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A Study on the Optimization of Miller cycle

for Naval Vessel Diesel Engine

Young-Keun Kim

Department of Marine Engineering
Graduate School of Korea Maritime and Ocean University

(Supervisor : Prof. Jae-Sung Choi)

Abstract

Since May 2005, all ocean-going vessels built after January 2000 have had to
comply with the emission control regulations according to Annex VI of the MARPOL
73/78 convention. Thesse regulations set limits on exhaust gas emissions for
nitrogen oxides(NOx), sulphur oxides(SOx) and particulate matter(PM) from ships.

The air pollutants as NOx, SOx, PM etc are harmful things for human health.
They can be obsorbed onto the lung and cause lung disease like a lung cancer.
And they are blamed as one of the major causes of photochemical smog and acid rains.

The NOx emission is related with engine combustion process as like high peak
pressure, high compression ratio, high rate of fuel delivery. In other words, the
higher combustion temperature, the grater amount of NOx formation. Much of
NOx emission can be decreased by the technology today. For example the fuel
injection control by CR(Common Rail) and electronic control, EGR(Exhaust Gas
Recirculation), SCR(Selective Catalytic Reduction) which using ammonia or urea,

Miller Cycle and 2-stage turbocharging, etc.
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Miller Cycle is one of the few measures that can be applied in an internal
combustion engine to simultaneously reduce NOx emission and fuel consumption.
Since all engine builders strive to meet engine emission limits without any loss
of efficiency, practically every modern engine is operated today with at least
moderate Miller timing.

In this study, a performance simulation about naval vessel diesel engine carried
out through a mathematical modeling techniques for flow analysis of the working
gas. And the simulation results were compared with measured data to evaluate
reliability of simulation. Finally we obtained reliable simulation results.

The purpose of this study is to predict effect of miller cycle for naval vessel
diesel engine. By changing the intake valve closing timing and boost pressure,
the engine performance is simulated. And we found the best valve timing and

proper boost pressure.

KEY WORDS : Miller cycle @& A}o]&; optimization & #3}; NOx A&A4M3HE.
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Variable

&

min

me

mi

max

Nomenclature

Description
brake specific fuel consumption
indicated specific fuel consumption
specific heat of air
specific heat of exhaust gas
specific heat ratio of air
specific heat ratio of exhaust gas
stoichiometric air amount
mass flow rate
pressure
brake mean effective pressure
indicated mean effective pressure
maximum pressure in cylinder
compression ratio
expansion ratio
specific fuel oil consumption
temperature
maximum temperature in cylinder
cut—off ratio
efficiency
excess air ratio
compressor pressure ratio

turbine expansion ratio

viil
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SI Units
g/kW-h
g/kW-h

kcal/(kg'K)

kcal/(kg-K)

kg
kg/s
bar
bar
bar

bar

g/kW-h

%



Variable

cin
cout
ein

eout

tc
tin

tout
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Subscript

Description
air
compressor
compressor inlet
compressor outlet
engine inlet
engine outlet
fuel
exhaust gas
time
turbocharger
turbine inlet

turbine outlet
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A2 A @R AW 279 diF

2.1 &3] w7172 vl 7FA

MO+ 19973 MARPOL 73/78 ‘A¥fo=REHE Fr|edWAE A 1
A’(Regulation for the Prevention of Air Pollution from Ships)e] 2 VI
(MARPOL 73/78 Annex V)= ZA¢slath. MARPOL 73/78 #2 Vi< 2005 5
4 19¢ AAARo=E APHAL, 72 VA NOx & A fF7|sig=
ol Aukel wjr|7izoA WA stE Ao FAE T oW, &S AN
7l 7| LdEEY 1Al dyEs FASAT. o]e} o] Aure] wjr|rt
o FallAd TAZE B FEHA IMOAA= MARPOL 73/78 5= Vie} o] o F
Ao g &7tz g 7FAE Al AAEE ARl s &84 "dn &
3] NOx= AlxA19] 749 20003 1€¥€ 1Y o] A7A = Tier 19 wiE7tx 4
7F ALE R, 20113 19 1€ BE Tier 1T el ¢F 15% ~ 20% A3+ 712
Tier 119 Wj&7F2= FAZE H8=AT 20163 1€ 1Y FE= Tier Mo wi&
b2 FATE BEEJQOW, o= Tier [ thu] ¢k 80% A7 7]Fo|t}.

A sl E el Hoo} HAef| g tiFF9 =AY F2(MARPOL 73/78
A3x A3, ‘19723 AP eF A7E A4e, ‘19960 F Fofol| #Ag NAHA
AT A0 A48, ‘19829 FrllsiFHEF A236) FHE 2 BlAYEE AR
uho] #ate] 2892l (exemption from the application of the conventions
approach) < Ego 22X FFHo =2 4 9 vAHYE R0k tisty &
goFol Ag& wiAsy g a8y AgSFed FAC e A4 A
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1) AA&238E(NOx : Nitrogen Oxides)

AAAsLE sk A= IMOS] MARPOLeOIA A star 91ow, Fig 2.13
Zo] 2000 1€ 1¥ o]Zo) 8 ME7}F o]|FAA+= &9 130kWE 2Hst=
dubg A 7ds o2 . a2y B8 BN AR 3 o At
& HAarid == | AXE o] BGA AT AREE F2 o o' A 7|
T 8L Faste 71, e BIAECET ARRT A9 FH APl AX
H O AEE fAZi#e ALy Ao 2REY wWjEEH+< wir|vbzo] 23H
NOx2] Hj& A|gk2 7+3}ksk IMO Tier M7} 20168 1€ 19H%H AXREH+= Al4f
Arbo] H8x7] AlZetH o dAE NOx wWlE SHAXE ofdl 183 2t
Tier Ml A= ECA(Emission Control Area : ¥|&5A| 7)ol tisfAt 2 &3}
o, Tier M7} A== A7ld dxH Adutolg} stejgt= ECA ©]919 A9

>~

‘

=1L =]] = @)
sl AQo= Tier 1 £4L A8wA At
20
18
16
NG Tier |
14 ‘\ S n <130 rpm = 17.0 g/kWh
N ~Jierl {130 < n <2000 rpm - 45 x n®2 g/kWh
=12 A N |- n = <2000 rpm > 9.8 g/kWh
<10 — e
& Tier [l (Global) T ~———__|
o 8
z Tier I
6 n <130 rpm > 14.36 g/kWh
4 130 < n < 2000 rpm —= 44 x n02 g/KWI
n < <2000 rpm - 7.668 g/kWh
==
> — — T
Tier I1|(NECAJs) Corresponds to 80% reduction of Tier |
0 i i i !

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Rated engine speed (rpm)
Fig. 2.1 NOx emission limits according to MARPOL Annex VI™

[1] Tier I

2000 1€ 19 o3 % 20119 1€ 1Y o Hdxx Hduto AX5= Aut
& gAZ|Hd &HA NOx vl &2 o592 Ag gkl wefop s}
- 17.0 g/kW-h, ne] 130 rpm "Rt of
- 45.0 * 792 g/kW-h, no] 130°]4 2,000 rpm |5+ o)
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- 9.8 g/kW-h, no] 2,000 rpm ©]< o
(NO¢| & wi=HFAl= ALel, ne AN AYIAFZES] 3]

[2] Tier 1I
2011 19 19 olFo] Hzxd AMute] HAAH= Hvkg dAZ|d A
NOx &% 59 AIg ghol| uwhefof i,
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- 7.7 g/kW-h, no] 2,000 rpm ©]4< o
(NO29l & WEFAZE AL, nd fANK AFAAZES] 34d7)

[3] Tier IiI
20161 1¥ 19 o]Fol Hdxd Adufel AAH= AHg o783
NOx W& b9 Ak gholl wetol gy,
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(NO¢| & wi=FAl= ALk, na YN A TAFZE ] 3]

NOx W& @HAA= AlgAol 2ol 7hSAE Fo1 2HA43 gtolw o] Alg Aol
< ISO 8187-4¢l A= . o] A2 74 13=(F et 2/1917 NOx 7| &=
2)E AT AATAeR AYHAT. el tstd = ofek o] 47
o] ANdAare] ol ol &= aL Sl
7h Al@Are] 2 E2 ¢ ZpHv A Z2A o] o3 & st IA IHFE
Z2d3E st 7

W AlgAtelF B3 - agdA Z2de g et 7
o Al@dAtelZ D2 ¢ 2 WEstes AFstsoR exss Ty

) Al@AtelE Cl - &3t

rr
ot
2
i
0
3
off
ol
rr
e
J
filo
D
e
BN
A
N
o
N

Collection @ kmou



MEZ Apo] ol et 715x] AlS(Weighting factor)+= Table 2.13} 2t}
Table 2.1 Test cycles and weighting factors™

Speed 100% 100% 100% 100%
Test cycle type E2 Pgwe; 100% 75% 50% 95%
Weighting 0.2 0.5 0.15 0.15
factor
Speed 100% 91% 80 63%
Test cyde type E3 Pf)we.r 100% 5% 50% 25%
Weighting 0.2 0.5 0.15 0.15
factor
Speed 100% 100% 100% 100% 100%
0, ) [0) ) 0,
Test cycle type D2 Pf)we.r 100% 75% 50% 925% 10%
Weighting | 0.25 0.3 0.3 0.1
factor
Speed Rated Intermediate Idle
[0) 0, 0, 0, 0, 0, 0, 0,
Test cycle type C1 T(.)rqu.e 100% | 75% | 50% | 25% | 100% | 75% | 50% | 0%
Weighting {95 | 015 | 015 | 01| 01 | 01 | 01 | 015
factor

2) 3AF3}E(SOx : Sulphur Oxides)

SOx ®Wj&7AlE= Aute]l F7]3¥main engine), R=7] ¥ auxiliary engine), 2
H(boiler) FNA AMEEE EE dAA S dis] H8AT o]#d AAASE
ARt Addtell A wiEE = GastEdd tidk oAl =3 IMOS] MARPOLO A
TFAstE ow, FisE W|EF5 A TFYGECA - Sulphur Emission  Control
Area)d} 11 o]9]e] A Yo g FEst At Atk MO AA S A
71%-& o}# Table 2.29 %t}

Table 2.2 IMO Sulphur requirements™

Outside SECA(global requirement) Inside SECA
4.50% m/m prior to 1 January 2012 1.50% m/m prior to 1 July 2010
3.50% m/m on and after 1.00% m/m on and after
1 January 2012 1 July 2010
0.50% m/m on and after 0.10% m/m on and after
1 January 2020 1 January 2015
_ 7
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Table 2.2 2 Fig 2.29} o] SECA & Fo|A+= 201237 Aduto A AL&3t
= A5 FFFES 35%E AT dom 20200 FE = 0.5% PRFTHo
5182 o Aol o] thdl thero 2 MARPOL 73/78 Annex VI regulation 4
oA AMutg AR AFZHFE AFFRHlow sulphunS AHEst= A il AF
#x](Scrubbing system)E A X|ste] FFarstEo] ZEHE w77t AE HAH F ou)
st S &3tk 53 kst Eo] g #82 EU 15718 S42E o
}atA A gHojA 1 T SECAdAE Aultoi ALgsls A= 3}
2010 1.0%=2 AFE AFste] 2015@HEHE 0.1%2 Ao Jop =
g = FHolo AF2A F7F e AYEYol FoAAE F HAFEIE A=Y

s MAE A% WEe] FAL BB AEF s Avtel 2 gk Yo

o o ﬂ.l-[}l'

5
45
4
35 B\ \\\' V= - - ———y
== Global limit 5
= 50_ECA =
=== 2018 review =2 29 - - . o o
=]
@ 2
1.5 - I
1
0.5 Wt e o 'Y
0
2005 2010 2015 2020 2025 2030

Year

Fig. 2.2 Fuel sulphur limits according to MARPOL Annex VI™
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22 %3 W77}z 7E )

42 Aug UAA ALAE
w717k WE Aol hakel SEHoE tAH sty
At A4 FRE s Be we

H

o]
P
A= fral WTbs FEO hE AL A, 718
!

rlo
g2
rlo
N
12
N
to
Al
x
N
)
1o
— o
Lo
> i
Jo
=CI>L_tl

ol olE& HFHoE HI
AoiA o] {3l w77t E oS AFHoE JEhd Aot
Table 2.3 NOx reduction treatment for marine diesel engine™

Treatment Method Remark

- Methanol

Pre-Treatment Substitute fuel - LNG
- Emulsified fuel

- Fuel Injection timing retard
- LLean combustion

- Rich combustion

Combustion .
- Pre-chamber type combustion
- Fuel valve nozzle spec. modification
- High pressure of fuel injection
Internal Treatment
Scavenging - Scavenging air cooling
Water injection - Water mixture(mixed valve)
into cylinder - Water mixture(independence valve)
Water addition - Water mixture into suction air

o - De oxidised furnace
Cycle modification . .
- Exchange gas recirculation

- Selective catalytic reduction

Post-Treatment Emission de-NOx . .
- Catalytic decomposition
— 9 —
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2.2.1 8)717}2 A <3ZHEGR : Exhaust Gas Recirculation) %X

EGRe 822 NOx Hi&S Z°17] fl3td 473715 HEA7E B
ol Aul W 2ExL AR de AHgEE Wo|t) Fig 2.3 EGR #X|

-

20-40% EBExhaust Gas
Cooling
Cleaning

Recirculating

Fig. 2.3 EGR Process diagram™

EGR2 A& oA F71 37 F 07F COE thAHA 3stH, F71F
71¢] 498 (Heat capacity)S Z7HAA G4A H1 L2571 Dol A FoEH
NOx A& AZAIZIth NOx AZ4E&S EGRE wel vlg gttt EGRS Hj 7]
7t WHAAA AeA7IH a7 oS AR, EF7Y ZFIlAHs B}
Al stal 713 E9S AAaAIA doh =3 EGRE&©] F71gel wet w77}
2 %9 CO, HC 81 dA5Av&e Z7ldY. =3 EGRE&o] UF =5 F
o= 71#e] &4 A=yt AstAn wEkd NOxe| W&o B Y

Aol Mut dejx oz AAHF wr|7tAE AcdA 7] Atk
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2.2.2 Ae8A Zu) 3ASCR : Selective Catalytic Reduction) #X]

EGR 59 Axg #HL IMOS ¥utAl NOx HjE A|gte] tistodA= &
A o] A vk ECAS} 7e x] of] A1 £] ?JZ%T‘SJ NOx HiZ Ag& WEA7]7] 913
AeE T

2V

NN D

LT

¢ o
M

Fig. 2.4 SCR system process®
SCR A9 dgl= NOx7F Z3% ti7]ol =EYokNH)E 713t SCR<
SslAA Fu) ¥k doA o steaw o] A T3k e}
EZ ASAA U71Z2 wEHA = Aotk

ANO + ANH, + O, — 4N, + 6 H, 2.1

2NO + ANH, + O, — 3N, + 6H,0 (2.2)
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g F A9 g w3 Eo AN EMH0)L sHeuk-go] Yoy
ae]l NOxet wi717d @A Ws71€ T3l 7= wiE=w =yot
F=7F 10ppm¥ wl NOx HE X7} 130ppmeo]steof e} thr] £ xof A
AGTA dEYUNH)= STV 2-Hoz 7tdE o] a2 w7l J=%
Al dkste] S Fol7] 93l NHy/Air E7]olA F7]eF S ok NHs/Air
SRt FEYHEZIM 7] EtTI0A wi7lek EEl SCR W= B
Wit o714 248 steak-ga 3 o] whg7] &Hof = Fuivb vkES 4o
A NOx7F 4ot &2 whgste] Ag57|E S8l dirlz weEdn. S i
4o g B LxE 290C oA 450C 0| H Lx7F YR oW wate] 9
©)

T
Aol QI UF ROom wrgshA by] WRel 243 dEUcle] 0@e f

1ks ol NOx Al A S NHy/NOxe] vl &9 ol A& =,

2.2.3 EGR ¥ SCR A x| A Ax 71548 a1F

—

Fig 2.5+ EGR % SCR A7} A3k Aol 42y ZA2EHs 45 7Hs)
of Yebd Zlojt.

EGR SCR

Fig. 2.5 Two-way approach for Tier Il engine - EGR and SCR solutions™

Fig 25014 #1& % Q= 2AAY EGRE SCRO wla] 4 428 2
TRt ol Atk weEbd B Fiko] Fad FAol AXs= o] woh
§ol@ o2 Bedth Teh NOx A%&el QoA EGRe] 50% ~ 60%%
Boldl Hal SCRE 80% ~ 0%E AL 5 Ao} H £ AL AHE HoFEh

A
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T3k Fig 2.6004 &g 4+ A+ AAY dnt= i+ Dianaw 7Bl EH250&
)l A x]H Dansk Teknologifit¢] BLUNOX SCR System¥} zro] Fm7} 2
Adute= AXE 4 9= SCRo] 7dd Aeo)g,

NOx Reduction Case: Installation at Shipyard:
Royal Danish Navy Diana-class Patrol Vessels Top-View of SCR Systems

Diana Class:
Engine Installation:
Fuel Type:
Temperature:

BLUNOX = TExnoLon ¢ SEUNOX . TEKNOLOG!

Installation at Shipyard:
Catalyst Housings Replaces Existing Silencers

View of msulated catalyst
housing

]
Botiom wWo
housings inside casing

DANSK
TEKNOLOGI

Fig. 2.6 Royal Danish Navy Diana—class Patrol Vessels SCR Systems®

kA A= Fw3] SCR AA7F 7hsslH o]& F3 =& NOx A7s
< A&t Aol 7t A2 AdHEY. AARE Fig 279 o] olgg o} 3
TolA 2016 ~ 2017 3F-H A=z 472 4% LSS(Logistic Support Ship : T4
]9€9%) 2 LHD(Landing Helicopter Dock : 75453 A= MANjt 9
SCRE A&3te] IMO Tier l 7]&& WA Aot}

N
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Italian Navy: 1x LSS Italian Navy: 1x LHD
2/44CR & 4> 27/38 Output: 45,6 MW, 2x 20V32/44

Output: 32,4 MW, 2x 20

aaaaa

LSS & LHD - Italian Navy

MAMN SCR According IMO Tier 1l
Main generator sets/power (KW) i i gﬁgﬁcﬁ 2?"2 mﬁ
Start-up 0772016 & 1272017

Fig. 2.7 LSS & LHD - Italian Navy™
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A 3 A "F Aol SWMiller cycle) &3}

3.1 "3 Apo]Z<] ¥

A b= 1 BA J)HS 1885 I =9 James Atkinsonol] ol&] sdHE olE
21L& Aol E9 AbE 7ol O EAG & F Ao T8y I dAdE 43
71+ Bxbslel nAte] Al mE AEAY AAAY = 9 1% A E
b oz Agsrt oyl ofeExlE /\Polﬂo dAdststeE shte] W

]

o] 2IAZIE WA MEE AMEY A 5 1 BF QXS w57 A 3
(ASME)el| 33ttt oluf Azl& " AtolF <lxlolgtal sttt |

2 45 FAES AF ARG FA sto, B ol HlE 5 de
S SN 7S] REE AAATE AOlEE, H3H

S ZMNIEAE 4 S EY F Ao Ly AlojFE Ad
FAFE(BDC, Bottom Dead Center) o] o]
@+ EIVC(Early Intake Valve Closing) W43} 7|3 HE BDC o] %9
LIVC(Late Intake Valve Closing) *-21°] <Ut}. Fig 3.1 2 Fig 3.2+ EIVC %4
2 LIVC ¥4& P-v A2 Yepd IH o).

l—%P

n =

i

=
A7) % pEoRE F/MBE

O]

EARLY LATE
INTAKE VALVE INTAKE VALVE
5 CLOSING B CLOSING
4 4
P(comp) | -3 P(comp) | - 43
5 2A 5
P(ch) - - Mo P(ch) |- — 15
=18 i
P{exh) | - - 6 P(exh) | - Z B
v v
Fig. 3.1 P-v diagram for EIVC Fig. 3.2 P-v diagram for LIVC
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3.2 E¥ Ao|Fe] dae

2 doAe= byA Ato] 23 Fe Ao|F9 EAIE & F U+ olEZE Ao
Zo] dEeS HEEET gA Alo]Ze 1892 =] Rudolph DieseIOH 9]
stod ztE o] HA Alo]F Ee A Ato]ZolTtal &t QLE Alo]Zo A Z
7t e Aot 7FEAF o R npHo]l F& Alo]Folt o] Ato|F %711%

Fotel ne - wYoT 45T Fol ARE DY EA
710 ¢EEE A AA7e 4E Asprldolth O Ao dEEL
o Hez wAEg

1 F—1
Neh.Diesel = 1 — T’Cki 1 [ ﬁfﬁ_ 1) ] (31)

A7 ra= FEFBI(=ANDO| I k= HErlelth. &= XEH|(cut-off ratio)
E YEH L o]AE Fig 33904 BT AIAHS A v,of Adrd €3
o A=A v,o HvE r|gTh

OLEZIE Aol E2 7]E Aol E9] AAAAH S ST 2N hSH BHrh I
U2 Ao rg IA o] dEas 11 Abo] Zolth. HA Alo]F
Fig 3.391 4 1-2-3-49] U3 Alo]& #B & FATL o] Alo]ZelA 1 BA&
AL 75 Fig 349 o] olEXIE Apo]Fo] Hial 4-5-6-1¢] HARE Yol
Z7t=o] da&o] AT

o
1):
ofy
S~

. 1
: i 5 outl
Pch 10 R,

Pch
P exh P exh T ] 6
! Qlout @
1 : V
TDC BDC TDC BDC
< Diesel > < Atkinson >

Fig. 3.3 P-v diagram for Diesel cycle Fig. 3.4 P-v diagram for Atkinson cycle
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Fig 3.4014 ©olEXIE Abo]E9 Fg @S AUHAH 2301, & H=dE
S AH A 563 AY A 6-10ln= ofge} Pt
Qin:ma ¢ C;, ° (73_72)
Qoutl = m, ° QJ ¢ (]B_JB>
Qout? = m, * q; * (TB_H)
Wepd olEZS Ao]Z e GRS E The 4oz EAWC.

_,_ G-+ G (16— T1) -
Mih. Atkinson — Cfp(]‘B_ ]‘2) k,(TB_ ]‘2) (73_ D)

g

of ApolFe 1-2-3-5-60|2% 7t JEjde] exF Fake] 4 G20l Yy

[ ]
=)
ol
—
!
N
off
2
m
frt
15
2
Ry

(isentropic compression)

o 3 : 23 : A% FA(constant pressure heat addition)

T V.
7, V,

e A : 35 T JEEN FA(sentropic expansion)

Ti=T, « (V3/ V)i =1y o (V3/Vy o Vo/ Vi)FH

J

T e B (B U =T, e B e (<)

Te
o 74 . 61 : AL W< (constant pressure heat rejection)

TGZ(V6/V1) ° T1: T1 * (%/'Q) 0217]/H T’e‘E‘ %%LH]% 9]1:1]3:‘_].—1:]—
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7,9 o7 BAS 1, Ty, T, 7,5 2 (320 thydsta o2 2]o] Ao

(75— 76)+ k(76— T1)

Nih. Atkinson — L — k(T?)— D) N (TB— TQ) =1- ]{?(1—3_ 72)
r. _ Te Te
(77 - 5k . (r—)k 1_T1 . T_)+k(T1 t 7y)
=1— c < :
ko (Ty e 70 e g—1y o #F 1)

9 AN 1,& 2787 AHIA ofgsh put.

c Te
Mih. Atkinson — 1= . k—1 . (33)

BB )E 20, BIERI(KE 1.4, AFR(BE 22 TAHAIZ] AEjolA =]
(r)& WHSAHE A5 dA Ao| 3 olEZE Alo|F9 a9 WHeE H
w3alA Fig 3.5¢ #t}.

65

--------
e
______
—————
-
L™
60 =
="
g

Thermal efficiency (%)

55

—e—Atkinson cycle

-4~ Diesel cycle

50

9 10 11 12 13 14 15 16 17 18 19 20 21

Compression ratio

Fig. 3.5 Comparison of thermal efficiency for Diesel and Atkinson Cycle
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. A ) s}
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42 499 3 79| A= ¥t

42.1 7} 8 34A

Fig. 413 #Zo] &8 p, 2= 7, €4 179 Ay Wol B9 HAA=HE
b7t 46t ol AXtY AEFREHE m, AdUA FEFES e, HOEREHY
AEFE ¢, 23 7HEHE Ao gloire Ak oy rEAe 747}

21 (4.1) 2 4.2)9 o

dpV) _
o =m 4.D
1 =g +6-ptV

k—1 m = q +e p dt (42)

AZNA, p: 7t E, ¢ AL ko HEE], g, A-EY 7h2ae) HEAbelo] AY

F, e NG ANUAFH, mo AT AR

AdE 84 v e gyl

_ 1 1——cos 0 lrod ( lrod )2 Sil’l2 0 }
V=V\o=7+t——3 -5 \/S n (4.3)

AZIA v, BAHEA, s AE, [, 0 AEE 2o

< HHE FHste FHoERE 7Y 5 Jdon, FFY fF=
a2 Fig. 4.2 ¢} o] ndsglsle] 2 yob
o] e, AAe 7]ster4 83}6349] Aol FFAT p,, o EF lit}m

gl_
S

N

p dv
Qw \ / dt
. ’ m=m: +mz
mae1 me: €& t&

Fig. 4.1 Model of cylinder™
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Foal = T thygr B sin B8 X (d,; + b sin 8 cos B) (4.4)

ARGy 79 mAele Agg 4 =08

3

dw = E afi(Twi_ T) (4.5)

1=1

A7|M, 1, HHBLE, =13 dgs s, J2E I8, golu), dAGASF
ool e Annandzh A ¢HEE 2

N, = GRS (4.6)
Z o] &3lH, 3714 ¢ =049, ¢, =072 P WA AEEY F9 Ad
]:—] 1751% ‘:q_ {5]_%[18]
N, =22 @.7)
g
_SnD
Re = 30 (4.8)

olRE dHGAFE 5 2ol T F YTl

(4.9)

B 0.49J><(SnD)0'7
D

Fig. 4.2 Model of intake & exhaust valve!®
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ARNEE 55 F/VBRERE A5 AFRF e F/1BHI} deigls
77k B AR O e dTdHE BAsE THAn, 2,

mde (4.10)

AN 71BN HAF, v, BAZEH, 03B 2, AR atm  HIVGHEL 0,00

S7IHE L] I -FH A7),

122 4EW% 4

A2 2 B A BEe] AL A@D 8 @St shEvbAeln, Ad
of 2REE dRe AF4IT Amo) Lo oF oluA fFo] 27
eol AT AaTgel JolAe] ALe D BAE FHE ol 4d T AR

X; =1—exp|—6.9— (4.1D
A7 X, AEARHE, 1 AT, oM AEEAA S
webA, A8 Td, § d TAE 3 AUARE e
dX,
e = H,m;—= (4.12)
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C
k=C+ C. T+ CT>+ 73 (4.13)

R=R, + % (4.14)

. ma—m/
- LO(Xfmf—i-mf/)

(4.15)

oA7|A, C =1.4373, C;, =—1.318 10", C, = 3.12%x 10" %, O = — 4.8 <10 ?,

m, &7, m/ AR7REUe] AR, L ol&F IV

heel g ol gAY,
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e
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i
)
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>
i)
rr
(ieh
i
jiv
)
¥
rr

T —
a =049—=R"+ C,\—— (4.16)

=, 4E - B3 ol JojAls ALY sk w257} H7) gRo

=
2 (AZA P UoIA 72 EHEE o BHAAST v OSY AE

v=u/p (4.18)

/J' = /’1’08 T+ 05 T

oS

T, + Cs ( T)%

A7NA, wARAAS, p,, =1.71x<10°7, ¢ = 120.
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4.3 NO B & A+EE

Zeldovich mechanisme 3}82Ql A-F &3 oA AxAlo HET & Jom
2 Zeldovich mechanism< o]&3led NO v% A4S & 4 Aot Asx2dy 9
qde LG H 7ddd F Y92 FEst T YHE dLsit L 7HA
3l o714 AAFeEE Zeldovich mechanismS 2 g3]4 38t vBE g A4S
o] &3}l NOZ A4Felt}. Zeldovich mechanism ¥F8-2]¢] &£ T A== Table 4.1

o gom LEirE oA eEve F52 ARG

Table 4.1 Rate constants for NO formation mechanism®”

Reaction Rate constant(em®/mol/s) Temperature (K)

O+ N, > NO + N |k =76 10%exp (—38,000/7)| 2,000~5,000

N

+

NO - N, + O |k =16+ 10" 300~5,000

N

+

O, > NO + O | ky =64« 10°Texp (—3,150/7) | 300~3,000

O+ NO — O, +N ky, = 1.5 « 10 ZTeaxp (—=19,500/ 7) 1,000~3,000

N+ OH - NO + H | kj = 4.1 « 10" 300~2,500

H+ NO — OH + N | k3 = 2.0 « 10"exp (—23,650/ 7) | 2,200~4,500

¢ Zeldovich mechanism ¥WH-g-2loA =HF-S ST 4FE 1Y) IHbS ST
o

E k 2 3t NO9F N B4 &

d[NO|

= KON+ kS IM[OH) + k; [NI[OH] — & INOIIV — Ky [NOJ[O] — ki [HIINO} - (4.20)
% = Iy 10N, + Ky [NOI[ O] + ki INOILH = i INOIN] = k5 [O,)[V] = ki [N O} 4.21)
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2o GeluAZE AE o} Wy AE FEHE JUAZRE H

Ne TEAANL GEIE Gl 5Y o AAHA HEe dUAE 2

g wol AAHE HANA FAHE B o JUAE ATAAEZ, HY

3 & duA 5Pl dyPsent

$3719 BEE ol g3tel Hule WA niHH 4579 FErHe] FUstnt
lo g

= odA Fae] o8 obdfe] Ao tErle) geuE T 4 o)

1—k k
My, » O;g - 1, k : k—1
m D n_ . Y » 4 1
[ntp Mmm‘ Cpa ¢ Tcin (1 Trt )+1] ( 3 )

4 (43D2 ThA Felsha obesh 2ok

—1) e M,, s+ C, T

pa cout

Nie = 1—k A (432)

(1_7Tt kg )‘Mm' C ¢ fZﬁtm

pg

ojmj zt FspEE EIVC 9 LIVC ALA =71 =7 7304, )3 BHY

o

T B0, v

om, wgH pE ol 4 (4.33)% o] &3st AtstATHH

k= 1.4373—1.318 10 * « T+3.12x10 % o« 72—4.8x10 %/\ (4.33)

2 43295 Tl A7V 2= 7L F A
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45 NEH A AW R A =24

45.1 AEH A thdAX
Table 4.2 3! Fig. 4.32 AlE# ol Aol BAE Yeplal Ao

Table 4.2 Specification of reference engine'®

Item Specification
Model Name MAN 12V28/33D STC
Engine Type 4-stroke, V-type, sequential turbo-charging
Cylinder bore / Stroke 280mm / 330mm
Power / Speed 5,460kW / 1,000rpm
Compression Ratio / Vee 14.1 | 52°
IVO-IVC | EVO-EVC 310-585 / 120-420(°CA)
pP...! P, 186.4bar / 26.9bar
SFOC 192.1g/kW-h @ 100% load

452 A%z 2
497 TA7H A

B 2aWE F3 AEGIA o

=3 of TFAFCERN F7] miyE =l 93 B4

Wsadrt Aok wiAE FEjolA Addy i e 2 =9 #HFof HF

st dF dlolH F ARZEE X ARAZREE FRIF Brbssie] &

H7} 7bsd Y Project Guide #A&el 59 A @HE9 FJhE T A
2 o4

AE ArEste ARES T TEVEA] dlolEl EddE Ax 9A A

gl

2

NE
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AR RE RV Vb olE S&HS] sl o & F <A 4(Pre-mixed

combustion) 2 3HAFAAA(Diffusion combustion)e] EALS ®HIAT & J=

Double wiebe & AH83tH o™ Table 4.33 o] H3d p_ ., P,., SFOC
7F A& Ao} vuds o 7 Bd e 42 UEdl= Wiebe index
Duration& 214 3} it}
Table 4.3 Combination of Double Wiebe function
RPM Load Function Wiebe Index Duration(° CA) Rate
A 0.5 39 0.65
630 25%
B 3.2 52 0.35
A 0.5 40 0.45
800 50%
B 3.0 53 0.55
A 0.6 41 0.30
910 5%
B 2.0 54 0.70
A 0.7 42 0.25
1000 100%
B 1.8 55 0.75

* A : Pre-mixed combustion = B : Diffusion combustion

Fig 4.4 A EdYolAd Alg® Aalrndolt V1L 7= ti7], V2& 7]
= 7€ vehlz, Vis 29y, Vis 37194712 Jeldg. P1 2 P2&=
F71 golz, P2& ui7] ol=ZE UEWH BT 2 253 dol=r A5+
LI 2E ougit

f ! ."'/ V1 : atmosphere

‘ | | V2 : atmosphere

i V3 : cylinder

| V4 : air cooler

{ P1~2:inlet pipe
| P3: exhaust pipe
'\.‘_ BTl 6 : orifice

BT6 BTS

Fig. 4.4 Calculation model for intake & exhaust system

Collectior

(D
)
—

1@ Kmou



Edo)ld A3 1172

b

mE
ot
o
>
o
=
g,
>
i
&,
o
L
iR
i)
rlr
=
o
o)
e~
W~
We,
1
)
>~
(&2 ]
to
.
o
)
e

Table 4.4 Comparison of measured and calculated results

RPM Output Shop trial test Data Simulation Results Difference
p. . (bar) 108.6 107.1 -1.4%
630 P, P, . (bar) 10.7C2,,.) 12.0(~,,) +12.1%
b, /b,(g/kW-h) 196.3(v,) 179.6(v,) -8.5%
P, (bar) 122.7 124.0 +1.1%
800 P, 1P, (bar) 16.8(~,.) 18.7(~,.) +11.3%
b, /b,(g/kW-h) 200.0(p,) 184.3(v,) -7.9%
pP_ .. (bar) 152.8 156.7 +2.6%
910 P, 1P, (bar) 22.2(P,,) 24.4(P,.) +9.9%
b, /b,(g/kW-h) 192.9(v,) 179.2(v,) -7.1%
pP_ .. (bar) 186.4 187.9 +0.8%
1000 P, | P, (bar) 26.9(P,,) 29.2(P, ) +8.6%
b,/b;(g/kW-h) 192.1(s,) 180.9(»,) -5.8%
— 34 —
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200.0

180.0 /

Pmax(bar)

160.0

140.0

120.0
/ ——Calculated Pmax

——Measured Pmax

100.0
630 800 910 1000
Engine Speed(rpm)
'g 30.0
=%
£ /
o /
25.0
20.0
15.0 //
10.0
——(Calculated Pmi
——Measured Pme
5.0

630 800 910 1000
Engine Speed(rpm)

Fig. 4.5 Comparison of measured and calculated results
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A5 A WF Ao]lF LA A=
5.1 2& Alo]E AL

2 oA 4%olA HE5HE A3 e Aledold =l tiste 25, 50,
75, 100% #3} 270l " Apo]F& =l

S HIAZ|HA AR He WHILE AlEHO)HAS AT ol AlEdHolA
St AR HuETHtd, SAHTFAEYY, o

2 NOx #AZFe] ¥istE vlu E4Fo=
T3tk NOx A= A9 X AZAIZRE 100% HF-3HA
R £ Add AAE 100% Hat =AM Ar=stAdTh w3 2
28 = HH I ol vlgl 10% A=9] F57] B8& Fdo] 7bs
2 10%9 #g7] &2& 4ol 7besitta 71
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tlo o
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5.1.1 EIVC & &

EIVC d-&& <3t BDC o]F 45[°CAldA E3d JF7|WHE BDC o]
15, 30, 45[°CA]Z W73t Algdeld e AASAT
otzj Fig 5.1 EIVC # & W& dH gto]r] M3} /idS BHoAETH

Dt
]

== +EXH.VALVE
cam lift

N
(=]

Valve Lift{cm)

1.5
==+|NT.VALVE
cam lift
(IVC 585CA)
(BDC +45CA)

1.0

—EIVC
(IVC 525¢A)
(BDC-15€CA)

0.5

0.0

90 180 270 360 450 540 630
BDC TDC BDC Crank Angle(deg)

Fig. 5.1 Valve timing for the EIVC concept
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EVC A&A #Ag49S S7/H7IA o 37199 4ol wet Fig
529} o] AEHolA thaddRel P-v Axel xtolrt wAEHA Aot wiEhA

Ztzke] Aol~E A o=w Hwetr] 98t EIVC A& Adg5%49<
Ao 24 Fig 537 o] AEdold tiddxa A 22 P-v A=E
== 39 #5348 IVCE BDC o)A 15, 30, 45[°CAIZ W4T 4§

]
=
AL s AFYgLL & s}aau} 7 ol EIVC EA4 IVC AIR%E BDC

o] Adg YR g€ A}

7MA Aol dolub AW WF e 8 L= Zast BAFY] G o

2 waste Agdold tAddd AU 2L Pv HEE JNAEE
1%gkol o,

P zo0

120 ref.

(103 10/1C585)
(BDC+45CA)
case 1

(103 10/1C525)
(BDC-15CA)
-case 2

(103 10/1C510)
{BDC-30CA)
case 3

(103 10/1C495)
(BDC-45CA)

160

140

120

100

80

60

40

20

0 —
0.0 L8 3 0.2 - 0.4 LU .6 0.7 0.8 0.9 1.0

Fig. 5.2 P-v diagram @ 100% load before increased boost pressure

P 200
120 ref.
= {103 10/1C585)
(BDC+45CA)
140 case 1
(10310/1C525)
120 {BDC-15CA)
100 - -case 2
{103 10/1C510)
80 {BDC-30CA)
case 3
2 {(10310/1C495)
o {BDC-45CA)
20
& — e —
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
V

Fig. 5.3 P-v diagram @ 100% load after increased boost pressure
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2xE FVYAVIE AYr] AR d=V] 2T FUILEE JEsH
=
e |

dsoll wek A dsHe 47 27 3VIRE(T)E oY A<

T, = 7,1+ (x5 V% 1) /] 5.1)

L (5.2)

Table 5.1 Compressor efficiency of reference engine

RPM Load (%) n. (%)

630 25 69

800 50 73

910 75 78

1000 100 75
_ 33 —
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5.1.2 LIVC &-&

LIVC A&g& #sted BDC o|F 45[°CAlolA @3|d F7|¥EE BDC o]%
15, 30, 60, 75, 90, 105, 120[°CA]IZ WHAsIA AlEd)|AS AAISHAT
ot#f Fig 5.3 A &ol| W& B o]y W3 NdE& BAFE

E 2.5
2o
5 ——-EXH.VALVE
g 2.0 s cam lift
(] ’I
= !
[
1.5 P
/ = =-INT.VALVE
l’ cam lift
4 (IVC 585CA)
1.0 ',’ (BDC +45CA)
l"
—LIvC
0.5 ," (IVC 615€A)
J (BDC+30cCA)
r
0.0 -=7
90 180 270 360 450 540 630
BDC TDC BDC Crank Angle(deg)

Fig. 5.4 Valve timing for the LIVC concept

LIVC AgA o758+ d34ELe EIVC A &A1 9k nxrix 2 24+
2 APH oz vwsr] Yete] LIVC &84 AFFE L SR 2N A
o)d AR HdF 2L Pv AEE HAES acm. gk Ve
= BDC

o] % 15, 30, 60, 75, 90, 105, 120[°CAlZ WA A5 2+t AlEHolA
th izl o] 555, 570, 600, 615, 630, 645, 660[°CA] HJM @%tﬂ REEIE
AN AL S AFAP S AESAT

=3 §1eEE FUANE AW A §E7] 27 3] LER U4
gor FFY ool meh A AEHE 47 27 FILEE EIVC A
gA 9 AR R 24 DS Ef2 2EaT

5.2 ¥ AolE A& A3 nZF

25, 50, 75, 100% %3} oA = Alo]F& HE & p ., P, SFOC,
T...» NOx TAeFe] WslE #Z3H o NOx S FS AXALZRE 100% F
SHA] SAHZTS FdRT = JAE AAZE 100% F35F AW A=E3A T}
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5.2.1 25% 3t =7

25% F3HRPM 630) =74 EIVC ¥ LIVCE A&t W P, P, 2
S T5H= Fg7] E&9 Wst= Table 5.2, Fig 5.5, Fig 5.6 2o}
Table 5.2 Simulation Results(”,,.,, 7, ,.) @ 25% load
IVC (°CA) P, (bar) P, .. (bar) Boost pressure (bar) | 7,. (%)
BDC -45 13.1 110.5 3.77 73.7
BDC -30 12.6 109.7 2.98 65.6
BDC -15 12.3 109.5 2.56 60.8
BDC 12.1 110.0 2.35 58.0
BDC +15 12.0 108.3 2.14 55.4
BDC +30 11.9 107.3 2.07 54.9
BDC +45 (ref.) 12.0 107.1 2.10 55.3
BDC +60 12.1 107.5 2.20 56.5
BDC +75 12.2 108.1 2.38 58.6
BDC +90 12.5 108.8 2.67 62.0
BDC +105 12.8 109.5 3.13 71.5
BDC +120 13.3 110.4 3.90 85.5
= 15 10,0 —
3 3
'E 14 9.0 T
- 13 o P 80 3
\\‘\‘ / o
7.0 5
12 —— o]
6.0 g

11
5.0

10
4.0

9 \ /
\\.\‘\ / 3.0
8 -— 2.0
== Pmi
7 1.0
== Boost pressure
6 : : : : : : : : : : : : : 0.0
480 495 510 525 540 555 570 585 600 615 630 645 660 675
ref. IVC(°CA)

Fig. 5.5 Calculation results for p,, and boost pressure @ 25% load

Collection @ kmou



[y
N
(=]

Pmax(bar)

=
[
(5]

105

100

95

20

480 495 510 525 540 555 570 585 600 615 630 645 660 675
ref., IVC(°CA)

Fig. 5.6 Calculation results for »_, @ 25% load

25% H3loll A thgdde] hE7] E88 69%= AMEHAL FAFr] EE&L
55.3%% AMFEACEZ HHl &2 oF 80%= AitHAT

A ze] H57] EEHT 10%9] & Fdo] JMesitta 7 sod A
2 A8 75g IVCe el 525 ~ 630(°CAE AHTHT.

i v

P WA IVCY 585(°CA) RO IVCE AP 7AY =5 2
g Zobel wetd @ Fbehe A%E BUY £ Atk ole 33
w o]t} EIVCO

IN

wHol 3

7HEs A9y W2 fdEHe 3710 souAl =AUV
7% IVC 525(°CA)l A P, 0.3 bar 57133 VCe] - IVC 630(°CA)ll
AP ,,“—t— 0.5 bar Z7}8+G ).

DCE 7Eo®E Y3 A3 455 4371 AY =F EIVCE LIVCe 7
=

2 WasRd EVC/F LIVCH Wls] % s3ads 337 aee a7s
L 212 #9189tk ol EIVCE BDC ol ol F7]MB7} 23]7] wjio
F7IBe] g7IZEe] gol sE% 717 sHEHY] A =2 AFdH

o] HQs}7] W&ot}
P,.E 107.3 ~ 109.5 bar MelelA AEHUoH FHA A
~ 110 bare] 24 Aoz Hol APANFL gle Aoz HorAT)
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25% H-3HRPM 630) 7oA EIVC & LIVCE HE&39& o 7, ., SFOC %
L7EE F37] 289 W3l Table 5.3, Fig 5.7, Fig 5.8% #t}

Table 5.3 Simulation Results( 7 SFOC) @ 25% load

max?

IVC (°CA) Thax ® SFOC (g/kW-+h) | Boost pressure (bar) | 7. (%)
BDC -45 1309.4 163.5 3.77 73.7
BDC -30 1340.4 169.9 2.98 65.6
BDC -15 13934 174.2 2.56 60.8
BDC 1409.5 176.9 2.35 58.0
BDC +15 1444.1 179.4 2.14 554
BDC +30 1458.8 180.2 2.07 54.9
BDC +45 (ref) 1453.3 179.6 2.10 55.3
BDC +60 1437.6 178.1 2.20 56.5
BDC +75 1410.1 175.6 2.38 58.6
BDC +90 1372.5 172.1 2.67 62.0
BDC +105 1324.1 167.5 3.13 71.5
BDC +120 1262.1 161.5 3.90 85.5
g 1500
E 1o Lo |

ol s
- \\

1250

1200

480 495 510 525 540 555 570 585 600 615 630 645 660 675
ref. IVC(°CA)

Fig. 5.7 Calculation results for 7, ., @ 25% load

Collection @ kmou



[y
00
(0]

SFOC(g/kwWh)
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./ N
\

160

155 ! ! ! : ! ! ! !
480 495 510 525 540 555 570 585 600 615 630 645 660 675

ref. IVC(°CA)

Fig. 5.8 Calculation results for SFOC @ 25% load

T, W3zl IVCRI 585(°CA) Bt IVCE U437 AY =E555 Ja
2 P, 37te R E st A G9UdE + dnh ole AFUH ol

P,
HaE Add U2 fdEs 37130 SoiuAl Ho ednrt 7kl
2 Wzk7l wiolth EIVCe 79 IVC 525(°CA)el A
T 99.9K Zraskedar LIVCE] 735 IVC 630(°CAN A 7, .+ 80.8K Z+A3t

SFOCE #5448 ¢ P, W3 A= v diddzle] IVC 585(°CA)
Hoh IVCE AZ7IAY 2555 Zaste A%FS U & . EVCY 7
2 IVC 525(°CA)llA] 5.4 g/kW-h 7FA343 LIVCS A$ IVC 630(°CA) A
7.5 g/kW-h 7243} % .

A AdRe] #F7) ESRT 10%9] &8 F4to] Jbsstta JHA S
o 25% F-&Fol A= IVC 630(°CA)7F & # o] Wi B Elo]r]

o
ut
e
i
(it
Au

— 4:3 —
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5.2.2 50% F3t =71

50% F3sHRPM 800) =74 EIVC ¥ LIVCE A&t W P, P, 2
27HE #37) &8 WEE Table 54, Fig 5.9, Fig 5,109 2},
Table 5.4 Simulation Results(”,,,, P ..) @ 50% load
IVC (°CA) P, (bar) P, .. (bar) Boost pressure (bar) My (%)

BDC -45 20.5 128.0 5.02 91.8
BDC -30 19.8 127.0 3.90 80.0
BDC -15 19.3 126.9 3.31 71.2
BDC 19.0 127.2 2.99 67.3
BDC +15 18.8 125.5 2.70 63.1
BDC +30 18.7 124.3 2.58 61.0
BDC +45 (ref.) 18.7 124.0 2.60 61.3
BDC +60 18.8 124.3 2.71 63.0
BDC +75 19.0 124.8 2.91 66.1
BDC +90 19.3 125.5 3.24 70.6
BDC +105 19.7 126.3 3.77 77.5
BDC +120 20.3 127.3 4.64 87.1

“ 4

. '\\ o

- S 8.0

18 6.0

) ‘\\\\‘“*~\3~E¥ ’_,,»"//’/F =

16 e —eE——

15

——Pmi

14

——Boost pressure

480

495 510 525 540

555 570 585 600

ref.

615 630 645 660 675
IVC(°CA)

2.0

0.0

Fig. 5.9 Calculation results for P, and Boost pressure @ 50% load
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130

e ‘\*"\ /

120

Pmax(bar

110

105

480 495 510 525 540 555 570 585 600 615 630 645 660 675
ref. IVC(°CA)

Fig. 5.10 Calculation results for » , @ 50% load

50% HstollA ozl ¢FHr] & T3%E AMEHAL HF7] &S
61.3%= AAEPonz BEl B8 oF 84%= AtHATh
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P,E 25% 3ol Aot mprlA = ol e] IVCel 585(°CA) Bt IVCE
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ATt EIVCe 74 IVC 525(°CA)IA pP,,= 0.6 bar S7Fstiar LIVCEY 7
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BDCE 71&2o 2 TYs ada =g d37|AY & EIVCe LIVCY 7
= v RH 25% Fatol At npsA 2 EIVCZF LIVCH B8] &o 33t
gy A57] 255 279 25% FStMEG TS Aolrh A% AL &
& 5 ot o= Rl Z7le] wgl RPMeo| Z71ste] 7B o] JfHbr]zto)
o) % Zrobxl7] W&ol

T 1243 ~ 1269 bar WA AZHAoH FAALH AARg 120
~ 128 barell 2Hg Aoz Hol ATALE ¢le Aoz AHT
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50% H-3HRPM 800) Z7ojA EIVC 2 LIVCE #48%< w 7, , SFOC &
LTEE F#37] &89 WH3lE Table 5.5, Fig 5.11, Fig 5.129} 2t}

Table 5.5 Simulation Results( 7’ SFOC) @ 50% load

max?

IVC (°CA) Thax ® SFOC (g/kWh) | Boost pressure (bar) | 7;. (%)
BDC -45 1501.1 168.2 5.02 91.8
BDC -30 1565.7 174.2 3.90 80.0
BDC -15 1605.6 178.4 3.31 71.2
BDC 1627.6 181.0 2.99 67.3
BDC +15 1665.0 183.5 2.70 63.1
BDC +30 1684.3 184.6 2.58 61.0
BDC +45 (ref.) 1682.1 184.3 2.60 61.3
BDC +60 1666.0 183.1 2.71 63.0
BDC +75 1639.8 181.1 2.91 66.1
BDC +90 1601.8 178.4 3.24 70.6
BDC +105 1550.2 174.5 3.77 77.5
BDC +120 1484.4 169.5 4.64 87.1

w7 X
ol N\

N

1450

480 495 510 525 540 555 570 585 600 615 630 645 660 675
ref. IVC(°CA)

Fig. 5.11 Calculation results for 7, @ 50% load
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165

160 - L
480 495 510 525 540 555 570 585 600 615 630 645 660 675

ref. IVC(°CA)

Fig. 5.12 Calculation results for SFOC @ 50% load

T, 25% 3ol sk mpvbA R Hgazle] IVCel 585(°CA) Rk IVCE
AYINAY 2552 AFUY 9 p, Fhete Wz Pass AR F
& 2= 9tk EIVCY A% IVC 525(°CAIA 7., = 765K 7HAastdar L
735 IVC 630(°CA)ll A 7. += 80.3K Z+43} 3t

SFOC+ #Autd 2 p,, W3t A= HitiE ojddxle] IVCSl 585(°CA)
p_q VCE FPrALY =25= @zﬁa—t— A AT 4 Ak EIVCY 4

% IVC 525(°CA)ol Al 5.9 g/kW-h ZFastga LIVCel 74-¢ IVC 630(°CA)lA

5.9 g/kW-h Zasgo.
meld ggde B3y EeHT 10%0 E& Pl et 74
O 50% B3t A% IVC 630(°CA)7F 2o ©H Elo]|®]o g AT,

"

off

.
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5.2.3 75% F3t =7

75% %-SHRPM 910) 2@ EIVC 2 LIVCE H839e o p,, P, 2
27 HE g7 58 Wl Table 5.6, Fig 5.13, Fig 5.149} 2t}
Table 5.6 Simulation Results(”,,.,, 7, ,.) @ 75% load
IVC (°CA) P, (bar) P, .. (bar) Boost pressure (bar) | 7,. (%)
BDC -45 27.0 161.7 7.07 94.9
BDC -30 26.0 160.5 5.45 81.9
BDC -15 25.4 160.6 4.60 73.7
BDC 25.0 160.4 4.11 68.4
BDC +15 24.6 158.6 3.69 64.0
BDC +30 24.4 157.2 3.50 61.8
BDC +45 (ref.) 24.4 156.7 3.50 61.7
BDC +60 24.6 157.1 3.64 63.2
BDC +75 24.8 157.7 3.90 66.1
BDC +90 25.2 158.5 4.33 70.7
BDC +105 25.8 159.2 5.00 77.3
BDC +120 26.5 160.3 6.11 87.2
— 29 180 T
S S
£ 28 16.0 g
27 a 14.0 é_
26 \ s 12.0 E
25 \‘-\_,_./—‘/ 10.0
24 8.0
23 e . 6.0
. \\.\___‘___._-_-1_'___—.‘_______/ »
——Pmi
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Fig. 5.13 Calculation results for P,. and Boost pressure @ 75% load
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Fig. 5.14 Calculation results for » ., @ 75% load
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75% H-3HRPM 910) 7oA EIVC & LIVCE HE&3s9e o 7,,., SFOC %
875 += FF7] £€9 Wl Table 5.7, Fig 5.15, Fig 5167 -t}

Table 5.7 Simulation Results( 7 SFOC) @ 75% load

max?

IVC (°CA) Thax ® SFOC (g/kW-h) | Boost pressure (bar) | 7,. (%)
BDC -45 1471.9 162.1 7.07 94.9
BDC -30 1537.6 168.3 5.45 81.9
BDC -15 1578.1 172.5 4.60 73.7
BDC 1606.1 1754 4.11 68.4
BDC +15 1642.5 178.1 3.69 64.0
BDC +30 1661.9 179.3 3.50 61.8
BDC +45 (ref) 1662.0 179.2 3.50 61.7
BDC +60 1647.0 178.1 3.64 63.2
BDC +75 1621.9 176.3 3.90 66.1
BDC +90 1585.8 173.5 4.33 70.7
BDC +105 1539.5 170.0 5.00 77.3
BDC +120 1478.1 165.4 6.11 87.2

1650 /] ALY
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/ S

Tmax(K)

1450

1400 : . : : : : : : :
430 495 510 525 540 555 570 585 600 615 630 645 660 675

ref. IVC(°CA)

Fig. 5.15 Calculation results for 7, @ 75% load
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Fig. 5.16 Calculation results for SFOC @ 75% load
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5.2.4 100% F3} =4

31

100% H3sHRPM 1,0000 Z=7oA EIVC ¥ LIVCE AH&std<S W P, P...
9 g 7EE 7F7] &ee] Wshs Table 5.8, Fig 5.17, Fig 5.18% 2t}
Table 5.8 Simulation Results(”,,;, 7, ,.) @ 100% load

IVC (°CA) P, ; (bar) P, .. (bar) Boost pressure (bar) | 7,. (%)
BDC -45 32.6 193.7 9.37 97.4
BDC -30 31.3 192.4 7.20 83.6
BDC -15 30.5 192.5 6.05 75.1
BDC 30.0 192.3 5.38 69.2
BDC +15 29.5 190.3 4.81 64.3
BDC +30 29.2 188.4 4.52 61.6
BDC +45 (ref.) 29.2 187.9 4.50 61.2
BDC +60 29.4 188.1 4.66 62.6
BDC +75 29.7 188.7 4.98 65.5
BDC +90 30.2 189.8 5.52 70.3
BDC +105 30.8 190.8 6.37 77.4
BDC +120 31.7 191.6 7.73 85.0
“ 34 200 T
3 3
?? 33 180 @
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Fig. 5.17 Calculation results for P, . and Boost pressure @ 100% load
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Fig. 5.18 Calculation results for ~ ., @ 100% load
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100% H3HRPM 1,000) =74 EIVC ¥ LIVCE A&std<S W 7., ., NOX

2 SFOCe| Wsl+= Table 5.9, Fig 5.19, Fig 520} -t}

Table 5.9 Simulation Results(7

max’?

NOx, SFOC) @ 100% load

IVC (°CA) T, .« ® | NOx (g/kW-h) | SFOC (g/kW-h) | Boost pressure (bar) | 7,. (%)
BDC -45 1428.7 3.89 162.2 9.37 974
BDC -30 1488.8 5.23 168.8 7.20 83.6
BDC -15 1528.1 6.75 1734 6.05 75.1
BDC 1556.8 8.40 176.6 5.38 69.2
BDC +15 1592.7 9.75 179.5 4.81 64.3
BDC +30 1614.8 9.99 181.0 4.52 61.6
BDC +45 (ref.) 1614.9 9.55 181.0 450 61.2
BDC +60 1602.5 8.32 180.0 4.66 62.6
BDC +75 1579.1 7.22 178.1 4.98 65.5
BDC +90 1544.7 5.59 175.4 5.52 70.3
BDC +105 1500.3 4.81 171.6 6.37 774
BDC +120 1448.6 3.10 167.1 7.73 85.0
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Fig. 5.19 Calculation results for 7,
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Fig. 5.20 Calculation results for SFOC @ 100% load
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