect of gas mix for
fixed SOI.
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Excessive hydrogen content leads to knock events, noise, vibration issues, internal

thermal and mechanical deformations, and a significant increase in the harmful NOx
emissions [174,175].

Table 5.7 : Results of different diesel fuel injection advance values at D25NG75H15
operating points of Mode 2.

SOl of Diesel (CA BTDC) 10° 14° 18° 22° 26° 30° 34° 38°
Case 57 Case 58 Case59 Case 60 Case 61 Case 62 Case 63 Case 64
Power (kW) 1328 1333 1280 1213 1163 1131 1092 10.70
Torque (N.m) 139.34 139.84 13435 127.28 122.08 118.73 114.61 11231
BSFC (g/kW.h) 156 146.79 14395 146,56 150.33 156.61 157.55 158.43
Ignition Delay (CA) 11° 11° 12° 12° 13° 15° 18° 22°
Thermal Efficiency (%) 36.48 3875 3948 3888 38.07 36.72 3629 3597
Combustion Duration (CA) 23° 20° 14° 12° 12° 10° 11° 11°
MPRR (bar/CA) 3 3.74 4.59 5.31 6.62 7.98 6.81 7.27
Max. Press. (bar) 60.35 69.73 8146 9045 9444 97.37 9508 9345
CA for Max. Press. (ATDC) 12°CA 9°CA 9°CA 4°CA 2°CA (0°CA (0°CA 0°CA
Max. Mean Temp. (K) 1809 1885 2000 2043 2073 2126 2079 2041
NOx (g/kW.h) 5.44 7.13 9.96 13.72 1755 2162 1633 13.94
SOOT (g/kW.h) ~0 ~0 ~0 = ~0 ~0 ~0 ~0
CO (g/kw.h) 2.02 1.26 0.63 0.62 0.68 0.63 0.65 0.71
HC (g/kW.h) 8.76 4.78 3.57 2.62 1.96 1.16 1.37 1.81

Analysis conducted with energy enrichment ratios has shown that a hydrogen fraction

of 15% is more suitable for performance, MPRR, and NOx compared to other analyses

(Table 5.6).

Table 5.8 : Comparison of optimum case for Mode 2 and test case.

Case1l Case57 Variation
Power (kW) 9.76 13.28 +36%
Torque (N.m) 102.42 139.34 +36%
BSFC (g/kW.h) 203.85 156 -23.5%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 30.84 36.48  +5.64%
Combustion Duration (CA)  31° 23° -8°
MPRR (bar/CA) 1.85 3 +1.15
Max. Press. (bar) 50.55  60.35 ~+10
CA for Max. Press. (ATDC) 9° CA 12°CA -
Max. Mean Temp. (K) 1477 1809 +332
NOx (9/kW.h) 4.9 5.44 +11%
SOOT (g/kW.h) 0.0012 0.000196 -83.6%
CO (g/kW.h) 10.25 2.02 -80.3%
HC (g9/kW.h) 36.73 8.76 -76.15%
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When considering the results of the D25NG50H25 energy fraction condition under
different injection timings, it is observed that a 10° CA BTDC injection timing

provides positive results for performance and emissions (Table 5.7).
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fixed SOI.
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MPRR, NOy, and performance values have produced more reasonable outcomes.
When considering the results of Mode 2 analyses, it is observed that the optimal
condition for both performance and emission values is a 10° CA BTDC injection

timing with a 25% hydrogen enrichment rate (10° CA BTDC D25NG75H15 = Case
57).

Table 5.9 : Results of different diesel fuel injection advance values at D25NG75H25
operating points of Mode 2.

SOl of Diesel (CABTDC) 10° 14° 18° 22° 26° 30° 34° 38°

Case 73 Case Case Case Case Case Case Case
74 75 76 77 78 79 80

Power (kW) 15.05 1442 1343 1272 1224 1192 1166 11.32
Torque (N.m) 157.92 151.29 140.95 133.51 128.48 125.10 122.33 118.83
BSFC (g/kW.h) 141.09 139.18 140.85 143.48 146.72 152.67 151.64 153.86
Ignition Delay (CA) 11° 11° 12° 12° 14° 16° 19° 22°
Thermal Efficiency (%) 38.04 3857 3811 3752 36.85 3559 3564 3501
Combustion Duration (CA) 17° 13° 11° 10° 10° 8° 8° 8°
MPRR (bar/CA) 4.62 5.57 9.09 759 1223 876 9.07 11.16
Max. Press. (bar) 7194  86.66 94 9753 99.13 101.32 99.07 974
CA for Max. Press. (ATDC) 12°CA 9°CA 5°CA 2°CA 1°CA 0°CA 0°CA 0°CA
Max. Mean Temp. (K) 2057 2134 2138 2155 2178 2227 2178 2143
NOx (g/kW.h) 743 1092 14.04 1820 2228 2812 2041 17.76
SOOT (g/kW.h) 0.00015 ~0 ~0 ~0 ~0 ~0 ~0 ~0
CO (g/kW.h) 0.49 048 038 036 032 018 024 0.38
HC (g/kW.h) 2.36 1.44 1.52 094 043 0.2 024 041

This configuration resulted in a 36% increase in engine power and a 23% improvement
in specific fuel consumption. Although there was an approximate 11% increase in NOx
emissions, other emission types showed highly successful results with a 76% reduction
in HC, an 83% reduction in SOOT, and an 80% reduction in CO emissions (Table 5.8).
The impact of different diesel fuel injection timings with the highest hydrogen
enrichment rate is shown in Table 5.9. It can be observed that increasing the hydrogen
enrichment rate necessitates reducing the injection timing, especially as MPRR, NOy,

and other performance values reach critical levels.

5.1.3 Comparison of Mode 1 and Mode 2

The increase in performance values resulting from adding hydrogen as an extra energy
input to the system (Mode 2) was greater than the performance increase resulting from
sharing energy between gas fuels (Mode 1). Under Mode 2 conditions, the proportion

of natural gas in the gas mixture is higher when compared to Mode 1 conditions.
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Figure 5.9 : The effect on pressure, HRR and temperature of hydrogen for optimum
SOI of Mode 1 (14° CA BTDC) and Mode 2 (10° CA BTDC).

For instance, in Mode 1, a condition with a 14° CA BTDC injection timing and a 10%
hydrogen ratio (D25NG65H10 - Case 10) has more hydrogen mass. When Case 50 is
normalized to Mode 1 conditions, its hydrogen energy fraction is actually 9%.
Similarly, when comparing the natural gas proportions in Case 10 and Case 50 gas

mixtures, they are 65% and 68%, respectively.
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Figure 5.10 : The effect of hydrogen for fixed SOI - Mode 1 (for 14° CA BTDC of
SOI) and Mode 2 (for 10° CA BTDC of SOI) temperature and NOx contours for 10°
CA ATDC of piston position.

In terms of diesel fuel content, they are 25% and 23%, respectively. Therefore, in terms
of NOx emissions, the relatively low proportions of hydrogen and diesel make Mode
2 conditions advantageous (Figure 5.10 and Figure 5.12). Additionally, the relatively
high natural gas content has extended the combustion duration.

Table 5.10 : Comparison of optimum cases for Mode 1 (D25NG50H25) and Mode 2

(D25NG75H15).

Case 18 Case 57 Variation
Power (kW) 11.58 13.28  +14.7%
Torque (N.m) 12147 13934 +14.7%
BSFC (g/kW.h) 136.27 156 +14.5%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 38.71 36.48 -2.23%
Combustion Duration (CA) 19° 23° +4°
MPRR (bar/CA) 3.6 3 -0.6
Max. Press. (bar) 67.45 60.35 ~-7
CA for Max. Press. (ATDC) 8°CA 12°CA -
Max. Mean Temp. (K) 1779 1809 +30
NOx (g/kW.h) 7.46 5.44 -27%
SOOT (g/kW.h) 0.000172 0.000196 ~+14%
CO (g/kW.h) 1.42 2.02 ~+42%
HC (g/kW.h) 4.04 8.76 +116%
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For this reason, Mode 2 has provided more effective results in terms of power and

torque values. However, due to the additional fuel input, it has resulted in higher

specific fuel consumption values compared to Mode 1 conditions (Table 5.10).

The pressure curve is sharper under Mode 1 conditions compared to the broader curve

observed under Mode 2 conditions (Figure 5.9).
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Figure 5.11 : The effect on pressure, HRR and temperature of SOI for optimum
hydrogen content of Mode 1 (D25NG50H25) and Mode 2 (D25NG75H15).
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This is, once again, a result of the higher hydrogen content under Mode 1 conditions.
The ignition delay is shorter under Mode 1 conditions due to the higher hydrogen
content in the gas mixture (Table 5.10). This leads to the earlier formation of the

maximum pressure value, as seen in Figure 5.9.
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Figure 5.12 : The effect of SOI for fixed hydrogen content - Mode 1 (for
D25NG50H25) and Mode 2 (for D25NG75H15) temperature and NOx contours for
10° CA ATDC of piston position.

While Mode 2 may appear more advantageous in some cases when compared to Mode
1, results from situations without the inclusion of hydrogen (experimental
measurements - D25NG75H00) compared to Mode 1 offer promising outcomes. For
example, the test results of the condition with 14° CA BTDC injection timing and a
25% hydrogen ratio (Case 18) have resulted in higher performance values when
compared to the test case (Case 2). There are also improvements in terms of emissions.
In partial loads, incomplete combustion products are a significant issue, particularly in
diesel engines. Additionally, in dual-fuel natural gas-diesel engines, despite reductions

in incomplete combustion products compared to diesel operation conditions, natural
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gas is a hydrocarbon fuel. Hence, PM, CO, and HC emissions are observed. Hydrogen,
as a combustion product, only produces water vapor.
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Figure 5.13 : Comparison of optimum cases of Mode 1 and Mode 2 at different
combustion chamber positions for temperature and NOx.
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Therefore, by including it in the gas mixture, reductions in incomplete combustion
products are achieved (Table 5.4). Similarly, positive results have been obtained when
comparing the Mode 2 condition to experimental measurements. For instance, the test
results of the condition with a 10° CA BTDC injection timing and an additional 15%
hydrogen ratio (approximately 12%) (Case 57) have resulted in higher performance
values when compared to the test case (Case 1). There are also improvements in terms

of emissions (Table 5.8).
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Figure 5.14 : Comparison of test condition (D25NG75H00) and Mode 1
(D25NG50H25).

When comparing the most optimum conditions of Mode 1 and Mode 2, as previously
explained, it is evident that higher natural gas content and a slightly lower hydrogen
content will yield more favorable results. Due to slow combustion mechanisms, as the
natural gas ratio in the mixture increases, temperatures decrease (Figure 5.9).
Consequently, NOx emissions also decrease (Figure 5.10). A reduction in the sharp
peak in the Heat Release Rate (HRR) curve, an indicator of sudden ignition, is also
observed (Figure 5.9). For other emission types, an increase in the hydrogen content

is advantageous in every respect (Table 5.8). It is important to note that the balance
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between hydrogen and natural gas fuel needs to be optimized to control both NOx and
other emissions effectively. Within the scope of the study, it is suggested that the
hydrogen content limit for Mode 1 should be 50%, while exceeding 25% hydrogen
enrichment for Mode 2 is not recommended. These limits can be exceeded with the

implementation of certain strategies, as discussed in the subsequent sections of the

thesis.
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Figure 5.15 : Comparison of test condition (D25NG75H00) and Mode 2
(D25NG75H15).

An increase in the hydrogen energy fraction accelerates the formation of NOx. When
Figure 5.10 is examined for both Mode 1 and Mode 2, the rising trend in temperatures
can be clearly observed. As a result of this trend, the formation of NO also increases.
An increase in the injection advance causes the maximum pressure to approach the top
dead center. This applies to both Mode 1 and Mode 2. The rapid combustion
characteristics of hydrogen do not allow for a significant increase in the injection
advance (Figure 5.11). Delaying the injection advance reduces the maximum values
of pressure, temperature, and heat release rate. Increasing the diesel injection advance

leads to an increase in ignition delay, resulting in rapid combustion initiation. When
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Figure 5.12 is examined closely, it is evident that with the increase in diesel injection
advance, the contour colors of the cylinder's temperature distribution shift from red to

yellow (Figure 5.12).
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Figure 5.16 : Comparison of Mode 1 (D25NG50H25) and Mode 2 (D25NG75H15).
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When comparing the temperature and NOx levels at varying crank angles for the
optimal operating points obtained for Mode 1 and Mode 2, it is observed that Mode 1
exhibits faster combustion and NOyx formation (Figure 5.13). Initially (at 0° CA), the
temperature distribution is higher in Mode 1, while at advanced crank angles (at 100°
CA), the temperature distribution is higher in Mode 2. This indicates that combustion

in Mode 2 takes longer to complete (Table 5.10).

When comparing conditions with and without the inclusion of hydrogen at specific
fractions, it is shown that hydrogen increases cylinder pressure, heat release rate,
temperature, and NOx formation for Mode 1 and Mode 2, as illustrated in Figure 5.14

and Figure 5.15, respectively.

When comparing both modes, it can be seen that Mode 1 with a higher hydrogen

fraction has curves that are more delayed and have sharper, higher peaks (Figure 5.16).
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Figure 5.17 and Table 5.10 show the comparison of the numerical results obtained for

Mode 1 and Mode 2 under test conditions.
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Figure 5.17 : Summary of numerical results obtained for optimum alternative fuel
ratios and optimum diesel SOI values [170].

5.1.4 General summary for Mode 1 and Mode 2

Under partial load conditions, the injection timing should not be increased
significantly. Having sufficient time for the combustion process and the high
combustion rate of hydrogen allows for lower injection timing, reducing losses due to
fuel pumping. Injection timing had an impact on performance values after 22° CA
BTDC injection timing in Mode 1 conditions. Performance values were found to be
similar at 10°, 14°, 18° and 22° CA BTDC injection timing. For Mode 2, after 10° CA
BTDC, performance values decrease for all injection timings. Injection timing also has
a significant effect on ignition delay. Especially at high injection timings, increasing
the hydrogen fraction in the gas mixture has negative effects on engine performance
[176-178]. As the hydrogen fraction in the gas mixture is increased, improvements in
performance values and all emission types except NOx emissions have been observed.
However, when the hydrogen fraction in the gas mixture exceeds 50%, the situation
reverses. To prevent the increase in NOx emissions, it is recommended to implement
different pilot diesel fuel injection strategies or use Exhaust Gas Recirculation (EGR).
This way, high-performance values can be maintained, and improvements can be

achieved in all emission types, including NOx emissions [179,180].

The increase in the hydrogen fraction has led to an increase in thermal efficiency and
a significant reduction in specific fuel consumption and SOOT (PM) emissions.
However, to avoid knocking tendencies, the hydrogen fraction in the gas mixture
should be limited. Exceeding a hydrogen fraction of 50% can lead to knocking issues
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and deteriorate performance values. An increase in the amount of natural gas in the
gas mixture also leads to higher unburned HC, SOOT (PM), and CO emissions.
Additionally, adjusting the gas mixture ratio is crucial because it can affect vibrations,
mechanical stresses, and thermal load [26,174]. Under 100% diesel fuel conditions,
the engine emits higher levels of HC, CO, and SOOT emissions compared to when the
engine operates in dual-fuel natural gas-diesel conditions. The addition of hydrogen to
the gas mixture can further reduce these emissions. In the study, under Mode 1
conditions, there was an improvement in HC, CO, and SOOT emissions by
approximately 88%, 86%, and 77%, respectively, while under Mode 2 conditions,
there was an improvement of about 76%, 80%, and 83% in these emissions.

When comparing the two different modes, it is observed that Mode 2 provides more
effective results in terms of performance and emission values. In Mode 1 conditions,
the higher mass fraction of hydrogen led to higher temperatures. To balance the in-
cylinder temperatures, it is essential for the natural gas fuel ratio in the gas mixture not
to be too low. Successful results can be achieved when an appropriate mixture of

natural gas and hydrogen is ignited with pilot diesel fuel.

In Mode 1 conditions, the optimum situation in terms of performance and emission
values was Case 18. It provided a 21% improvement in power and a 29% improvement
in Brake Specific Fuel Consumption (BSFC). However, it also resulted in a 12%
increase in NOx emissions. Similarly, in Mode 2 conditions, the optimum situation was
Case 57, which led to a 36% improvement in power and a 22% improvement in BSFC.
NOx emissions increased by 11% in this case.

In summary, the suitability of natural gas and hydrogen ratios with injection timing
led to optimal results for both modes. However, it was observed that there was an
increase in NOx and MPRR values for both modes under the test conditions. The
identification of operating points where all performance (including MPRR) and
emission values (including NOx) are improved requires the implementation of various
strategies. By applying EGR, WI, and WVI for NOy reduction and Pl for MPRR
reduction, higher performance and lower emissions can be achieved compared to the
test conditions. The aim with Mode 1 operating points is to increase performance while
reducing all emissions while conserving the same fuel energy. The goal with Mode 2
operating points is to achieve higher efficiency, higher performance, and lower

emissions by introducing additional hydrogen into the combustion chamber. However,
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the desired results were not achieved for the MPRR performance parameter and the
NOx emissions. Therefore, the scope of the study was expanded to address these issues
with the EGR-PI, WI-PI, and WVI-PI strategies.

5.2 EGR - PI Strategies

The results obtained from Mode 1 and Mode 2 have shown that hydrogen and natural
gas are valuable alternative fuels for emissions. However, an increase in hydrogen
fraction, especially, led to high NOx emissions and a tendency for knocking.
Particularly in the literature, to mitigate these two problems, EGR (Exhaust Gas
Recirculation) and pilot injection processes are recommended [57,181-185]. In the
numerical simulations at this stage, EGR (Exhaust Gas Recirculation) was used to
reduce NOx emissions, and Pl (Pilot Injection) was applied to mitigate knocking

tendencies.

In the previous section, the most optimal conditions were determined to be Case 18
(D25NG50H25 - 14° CA BTDC for SOI) for Mode 1 and Case 57 (D25NG75H15 -
10° CA BTDC for SOI) for Mode 2. However, it was observed that NOx emissions
increased compared to the experimental conditions. Additionally, it was noted that the
combustion inside the cylinder was more severe, based on the MPRR value. To
achieve a smoother combustion, the pilot injection process needed to be investigated.
For this study, four different EGR rates and four different pilot injection rates were
selected. EGR rates were chosen as 0%, 10%, 15%, and 20%. The purpose here is to
start with the situation where EGR is not applied and gradually increase it to light,
medium, and high levels in order to jointly optimize NOx emissions and performance.
For the pilot injection process, rates of 0%, 20%, 30%, and 50% were selected to
achieve a smoother start of the combustion process. It is known that in diesel engines,
there are three different injection strategies: pilot injection, main injection, and post
injection. These strategies each have different meanings when applied. Pilot injection
is used to achieve a smoother combustion and reduce knocking tendencies. Main
injection is used to initiate the main combustion, and post-injection is especially
applied to extend the combustion duration and improve SOOT (PM) emissions. In this
study, pilot and main injection strategies will be applied, and post-injection will not be
used. The reason for not needing post-injection is that with gaseous fuels (Natural Gas

and Hydrogen), soot emissions are significantly reduced. In the numerical study, the
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pilot injection (PI) timing and injection duration were set to a range of 2.5° CA, with

an advance of 40° CA BTDC to 37.5° CA BTDC.

Table 5.11 : Case matrix for EGR and pilot injection processes.

Mode 1 Mode 2

0% EGR 0% EGR
Pl - 0% D25NG50H25 Pl - 0% D25NG75H15
Pl - 20% D25NG50H25 Pl - 20% D25NG75H15
Pl - 30% D25NG50H25 Pl - 30% D25NG75H15
Pl - 50% D25NG50H25 Pl - 50% D25NG75H15

0% PI—-100°C EGR

0% PI1-100°C EGR

EGR - 0% D25NG50H25 EGR - 0% D25NG75H15
EGR - 10% D25NG50H25 EGR - 10% D25NG75H15
EGR - 15% D25NG50H25 EGR - 15% D25NG75H15
EGR - 20% D25NG50H25 EGR - 20% D25NG75H15

20% PI — 15% EGR

20% PI —15% EGR

100°C - EGR D25NG50H25 100°C - EGR D25NG75H15
200°C - EGR D25NG50H25 200°C - EGR D25NG75H15
300°C - EGR D25NG50H25 300°C - EGR D25NG75H15

20% P1 —100°C EGR

20% P1-100°C EGR

EGR - 10%
EGR - 15%

D25NG50H25
D25NG50H25

EGR - 10%
EGR - 15%

D25NG75H15
D25NG75H15

10% EGR — 100°C — 20% PI

10% EGR — 100°C — 20% PI

D25NG75H00 D25NG75H00
D25NG65H10 D25NG75H05
D25NG50H25 D25NG75H10
D25NG25H50 D25NG75H15
D25NGO0H75 D25NG75H20

- D25NG75H25

Some considerations were taken into account while setting it up this way. The selection
of the diesel pilot injection timing in this time interval was based on the temperature
distribution inside the cylinder. Diesel fuels evaporate at temperatures between 149°C
(420 K) and 371°C (640 K). Therefore, for the effect of the pilot injection process to
be observed, the environment should be in the temperature range where the injected
fuel evaporates. Because the injected fuel will evaporate, and at the same time, due to
the movement of the air inside the cylinder, it will homogenize with the charge in the
environment. When ignition is initiated with the main injection, the proportion of
evaporated fuel in the environment will increase, resulting in an earlier combustion
event. Consequently, the ignition delay will decrease slightly, and the rate of pressure
increase per unit crank angle (MPRR) will decrease. In parallel with this development,
as temperature distributions decrease, positive results will also be obtained in terms of

NOx emissions. It was observed that the minimum cylinder temperature in the selected
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timing range for the pilot injection process was 600 K. Assuming that the injected fuel
directly evaporates, considering the evaporation temperature of diesel fuel is between
420 K and 640 K. The analysis was conducted with the pilot injection duration set to
2.5° CA. Additionally, the effects of different EGR temperatures (100°C - Cold EGR,
200°C - Warm EGR, and 300°C - Hot EGR) were examined. All these analyses, as
described, are shown in Table 5.11 for both Mode 1 and Mode 2. These analyses were
initially initiated at the optimum operating points for Mode 1 and Mode 2. However,
they were further expanded to see that higher hydrogen fractions could be achieved
with the applied parameters. The table also shows the analysis stages conducted for
different gas fuel fractions (Table 5.11).

5.2.1 Optimal condition determination in the EGR — PI co-work

As a result of the previous study, the optimum condition obtained for Mode 1 was
D25NG50H25 at 14° CA BTDC for the injection advance. Similarly, in the previous
study, the optimum condition for Mode 2 was D25NG75H15 at 10° CA BTDC for the
injection advance. Therefore, this study, which is a continuation of the previous one,
aims especially to improve the NOx and MPRR pair. Of course, it also aims to

demonstrate the ability to achieve higher hydrogen fractions.

The roadmap of the first study was enriched with EGR and pilot injection processes.
The analysis started with gradually increasing the pilot injection rate (0%, 20%, 30%,
and 50%) for the optimum conditions of Mode 1 and Mode 2 (Table 5.11). In these
analyses, no EGR (0% EGR) was applied. The aim at this stage is to both observe the
effects of pilot injection and determine the optimum pilot injection rate.

In the next stage, the effects of different EGR rates (0%, 10%, 15%, and 20%) were
investigated without pilot injection (0% PI) (Table 5.11). A temperature of 100°C was
used for EGR in this stage. The purpose here is to examine the impact of EGR and
determine the optimal EGR rate. With the first two stages, it was understood that 20%
Pl and 15% EGR rates provided more favorable results in terms of performance and
emission values compared to the others. The stage of applying the obtained PI and
EGR rates together for Mode 1 and Mode 2 was reached to examine the effects of
different EGR temperatures (100°C, 200°C, and 300°C) (Table 5.11). Eventually, the
values for Pl and EGR rates and EGR temperature were determined as 20%, 15%, and

100°C, respectively. However, since the optimal EGR rate was selected under
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conditions without pilot injection (0% PI), the effects of the 10% and 15% EGR rates
could not be observed. Therefore, under conditions with pilot injection (20% PI), the
effects of the 10% and 15% EGR rates were investigated (Table 5.11).
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Figure 5.18 : The effect of increasing the pilot injection rate without EGR on power,
BSFC, ID, TE, CO, and UHC values.
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Figure 5.19 : The effect of increasing the pilot injection rate without EGR on NOy,
PM, Pressure, MPRR, CD, and the position of Max. Press. Relative to TDC.

As aresult, it was observed that the 10% EGR condition under 20% P1 showed more

reasonable results in terms of performance and emission values compared to 15%
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EGR. In the final stage of the study, the effects of different gas fuel (Natural Gas -
Hydrogen) fractions for Mode 1 and different hydrogen enrichment rates for Mode 2
under the optimal conditions (20% PI, 10% EGR, and 100°C EGR Temperature)

were examined (Table 5.11).
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Figure 5.20 : The effect of increasing EGR rate without pilot injection on power,
BSFC, ID, TE, CO, and UHC values.
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The effect of Pl for Mode 1 (D25NG50H25 - 14° CA BTDC for SOI) and Mode 2
(D25NG75H15 - 10° CA BTDC for SOI) is illustrated on the same graphs in Figure
5.18 and Figure 5.19. Mode 1 is represented by the blue color, and Mode 2 is
represented by the orange color. When examining the graphs, it can be observed that
the power output initially decreases for Mode 1 with an increase in the PI rate up to
20% and then starts to increase. Brake Specific Fuel Consumption (BSFC) first slightly

increases and then decreases.

A similar trend is observed for Mode 2 (Figure 5.18). The reason for the increase in
performance values after 20% PI is explained by the increased amount of diesel fuel
in the combustion chamber before the main injection. The increased accumulation of
fuel leads to a reduction in ignition delay (ID), resulting in higher combustion pressure

and, consequently, higher temperatures (Figure 5.18 and Figure 5.19).

Table 5.12 : Comparison of numerical results for different EGR rates (10% and
15%) at 20% PI and 100°C EGR temperature for Mode 1 (D25NG50H25).

20% Pl —EGR 100 °C — D25NG50H25

10% 15% Variation
Power (kW) 11.20 10.87 -2.95%
Torque (N.m) 117.48 114.04 -2.93%
BSFC (g/kW.h) 140.33 140 -0.24%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 37.44 36.34 -1.1%
Combustion Duration (CA) 20° 12° -8°
MPRR (bar/CA) 3.36 6.66 +3.3
Max. Press. (bar) 67.31 77.28 +10
CA for Max. Press. (ATDC)  9° CA 8° CA -1°
Max. Mean Temp. (K) 1738 1950 +212
NOx (9/kW.h) 4.54 5.93 +30.62%
SOOT (g/kW.h) 0.00121 0.00107 -11.57%
CO (g/kW.h) 1.55 0.49 -68.39%
HC (g/kW.h) 4.45 2.53 -43.15%

Although high pressure results in increased power and combustion efficiency, the
results for MPRR and NOy are not at a reasonable level. When examining the ratios of
MPRR and NOx components in relation to the graphs, it can be seen that the values
increase after 20% PI (Figure 5.19). In fact, an increase in performance values has
occurred with a tendency toward knocking. This is not the desired outcome. When
comparing the results of 20% PI1 with no pilot injection (0% PI), it is evident that
MPRR and NOx values decrease with 20% P1. Since the main purpose of pilot injection
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Is to reduce MPRR, it is understood that there is no need to go beyond 20% PI1. An
increase in Pl affects the ID, leading to a reduction in ignition delay. As mentioned

earlier, increased Pl results in more accumulated fuel before combustion.
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Figure 5.21 : The effect of increasing EGR rate without Pl on NOx, PM, Pressure,
MPRR, CD and the position of Max. Press. Relative to TDC.
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With increased fuel, the combustion event begins earlier, reducing the ignition delay
period (Figure 5.18). Thermal efficiency exhibits a similar trend related to chamber

pressure and temperature.

The thermal efficiency showed a change in that direction because of the decrease in
pressure and temperature until 20% PI and the subsequent increase trend after 20% Pl
(Figure 5.18). While CO and UHC emissions decreased until 30% PI, they exhibited
an increasing trend after 30% PI. The increase in combustion temperatures indicates
an improvement in combustion efficiency. Therefore, CO and UHC emissions
decreased until 30% PI due to the increase in combustion efficiency. After 30% PlI,
there was a sharp decrease in combustion duration, resulting in an increase in unburned
product formation (Figure 5.18). PM (SOOT) emissions increased in parallel with the
increase in pilot injection (PI1) rate. PM emissions are particulate matter composed of

carbon particles that form when unburned fuel vapor oxidizes before combustion.

The increase in Pl led to an increase in the amount of fuel vapor formed before
combustion. Although power and UHC emissions showed positive results up to 30%
Pl, PM emissions increased in all Pl conditions. This is because the increase in pilot
injection (PI) led to an increase in the amount of gaseous fuel, resulting in an increase
in both burned and unburned gaseous fuel. Especially after 30% PI, as the power gain
trend decreased, PM sharply increased (Figure 5.19). The crank angle at which
maximum pressure occurs remained almost the same piston position up to 20% PI, but
after 20% P, it moved towards the TDC position (Figure 5.19). This also reduced the
generated power. Overall, when the analyses with Pl are evaluated, it is understood
that more reasonable results were obtained with 20% P1 in both Mode 1 and Mode 2
conditions. After obtaining the optimal value for PI, analyses were conducted with
different EGR rates. These analyses were carried out without applying PI (0% PI).
Performance values, particularly power, gradually decreased as EGR increased. The
BSFC value increased slightly up to 10% EGR and then decreased slightly (Figure
5.20). An increase in the EGR rate reduces the oxygen concentration in the cylinder
before combustion, which directly affects power and BSFC, as it causes a loss in
combustion efficiency. However, this effect was not very significant (Figure 5.20).
The relatively minor power and BSFC loss up to 10% EGR, and even the improvement
in BSFC, can be attributed to a slight increase in the combustion duration with 10%

EGR (Figure 5.21). Ignition delay was not affected by EGR, but thermal efficiency
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decreased (Figure 5.20). It's worth noting that EGR is a method used to reduce NOx
emissions. In the numerical study, as EGR increased, NOx initially decreased and then

exhibited an increasing trend.
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Figure 5.22 : The effect of increasing EGR temperature at 20% PI and 15% EGR
rates on power, BSFC, ID, TE, CO, and UHC values.
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Figure 5.23 : The effect of increasing EGR temperature at 20% Pl and 15% EGR
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TDC.

Despite the expected increase in EGR, NOx emissions exhibited a decreasing trend.

However, after reaching 10% EGR, there was an increasing trend in NOx emissions
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(Figure 5.21). The reason for this behavior is the temperature of the applied EGR.
Various EGR rates were applied without PI at temperature consistently under 100°C.
It is as if the EGR underwent cooling (Cold EGR) before being introduced into the
combustion chamber. In the literature, it has been observed that cooled EGR has such

effects (increased EGR leading to increased NOx emissions) [186].

Table 5.13 : Comparison of numerical results for different EGR rates (10% and
15%) at 20% PI and 100°C EGR temperature for Mode 2 (D25NG75H15).

20% Pl —EGR 100 C — D25NG75H15

10% 15% Variation
Power (kW) 12.8 13.08 +2.19%
Torque (N.m) 134.29 137.26 +2.21%
BSFC (g/kW.h) 161.2 152.31 -5.51%
Ignition Delay (CA) 11° 11° >
Thermal Efficiency (%) 35.16 35.94 +0.78%
Combustion Duration (CA) 25° 17° -8°
MPRR (bar/CA) 2.31 5.17 +2.86
Max. Press. (bar) 57.92 67.67 +10
CA for Max. Press. (ATDC) 13° CA 11° CA -2°
Max. Mean Temp. (K) 1779 1970 +191
NOy (g/kW.h) 3.42 4.56 +33.33%
SOOT (g/kW.h) 0.00122 0.00102 -16.39%
CO (g/kW.h) 2.342 0.64 -72.67%
HC (g/kW.h) 9.557 3.79 -60.34%

The partially non-combustible gas mixture with a 10% EGR rate and a 100°C EGR
temperature resulted in reduced oxygen concentration within the cylinder, partially
reducing the combustion temperatures. Consequently, both power and NO mass
fraction decreased, leading to a decrease in NOx in g/kW.h. However, beyond 10%
EGR, the increase in EGR continued to lower power and the NO mass fraction, but it
increased the NOy in g/kW.h. This can be explained by the fact that higher EGR rates
(15% and above) contributed to in-cylinder mixture formation, interacting with the
turbulence inside the cylinder, making the air-fuel mixture more homogeneous. Thus,
with the influence of hydrogen, combustion occurred more rapidly and efficiently. The
quicker combustion can be understood by examining the graph related to the

combustion duration (Figure 5.21).

Additionally, monitoring MPRR helps understand this situation (Figure 5.21). UHC
emissions followed a similar trend, decreasing after 15% EGR (Figure 5.20). The

decrease in power in response to the increase in combustion efficiency was due to the
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shorter combustion duration (Figure 5.21). Thermal efficiency is the ratio of the net
indicated work to the heat released. The decrease in net work (power) and the increase

in in-cylinder temperatures resulted in a decrease in thermal efficiency (Figure 5.20).

15 170
1 LAl T 160
g 13 ————=—==T_ _—— 3
P i 150 2
o o)
% 11 ’ __________ B o ] 140 ©
'S
2 10 a
130
120
10 15
EGR (%)
——@— Power (D25NG50H25) =@ Power (D25NG75H15)
= =@ == BSFC (D25NG50H25) = =@ == BSFC (D25NG75H15)
13 38
12 .,~~~ 37.5
11 ° Tl o 37
. ~--o 36.5 <
A e ® 36 o
Q3 __Laem== 355 F
8 e--="" 35
7 34.5
6 34
10 15
EGR (%)
—0— D (D25NG50H25) ——@—— ID (D25NG75H15)
= =@ =- TE (D25NG50H25) = =@ == TE (D25NG75H15)
3 12
2.5 10
< 2 8 =
2 2
3 1.5 6 =
()
8 1 4 %
0.5 2
0 0
10 15
EGR (%)

——@— CO (D25NG50H25) =@ CO (D25NG75H15)

= <@ == UHC (D25NG50H25) = =@ == UHC (D25NG75H15)
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Figure 5.25 : Comparison of 10% and 15% EGR temperature with 20% P1 in terms
of NOyx, PM, Pressure, MPRR, CD and the position of Max. Press. Relative to TDC.

Ignition delay was unaffected by EGR, but combustion duration was influenced by
EGR (Figure 5.20 and Figure 5.21). CO emissions decreased after 15% EGR and
beyond. CO is an incomplete combustion product. The increase in combustion rate and
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the decrease in combustion duration suggest that combustion efficiency increased,
resulting in a decrease in incomplete combustion products (Figure 5.20). The effect of
EGR on PM (SOOT) varied for Mode 1 and Mode 2 beyond 10% EGR. After 10%
EGR, Mode 1 showed a slight decrease in PM, while Mode 2 exhibited a sharp increase
(Figure 5.21). The main reason for this is the difference in hydrogen fractions between
Mode 1 and Mode 2. Mode 1, with its higher hydrogen fraction, managed to reduce
the proportion of unburned fuel oxidizing before combustion due to higher combustion
temperatures. Hydrogen's combustion rate and capability led to a reduction in PM
emissions. However, Mode 2, with relatively lower hydrogen fraction, resulted in

lower combustion temperatures and, consequently, higher PM emissions (Figure 5.21).

When analyzing all the graphs based on EGR rates, it is evident that 10% and 15%
EGR rates are suitable in terms of performance and emission values. However, the
decision between 10% and 15% EGR should be based on the specific conditions of the

pilot injection, which is the more accurate approach (Figure 5.21).

Table 5.14 : Comparison of numerical results for different P1 values (0% and 20%)
at 10% EGR rate and 100°C EGR temperature for Mode 1 (D25NGS50H25).

10% EGR 100°C — D25NG50H25

0% 20% Variation
Power (kW) 11.14 11.20 +0.54%
Torque (N.m) 116.93 117.48 +0.47%
BSFC (g/kW.h) 140.98 140.33 -0.46%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 37.26 37.44 +0.18%
Combustion Duration (CA) 21° 20° -1°
MPRR (bar/CA) 3.54 3.36 -0.18
Max. Press. (bar) 65.46 67.31 +1.85
CA for Max. Press. (ATDC) 8° CA 9° CA +1°
Max. Mean Temp. (K) 1707 1738 +31
NOx (g/kW.h) 5.76 454 -21.18%
SOOT (g/kW.h) 0.00031 0.00121
CO (g/kW.h) 2.6 1.55 -40.38%
HC (g/kW.h) 6.5 4.45 -31.54%

Changes in performance and emission values with respect to different EGR
temperatures are shown in Figure 5.22 and Figure 5.23. The increase in EGR
temperature has led to a decrease in power and an increase in BSFC values (Figure
5.22). The increase in EGR temperature allowed EGR gases to spread over a larger

area inside the cylinder, positively contributing to mixture formation.
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Figure 5.26 : Comparison of temperature and NO mass fraction contours at different
piston positions for 10% and 15% EGR ratios for Mode 1 - D25NG50H25 (with 20%
PI).
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This resulted in increased combustion rates and combustion efficiency but also led to
a more intense combustion process. This is clearly observed when examining the
pressure and MPRR curves depending on EGR temperature (Figure 5.23). It can also
refered to the combustion rate graph in relation to the combustion duration (Figure
5.23). The results in terms of power and BSFC are consistent with the outcomes
observed when increasing the EGR ratio, and they are also valid when raising EGR
temperatures. As a result, a decrease in CO and UHC emissions would be expected
(Figure 5.22). Due to the rapid combustion resulting from this situation, the
combustion duration was short, and the generated MPRR value increased. Sudden
combustion events bring about high temperatures and NOx emissions. The NOy value
tends to increase with rising EGR temperatures (Figure 5.23). High EGR temperatures
allow fuels (Diesel, Natural Gas, and Hydrogen) to reach their ignition temperatures

more quickly, reducing the ignition delay (Figure 5.22).

Thermal efficiency decreased due to the reduction in net work and the increase in heat
generation (Figure 5.22). PM emissions were lower due to the increase in combustion
efficiency (Figure 5.23). Especially when considering MPRR and NOx values, it is

seen that an EGR temperature of 100°C would be more reasonable.

Table 5.15 : Comparison of numerical results for different P1 values (0% and 20%)
at 10% EGR rate and 100°C EGR temperature for Mode 2 (D25NG75H15).

10% EGR 100°C — D25NG75H15

0% 20% Variation
Power (kW) 13.03 12.8 -1.77%
Torque (N.m) 136.73 134.29 -1.78%
BSFC (g/kW.h) 158.32 161.2 +1.82%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 35.8 35.16 -0.64%
Combustion Duration (CA) 24° 25° -1°
MPRR (bar/CA) 2.92 2.31 -0.61
Max. Press. (bar) 58.48 57.92 -
CA for Max. Press. (ATDC) 12°CA 13°CA +1°
Max. Mean Temp. (K) 1780 1779 -
NOx (g/kW.h) 4.15 3.42 -17.59%
SOOT (g/kW.h) 0.00031  0.00122 -
CO (g/kW.h) 2.10 2.342 +11.52%
HC (g/kW.h) 9.73 9.557 -1.78%

As recommended earlier, a comparison should be made between the %10 and %15
EGR rates under the conditions where pilot injection is applied. Therefore, a
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comparison of the performance and emission values of %10 and %15 EGR rates was
made under the conditions of optimal pilot injection rate of %20 Pl and optimal EGR
temperature of 100 °C. Applying %10 EGR rate along with %20 PI had very positive
results for MPRR and NOx (Figure 5.25).

While similar results were obtained for power, BSFC, TE, and ID, significant
differences were observed in terms of combustion and emission values (Figure 5.24
and Figure 5.25). When Table 5.12 for Mode 1 and Table 5.13 for Mode 2 are
examined, it will be evident that the %10 EGR rate provides more favorable conditions
compared to the %15 EGR rate.

Table 5.16 : Comparison of numerical results with test data (NG75H00") for
different gas fuel fractions (Mode 1) at 20% P1 and %10 EGR - 100°C operating
point.

10% EGR 100°C —20% PI
NG75H00" NG75H00 NG65H10 NG50H25 NG25H50 NGOOH75

Power (kW) 9.575 9.66 10.32 11.20 11.04 10.48
Torque (N.m) 100.477 101.34 108.26 117.48 115.88 109.97
BSFC (g/kw.h) 196 193.71 169.5 140.33 116.59 97.25
Ignition Delay (CA) 11° 11° 11° 11° 11° 12°
Thermal Efficiency (%) 32.02 32.30 34.50 37.44 36.93 35.05
Combustion Duration (CA) 27° 25° 22° 20° 11° 9°
MPRR (bar/CA) 2.66 242 2.66 3.36 6.11 9.19
Max. Press. (bar) 57.25 57.02 60.85 67.31 80.81 84.81
CA for Max. Press. (ATDC) 7° CA 9° CA 9° CA 9° CA 7° CA 4° CA
Max. Mean Temp. (K) 1504 1524 1620 1738 1954 1994
NOx (g/kW.h) 6.66 3.80 4.09 4.54 6.87 8.70
SOOT (g/kW.h) 0.00077 0.0022 0.00154 0.00121 0.00082 0.00052
CO (g/kw.h) 9.94 8.68 5.06 1.55 0.23 0.0098
HC (g/kW.h) 35.21 31.91 18.59 4.45 1.03 0.012

Within the scope of the study, the engine operating points that encompass the optimal
conditions of a %10 EGR rate, 100°C EGR temperature, and %20 PI have been
identified. These operating points are coded as D25NG50H25-10EGR-100°C for
Mode 1 and D25NG75H15-10EGR-100°C for Mode 2.

For Mode 1, Figure 5.26 shows the effects of %10 and %15 EGR rates on temperature
and NO mass fraction as a function of crank angle, using piston position as the
reference. It can be observed that %15 EGR results in higher temperatures and NO
mass fractions for Mode 1 (Figure 5.26). A similar situation can be observed for Mode
2 as well (Figure 5.27).
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Figure 5.27 : Comparison of temperature and NO mass fraction contours at different
piston positions for 10% and 15% EGR ratios for Mode 2 - D25NG75H15 (with 20%
PI).
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Table 5.14 and Table 5.15, respectively, compare the conditions of %10 EGR and
100°C EGR temperature with and without the application of PI for Mode 1 and Mode
2. The application of Pl has improved all parameters for Mode 1 (Table 5.14),
including power, torque, BSFC, TE, MPRR, NOyx, CO, and HC. For Mode 2,
improvements were observed for NOx, MPRR, and HC (Table 5.15).

Table 5.17 : Comparison of numerical results with test data for different hydrogen
enriching fractions (Mode 2) at 20% PI and %10 EGR - 100°C operating point.

10% EGR 100°C - 20% PI
NG75H00" NG75H00 NG75H05 NG75H10 NG75H15 NG75H20 NG75H25

Power (kW) 9.76 9.31 10.58 11.78 12.8 13.77 14.53
Torque (N.m) 102.42 97.72 111.02 123.59 134.29 144.49 152,51
BSFC (g/kW.h) 203.85 212.93 189.97 172.92 161.2 151.70 145.48
Ignition Delay (CA) 11° 11° 11° 11° 11° 11° 11°
Thermal Efficiency (%) 30.84 29.42 31.84 33.83 35.16 36.26 36.74
Combustion Duration (CA) 31° 32° 30° 27° 25° 21° 19°
MPRR (bar/CA) 1.85 143 1.70 1.90 231 291 4
Max. Press. (bar) 50.55 48.55 50.55 53.69 57.92 63.58 69.52
CA for Max. Press. (ATDC) 9° CA 10° CA 11° CA 12° CA 13° CA 13° CA 13° CA
Max. Mean Temp. (K) 1477 1429 1542 1668 1779 1885 1993
NO, (9/kW.h) 49 2.77 2.75 3.01 3.42 4.22 5.41
SOOT (g/kW.h) 0.0012 0.0035 0.0027 0.0016 0.00122 0.00108 0.001
CO (g/kW.h) 10.25 12.68 6.73 3.50 2.342 1.58 0.87
HC (g/kW.h) 36.73 40.82 25.86 15.88 9.557 511 2.52

Figure 5.28 and Figure 5.29 show the performance and emission effects of different
gas fuel fractions with and without EGR-PI strategies for Mode 1. Particularly,
improvements in MPRR and NOy were observed for hydrogen fractions up to 50%
and below. However, at high hydrogen fractions (above 50%), the MPRR value
remained at critical levels. While the EGR-PI application had little effect on power,
BSFC, ID, UHC, and CD (Combustion Duration), it was found to be effective for
NOx, PM, MPRR, and TE. The comparison of results obtained from different gas fuel
fraction working points with EGR-PI applied with experimental results for Mode 1
is shown in Table 5.16. The results indicate that the values obtained for the
D25NG50H25 working point are preferable compared to the experimental results.
For Mode 1, the results show that the working point with 25% hydrogen and 50%
natural gas fraction, with 20% PI and 10% EGR under 100°C EGR temperature
conditions (D25NG50H25-10EGR-100°C), achieved lower NOx emissions
compared to the experimental results (D25NG75HQ00) (Table 5.16).
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Figure 5.28 : The effect of different fuel composition fractions on power, BSFC, 1D,
TE, CO, and UHC values for cases with process (20% P1, 10% EGR-100°C) and
without process.

The numerical results without the strategy (D25NG50H25) had higher NOx and MPRR
values. However, by applying the EGR-PI collaboration, these were reduced to

reasonable levels.
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Figure 5.29 : The effect of different fuel composition fractions on NOy, PM,
Pressure, MPRR, CD, and the position of Max. Press. Relative to TDC for cases with
process (20% P1, 10% EGR-100°C) and without process.

Figure 5.30 and Figure 5.31 show the performance and emission effects of different

hydrogen gas enrichment fractions with and without EGR-PI strategies for Mode 2.
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Figure 5.30 : The effect of different hydrogen fuel enrichment fractions on power,
BSFC, ID, TE, CO, and UHC values for cases with process (20% P1, 10% EGR-
100°C) and without process.

In all hydrogen enrichment fractions, significant improvements, especially in MPRR

and NOy, were observed, and these were within reasonable levels.
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Similar to Mode 1, for Mode 2, it was found that the EGR-PI application had a
substantial effect on NOx, PM, MPRR, and TE, while it had little effect on power,
BSFC, ID, UHC, and CD.
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Figure 5.31 : The effect of different hydrogen fuel enrichment fractions on NOy,
PM, Pressure, MPRR, CD, and the position of Max. Press. Relative to TDC for cases
with process (20% PI, 10% EGR-100°C) and without process.
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The comparison of results obtained from different hydrogen gas enrichment fraction
working points with EGR-PI applied with experimental results for Mode 2 is shown
in Table 5.17. The results indicate that thanks to the EGR-PI application, high
hydrogen enrichment fractions could be achieved. In the subsequent sections, a
comparison between the strategies and non-strategies will be presented. This will
provide a better understanding of the importance of the EGR-PI combination through
those graphics. At this stage, it is evident that the application of EGR-PI for Mode 2
results in highly effective outcomes. The use of hydrogen-enriched natural gas in dual-
fuel mode with diesel fuel, in combination with EGR and appropriate PI, leads to
preferable results in terms of both emissions and performance (Table 5.17).

The next section aims to demonstrate that with the obtained optimal EGR rate (10%),
EGR temperature (100°C), and PI rate (20%), the NOx and MPRR issues at the
working points obtained without the process have been overcome, and higher
hydrogen fractions can be achieved.

5.2.2 Comparison of EGR — Pl strategy and non — strategy conditions

In the previous section, the results of the EGR-PI application led to the determination
of the optimal EGR rate, EGR temperature, and Pl rate values. Now, let's compare the
performance and emission values of the working points where these values are applied

and not applied to see the improvements achieved.

The comparison between the D25NG75H00 gas fuel fraction and the condition with a
14° CA BTDC injection advance (Test Case) and D25NG75H00-10EGR-100°C (14°
CA BTDC value of SOI) condition is shown in Figure 5.32 and Table 5.18. While
power and BSFC have similar values, CO and UHC emissions are lower in the EGR-
Pl conditions compared to the test conditions (Figure 5.32). Although there is no
significant difference in cylinder pressure, 1D, TE, and CD values, differences are
observed in terms of MPRR, NOy, and PM emissions (Figure 5.32).

If 10% EGR and 20% PI are applied at 100°C EGR temperature under test conditions,
it results in a 0.89% increase in power, a 0.28% increase in thermal efficiency, a 43%
reduction in NOx emissions, and 13% and 9.37% reductions in CO and UHC
emissions, respectively (Table 5.18). MPRR is reduced by 0.24 bar. The comparison
between the D25NG50H25 gas fraction working point with EGR-PI strategy and

without it and the experimental conditions is provided in Figure 5.33 and Figure 5.34.
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Figure 5.32 : Comparison of power, BSFC, ID, TE, CO, UHC, NOy, PM, Pressure,
MPRR, CD, and the position of Max. Press. Relative to TDC for the case of
D25NG75H00 (14° CA BTDC SOI) with process (20% P1, 10% EGR-100°C) and
test condition.

According to the experiment, the values of power, BSFC, CO, UHC, and TE in process
and processless conditions are at more reasonable levels. Pressure, MPRR, and NOx
did not yield preferable results for the processless (D25NG50H25) working point, as
hydrogen presence did not have a significant impact.

189



Table 5.18 : Comparison of test and processed results for the operating point of
D25NG75H00 (14° CA BTDC SOl).

D25NG75H00 D25NG75H00-20PI-10EGR100°C Variation

Power (kW) 9.575 9.66 +0.89%
Torque (N.m) 100.477 101.34 +0.86%
BSFC (g/kW.h) 196 193.71 -1.17%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 32.02 32.3 +0.28%
Combustion Duration (CA) 27° 25° -2°
MPRR (bar/CA) 2.66 2.42 -0.24
Max. Press. (bar) 57.25 57 -
CA for Max. Press. (ATDC) 7° CA 9° CA -
Max. Mean Temp. (K) 1504 1524 +20
NOy (9/kW.h) 6.66 3.8 -43%
SOOT (g/kW.h) 0.00077 0.0022 -
CO (g/kW.h) 9.94 8.68 ~-13%
HC (g/kW.h) 35.21 31.91 -9.37%

Table 5.19 : Comparison of the optimal result obtained by applying the process for
Mode 1 with the test data.

D25NG75H00 D25NG50H25-20PI-10EGR100°C Variation

Power (kW) 9.575 11.20 ~+17%
Torque (N.m) 100.477 117.48 ~+17%
BSFC (g/kW.h) 196 140.33 -28.4%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 32.02 37.44 +5.42%
Combustion Duration (CA) 27° 20° -7°
MPRR (bar/CA) 2.66 3.36 +0.7
Max. Press. (bar) 57.25 67.31 ~+10
CA for Max. Press. (ATDC) 7° CA 9° CA -
Max. Mean Temp. (K) 1504 1738 +234
NOy (9/kW.h) 6.66 4.54 -32%
SOOT (g/kW.h) 0.00077 0.00121 -
CO (g/kW.h) 9.94 1.55 -84.4%
HC (g/kW.h) 35.21 4.45 -87.4%

The applied processes (10% EGR and 20% P1) have improved the results to even more

preferable levels compared to the experimental conditions.

When the experimental conditions (D25NG75H00) are compared to the process
condition (D25NG50H25-10EGR-100°C), there is a 17% increase in power, a 28.4%
reduction in BSFC, a 5.42% increase in thermal efficiency, a 32% reduction in NOx
emissions, and 84.4% and 87.4% reductions in CO and UHC emissions, respectively
(Table 5.19).
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Figure 5.33 : Comparison of power, BSFC, CO, UHC, Pressure, and MPRR
between test result and the case of D25NG50H25 with process (20% Pl, 10% EGR-
100°C) and without process.

When the process condition (D25NG50H25-10EGR-100°C) is compared to the
processless condition (D25NG50H25), there is a 3.28% loss in power, but there is a
39% reduction in NOx emissions and a 0.24 bar improvement in MPRR (Table 5.20).
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The comparison of the experimental result with the performance and emission values
of the process and processless conditions of D25NGO0H75, which contains the highest
hydrogen fraction for Mode 1, is shown in Figure 5.35 and Figure 5.36. Table 5.21
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also displays the numerical results for the process and processless

D25NGO0H75.
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Figure 5.35 : Comparison of power, BSFC, CO, UHC, Pressure, and MPRR
between test result and the case of D25NGO0H75 with process (20% Pl, 10% EGR-

100°C) and without process.
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When the process is applied, a 38% improvement in NOx emissions is achieved, and
the MPRR value is 0.84 bar higher in the process condition.
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Figure 5.37 : Comparison of temperature and NO mass fraction contours at a piston
position of 10° CA ATDC for operating points with applied (20% Pl & 10% EGR)
and not applied process with different gas fuel fractions for Mode 1.

The reason for this is that the PI application at high hydrogen fractions increases
cylinder pressure and temperatures.

Table 5.20 : Comparison of cases with and without process for Mode 1.

D25NG50H25 D25NG50H25-20PI-10EGR100°C Variation

Power (kW) 11.58 11.20 -3.28%
Torque (N.m) 121.47 117.48 -3.28%
BSFC (g/kW.h) 136.27 140.33 ~+3%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 38.71 37.44 -1.27%
Combustion Duration (CA) 19° 20° +1°
MPRR (bar/CA) 3.6 3.36 -0.24
Max. Press. (bar) 67.45 67.31 -
CA for Max. Press. (ATDC) 8° CA 9° CA -
Max. Mean Temp. (K) 1779 1738 -41
NOx (9/kW.h) 7.46 4.54 -39%
SOOT (g/kW.h) 0.000172 0.00121 -
CO (g/kW.h) 1.42 1.55 +9%
HC (g/kW.h) 4.04 4.45 +10%

The thermodynamic properties of hydrogen (fast combustion and high lower heating
value) come into play by promoting the combustion of the premixed diesel fuel sent in
advance with pilot injection, increasing the pressure-temperature gradient. Figure 5.37

shows the temperature and NO mass fraction contours for different gas fuel (Natural
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Gas - Hydrogen) fractions in Mode 1 under process and processless conditions with
the piston positioned at 10° CA ATDC. When examining the figure, it can be observed
that in all gas fractions, the temperature and NO mass fraction distributions are darker

in the processless condition.
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Figure 5.38 : Comparison of power, BSFC, ID, TE, CO, UHC, NOx, PM, Pressure,
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test condition.
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D25NG75H00 gas fuel fraction case with a 10° CA BTDC injection advance (Test
Case) and D25NG75H00-10EGR-100°C case (10° CA BTDC value of SOI) are
compared in terms of performance and emission values in Figure 5.38 and Table 5.22.

197



15 37

14 36

13 35 ~
— X
sb 34 3
z 11 33 §
[ —
o 10 £
-§ 9 32 TE“
'En 8 31 E

7 30 F

6 29

5 28

Experimental No Process EGR and PI
D —@—TE

16 0.003

14 0.0025

12
< 10 0.002 =
> >
3 8 0.0015 %
X
<) S
z © 0.001 *

4

5 . 0.0005

0 0

Experimental No Process EGR and PI
I NOX e PM

40 15
_ 35 13
<
A 11
< 30
k=] 9 ~
<25 a

-

a 7 «
5§20 <
% 5 ¢
2 15
E 3
()

10 1

5 -1

Experimental No Process EGR and PI

B Combustion Duration —@— CA for Max. Pressure
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When comparing power and BSFC, it can be seen that the process condition (100°C

EGR temperature - 10% EGR - 20% PI) is more preferable, while CO and UHC
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emissions are higher in the EGR - Pl combination compared to the test conditions

(Figure 5.38).

Table 5.21 : Comparison of results with and without the process for D25NGO0H75.

D25NGO0H75 D25NGO00H75-20P1-10EGR100°C Variation

Power (kW)

Torque (N.m)

BSFC (g/kw.h)

Ignition Delay (CA)
Thermal Efficiency (%)
Combustion Duration (CA)
MPRR (bar/CA)

Max. Press. (bar)

CA for Max. Press. (ATDC)
Max. Mean Temp. (K)
NOx (9/kW.h)

SOOT (g/kW.h)

CO (g/kW.h)

HC (g/kW.h)

10.69 10.48 -1.96%
112.18 109.97 -1.97%
95.73 97.25 ~+1.59%
11° 12° -
35.75 35.05 -0.7%
9° 9° -
8.35 9.19 +0.84
85.89 84.81 -
4° CA 4° CA -
1997 1994 -
14.04 8.7 -38%
0.000071 0.000524 -
0.0036 0.0098 -
0.0015 0.0121 -

Although there is no significant difference in in-cylinder pressure, ID, and CD values,
differences in MPRR, TE, NOy, and PM values are observed (Figure 5.38). If 10%
EGR and 20% PI are applied at 100°C EGR temperature under the test conditions,

there is a 4.6% decrease in power and a 1.42% decrease in thermal efficiency, while

there is a 43.5% improvement in NOXx emissions.

Table 5.22 : Comparison of test and processed results for the operating point of
D25NG75H00 (10° CA BTDC SOl).

D25NG75H00 D25NG75H00-20PI-10EGR100°C Variation

Power (kW)

Torque (N.m)

BSFC (g/kW.h)

Ignition Delay (CA)
Thermal Efficiency (%)
Combustion Duration (CA)
MPRR (bar/CA)

Max. Press. (bar)

CA for Max. Press. (ATDC)
Max. Mean Temp. (K)
NOx (9/kKW.h)

SOOT (g/kW.h)

CO (g/kW.h)

HC (g/kW.h)

9.76 9.31 -4.6%
102.42 97.72 -4.6%
203.85 212.93 +4.45%

11° 11° -

30.84 29.42 -1.42%

31° 32° +1°

1.85 1.43 -0.42
50.55 48.55 -2
9° CA 10° CA -

1477 1429 -48

4.9 2.77 -43.5%
0.0012 0.0035 -
10.25 12.69 +23.8%
36.73 40.82 ~+11%
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Additionally, CO and UHC emissions increase by 23.8% and 11%, respectively (Table
5.22). A decrease of 0.42 bar is observed in MPRR.
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Figure 5.41 : Comparison of power, BSFC, CO, UHC, Pressure, and MPRR
between test result and the case of D25NG75H25 with process (20% Pl, 10% EGR-
100°C) and without process.
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Table 5.23 : Comparison of cases with and without process for Mode 2.

D25NG75H15 D25NG75H15-20PI-10EGR100°C Variation

Power (KW) 13.28 12.8 -3.61%
Torque (N.m) 139.34 134.29 -3.62%
BSFC (g/kW.h) 155.99 161.2 +3.34%
Ignition Delay (CA) 9° 11° +2°
Thermal Efficiency (%) 36.48 35.16 -3.62%
Combustion Duration (CA) 23° 25° +2°
MPRR (bar/CA) 3 231 -0.69
Max. Press. (bar) 60.35 57.92 -2.43
CA for Max. Press. (ATDC) 12° CA 13° CA -
Max. Mean Temp. (K) 1809 1779 -30
NOx (g/kW.h) 5.44 3.42 -37.13%
SOOT (g/kW.h) 0.0002 0.00122 -
CO (g/kW.h) 2.02 2.342 ~ +16%
HC (g/kW.h) 8.76 9.557 +9%

Figure 5.39 and Figure 5.40 compare the performance and emission values of the
D25NG75H15 operating point with the process condition D25NG75H15-10EGR-
100°C and the test condition (D25NG75H00 - 10° CA BTDC value of SOI).
According to the experimental results, the power, BSFC, CO, UHC, and TE values are
more reasonable in the process and processless conditions, while the in-cylinder
pressure and MPRR values remain higher (Figure 5.39 and Figure 5.40). When
comparing the process and processless conditions, the results favor the process
condition, with only a small loss in performance values but preferable results in terms
of NOx and MPRR values (Figure 5.39). Ignition delay remains similar under all

conditions (experimental, process, and processless) (Figure 5.40).

When comparing the process and processless results for D25NG75H15, there is a
3.61% decrease in power, but a 37.13% improvement in NOx and a 0.69 bar increase
in MPRR (Table 5.23). The comparison of the D25NG75H15-10EGR-100°C
condition with the test conditions is provided in Table 5.24. There is a 31.15% increase
in power, a 21% decrease in BSFC, a 4.32% improvement in TE, a 30% reduction in
NOy, and a 77.15% and 74% reduction in CO and UHC, respectively. Only a 0.46 bar
increase is observed in MPRR.

Figure 5.41 and Figure 5.42 present a comparison of the experimental, process, and
processless results for the D25NG75H25 condition, which has the highest hydrogen
fraction in Mode 2. While there is no difference in ignition delay, the other parameters

show similar distributions to the previous operating points.

201



15 - 40

14 B . 35
13
12 Vg
z s
O | >
& 10 - 20 €
s b
= 9 L e
£ 15 E
» g 2
- 10 [
7
6 -5
5 -0
Experimental No Process EGR and PI
D —@—TE
16 - 0.003
14
- 0.0025
12
~ 10 - 0.002
= —
E s
3 8 - 0.0015 3
> S
) b3
6 o
= - 0.001
4
- 0.0005
2
0 -0
Experimental No Process EGR and PI
s NOX =@ PM
40 - 15
35 - 13
< L
S 30 11
c
2 9 _
8 25 a
220 5
@ -5
£ 15
£ K
o
10 -1
5 - -1

Experimental No Process EGR and PI

s Combustion Duration —@— CA for Max. Pressure

Figure 5.42 : Comparison of ID, TE, NOx, PM, CD, and the position of Max. Press.
Relative to TDC between test result and the case of D25NG75H25 with process
(20% PI, 10% EGR-100°C) and without process.

202



When comparing the process and processless conditions for the D25NG75H15
operating points, the process condition is calculated to be 3.46% lower in power, 3%
higher in BSFC, 1.3% lower in TE, 0.62 bar lower in MPRR, and 27% lower in NOy
(Table 5.25).
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Figure 5.43 : Comparison of temperature and NO mass fraction contours at a piston
position of 10° CA ATDC for operating points with applied (20% Pl & 10% EGR)
and not applied process with different hydrogen enriching fractions for Mode 2.

The temperature and NO mass fraction distributions for the D25NG75H15 operating
points in process and processless conditions at the 10° CA BTDC piston position are
shown in Figure 5.43. It is evident that the application of EGR and PI, especially for
high hydrogen fractions, has a positive impact on the temperature distribution. Mode
1 and Mode 2, a comparison of the optimum conditions obtained with EGR-PI co-

work is shown in Table 5.26.

The higher power output of Mode 2 can be explained by the additional hydrogen
fraction introduced into the system. However, the most important parameters for
comparison here are NOx and MPRR. The incorporation of hydrogen into the in-
cylinder combustion process is crucial for both performance and emission values. Its
inclusion in the system should be more of an energy enrichment rather than an energy
sharing mode. This is because it's possible to achieve higher performance with lower

emissions of all types in Mode 2.
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Table 5.24 : Comparison of the optimal result obtained by applying the process for

Mode 2 with the test data.

D25NG75H00 D25NG75H15-20PI-10EGR100°C Variation
Power (kW) 9.76 12.8 +31.15%
Torque (N.m) 102.42 134.29 +31.12%
BSFC (g/kW.h) 203.85 161.2 ~-21%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 30.84 35.16 +4.32%
Combustion Duration (CA) 31° 25° -6°
MPRR (bar/CA) 1.85 2.31 +0.46
Max. Press. (bar) 50.55 57.92 ~+7
CA for Max. Press. (ATDC) 9° CA 13° CA -
Max. Mean Temp. (K) 1477 1779 +302
NOx (9/kW.h) 4.9 3.42 -30%
SOOT (g/kW.h) 0.0012 0.00122 -
CO (g/kW.h) 10.25 2.342 -77.15%
HC (g/kW.h) 36.73 9.557 ~-714%

This results in a 1.05 bar reduction in MPRR and a 24.7% improvement in NOx (Table
5.26). While CO and UHC emission values may appear higher, when compared to
experimental results, D25NG75H15-10EGR-100°C has provided more reasonable
results (Table 5.24).

Table 5.25 : Comparison of results with and without the process for D25NG75H25.

D25NG75H25 D25NG75H25-20PI-10EGR100°C Variation

Power (kW) 15.05 14.53 -3.46%
Torque (N.m) 157.92 152.51 -3.43%
BSFC (g/kW.h) 141.09 145.48 ~ +3%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 38.04 36.74 -1.3%
Combustion Duration (CA) 17° 19° +2°
MPRR (bar/CA) 4.62 4 -0.62
Max. Press. (bar) 71.94 69.52 ~-25
CA for Max. Press. (ATDC) 12° CA 13° CA -
Max. Mean Temp. (K) 2057 1993 -64
NOx (9/kW.h) 7.43 541 -27%
SOOT (g/kW.h) 0.000153 0.001 -
CO (g/kW.h) 0.49 0.874 +78%
HC (g/kW.h) 2.36 2.52 +6.8%

Compared to Mode 1, the presence of more natural gas in the gas mixture in Mode 2
operating conditions resulted in softer combustion conditions. When the results for the
D25NG75H25 operation point were examined, the MPRR value remained below 5

bars, providing a more preferable operating opportunity compared to Mode 1.
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Table 5.26 : Comparison of the optimal results obtained by applying the process for
Mode 1 and Mode 2.

20% Pl —10% EGR - 100°C

D25NG50H25 D25NG75H15 Variation

Power (kW) 11.20 12.8 +14.3%
Torque (N.m) 117.48 134.29 +14.3%
BSFC (g/kW.h) 140.33 161.2 ~15%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 37.44 35.16 -2.28%
Combustion Duration (CA) 20° 25° +5°
MPRR (bar/CA) 3.36 231 -1.05
Max. Press. (bar) 67.31 57.92 ~-10
CA for Max. Press. (ATDC) 9° CA 13° CA -
Max. Mean Temp. (K) 1738 1779 +41
NOx (9/kW.h) 4.54 3.42 -24.7%
SOOT (g/kW.h) 0.00121 0.00122 -
CO (g/kW.h) 1.55 2.342 +51%
HC (g/kW.h) 4.45 9.557 -

5.2.3 General summary for EGR — PI strategy

Taking into account all the analyses conducted, it has been determined that EGR plays
an extremely important role in reducing NOx, and PI application contributes to the
improvement of MPRR. The appropriate combination of these two strategies is also
crucial. With higher P1, combustion rate and intensity increase, which causes MPRR
to rise again. On the other hand, higher EGR leads to an increase in combustion
efficiency, but rapid and intense combustion results in higher temperatures and, in turn,
an increase in NOyx emissions. In both Mode 1 (energy sharing with gaseous fuels) and
Mode 2 (hydrogen enrichment mode) operating conditions, the combined use of 10%
EGR and 20% PI has yielded more favorable results compared to others. When natural
gas is used as an alternative fuel in diesel engines, it is possible to reduce NOy and
MPRR values while improving CO, HC, and CO2 emissions up to a certain level.
However, to nearly neutralize it and make it almost ineffective, hydrogen cooperation
is essential. Additionally, incorporating hydrogen leads to improvements in
performance as well as a significant enhancement in BSFC values. The use of
hydrogen alone in diesel engines is not practically feasible (Table 5.21, Figure 5.35,
and Figure 5.36). This is because introducing only hydrogen as the gaseous fuel into
the combustion chamber results in increased NOx and MPRR values due to the rapid
combustion and high lower heating value of hydrogen. Even with the use of the EGR-

Pl combination, it is challenging to achieve desirable results in preventing these issues.
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Sending a mixture of natural gas and hydrogen into the combustion chamber, where
these two gaseous fuels complement each other, is a more accurate approach. Natural
gas possesses slower combustion capabilities, while hydrogen burns rapidly. This
combination allows for low NOyx formation with natural gas and high performance,
along with low CO, CO2, and UHC emissions when hydrogen is used. To counter the
increased MPRR, PI is applied. This section of the study delves into the detailed
balance of the fractions of these two gases and the EGR-PI ratios to achieve reasonable
results. In the next section, the effects of water injection (W1) on pilot injection (PI)

performance and emission values are examined in detail.

5.3 WI - PI Strategies

Another recommended method in the literature for improving MPRR and NOy values
is water jet injection and pilot injection strategy [50,52,187-190]. In this section of the
thesis, the application of water jet injection (WI) to control increased NOx values when
using hydrogen as an alternative fuel and the use of pilot injection (PI) strategy to
control MPRR values are discussed. Improved results in terms of performance and
emissions were achieved with the combination of these two strategies. Similar to the
analysis of the EGR-PI strategies applied in the working points, this section focuses
on the effects of the WI-PI combination. Initially, the optimum conditions obtained for
Mode 1, Case 18 (D25NG50H25 with 14° CA BTDC for SOI —as explained in Section
5.1), and for Mode 2, Case 57 (D25NG75H15 with 10° CA BTDC for SOI — as
explained in Chapter 5.1), were taken as the starting point for the analysis. Within the
scope of the study, six different water jet injection ratios were defined, which are 0%,
5%, 10%, 15%, 20%, and 25%. The ratios of injected water jet amounts were

calculated as percentages of the mass of the injected diesel fuel.

For example, the case of 20% water jet injection means that 20% of the mass of diesel
fuel injected per cycle is taken into account. The reason for not going to higher water
jet ratios is that they can have negative effects on performance values. In the previous
section (Chapter 5.2), the optimum ratio for pilot injection was determined as 20%,

and this value was used in this numerical study.

In this study, the pilot injection (PI) process was carried out with a duration of 2.5°
CA, set between 40° CA BTDC and 37.5° CA BTDC. Within the scope of the study,
the effects of different water jet temperatures (25°C, 60°C, 75°C, and 90°C) and
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different water jet injection advances(20° CA BTDC, 10° CA BTDC, 0° CA BTDC —
TDC, and 10° CA ATDC for SOI) were also investigated.

Table 5.27 : Case matrix for Wl and PI processes.

Mode 1 Mode 2

0% Pl —20° CA BTDC SOWI 25°C 0% Pl —20° CA BTDC SOWI 25°C
WI - 0% D25NG50H25 WI - 0% D25NG75H15
WI - 5% D25NG50H25 WI - 5% D25NG75H15
WI - 10% D25NG50H25 WI - 10% D25NG75H15
WI - 15% D25NG50H25 WI - 15% D25NG75H15
WI - 20% D25NG50H25 WI - 20% D25NG75H15
WI - 25% D25NG50H25 WI - 25% D25NG75H15
0% PI —25% WI20° CABTDC SOWI 0% PI —25% WI 20° CA BTDC SOWI
WI - 25°C D25NG50H25 WI - 25°C D25NG75H15
WI - 60°C D25NG50H25 WI - 60°C D25NG75H15
WI - 75°C D25NG50H25 WI - 75°C D25NG75H15
WI -90°C D25NG50H25 WI - 90°C D25NG75H15

20% PI —25% WI120° CA BTDC SOWI 20% PI —25% WI20° CA BTDC SOWI

WI - 25°C D25NG50H25 WI - 25°C D25NG75H15
WI - 60°C D25NG50H25 WI - 60°C D25NG75H15
WI - 75°C D25NG50H25 WI - 75°C D25NG75H15
WI -90°C D25NG50H25 WI - 90°C D25NG75H15

20% P1—25% WI 75°C 20% P1—25% WI 75°C

20 CABTDC SOWI D25NG50H25 20 CABTDC SOWI D25NG75H15
10 CA BTDC SOWI D25NG50H25 10 CABTDC SOWI D25NG75H15
0 CABTDC SOWI D25NG50H25 0 CABTDC SOWI D25NG75H15
10 CA ATDC SOWI D25NG50H25 10 CA ATDC SOWI D25NG75H15
20% PI —25% WI120° CABTDC SOWI 20% PI —25% WI120° CABTDC SOWI
75°C 75°C

D25NG75H00 D25NG75H00

D25NG65H10 D25NG75H05

D25NG50H25 D25NG75H10

D25NG25H50 D25NG75H15

D25NGO0H75 D25NG75H20

- D25NG75H25

0% P1 —0% WI

0% P1—0% WI

D25NG75H00 D25NG75H00
D25NG65H10 D25NG75H05
D25NG50H25 D25NG75H10
D25NG25H50 D25NG75H15
D25NGO0H75 D25NG75H20

- D25NG75H25

20% PI1 — 0% WI

20% P1— 0% WI

D25NG75H00 D25NG75H00
D25NG65H10 D25NG75H05
D25NG50H25 D25NG75H10
D25NG25H50 D25NG75H15
D25NGO00H75 D25NG75H20

- D25NG75H25
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All the analyses described were performed for both Mode 1 and Mode 2, as shown in
Table 5.27. These analyses were initially initiated at the optimum operating points for
Mode 1 and Mode 2, but they were expanded to demonstrate that higher hydrogen
fraction operating points could be reached with the applied parameters. The table also

shows the analysis stages for different gas fuel fractions (Table 5.27).

5.3.1 Optimal condition determination in the WI - Pl co-work

In the previous section (Chapter 5.2), detailed explanations were provided about the
numerical operating points and results obtained with the EGR — PI strategy. Now, the
focus is on another strategy pair, Wl —PI. The goal with WI is to improve NOy values,
while with PI, it aims to enhance MPRR values. Additionally, it aims to demonstrate
the feasibility of reaching higher hydrogen fractions. The following roadmap was
followed to enrich the initial conditions obtained from the first study with the W1 and

pilot injection processes (PI).

In the first study, the effects of different water jet fractions without pilot injection (0%
PI) were investigated at the operation points with D25NG50H25 at 14° CA BTDC
injection advance for Mode 1 and D25NG75H15 at 10° CA BTDC injection advance
for Mode 2, as obtained from the initial study. The water jet amounts were adjusted
based on the percentage of the injected diesel fuel amount, which is 0%, 5%, 10%,
15%, 20%, and 25%. In this case, the temperature of the injected water jet was kept

constant at 25°C, and an injection advance of 20° CA BTDC was preferred.

In this phase, the study aimed to investigate both the effects of the water jet fraction
and determine the ideal water jet fraction (Table 5.27). The analysis results showed
that a 25% W ratio provided more preferable results. In the subsequent stage, without
pilot injection (0% PI) and a constant 25% WI ratio, the effects of different water jet
temperatures (25°C, 60°C, 75°C, and 90°C) were examined (Table 5.27).

The goal here was to study the impact of WI temperature and determine the optimum
WI temperature. However, the study also aimed to investigate the effects of water jet
temperatures (25°C, 60°C, 75°C, and 90°C) when the obtained 25% WI value was
used in combination with a 20% pilot injection strategy (P1) (Table 5.27). In this
context, a comparison was made between Pl and non-PI conditions. The initial stages
of the study indicated that 20% PI, 25% WI, and 75°C WI temperature yielded more

favorable results in terms of performance and emission values compared to others.
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Figure 5.44 : The effect of increasing the W1 rate without Pl on power, BSFC, ID,
TE, CO, and UHC values.

The next phase involved combining the obtained Pl and W1 ratios and examining the
effects of different water jet injection timings (20° CA BTDC, 10° CA BTDC, 0° CA
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— TDC, and 10° CA ATDC values for SOWI) for both Mode 1 and Mode 2 (Table
5.27).
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Figure 5.45 : The effect of increasing the WI rate without Pl on NOy, PM, Pressure,
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Ultimately, values that yielded more reasonable results were determined to be 20% for
PI, 25% for WI, and 75°C for WI temperature.
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Figure 5.46 : The effect of increasing the WI temperature at fixed the WI rate (25%
WI1) without PI (0% PI) on power, BSFC, ID, TE, CO, and UHC values.
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Figure 5.47 : The effect of increasing the WI temperature at fixed the WI rate (25%
W1) without P1 (0% PI) on NOx, PM, Pressure, MPRR, CD, and the position of Max.
Press. Relative to TDC.

In the final stage of the study, the effects of different gas fuel (Natural Gas - Hydrogen)
fractions for Mode 1 and different hydrogen enrichment ratios for Mode 2 were
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investigated under the optimum conditions (20% PI, 25% WI, and
Temperature) (Table 5.27).
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Figure 5.48 : The effect of increasing the WI temperature at fixed the WI rate (25%
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The impact of increased W1 (Water Injection) ratio for Mode 1 (D25NG50H25 - 14°
CA BTDC for SOI) and Mode 2 (D25NG75H15 - 10° CA BTDC for SOI) is shown
in the same graphs in Figure 5.44 and Figure 5.45.

0.003
15
Y ) 0.0025
= _——.—----—_” —_
g . sZT === 0.002 =
210 L EET 6 gy b g - 3
=
E 0.0015 S
x
o C— 0.001 2
g5 ——— = s 2
0.0005
0 0
25 60 75 90
WATER TEMPERATURE (C)
———@—— NOX (D25NG50H25) ===@=—— NOx (D25NG75H15)
= =@ =-PM (D25NG50H25) «<=@® =-PM (D25NG75H15)
75 5
70 o— —— 42
= <
E: R - S — o L
s 3 3
£ 65 L e L e J 2
©n 2 -4
£
T 60 *— —— —o— —9 12
55 0
25 60 75 90
WATER TEMPERATURE (C)
——@— Pressure (D25NG50H25) =@ Pressure (D25NG75H15)
~ =@ =< MPRR (D25NG50H25) = =@ == MPRR (D25NG75H15)
25
z 15 G
o o X X X X JNo N X X N J [a)
c 20 g
S 10 g
5 5
31
p L
° a
2 10 Y i
3 s
£ s 0 8
o <
25 60 75 90 o
WATER TEMPERATURE (C)

s CA for Max. Pressure (D25NG50H25)
mmmmm CA for Max. Pressure (D25NG75H15)
emm@ume Combustion Duration (D25NG50H25)
a» @» ® Combustion Duration (D25NG75H15)

Figure 5.49 : The effect of increasing the WI temperature at fixed the W1 rate (25%
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Blue represents Mode 1, while orange represents Mode 2. When examining the graphs,
it is observed that the power value showed a slight decrease with increasing WI ratio

for Mode 1, while the BSFC continuously increased (Figure 5.44).
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Similar changes were observed for Mode 2 (Figure 5.44). The increase in the water jet
amount led to a partial decrease in local temperatures, which, in turn, reduced
combustion efficiency and worsened performance parameters. For both Mode 1 and
Mode 2, ignition delay times were not affected by the WI ratio, but the thermal
efficiency (TE) decreased due to the cooling effect of the water jet on the ambient
temperature. CO and UHC emissions remained stable and were not significantly
affected by the WI ratio (Figure 5.44). The emissions most affected by the W1 ratio
were NOx and PM (Particulate Matter) emissions (Figure 5.45).

This is because these two types of emissions are directly influenced by local
temperatures. Increasing WI resulted in a decrease in local temperatures, which, in
turn, reduced NOx formation. PM emissions result from the oxidation of unburned fuel
vapor that doesn't participate in combustion. Therefore, as the combustion
temperatures decrease, the probability of this event (oxidation of unburned fuel vapor)
increases, leading to higher PM emissions (Figure 5.45). Increasing the W1 ratio had
minimal effects on in-cylinder pressure and MPRR values (Figure 5.45). It was
observed that the 25% WI value, which caused a significant improvement in NOy at
the cost of a slight power loss, was suitable for later analyses. In the next stage,
considering the 25% W1 value, the effects of different W1 temperatures (25°C, 60°C,
75°C, and 90°C) were investigated for cases with and without diesel pilot injection
(0% PI and 20% P1). In the case of no diesel pilot injection (0% PI), it was observed
that different W1 temperatures had no significant effect on power, BSFC, TE, ID, CO,
UHC, NOyx, MPRR, in-cylinder pressure, and CD (Combustion Duration) values for
both Mode 1 and Mode 2, except for a decrease in PM emissions at 75°C WI
temperature (Figure 5.46 and Figure 5.47). A similar situation was observed for 20%
Pl (Figure 5.48 and Figure 5.49). It can be concluded that WI temperatures had
minimal impact on performance and emission values, primarily due to the presence of
hydrogen in the gaseous fuel. This is because the high lower heating value of hydrogen
and its effect on increasing post-combustion temperatures have a much greater impact
than the difference in temperatures between different WI conditions. While there is a
significant difference in performance and emission values between the presence and
absence of water injection, there is no notable difference in results when water
injection is applied at different temperatures. In summary, water injection is an

effective method, while water injection temperature has minimal impact on
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performance and emission values. Due to its positive contribution to PM emissions, a

Wil temperature of 75°C was preferred for the next stage (Figure 5.47 and Figure 5.49).
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Figure 5.51 : The effect of variation the WI timing at fixed the W1 rate (25% WI),
the WI temperature (75 °C) and PI (20% PI) on NOx, PM, Pressure, MPRR, CD, and
the position of Max. Press. Relative to TDC.
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Up to this point, results were obtained for water injection with an advance value of 20°
CA BTDC. The effects of water injection at different advances (20° CA BTDC, 10°
CA BTDC, 0° CA BTDC — TDC, and 10° CA ATDC for SOWI) were also analyzed
(Figure 5.50 and Figure 5.51). Upon examination of the graphs, it can be seen that
reducing the water injection advance for Mode 1 and Mode 2 results in increased
power and decreased BSFC (Figure 5.50).

Further delayed water injection had a lesser effect on combustion temperatures
compared to early water injection, resulting in less impact on performance values.
Therefore, power and BSFC were obtained as more reasonable results for delayed
water injection. While ignition delay remained unchanged for both modes with

decreasing water injection advance, TE value increased (Figure 5.50).

The increase in TE value can be explained by the fact that delayed water injection has
less effect on combustion temperatures. Therefore, higher temperatures indicate high
combustion efficiency and low incomplete combustion products. As a result, CO and
UHC emissions also decreased (Figure 5.50). However, the situation is the opposite
for NOx. PM emissions also decreased similarly to CO and UHC emissions due to the

same reasons (Figure 5.51).

Table 5.28 : Results of different W1 temperatures for Mode 1 under constant W1 rate
(25% WI) and injection advance (20° CA BTDC SOWI), with and without PI.

25% WI —20° CA BTDC SOWI — D25NG50H25 (Mode 1)

25°C 60°C 75°C 90°C
PI PI PI PI

0%  20% 0% _ 20% 0% __ 20% 0% __ 20%
Power (kW) 1087 1105 1064 1101 1072 1094 1067 1092
Torque (N.m) 11405 11597 11166 11550 11249 11484 11182 114.58
BSFC (g/kW.h) 15652 15391 150.85 15454 15867 15542 15963 155.78
Ignition Delay (CA) 11° 11° 11° 11° 11° 11° 11° 11°
Thermal Efficiency (%) 36.34 3696 3559 3681 3585 3660 3564 3652
Combustion Duration (CA) 20° 16° 20° 16° 20° 17° 20° 17°
MPRR (bar/CA) 404 334 368 329 38 320 38 321
Max. Press. (bar) 66.56 7007 6618 6966 6640 6936  66.15  69.40
%g)é;\/lax. Press. 8°CA 8°CA 8°CA 8°CA 8CA 8CA 8CA 8°CA
Max. Mean Temp. (K) 1716 1788 1691 1776 1705 1770 1695 1771
NOx (g/kW.h) 567 529 550 515 553 510 549 504
SOOT (g/kW.h) 0.00063 0.0019 0.00081 0.0019 0.00073 0.0022 0.00080 0.0020
CO (g/kW.h) 184 132 226 133 206 142 225 145
HC (g/kW.h) 458 398 523 404 489 411 518 412

MPRR and in-cylinder pressure values were not significantly affected by water
injection advance for Mode 1, but they increased with a reduced water injection

advance for Mode 2. The longest combustion duration was observed for the 20° CA
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BTDC SOWI value (Figure 5.51). The 20° CA BTDC SOWI value was chosen for
NOx emissions and MPRR as it offered more reasonable results compared to other

advances.

Table 5.28 shows the numerical results obtained for different water injection
temperatures for Mode 1 (D25NG50H25) with and without diesel fuel pilot injection
(0% PI and 20% PI). Water injection conditions were kept at 25% WI and 20° CA
BTDC SOWI, and the effects of water injection temperatures were examined for Pl
and non-PIl. When examining the results, it can be seen that the performance, NOy, and
MPRR values at 75 °C water injection temperature are quite successful for 20% PI
(Table 5.28). For Mode 2 (D25NG75H15), Table 5.29 shows the numerical results
obtained for different water injection temperatures for cases with and without diesel
fuel pilot injection (0% PI and 20% P1). The water injection conditions were the same
as those for Mode 1. When examining the results for this mode, it can be seen that the
performance, NOx, and MPRR values at 75 °C water injection temperature are
successful for 20% PI (Table 5.29).

Table 5.29 : Results of different W1 temperatures for Mode 2 under constant W1 rate
(25% WI) and injection advance (20° CA BTDC SOWI), with and without P1.

25% WI —20° CA BTDC SOWI — D25NG75H15 (Mode 2)

25°C 60°C 75°C 90°C
PI PI PI PI

0% _ 20% 0% _ 20% 0% __ 20% 0% __ 20%
Power (kW) 1253 1283 1239 1267 1249 1272 1231 1254
Torque (N.m) 13152 13461 13005 13298 131.08 13347 12914 13155
BSFC (g/kW.h) 17570 171.66 177.69 17378 17629 17314 17894 175.66
Ignition Delay (CA) 11° 11° 11° 11° 11° 11° 11° 11°
Thermal Efficiency (%) 3444 3525 3405 3482 3432 3495 3381 3444
%’gbusnon Duration 220 220 220 220 220 220 220 220
MPRR (bar/CA) 294 258 287 253 297 251 292 253
Max. Press. (bar) 5868 6052 5854 6012 5868 5994 5842 5959
&A‘Tg’é;v'ax' Press. 12°CA  13°CA 12°CA 13°CA 12°CA 14°CA 12°CA 13°CA
Max. Mean Temp. (K) 1752 1799 1745 1792 1753 1793 1742 1783
NOx (g/kW.h) 432 420 426 410 434 407 428  4.03
SOOT (g/kW.h) 0.00062 0.0018 0.00083 0.0017 0.00059 0.0017 0.00089 0.0025
CO (g/kW.h) 225 197 231 216 226 210 2.4 2.38
HC (g/kW.h) 1009 814 1030  8.35 10 834 1039 874

When comparing the results for Pl and non-Pl, it can be observed that the pilot
injection process offers lower NOx and higher MPRR values along with better
performance. The highest TE value was also achieved with 20% Pl and a 75°C water
injection temperature. Reasonable values were observed for CO and UHC emissions
as well (Table 5.28 and Table 5.29).
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5.3.2 Comparison of WI — PI strategy and non — strategy conditions

For Mode 1 (gas fuel energy sharing mode), numerical results with different gas energy
fractions have been compared to experimental results (D25NG75H00 14° CA BTDC
for SOI).
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Figure 5.52 : Comparison of test result with the non-process, only PI (20% PI), and
both PI and WI conditions (20% Pl and 25% W1) in terms of power, ID, and CO
emission for Mode 1.
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In this case, processes were not applied in any of the gas energy fractions, only pilot
injection (20% PI) was applied, and both pilot injection and water injection (20% Pl
& 25% WI) were applied. The results show that under D25NG75H00 conditions, the

highest power value was achieved when only pilot injection was applied (Figure 5.52).
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Figure 5.53 : Comparison of test result with the non-process, only PI (20% PI), and
both Pl and WI conditions (20% P1 and 25% WI) in terms of NOx emissions,
Pressure and CD for Mode 1.
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In other cases, similar power levels were obtained. D25NG65H10 conditions produced
more power and allowed for a greater increase in power when 20% PI was applied.
The application of 25% WI with PI caused the power value to decrease back to the

levels of the experimental conditions (Figure 5.52).
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Figure 5.54 : Comparison of test result with the non-process, only P1 (20% PI), and
both PI and WI conditions (20% PI and 25% WI) in terms of BSFC, TE and UHC
emission for Mode 1.
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Figure 5.55 : Comparison of test result with the non-process, only PI (20% PI), and
both PI and WI conditions (20% PI and 25% WI) in terms of PM emission, MPRR

and the position of Max. Press. Relative to TDC for Mode 1.

Increasing the hydrogen fraction in the D25NG50H25 operating point has resulted in
a higher power output. However, the application of 20% P1 to this operating point has
caused a decrease in power. The application of WI, though resulting in a decrease in

power, has still provided a higher power value than the test conditions (Figure 5.52).
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Increasing the hydrogen fraction counteracts the effect of Pl on power output. This is
because hydrogen promotes rapid combustion. Pilot injection causes combustion to
start slightly earlier and in a more gradual manner. An increase in the hydrogen
fraction, in combination with pilot injection, leads to combustion starting early and
proceeding rapidly and forcefully. A similar effect can be observed with
D25NGO0H75 (Figure 5.52). The fluctuations in power values across different gas fuel

fractions are also reflected in BSFC due to the same reasons (Figure 5.54).

The ID (Ignition Delay) value has increased as a result of the effect of water injection
in the D25NGOO0H75 condition. In other conditions, it remained stable (Figure 5.52).
Although ID appears stable, CD (Combustion Duration) and MPRR (Rate of
Maximum Pressure Rise) values have indicated that in high hydrogen fractions, the
combustion duration shortened, and MPRR increased (Figure 5.53 and Figure 5.55).
In other words, while the start of combustion remains stable, its duration and character
have changed. The CD value was highest in the condition without hydrogen
(D25NG75H00) and lowest in the D25NG0O0H75 condition (Figure 5.53). Pl and WI
applications have shortened the combustion duration slightly. The most important
parameter for combustion duration is the hydrogen fraction. MPRR has shown a sharp
increase trend when the hydrogen energy fraction is above 50% (Figure 5.55). To
improve MPRR, the hydrogen energy fraction in the gas fuel should not exceed 25%.
The application of Pl does not have a significant impact on reducing MPRR in

conditions with high hydrogen energy fractions (Figure 5.55).

When examining the numerical result graphs for NOxy, it's observed that increases
occur due to an increase in the hydrogen fraction, especially above 25% hydrogen
energy fraction (Figure 5.53). The applied strategies (only Pl and PI-WI) have been
quite successful in reducing NOx (Figure 5.53). When the hydrogen fraction is at 50%
and above, higher NOx formation was observed according to the test conditions.
Although PI-W1 application was performed to achieve a reduction, it couldn't prevent
higher NOx formation compared to the experimental conditions (Figure 5.53). CO and
UHC emissions have provided reasonable results in all cases where hydrogen was
included (Figure 5.52 and Figure 5.54). Under the same fraction of gas mixture
conditions, only PI application has resulted in lower CO and UHC emissions. While
there was a slight increase with WI, these emissions remained at lower levels compared

to conditions without the process (Figure 5.52 and Figure 5.54).
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PM emissions have been influenced by the same magnitudes of local and combustion
temperatures. For example, an increase in the hydrogen fraction has resulted in

improvement in PM emissions.

The application of Pl in the presence of hydrogen has also led to a reduction in PM
emissions compared to the experimental conditions (Figure 5.55). When comparing
the experimental conditions (D25NG75H00 14° CA BTDC for SOI) with the condition
where the WI-Pl processes were applied (D25NG50H25-20PI1-25W175°C),
improvements of 14.26% for power, 20.7% for BSFC, 4.58% for TE, 23.42% for NOx,
85.7% for CO, and 88.33% for UHC were observed. Only a slight increase of 0.54 bar
was noticed for MPRR (Table 5.30).

Table 5.30 : Comparison between processed by the WI results (20% PI - 25% WI
75°C - 20° CA BTDC SOWI) for D25NG50H25 (Mode 1) and test result.

D25NG75H00 D25NG50H25-20P1-25WI175°C  Variation

Power (kW) 9.575 10.94 +14.26%
Torque (N.m) 100.477 114.84 +14.29%
BSFC (g/kW.h) 196 155.42 -20.7%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 32.02 36.60 +4.58%
Combustion Duration (CA) 27° 17° -10°
MPRR (bar/CA) 2.66 3.2 +0.54
Max. Press. (bar) 57.25 69.36 ~+12
CA for Max. Press. (ATDC) 7° CA 8° CA +1°
Max. Mean Temp. (K) 1504 1770 +266
NOy (g/kW.h) 6.66 5.1 -23.42%
SOOT (g/kW.h) 0.00077 0.0022 -

CO (g/kW.h) 9.94 1.42 -85.7%
HC (g/kW.h) 35.21 4.11 -88.33%

When comparing the conditions without the process (D25NG50H25) to the condition
with the WI-PI strategy applied (D25NG50H25-20P1-25W175°C), the results show a
5.53% decrease in power, a 14% increase in BSFC, a 2.11% decrease in TE, a 0.4 bar
improvement in MPRR, and a 31.64% decrease in NOx (Table 5.31).

In Figure 5.56, the temperature and NO mass fraction distribution contours for the
conditions with and without the process in Mode 1 are shown at a piston position of
10° CA ATDC. When examining these contours at this piston position, where the
combustion temperatures start to rise, the application of the process has softened the
temperature distributions and led to a reduction in NO mass fractions (Figure 5.56).
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This is also supported by the improvements in NOx and MPRR values as shown in
Table 5.30 and Table 5.31. Figure 5.57 presents results on temperature and NOx
formation for the D25NG50H25 operating point at different piston positions.

Table 5.31 : Comparison of results with (20% PI - 25% WI 75°C - 20° CA BTDC
SOWI) and without the WI process for D25NG50H25 (Mode 1).

D25NG50H25 D25NG50H25-20P1-25WI175°C  Variation

Power (kW) 11.58 10.94 -5.53%
Torque (N.m) 121.47 114.84 -5.45%
BSFC (g/kW.h) 136.27 155.42 +14%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 38.71 36.60 -2.11%
Combustion Duration (CA) 19° 17° -2°
MPRR (bar/CA) 3.6 3.2 -0.4
Max. Press. (bar) 67.45 69.36 -
CA for Max. Press. (ATDC) 8° CA 8° CA -
Max. Mean Temp. (K) 1779 1770 -9
NOx (g/kW.h) 7.46 5.1 -31.64%
SOOT (g/kW.h) 0.000172 0.0022 -
CO (g/kW.h) 1.42 1.42 -
HC (g/kW.h) 4.04 4.11 +1.73%

When observing the temperature distributions starting from Top Dead Center (TDC),
it is evident that particularly in conditions with a high hydrogen fraction, temperatures
rise to around 3000 K in certain regions of the cylinder.
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Figure 5.56 : Comparison of temperature and NO mass fraction contours at a piston
position of 10° CA ATDC for operating points with applied (20% Pl & 25% W1) and
not applied process with different gas fuel fractions for Mode 1.
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However, with the application of 20% Pl and especially 25% WI, these very hot
regions are reduced. Correspondingly, when tracking NOx formation, a decrease in NO
mass fraction density is observed (Figure 5.57). For Mode 2 (Hydrogen Enrichment
Mode), numerical results with and without the process are compared for all hydrogen
energy enrichment fractions, with only pilot injection (20% PI) applied, and with both
pilot injection and water injection (20% PI & 25% WI) at a piston position of 10° CA
BTDC, as well as with the experimental results (D25NG75H00) in Figure 58 to Figure
61.

Table 5.32 : Comparison between processed by the WI results (20% PI - 25% W]
75°C - 20° CA BTDC SOWI) for D25NG75H15 (Mode 2) and test result.

D25NG75H00 D25NG75H15-20P1-25WI175°C  Variation

Power (kW) 9.76 12.72 +30.33%
Torque (N.m) 102.42 133.47 +30.32%
BSFC (g/kW.h) 203.85 173.14 ~-15%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 30.84 34.95 +4.11%
Combustion Duration (CA) 31° 22° -9°
MPRR (bar/CA) 1.85 2.51 +0.66
Max. Press. (bar) 50.55 59.94 ~+9
CA for Max. Press. (ATDC) 9° CA 14° CA +5°
Max. Mean Temp. (K) 1477 1793 +316
NOy (9/kW.h) 4.9 4.07 ~-17%
SOOT (g/kW.h) 0.0012 0.00174 -45%
CO (g/kW.h) 10.25 21 -79.5%
HC (g/kW.h) 36.73 8.34 -77.29%

In the case of the test condition (D25NG75H00), the application of the process did not
have a significant impact on power and BSFC values (Figure 5.58 and Figure 5.60).
Only when the WI-PI combination was applied did BSFC show a tendency to increase
to some extent. It can be said that for the working points with hydrogen present, there
is an improvement in power and BSFC compared to the test conditions
(D25NG75H00). However, similar values were obtained for the conditions with and

without the process (Figure 5.58).

There doesn't appear to be any condition that significantly affects the ignition delay
for Mode 2 (Figure 5.58). In Mode 1 conditions, the ignition delay remained stable,
similar to the Mode 2 situation. However, stability in this context means that the
ignition initiation is constant. To assess the rate, quality, and duration of combustion,

it is necessary to look at the CD and MPRR values.
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Table 5.33 : Comparison of results with (20% PI - 25% W1 75°C - 20° CA BTDC
SOWI) and without the WI process for D25NG75H15 (Mode 2).

D25NG75H15 D25NG75H15-20P1-25WI175°C Variation

Power (kW) 13.28 12.72 -4.22%
Torque (N.m) 139.34 133.47 -4.21%
BSFC (g/kW.h) 155.99 173.14 +11%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 36.48 34.95 -1.53%
Combustion Duration (CA) 23° 22° -1°
MPRR (bar/CA) 3.08 2.51 -0.57
Max. Press. (bar) 60.35 59.94 -
CA for Max. Press. (ATDC) 12° CA 14° CA +2°
Max. Mean Temp. (K) 1809 1793 -16
NOx (9/kW.h) 5.44 4.07 -25.18%
SOOT (g/kW.h) 0.0002 0.00174 -
CO (g/kW.h) 2.02 2.1 ~ +4%
HC (g/kW.h) 8.76 8.34 -4.79%

Combustion duration, especially after 15% hydrogen enrichment fraction, showed a
tendency to decrease, and MPRR values showed a tendency to increase. The
application of 20% PI helped reduce MPRR to some extent (Figure 5.59 and Figure
5.61). Increased hydrogen enrichment fraction led to an increase in NOy, especially
with the W1 strategy. When W1 was applied, NOx was controlled up to 20% hydrogen
fraction, and it matched the experimental NOx values (Figure 5.59). Indeed, the
addition of hydrogen resulted in higher performance values while maintaining a
smooth combustion characteristic. The increase in hydrogen enrichment fraction led
to a decrease in CO and UHC emissions, similar to the trends observed in Mode 1
conditions. Importantly, under the same hydrogen enrichment fraction, the results
between process and non-process conditions were very similar, as shown in Figure
5.58 and Figure 5.60. The addition of hydrogen as an extra energy input into the
combustion chamber increased thermal efficiency (TE). Notably, under the same
hydrogen enrichment fraction, the results in terms of TE were quite similar between
process and non-process conditions, as shown in Figure 5.60. Additionally, in terms
of particulate matter (PM) emissions, they were lowest in the non-process condition
and exhibited a slight increase when P1 was applied. The increasing trend continues
with the W1 application (Figure 5.61). However, it can be reduced with the increase in
the hydrogen enrichment fraction. Although PM increases with the Pl and WI
strategies, the improvements obtained for NOx and MPRR encourage us not to

overlook this increase (Figure 5.59 and Figure 5.61).
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Figure 5.57 : Comparison of temperature and NO mass fraction contours at different
piston positions for operating points with applied (20% P1 & 25% W!I) and not
applied process for Mode 1 - D25NG50H25.
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Table 5.34 : Comparison of results with and without the W1 process for

D25NGO0HT75.

D25NGO0H75 D25NGO0H75-20PI-25WI175°C  Variation
Power (kW) 10.69 9.95 -6.92%
Torque (N.m) 112.18 104.44 -6.9%
BSFC (g/kW.h) 95.73 115.25 +20.39%
Ignition Delay (CA) 11° 12° +1°
Thermal Efficiency (%) 35.75 33.28 -2.47%
Combustion Duration (CA) 9° 8° -1°
MPRR (bar/CA) 8.35 10.11 +1.76
Max. Press. (bar) 85.89 85.49
CA for Max. Press. (ATDC) 4° CA 4° CA -
Max. Mean Temp. (K) 1997 1989 -8
NOx (9/kW.h) 14.04 9.23 -34.26%
SOOT (g/kW.h) ~0 0.0015
CO (g/kW.h) 0.0036 0.067
HC (g/kW.h) 0.0015 0.0106

When the experimental conditions (D25NG75H00 10° CA BTDC for SOI) are
compared with the condition where the WI-PI processes were applied (D25NG75H15-
20P1-25WI175°C), it is observed that there are improvements of 30.33% for power,
15% for BSFC, 4.11% for TE, 17% for NOx, and 79.5% for CO and 77.29% for UHC.
Only a 0.66-bar increase is observed for MPRR (Table 5.32). When comparing the
condition without the process (D25NG75H15) with the condition where the WI-PI
strategy was applied (D25NG75H15-20P1-25WI175°C), it is evident that there is a
4.22% decrease in power, an 11% increase in BSFC, a 1.53% decrease in TE, a 0.57-
bar improvement in MPRR, and a 25.18% decrease in NOx (Table 5.33).

Contour plots of temperature and NO mass fraction distribution for the process and
processless operating points in Mode 2 are shown in Figure 5.62. The contours
represent a condition with the piston at 10° CA ATDC. At this piston position, as the
combustion temperatures start to rise, the application of the process has reduced
temperature distributions and decreased NO mass fractions (Figure 5.62). The
improvements in NOy and MPRR values are already presented in Table 5.32 and Table
5.33. Figure 5.63 provides results regarding temperature and NOx formation for the
D25NG75H15 operating point at different piston positions. Starting from Top Dead
Center (TDC), when observing temperature distributions, it can be seen that in
conditions with a high hydrogen fraction, temperatures rise to around 3000 K in some

areas of the cylinder. However, particularly with the application of 20% Pl and 25%
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WI, it is observed that the proportion of these very hot regions decreases.
Simultaneously, while monitoring NOx formation, a reduction in NO mass fraction is

also observed (Figure 5.63).
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Figure 5.58 : Comparison of test result with the non-process, only Pl (20% PI), and
both PI and WI conditions (20% PI and 25% WI1) in terms of power, 1D, and CO
emission for Mode 2.
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Figure 5.59 : Comparison of test result with the non-process, only Pl (20% PI), and
both PI and WI conditions (20% PI and 25% WI) in terms of NOy emissions,
Pressure and CD for Mode 2.

Table 5.34 provides the gains and losses when the maximum hydrogen content
condition (D25NGO0H75) for Mode 1 is subjected to the application of the PI-WI
combination. If 20% PI and 25% WTI are applied at 75°C, the results show a 6.92%
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power loss, a 20.39% increase in BSFC, a 2.47% decrease in TE, a 1.76 bar increase
in MPRR, and a 34.26% improvement in NOy (Table 5.34).

Table 5.35 : Comparison of results with and without the W1 process for

D25NG75H25.

D25NG75H25 D25NG75H25-20P1-25WI175°C Variation
Power (kW) 15.05 14.26 -5.25%
Torque (N.m) 157.92 149.67 -5.22%
BSFC (g/kW.h) 141.09 158.06 ~+12%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 38.04 36.05 -2%
Combustion Duration (CA) 17° 16° -1°
MPRR (bar/CA) 4.62 4.58 -0.04
Max. Press. (bar) 71.94 72.59 -
CA for Max. Press. (ATDC) 12° CA 12° CA
Max. Mean Temp. (K) 2057 2030 -27
NOy (g/kW.h) 7.43 6.62 -11%
SOOT (g/kW.h) 0.00015 0.00115 -
CO (g/kW.h) 0.49 0.65 +32.65%
HC (g/kW.h) 2.36 2.43 +3%

It is evident from these results that the applied processes have been highly effective
for NOx and MPRR. However, an MPRR value of 10.11 bar/CA indicates that the
presence of hydrogen in the gas fuel causes a tendency for knock-prone combustion.
Table 5.35 provides the gains and losses when the condition with the maximum
hydrogen content (D25NG75H25) for Mode 2 is subjected to the application of the PI-
WI combination. If 20% PI and 25% W1 are applied at 75°C, the results show a 5.25%
power loss, a 12% increase in BSFC, a 2% decrease in TE, and an 11% improvement
in NOx (Table 5.35). The MPRR value is the same for both process and non-process
conditions, at approximately 4.6 bar/CA, making it a desirable value. While there is a
5.25% decrease in power when comparing process and non-process conditions, there
is a significant advantage of a 46% power increase compared to the experimental

results.

It is observed that achieving high hydrogen values with P1-W1 is possible in Mode 2.
Table 5.36 provides the answer to the question of what happens when the PI-WI
strategies are applied to the operating point with a main injection advance of 14° CA
BTDC (D25NG75H00 14° CA BTDC for SOI). If 20% PI and 25% WI are applied at
75°C, the results show a 2.77% increase in power, a 9.64% increase in BSFC, a 0.88%

decrease in TE, a 0.25-bar decrease in MPRR, a 37% improvement in NOx, and a 13%
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reduction in CO and a 10.5% reduction in UHC (Table 5.36). Both performance and

emissions are brought to more desirable levels.
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Figure 5.60 : Comparison of test result with the non-process, only PI (20% PI), and
both Pl and WI conditions (20% P1 and 25% WI1) in terms of BSFC, TE and UHC
emission for Mode 2.
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Table 5.36 : Comparison of test and processed by WI results for the operating point
of D25NG75H00 (14° CA BTDC SOI).

D25NG75H00 D25NG75H00-20PI-25WI175°C Variation

Power (kW) 9.575 9.31 -2.77%
Torque (N.m) 100.477 97.71 -2.75%
BSFC (g/kW.h) 196 214.9 +9.64%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 32.02 31.14 -0.88%
Combustion Duration (CA) 27° 23° -4°
MPRR (bar/CA) 2.66 2.41 -0.25
Max. Press. (bar) 57.25 57.83 -
CA for Max. Press. (ATDC) 7° CA 9° CA +2°
Max. Mean Temp. (K) 1504 1528 +24
NOy (9/kW.h) 6.66 4.2 -37%
SOOT (g/kW.h) 0.00077 0.0041 -
CO (g/kW.h) 9.94 8.63 ~-13%
HC (g/kW.h) 35.21 315 -10.5%

In asimilar situation for test condition with a main injection advance of 10° CA BTDC,
the results are as follows: a 0.31% decrease in power, a 6.93% increase in BSFC, a
0.35-bar decrease in MPRR, a 36% improvement in NOy, and a 13% reduction in HC
(Table 5.37). It is easier to control performance and emissions when hydrogen is not
included in the gas fuels in the combustion chamber (Test Conditions). The
introduction of hydrogen into the combustion chamber triggers a harsh combustion
characteristic, leading to an increase in MPRR and NOx and a decrease in CD.

Table 5.37 : Comparison of test and processed by WI results for the operating point
of D25NG75H00 (10° CA BTDC SOI).

D25NG75H00 D25NG75H00-20P1-25WI175°C  Variation

Power (KW) 9.76 9.73 -0.31%
Torque (N.m) 102.42 102.104 -0.31%
BSFC (g/kw.h) 203.85 217.97 +6.93%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 30.84 30.74 -
Combustion Duration (CA) 31° 27° -4°
MPRR (bar/CA) 1.85 1.5 -0.35
Max. Press. (bar) 50.55 49.89 -
CA for Max. Press. (ATDC) 9° CA 12° CA +3°
Max. Mean Temp. (K) 1477 1493 +16
NOx (g/kW.h) 49 3.14 -36%
SOOT (g/kW.h) 0.0012 0.0035 -
CO (g/kW.h) 10.25 10.23 -
HC (g/kW.h) 36.73 32 ~-13%
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Figure 5.62 : Comparison of temperature and NO mass fraction contours at a piston
position of 10° CA ATDC for operating points with applied (20% Pl & 25% W1) and
not applied process with different hydrogen enriching fractions for Mode 2.

Although the performance values may appear to be improving, the presence of
knocking tendencies negates the advantage of increased power. Therefore, an arduous
optimization process begins with the aim of establishing a performance-emission
balance using the WI-PI strategy for both Mode 1 and Mode 2.

Table 5.38 : Comparison of the optimal results obtained by applying the W1 process
for Mode 1 and Mode 2.

20% PI —25% W1 75°C — 20° CA BTDC SOWI
D25NG50H25  D25NG75H15  Variation

Power (kW) 10.94 12.72 +16.27%
Torque (N.m) 114.84 133.47 +16.22%
BSFC (g/kW.h) 155.42 173.14 +11.4%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 36.60 34.95 -1.65%
Combustion Duration (CA) 17° 22° +5°
MPRR (bar/CA) 3.2 2.51 -0.69
Max. Press. (bar) 69.36 59.94 ~-10
CA for Max. Press. (ATDC) 8° CA 14° CA +6°
Max. Mean Temp. (K) 1770 1793 +23
NOy (9/kW.h) 5.1 4.07 -20.2%
SOOT (g/kW.h) 0.0022 0.00174 -21%
CO (g/kW.h) 1.42 2.1 -47.89%
HC (g/kW.h) 411 8.34 -
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Mode 1, containing a relatively higher hydrogen fraction compared to Mode 2, makes
MPRR and NOx control more challenging for Mode 1. When a comparison is made
between the most optimal conditions achieved for Mode 1 and Mode 2 with the

application of the process, these situations are observed (Table 5.38).

For Mode 2, it is observed that there is 16.27% more power, 11.4% higher BSFC,
1.65% lower TE, 5° CA longer CD, 0.69 bar lower MPRR, 10 bar lower in-cylinder
pressure, 20.2% lower NOy, 21% lower PM, and 47.89% lower CO (Table 5.38). For
Mode 1, achieving higher performance and lower emissions while preserving the total

fuel energy is easier at lower hydrogen fractions.

Similarly, for Mode 2, to achieve more efficient combustion with extra hydrogen input
into the cylinder and attain higher performance and lower emissions, the hydrogen
amount should not be increased significantly. In this regard, the assistance of the WI-
P1 combination is of significant importance in accelerating the achievement of these
goals. This has been clearly demonstrated through numerical simulations.

5.3.3 General summary for WI — PI strategy

The analysis began with D25NG50H25 for Mode 1, which is the gaseous fuel energy
sharing mode, and D25NG75H15 for Mode 2, which is the hydrogen enrichment
mode. From these analyses, the study was expanded by considering the effects of
different gaseous fuel fractions on the diesel fuel pilot injection rate (20% P1) with the
optimum water jet ratio (25% WI) and water jet temperature (75°C) obtained from
these analyses. The aim here is to demonstrate that more hydrogen can be introduced
into the system with the application of WI-P1. When the results of the WI-P1 study are
generally evaluated, it has been shown that it successfully achieves lower NOyx and
MPRR values compared to non-process operating points. In the test conditions
(D25NG75H00), there is no hydrogen in the gas fuel mixture. The introduction of
hydrogen into the combustion chamber as an alternative fuel led to improvements in
performance parameters (except MPRR) and emission reductions (except for NOy). It
is crucial to improve the parameters that were not achieved and are of utmost
importance to engine combustion. Thus, in this context, just as in the previous section
(Chapter 5.2) measures were taken for reducing NOx using EGR and for reducing
MPRR using PI, in this section (Chapter 5.3), measures were taken again for NOx using
WI and for MPRR using PIl. By combining these two strategies at different operating

239



points, the unattainable NOx and MPRR improvements were achieved in performance

and emissions compared to the initial study (Chapter 5.1).

For Mode 1, while maintaining the same lower heating value of the fuel, the WI-PI
combination contributed to achieving higher performance and lower overall emissions.
When compared to the test results (D25NG75H00 14° CA BTDC for SOI) with the
optimum condition for WI-PI application in Mode 1 (D25NG50H25-20PI-
25WI75°C), it was observed that there was a 14.26% improvement in power, 20.7%
improvement in BSFC, 4.58% improvement in TE, a 23.42% reduction in NOy, an
85.7% reduction in CO, and an 88.33% reduction in UHC. Compared to the non-
process condition (D25NG50H25), the WI-PI combination condition (D25NG50H25-
20P1-25W175°C) resulted in a 0.4 bar decrease in MPRR and a 31.64% reduction in
NOx.

In the case of Mode 2, the significant contribution of the WI-PI combination to achieve
the goal of higher efficiency, higher performance values, and lower overall emissions
by introducing extra hydrogen into the combustion chamber is evident. When
compared to the test results (D25NG75H00 10° CA BTDC for SOI) with the optimum
condition for WI-PI application in Mode 2 (D25NG75H15-20PI-25WI175°C), a
30.33% improvement in power, 15% improvement in BSFC, 4.11% improvement in
TE, a 17% reduction in NOx, a 79.5% reduction in CO, and a 77.29% reduction in
UHC were achieved. Compared to the non-process condition (D25NG75H15), the WI-
Pl combination condition (D25NG75H15-20P1-25W175°C) resulted in a 0.57 bar
decrease in MPRR and a 25.18% reduction in NOx. After examining the effect of water
injection in this section, the effects of introducing water in vapor phase into the
combustion chamber will be analyzed. The advantages and disadvantages of injection
in both liquid and vapor phases will be discussed in detail in the following section
(Chapter 5.4).

5.4 WVI — PI Strategies

In the previous section, the effects of the combination of water jet injection and pilot
diesel fuel injection on performance and emission values were examined. In this
section, numerical studies were conducted by introducing water into the combustion
chamber in vapor phase. As mentioned earlier, the literature recommends EGR and

water injection, particularly for NOx reduction.
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Table 5.39 : Case matrix for WVI and PI processes.

Mode 1 Mode 2
0% PI —20° CA BTDC SOWVI 100°C 0% PI1 —20° CA BTDC SOWVI 100°C
WV - 0% D25NG50H25 WV - 0% D25NG75H15
WV - 5% D25NG50H25 WV - 5% D25NG75H15
WV - 10% D25NG50H25 WV - 10% D25NG75H15
WV - 15% D25NG50H25 WV - 15% D25NG75H15
WV - 20% D25NG50H25 WV - 20% D25NG75H15
WV - 25% D25NG50H25 WV - 25% D25NG75H15

0% P1—15% WVI 20° CA BTDC SOWVI 0% P1 —15% WVI 20° CA BTDC SOWVI

WV -100°C D25NG50H25 WYV -100°C D25NG75H15
WYV -125°C D25NG50H25 WYV -125°C D25NG75H15
WYV - 150°C D25NG50H25 WYV - 150°C D25NG75H15
WYV -200°C D25NG50H25 WYV -200°C D25NG75H15

20% PI — 15% WVI 20° CA BTDC SOWVI 20% PI —15% WVI 20° CA BTDC SOWVI

WV -100°C D25NG50H25 WV -100°C D25NG75H15
WV - 125°C D25NG50H25 WV - 125°C D25NG75H15
WYV -150°C D25NG50H25 WYV -150°C D25NG75H15
WYV -200°C D25NG50H25 WYV -200°C D25NG75H15

20% P1 —15% WVI1 100°C 20% P1 — 15% WVI1 100°C

20 CABTDC SOWI D25NG50H25 20 CABTDC SOWI D25NG75H15
10 CABTDC SOWI D25NG50H25 10 CABTDC SOWI D25NG75H15
0 CABTDC SOWI D25NG50H25 0 CABTDC SOWI D25NG75H15
10 CA ATDC SOWI D25NG50H25 10 CA ATDC SOWI D25NG75H15

20% PI1-15% WVI 20° CA BTDC SOWVI 20% PI1-15% WVI 20° CA BTDC SOWVI

100°C 100°C
D25NG75H00 D25NG75H00
D25NG65H10 D25NG75H05
D25NG50H25 D25NG75H10
D25NG25H50 D25NG75H15
D25NGO0H75 D25NG75H20
- D25NG75H25

0% Pl — 0% WVI

0% PI — 0% WVI

D25NG75H00 D25NG75H00
D25NG65H10 D25NG75H05
D25NG50H25 D25NG75H10
D25NG25H50 D25NG75H15
D25NGO0H75 D25NG75H20

- D25NG75H25

20% P1—0% WVI

20% P1—0% WVI

D25NG75H00 D25NG75H00
D25NG65H10 D25NG75H05
D25NG50H25 D25NG75H10
D25NG25H50 D25NG75H15
D25NGO00H75 D25NG75H20

- D25NG75H25

Studies involving the injection of water vapor have shown that NOx emissions can be
reduced, and reasonable performance results can be achieved. Research involving

water vapor injection and the simultaneous examination of various engine parameters
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(EGR, Compression Ratio, Injection Strategies, etc.) is intensively conducted to
investigate NOx and MPRR values [187,191-196].

In this section of the thesis, water vapor injection (WVI) into the combustion chamber,
especially in combination with pilot diesel fuel injection (P1) strategy, has been applied
to control increased NOx emissions and MPRR values in the combustion of a high
lower heating value fuel such as hydrogen, known for its fast combustion
characteristics. The combination of these two strategies, referred to as WVI - PI, has
led to improvements in performance and emission characteristics. The optimum pilot
injection rate obtained in the previous section (Chapter 5.2), which is 20%, was also
used in this study. Within the scope of the study, two different operating modes, Mode
1 and Mode 2, which were previously described in detail in Chapter 5.1, were
considered. For Mode 1, the optimal condition was Case 18 (D25NG50H25 - SOI at
14° CA BTDC), and for Mode 2, the optimal condition was Case 57 (D25NG75H15 -
SOI at 10° CA BTDC). Analyses of WVI were conducted at these operating points,

similar to the analysis of EGR and water jet injections (WI).

For water vapor injection (WVI), the ratios used for water jet injection (WI) in the
previous section (0%, 5%, 10%, 15%, 20%, and 25%) have been determined. The
amount of injected water vapor has been calculated as a percentage of the mass of the
injected diesel fuel. The optimal 20% ratio obtained for pilot injection in previous
sections was used. Furthermore, the timing and injection duration of the pilot injection
process are valid in this study, with a 2.5° CA duration in the range of 40° CA BTDC
to 37.5° CA BTDC.

In this study, different water vapor temperatures (100°C, 125°C, 150°C, and 200°C)
and different water vapor injection timings (20° CA BTDC, 10° CA BTDC, 0° CA
BTDC - TDC, and 10° CA ATDC for SOI) were examined. All of these analyses are
shown in Table 5.39 for both Mode 1 and Mode 2. Additionally, the analysis stages
for different gas fuel fractions (gas fuel energy sharing - hydrogen enrichment) are also

included in the table.

5.4.1 Optimal condition determination in the WVI — PI co-work

The conditions for water jet injection (WI) analysis have been explored within the
scope of the analysis for water vapor injection (WVI). The comparison of the results

of vapor and water jet conditions is presented in the next section (Chapter 5.5).
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Initially, the analysis for different water vapor ratios aimed to find a reasonable water

vapor ratio.
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Figure 5.64 : The effect of increasing the WV rate without Pl on power, BSFC, 1D,
TE, CO, and UHC values.
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Figure 5.65 : The effect of increasing the WV rate without Pl on NOy, PM,
Pressure, MPRR, CD, and the position of Max. Press. Relative to TDC.

For these analyses, a water vapor temperature of 100°C was used. Six different water
vapor ratios (0%, 5%, 10%, 15%, 20%, and 25%) were examined for Mode 1 and
Mode 2 cases based on the optimal gas fraction points obtained from previous studies
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(Mode 1 - D25NGS50H25, 14° CA BTDC for SOl & Mode 2 - D25NG75H15, 10° CA
BTDC for SOI) (Table 5.39). In the analyses conducted without pilot injection (0%
PI), the start of water vapor injection (SOWVI) was set to 20° CA BTDC.
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Figure 5.66 : The effect of increasing the WV temperature at fixed the WV rate
(15% W1) without P1 (0% PI) on power, BSFC, ID, TE, CO, and UHC values.
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The goal here was to both examine the effects of water vapor injection and determine
the water vapor ratio that provides reasonable results. Numerical results have shown
that a 15% WV ratio is preferable.
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Table 5.40 : Results of different WVI temperatures for Mode 1 under constant WVI
rate (15% WVI) and injection advance (20° CA BTDC SOWVI), with and without

PI.
15% WV — 20° CA BTDC SOWVI — D25NG50H25 (Mode 1)
100°C 125°C 150°C 200°C
PI PI PI PI
0% 20% 0%  20% 0%  20% 0% _ 20%

Power (kW) 1123 1124 1119 1120 1109 1115 1090  11.06
Torque (N.m) 117.83  117.94 11744 11757 11634 11697 11439 116.09
BSFC (g/kW.h) 14707 14694 147.58 147.40 14897 14816 151.50 149.28
Ignition Delay (CA) 11° 11° 11° 11° 11° 11° 11° 11°
Thermal Efficiency (%) 37.55 37.59 37.43 37.47 37.07 37.28 36.46 37
%X')bus“on Duration 19° 16° 19° 16°  19° 150 200 150
MPRR (bar/CA) 396 337 393 337 391 348 383 341
Max. Press. (bar) 6731 7046 6701 7049 6697 7031 6651 7043
(CAATE’SV'&X' Press. 8°CA 8°CA 8CA 8 CA 8CA 8CA 8CA 8CA
Max. Mean Temp. (K) 1754 1811 1747 1808 1741 1800 1719 1800
NOx (g/kW.h) 635 569 625 569 612 567 580 567
SOOT (g/kW.h) 0.00033 0.00131 0.00036 0.0016 0.00044 0.0018 0.00057 0.0020
CO (g/kW.h) 1.49 1.19 155 120 158 127 18 134
HC (g/kW.h) 4.2 383 429 386 436 390 458 394

Subsequently, the effects of different water vapor temperatures (100°C, 125°C, 150°C,
and 200°C) were investigated using a 15% WV I ratio (Table 5.39). In the examination
of vapor temperature, two different branches were analyzed: without pilot diesel fuel
injection (0% PI) and with pilot diesel fuel injection (20% PI). The results indicated
that a 100°C vapor temperature had a more positive impact on performance and
emission values. Up to this stage, an SOWVI value of 20° CA BTDC was used.
Different SOWVI values (20° CA BTDC, 10° CA BTDC, 0° CA BTDC - TDC, and
10° CA ATDC) were examined to determine the appropriate timing for water vapor
injection (Table 5.39).

The findings indicated that 20° CA BTDC is the appropriate timing to continue with.
Finally, all the obtained optimal values were applied to different gas fuel fraction
points (Table 5.39). With increasing WVI, the power decreased, and the BSFC
increased for both Mode 1 (D25NG50H25, 14° CA BTDC for SOI) and Mode 2
(D25NG75H15, 10° CA BTDC for SOI) (Figure 5.64). The applied WVI reduced the
oxygen concentration within the combustion chamber, leading to a decrease in
combustion efficiency. Lower combustion efficiency resulted in reduced ambient
temperatures, leading to a decrease in TE (Figure 5.64). The ID was not significantly
affected by the WVI ratio (Figure 5.64). ID is mainly influenced by the pilot diesel
fuel advance and the hydrogen fraction within the combustion chamber. CO and UHC

emissions increased sharply after the 15% WV ratio.
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Figure 5.68 : The effect of increasing the WV temperature at fixed the WV rate
(15% WI1) and PI (20% PI) on power, BSFC, ID, TE, CO, and UHC values.

The increase in WVI reduced power and, due to the decrease in oxygen concentration,
led to increased incomplete combustion products, namely CO and UHC (Figure 5.64).
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As regional temperatures decreased in parallel, it resulted in an improvement in NOx
emissions. The decrease in PM after 15% WVI has shifted to an increasing trend.
Especially after 15% WVI, PM increased significantly (Figure 5.65).
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Figure 5.70 : The effect of variation the WVI timing at fixed the WV rate (15%
WI), the WVI temperature (100°C) and PI (20% PI) on power, BSFC, ID, TE, CO,
and UHC values.

The MPRR value was not significantly affected by WVI (Figure 5.65). For Mode 1,
the combustion duration increased after 15% WVI, while for Mode 2, it decreased after

20% WV (Figure 5.65). The analysis of the suitable water vapor injection rate showed
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that 15% WVI provided more effective results. In the water jet injection analysis
(Chapter 5.3), the suitable rate was 25% WI. In this section, the suitable water vapor
injection rate was found to be 15% WVI. Because the vapor phase occupies a larger
volume compared to the liquid phase, this rate is 10% lower. The tendency to reduce
oxygen concentration (with a negative effect on volumetric efficiency) is much higher
in the vapor phase. In the next stage, using the 15% WV value, the effects of different
water vapor temperatures (100°C, 125°C, 150°C, and 200°C) were investigated for
pilot injection without (0% PI) and with pilot injection (20% PI) conditions.

As the water vapor temperature increased, the water vapor exhibited a more diffusive
character. This has triggered negative effects on volumetric efficiency. Therefore,
especially after 150°C, the potential for a decrease in performance values became more

pronounced (Figure 5.66 and Figure 5.68).

While thermal efficiency (TE) decreased with increasing water vapor temperatures,
the in-cylinder pressure (ID) was not significantly affected. The decrease in
performance values can be attributed to worsened combustion. The deterioration in
combustion quality also led to an increase in CO and UHC emissions (Figure 5.66 and
Figure 5.68). This adverse effect on the combustion process has been beneficial for
NOx due to the decrease in combustion temperatures. PM, on the other hand, increased

sharply, especially after the 150°C water vapor temperature.

Pressure fluctuations, combustion durations, and MPRR values were not significantly
affected by water vapor temperatures (Figure 5.67 and Figure 5.69). These
observations represent the effects of WV temperatures for both pilot injection-off (0%
Pl) and pilot injection-on (20% PI) cases. Due to the limited impact of WVI
temperatures on performance and emission values, the 100°C W VI temperature, which
provided the highest performance, was preferred, and the analysis was continued with
different SOWVI (Start of Water Vapour Injection) values. These analyses were
conducted at the working points where the pilot diesel fuel injection process (20% PI)

was considered.

Delaying the start of water vapor injection (reducing WVI advance) had positive
effects on power, TE, CO, UHC, and PM (Figure 5.70 and Figure 5.71). However, the
situation was different for NOx, MPRR, and CD values (Figure 5.70 and Figure 5.71).

Since the goal is to achieve more power with lower emissions than the experimental
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conditions, priority was given to NOx and MPRR. This is because the process of
adding hydrogen to the combustion already improved power, BSFC, TE, CO, UHC,

and PM values.

Table 5.41 : Results of different WVI temperatures for Mode 2 under constant WV I
rate (15% WVI) and injection advance (20° CA BTDC SOWI), with and without PI.

15% WVI—20° CA BTDC SOWVI — D25NG75H15 (Mode 2)

100°C 125°C 150°C 200°C
Pl Pl Pl PI

0% 20% 0% 20% 0% 20% 0% 20%
Power (kW) 12.81 13 12.80 13 12.74 12.94 12.58 12.71
Torque (N.m) 13445 136.42 13435 136,50 133.73 135.75 132.04 133.37
BSFC (g/kW.h) 167.79 16535 167.91 165.27 168.69 166.19 170.85 169.14
Ignition Delay (CA) 11° 11° 11° 11° 11° 11° 11° 11°
Thermal Efficiency (%) 35.20 35.72 35.18 35.74 35.02 3554 3457 34.92
Combustion Duration (CA) 23° 22° 23° 22° 23° 22° 23° 22°
MPRR (bar/CA) 2.97 2.56 3 2.60 3.16 2.74 3.03 2.54
Max. Press. (bar) 59.59 61.45 59.51 61.25 59.73 61.27 59.29 60.52
CA for Max. Press. o 13° A a o o N o
(ATDC) 12° CA CA 12°CA 13°CA 12°CA 13°CA 12°CA 13°CA
Max. Mean Temp. (K) 1772 1811 1771 1809 1770 1807 1758 1795
NOx (g/kW.h) 4.70 4.42 4.65 4.39 4.67 4.36 4.52 4.32
SOOT (g/kW.h) 0.00037 0.0011 0.00042 0.0011 0.00051 0.0015 0.00075 0.0020
CO (g/kw.h) 2.16 1.84 2.15 1.83 2.20 1.92 231 221
HC (g/kW.h) 9.51 7.83 9.54 7.81 9.58 7.94 9.91 8.33

However, NOx, MPRR, and CD values deteriorated. To improve the deteriorating
results, the optimal SOW VI value was selected as 20° CA BTDC. The positive effect
of the pilot diesel fuel injection process (20% P1) was reflected in the results for each
WV temperature. In Table 5.40, it is seen that it is possible to maintain performance
values and reduce emission values for Mode 1. In Table 5.40, a comparison is made
between the conditions of pilot diesel fuel injection without pilot injection (0% PI) and
with pilot injection (20% PI) for D25NG50H25 with a 15% WVI rate (Comparison of
0% P1 and 20% PI for D25NG50H25-15WVI).

Power, BSFC, TE, MPRR, NOy, CO, and UHC values were more reasonable in the PI
condition. It can be understood from this that the combination of WVI and PI
applications yielded more favorable results (Table 5.40). The power value was slightly
lower in the non-P1 condition (0% PI) compared to the pilot injection condition (20%
PI). The reason for this is that even though PI does not change the ignition delay value
of the diesel fuel sent to the combustion chamber beforehand, it affects the combustion
process. The combustion occurred faster, and the peak pressure increased. However,
the increase in the combustion rate was more gradual rather than sharp. This can be
observed through the decrease in the MPRR value (Table 5.40 and Table 5.41).
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Figure 5.71 : The effect of variation the WVI at fixed the WV rate (15% W1), the
WVI temperature (100°C) and PI (20% PI) on NOx, PM, Pressure, MPRR, CD, and
the position of Max. Press. Relative to TDC.

If we consider power as the area under the pressure-volume diagram, power can
increase in two ways. First, when the curve is broader with a fixed peak point, the area

under the curve increases. This can be achieved with an extended combustion duration.
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In the second scenario, power increases due to the curve's peak point rising and the
curve becoming narrower. In this case, MPRR must be controlled to avoid knocking
tendencies in combustion. For Mode 1 and Mode 2, power increased with the pilot
injection process due to the second scenario, while MPRR decreased. With pilot
injection, combustion duration decreased, and the peak pressure value slightly
increased. This resulted in a gradual rapid combustion process rather than a sudden
increase in combustion. As a result, both performance and emissions, including NOx,
improved (Table 5.40 and Table 5.41). Achieving high hydrogen fractions is possible
through the collaborative use of WVI and PI strategies in appropriate proportions. An
increase in WVI temperature increases the specific volume of the injected water vapor
into the combustion chamber, leading to a decrease in volumetric efficiency and a

subsequent reduction in combustion efficiency.

Increasing the hydrogen fraction can be accompanied by an increase in WVI
temperature. However, it should be noted that this recommendation is valid for
hydrogen fractions where knocking tendencies do not occur. If the WVI temperature
is increased in hydrogen fractions with high MPRR values, it may have a diminishing
effect, but this might not lead to a sufficient improvement. The same situation applies
when examining Mode 2 (Comparison of 0% Pl and 20% Pl for D25NG75H15-
15WVI). Similarly, performance and emissions improved with the pilot diesel fuel
injection (Table 5.41). For higher hydrogen enrichment, WVI temperature can be
increased while monitoring MPRR.

5.4.2 Comparison of WVI — Pl strategy and non — strategy conditions

In this chapter, WVI analyses (15% WVI and 20% PI) were compared to other
conducted analysis results (Test Case, non-Process, only Pl — 20% PI). For Mode 1
(gas fuel sharing mode), the power output was slightly higher when only pilot injection
was applied in cases where hydrogen was not included or included at low fractions
(D25NG75H00 and D25NG65H10). Higher hydrogen fractions, at 25% and above,
resulted in higher power levels for non-process analyses (Figure 5.72). It can be
concluded that the effect of hydrogen on power increase is more significant than the
influence of the applied processes. Although there are differences in power values,
they are very close to each other. The highest power output was obtained for

D25NG50H25 in the non-process case. The lowest power was observed for
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D25NG75H00 (test case) (Figure 5.72). BSFC was most affected by the hydrogen
fraction (Figure 5.74). The lowest value was obtained for the highest hydrogen fraction
(D25NGOQH75).
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Figure 5.73 : Comparison of test result with the non-process, only Pl (20% PI), and
both Pl and WVI conditions (20% PI and 15% WV1I) in terms of NOx emissions,
Pressure and CD for Mode 1.

The highest BSFC was observed for D25NG75H00-20P1-15WVI with water vapor
injection (Figure 5.74). ID (Ignition Delay) was not significantly influenced by

hydrogen fraction and applied processes, except for an increase when water vapor
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injection was used in the case with the highest hydrogen fraction (Figure 5.72). The
Thermal Efficiency (TE) showed a decreasing trend beyond hydrogen fractions of up

to 25% in the gas-fuel mixture.
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Figure 5.74 : Comparison of test result with the non-process, only Pl (20% PI), and
both Pl and WVI condition (20% P1 and 15% WVI) in terms of BSFC, TE and UHC
emission for Mode 1.
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The highest TE was observed at the D25NG50H25 operating point under non-process
conditions. The lowest value was recorded for the test conditions without hydrogen
(D25NG75H00) (Figure 5.74). Although there was an increase in NOx levels parallel
to the increase in hydrogen fraction due to the effect of raising temperatures,
reasonable results were achieved as a result of the applied processes. Significant
improvements were particularly observed for high hydrogen fractions (D25NG25H50
and D25NGO00H75) compared to non-process conditions (Figure 5.73).

Table 5.42 : Comparison between processed by the WV results (20% P1 - 15%
WVI 100°C - 20° CA BTDC SOWVI) for D25NG50H25 (Mode 1) and test result.

D25NG75H00 D25NG50H25-20PI-15WVI1100°C Variation

Power (kW) 9.575 11.24 +17.39%
Torque (N.m) 100.477 117.94 +17.38%
BSFC (g/kW.h) 196 146.94 -25%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 32.02 37.59 +5.57%
Combustion Duration (CA) 27° 16° -11°
MPRR (bar/CA) 2.66 3.37 +0.71
Max. Press. (bar) 57.25 70.46 +13.21
CA for Max. Press. (ATDC) 7° CA 8° CA +1°
Max. Mean Temp. (K) 1504 1811 +307
NOx (9/kW.h) 6.66 5.69 -14.56%
SOOT (g/kW.h) 0.00077 0.00131 -

CO (g/kW.h) 9.94 1.19 -88%
HC (g/kW.h) 35.21 3.83 -89.12%

Contrary to the decrease in NOx, PM has increased. Only the application of Pl reduced
PM to below test conditions, but its inclusion with water vapor injection led to an
increase in PM (Figure 5.75). As for CO and UHC emissions, an increase in the
hydrogen fraction has had a very positive effect, and this effect was further enhanced
by the applied processes. In other words, very low values were achieved for CO and
HC emissions compared to test conditions (Figure 5.72 and Figure 5.74). MPRR can
be controlled with pilot diesel fuel injection for hydrogen fractions up to 25%, but it
cannot prevent MPRR from increasing for hydrogen fractions of 25% and above
(Figure 5.75). It can be observed from this that PI is not suitable for high hydrogen
fractions. The crank angle at which the maximum pressure occurs has shifted towards
TDC due to the acceleration of combustion with an increase in hydrogen. The pilot
diesel fuel injection process delayed the occurrence of the maximum pressure crank

angle (beyond TDC) for conditions with low to medium hydrogen fractions
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(D25NG75H00, D25NG65H10, and D25NG50H25), but this effect was not observed
later (Figure 5.75).
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Figure 5.75 : Comparison of test result with the non-process, only PI (20% PI), and
both Pl and WV conditions (20% PI and 15% WV1) in terms of PM emission,
MPRR and the position of Max. Press. Relative to TDC for Mode 1.
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Considering the D25NG50H25 conditions, both the application of only Pl and WVI-
Pl have yielded more reasonable results compared to other conditions. Using only Pl
has already resulted in reductions in NOx and MPRR. However, with the combination
of WVI-PI, further improvements in lower NOx and MPRR can be achieved. Beyond
a hydrogen fraction of 50%, the effects of only PI and WVI-PI were not as significant.
For D25NG25H50, performance improved under moderately intense combustion
conditions (with MPRR ranging from 5 to 10 bar/CA) while keeping NOx levels close
to test conditions. Compared to the non-process condition, both only-PI and WVI-PI
applications offer preferable results for D25NG25H50 (Figure 5.72 — Figure 5.75).

Table 5.43 : Comparison of results with (20% PI1 - 15% WVI 100°C - 20° CA BTDC
SOWVI) and without the WV process for D25NG50H25 (Mode 1).

D25NG50H25 D25NG50H25-20PI-15WV1100°C  Variation

Power (kW) 11.58 11.24 -2.94%
Torque (N.m) 121.47 117.94 -2.91%
BSFC (g/kW.h) 136.27 146.94 +7.83%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 38.71 37.59 -1.12%
Combustion Duration (CA) 19° 16° -3°
MPRR (bar/CA) 3.6 3.37 -0.23
Max. Press. (bar) 67.45 70.46 +3
CA for Max. Press. (ATDC) 8° CA 8° CA -
Max. Mean Temp. (K) 1779 1811 +32
NOx (9/kW.h) 7.46 5.69 -23.73%
SOOT (g/kW.h) 0.000172 0.00131 -
CO (g/kW.h) 1.42 1.19 -16.2%
HC (g/kW.h) 4.04 3.83 -5.2%

Table 5.42 provides a comparison between the test conditions (D25NG75H00 14° CA
BTDC for SOI) and the application of WVI-PI (15% WV and 20% P1). Compared to
the test conditions, power improved by 17.39%, BSFC improved by 25%, TE
improved by 5.57%, NOx improved by 14.56%, and there were 88% and 89.12%
improvements in CO and UHC, respectively. However, MPRR only increased by 0.71
bar (Table 5.42). When comparing WVI-PI (D25NG50H25-20PI-15WVI) to non-
process (D25NG50H25), power deteriorated by 2.94%, BSFC worsened by 7.83%,
and TE reduced by 1.12%. Nonetheless, there were improvements of 0.23 bar in
MPRR, 23.73% in NOx, 16.2% in CO, and 5.2% in UHC (Table 5.43).

Figure 5.76 illustrates the comparative conditions of different gas fuel fractions for

Mode 1 (gas fuel energy sharing mode) at a piston position of 10° CA ATDC for
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temperature and NO mass fraction under non-process and WVI-PI scenarios. The
influence of Pl and WVI1 is clearly visible on the graph, especially in high hydrogen

fractions.

When examining the developments in temperature and NO mass fraction with respect
to crank angle, it is observed that the maximum temperature values occur at 25° CA
ATDC, while NOx formation shows a continuous trend (Figure 5.77). This is because
temperatures above 1800 K lead to reactions between the nitrogen in the air and the

oxygen in the combustion chamber, resulting in the formation of NO and its

derivatives.
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Figure 5.76 : Comparison of temperature and NO mass fraction contours at a piston
position of 10° CA ATDC for operating points with applied (20% P1 & 15% WVI)
and not applied process with different gas fuel fractions for Mode 1.

The formation of NOx derivatives involves equilibrium reactions where they break
down into nitrogen and oxygen, given sufficient time. However, in engine combustion

conditions, there is not enough time for these equilibrium reactions to occur.

As a result, the levels of NOx remain high and are expelled into the exhaust gases. As
a result, the rate of increase in NOy, especially in-cylinder combustion after the
maximum temperature, slows down, and there is no transition to reverse reaction
mechanisms. This is because combustion is completed very quickly, and there is not
enough time for the equilibrium reactions of NOy to occur, so it remains at a maximum

level. When Figure 5.77 is examined, a change in color distribution in temperature
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contours is observed after the piston position of 30° CA ATDC, whereas the color

content is similar for NO mass fraction distributions.

Table 5.44 : Comparison between processed by the WV results (20% PI - 15% WI
100°C - 20° CA BTDC SOWVI) for D25NG75H15 (Mode 2) and test result.

D25NG75H00 D25NG75H15-20PI-15WVI1100°C  Variation

Power (kW) 9.76 13 +33.2%
Torque (N.m) 102.42 136.42 +33.2%
BSFC (g/kW.h) 203.85 165.35 ~-18.89%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 30.84 35.72 +4.88%
Combustion Duration (CA) 31° 22° -9°
MPRR (bar/CA) 1.85 2.56 +0.71
Max. Press. (bar) 50.55 61.45 ~+11
CA for Max. Press. (ATDC) 9° CA 13° CA +4°
Max. Mean Temp. (K) 1477 1811 +334
NOx (9/kW.h) 4.9 4.42 -9.8%
SOOT (g/kW.h) 0.0012 0.0011 -8.33%
CO (g/kW.h) 10.25 1.84 -82%
HC (g/kW.h) 36.73 7.83 -78.68%

When comparing the results of non-process, only PI, and WVI-PI applied to Mode 2
(hydrogen-enrichment mode) with the test conditions, it is observed that the highest
power value was obtained in the non-process condition of the D25NG75H25 operating
point (Figure 5.78).

This result was achieved with a high hydrogen content. Within the same hydrogen
fraction conditions, when Pl was applied at low hydrogen enrichment levels (5% and
10%), it was observed that there was a slight increase in power compared to the non-
process condition. However, as the hydrogen fraction increased, Pl was not very
effective in increasing power. For D25NG75H05, an increase in power was achieved
with WVI (Figure 5.78). This indicates that performance improvements can be
achieved in steam injection applications. The applied 15% WVI has cooperated with
turbulence at this operating point, positively contributing to mixture formation, which
has had a positive effect on TE, CO, UHC, and NOx values (Figure 5.78 - Figure 5.80).
The effect of hydrogen enrichment fraction and applied processes on ID was not
significant (Figure 5.78). For CO and UHC emissions, it was observed that there were
reductions due to an increase in hydrogen energy fraction, as well as with the
application of Pl and WV (Figure 5.78 and Figure 5.80). In all hydrogen enrichment

operating points, CO and UHC values remained lower than the test conditions.
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Figure 5.77 : Comparison of temperature and NO mass fraction contours at different
piston positions for operating points with applied (20% P1 & 15% WVI) and not
applied process with different hydrogen enriching fractions for Mode 1 -

D25NG50H25.
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Figure 5.78 : Comparison of test result with the non-process, only Pl (20% PI), and
both Pl and WVI conditions (20% PI and 15% WVI) in terms of power, 1D, and CO
emission for Mode 2.

Although the application of Pl led to a decrease in NOx for all hydrogen fractions, PI
was not very effective for D25NG75H25 (Figure 5.79). At high hydrogen fractions,
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temperatures rise rapidly due to abrupt combustion, and the combustion duration
decreases.
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Figure 5.79 : Comparison of test result with the non-process, only PI (20% PI), and
both Pl and WV conditions (20% PI and 15% WVI) in terms of NOx emissions,
Pressure and CD for Mode 2.
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Table 5.45 : Comparison of results with (20% P1 - 15% WVI 100°C - 20° CA BTDC
SOWVI) and without the WV process for D25NG75H15 (Mode 2).

D25NG75H15 D25NG75H15-20PI-15WVI1100°C Variation

Power (kW) 13.28 13 -2.11%
Torque (N.m) 139.34 136.42 -2.1%
BSFC (g/kW.h) 155.99 165.35 +6%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 36.48 35.72 -0.76%
Combustion Duration (CA) 23° 22° -1°
MPRR (bar/CA) 3.08 2.56 -0.52
Max. Press. (bar) 60.35 61.45 ~+1
CA for Max. Press. (ATDC) 12° CA 13° CA +1°
Max. Mean Temp. (K) 1809 1811 -
NOx (9/kW.h) 5.44 4.42 -18.75%
SOOT (g/kW.h) 0.0002 0.0011 -
CO (g/kW.h) 2.02 1.84 -8.91%
HC (g/kW.h) 8.76 7.83 -10.62%

For this reason, the application of Pl at the 25% hydrogen enrichment level did not
have a positive effect on MPRR and NOx. However, with WV 1 application, a decrease
in NOx was observed (Figure 5.79). The lowest value for NOx was achieved with the
D25NG75H00-20PI-15WV1 condition, while the highest value was observed in the
D25NG75H25 non-process condition. PM, on the other hand, was observed to be
highest with D25NG75H00-20PI-15WVI1 and lowest in the condition where the
highest NOx values were observed.

Table 5.46 : Comparison of results with and without the WV process for

D25NGO0HT75.

D25NGO0H75 D25NGO00H75-20P1-15WVI100°C Variation
Power (kW) 10.69 10.27 -3.93%
Torque (N.m) 112.18 107.77 -3.93%
BSFC (g/kW.h) 95.73 106.88 +11.65%
Ignition Delay (CA) 11° 12° +1°
Thermal Efficiency (%) 35.75 34.35 -1.4%
Combustion Duration (CA) 9° 9° -
MPRR (bar/CA) 8.35 10.51 +2.16
Max. Press. (bar) 85.89 86 -
CA for Max. Press. (ATDC) 4° CA 4° CA -
Max. Mean Temp. (K) 1997 2000 -
NOx (9/kW.h) 14.04 10.28 -26.78%
SOOT (g/kW.h) ~0 0.00093 -
CO (g/kW.h) 0.0036 0.018 -
HC (g/kW.h) 0.0015 0.012 -
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Figure 5.80 : Comparison of test result with the non-process, only Pl (20% PI), and
both PI and WVI conditions (20% PI and 15% WVI) in terms of BSFC, TE and UHC
emission for Mode

While PM increased with WVI, its values remained close to those of the test

conditions, not overshadowing the improvements in other parameters.
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In fact, it was even lower than the value in the experiment with D25NG75H15 (Figure
5.81). When all the results are considered, the collaboration of WVI and PI applied at
the D25NG75H15 operating point is seen to lead to favorable results. Beyond the 15%
hydrogen fraction, NOx and MPRR values remain higher than those under test
conditions (Figure 5.79 and Figure 5.81). As the hydrogen enrichment fraction
increased, the function of Pl decreased. The combination of WVI and Pl led to the
delayed occurrence of peak pressure and a shorter combustion duration at all hydrogen

enrichment ratios. This resulted in an increase in peak pressure.

Table 5.47 : Comparison of results with and without the WV process for

D25NG75H25.

D25NG75H25 D25NG75H25-20PI-15WVI1100°C Variation
Power (kW) 15.05 14.63 -2.79%
Torque (N.m) 157.92 153.50 -2.80%
BSFC (g/kW.h) 141.09 150.52 +6.68%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 38.04 36.98 -1.06%
Combustion Duration (CA) 17° 16° -1°
MPRR (bar/CA) 4.62 4.71 +0.09
Max. Press. (bar) 71.94 73.74 +1.8
CA for Max. Press. (ATDC) 12° CA 12° CA
Max. Mean Temp. (K) 2057 2060 -
NOx (9/kKW.h) 7.43 7.10 -4.44%
SOOT (g/kW.h) 0.00015 0.00074 -
CO (g/kW.h) 0.49 0.56 +14.29%
HC (g/kW.h) 2.36 1.61 -31.78%

The shape of the pressure-volume diagram becomes sharper, and the area underneath
it has increased. Ideal results were obtained for hydrogen fractions that are within the
knock limits (25% and below) while an increase in power beyond the knock limits is
not meaningful. An increase in power as a result of harsh combustion (MPRR > 10
bar/CA) is an undesirable condition. Table 5.44 shows the differences between
D25NG75HO00 (test case) and D25NG75H15-20P1-15WV1.

Compared to the test conditions, there was an improvement of 33.2% in power,
18.89% in BSFC, 4.88% in TE, 9.8% in NOx, 82% in CO, and 78.68% in UHC, while
MPRR increased by only 0.71 bars. When comparing non-process and WVI — Pl for
D25NG75H15, there was a deterioration in power by 2.11%, BSFC by 6%, and TE by
0.76%. However, improvements were observed in NOx by 18.75%, CO by 8.91%,
UHC by 10.62%, and MPRR by 0.52 bars when compared to the test conditions (Table
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5.45). After achieving a 33.2% increase in power under the test conditions, the 2.11%

loss due to WV application may not be strongly felt.
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Figure 5.81 : Comparison of test result with the non-process, only Pl (20% PI), and
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Figure 5.82 : Comparison of temperature and NO mass fraction contours at a piston
position of 10° CA ATDC for operating points with applied (20% Pl & 15% WVI)
and not applied process with different hydrogen enriching fractions for Mode 2.

Still, considering that MPRR remains within acceptable limits, this suggests a
successful outcome. For Mode 2, temperature and NO mass fraction contours at a
piston position of 10° CA ATDC are displayed for different hydrogen enrichment
fractions (Figure 5.82).

Table 5.48 : Comparison of test and processed by WV results for the operating
point of D25NG75H00 (14° CA BTDC SOI).

D25NG75H00 D25NG75H00-20PI-15WVI100°C Variation

Power (kW) 9.575 9.83 +2.66%
Torque (N.m) 100.477 103.15 +2.66%
BSFC (g/kW.h) 196 198.52 +1.29%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 32.02 32.87 +0.85%
Combustion Duration (CA) 27° 23° -4°
MPRR (bar/CA) 2.66 2.51 -0.15
Max. Press. (bar) 57.25 59.18 ~+2
CA for Max. Press. (ATDC) 7° CA 10° CA +3°
Max. Mean Temp. (K) 1504 1561 +57
NOx (9/kW.h) 6.66 4.58 -31.23%
SOOT (g/kW.h) 0.00077 0.0024 -
CO (g/kW.h) 9.94 7.21 -27.46%
HC (g/kW.h) 35.21 28.46 -19.17%
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It's evident that the applied WVI - Pl leads to a reduction in high-temperature and NO
formation rates. When examining the temperature and NOx development concerning
crank angle, just as in Mode 1, after the crank angle where maximum temperature
values occur (after 30° CA ATDC), the NO formation remains stable, and its rate
decreases for Mode 2 as well (Figure 5.83).

Table 5.49 : Comparison of test and processed by WVI results for the operating
point of D25NG75H00 (10° CA BTDC SOl).

D25NG75H00 D25NG75H00-20PI-15WVI1100°C Variation

Power (kW) 9.76 9.95 +1.95%
Torque (N.m) 102.42 104.41 +1.94%
BSFC (g/kW.h) 203.85 207.89 +1.98%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 30.84 31.44 +0.6%
Combustion Duration (CA) 31° 27° -4°
MPRR (bar/CA) 1.85 1.57 -0.28
Max. Press. (bar) 50.55 50.69 -
CA for Max. Press. (ATDC) 9° CA 12° CA +3°
Max. Mean Temp. (K) 1477 1505 +28
NOx (9/kW.h) 4.9 3.37 -31.22%
SOOT (g/kW.h) 0.0012 0.0029 -
CO (g/kW.h) 10.25 8.88 -13.37%
HC (g/kW.h) 36.73 30.96 -15.71%

The answer to the question of how much the condition with the highest hydrogen
fraction for Mode 1 can be improved by applying WVI - PI strategies is quite clear
from Table 5.46. When examining the table, it can be seen that the MPRR value is
above the critical limit. As previously explained, in conditions with high hydrogen
energy fractions, Pl has an adverse effect, leading to an increase in the MPRR value.
In the non-process condition, the MPRR, which was 8.35 bar/CA, was calculated as
10.51 bar/CA under 15% WV I and 20% P1 strategies. This value is above the preferred
limit under engine operating conditions. For Mode 2, when comparing the condition
with the highest hydrogen enrichment fraction with non-process and WV1 - P1, it can
be observed that the MPRR value is at reasonable levels, and there are improvements
that can be considered effective in terms of NOy (Table 5.47). A 2.79% power loss, a
6.68% increase in BSFC, and a 1.06% decrease in TE resulted in a 4.44% improvement
in NOx. Here, the presence of WVI influence was more noticeable than the PI effect.
To understand the response of the experimental conditions to WVI - P1 application, it
can refer to Table 5.48 and Table 5.49.
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Figure 5.83 : Comparison of temperature and NO mass fraction contours at different
piston positions for operating points with applied (20% P1 & 15% WVI) and not
applied process with different hydrogen enriching fractions for Mode 2 -
D25NG75H15.
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When 15% WVI and 20% PI are applied to the D25NG75H00 14° CA BTDC (test
case) operating point, a 2.66% improvement in power, 0.85% in TE, 0.15 bar in
MPRR, 31.23% in NOx, 27.46% in CO, and 19.17% in UHC can be observed (Table
5.48). When the D25NG75H00 10° CA BTDC (test case) operating point is examined,
there is a 1.95% improvement in power, 0.6% in TE, 0.28 bar in MPRR, 31.22% in
NOy, 13.37% in CO, and 15.71% in UHC (Table 5.49).

Table 5.50 : Comparison of the optimal results obtained by applying the WVI
process for Mode 1 and Mode 2.

20% P1 —15% WVI1 100°C - 20° CA BTDC SOWVI

D25NG50H25 D25NG75H15 Variation
Power (kW) 11.24 13 +15.66%
Torque (N.m) 117.94 136.42 +15.67%
BSFC (g/kW.h) 146.94 165.35 +12.53%
Ignition Delay (CA) 11° 11° -
Thermal Efficiency (%) 37.59 35.72 -1.87%
Combustion Duration (CA) 16° 22° +6°
MPRR (bar/CA) 3.37 2.56 -0.81
Max. Press. (bar) 70.46 61.45 -9
CA for Max. Press. (ATDC) 8° CA 13° CA +5°
Max. Mean Temp. (K) 1811 1811 -
NOy (g/kW.h) 5.69 4.42 -22.32%
SOOT (g/kW.h) 0.00131 0.0011 -16%
CO (g/kW.h) 1.19 1.84 -54.62%
HC (g/kW.h) 3.83 7.83

When comparing the numerical results obtained by applying the 15% WVI and 20%
Pl strategies to the optimal gas fraction working points of Mode 1 and Mode 2, Mode
2 conditions are more advantageous compared to Mode 1. Specifically, Mode 2 has a
15.66% higher power, 1.87% higher thermal efficiency (TE), 0.81 bar higher
maximum pressure rise rate (MPRR), 22.32% lower NOx emissions, 16% lower SOOT
emissions, and 54.62% lower CO emissions compared to Mode 1 (Table 5.50). The
D25NG75H15 condition, with 15% more energy input compared to the D25NG50H25
condition, has achieved 22.32% lower NOyx emissions, lower CO emissions, and

reduced PM formation, while being closer to the goal of low emissions at high power.

5.4.3 General summary for WVI — Pl strategy

The analysis of WVI and Pl showed that they could improve the harsh combustion

characteristics and high NOyx levels under non-process conditions. However,
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increasing the vapor injection rate and vapor temperature reduced performance values.
The increase in vapor concentration and temperature caused a decrease in oxygen
concentration in the combustion chamber, worsening combustion, and reducing NOx
emissions. The fundamental difference between WI and WVI is the volume they
occupy. The vapor phase occupies more volume, so it has a greater impact on
volumetric efficiency. This is why the optimal ratio is 25% for water jet injection
analysis, while it's 15% for vapour injection. Furthermore, in water jet injection, the
liquid phase needs to draw heat from the combustion chamber to convert into the vapor
phase. This leads to a decrease in post-combustion temperatures due to both the heat
extraction and the vapor phase reducing oxygen concentration and worsening
combustion, causing a decrease in temperature. Consequently, in terms of NOx
emissions, the liquid phase was more effective. For Mode 1 and Mode 2, the
application of 15% WVI and 20% P1 resulted in power increases of 17.39% and 33.2%,
respectively, compared to test conditions. At the same time, NOx emissions decreased
by 14.56% and 9.8%, respectively. The increase in power with WVI at the
D25NG75H05 operating point was due to the introduction of 15% WVI into the
combustion chamber, which, together with its turbulence effect, led to the
fragmentation of the liquid diesel fuel jet into smaller droplets. Smaller droplets mean
a larger surface area-to-volume ratio, resulting in improved combustion efficiency and,

consequently, an increase in power.

In terms of combustion efficiency, the decrease in UHC and the increase in TE can be
observed (Figure 5.80). In both Mode 1 and Mode 2, there was no significant impact
of PI at high hydrogen fractions. Beyond a certain point, particularly after 50%
hydrogen fraction for Mode 1 and 25% hydrogen enrichment for Mode 2, the results
became less significant. Especially beyond these ratios, high MPRR and NOy
production occurred. Delaying the injection timing of steam led to positive results in
terms of performance, but it also resulted in high NOx values. The effect of pilot diesel
fuel injection was pronounced in low to medium hydrogen fractions (up to 50% for
Mode 1 and 20% for Mode 2) and contributed to lower MPRR values. In operating
points with high hydrogen fractions, PI application should not be preferred due to the
associated drawbacks. Because the purpose of pilot diesel fuel is to ensure early fuel
vaporization in the combustion chamber, preventing an increase in ignition delay and

promoting a smooth and gradual ignition. However, in high hydrogen fractions, the
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high lower heating value of hydrogen and its high ignition rate, combined with the
effect of pilot diesel fuel, lead to a sharp and sudden ignition. Consequently, this
triggers high-pressure and temperature increases. As a result, MPRR and NOx values

increase.

Finally, the optimum conditions for Mode 1 and Mode 2 are recommended as
D25NG50H25-20P1-15WV1100°C and D25NG75H15-20P1-15WVI1100°C,

respectively.

5.5 Comparison of All Strategies

In this chapter, a comparison of the operating points obtained in the previous sections
(Chapter 5.1, Chapter 5.2, Chapter 5.3, and Chapter 5.4) will be carried out. For Mode
1, the results of the D25NG50H25 operating point under EGR - PI, W1 - PI, and WVI
- PI conditions are compared with the test results, as shown in Table 5.51. Here, the
working points considered are D25NG50H25-20PI-10EGR100°C for EGR - PI,
D25NG50H25-20P1-25WI175°C for WI - PI, and D25NG50H25-20P1-15WVI100°C
for WVI - PI.

The working point considered as the test case is D25NG75H00 (14° CA BTDC for
SOI), as shown in the table. Naturally, the highest power value is achieved in the no-
process (D25NG50H25) condition (Table 5.51 and Figure 5.84). In this working point,
there is no EGR, PI, or water jet/vapor injection applied. The presence of hydrogen
has led to an increase in power. It is worth noting that, in terms of NOy, the highest
value has also been obtained in this condition (Figure 5.85). In terms of NOy, a value
higher than the test conditions has been obtained. The NOx value has been improved
the most by the EGR - Pl strategy (Figure 5.85). In fact, EGR - Pl (10% EGR for 100
°C - 20% PI) and WVI - PI (15% WVT for 100 °C - 20% PI) strategies show similarities
in terms of application. EGR was applied as a mixture of CO2-H20-N2-O,, while WVI
was applied only as water vapor. The reason for lower NOyx formation with EGR is
that EGR is present in the intake process along with being in the combustion chamber,
whereas the WVI strategy provides injection into the combustion chamber at 20° CA
BTDC. Therefore, the effect of the EGR process on temperatures has started earlier.
With EGR, the influence on oxygen concentration in the mixture formation started
earlier, leading to lower temperatures (Table 5.51) [197].
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Table 5.51 : Comparison of test result with optimally obtained results from
processes for Mode 1 — D25NG50H25 (EGR, WI and WVI).

Test Case No Process EGR WI WVI

Power (kW) 9.575 11.58 11.20 1094 11.24
Torque (N.m) 100.477 121.47 117.48 11484 117.94
BSFC (g/kW.h) 196 136.27 140.33 155.42 146.94
Ignition Delay (CA) 11° 11° 11° 11° 11°
Thermal Efficiency (%) 32.02 38.71 37.44 36.60 37.59
Combustion Duration (CA) 27° 19° 20° 17° 16°
MPRR (bar/CA) 2.66 3.6 3.36 3.2 3.37
Max. Press. (bar) 57.25 67.45 67.31 69.36 70.46
CA for Max. Press. (ATDC) 7° CA 8° CA 9°CA 8°CA 8°CA
Max. Mean Temp. (K) 1504 1779 1738 1770 1811
NOx (9/kKW.h) 6.66 7.46 4.54 5.1 5.69
SOOT (g/kW.h) 0.00077 0.000172 0.00121 0.0022 0.00131
CO (g/kW.h) 9.94 1.42 1.55 1.42 1.19
HC (g/kW.h) 35.21 4.04 445 411 383

EGR has had a similar impact on the mixture gas fractions in the pre-combustion phase
(especially up to 20° CA BTDC) and the post-combustion phase. Therefore, the

combustion duration was longer for EGR.

WV injection was highly effective for both just before and after combustion (the
phase after 20° CA BTDC), but it had no effect on the phase well before combustion.
When we divide combustion into homogeneous combustion and diffusion combustion,
the fuels pre-mixed in the combustion chamber (Hydrogen - Natural Gas and pilot
diesel fuel) represent homogeneous combustion, while the fuels added later (diesel fuel
by main injection) represent diffusion combustion. Since WVI initially affected
diffusion combustion and later had an impact on homogeneous combustion, the

combustion duration was shorter (Figure 5.85) [188].

Looking at the CO and SOOT emissions as well as the BSFC values, it can be said that
WVI has a greater impact on diffusion combustion compared to homogeneous
combustion (Table 5.51). Higher SOOT formation despite higher power suggests that
the diffusion flame is weaker. The power increase has compensated for this in
homogeneous combustion. WVI, with lower CO emissions, indicates that the
homogeneous combustion flame is stronger than the diffusion flame. Despite the
higher power, the slightly higher BSFC value shows that the phase representing a
higher mass of fuel was somewhat affected. Additionally, a somewhat more intense

combustion occurred compared to the EGR process. In rapid and intense combustion,
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temperatures are high, leading to higher TE, NOy, and MPRR values. When WI
(D25NG50H25-20P1-25W175°C) and WVI (D25NG50H25-20P1-15WVI100°C) are
compared, WI involves the injection of the liquid phase into the combustion chamber,
which necessitates heat withdrawal from the environment for the transition from the
liquid phase to the vapor phase. This resulted in lower power, NOx, TE, lower BSFC,
and higher values for CO, UHC, and SOOT (Figure 5.84 and Figure 5.85).

Table 5.52 : Comparison of test result with optimally obtained results from
processes for Mode 2 — D25NG75H15 (EGR, W1 and WVI).

Test Case No Process EGR WI WVI

Power (kW) 9.76 13.28 12.8 12.72 13
Torque (N.m) 102.42 139.34 134.29 133.47 136.42
BSFC (g/kW.h) 203.85 155.99 161.2 173.14 165.35
Ignition Delay (CA) 11° 11° 11° 11° 11°
Thermal Efficiency (%) 30.84 36.48 35.16 34.95 35.72
Combustion Duration (CA) 31° 23° 25° 22° 22°
MPRR (bar/CA) 1.85 3.08 2.31 2.51 2.56
Max. Press. (bar) 50.55 60.35 57.92 59.94 61.45
CA for Max. Press. (ATDC) 9° CA 12°CA 13°CA 14°CA 13°CA
Max. Mean Temp. (K) 1477 1809 1779 1793 1811
NOy (g/kW.h) 4.9 5.44 3.42 4.07 4.42
SOOT (g/kW.h) 0.0012 0.0002  0.00122 0.00174 0.0011
CO (g/kW.h) 10.25 2.02 2.342 2.1 1.84
HC (g/kW.h) 36.73 8.76 9.557 8.34 7.83

The ID value showed similarities at all operating points (Figure 5.84). ID varies more
depending on the main injection and pilot diesel injection timings and the sharp
changes in the hydrogen fraction. While the no-process condition may seem reasonable
in terms of performance values, it has not provided a preferable outcome, especially
for NOx emissions. Therefore, when considering emissions, the EGR - PI application
has yielded significant results. The degrees to which the applied processes (EGR - Pl,
WI - Pl, and WVI - PI) affect the homogeneous and diffusion phases of combustion

can be seen in Figure 5.86.

Considering that the injection advance for D25NG50H25 is 14° CA BTDC, diffusion
combustion has ended with TDC, and homogeneous combustion continues. When
examining the contours, it can be observed that the contours for the EGR - PI condition
are of a lighter color. This indicates that for WI and WVI, the homogeneous phase
continues at higher temperatures [198]. The more effective role of the EGR - PI

process in terms of diffusion flames was explained in Table 5.51, Figure 5.84, and
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Figure 5.85. It can be seen that a significant portion of NOx formation occurs in
homogeneous combustion (Figure 5.87). The effects of reducing temperatures can be
examined using the applied processes in Figure 5.88. The figure shows the contour
lines for points at 2500 K temperature at different piston positions.
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Figure 5.84 : Comparison of test data and results without the process with all
obtained optimal states from applied processes in terms of power, BSFC, CO, UHC,
MPRR and ID (for Mode 1).
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It is evident that the high temperatures in the no-process condition are significantly
reduced with EGR, WI, and WV (Figure 5.88) [199]. Additionally, it can be observed
that homogeneous combustion is more effectively realized with the WVI strategy
compared to the EGR strategy (Figure 5.88).

50 40
35
45 =
L 30
40 S
_ % 25
£ 35 8 20
w c
= 8
30 é 15
, § 10
5
5
20 0
Test No EGR-PI WI-PI WVI-PI Test No EGR-PI WI-PI WVI-PI
Case Process Case Process
12 0.005
10 0.004
z 8 S 0.003
2 g
< g 2
) s 0.002
X a
S
4 0.001
2 0
Test No EGR-PI WI-PI WVI-PI

0 Case Process
Test No EGR-PI WI-PI WVI-PI
Case Process

100 20
90 ~ 18
a
T 80 = 16
s <
TE 70 §, 14
2 60 12
3 2
a 50 $ 10
= g
S 40 S8
= ©
% 30 % 6
S 20 e 4
10 S 2
0 0
Test No EGR-PI WI-PI WVI-PI Test No EGR-PI WI-PI WVI-PI
Case Process Case Process

Figure 5.85 : Comparison of test data and results without the process with all
obtained optimal states from applied processes in terms of TE, CD, NOy, PM, Max.
Press. and the position of Max. Press. Relative to TDC (for Mode 1).
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The density of points with a temperature of 2500 K near the TDC position of the piston
is higher for WVI than for EGR. It has been mentioned before that the WVI process
deteriorates diffusion combustion and has a higher homogeneous combustion
efficiency. Although the diffusion combustion phase of EGR is superior to the WVI
process, it is not significantly behind in terms of homogeneous combustion.

EGR is effective in distributing homogeneously throughout the combustion chamber,
while WV1 is more effective in the region where it is injected and its vicinity. This is
why diffusion combustion is less efficient for WVI. The progression of combustion
has been similar for EGR and WVI, with only minor differences in the initial stages.
The diffusion flame for WVI and the initial stages of homogeneous combustion for
EGR have developed somewhat differently, but they have shown similarities in the

later stages of combustion (Figure 5.86 and Figure 5.88).

The results of the no-process (D25NG75H15), EGR - Pl (D25NG75H15-20PI-
25WI175°C), and WVI - Pl (D25NG75H15-20PI-15WVI100°C) operating points
obtained for Mode 2 have been compared with the experimental results of
D25NG75H00 (10° CA BTDC for SOI) (Table 5.52 and Figure 5.89 - Figure 5.93). It
Is evident that the performance values will increase with the additional energy input of
hydrogen into the combustion chamber. However, the goal here is to achieve higher
performance with lower overall emissions, which is why it was investigated for Mode
2. The no-process (D25NG75H15) resulted in increased NOx and MPRR values, and

to improve these values, EGR, WI, and WV processes were applied.

The lowest values for NOx and MPRR were achieved with the application of the EGR
- PI1(20% PI and 10% EGR for 100 °C) process in D25NG75H15-20P1-10EGR100°C.
Even though the fuel fractions were the same at the operating point where EGR, WI,
and WV processes were applied (D25NG75H15), their effects on combustion were
different. W1 and WV1 were more effective in the diffusion flame, while EGR played
a more significant role in the homogeneous combustion phase. EGR, when distributed
throughout the cylinder, can have a slightly disruptive effect on the combustion of
hydrogen-natural gas-pilot diesel fuels. W1 and WVI strategies, on the other hand,
show disruptive effects, especially in the region where they are injected. The similarity
between the region where the main diesel fuel injection occurs and the region where
water jet/vapour injection occurs, and the initiation of combustion from this region, is

the reason why WI and WV strategies affect the diffusion flame.
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The homogeneous combustion phase occurs more rapidly, while the diffusion flame
takes place more slowly. In fact, this situation is due to the slower combustion of diesel
fuel compared to hydrogen. When we look at it, even though the combustion rate of
natural gas and hydrogen is slowed down, the combustion rate of hydrogen-enriched

natural gas is higher compared to diesel.
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Figure 5.86 : Temperature contours at different piston positions for the optimal
operating points obtained by applying no process and various types of processes
(20% PI - 10% EGR, 20% PI - 25% W1 and 20% PI - 15% WVI) to D25NG50H25
(Mode 1).
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In the homogeneous combustion phase, the heat release rate (HRR) is accelerating,
which results in relatively higher temperatures and pressures. Therefore, for W1 and
WVI, NOx, MPRR, and in-cylinder pressure values are higher, while the combustion
duration (CD) is shorter (Figure 5.89 and Figure 5.90). Compared to EGR, combustion

is more abrupt and intense for Wl and WVI.
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Table 5.53 : Comparison of results with (EGR, WI and WV1) or without processes
for Mode 1 — D25NG75H00 (SOl 14° CA BTDC).

No Process EGR WI WVI

Power (kW) 9.575 9.66 9.31 9.83
Torque (N.m) 100.477 101.34 97.71 103.15
BSFC (g/kW.h) 196 193.71 2149 198.52
Ignition Delay (CA) 11° 11° 11° 11°
Thermal Efficiency (%) 32.02 323 3114 3287
Combustion Duration (CA) 27° 25° 23° 23°
MPRR (bar/CA) 2.66 242 241 2.51
Max. Press. (bar) 57.25 57  57.83 59.18
CA for Max. Press. (ATDC) 7°CA  9°CA 9°CA 10°CA
Max. Mean Temp. (K) 1504 1524 1528 1561
NOx (9/kKW.h) 6.66 3.8 4.2 4.58
SOOT (g/kW.h) 0.00077 0.0022 0.0041 0.0024
CO (g/kW.h) 9.94 8.68 8.63 7.21
HC (g/kW.h) 3521 3191 315 28.46

Although the combustion durations are equal for WI and WVI, the combustion for
WVI1 occurred at higher pressures, resulting in higher temperatures. This has led to
higher NOx and MPRR values (Figure 5.89 and Figure 5.90). WV1 has produced lower
CO and HC emissions. Combustion of the premixed fuel with 75% natural gas and
20% PI content in the homogeneous combustion phase is more dominant for WVI
compared to WI. For this reason, the power value is higher, and CO and UHC
emissions are lower (Figure 5.89). Considering that the power is the area under the

pressure-volume curve, WVI, which has a larger area, results in a higher power value.

The highest TE value was observed for no-process and WVI (Figure 5.90). For no-
process, the reason is the absence of any additional processes. However, for WVI, the
higher TE compared to EGR and W1 is indirectly due to regional temperature values.
EGR simultaneously reduces the oxygen concentration inside the combustion
chamber, which partially reduces combustion efficiency and subsequently results in a

decrease in TE due to the lower temperatures.

Similarly, with WI, the liquid jet that is sprayed needs heat from the combustion
chamber to evaporate, which in turn lowers the temperatures and leads to a decrease
in TE.

When looking at WVI, it can be observed that apart from the region where vapor is
injected, the homogenization of the premixed fuel with air is more effective, leading

to a higher quality of homogeneous combustion, and consequently, a higher TE value.
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Figure 5.88 : Comparison of Iso Surfaces for temperature of 2500 K at different
piston positions for the optimal operating points obtained by applying no process and
various types of processes (20% PI - 10% EGR, 20% PI - 25% WI and 20% PI - 15%

WV1) to D25NG50H25 (Mode 1).

As a result, the TE value remains higher for WVI compared to EGR and WI. PM
emissions were observed to be highest in the case of water injection (WI) (Figure 5.90).
W1 is the strategy that affects both diffusion and homogeneous combustion the most.
This is because the water injected in liquid phase into the diffusion combustion region
disrupts the combustion of the core region of diesel fuel injected with the main spray
and simultaneously lowers the temperatures in the homogeneous combustion regions,

affecting the quality of homogeneous combustion.

SOOT (PM) emissions refer to fuel that has burned before oxidizing, and they increase
the amount of fuel oxidizing in the core and its surroundings. NOx emissions are
highest in the case of WVI among the applied EGR, WI, and WV processes. The WVI
strategy, with higher temperatures in homogeneous combustion regions compared to
EGR and WI, has produced higher values of NOx emissions, in line with this situation.
When examining the contours showing the temperature and NO mass fraction
distributions for a piston position at 10° CA ATDC, it can be observed that the EGR

process generates lower temperature values (Figure 5.91 and Figure 5.92).

Although the processes (EGR, W1, and WVI) have different effects on the combustion
phases (diffusion and homogeneous combustion phases), the temperature distributions
generally show similarities (Table 5.52 and Figure 5.93). This indicates that the
processes' effects start differently after the beginning of the diffusion combustion

process, but the progression of combustion is similar. When examining the effects of
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process applications (EGR - PI, WI - PI, and WV - PI) under experimental conditions
with a 14° CA BTDC injection advance (D25NG75H00 14° CA BTDC for SOI), it is
observed that the most suitable strategy implementation is WV (Table 5.53 and Figure
5.94 - Figure 5.98).
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obtained optimal states from applied processes in terms of power, BSFC, CO, UHC,
MPRR and ID (for Mode 2).
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Figure 5.90 : Comparison of test data and results without the process with all
obtained optimal states from applied processes in terms of TE, CD, NOy, PM, Max.
Press. and the position of Max. Press. Relative to TDC (for Mode 2).

Since there is no hydrogen in the gas mixture at the D25NG75H00 operating point, the
homogeneous combustion phase was smoother (lower MPRR) and the combustion rate
was lower (Figure 5.94 and Figure 5.95). In fact, the power value was even higher with
the WVI under the test conditions (Figure 5.94). The increase in power according to
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the test conditions was provided by the application of pilot diesel fuel (20% PI). The
reason why the WVI strategy offers higher performance values compared to the EGR
and WI strategies is due to the reasons explained in the previous sections.
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Figure 5.91 : Temperature contours at different piston positions for the optimal
operating points obtained by applying no process and various types of processes
(20% PI - 10% EGR, 20% PI - 25% W1 and 20% PI - 15% WVI) to D25NG75H15
(Mode 2).

Under test conditions, the mixture in the homogeneous combustion phase contains a

combination of natural gas and pilot diesel fuel. Since natural gas is a fuel with a low
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combustion rate, the combustion duration is longer compared to the other operating
points where hydrogen is included. The highest power and TE values were observed
at the D25NG75H00-20PI-15WVI100°C operating point (Figure 5.94 and Figure
5.95). Power and TE increase were observed in all processes except W1 - Pl according

to the test conditions.
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Figure 5.92 : NO mass fraction contours at different piston positions for the optimal
operating points obtained by applying no process and various types of processes
(20% P1 - 10% EGR, 20% PI - 25% WI and 20% PI - 15% WVI) to D25NG75H15
(Mode 2).
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The reason for not observing it in WI is that water needs to extract heat from the
environment to transition from the liquid phase to the vapor phase. After the heat is
absorbed, the combustion efficiency decreases, resulting in a reduction in TE and

power.

The EGR process affects the mixture formation in all areas of the combustion chamber,
which is why TE and power values have lagged behind the WV process. The 20% Pl
strategy applied to all processes has improved the efficiency of the homogeneous
combustion phase, contributing to the reduction of CO and UHC emissions (Figure
5.94). The WI process, which has the most influence on the diffusion combustion
phase (D25NG75H00-20P1-25W175°C), has led to the highest PM emissions (Figure
5.95). The MPRR values have remained reasonable and similar levels due to the

hydrogen-free premixture (Figure 5.94).

Iso Surface for 2500 K Temperature
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Figure 5.93 : Comparison of Iso Surfaces for temperature of 2500 K at different
piston positions for the optimal operating points obtained by applying no process and
various types of processes (20% PI - 10% EGR, 20% PI - 25% WI and 20% PI - 15%

WVI) to D25NG75H15 (Mode 2).

The influence of EGR, WI, and WV processes on the homogeneous combustion phase
is clearly visible in Figure 5.96. In particular, it can be seen that EGR and WI have
temperature contours distributed in lighter colors. When the NO mass fraction
distributions are examined, it is observed that EGR — P1 application produces less NOy,

while more formation is observed for WVI (Figure 5.97).

When isocontours at 2500 K temperature are followed for EGR, WI, and WVI at
different piston positions, it is observed that the points with the highest temperature of

2500 K are formed after the test conditions with WVI. While temperatures are
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extinguished more quickly for W1 (water jet injection), similar point density can be
mentioned for EGR and WVI (Figure 5.98) [200].
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Figure 5.94 : Comparison of test and process-applied (EGR, WI, and WVI) results
for D25NG75H00 (14° CA BTDC SOI) in terms of power, BSFC, CO, UHC,
MPRR, and ID.

The effects of the applied processes (EGR, WI, and WVI) on the test conditions for a
working point with a 10° CA BTDC injection advance (D25NG75H00 10° CA BTDC

290



for SOI) resulted in improvements in performance and emission values (Table 5.54
and Figure 5.99 — Figure 5.103). The highest values for power and TE are achieved
with WVI, while the lowest values for CO and UHC are observed (Figure 5.99 — Figure
5.100). The BSFC value increases with EGR and WI processes, but it remains close to
the test conditions with WVI (Figure 5.99). The MPRR value has been lowered by the
applied strategies. The ID has decreased in the EGR —P1 case, while in other processes,
it is similar to the test conditions (Table 5.54 and Figure 5.99).

Table 5.54 : Comparison of results with (EGR, W1 and WV1) or without processes
for Mode 2 — D25NG75H00 (SOI1 10° CA BTDC).

No Process EGR WI WVI

Power (kW) 9.76 9.31 9.73 9.95
Torque (N.m) 102.42 97.72 102.104 104.41
BSFC (g/kW.h) 203.85 21293 21797 207.89
Ignition Delay (CA) 11° 9° 11° 11°
Thermal Efficiency (%) 30.84 2942 30.74 3144
Combustion Duration (CA) 31° 32° 27° 27°
MPRR (bar/CA) 1.85 1.43 1.5 1.57
Max. Press. (bar) 50.55 4855 49.89  50.69
CA for Max. Press. (ATDC) 9° CA  10°CA 12°CA 12°CA
Max. Mean Temp. (K) 1477 1429 1493 1505
NOx (g/kW.h) 4.9 277 314 337
SOOT (g/kW.h) 0.0012  0.0035 0.0035 0.0029
CO (g/kW.h) 10.25 12.69 10.23 8.88
HC (g/kW.h) 36.73 40.82 32 30.96

The combustion duration (CD) has increased with EGR — PI, but it has decreased
below the test conditions with W1 — Pl and WV — P1. NOx is lower in all processes
compared to the test results, with the lowest NOx being achieved with EGR — Pl. PM
emissions, inversely related to NOy, reached the highest value with EGR — Pl and the
lowest value with WVI — PI (Figure 5.100). The point of maximum pressure occurred
later in the crank angle with all applied processes, moving to the right of TDC. It can
be observed that for the test conditions with a 14° CA BTDC injection advance,
combustion began during the compression stroke, while for the test conditions with a
10° CA BTDC injection advance, combustion started at the end of the compression
stroke and TDC position. In the case of EGR — Pl application, the combustion duration
is slightly longer and softer, with maximum pressure being lower (Figure 5.100)
[179,201]. The presence of fuel that starts to ignite earlier than other processes and test

conditions has caused a decrease in power.
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Figure 5.95 : Comparison of test and process-applied (EGR, WI, and WVI) results
for D25NG75HO00 (14° CA BTDC SOI) in terms of TE, CD, NOx, PM, Max. Press.
and the position of Max. Press. Relative to TDC.

The higher strength of the homogeneous combustion phase with the WVI strategy,
along with the interaction of vapor with turbulence, allows for better atomization of
the injected fuel particles, increasing combustion efficiency. Therefore, power and TE
values have increased, while BSFC, UHC, and CO values have decreased (Figure 5.99
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and Figure 5.100). Although to a lesser extent, the increase in combustion pressure and
temperatures has also increased NOx emission levels. Since EGR and WI have a more
significant effect on the diffusion combustion phase, the highest PM values have been
observed in these processes. Figures 5.101 and 5.102 show that the EGR process has

the most significant effect on temperature and NOx distribution.
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Figure 5.96 : Comparison of temperature contours at different piston positions
between test case with the optimal operating points obtained by applying various
types of processes (20% PI - 10% EGR, 20% PI - 25% WI and 20% PI - 15% WVI)
to D25NG75H00 (SOl of 14° CABTDC).
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It was previously mentioned that combustion consists of diffusion and homogeneous
combustion phases. Based on this, it can be observed that the EGR process has a more
significant effect on homogeneous combustion, while the WVI and W1 processes are

more effective on diffusion combustion (Figure 5.101 and Figure 5.102).
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Figure 5.97 : Comparison of NO mass fraction contours at different piston positions
between test case with the optimal operating points obtained by applying various
types of processes (20% PI - 10% EGR, 20% PI - 25% WI and 20% PI - 15% WVI)
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2

©

4



Iso Surface for 2500 K Temperature
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Figure 5.98 : Comparison of Iso Surfaces for temperature of 2500 K at different
piston positions between test case with the optimal operating points obtained by
applying various types of processes (20% PI - 10% EGR, 20% PI - 25% WI and 20%
Pl - 15% WVI) to D25NG75H00 (SOl of 14° CA BTDC).

EGR distributed throughout the combustion chamber much earlier and directly
affected the air-natural gas-pilot diesel fuel premixture. In contrast, the Wl and WVI
processes were introduced into the combustion chamber later, making them more

effective on the diffusion flame, which, in turn, leads to an increase in PM emissions.

As mentioned earlier, when comparing WI to WVI, the WI process had a more
significant impact on both the diffusion flame and the homogeneous combustion
phase. The transition of the liquid phase to the vapor phase, which requires heat to be

drawn from the environment, reduced combustion efficiency.

When examining points with combustion temperatures of 2500 K at different piston
positions, it is evident that similar results are obtained for all processes (Figure 5.103).
However, the similarity of temperatures at 2500 K does not necessarily imply the same
for other temperatures. From the results, it can be seen that EGR application leads to

lower temperature distributions.

NOx formation is observed at all temperatures of 1800 K and above. Therefore, when
looking at the range between 1800-2500 K, the process with the highest uniform
temperature distribution in this temperature range will be observed with WVI.
Following that, the ranking will be WI and EGR. In the case of D25NGO0H75, which
has the highest hydrogen fraction for Mode 1, it was observed that the Pilot Injection
(PI) had a negative impact when the processes (EGR - PI, WI - PI, and WVI - PI) were

examined.
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Figure 5.99 : Comparison of test and process-applied (EGR, WI, and WVI) results
for D25NG75H00 (10° CA BTDC SOI) in terms of power, BSFC, CO, UHC,
MPRR, and ID.

The reason for the negative effect of applying Pl (20%) at high hydrogen fraction
working points is that it increases the premixing ratio accumulating in the combustion
chamber until the ignition starts, causing combustion to start abruptly and intensively.
The rapid combustion and high lower heating value of hydrogen in the premix further
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exacerbate these abrupt and intense combustion conditions. Consequently, the MPRR
value is higher with PI than without it (Table 5.55 and Figure 5.104). However, the

applied EGR, WI, and WVI, while causing decreases, could not lead to a reducing

effect, especially for NOx.
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Figure 5.100 : Comparison of test and process-applied (EGR, WI, and WV1) results
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Figure 5.101 : Comparison of temperature contours at different piston positions
between test case with the optimal operating points obtained by applying various
types of processes (20% PI - 10% EGR, 20% PI - 25% WI and 20% PI - 15% WVI)
to D25NG75H00 (SOl of 10° CA BTDC).

While temperatures and pressures have increased, the TE value has decreased. As is
known, in cases of abrupt and intense combustion, combustion durations are short, and
the crank angle at which maximum pressure occurs is close to TDC. In such
combustion events, the area under the pressure-volume curve will decrease, leading to
a deterioration in performance values.
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Figure 5.102 : Comparison of NO mass fraction contours at different piston
positions between test case with the optimal operating points obtained by applying
various types of processes (20% P1 - 10% EGR, 20% PI - 25% WI and 20% P1 - 15%
WVI1) to D25NG75H00 (SOI of 10° CA BTDC).

Although CO and UHC emissions have increased compared to the no-process
condition due to the applied processes (EGR, WI, and WVI), these increases are at
very small levels, so they have minimal impact on the environment (Figure 5.104).
The lowest value for NOx was observed with EGR - PI, while the highest value for
MPRR was achieved with WVI (Figure 5.105). It is once again understood that the use
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of hydrogen at high fractions does not yield reasonable results in a diesel engine, and
the hydrogen-natural gas collaboration is more recommended for achieving better
results. It should be noted that using only hydrogen in the gas mixture leads to a
tendency for knocking in the combustion process due to high pressure and temperature,
and achieving reasonable results with the applied strategies (EGR, WI, WVI, and PI)
Is not very possible, so it is not recommended. It should be known that operation points

with hydrogen-natural gas fractions are a more accurate choice.

Table 5.55 : Comparison of results with (EGR, W1 and WV1) or without processes
for Mode 1 — D25NGO0OH75.

No Process EGR WI WVI

Power (kW) 10.69 10.48 9.95 10.27
Torque (N.m) 112.18 109.97 104.44 107.77
BSFC (g/kW.h) 95.73 97.25 11525 106.88
Ignition Delay (CA) 11° 12° 12° 12°
Thermal Efficiency (%) 35.75 35.05 3328 34.35
Combustion Duration (CA) 9° 9° 8° 9°
MPRR (bar/CA) 8.35 9.19 10.11 1051
Max. Press. (bar) 85.89 84.81  85.49 86
CA for Max. Press. (ATDC)  4° CA 4°CA 4°CA 4°CA
Max. Mean Temp. (K) 1997 1994 1989 2000
NOx (9/kW.h) 14.04 8.7 9.23 10.28
SOOT (g/kW.h) 0.000071 0.000524 0.0015 0.00093
CO (g/kW.h) 0.0036 0.0098 0.067 0.018
HC (g/kW.h) 0.0015 0.0121 0.0106 0.012

The dominant effect of the homogeneous combustion phase is reflected in temperature
and NO mass fraction contours for D25NGO0H75 because the gas mixture consists
entirely of hydrogen (Figure 5.106 and Figure 5.107). The formation of a darker color
distribution indicates the dominance transitioning from the diffusion flame to the

homogeneous combustion phase.

The hydrogen-rich homogeneous combustion phase implies higher temperatures and
a faster rate of combustion (Table 5.55). This situation indicates the occurrence of
knock-prone rapid and intense combustion. In the presence of a high fraction of
hydrogen, the applied EGR, WI, and WV applications have only resulted in positive
outcomes in terms of NOx (Figure 5.107) [202]. We can also see that combustion is
completed rapidly and in a shorter time period based on the graph depicting points
with a temperature of 2500 K (Figure 5.108). When looking at the rate of decrease in
point density between two different crank angles (10° CA ATDC and 20° CA ATDC)
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at 2500 K, the situation regarding the combustion rate becomes evident. This is
particularly clear with the WI process. The combustion duration is 1° CA shorter for
WI. When the combustion duration is less than 10° CA, a difference of 1° CA is highly

significant.
Iso Surface for 2500 K Temperature
Piston Position Test Case 10% EGR 25% WI 15% WVI
0° CA (TDC)
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Figure 5.103 : Comparison of Iso Surfaces for temperature of 2500 K at different
piston positions between test case with the optimal operating points obtained by
applying various types of processes (20% PI - 10% EGR, 20% PI - 25% WI and 20%
PI - 15% WVI) to D25NG75H00 (SOl of 10° CA BTDC).

> % %

In the case of D25NG75H25 with the highest hydrogen fraction for Mode 2, the
application of EGR, WI, and WV strategies resulted in the highest power and thermal
efficiency (TE) values when WV was applied (D25NG75H25-20P1-15WVI1100°C)
(Table 5.56 and Figure 5.109). The MPRR values for WVI and WI applications were
higher than those in the EGR case, primarily due to their influence on the diffusion
flame rather than the homogeneous combustion zones (Figure 5.109).

PM emissions were minimized with WVI because the partial disruption of the
diffusion flame by WV could lead to increased fuel particles oxidizing due to the high
temperature of the homogeneous combustion phase, which, in turn, significantly
reduced PM emissions.

In the case of WI, the water particles transitioning from the liquid phase to the vapor
phase extracted excess heat from the environment, which weakened both the diffusion
flame and the homogeneous combustion phase. The weakening of the diffusion flame,
in turn, resulted in higher PM emissions as fuel particles oxidized due to increased
combustion (SOOT) remained at elevated levels in the homogeneous combustion
phase (Figure 5.110).
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Figure 5.104 : Comparison of results in terms of power, BSFC, CO, UHC, MPRR,
and 1D with and without processes (EGR, WI, and WVI) at the highest hydrogen-
enriched operating point (D25NGO0H75) applied for Mode 1, with test result.

The EGR process was less effective on the homogeneous combustion phase compared
to the WI process. The impact on combustion occurs in two ways: first, by affecting
oxygen concentration through distribution, which reduces combustion efficiency, and
second, by drawing heat from the environment to lower temperatures, which also
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reduces combustion efficiency. EGR reduces combustion efficiency through the first
effect, while W1 acts through both the first and the second effect.
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Figure 5.105 : Comparison of results in terms of TE, CD, NOyx, PM, Max. Press. and

the position of Max. Press. Relative to TDC with and without processes (EGR, WI,

and WV1) at the highest hydrogen-enriched operating point (D25NG0O0H75) applied
for Mode 1, with test result.

However, the delayed introduction of the water jet into the combustion chamber made
the second effect more dominant. If the water jet were introduced into the combustion
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chamber much earlier, like EGR, the first effect would be overwhelmingly dominant.
For WVI, again, the second effect is dominant. As previously analyzed in Chapters 5.3
and 5.4, the temperature of water jet/vapour injections has been found to be less
influential on performance and emission values than their fractions.
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Figure 5.106 : Comparison of temperature contours at different piston positions
between no process point with the optimal operating points obtained by applying
various types of processes (20% PI - 10% EGR, 20% PI - 25% WI and 20% P1 - 15%
WVI) to D25NGO0H75.
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CO and UHC emissions, in order from low to high based on the strength of the
homogeneous combustion phase, were WVI, WI, and EGR (Figure 5.109). WVI has
less impact on the diffusion flame compared to WI and has a similar effect on the

homogeneous combustion phase.
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Figure 5.107 : Comparison of NO mass fraction contours at different piston
positions between no process point with the optimal operating points obtained by
applying various types of processes (20% PI - 10% EGR, 20% PI - 25% WI and 20%
Pl - 15% WVI) to D25NGO0H75.
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Table 5.56 : Comparison of results with (EGR, WI and WVI1) or without processes
for Mode 2 — D25NG75H25.

No Process EGR WI WVI

Power (kW) 15.05 1453 1426  14.63
Torque (N.m) 157.92 152,51 149.67 153.50
BSFC (g/kW.h) 141.09 14548 158.06 150.52
Ignition Delay (CA) 11° 11° 11° 11°
Thermal Efficiency (%) 38.04 36.74 36.05 36.98
Combustion Duration (CA) 17° 19° 16° 16°
MPRR (bar/CA) 4.62 4 4.58 4.71
Max. Press. (bar) 71.94 69.52 7259 73.74
CA for Max. Press. (ATDC) 12° CA 13°CA 12°CA 12°CA
Max. Mean Temp. (K) 2057 1993 2030 2060
NOx (9/kKW.h) 7.43 5.41 6.62 7.10
SOOT (g/kW.h) 0.000153 0.001 0.00115 0.00074
CO (g/kW.h) 0.49 0.874 0.65 0.56
HC (g/kW.h) 2.36 2.52 2.43 1.61

EGR, on the other hand, has had a more significant impact on the homogeneous
combustion phase. Processes with a strong homogeneous combustion phase produce
less CO and UHC.,

Iso Surface for 2500 K Temperature
Piston Position No Process 10% EGR 25% WI 15% WVI
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Figure 5.108 : Comparison of Iso Surfaces for temperature of 2500 K at different
piston positions for the optimal operating points obtained by applying no process and
various types of processes (20% P1 - 10% EGR, 20% PI - 25% WI and 20% PI - 15%

WVI) to D25NGO0OH75.

While WI may disrupt both the diffusion flame and the homogeneous combustion
phase by drawing heat from the environment, it affects the partial region of the
combustion chamber's premixing. Significant premixed regions that are not affected
by heat withdrawal have helped maintain the strength of homogeneous combustion.
Therefore, in terms of the strength of homogeneous combustion, WI is more effective
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than the EGR process. The longer and smoother combustion in the EGR is due to the
diffusion flame being stronger than the other processes (Figure 5.109 and Figure
5.110). At the same time, the low strength of homogeneous combustion has

contributed to this situation.
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Figure 5.109 : Comparison of results in terms of power, BSFC, CO, UHC, MPRR,
and 1D with and without processes (EGR, WI, and WVI) at the highest hydrogen-
enriched operating point (D25NG75H25) applied for Mode 2, with test result.
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Figure 5.110 : Comparison of results in terms of TE, CD, NOx, PM, Max. Press. and
the position of Max. Press. Relative to TDC with and without processes (EGR, WI,
and WVI) at the highest hydrogen-enriched operating point (D25NG75H25) applied
for Mode 2, with test result.

The variation in the strength of premixed combustion (homogeneous combustion
phase) with respect to the applied processes (EGR, WI, and WV1) at different piston
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positions can be observed through the temperature distribution shown in the graph
(Figure 5.111).
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Figure 5.111 : Comparison of temperature contours at different piston positions

between no process point with the optimal operating points obtained by applying

various types of processes (20% P1 - 10% EGR, 20% PI - 25% WI and 20% P1 - 15%
WVI) to D25NG75H25.
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The condition with the highest temperature distribution is WVI, while the lowest is
EGR. Detailed explanations of the reasons were given earlier. Corresponding to the
temperature distribution, when we look at the NO mass fraction distributions, we can
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see that the darkest distribution is WV1, and the least dark distribution is EGR (Figure
5.112).
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Figure 5.112 : Comparison of NO mass fraction contours at different piston
positions between no process point with the optimal operating points obtained by

applying various types of processes (20% PI - 10% EGR, 20% PI - 25% WI and 20%
Pl - 15% WVI) to D25NG75H25.
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Figure 5.113 also shows that the most intense condition for points with a temperature
of 2500 K is WVI, while in the W1 process, due to the shorter combustion duration of

the burning regions compared to EGR, it appears as if the burning regions have gone
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out more quickly, resulting in seemingly lower temperature generation compared to
EGR (Figure 5.113). However, a graph showing the temperature distribution more
frequently with crank angles shows that EGR produces lower temperatures and lower

NOyx emissions compared to the WI process (Table 5.56, Figure 5.111, and Figure
5.112).
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Figure 5.113 : Comparison of Iso Surfaces for temperature of 2500 K at different
piston positions for the optimal operating points obtained by applying no process and
various types of processes (20% PI - 10% EGR, 20% PI - 25% WI and 20% P1 - 15%

WVI1) to D25NG75H25.
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6. CONCLUDING REMARKS AND RECOMMENDATIONS

The numerical results obtained in the scope of the thesis demonstrate that hydrogen
and natural gas are highly valuable alternative fuels for emissions. Considering various
energy fractions of hydrogen-natural gas operating points and the effects of different
diesel fuel injection timings, it is observed that the inclusion of hydrogen in the
combustion chamber leads to higher performance and lower emission values.
However, an increase in the hydrogen fraction, especially, brought along the issues of

high NOx emissions and a tendency for knock (higher MPRR).

To mitigate these two problems, EGR-PI, WI-PI, and WV I-PI processes were applied
to the operating points where hydrogen was included. If these processes are selected
at appropriate ratios and timings, an increase in the fraction of hydrogen in the
combustion chamber may occur. Because a high hydrogen content implies high NOx
emissions and MPRR (knock tendency), it has been observed that with pilot injection
(PI) and, especially, water vapor injection (WVI), higher hydrogen fractions in the
combustion chamber can be achieved. Thus, we can transition to zero-carbon hydrogen
by meeting the energy needs of the engine from diesel and natural gas fuels. This
would lead to more environmentally friendly results [50,179,189,190,203-205].

In the first phase of the study, the effects of natural gas-hydrogen fuels in the form of
energy sharing and the impacts of additional hydrogen incorporation with hydrogen-

enriched natural gas (hythane) fuel were investigated.

In this way, two working points were defined in two Modes (Mode 1 and Mode 2).
The second phase of the study focused on emission improvement studies related to
EGR-pilot injection strategies and the effects of water jet and vapor injection into the
combustion chamber at partial loads, which were a continuation of the first phase

efforts.

A review of the literature reveals a scarcity of studies examining these parameters
(EGR, WI, and WVI) in dual-fuel diesel-natural gas-hydrogen engines. The present
thesis study aims to address this gap in the literature, providing insights for future

researchers working on hydrogen and natural gas, the fuels of the future.
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6.1 General Remarks

In compression-ignition engines (CI), diesel fuel is preferred both in terms of
performance and for economic reasons. Heavy-duty engines, especially those used in
applications such as marine engines, require high torque, necessitating engines with a
long stroke. In this context, Cl engines fulfill this requirement. CI engines are
characterized by high compression ratios due to these features. According to the
working principle of compression-ignition engines, a fuel with a high auto-ignition
function is required. Unfortunately, there is currently no fuel that can compete with
diesel, especially in achieving high engine speeds and meeting the conditions requiring
maneuverability, due to its automatic ignition feature. However, issues such as the
current reserve problem and the emission of exhaust gases into the air above standards
have increased interest in alternatives to diesel. Although these problems are valid for
diesel fuel, the automatic ignition function and fuel efficiency features are crucial in
the significance of diesel fuel.

The most important emphasis intended with this study is to avoid running the engine
with 100% diesel (pure diesel) and instead enable diesel to participate in combustion
in very small energy fractions. Here, the most significant contribution of diesel fuel is
to initiate combustion by providing ignition, and then ensuring the continuation of
combustion with other alternative fuels. Therefore, it is aimed to take advantage of the
characteristics of diesel while simultaneously reducing its effectiveness to keep the
environment cleaner. This concept will contribute to extending the current reserve life.
In the current thesis, the contribution of diesel to the in-cylinder combustion process
was kept constant at 25% energy fraction, while the majority was allocated to
alternative gas fuels. Natural gas and hydrogen possess notable thermodynamic
properties. Natural gas, besides being low in carbon content, has a high lower heating
value. Hydrogen is carbon-free and has combustion characteristics at wide air/fuel
ratio values, along with a high lower heating value. While these fuels can be easily
used alone in SI (Spark Ignition) engines, it is not feasible to use them independently
in Cl (Compression Ignition) engines. Certainly, ignition by a different fuel is required.
This fuel, as previously mentioned, must not only have a high automatic ignition
capability but should also initiate combustion under various engine loads and speed
conditions. Currently, diesel fuel takes the forefront with these characteristics.

Alternative gas fuels also have their own set of disadvantages. While natural gas has a
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low C/H ratio, its carbon content contributes to the release of CO, CO, and UHC
emissions into the environment. However, in terms of NOy, natural gas is
advantageous due to its low combustion temperatures. Hydrogen, on the other hand,
has disadvantages such as rapid combustion and high combustion temperatures. By
sending a mixture of both fuels into the combustion chamber, the contrast in
disadvantages can be turned into an advantage.

As known, diffusion combustion occurs in situations where the air and fuel mixture
develops instantaneously (heterogeneous). In other words, diffusion combustion is a
combustion type where the formation of the mixture ends just before combustion or
where fuel supply can continue during combustion. Another type of combustion is
homogeneous combustion. In this type of combustion, the mixture is prepared well in
advance, and the mixture is provided homogeneously. The combustion of this mixture
develops rapidly and abruptly. In conventional SI (Spark Ignition) engines, this type
of combustion is observed. In fact, the fundamental difference between the two types
of combustion is the time of mixture formation. The diffusion combustion is created
by directly injecting diesel fuel into the combustion chamber, while in the case of
alternative gas fuels, the mixture of these fuels is provided in the intake port before
entering the combustion chamber, creating a homogeneous charge, and later, this
charge forms the homogeneous combustion phase. The diffusion combustion phase
leads to SOOT (PM) emissions, while the homogeneous combustion phase triggers the

formation of high NOx due to the high temperatures involved.

Within the scope of the thesis, reducing the energy fraction of diesel was aimed at
decreasing the efficiency of diffusion combustion, while the efficiency of
homogeneous combustion was increased by creating homogeneous mixtures of
alternative gaseous fuels. The presence of hydrogen in the gas mixture further
accelerates the high temperatures associated with homogeneous combustion, thereby
hastening the increase in NOx. Therefore, it is crucial to implement measures that
reduce combustion temperatures, especially in homogeneous combustion phases

involving hydrogen.

Measures recommended in the literature, such as EGR, water injection (WI), or water
vapor injection (WVI), contribute to NOx improvements, while pilot injection
processes (Pl) can prevent high-pressure increases. Hydrogen, with its high

combustion speed and elevated combustion temperatures, leads to pressure increases
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and a reduction in combustion duration. To facilitate a smoother and gradual onset of
combustion, it is of particular importance to introduce a portion of the diesel fuel into

the combustion chamber through pre-injection.

Another consideration when incorporating hydrogen into combustion is the need to
address high temperatures. Exhaust Gas Recirculation (EGR) involves introducing
intake air into the combustion chamber before combustion, thereby reducing the
oxygen concentration within the cylinder. This has a mitigating effect on post-
combustion temperatures. Particularly in the case of the phase of homogeneous
combustion, this reduction in oxygen concentration results in decreased efficiency,
accompanied by a parallel decrease in temperatures.

When examining Water Injection (WI), it has been observed that it is effective in
reducing in-cylinder temperatures. The W1 process has been decisive for both diffusion
combustion and the phase of homogeneous combustion, impacting NOx and PM
emissions. Since the injection region of water (W1) corresponds to the injection region
of diesel fuel, WI has proven to be the most effective process for the diffusion

combustion phase.

The efficiency of homogeneous combustion has been affected because water, in
transitioning from the liquid to the gas phase, draws heat from the combustion
chamber. It significantly influenced the number of fuel particles oxidizing before
combustion in the region where diffusion combustion occurs, exerting greater

dominance over SOOT (PM) emissions compared to other applications.

Water Vapor Injection (WVI) has affected the oxygen concentration within the
combustion chamber, similar to EGR application. However, this effect has occurred
not throughout the entire combustion chamber, as in EGR, but specifically in the
diffusion combustion region. The process with the least impact on the homogeneous

combustion phase, WVI, has been observed to increase the combustion duration.

In the premixed combustion of natural gas and hydrogen, if the hydrogen fraction is
increased excessively, preventing the NOx and MPRR values above the critical level
after combustion will not be possible with any process. Firstly, the critical hydrogen
fraction suitable for each operating condition (engine load and engine speed) should
be determined, and then a preventive application (EGR-PI, WI-PI, and WVI-PI) should
be selected for the high NOx and MPRR values that occur subsequently.
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6.2 Conclusions

In the current thesis work, a diesel engine that had been experimentally studied in dual-
fuel mode (diesel-natural gas) in previous literature was utilized to create the numerical
model. The experimental study investigated the effects of different diesel fuel injection
timings (10°, 14°, 18°, 22°, 26°, 30°, 34°, 38°, 42°, 46°, and 50° CA BTDC) at 25%
load (partial load) where 25% of the energy was obtained from diesel fuel and 75%
from natural gas, under constant engine speed (910 RPM) and constant mean effective
pressure (4.05 BMEP) [7-9].

A numerical model was developed using a Computational Fluid Dynamics (CFD)
program, ANSYS Forte, considering the conditions of the experiment. The accuracy
of the established numerical model was validated by comparing it with experimental
results. Subsequently, parametric studies were conducted using the validated model to
investigate the effects of alternative fuels, specifically natural gas and hydrogen at
different ratios.

In the parametric studies, results were obtained considering two modes. In the first
mode of the system, the total fuel energy and the injected diesel fuel were kept constant
(25% energy fraction), with the remaining 75% of energy being distributed between
hydrogen and natural gas fuels. The amount of natural gas fuel was gradually reduced,
and the energy was transferred to hydrogen fuel step by step (D25NG75H00,
D25NG65H10, D25NG50H25, D25NG25H50, and D25NGO0H75). For this part of
the study, the energy sharing mode was termed as "Mode 1 working points” in the
nomenclature. In the second mode, additional energy transfer to the system was
provided, keeping the diesel fuel quantity constant with a 25% energy fraction and the
natural gas fuel quantity constant with a 75% energy fraction. Extra hydrogen fuel was
injected into the combustion chamber (D25NG75H00, D25NGHO05, D25NG75H10,
D25NG75H15, D25NG75H20, and D25NG75H25). The naming convention for this
mode was termed as "hydrogen enrichment mode™ and abbreviated as "Mode 2
working points."” Working points were defined for both modes, considering different
diesel fuel injection advances (10°, 14°, 18°, 22°, 26°, 30°, 34°, and 38° CA BTDC).
These analyses constituted the initial stage of the numerical study.

The second stage aimed to improve the NOx and MPRR values obtained in the first

stage of the numerical results. For MPRR, pilot injection (PI) was considered, while
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for NOx reduction, EGR, water jet injection (W1I), and water vapor injection (WV1I)
processes were applied. To simultaneously reduce NOx and MPRR, dual processes
were implemented (EGR-PI, WI-PI, and WVI-PI). The pilot injection (PI) ratio,
expressed as a fraction of the total diesel fuel amount, was examined at values of 0%,
20%, 30%, and 50%. For EGR, the ratios were 0%, 10%, 15%, and 20%, while for WI
and WV, they were set at 0%, 5%, 10%, 15%, 20%, and 25%. The effects of different
temperatures were also investigated for EGR, WI, and WVI. These temperatures were
considered as follows: 100 °C, 200 °C, and 300 °C for EGR; 25 °C, 60 °C, 75 °C, and
90 °C for WI; and 100 °C, 125 °C, 150 °C, and 200 °C for WVI. Lastly, the effects of
different injection timings were also examined for W1 and WVI. The injection timings
considered for water jet/vapour were 20° CA BTDC, 10° CA BTDC, 0° CA BTDC
(TDC), and 10° CA ATDC.

The obtained numerical results for the first stage of the current thesis, which involves
determining the fractions of alternative gas fuels (natural gas-hydrogen) and diesel fuel

injection timings, can be summarized as follows (Chapter 5.1).

e Advanced injection timing significantly negatively impacts performance and
emission values during partial load combustion events where hydrogen is involved.
It has been observed that the optimum diesel fuel advance for Mode 1 and Mode 2
operating points is 14° CA BTDC and 10° CA BTDC, respectively.

e The value of the diesel fuel injection advance has a significant impact on ignition
delay. It has been observed that a higher injection advance leads to a higher ignition
delay. Specifically, advancing the injection before 22° CA BTDC has significantly
increased ignition delay.

e For Mode 1, there is a sharp decrease in performance values for diesel fuel
injection advances earlier than 22° CA BTDC, while similar results are observed
for subsequent diesel fuel advances (10°, 14°, 18°, and 22° CA BTDC) in terms of
performance. For Mode 2, a decreasing trend in performance is observed for all
diesel fuel injection advances before 10° CA BTDC.

e Theincrease in the hydrogen fraction in the gas mixture particularly has a negative
impact on performance values, especially at high injection advances (before 22°
CABTDC), and has led to an increase in regional temperatures inside the cylinder.

e In order to achieve balanced control of in-cylinder combustion temperatures,

natural gas needs to be present in the gas mixture to a certain extent (at least 50%).
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Although the presence of natural gas tends to increase CO, UHC, and SOOT (PM)
emissions, it has been observed that these emissions can be reduced by enriching
natural gas with hydrogen.

With hydrogen energy fraction below 50%, performance and all emissions except
NOx have been improved. However, results have reversed when hydrogen exceeds
50%. For Mode 1 operating points, the optimum natural gas and hydrogen ratio is
50% and 25% respectively (D25NG50H25), while for Mode 2, these values are
75% and 15% respectively (D25NG75H15).

The increase in hydrogen in the gas mixture leads to an increase in MPRR values,
so it is crucial to accurately determine the critical value suitable for the engine
operating conditions (engine load and speed). For 25% load and 910 rpm, the
numerical results indicate that the critical hydrogen level is determined as 50%.
Beyond this ratio, hydrogen fractions have led to MPRR values reaching 10
bar/CA, resulting in knocking tendencies.

Hydrogen has had a positive effect on thermal efficiency. For Mode 1 (Case 18 -
D25NG50H25) and Mode 2 (Case 57 - D25NG75H15), there has been an
improvement of 21% and 18%, respectively, in terms of thermal efficiency at the
optimum operating points. For Mode 1, there was a 21% improvement in power
and a 29% improvement in BSFC, while for Mode 2, there was a 36%
improvement in power and a 22% improvement in BSFC.

The presence of hydrogen has had a negative impact on NOy emissions. It has
caused an increase of 12% for Mode 1 and 11% for Mode 2. However, there have
been significant improvements in UHC, CO, and SOOT (PM) emissions. For
Mode 1, there were improvements of 88% for UHC, 86% for CO, and 77% for
SOOT (PM). For Mode 2, the improvements were 76% for UHC, 80% for CO, and
83% for SOOT (PM).

The second stage aimed to improve the conditions regarding MPRR and NOx. The

EGR-PI pair was initially implemented in this stage. Through these processes, when

compared to the experimental conditions, it was observed that overall performance and

emissions, including NOx and MPRR, were improved. The numerical results obtained

from the EGR-PI strategies are summarized below (Chapter 5.2).

The increase in the Pl value (after 20% P1) resulted in a decrease in ignition delay.

The increase in PI caused an increase in the accumulated fuel in the cylinder before
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the main injection, leading to an increase in temperatures and pressures, and
consequently an increase in power and combustion efficiency. However, this
increase in performance occurred due to the formation of hard combustion
conditions, resulting in deteriorated NOyx and MPRR values.

When analyses with no Pl applied (0% PI) were compared with analyses with 20%
P, it was observed that NOx and MPRR values improved. Considering that the
primary goal of the second stage was to improve these two values and the results
deteriorated after 20% PI, it is understood that the critical limit for Pl is 20%.

The increase in the EGR ratio led to a decrease in performance values since it
affected the cylinder's oxygen concentration. Because EGR was introduced into
the cylinder before combustion through the intake process, it showed a
homogeneous distribution. It directly influenced both diffusion flame and
homogeneous combustion phases. Therefore, it proved to be highly effective for
both SOOT (PM) and NOx. Considering both performance and emission values,
optimum values were observed for a 10% EGR ratio.

The increase in EGR temperature led to a decrease in thermal efficiency (TE) and
a shortening of the combustion duration. The rapid onset of harsh combustion
conditions increased both NOx and MPRR while decreasing the power value.
Reasonable results were obtained with the examined EGR temperatures of 100 °C
(Cold EGR), 200 °C, and 300 °C, with the most favorable outcomes achieved at
100 °C.

When comparing the test conditions (D25NG75H00 14° CA BTDC for SOI) with
the operating point created by combining the optimal gas fraction condition
obtained in the first stage for Mode 1 with the optimal Pl (20%), EGR (10%) ratios,
and temperature (100 °C) values (D25NG50H25-20P1-10EGR100°C),
improvements of 17%, 28.4%, 5.42%, 32%, 84.4%, and 87.4% were observed in
power, BSFC, TE, NOy, CO, and UHC values, respectively. When comparing the
operating point obtained by applying the optimum EGR-PI ratios (D25NG75H15-
20PI-10EGR100°C) for Mode 2 with the test conditions (D25NG75H00 10° CA
BTDC for SOI), improvements were observed in power, BSFC, TE, NOy, CO, and
UHC values by 31.15%, 21%, 4.32%, 30%, 77.15%, and 74%, respectively.
When the optimum EGR-PI processes (10% EGR & 20% PI) were applied under
test conditions (D25NG75H00 14° CA BTDC for SOI), improvements were
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observed in power, BSFC, TE, MPRR, NOy, CO, and UHC by 0.89%, 1.17%,
0.28%, 0.24 bar, 43%, 13%, and 9.37%, respectively. For the other test condition
(D25NG75H00 10° CA BTDC for SOI), the EGR-PI combination has led to
deteriorations in power, BSFC, TE, CO, and UHC by 4.6%, 4.45%, 1.42%, 23.8%,
and 11%, respectively. However, improvements of 43.5% for NOx and 0.42 bar for
MPRR have been observed. It can be understood from this that, in cases where
hydrogen is not present in the gas mixture, increasing the main diesel fuel injection
advance yields more reasonable results in terms of performance.

For D25NG50H25 (Mode 1), applying EGR-PI resulted in decreases of 39% for
NOx and 0.24 bar for MPRR. For D25NG75H15 (Mode 2), these values were
obtained as 37.13% for NOx and 0.69 bar for MPRR, respectively.

In Mode 1, the condition with the highest hydrogen fraction (D25NGO0H75) was
observed to have very high MPRR values (10 bar/CA). While EGR-PI resulted in
a 38% decrease in NOy, the application of Pl led to an increase of 0.84 bar in
MPRR. The application of Pl should be avoided in cases where the hydrogen
fraction in the gas mixture is very high, as it leads to negative outcomes,
particularly a reverse effect on MPRR. In the case of the highest hydrogen
enrichment fraction for Mode 2 (D25NG75H25), the applied EGR-PI strategies
(D25NG75H25-20P1-10EGR100°C) have resulted in a reduction of 27% in NOx
and 0.62 bar in MPRR. When comparing the test conditions (D25NG75H00 10°
CA BTDC for SOI) with the EGR-PI processed condition (D25NG75H25-20PI-
10EGR100°C), improvements have been observed in power, BSFC, TE, CO, and
UHC by 48.87%, 28.63%, 5.9%, 91.47%, and 93.14%, respectively. However,
NOxy increased by 10.41%, and MPRR increased by 2.15 bars.

Another strategy applied is the direct injection of a water jet (WI) into the combustion

chamber. This process was implemented in the form of WI-PI along with 20% PI. The

goal here is to improve MPRR with Pl and NOyx with WI. The information obtained

from these processes is summarized below (Chapter 5.3).

An increase in the WI rate has led to a slight decrease in performance values,
especially in terms of NOy, resulting in reasonable outcomes. Although the power
value tends to decrease with increasing WI, it has been higher when compared to
the test results (D25NG75H00 14° CA BTDC for SOI). Therefore, due to its
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success in improving NOx emissions, the optimum value for WI has been
determined as 25%.

The increase in the WI rate has had a minimal impact on ignition delay (ID) and
MPRR. Due to its effect on reducing regional temperatures, WI has mostly
influenced NOx and TE. CO and UHC emission values, like 1D, have shown a
stable trend. PM (SOQOT) emissions have increased due to the WI strategy lowering
temperatures in the diffusion flame region.

The increase in WI temperature (25 °C, 60 °C, 75 °C, and 90 °C) has not shown a
dominant feature in terms of performance and emission values for both Mode 1
(D25NG50H25) and Mode 2 (D25NG75H15). The PM emissions reached their
minimum value at a WI temperature of 75 °C. The weak influence of the increase
in WI temperature on performance and emission values is attributed to the presence
of hydrogen in the fuel mixture. This situation is explained by the fact that the
difference between WI temperature values is much lower than the temperature
values generated during the combustion of hydrogen. The WI temperature value
of 75 °C, which contributes positively to PM emissions, has been preferred for use
in subsequent analyses.

It has been observed that reducing the WI advance value (20° CA BTDC, 10° CA
BTDC, 0° CA BTDC — TDC, and 10° CA ATDC for SOWI) improves
performance for both Mode 1 and Mode 2. The delayed WI results in higher
combustion temperatures, leading to positive effects on performance parameters
such as power, BSFC, and thermal efficiency (TE). In terms of emissions, PM, CO,
and UHC decrease, while NOx shows a notable increase tendency. Although
MPRR and in-cylinder pressure values were not affected by W1 advance in Mode
1 operation points, they increased in Mode 2 operation points as the WI advance
was reduced. The sharp increase in NOx values with the decrease in WI advance
led to the preference of 20° CA BTDC as the optimum WI advance.

The obtained optimum values (25% WI - 75 °C for WI temperature - 20° CA
BTDC for SOWI) were considered, and non-PI (0% PI1) and 20% PI conditions
were compared. It was observed that performance increased and MPRR and NOxy
values decreased with 20% PI.

For Mode 1, when the processes were applied to the operating point
(D25NG50H25-20P1-25W175°C-20°CABTDCSOWI), the test results were

322



compared with those of (D25NG75H00 14° CA BTDC for SOI). It was observed
that there were improvements in power, BSFC, TE, NOx, CO, and UHC by
14.26%, 20.7%, 4.58%, 23.42%, 85.7%, and 88.33%, respectively. there was only
a 0.54 bar increase in MPRR. Similarly, for Mode 2 (D25NG75H15-20PI-
25WI75°C-20°CABTDCSOWI), when compared to the test conditions
(D25NG75H00 10° CA BTDC for SOI), there were improvements in power,
BSFC, TE, NOyx, CO, and UHC by 30.33%, 15%, 4.11%, 17%, 79.5%, and
77.29%, respectively. However, MPRR showed only a 0.66 bar increase.

The application of WI-PI (25% WI & 20% PI) strategies to the experimental
operating points resulted in a slight decrease in performance but a significant
improvement in emission values. When WI-PI was applied for the test condition
with an injection advance of 14° CA BTDC (D25NG75H00), power, BSFC, and
TE experienced losses of 2.77%, 9.64%, and 0.88%, respectively. However,
improvements were observed in NOx, CO, UHC, and MPRR, with values of 37%,
13%, 10.5%, and 0.25 bar, respectively. For the other test condition with an
injection advance of 10° CA BTDC for SOI (D25NG75H00), there was a loss of
0.31% in power and 6.93% in BSFC. However, improvements were observed in
NOy, UHC, and MPRR, with values of 36%, 13%, and 0.35 bar, respectively.

For D25NG50H25 (Mode 1), the application of WI-PI resulted in a decrease of
31.64% in NOx and 0.4 bar in MPRR. For D25NG75H15 (Mode 2), the
corresponding values were 25.18% decrease in NOx and a 0.57 bar decrease in
MPRR.

It was previously mentioned that the condition with the highest hydrogen fraction
within Mode 1 operating points (D25NGO0H75) had very high MPRR values (10
bar/CA). In this operating point, WI-PI provides a reduction of 34.26% for NOx,
but due to the applied Pl, MPRR has increased by 1.76 bar. In the mode with the
highest hydrogen enrichment fraction for Mode 2 (D25NG75H25), the applied WI-
Pl (D25NG75H25-20P1-25W175°C-20°CABTDCSOWI) strategies have reduced
NOx and MPRR by 11% and 0.04 bar, respectively. When comparing the test
conditions (D25NG75H00 10° CA BTDC for SOI) with the WI-PI processed state,
improvements of 46.11%, 22.46%, 5.21%, 93.66%, and 93.38% are observed in
power, BSFC, TE, CO, and UHC, respectively. However, there is an increase of
35.1% in NOx and 2.73 bar in MPRR.
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Within the scope of the thesis, the final process applied is the injection of water vapor

into the combustion chamber (WV1). This process was implemented in conjunction

with 20% PI, resulting in various WVI-PI operating points. The numerical results

obtained from WVI-PI are summarized below (Chapter 5.4).

An increase in water vapor injection (WVI) rate has had a negative impact on
power, BSFC, and TE values for both Mode 1 (D25NG50H25) and Mode 2
(D25NG75H15). However, it has yielded positive results in terms of NOx. Just like
in the WI process, there is a significant increase compared to the test conditions
(D25NG75H00) in the WVI process. Therefore, the performance loss resulting
from the application of the WVI-PI pair is not very significant compared to the
process without it. The substantial decrease in NOx has mitigated the significance
of this performance loss.

It has been observed that CO, UHC, and SOOT (PM) emissions sharply increase
after the WVI ratio reaches 15%. To prevent performance loss and the increase in
emissions, the optimum value for WVI has been considered to be 15%. While the
optimum ratio was 25% in W1 analyses, it is 15% in WVI analyses. The main
reason for this is that water in the gas phase occupies more volume inside the
cylinder, effectively reducing the oxygen concentration.

The increase in WVI temperature (100 °C, 125 °C, 150 °C, and 200 °C) has a
significant impact on volumetric efficiency, especially after 150 °C, leading to a
noticeable deterioration in performance. While power and thermal efficiency
decrease, ID (Ignition Delay), MPRR, and CD (Combustion Duration) values are
not significantly affected. In line with the decrease in combustion performance,
CO, UHC, and PM emissions have increased. The optimum temperature for WVI
is considered to be 100 °C in terms of both performance and emission values.
Reducing WV 1 advance results in positive outcomes for power, TE, CO, UHC, and
PM, while it leads to negative effects on NOx, MPRR, and CD. However, despite
the results being this way compared to the non-process condition (0% WVI & 0%
PI for Mode 1 - D25NG50H25 and Mode 2 - D25NG75H15), the use of a 20° CA
BTDC value for WVI is understood to be necessary due to its enabling higher
performance and lower emissions concerning test conditions (D25NG75H00 10°

and 14° CA BTDC for SOI).
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Taking into account the obtained optimum values (15% WVI - 100 °C WVI
temperature - 20° CA BTDC SOWVI), a comparison was made between non-Pl
(0% PI) and 20% PI conditions. It was observed that there is an improvement in
performance and a decrease in MPRR and NOx values with 20% P1.

Compared to the test conditions of the operational point where the processes were
applied in Mode 1 (D25NG50H25-20P1-15WVI100°C-20°CABTDCSOWVI)
with the test conditions of D25NG75H00 14° CA BTDC for SOI, improvements
were observed in power, BSFC, TE, NOx, CO, and UHC by 17.39%, 25%, 5.57%,
14.56%, 88%, and 89.12%, respectively. There was only a 0.71 bar increase in
MPRR.  Similarly, for Mode 2 (D25NG75H15-20PI-15WVI100°C-
20°CABTDCSOWYVI), compared to the test conditions (D25NG75H00 10° CA
BTDC for SOIl), there were improvements in power, BSFC, TE, NOy, CO, and
UHC by 33.2%, 18.89%, 4.88%, 9.8%, 82%, and 78.68%, respectively, while there
was only a 0.71 bar increase in MPRR.

Applying WVI-PI (15% WVI & 20% PI) strategies to the experimental operating
points resulted in a certain improvement in power, TE, and MPRR, while a slight
deterioration was observed in BSFC values. However, it was observed that all
emission values, including NOx, were improved to reasonable levels. When WVI-
PI was applied to the test condition with a injection advance of 14° CA BTDC
(D25NG75H00), improvements of 2.66% for power, 0.85% for TE, and 0.15 bar
for MPRR were observed, with only a 1.29% increase in BSFC. Improvements of
31.23%, 27.46%, and 19.17% were achieved for NOx, CO, and UHC, respectively.
For the other test condition (D25NG75H00 10° CA BTDC for SOI), there were
improvements of 1.95% for power, 0.6% for TE, and 0.28 bar for MPRR, with
only a 1.98% increase in BSFC.

For D25NG50H25 (Mode 1), applying WVI-PI resulted in a decrease of 23.73%
for NOx and 0.23 bar for MPRR. For D25NG75H15 (Mode 2), these values were
determined as a decrease of 18.75% for NOx and 0.52 bar for MPRR.

In Mode 1 operation points, when Pl is applied in the condition where hydrogen
fraction is the highest, combustion becomes more intense and closer to knocking
limits (10 bar/CA for MPRR). In this operating point, while WVI-PI achieves a
decrease of 26.78% for NOy, the applied PI causes an increase of 2.16 bars for

MPRR. In Mode 2, in the condition with the highest hydrogen enrichment fraction
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(D25NG75H25), applied  WVI-PI  (D25NG75H25-20PI-15WVI100°C-
20°CABTDCSOW VI) strategies resulted in a 4.44% improvement for NOx, while
there was a 0.09 bar increase in MPRR. When comparing the test conditions
(D25NG75H00 10° CA BTDC for SOI) with the WVI-PI processed condition,
there was an improvement in power, BSFC, TE, CO, and UHC by 49.9%, 26.16%,
6.14%, 94.54%, and 95.62%, respectively, while NOx and MPRR showed an
increase of 44.9% and 2.86 bar, respectively.
The first phase of the current study involved introducing hydrogen into a compression-
ignition diesel engine, resulting in improved performance parameters (except MPRR)
and all emissions except NOx. In the second phase, EGR-PI, WI-PI, and WVI-PI dual
processes were applied for NOx and MPRR. In a broader scope, optimal operating
points were identified under partial load conditions, achieving higher performance and

lower overall emissions.

6.3 Recommendations

The thesis study presents a detailed analysis of the effects of different fractions of
diesel-natural gas-hydrogen fuels on the engine performance and emission values of a
compression-ignition engine at partial load (25%) and a constant engine speed (910
rpm). Furthermore, the study thoroughly investigates the effects of Exhaust Gas
Recirculation (EGR), Pilot Injection (PI), Water Injection (WI), and Water Vapor
Injection (WVI) processes. Based on the numerical results obtained in the study, the
following recommendations are provided to contribute to a more comprehensive

understanding of the use of alternative fuels in compression-ignition engines (Cl).

e Since the studies have been limited to a constant engine speed and partial load, it
would be highly beneficial for the literature to explore the effects of different
engine loads (medium and full loads) and speeds.

e Furthermore, within the scope of the study, direct injection of water and water
vapor into the combustion chamber has been implemented. Readers may explore
the effects of injecting the water jet/steam into the intake port as well.

e In the thesis study, ignition was carried out by diesel fuel with a 25% energy
fraction. As it is known, diesel fuel has a high C/H ratio, and it may be interesting

to investigate how engine performance and exhaust gas emissions would be
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affected when ignition is achieved with another liquid or gas fuel with a lower C/H
ratio (such as low-C alcohols).

e Another suggestion is to investigate whether the 25% energy fraction of diesel fuel
can be reduced further. Diversifying the study by gradually reducing the energy
load of diesel and transferring it to gaseous fuels (hydrogen and natural gas) can
be explored.

e The most crucial suggestion is to explore ways to reduce the energy share of diesel
fuel in the current study, especially diverting this energy to hydrogen fuel. This is
because the inadequacy of diesel fuel in meeting emission standards and the current
reserve problem worldwide has made diesel fuel a significant actor in recent times.
The more the share of diesel fuel can be reduced in studies, the less emission will
be produced.

While a fuel that completely eliminates diesel may not currently exist, the knowledge

accumulated through the current thesis and the suggested studies above can pave the

way for the near future. With this information, it is likely that compression ignition

engines can operate within a wide combustion range without the need for diesel fuel.
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