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A Study on the Application of Miller cycle for Marine
Two-stroke Diesel Engine

Lee, Ji Woong

Department of Marine Engineering
Graduate School of Korea Maritime and Ocean University
(Supervisor : Prof. Cho, Kwon Hae)

Abstract

The standard of NOy emission control at sea has applied Tier I, which is
reinforced to 80% than Tier I, to the operating vessels in the ECA(Emission Control
Area) since 1 January 2016. Engine builders have studied several techniques such as
SCR(Selective Catalytic Reduction), EGR(Exhaust Gas Recirculation), and application
of Miller cycle etc. to satisfy the regulation.

The Miller cycle is actualized from the Atkinson cycle, designed to achieve high
thermal efficiency through the high expansion in the Otto cycle. Structurally, the
linkage device was added to connecting rod to enable the expansion stroke to be
longer than the compression stroke, thereby achieving a higher thermal efficiency
than the Otto cycle. However, it was not practical due to the complexity of the
structure, and in 1957, R. Miller publicized his patent miller cycle, which can
reduce effective compression ratio by modifying the timing of the intake valve. it

is being applied with a high efficiency and high pressure charging system that can
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compensate for the volume efficiency of the cylinders because of the reduction in

volume efficiency of the cylinder.

The Millers cycle can reduce effective compression ratio by closing intake valve
earlier or later than in BDC. It makes combustion temperature low and NOy can be
reduced. The methods which can reduce the combustion temperature are to reduce
compression temperature and maximum combustion temperature. The Miller cycle is
an effective way which can reduce compression temperature by adjusting the timing
of the intake valve. However, the premature closing of the intake valves increases
exhaust gas temperature because air mass flow is decreased. Another option is to
reduce temperature of charging air. If the temperature is low, it causes ignition
delay which leads to increased NOy emissions. IVC timing need to be optimized by

air mass flow and pressure for application of Miller cycle.

The Miller cycle can make thermal efficiency higher because compression ratio is
shorter than expansion ratio, that is, it is possible to achieve low NOy and high

efficiency at the same time.

The purpose of this study is to find ways to meet IMO’s NO, regulations and
improve engine performance. In this study, Miller cycle, which can reduce NO
without additional equipment such as EGR and SCR, is applied to two-stroke marine
engine. Performance prediction program for engine is used for this study. Using the
pressure data measured during the operation of the ship equipped with the model
engine for the program, the heat release pattern of the program was described as
the Double Wiebe function and the excess air ratio at the start and end of
combustion was determined using NO; measurement data. The application of the
Miller cycde in marine two-stroke engine adopting uni-flow scavenging can be
applied in such a way as to increase the charge pressure while reducing the

effective compression ratio by delaying EVC.

The Miller cycle can be used with high efficiency and high pressure T/C. This

— viii —
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study was considered the effect of applying the Miller cycle by matching two-stage
T/C system together with the program. This paper proposes a sliding mechanism
that can change the opening and closing timing of the scavenge port. The effect
obtained by controlling height of scavenge port and by changing EVO is compared.
As a result, the Miler cycle was applied to the marine low speed two-stroke

engine, and the results that can satisfy the Tier Il regulation were derived.

KEY WORDS : Marine two-stroke diesel engine, Miller cycle, NO,

Scavenging port, Sliding device

Collection @ kmou



At A& 294 AR D Aol 2
A gol B A7

2 o

NO&@ HlE B4 7152 201610 1€ 1Y o]% 7|8l &= 54 A 4 (Emission Control
Area, ECA)Oll Jatsl= Aldlol] tis) Tier NS &, Tier [ tiv] 80%S 7= A&
a8t Aok wEkA A AFARIAE NOE 537l flsl SCR(Selective
catalytic reduction) %=, EGR(Exhaust Gas Recirculation) =], 7}2=F32 7|3, 2

AtelE T oY 7HA] 7leEe tAddxlel] A8t Stk

WY AlFe QE Aol TAFE HEske] AolFe FESS s

Atkinsono] kR Atkinon Alol2 aska Aolh TrHom PAWAE

AdEzee] Rrlstel BIYYL YFYPRG A se] 7129 AolZ BTk FS

Quge JWAAY. AW, BRW T sl AR akgror] 19579 R

Milere] o13) FH| Ehoe W] FPuINTH FEGEFIE Fof Atkinson
)

sl Ao EHo]

=
f

22 UgAT ST AL AMEEY PhE
Fady] Wzl of HAR & b LES F& TAF Azud 9 de
Aol 2E A gata Uk

Collection @ kmou



Wal Aol2e FYURE AAHEORT WME AY Fe =& A

= =] ™
G202 FEYFHIY TAEARE ol8FY F Utk FAERYSHIY Hae
o‘j s

pE 401&;—.04 a%e- YEANE AQAT] dE BINE DY

294 71He tdeE it é‘—a—Oﬂ%—Ei:l%‘% o|-g&t3itt. 7ol A

dute] Al &3 Tl S4E dHHolEE o] &3t dedSzaade] dElE
J&1& Double Wiebe $H=EA BEAFSIAL NO, &4 HoJEE o]&ste] dAaAZta}
TE A9 F7IHYES AR FUHER A7 S Adstal e AE 284
7oA Y Ato]F2 w7 ES] @] AVIE AAANA FEUSFHIE FolWA]

A7198S 771 PAOR HeE S ok

We Aelze nESs wHFY HFAL WA HEselor Fk 2w
FFA2EE A5AZZZIPS A T DY AolZE AT Dol )
DS, EF, W AolF EIE FIANY 5 UE A4S o] WA
g AN masich 204 8o 2EEN ejold /7S AT 2]
ZES olo] WE HRPY A WBBAYNN 0., WIHNZOZA
F Qe B8 DFAGT AR, ANE A% 297

O
7130l dY Alo]Zg 283l A AAE ol&std Tier Il A WS

FAO : Adurg A% oA TAAR, "elxolF, FaNEE, 4V]EE,

_Xi_

Collection @ kmou



Variable

A

AF
g

C

bS]

C

<

Nomenclature

Description

heat equivalent of work
air fuel ratio
cut-off ratio
specific heat at constant pressure
specific heat at constant volume
compression ratio
expansion ratio
expansion ratio to scavenge port
exhaust valve close
exhaust valve Open
mass of air
efficiency
intake valve close
work equivalent of heat
specific heat ratio
Low calorific value

excess air ratio

excess air ratio at the starting of combustion

excess air ratio at the end of combustion

mass flow rate

Mﬂer al’lgle (GJUA = GEVC_ esp(j )

- xii —
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Units

kcal/kgf - m

kcal/kgf - K
kcal/kgf - K

kg

kef - m/kcal

kcal/kg



Variable

p(ﬁ

P

D

PH

SPC

SPO

Description

exhaust pressure bar

mean indicated pressure bar
Ap=p,—p.

scavenge pressure bar

pressure ratio
Port height
scavenge port close
scavenge port open
crank angle at starting of combustion
combustion duration
mass fraction of fuel, heat addition

Work ]
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Variable

ca

cool

LP

ref.

ta

Subscript

Description
air
compressure
actual compressure
cooler
gas
high pressure
low pressure
refrigerant
turbine

actual turbine
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Phase 1: 2015-2020
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Fig. 2.1 Concept of required EEDI [28]
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8l = NOX In ECA
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170g/Wh @5*n=y | ... '.'_l:l,. in Gl : (possibility)
¢ 16 —— Sulfur inECA
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£ 2on- >
o 12|
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. 1st July 2010 - 0.1% i
2000 2005 2010\ 2015 T4 /7 2a20 2025 2030
Fig. 2.2 Regulation for NOy and SO, [29]
Table 2.1 Calculation formula for NO, according to Tier I - III
RPM Tier 1 Tier I Tier III
pm g/kW - h g/kW - h g/kW - h
n< 130 17.0 14.4 3.4
130< n< 27000 45. n(—0~2) 44 . n(— 0.23) 9. n(—0~2)
n> 2,000 9.8 7.7 2.0
— 9 —
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2.3 Wi717t2 vlEE A 71e

Table 22 Aug Z1%e] WZl7ks HIZE ARS A% 71452 weFa gtk
A ARG olg3HE P, AdEist Aol 2 NS Y Telm FH el @
W717ks EE A %R UHeldth B FoAE Ter g #3537 918 A2
A7} s o] FoA| 1 = SCR, EGR, 7t 5 A%, Miller cycled] gt 7<ES
HelshaL 2t 71%e] EAE DY Aol 2ol wwE Fa W Aol Fo] HAE B

53] Ao BAe AN

rr
)

Table 2.2 NO, reduction treatment for marine diesel engine [30][31]

Treatment Method Remark

* Methanol

Pre-Treatment Substitute fuel * NG
* Emulsified fuel

* Fuel Injection timing retard
* Lean combustion

* Rich combustion

Combustion
* Pre-chamber type combustion
* Fuel valve nozzle spec. modification
Internal Treatment * High pressure of fuel injection
Scavenging * Scavenging air cooling

Water injection into | * Water mixture(mixed valve)

cylinder + Water mixture(independence valve)
Water addition + Water mixture into suction air
* De oxidised furnace

Cycle modification
* Exhaust gas recirculation

* Selective catalytic reduction

Post-Treatment Emission de-NOy

* Catalytic decomposition
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2.3.1 v8j7]7} 2«8 Exhaust Gas Recirculation, EGR) 71&
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S5 WMC(water mist catcher)oll 4] Z2]- EGR E29& &8 HdU= F7|s<=
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ARA S AA AAZE wjEetes st itk

|

™

Exhaust receiver
EGR string l
Shut-down valve

EGR unit l

N T |

" =

| |

I

| EGR cooler I

I

| |

| I

] WMC |
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Fig. 2.3 Overview of EGR for marine two-stroke diesel engine [32]
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Fig. 2.4 Schematic diagram of water treatment system [33]
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Fig. 2.5 Impact of EGR on the combustion flame temperature[34]
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NO, dSFOC CO Paci EGR O

(@/kWh)  (g/kWh)  (g/kWh) (bara) rate(%)  (vol. %)

No EGR 17.8 0 0.65 152 0 -

| Max. EGR 2.3 +4.9 417 | 151 39 16.0
EGR ref. 37 +3.0 2567 151 36 16.8
INCT. Poomg/Pscay 4.0 +2.5 2.18 156 36 16.8
Incr. Py 4.2 +2.8 1.83 151 37 16.6
Incr. Pycq, 3.6 +1.9 2.12 156 37 16.6
Incr. Tecq, 3.9 +3.6 2.82 156 34 16.8
Tier Ill setup 34 +0.6 1.34 157 41 16.2

Fig. 2.6 Test results from engine parameter variation at 75% engine load by MDT [32]
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2.3.2 SCR (Selective Catalytic Reduction) A)2®
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N, H.,0 N Nitrogen(N2) +Vapor(H20) Emission

2 H,0
8 H.0 H.0

Catalyst Reaction
ANO +4NH3+032 —» 4N2+6H:0

=

g
SR I

.,

" s o
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Urea Injection
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NOx INOx
-
NOx
=
| il

Fig. 2.7 Reduction process of NOy in urea SCR system[36]
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Exhaust gas reciever
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Controllable
valve (V1)

SCR
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Cylinder &
SCR bypass (CBVY)

Scaveange air reciever

Fig. 2.8 Overview of SCR system for two-stroke marine diesel engine [32]
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Fig. 2.9 Influence of increased T1 in SCR system [32]
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Fig. 2.10 Otto-Process : constant volume during combustion

Direct injection, diffusion combustion
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Fig. 2.11 Diesel-Process : constant pressure during combustion
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Fig. 2.12 Overview of low pressure and high pressure gas injection system[38]
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Table 23 7l2ARAZA BYSE wrskse MEE FAOl dtel 24
Fsd S HolEth SO 100% AAZ 7Bsse, NO& AgEAbgel 235
85%, TSFEAMIAS e %7k Azl FPsEkth mkRAPEA e A% Tier M7}
A&5= ECA AYoA Fald A9 EGR &2 SCRe] &8stttk CO= 25%~30%,
PM2 95%-100% #7}o] 7Fsdlthe= A HojFa

Table 2.3 Achievable level for emission from gas fuel engine

Emission component Emission reduction Comments
2 with LNG as fuel
50, 100% Complies with ECA and global
sulphur cap
NOy, Low pressure WY Complies ECA 2016 Tier I
(0] %
engines (Otto cycle) regulation
NOy, High pressure y. Need EGR/SCR to comply with ECA
(0] . .
engines (Diesel cycle) 2016 Tier Il regulation
— Benefit for the EEDI requirement,
€Oz il no other regulation(yet)
Particulate matter 95%-100% No regulation(yet)
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AR Azl wiE=Eo] i FRH] 2AEHE AR HIE] HAe
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Air mass for combustion is maintained
by raising scav. press (Ps—Ps*)
despite of smaller vol. at Miller EVC.

Same expansion ratio as Std. cycle
keeps the same thermal efficiency.

Miller-EVC
TDC
(later)

Scav. port close Expansion end

Fig. 2.15 Miller cycle for two-stroke marine engine [3]
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Table 2.4 Advantages of Miller cycle compared to other Tier Ill technologies for

two-stroke marine engine

Advantages of Miller cycle engine

VErsus SCR system EGR system Gas fuel engine
Cost higher higher higher
- Gas supply system
- Exh. gas cleaning system |- Gas storage tank
Additional ||+ SCR reactor
: - Exh. gas cleaning water |- Gas bunkering system
equIPmENt | . Urea tank
treatment system _
High pressure | Low pressure
EGR or SCR -
Additional
larger larger larger
space
NO better better better
SFOC worse worse better
Safety risk
- - higher
for fuel

~ |
O
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Table 3.1 Specification for model engine

Item Specification
Engine type 6L42 MC/ME
Number of cylinders 6
Cylinder bore 420 [mm]
Piston stroke 1,380 [mm]
Connection rod length 1,638 [mm]
Effective compression ratio 14.4
Geometric compression ratio 15.6
Max. continuous output 8,123 BHP / 176 [rpml]
Normal continuous output 6,908 BHP/ 167 [rpm]
Standard angle for open & close of Opening angle : 108° [deg. CA]
Exhaust valve Closing angle : 261° [deg. CA]
Standard angle for open & close of Opening angle : 137° [deg. CA]
Scavenge port Closing angle : 223° [deg. CA]

Collection @ kmou



D fd=gdolE e 4 W

Fig. 362 tpaaizle] Adn da els NOZ
AF=g HelFm ot AR zAwd fE

Hsll A" A S 9

A7)
NaEY YAE @7 9

AzTencoden® AAA AZE] Bgo] ANFL v P 2] 93

A e] oiAelE Hindicator cock)ell EAA(Kistler 75130)E A X393 th
i 1
Sampling RIEEM (Kistler 7513A) Filter
probs AR /1A A Testo |
SEI|(A @ FamA) 350 S/XL
T/C @,

Exhaust gas
receiver
t—(_f

3 2

Sul

npul

uiif

OCiC|-T
(M [ et =

Encoder

O—

A/ID
Converter

Oul mnw)

e

Note Book

Fig. 3.6 Schematic diagram of experimental apparatus for acquisition of pressure and

NOy datal48]

Collection @ kmou



Table 3.2= o4 AR Fmd3 s ERlsty| 98] AX$ 2=l A (encoder)@
AFSFS BAFa Q) dFEe] 28 1817 A 360719 ATE dAYAT|= AE29}
183 Al 1709 ASE YA T= ZZ8 27 Aok AL d3agelA 18] A] 360

P2 WANTE ABAE 8310l 1 degCA (AR 91 A5 E HSsA

Table 3.2 Specification of Encoder{49]

Item Specification
Type D23SR15
Source power DC24V
Plus / Rev. 360
Output A B Z
Tolerance 0
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Fig. 3.7 Variation of measured pressure in cylinder at each rpm(50]
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Table 3.3 wi717}2: A& S AHEE AHY AYES BHoFa Qloh wi7|7kx
AEY ASE Hlsl ARES AFY ARFS Testo-350S/XL o# NO<F NO,o| &4 o]
7Fssith. IMOolM+  NO, technical Code 20082 &3] NO&©| #24 A
g}shiksga-A 7] (Chemiluminescent detector, CLD)$} 71 8}shiksg-#-4 7] (Heated Chemilu-
minescent detector, HCLD) ®H-& AMESIE= 3l Auib5152] B AFolA= NO<
NO,9] A2l 77)3}8-2 744 (Electrochemical senosr, ECS) ¥]o] AH&-EQith

Table 3.3 Specification of equipment for measuring exhaust gas products[53]

Measured gas Analysis method Range Error Remark
ECS
NO 0~ 3,000 ppm | = 5 %
(Electrochemical senosr) L ’ Max. temp.
NO; ECS 0 ~500 ppm | = 5 ppm bt
1,200 K
O, ECS 0~25vol. % | + 08 %
NDIR
CO 0~5 vol. % | + 05 % -
? (Non-dispersive infrared) VoL ’

Fig. 39+ thddzlo] &Al| Aduto] &3 5 <X 3ol wet ASg NO9J
A s AEE AR wet Bo Fa 9ok o] SAHFE 08t HAT s
ARz F38IH. Table 3.4+ NO, NOp, 0,9 Bagte Wella Utk 44 s oF
15%%Y SA8gkelw 120 rpmollA 7 i 160 rpmellA 7 @Al S8 EH AT
NO¥ &5+ NO% NOE A=l I & NO9 F=7F NOY tiFiES AAsH]
ol B AFolAe= NOo st ARg-ste] AlEgolAd akiTh
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NO Conc. [ ppm ]
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Time [ sec. ]
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Fig. 3.9 Variation of NO concentration measured according to engine speed50]

Table 3.4 Mean value of NO & NO, concentration measured according to engine

speed[50]
120 rpm 150 rpm 160 rpm 167 rpm
NO [ppm] 1064 947 935 965
NO; [ppm] 31 20 19 23
02 [%] 15.3 154 15.1 15.2
— 5] -
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332 A% MEH A
D LY E| At

Asvt2ol £59F NOO dAS IS (rate of heat release)® 7] &9

ofs ZAAHCN] webs, dErt AYn UolM daste] dAske dTAES
Wiebedtrg o] &3t 2Ty =3 AA] 7|de BASE] Hal ol &< x(premixed

combustion)9} &4k A(diffusive combustion, mixing controlled combustion) 2 &5}
et 3l Double Wiebe function®2 ARE 3fElS o] 89THB5]56]. HA71A 2+
A FE-E(mass fraction of fuel, heat addition)o]2} FJgt}. Altell A = AA)
7RO ZRE F3 RAES FASHY A7z, AAEAA T

Hlo|EE o] &3tk

SES RN

21(3.23)3} 2)(3.24)+= Wiebe functione YeR 12, 2)(3.25)+= Double Wiebe functions
UeRdth 2](3.26)& A& (rate of heat release)S YERIALE

9_
x = l—exp —6.9(9—5)'”+1
b
(3.23)
dx 0—0,\" 1
- — 69 (1—x)(m+1)( 7, ) A (3.24)
dx dx dx
dr F(E) + F,Z(E)d (3.25)
A7IAM, 0 - WAL, 6, ¢ ARARATL 6, 0 DLTIRE, mo AEERASF, JA
p : premixed combustion, =+ 4 : diffusive combustion, 1¥]al F ¢} F,= 27
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qEFAaet S| v, F, + F, = 1 °Jth

dQ; = Q;- dz (3.26)

Fig. 310& A2EAAS moll W2 Wiebe 34 2 UEhid, Fg. 3.11& Qs
(Rate of heat release, ROHR)9] #ES YEll= dr/diE YERATE E3 HFg 3.12&
&gt A A AAE A HEd wet sk e dE Btk O"S
o &g A4 029 FakdA 088 83 792 Aot}

0.0 4= — : : : [
0.0 0.2 0.4 0.6 0.8 1.0

(8-8.)/64

Fig. 3.10 Heat release with combustion index m by Wiebe function
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Fig. 3.11 Rate of heat release(ROHR) with combustion index m by Wiebe function

310 =
S (dx/de),
2-0 | r; \“‘ .}“t "\\\‘\
© ! (dx/de) 2 . (dx/de)g
o ! ’ .
10 o f : :
00 == . ' ————— !
02 0.4 0.6 0.8 1.0
(6-8.)/8,

Fig. 3.12 ROHR by Double Wiebe function
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ALH 9] ASHE gHolA GEES Adtes Wt 2o

AT ol ok o] Rl Aok 7IAF] d= xdH.

=22 4t aptr (3.27)

el e] Wst= A2 HIA(C)e ol &3t ofgfel o] FHHET

dU dT

0 -G Gy (3.28)
HEl BA2 (PV = G, RT) o 2HE olee} o] wdHL

dT 1 avVv dP

dau G [ dVv dP\ A dv _dP
el

70 20 (3.30)

2] 3295 23300l thdshd T3 o] FHETH
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d
Q. _ A [ pdV . 4P (3.31)

AZIA P ASYE, VoA™Y AlF, 0 F8a 45, A vAE 9

9

=48 oY T ANE gEIHe AAE Fig 3135 2o] Ao B ANE
BogEa glom oF 120 deg.CA ~ 160 deg.CAollA k= x7]9] ¢4 Aol AdH 9

120

— — — measured data
100

calculated data

80

60 -

Pressure [bar]

a0

20

Crank Angle [deg.CA]

Fig. 3.13 Coincident pressure line between measured and
calculated data
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Fig. 3.14= Double Weibe functionell ¢Jsf Al4xte A EH 89 Gzl ofs)
At @AER] YAE BAFa vk SAFH Alkgtel H4% YAE Holn
ATt

12 s

10 | - = = measured data

calculated data

Ratio of Heat Release [keal/CA]

. v

180 190 200 210 220 230
Crank angle [deg.CA]

Fig. 3.14 Coincident ROHR between measured and calculated data

2) NOx BAFe d=

99Y U B3] G40l WA MR eABAe AT Az BRAHY
ARkl e sl 7] o &H,

Fig. 315% 2(wir) f50] EA51s AT A7y dris 9 a3
g Tk RS0 tAdse dER VI Aojda 717 Febel NO, HC o

Adsoot)e] Aol BASE HIZMMEe AEste] uehd Zlolth dAaised
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29 Aarkagdeld FHHL, AasknGY oAl EHe emsh AFuE
% &

Ao A 71 =A et A8 (soot)

Lean flame-out Initial rapid
region: HC combustion: noise

Burmned gas:NO Fuel jet

mixing with air:
rich mixture

Premixed

White/yellow flame:
Bumned gas: NO soot oxidation

Flame quench
on walls: HC

Rich zones
in fuel jet:
soot formation

Fuel vapor
from nozzle
sac volume

Mixing controlled

Fig. 3.15 Pollutant formation mechanisms in diesel engine [57]
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Fig. 3.16 Relation between combustion temperature and NO, formation according
to the Zeldovich theory [3]
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AT skith

Table 3.5v= 439 Adr o= o dHPET] NOE AlEEHOIAS T3l Aoz
AEYEL NOE LAAN7Z] Hal AH8E Webe indexe} F71 FHYEd g
AHolE S RAF T Yk

Table 3.5 Input data for calculation of heat release and NOx
Weibe function Symbol Unit Value

Start angle of premixed combustion 0, deg.CA 361.6

End angle of premixed combustion 0, deg.CA 377.0

Start angle of diffusive combustion 04, deg.CA 361.6

End angle of diffusive combustion 0.4 deg.CA 397.0

Index of premixed combustion m, - 3.0

Index of diffusive combustion my, - 12

Rate of premixed combustion 9 - 0.3

Rate of diffusive combustion F, - 0.7

Excess air ratio at the starting of combustion A - 1.35

Excess air ratio at the end of combustion A - 2
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Aed=

=48 kg, NO wlolels}
0¢] HlolHE Ko Qi

AP} ALFA} o & AAFS & 5 Ak

Table 3.6 Coincident output for confirming between measured and calculated value

Measured data Calculated data
Speed [rpm] 150 150
Prax [barl] 104.4 104.4
Peom [bar] 84.2 84.0
NO [ppml] 947 975
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324olA 237 Z|He] o)dEE A|FEHRE o]EFH 1ES sigon
AoMe AsdSFZ2ad8s T3l 284 7|ddd "el AlolES A8 Ao tisf
B

Fig. 317 o4zl el O Alo]SHe, = )ZHE A Tt ¢, e ¥
S BT ok "] Aol UAl ARIEFEREH 4,5 AAAZ A=
b A]E9 6,,.2 AAHEE DL =Miller angle, MA), F wi7|¥B7} 23)=

AT A5} AV|XEV}L Gl WA 459 A= 2)(3.23)3 o] Aef3ri59].

(]

Ora = Opve—0Ospe (3.23)

12 4

Scav. Port height

4]
I

Valve lift [cm]
9O
@
w
@

0 EVO ... SPO,,
90 120 150

Crank angle [deg. CA]

Fig. 3.17 Valve lift & port height of exhaust valve and scavenge air port
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Fig. 3.18 P-V diagram according to Miller angle
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Fig. 3.19 Results of Miller cycle according to various Miller angle
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Fig. 3.20 Results of P & NO by T/C efficiency
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Engine cycle 2—stage T/C concept
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Fig. 4.1 Schematic concept of two-stage T/C system for two-stroke cycle engine
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Fig. 4.2 P-V diagram of 2-stage T/C system for two-stroke cycle engine
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Input initial data : P1, T1, mg

N
Calculate exhaust condition in Ideal Diesel cycle : P4, T4, myas
'
Calculate blow down energy in constant volume : P5, T5, mggg
P1=pP1' ¥
Calculate max boost pressure through 1 stage TC system : P1'
NO
Calculate exhaust condition in ideal diesel cycle : P4, T4, Mgas
!
Calculate blow down energy in constant volume : P5, T5
!
Calculate max boost pressure through 2 stage TC system : P1', T1'
———ay < —
Change miller angle(compression ratio)
which P1', T1'is matched on ideal diesel cycle
v
Calculate exhaust condition in miller cycle : P4', T4, mgas'
v
Calculate blow down energy in constant volume : P5, T5
1 P 1 [h] ‘
P1=pP Calculate max boost pressure through 2 stage TC system : P1"', T1"
v

NO

Pl'—Pl"| < 0.01

NO

T1'=T1"

F’TLT1"‘S1

Fig. 4.3 Flow chart for calculation of Miller cycle adopted 2-stage T/C
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Fig. 4.4 Achievable maximum pressure ratio by cut-off ratio according
to 2-stage T/C in ideal Miller cycle
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Fig. 4.5 Achievable maximum pressure ratio by specific heat ratio

according to 2-stage T/C in ideal Miller cycle
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Fig. 4.6 P-V diagram for adoptable Miller cycle by 2-stage T/C from diesel cycle by

1-stage T/C
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Fig. 4.7 P-V diagram in higher pressure area from diesel cycle by 1-stage T/C and
Miller cycle by 2-stage T/C
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Table 4.4 Fig. 463 Fg 470 g A3= A2t Zolth. bgA Ale|g3 de
Apol 2ol ik st &xe tid FAE Rlasta ok 19 AFE A8 "A
Apol 2o AFUEL 2.2 barelH 29 FAFS A& dE AflF 1, 2, 3= 44 53
bar, 5.7 bar, 63 bar®Z B w2 A& & & Utk Pu FAI 29 FgFS A&ste] oF
30 bar © Hold 4 At} o]
Apo]Zo] 1938 Ko.g2 713 som
ol ®E AlEAA  dEHIY dEHVE Aadste dSUHTon7F Sets
HEolck. "y ApelEe] vluwE HF7] EEol FTNEFE Pt Tt 20l
BN Y-S & F Aok EF, FF7] G0 BSFE WY Ao|FoM HAIT &

e FEule) Bavt 2 AL

fllo
e
-
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Table 4.1 Comparison of cycle output between Diesel and Miller cycle

Item 16} & & Nro | Py, Pr' | Poax | Toom | Thax

unit % bar bar bar K K

Diesel cycle 22 | 144 | 144 | 65 2.2 1.9 732 | 807 | 1938

Miller cycle 1 | 22 | 144 | 102 | 70 S 41 938 | 691 | 1692

Miller cycle 2 | 24 | 144 | 89 72 5.7 44 | 980 | 697 | 1707

Miller cycle 3 | 2.6 | 144 | 75 75 6.3 48 | 1026 | 705 | 1726
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start

Input initial data from engine simulation program
P5, T5, mb

¥

Calculate maximum pressure from 2-stage
program : P1, T1

>

h 4

Calculate P5", T5', m5’ (engine program)

T1=t1'

Y

Calculate P1°, T1* (2-stage program)

P1=P1’

Pl=F71= 0.01

stop

Fig. 4.8 Flow chart to adopt 2-stage T/C
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Fig. 4.9 P-V diagram of Miller cycle with 2-stage T/C
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Fig 4.10 The results of Py; from Miller cycle with 1 stage T/C and 2 stage T/C at 60%
load
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Fig. 4.11 The results of NO from Miller cycle with 1 stage T/C and 2 stage T/C at
60% load
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Table 5.1 Various cases for simulation to apply Miller cycle

T/C efficiency Scavenge air temperature
Case 1 | Variation ( 311K ~ 321K )
Case 2 g Constant ( 298K )
Case 3 ; Variation ( 311K ~ 322K )
Case 4 " Constant ( 298K )
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Fig. 5.2 Mass flow according to scav. air temp. and T/C efficiency at 60% load[63]

Fig. 5304 Case 13} Case 2& ®lashd 57| &&0] FU3 A 47| =7}
28Ke.2 & of &, Case 29| A%7F BE&xyt o] & AL & & Utk Case 29}
Case 49| Plue 47|25 UM s o Fu718&9 F7il wet deld
a7t A F3E ¢ doke Ae BRAFEth &, NO9F SFOC7F sAlel sk
de]ade 4719 WAR #A57] & o8 oS e 7 UdSE BoErh

Fig. 53¢14 MA00E ©A Apelgeln WUyd=rt &

N7t AABT BE AojzoA] Tl Alo]Z2l MAWNZYE Wezt=rs}
A-DGE NOSH SFOC7F Zasitt 944 "ejdzolA oA $7iske 2e ¢ & Aok
FHF7] &Eo] 65%S1 Case 13 2014= MA299I4 SFOC7} Z7Fekal MA38olA NO7}
Z74ehe Btk #HgF7] &8 5% Case 33 4% MA3BolA SFOC7F Z7}shal
MA4974A4] NO&E ¢zt Zasitt §417F € & Atk I-olA dasy) =
Uete delaert EAdts As Atk =S Fg 529 AEES T3l 49

WedEe 7ol 7P B wolal ol Fg7] el wet #elshs Ae & o Atk

1
al

i_.

Collection @ kmou



193.0 - NO
@ ¢ i<m P
191.0 - i S A N
= P @ O
<
§ o{ L1 8 gt
m 2 - —
Q 187.0 - MAS58 * @ A—-Case 1
% MA54\‘IP 1 @ -&-Case 2
MA49 —>*—Case 3
185.0 - ~y
MA44—>Q304— MAZ29 @, —
A38 SFOC
183.0 : . . . ' | . 1
0 2 4 6 8 10 12 14 i
NO [g/kw.h]

Fig. 5.3 The simulation results of two parameters according to scav. air temp. and
TIC efficiencyl67]
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Fig. 5.11 The results of SFOC to apply Miller cycle with various
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Fig. 5.12 The results of NO to apply Miller cycle with various port
height

Fig. 5113 Fig. 5129 A3E I, g ApolEd 7MXEES #H83sHY
dH e s vxe AR AgdEth SARE XE9 =
SFOCE Eglo] oslee ZA@dFS Holal NOv XZE Eoll 371dsE 93lEA
ARt 1 e Fojeth wEA, ZPAXES o) &shd delads I F e

o2 FHHTH

[

»o§e

e

- 102 —

Collection @ kmou



54 7FHXEE o] &3 1% &3}

5349 AEE Tl 7PHAXES wo|l bl s alEes AT
e ads FNE F dde AS s B HoAe TPHEES RolE

BaAA B 5 Y Tl et AT

sofold |l oal A7|ZES] Zolr} ol Av]e] FHAIRIO]l FhobA
Aadn. #5718 18E 942 JPAXEY EolE WA o=
271EES =Y 5 A RETh JPAXES Aoyt FolA|H AP A o] ZolA
2ol 1WA Ade 7FsshAl gtk Sulzer Technology Reviewel

=3
19 Sl BRAA 4 2/1EES 43 B FEolY 1HS)

PF719) Age AgsAwgS 1 gkW-h #ZaAZzd & Jdokn Bugch skx|vk
Hl7| 257k 25T ~ 30C ZHAEo]l HYl dUAE ZAA7IA dd. &A7|ZEES ‘;%711
259 & IAa

3ta 1 FE0 HEAAE AR fFaESAAYH ol dojH wjr|7ts
Fol(ef 12C74) 3 g/kW-he] d54ams #ay) 7Fessitka Bauska 9lui68]

Fig 5132 7PHXES #H&sto] LES wol& W/ & A5l BZYH T7t=
dS F AT olSgainol " BoFal Stk Ao]Ee] dEES EoI7] HAE
FEBZYA S 7HsT 2A stefof 3T SHos WA FA ANole &7] ZET}
QA ¥ A= A Aelvt xEVL dEA =Y WS BDOMA Hdz &
Ao AR REE dYY 2o] A oE o] FofX7] wEo] EEQ ®o|E

o 9A & g gl ol AVIRbe B@EAA 4TRSS WEA 8o 29

01;|1.r

- 103 —

Collection @ kmou



Gain from

extended expansiog \
o

M b
3 .

-
! 4

Pressure

Pe—f

Miller loss ¥

i
- Extended
Expansion

i 1 I B

Volume

Fig. 5.13 Gain for expansion work from extended stroke

Fig. 514 w78 H dHAIZ]E AQANAS We diAVE T3a =2 FA
Aoty agelA w71 8E 27 A0, )5 TSI O, A7IE AR AAAA
A7|ZEZF 4] AR7A WHE AJA|E th AVIEEVE FEe A7
g3 = 137 degCA oM, Edle AVl 223 deg.CAo|t}y. HjZ|HE9)
23IA]7]1E EVO 110%-E] EVO 130744 AAAA AL Atol| thste] mzdicy,

12 -

oy
o
1

-]
1

Valve lift & Port height [cm]

O

B0
} 5o
' v

90 120 / 150 180 210 240 270
Maximum Ozy,, Crank angle [deg. CA]

Fig. 5.14 Crank angle position for timing of exhaust valve open
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Fig. 5.15 P-V diagram when the timing of exhaust valve open is retarded

Fig 5162 w7181 dYN7/IS AAAPOZN 48 4 9l SFOC o o
EAE UER Ytk M SfEe] 19 HEE A85el 28T 5 U 65% Fa7)
g9 A% 29 HFL Aed] YT £ Ax T AF7 E8Y BS

Fig 517¢ Fig 516% @& 799 wy8udgas] Ao ue Nowael
Atolth. O,y A7I7H AABSE NOE RF Z7H3 93 0,07 B AAH
NOSl We B3 HEe ¢+ Aok

0o XS0l e W aaks SFOCTF gashs Wako 2 ety NOg| gaiss

fle Ao® FAHAY. SFOCY Zafde Ag7] E80] 5255 U 2 A4S ¢

— 105 —

Collection @ kmou



% gk

190.0 -
oNrc: 65%
1880 4 | At S
—_ A
o
2 VAL, w
&L
% 186.0 X
S REF. Nre: 75%
(2]
184.0 T
1.6[g/kWh] 3 X
A4 X X
1820 T T T T T T 1
100 105 110 115 120 125 130 135
EVO [deg. CA]

Fig. 5.16 The results of SFOC for retarded 6,
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Fig. 5.19 The results of SFOC for retarded 6, with sliding device
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Fig. 5.21 The results according to strengthening of Miller effect
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