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An Experimental Study on NOx Reduction Performance

of Low Pressure SCR System

Lee, Sung Woo

Department of Marine System Engineering

Graduate School of Korea Maritime and Ocean University

Abstract

The share of freight transported by ship in the world transport market is
very large and freight volume by ship is also increasing. Shipping by ship
accounts for about 80% of the world’s freight traffic. In addition, carbon
emissions from shipping are as low as 3.3% of global carbon emissions.
Therefore, ships are an efficient and environmentally friendly means of

transportation compared to other modes of transportation.

However, the diesel engine, which is mainly used as a propulsion engine
and a power generation engine of a ship, has a problem that a large
amount of NOx(Nitrogen Oxide), which is harmful exhaust gas, is

generated.

According to Annex VI of Maritime  Pollution  Prevention
Convention(MARPOL 73/78), the IMO Tier I standard, which tightened the
emission limits of nitrogen oxides contained in ship exhaust gases, was
applied when ships built after 2016 navigate the NECANOx Emission
Control Area) since 2010. The SCR system is widely used to satisfy these

emission control standards

- viii -
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In this study, the experimental equipment of SCR system was installed,
which is widely used as the nitrogen oxides abatement system and the
demonstration experiment was conducted to see if it meets the Tier Il

performance according to the IMO NOx Technical Code.

The performance of the SCR system was verified through NOx
abatement performance test and ammonia slip test for each load variation
and it was confirmed that the performance of the low pressure type SCR
system satisfies the emission standard of Tier Il as stipulated in Regulation
13 of MARPOL Annex VL

KEY WORDS: LP SCR system, Nitrogen oxides, IMO NOx Technical Code,
Tier IIL

_iX_
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TS ¢ vy =T st SEAQ) L olaksd et B2 3
Arebd o]l AAoin. ikstdas g & HA ol #H 7| A2
XM AES = o] #H 23S EANA HAIFS 72T F Aok =3
HFAom A mgA, Aib dojzERRt oy} ojitEtd S FA
AA 4Hdu1e] dlo] HH, FHEA oS ostAT A, Al Ho] A&
A B FdEe A= FF TIHste] Al o) T4 =T

molA AT AHREA FHEE A2 AaEE25EH dAE o
=84S AAYE olEsts 540] oA Aastseyt d9d A=
o] daitstEE WiEd Ao FAHSA ¥ M thE AHel 2 3
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N
=
X0
rlr
S,
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2RHE BAVl ohUER, dansEe oAe] A B Ao
Q014 Uolrh A AAF W& Az weo] Besi
AYH T Jeol® Bsla Al AaatEEol

MEe FE3 Foste FA0gY

o
N
d
T,
o
N
N,
rlo r
Mo
)
o

2.12 WiZvjEEe] W& 1A TF

2.1.2.1 oj4tEgka wjE 1A

A NAZI T 71 Este] tigk FREIE HEAPCOANAM = A A3 9]
247 s AZE =¥l Rg3te] Adube] vhAavis fAE =95kl ok
F 71 3L HUNFCCO2| =7HE Apdste A7) 8] A3 o
gt Z7teS A= AExo® Yol fAE st Aok 2y A
S A MAAE &Fn HAXNAHA R wet 45 BEste] F7pE A

HT o] ZA|7] ¢ IMOE A7t~ ZH&E7FA171 9
AHAT olo] uwet IMO HAEHAS] T sl SSTH RS A3
(MEPC) 571 3]2](2008\ )2 AjZto.& Mute] ei7tx~ A Weks A
o7 =ofstA HU

fu)
oy
%

m
)
>
PN

>
=
£
A
l:op
o
A

},

<~(EEDI, Energy
Efficiency Design Index), 34 oA &-&-&FA4(EEOL Energy
Efficiency Operational Indicator), A¥hel\ =] & &3] Al A4 (SEEMP, Ship
Energy Efficiency Management Plan)s-©]t}.
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ANzAd T3t o]Akslel A WA Q8 9| AMES EEDI A4k
< = Zoloem, oo vdgsel dE HErtEe] EEDI A4
< THEo] AdEAn. EZF FAS AT 200500 &3 | A &S
SFAFE ALetE EEOL Axbels AAZ Adste] Zhar FRA

ol Hlgo2 A A F= 2013d5-E EEDI, SEEMP 52 #AE
AQSA AL FF =elo] webA EEOL MBM 5 sHFEstrt 2 43
A FA7F AW Aotk 53 MBMS 78 mu Bl ol &g

e BolsAL BadE RasE PHoR A
) g A Qe FAIM HeAF e 2
SJFEAE BHY0Y A0 e gL

2.1.2.2 ALA3E HlE A

Muto 2 RES] HjES BAE AT 7A T AXASEC U A=
MARPOL &A1 VI A135FF o4 FA3skaL 9lom, 1 71Fol thafA =
A3 e BT

D A& i

O Atol] AAHE =9 130 kWE 238t Aukg tar) @

@ 2000 1€ 1¥ o]
sl= AMukg oA 7
of YEHA F= 7

Aol ot
(2) A& A=

© Aol o] HPFA R G BHe] of| FH /) Fol B
9 TR A1 mE PPl BxHE Aukg )
@ JEe B mE T &3 dE £ WolAw BT
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Aute] A9 J# @, 21HF ]
W A g uolol k.

< FHAol A thAl & NOx Ao

rJ

@ A& 7+

@ Tier I :2000d 1€ 1¢¥ ol% 8 2011 1€ 19 Ao dx=

Huto] AAHE Hutg T

— B3 A 0pm) 130 7% : 17.0 g/kWh
— B8 -4 130 o4 ~ 2000 vlgk : 45.0 * n0? g/kWh
— B3 A4 2000 ¢4 : 9.8 g/kWh

@ Tier 1I : 20113 1€¥ 1Y o]%o] Azxw Adle] x5 Adkg t

A 7]

s

— E93d0pm) 130 1wt : 14.4 g/kWh
— B3] A4 130 o] ~ 2000 ®WF : 44.0 * n% g/kWh
— B3| d4 2000 o] 7.7 g/kWh

Tier 1 : NOx HlZEA) 3] D (NOx Emission Control Area) ujol A<
Aukg gAz|#e] 4

— B3 d4pm) 130 #]vk : 3.4 g/kWh
3] %

A<= 130 o)A ~ 2000 =gk 9 * n“%? g/kWh

Tier 1M 7]l HE&H= HARAIE wlEFAN9NOx  Emission
Control Area)& 2016'd 1€¥€ 1Y o|F Hdxd Avto] o] djds 23 &
ol vt &S 713tk Tier I L Tier Il 2 SHIAAY Tier I 29 =
B AdEbo] @i/&i‘r% Hi A8 Y-S gslste o= Tier 1 7
S TEEStodof &, AAxAMSE WS EAEY ol99 NS FNT o
© Tier 11 7]l A gsteiof gttt Tier I = S8 AHre] 49 tA

—
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HE o] AaistE AgAA(el; SCR, EGRIE #Fsto] da4ts}
A8 38 A 1 AEARANE ZEAA Tier I 7]2S wEA]
=S dop ek 9 Aol AgHE Mute] AaisE wWEEAN

dozREH U u, T2 HEFTAAY Wl =

A At aAE gl Y LA, Amel f1s P4 OA Ae)
Tier o), €4 Jug FRAol FHF %o s|S3helof il

o= 3] ¥ (English channeD)s 33l g
o

2 AAsta 20219 14 1958 84

o

@) 71&4 A& 3
19909 1€ 19 o] FRH 20009 1€ 1Y Afolo] Az Xulo] Hx=w
Aubg oA ® F 29 5000 kW 23 2 Jud 9 &
o 71&-2 Tier | o] Eshe WEATS whetok Aok

2.1.2.3 g4zt wijE A

TAX R FiEEEo]l 37 FLE YA A 7] fdA FE&
FetA e AFHY ARE AESHAY, Fol AA S de AR
=2 Zstal ki itk sHAIRE Al E WhEshe
=2 AL AHH A Gl TES Hgo] o]
od & A EFAT "ol Ak oo wEt FAS|AL|FolA = 3
AR TLYUS(MEPOONA i@ dsfe & 7% ZUHY SAA
on, AdAAog FAZ FEANIEH YoM 71EF
=2 3l U7t e AAelth H 2014d €Y MEPC 663} 3]
e FarslE wjEE A F9(SECA : Sulphur Emission Control Area)
Autol A AMGHE ARFY & FHEFS 2020974 0.1%

oj3tE WFEE JlE/NEe A

il
il
f
5
A
ke

SOx ¥ EAIg F8MARPOL F&A Al42)S B sfiolA] 20119
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129 31Y7HA A5/ & FHHEFS 4.5% m/m, 20123 1€ 1Y o|FHH
3.5% m/m, 20201d 1€ 1¥4FEHE 0.5% m/m=Z H-E§HTh s
HlEEA TGl A 2010d 7€
m/m, 2010 7€ 1¢ °]+%¥ 1.0% m/m, 201591¢ 1<
0.1% m/m=zZ A+t At} Table 2.1, 2.2, 2.3°] 2z x<¥H SOx "=
A 7Es 22 Ve

QA7 Asf & FHFS

Table 2.1 IMO SOx emission control standard

Application area Application year & Emission limits

Whole sea area

prior to 2012.1.1.

since 2012.1.1.

since 2020.1.1.

4.5% m/m or less

3.5% m/m or less

0.5 % m/m or less

Sulphur Emission
Control Area
(SECA)

prior to 2010.7.1.

since 2010.7.1.

since 2015.1.1.

1.5 % m/m or less

1.0 % m/m or less

0.1 % m/m or less

Table 2.2 EU SOx emission control standard

Application
Application area | Regulations ppyear Application
EU g A4k A/

EU 3y Auk A S22 A8l AISEE=
U = % I/ 2005/33/EC | 2010.01.01. ST ° ?ﬂ +8=
WEF2 et EE ASfE 3 FF 01 %

m/m °]3} AEfF ARG
— 14 —

Collection @ kmou



Table 2.3 CARB SOx emission control standard

Application area Application year Emission limits

MDO : 0.5 % m/m or less
/ MGO : 1.5 % m/m or less
MDO : 0.1 % m/m or less
/ MGO : 0.1 % m/m or less

2009.7.1.~2011.12.31.

24 Nautical Mile Zone
2012.1.1.~

2124 QA ER vl A

IMO &l &7 K2 A3 (MEPC)ol AutolA ==+ PM A9 Z&
ol gk Fxdo] wol AZHaL ek 53] PM 7Fe-dl BCBlack Carbon)
E 7NEH3EAE IMOTAl B 93 =971 F43] JPH
t}. Table 2.4+= FH IMO MEPC % BLG(Bulk Liquids and Gases
Sub-Committee)ol| A =25 A& PM/BC Aol digh o sy
= 893 Y&olth
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Table 2.4 MEPC BC emission control trend®

IMO
progress

MEPC 58 A& &7 . MEPC 58/INF.21
(2008.08) | - MEPC 58/INF.21 (FOED : BCY Ao 9 ke =9

Discussion agenda

A= &4 : MEPC 60/4/24, INF.20

MEPC 60
(2010.03) - MEPC 60/4/24 ( /\—?J] \3] U]:—c‘L) BC X‘]Z:]'7]§oﬂ Wtﬂ‘ 5:7]1
. - MEPC 60/4/INF.20 (FOED : E=X41} &sjAnt &=

< &1 : MEPC 62/4/3, 10, 16, 18, INF.32, INF. 33
- BIAY eA AuelA MEEE BCY $7 JFCIFU
)2 28l BC ME AZL 93 Moo te
il

2

MEPC 62 | - MEPC 62/4/10 (=29]°]) : BC Z%< 913 A7l 2 A

(2011.07) g AAs7] YA BCe A, =HupH, 7rEwel 9
framework e X33l BilAE MEPC 6591 A&aAtts A
g5 AA

- 274 A BLG &% d3elA Al =2 273

AZ 7 : BLG 16/15/1~5, INF.5

- BLG 16/15/1 (=249)) : A3 HutozHE ] BC w&
o tjgk IMO Ao %4

- BLG 16/15/2 (F]=) : 552 &3] AuteA wjE= & BCY
S

(131(;1(;;;) - BLG 16/15/3 (IPIECA, OCIMF) : BC #j&] g 119
- BLG 16/15/4 (MarEST) : BCe| el 9 57
- BLG 16/15/5 (EUROMOT) : H=A%<& Fsliste AdEe] BC
i = A 7F
- BLG 16/INF5 (R]=) : A8 f EA7 AL Ao 7| o9 E
A gl A 9
(];)I(;lGSé; - A2 gAst g g A e g BAAR] =9 FHlF
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2.2 A&AEEe] A4 2 AR e

2.21 OAZ B AaistE A4A8"
e Aay Fool IV T Ny 95 ol
8 AAENo] O 0.9 EdEEHRE 3 gl(dissociation)ol] o]ate] A
7 5

| gadAsl 1 s BE dmel REREdHN TR FE=

E2 "otk NOxo H4de AMistes Aoz &%, 4tad wiF
T 9 Aio] ALAZe] At AAh 259 AFFel met NOx & %
ot Ao Z]d3 A 7)ol mek E7FshH 1,800K o] e e A4
FollA thr] T N8 4kstel ofalf A4 %= Thermal NOx(€44 Ha
st E) s AR Foll FHE RN AHste] 93 Fuel NOx(A57]4
ArastEm)z ERF1, G4 NOxe= TAl Ed719 Jan] zjolo ¢
Prompt NOx(&5& AA4HEHE)E /7 & + Ut

o
=
N
o
o
S.
(@]
=
Z.
O

) F&o] AaAH o A= Thermal NOx7F NOx&] th &8 21#] 3}A| 3
S

< et e TfiU RS A4 AZ We Fuel

A2 FEFFAM A87F FHER AnddEolA el AT
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2.2.1.1 Thermal NOx(84 4 &A4HSHE)

12 B2 A= 93|
g HH 51 ATFHEANOH, olo] #3F Hxo A= 194613 Zeldovichol
o3t o]FojHTh. NO A9 FH W-&2]e Zeldovich WAYUSZ
(mechanism)o] &t L&z 2] (2.2) ~ Q4HCE FolRth ytr o7 o]

WA e AR FUle ERTo| o2 AN BT E: AR s

efell 283t
O — 20 2.2)
N, +O — NO +N 2.3)
N +0;, - NO+O (2.4)

ARl o8 ALyt = AABRAGE 1700C I LA 2] (2.2)9

o o3 AAUAE AT o] stxAAS DAY WhgE

2] (2.3)2] NOE At FAld AA x5 FEdit) o] AAdA
n Ak

Lavoie5& 8o ot Aio] Hlgo] Hojx= AL 24 249 &=
JEiel A OH 717} EAdH™d 4 (259 ®¥5= NO A
Aol 71 ekal Al ks

N +OH — NO + H (2.5)

ﬂd
i
tlo
=)

Thermal NO¢ AMAL 4% AALPAoA AAhETy ,
A2GHoA ALTE=e AFAIZEe] 4w Folzg gA r]Fo A vk
AElE ZAAAEELS )25 Thermal NOxo]th.

2.2.1.2 Prompt NOx(&& HAAMLE)

Fenimorex= ol€#é 3} F7]9] o E3VIAE O3S ARESE B oA
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H Al dEE kel NOZF 543 8-S A
3tal o] prompt NOZtal ™3 th prompt NO2| AA 7]+ 2] (2.6) ~
(2.10)°] .

CH +N, — HCN + N (2.6)
HCN + O — NCO + H 2.7
NCO +H — NH + CO 2.8
NH +H— N +H 2.9
N +OH— NO +H (2.10)

Prompt NO¢] QAL A8 HE7} 3ol A= Zeldovich ®WAY
ol 93, A5 T=7F 2 oM e B35 r]d 9§ Fenimore
HAUZA o8] AAxFHeA o R A NOo A4
&o] FIAHAEYG g4 FANGE A AL o o] o]d J
2 39 IF gdo) vl e FYo]l= =, Thermal NOxt}t Fuel NOxHE.

o BlFo] ZA ot

2.2.1.3 Fuel NOx(d 571l AA43E)

Fuel NOx= 8 &Ko sigziog Agtsti e
o NOx=Z Z1%¥ Zo|t}. Shawel Thomase 7|A| A5 #7184
dadde B3 AR 37 T 2LY SAFTFA %
AdRre At O Addol dm Kol 23
Q15 th. Haynes®} Fenimorex= Zt7] ot & F7/9 433
E3dstdol H7iske] Fuel NOxo AAdS A73et A=
= OH A EArFo]l A AR
= TAATIH, o] T
< F 7HAY AAA 9s AAH HF AAPEE YAsked 1 F
d

oA RE ZRYARC HaE BRI FFERF WS N

X
B>
oX,
A
)
r o
B>
ol

I
il
(e

o EQ
L

o
I-

As)
b=

o
2,
1o
bl
@)
N
N

tlo B>

e g

119_1,

2
oN
2

B 0@ do ro ’
e

)
2
o fo
e
rlo
2
T
%
H
Ir
=)
o]o

=
@)
z
K
rr
Z
o
i
S
=
™o
©
rO
ofy
=~
oz
o
EI
o ]ﬁ
R

rulm
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AdgitteE MAYES Adstdo 7 1A FE2E Mo] NO =& o&
M3} B33 A NoE A3k NO &E3fivk-g-olth.
Songs < AEdAEdAL

HCN o =& Hdghe F&Faola wj-¢ wE ¥gol=z ZAR ° =
& F 1oy HONE s FHollA =7] 7k el dAAstEov <
g5 Rty dEAd JdorZ Fuel NOx &S dF3ted 2 A%
o] Hx grettay Awsla ¢lth. Haynesso] A|¢HeF Fuel NOx w714
o ¢J3}l¥ chain carrier free radicaldl O, H ¥ OH&= HCNO.ZRE 4
Az} Agste] Aerslr]7 @tk HONS FAlo] OH7| 9k ®-%
HNCO<9| F7tAlE A3t CN7|= OH7|¢} HEg3te NCOE A4t
HNCO29} OCN2 11204 EtAE 2 Fhgdxtel vhg3ste] ofvlEst=
(NHie] €t} oA siA A4d=E NH.¢F NH= O, H 2 OH¢} wh&-
NH7| ¢} HAdx7E =, °l o NHisl&ES FE3F4E= 7M.
A= Fuel NO= NH =& 4927 OH ¥ 0%} §Eg-sto] Ay gt

(i,

X

b~

N

o

S

534, [

10i

fu

%—\1

z M

o %

ﬂ—\l

B2
ki

ii

2

_>L—Y~
0%

4 o

|t

ofN o

Z,
@)
P>
Lo
=
TN
=2
of
o
ftlo
=3
rlr
rO
2L
i
rlo
£
v
N
S
N
N
N
0
N
rd
=
&
of
=2
>,

g 2 axt 79 Hd59) Balolth. Fig 22% s A% 2o

4P F& LAV B/Y WEEA S BYFa Ut D" 2Ry FU|%
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o A9 NOx MEEEE & HSGOWNA A Fuch oih Fad
Al

Z7hsta, WANRY A A Bkl RE LEHHO

oo« EMission Control

1,400 (Typical NOx Emission)
6S50MC
(Propeller Curve)
1,200
1,000+ \/
800—
600—
7L28/32H
/—\ (Generator Curve)
400—
350 n J [ 1 o
0 25 M= 100 Load %

Fig. 2.2 Typical NOx emission™

£

Fig. 2.35} Fig. 2.4% A #o]7] CARY A&stE wiEdFS e
Aotk Azlo] syt 45 NOx TAo] HolAe AFFS &
AL, @A Tier M 28 Al %34 AN BT P AN NOx Aol &
o]

Aol e Aot

N
o xo
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NOx Emission Status (2 Stroke, MAN)

18 ¢
18 .
17 F
E £ i
E - — IMO NOx limits
o * SIMC [Em==—=SEa
= = 1 = # S46MCC
- ™ ™ + SE0MC
15 B . : = # S50MC-C
Fode L e & m  LEOMC-C
E ] s ®  SEOMC
10 F A g g . = SE0MC-C
1 . u = = L70MC
r : ® STOMC
s b ] ' e S70MCC *
E ] ) = g ® S30MC
= + : ® K8OMC-C
ik S . A S9OMCC
F * G .
C A K9OMC-C
11 E A K9sMC
[ [ | ¥ KIBMC-C *
10 i
D T i e e L L i nn D1 D0 BTA S e 8 i U s B
80 70 30 90 100 110 120 130 140 150 160 170
Engine Rated Speed [rpm]
Fig. 2.3 NOx emission status(2 stroke, MAN)
NOx Emission Status (2 Stroke, Wartsila)
18 .
17 F
L A
r .
8 4 !‘ = ==
C P S —— IMO NOx limits
C . xa X e RTA43TFQSO
- v . a 3 * RTA48TFQS1
L 4 ® RT-Flex 58T(B) FQS 0
[ ® @ RT-Flex 58T(B) FQS 1
- . m  RT-Flex 60C FQS 0
| = ® RTAGUFQSO
L m RTAG2UFQS 1
r ® RTA72U(B)FQSO
C e RTAT2U(B)FQS 1
15 F * & RTAS4T(D) FQS 0
C ® RTAS4T(D) FQS 1
8 ® RTAB4T(B)FQS0
12 B . A RTABAT(B)FQS 1
: 4 RTABACFQSO
r A RTAB4CFQS1
C 4 RTA9CFQS0
nr v RTA9CFQS 1
: *
10 F .
BRI REeE g S SSEaE e EaEEsRuEEE SR StSEEEEEE BE SIS S e i e
&0 70 a0 a0 100 110 120 130 140 150 160

Engine Rated Speed [rpm]

Fig. 2.4 NOx emission status(2 stroke, Wartsila)
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Fig. 2.5+ 75 %9 AxIF3&tol|A AT 4R &3 NOx Sy Aol g 1
ZolH, ARaMEo] HadsE NOxo| B2 F7hste dd

9]},

—l>§

75% engine load
(Engine speed = 112 rpm, MEP = 16.5bar, p,, = 140 bar)

=
=
<
=
S
Q
& 7
£ Cg = Test Results
5|\ —Linear (Test Results)
C X
RS
oo
2 ~— / )Improved NO,/SFOC relation
& — S
& 10 g/kWh

Relative change in NO, value (g/kWh)

Fig. 2.5 Relative change in SFOC and NOx at 75% load
2.2.2 YA7|#e] AAASE A 7E

Az AFE(RE AHAZ], ASEAF Bold 9 HRuIAE)S A3
2A4 dAi Fo AAHE NOxE Z2A7]E 1213 <] o 12>
Aol A MAE wrI7kaE FhHd AR s FAsE 2341 o)
Yo7 o,

Axel HEES HASSAY &S HUskes W 59 1342 U
£ 53l NOx wi=%HE ¢F 30%60% A= AL 4+ oy nj7| 7k~
TAgst= e A NOx ®mlEZS oF 90% o] AH7E
NOx Azt7149] AA3 EFE Table 2.5¢] JERASATE

IMO MEPC 65%}ell EiEl AlA NOx A7 7|« d&s EH, EGR,
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il

SCR, 18] ©]%F A&(dual fuel), 7}2d 87} nEFR oM, A7]A A
Aoz 7t AHE 7HsAol =2 7€ SCR Alx®olgty R EATh
o] AoflA= NOx wi&%F A%t &7} Aoy ez Zx Tier Il 7&&

TEAZ 4 9= EGR 2 SCR systemol] thale] x}A|3] 2by AT

Table 2.5 NOx reduction treatment for marine diesel engine®

Treatment Method Remark
- Methanol
Pre-Treatment Substitute fuel - LNG

- Emulsified fuel

- Fuel Injection timing retard
- Lean combustion
- Rich combustion

Compgyen - Pre-chamber type combustion
- Fuel valve nozzle spec. modification
Internal - High pressure of fuel injection
Treatment Scavenging - Scavenging air cooling
Water injection | - Water mixture(mixed valve)
into cylinder - Water mixture(independence valve)
Water addition - Water mixture into suction air
Cycle - De oxidised furnace
modification - Exchange gas recirculation

- Selective catalytic reduction

Post-Treatment | Emission de-NOx . "
- Catalytic decomposition

2.2.2.1 717} 2 A <=ZHEGR)

EGRe NOx Az< A% 7Mg axzl WY stuyzx 347
(coolen)el] o} W@zte wj7]7k=e] COM HO0 53 2e BE4d 7txvt
g7)e] 9o} x@Ho] EPPoEN EF]Q] FgFo] FUHo]

o el davte 2EASS dAlEM =3 FIAYES @5

Thermal NOx 42 SAge=n HAa NOx 2 FS ol dolth

i
re
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N
1o
e
4
N
-~
[

A& FEVF EE IR ASEHER Aoy
sl7] W&o NOx A4deo] &ol=t}. Fig. 2.6 EGR system

Cylinder
‘_—
Scrubber
= | Air Cooler
| ‘
Gas cooler
for EGR = [
EGR Blower

Fig. 2.6 Schematic diagram of EGR system

HAadzjgel A NOx Ak w7AUFES ttaEE Azho] 829 ddol
© 479 2= AT ol AU 44 RaFHlon o=
3

Aol &Aoo vk A& AAEA e Aeolth. EGR systemE &3
AedE = w7kl FARLS Ny, CO, HO(FEZE7)e|th o] Eo] A
Ao FFS WA 3742 WAUZ] 23] NOxS Ao

(1) 314 a3 (Dilution effect)

025 Ng, CO,, #5712 tiAIst F7] Wl AtAsEE HAaAZIT o
#7712 APS B 44 H59] 747 NOx wiE %S 7HA4A 7] PM#

HC WlE#< S7HA71E o2 Yebgth
(2) €7 a3 (Thermal effect)

T571¢ CO7F dadWz FdE™E F719 nldo] F7tstAl =,
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Q9| Z7kz Qae] A 257k dopAn, NOx MEFo] a3

o HA9 FRE ATE Tt §715 dAlsts EGRe §4 98
T7IET £7] wZel, ojAe] A& B our|rize] 2 9de Plv=

(3) 3}st# &3} (Chemical effect)

g5l FFo 2= CO0F 5719 dsligl7l Udth L2 ATE o
U= kst S o2 AA dAUAE F535te] Ay Ha 255
SF:A o

2.2.2.2 A3 &Y Zu]FX(SCR: Selective Catalytic Reduction)

(D Az

Axolm, 1 Ygl= NOx/} E3HE Hj7]d dEUYHNH)S H7}1shd
SCR Wg7]E TdstaA Sl wtsS o off 3s w4
(2.1D~(2.13)¢} o] A A F B3 ddie BEE IFAAA thrE )

SCR A 2=®l& Hj7|7h2ol] e D24 ES 0% oS =9 F Ue
Ll

Z3h Zlolth Fig 279 SCR %1 34 (process) e 7HFa 02 e
o,
INO + 4NH; + O, — 4N, + 6H,0 (2.1
2NO + 2NO; + 4NH; — 4N; + 6H,0 (2.12)
2NO, + 4NHs + O = 3N+ 6H,0 (2.13)
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Fig. 2.7 SCR reduction process”

SCR Alz=H 9] A=z E= A3t S43 FAdog Qs FHgo] o+
dEYol Ztad4l 844(UWS, Urea Water Solution)E& =2 AF&-35HH
845 AHESE Urea-SCR Al 2®1E Hj7]7k2of @445 A3 EAFSH
of S 2 &8, trEAE T8 NH:E AA8AZG. 249 NHye =

ol 51 NOxeoF A&ste] NooF H:O= Es|AlA NOxE AZLAZIA = o]
W22 EGR A28 2Bt NOx Az &0 11 A4 483 45

shol, qzle] AEEo] Frhste] AnlHe Zwo] Sidrhs A

F& vAle =4

o
rr

(2) NOx A7 &8l 3
Urea-SCR A]2=®l2 SCR Zwjj(¥+-g-7]), DCU(Dosing Control Unit), Ao
AN2ge] 7IAE FEE = o NOx AZE g IS vA= 82
S EE WA E, W AEEER), SHAF Fo] UTh
D w77t e =

7k 7] NHs= ¢F 200C~400C Afeloll A NOx<F whg-ab=dl Hj7]|7}
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29 5 S A Evje] TH2EU) Yol NHy7b v o] &3t
57171 oAH Y A= v SA-SE 98 7|2 7o) "kx] kol NOx<
HE §&o] Wojxih,

2) w74
&£ FUA7F oo
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e
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= SR
L 29Ae) 4R 2719 FHE GFe AL AxolTh WA ol
Eo) 42 SR W FHEEZA Evlo] FHE NHt 7] S s
NOXS whgate] 45l 4 Qe ABEHRAE Fad 4L o7 WE
of NOx AZE&e M7l G5l wulesin, 53] u7esst te A4S
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O
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riot
fol
o
-
ofy
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o
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o
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SAAZFS NOx Hgaso AP 4&F e vA= A=A on &
< ATE $3] NOxok NHzE 22 Fog #EARSEAY NOx$t NH&
1.2+ NO, NO; ¥ NH;E 1:1:3¢] Hl&

y= B

el 9tk NO9F NHzE 1:29] H| &2 EAS 3¢ ALoA HIFLLS
T4 F7bety a2dAs 22 49 vlgdd o3 M3a s A5 vl
st 2318 Fohdk NHzo AR Q1% NHy €3 @/do] sty 2xte
dol A7+ ZA7F YEtdt wEpA SdAFE 7tk 7h2 Ao NHj
2 IUAZ AHEE A 2 HEE BEASIE Zo] uEA st 844
7F dolel A Sa@rea)s FE&Y FHoBER o7& 1o R EA
stodof gtk %A & A BAF 271G BEAF Er]of] F-317F 2 A3
o] Fo A A ¢ko} NHs2 7]8}3tA] 58 4 97F dAT & Q. o5 17

e
3 2 w NOx¢} $-#lofe] n&e 1o|4do g dfof & oz oA,
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3) Ao e 2R

SCR A"l A A wj7|7}29] &= 2 Agol 3 ko wel 1
et SCR(HP SCR) m=+ #9+& SCR(LP SCR) A]2®lo] Aa) T},

KR
o=
].

SERDIE R
&
N0

=
< 2E0A ke 4Ry

A% w717k Hells fate] AdHET. ¢
&

of o5 FoE I olzle TAANE YA

1 NHHSOL(& b4 JEH)E 273 0}741 QU‘], ol SCR v} &H| =

320 ! 4

== 4.0 Bara |
== 1.5 Bara !

300

280

260

240

1,0 15

2,0 2,5 3,0 35

Fuel sulphur content (%)

Fig. 2.8 Required temperatures for SCR related to sulphur content and

exhaust gas pressure'”

SCR +4d Tl 459 &

39S (0.1% ©o|5t= A3k & A< SCR A
28le HP SCR =X LP SCR F7}A] A~ = Xeo] 7}535ho)

1) 129+& SCRHP SCR) Al2=H)

HP SCR Alz=®l2 Az
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2.10& dutAQl HP SCR A|2HlS HAFI

A7y FdHE FHEFVE FE5 ATk T
o wj7|7}2=9F & Xﬂ(reducing agenh)E EA F, 7}AE S

2 HUA Sujeke] & 8ol o3 NOxE #aAlth HP SCR Al
do] A Qzle] HEAA Ao HAEHo| JHAoRE L ¢EHH 2
oA v whgo] AT Az Fafol] wel, BEAA ATe] w7
7b2s =7 Frke] 2EHT of 50T~175C A= £ o2 3 4=
7F =2 FHo S0 E A& Fuf ¥Hg7]1Y A7) A

719} jEE7] 9ol o AX7F Ha gluke Aol Aol v H
HatA AdAgke] wkgr|7F A=z d43F Suo e HEAA A
A Qo] HAEaL o] wE wjHo] Hasirt, =g <l

Hojof stEE QI 24 Al FIF 8=V HolA 1 & fHo R Ay
st Hj7|7b =] 7 o] TS 4 Ak

i
N

Reducing agent ... 1

Scavenge air receiver

Fig. 2.9 HP SCR system'”
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Vaporiser / Mixer

SCR reactor

Fig. 2.10 Layout of a high-pressure SCR system'

2) A et #FAI(LP) SCR A]2~d

LP SCR A2Hl2 SCR Al&Hl &4 5 & 3ol 0.1% o3kl dx
2 Ag3taa & A9 AX7F 7bSSith LP SCR Al 2Hle EjHx
of AxEug SCR 2a #4e Adgd Fdde] AFHH A 2

B ZEEVF =0 ERF vh3UI7F HEAA Sde] dXHEE HEA
Aol Aes Adoly wiF ZSHoA HP SCR Al2="lef Hlal fFastth. 1
Hu wi7I7b2e] e et dermE vy, 357, 2] 59 A
HI7F FrHAle g Hastal v whgr|el =7]7F AAA "o Fig. 211
7 Fig. 2.12& ¢¥3A<Q LP SCR Al=¥lS HoF3 e, SCR HH-§-7]
(Reactor), &3%}7](AIG, ammonia injection grid), ¥ Burnene} =7|
(Vaporiser) @ 4%7]Blowern)Z o]FojZ E&|AX](DCU, Decomposition
Uni= A4 Eoh

A

s

o

AT ARFE AT FFdx A Fap7t ulg SAY 7]2o] ¥
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h

o
W717ks L8 ARFEAN F5A717] 9, BEY ag oz Ry

& Hlolsj~ WHEGBE Fal Hioldj 2= AA AL Fo
2 B 5 9t o] A% SFOC= F7bshAl "ot

SR E W7k 27 YR el R

s

=3 A8 & ol Avsiret=s NHHSO, A4S &3] A
T %iggi DCUE &8 #HAEZ <o 7t=E 71d 3 AcdANA

RTV  Stack

Fig. 2.11 LP SCR system"’
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Stack

Control Panel

Fig. 2.12 Layout of a low-pressure SCR system'®

H
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ot
(

At 22y HP SCR Al ~=H¥le 7

170 8 sFleke] wH o] 1ol
|olob tme dukg gEd AZAAE A FUIAL =7

£
gﬁ

Mol o2l dAolth. °l of B AFNAE 7 Ee] LgF A%
of F7b2 A& 3 MA7E 7bse LP SCR Axde] AR Sz A

OIN L2 X o
o

HAde §3 NOx Az ”“Oﬂ 3 AFE AT
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A3 AFEA R AW

AEAA = A 4FEeE e, A3 B 2 4H], SCR Al 2=H,

=2
AR Az, B RUHY Axgow FAHA,

el FEEUE 7,860 kW Azl 5 EAE o] &t on, I
TE SCR A2HY A5S FAHE + dv A 72847 A ="
Ao A SCR HHE ZUEHT & 4 e 58 2UHP Ax®e 7
33t Th

31 43 8 T84

311 Agax

Ao AHEE 7S MAN B&WARS] S46MC-C7 Axoz 2™ 67]%
of 7,860 kW, 2 stroke, 129 rpm<&] A48 dxlo|w, vj7|7t~E A 7HA 7]
7] 913 A7 B2 AXFHo A gtk dA FmAgol A FH A
om 7400 kW= +F5Ha Ao mebA A= 7,400 kW, 129 rpm
of @A Ao ATt Table 3.1014 AW A FEAFS e
Row Table 3.20= 72 Aol AEEH= Ad5fo =4S FASAT
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Table 3.1 Specification of engine

Item Description Remark
Model MAN B&W S46MC-C7 -
Bore(mm) 460 -
Stroke(mm) 1,932 -
Currently used
P k ,
ower(kW) 7,860 ot TAOOKW
Power &
Speed 129 -
Speed peed(rpm)
M ffecti
ean effective 19.0 )
pressure(bar)
Fuel Ofl Load 100043, 174 g/kWh )
Oil Load 80%, 172 g/kWh
Consumption | [yb. | System oil 0.15 g/kWh
Oil | ¢cylinder oil 1.0~1.5 g/kWh
Table 3.2 Fuel component
component ratio
H (mass %) 10.80
C (mass%) 87.70
S (mass%) 0.99
N (mass %) 0.13
O (mass%) 0.00
density (g/c) 0.91
AR AeFAE Ao 100% FaF FeolAe B, vte, 1A
AT 2HEL S5 el dEhd 1hoR, Az FHITHolgnE
skt}. Fig. 3.19] Ae3de Az 50%~100% FstollA Z+ A&
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ARz yEhd ygelH, AR Fes Tl & F A

rpm

120

Engine Speed ool 18

*
MEP

bar abs

Mean effective pressure 180 12

140

120

Cyl, Pressura

bar abs
110 4
Maximum pressure j—
100 —

B0 3

Pscav

deg.C

G .
QMPression pressure 450 2

Scavenge air pressure

380

Exhaust gas temperature
inlet to turbocharger 150

Exh. Gas Temp.

Exhaust gas temperature
outlet from turbocharger 770

g/EKWh
180

Specific fusl ol
consumphion 170

SFOC

150

100% Load
|
I I l l l I I I l I l
B55 083 1,210 kKWicyl

Fig. 3.1 Engine performance curve
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312 84
93 OAdd FUA Asge oy 293 A 54 2 452
AFas) Astel TEE Auloln, FHL F
Ast Edlorque)d e AESE HF AEY, 228 Ao/
NEsh PCAl} RO R A of
o) AEAT M HAFE Lhehy e,

Fig. 3.2 Hydraulic dynamometer

Table 3.3 Specification of hydraulic dynamometer

Item Description Remark
Model Fuchino CFSR-20.0 -
Max. Power 26,471 kW at 200 ~ 400 rpm -
1,264,279 N - m
Max. T -
ax. rorque at 128 ~ 200 rpm
Max. Revolution 400~500 rpm -
Torque Measurement
Method Load cell -
Dynamometer weight 60 ton -
— 37 —
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3.2 SCR A|=H
3.2.1 SCR A=l AA7#

3211 £35¢+#

HAA] QA4FER S g ESATE ST A 9
2 f&o] wet FHeHo ERSEHe AAE wr)7kae f5ed AH
HAF oz AH AS(YE m)H=
100%°l1 4 ek 12,5 m/s7} S =5 AASIAT. £ TdSLH dol=
SCR Al2Hlo] w74 APAno] HXA| JAE st Huisk ZdA A
stal g4 gd o] EAIRE AR XE HAE ¢ AERSE st FF A
iy Ax Al HH dolE &SRS 39 Y. Fig. 3.304 s

o] HA NIEE EASA.

L4 ‘ ‘ L L4
[—mi)ungfevaporahon [—dif'fuser [—Ireactur

Fig. 3.3 Design concept of mixed evaporator tube

3.2.1.2 Zuur-$7)
Ao Hahrh 100%2 X" @ NOxo W% =3 Aoy} He=
F3 100%2 &4 2 W mrirts fEF LEE

719 ZujFs A4tete] AASHA T
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Table 3.4= £ SCR Al2Hl9] AdFo AL&H+=
adzl 4717} IMO NOx Tier 1 QZ=AFE AP

W#stel Jepd molth o] g Euje A

Table 3.4 Operation performance of 7,860 kW diesel engine

Engine Load [%] 25 50 75 100
Engine Power [kW] 1,965 3,930 5,895 7,860
Engine Speed [rpm] 81 102 117 129
Fuel flow [kg/h] 381.2 713.9 1,037.6 | 1,411.4
Max. combustion press. [bar] 75.2 104.3 132.4 150.5
Comp. press. [bar] 41.9 68.1 98.8 124.5
Scavenge air temp. before cylinder [C] 29.3 25.0 29.0 35.5
Scavenge air press. before cylinder [bar] 0.3 1.0 1.9 2.6
Exhaust back press.[mmH,0] 12.0 58.5 143.3 228.3
Ambient temp. [C] 15.3 15.8 16.3 17.3
Absolute humidity [g/kg] 7.4 7.2 6.7 7.4
Exhaust Outlet temp. [C] 260.0 250.0 228.8 247.5
Exhaust gas flow [kg/h] 21,814.1 | 38,515.3 | 55,151.6 | 68,788.2
NOx concentration(dry) [ppm] 969.0 930.8 947.3 915.8
CO concentration(dry) [ppm] 106.9 93.6 55.7 62.8
CO; concentration(dry) [%] 3.8 4.0 4.1 4.4
O, concentration(dry) [%] 15.8 15.5 15.4 14.8
THC concentration(dry) [ppmC1] 106.2 116.7 107.3 97.8
Measured NOx Specific Mass flow [g/kWhl] 16.3 13.9 13.5 12.1
Measured NOx Mass flow [kg/h] 32.1 54.5 79.3 95.4
ISO Corr. NOx Specific Mass flow [g/kWh] 16.3 13.8 134 11.9
ISO Corr. NOx Mass flow [kg/h] 32.1 54.3 78.8 93.4
Perf. Corr. NOx Specific Mass flow [g/kWh] 18.7 16.5 16.4 13.8
Perf. Corr. NOx Mass flow [kg/h] 36.8 64.9 96.4 108.1
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3213 &d4A FF

szog A7stux & w AR %z‘s}ﬁé NOx Azt Bagh a4+
N o] EofFF(dosing quantity)S A4 Aot 8A4AFEHe FE= 40%
olm NOx¢] vjl&% Al4k2 IMO NOx Technical Code #15.12.6%2] A4k
= A&k

AR FALEE= 129 rpm o2 E Tier 119 NOx viZ 7|EX &= 144
glkWholxl Tier Il 7]&Xl+= 3.4 g/kWhelth. 2+ 7|&X&
Table 3.4° F¢ =9 A HasE NOx HiEZF W3 2 NOx
Technical Code®] 7lExE& &3t F3pE= NOx wi=ZFe diZstd
Tier 119 A$ A 7k 25%)4 NOx HiE#= 154 g/kWh(30,030
g/h), Azl F3F 100%4 13.9 g/kWh(108,420 g/h)el™, Tier Mo 74-%
AR B3l 25%°lA4 4.4 g/kWh(8,580 g/h), <M F3F 100%l4 2.9
g/kWh(22,620 g/h)o]c}.

AR F3ke] Tier MolA NOx & &FFaHg/hgtol A Tier 112l NOx
Agak(ghzks W 23 A7sfof 3= NOxo A&k ghzhs
T8 4 9on, AR B} 25%9)4 21,450 g/h, 100%°4 85,800 g/ho]
ot} webA NOx Aol 875HE Q4589 FEoFe azl Bab 25%
ol 4 524.03 mL/min, AF F-3F 100% A4 2,096.13 mL/mine]c}.

mSL' o &Y

2o yHoF Tier |2 NOx wiE#HS Tier ll o2 AT A5
He QA4AF8Mo fFFe o BEa 25%0)A4 647.9 mL/min, 0%

3} 100%) A 2,591.58 mL/minZ A A= o},

ko
—H

o] ALtAANE vMtEo R EAAX Y FUA FFA
25%°0 A Tier 112 NOx viZ#S Tier ll o2 AZstux & uw H
83 394 FFHY 90%(470 mL/minE HAZ i A B
Tier 12} NOx wiE&FS Tier l ¥ APstux & w a3 G5

©] 110%(2,850 mL/min)E Hth= HA 3.
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Table 3.5 Dosing flow rate calculation of urea for 7,860 kW diesel engine

Load % 25.00 50.00 75.00 80.00
Power kW 1,950 3,900 5,850 7,800
Weighting factor 0.15 0.15 0.50 0.20
Tier 1
(NOx Limit 17.00 g/kWh)
g/kWh 18.00 17.50 17.00 16.50
NOx flow  rate glh | 35100 | 68250 | 99.450 | 128.700
Spec. NOx flow rate g/kWh 16.96
Tier 1I
(NOx Limit 14.40 g/kWh)
NOX flow  rate g/kWh 15.40 14.90 14.40 13.90
g/h 30,030 58,110 84,240 | 108,420
Spec. NOx flow rate g/kWh 14.36
Tier I
(NOx Limit 3.40 g/kWh)
NOx flow rate g/kWh 4.40 3.90 3.40 2.90
g/h 8,580 15,210 19,890 22,620
Spec. NOx flow rate g/kWh 3.36
Reduction Nox g/h 21,450 42,900 64,350 85,800
g/h 34,964 69,927 | 104,891 | 139,854
Tier 1l Needed urea g/min 583 1,165 1,748 2,331
! gls 9.71 19.42 29.14 38.85
Tier II Needed Liter/h | 31.442 62.884 94.326 | 125.768
urea water mL/h 524.03 | 1,048.07 | 1,572.10 | 2,096.13
solution mL/s 8.73 17.47 26.20 34.94
Reduction Nox g/h 26,520 53,040 79,560 | 106,080
g/h 43,228 86,455 | 129,683 | 172,910
Tier 1 Needed urea g/min 720 1,441 2,161 2,882
! gls 12.01 24.02 36.02 48.03
Tier 1 Needed Liter/h | 38.874 77.747 | 116.621 | 155.495
urea water mL/h 647.90 | 1,295.79 | 1,943.69 | 2,591.58
solution mL/s 10.80 21.60 32.39 43.19
— 41 —
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3.2.2 Ul E
Sl g FHujEe Table 34 Faste] Az &9 100% FEHIY o
ol W77t 7 2 F2 74 A EMHO, 0, CO,; NOx, SO, &

Hj7)17 2 &% 240 CE 7|+=o.2 AA st

2,

NE

Sl AAE AA 21E 7F2E Fd Ad, SuEHEL F=
Hrgste] o] Foo =z HAAHORY HFEFH HelA 7H
Zuj7t 2 F AEE A

Fig. 3.40l& ZFvl A At A &A% Fof 7|&FAAE JERRIATH

Zuje] FQ8 FFHEL Vy05-WO0s-TiO 0l Zwj&Fe 9,19 mo|th&
W 2E52 7F2et A2 150 mm, =o]7F 420 Q] &8 FHvlE ALE-35te] A
Atk 7R, A2 2 9N &Y FuE Zuss TSt Zu
IMFoZ A&t F 243709 @9 7t 285Uk S
F (SV, Space Velocity)= 5,956 hloln Zujo] HEsHZE ZHOE
= A =¥ 100% GEjellA NOx AAH EE&L 74.2% ol’doli AMg &
2 16,00047F == 3do 2 3T

flo
2 ot

B—Ll_

E?[_l’

o
oo
0
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ereof

SCR Catalyst 7|&73AM
NAN D (Technical Specificadon for SCR DaTE
Catalyst)
4 Rav. A
2. Bid Datasheet for catalyst
A, Catalyst
1) Manufacturer NANO CO., LTD.
2) Type/Model Honeycomb/NH-SCR-35
J)  Chemical composition Va0e-W05-TiO;
4) Number of catalyst layer per reactor (initial'future) 311
5) Number of Module installed per layer 81(9x9)
6)  Number of Catalyst installed per layer 324
7)  Catalyst pitch, (mmW x mmL) 4.23x4.23
8) Catalyst wall thickness{mmj) 0.55
a) Catalyst specific surface area (o'o') Approx. 801
10} Catalyst density (0/'cel) 0.5
11) Catalyst void fraction (%) 7362
12) Catalyst block sizé(mmWxmmbLxmmH) 150x150x420
13) Operating temperature, ('C) 240
14) Allowable temperature, min/max.(G) 220 ! 400
15)  Allowable catalyst temperature rising rate ('G/min) 107 /min wp to 1507
Adax. 60 /'mim over 159%
16}  Duration of operating time at min/max.
allowable temperature(hr) continuously
17} Pressure drop at normal operation per layer
Fresh/Dirty, mmH,0O 16.0 / 18.0
18)  Initial Catalyst Volume (=) 9.19
19}  Gas hourly space velocity (hr”) 5,956
20)  Area velocity (m/hr) 7.44
21)  Gas linear velocityim/s)
- At the reactor 3.92
- In catalyst 5.32

Fig. 3.4 Technical specification for SCR catalyst

3.2.3 71ARA

7,860 kW SCR Al 2=Hle] 7|A A= wj7]7}2 vlo]sf & 3-way #

HAA]

i’
.

oL
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i 7] 742~ vlols 2~ 3-way WEAX] 9} 2-way W E AR = SCR A|2Hl o]
gAE ko] IMO7F 27 % NECANNOx Emission Control Area)g 33
gk Fjukg 712 w77t AEs BHEES sk A olth

—

Eatzakke YR Static mixer7} AX® Tk Static mixer AY E=
Scto] QAFEN BEAxZo] AXHH S Foukgr]e fiF
o} AZAHAL

SuRbg71& YA, i8] 2A, gRAR FEEY 9Er] BAE
YHd Ful%F, S5 AAY, SuA4E =53 JFo|zr} X &
A 3 Hol| Zr] E(door)e] &wjZo] MFuE AX At

ZuiRkg-7]e] OFA= EFIEAI HES7] BEAE ddste Aoz
B ohf] Z7)(Guide vane)7} AR E o] wWker] B o] Hi7|7tAS &
FHYETE 0% ol HES FFote FulTolA dAiiMEE ALE
o] Hu7} HA e IS gk
HEg-7] BA YR AxEH SujF A Ao el AXH Fv] E(doonE

T8 Svirses A, 4 SuiRsEd 44 AYE Fu SAAE

=

1=}
i

7] EAek wir] v TE AAs] AR A= wi7I7EE vkl
A Ade=5 A AARY. Fig. 3.50= SCR Alz=®"e] Z7|AZA +4
=5 YEhSla, Fig 360 24 =¥s YeElliith
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HY 7| mHo|=

3 Way HEZX]

=0§ E(door)

H0jurS 7|
Z0iM1E
w E&UO|=
=k I
= —_
Guide vane Static mixer

EAMEE
A 2K

Fig. 3.5 Diagram of SCR system
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Fig. 3.6 Drawings of machinery in SCR System
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iH]

LEGEND
DCU : DOSING CONTROL
UNIT

uT,

SB : STATING BOX
UT : UREA TANK
LT : LEVEL

HOTRE TRANSDUSER
UF UF : UREA FILTER
@ ~4F | UP : UREA PUMP

RY PRI : PRIMARY
PRESSURE REGULATOR

i

;
RV 2ND - 2NDARY
PRESSURE REGULATOR
T:ﬂ‘ PT : PRESSURE
TRANSDUCER
LG : LINEAR CONTROL
VALVE
—ie Si SV SOLENOID VALVE
T FT : FLOW METER

SM : SPRAY MODULE

i

i
o
e M 3
P
iﬂﬁ

AC : AIR COMPRESSOR
Ty AR ; AIR RESERVCIR

PIPING LINE

EREERCTOR (ae (ae) SENSOR SIGNAL LINE
CONTROL SIGNAL LINE
ACTUATING SIGNAL LINE

POWER LINE

=] peceo L.

. RSP Het U200 XA ALY

B ALK HlE

Fig. 3.7 Schematic diagram of urea solution supply System

3.2.5 AS-8& AlA(Sensor)

SCR A"l A5 F A& 918t A27bA AAEe] Azl & SCR Al
"o AX At} Fig. 3.80 AlAe] AX=E Yehlor 2zt AAd
== e 2o

(1) NT(Engine speed Transducer) : e 3|HFE HE
MK =¥ =17} NOx W& FAHAE A4sted AH&H

(2) PT(Pressure Transducer) : 47| <4¥
At @A A 29 =719 NOx wl&%F FAHAE ALst=d AMg-Ht

(3) FT(Flow Transducer) : 3 Way ®3 47 2o HAX|H+= 7}AF3A 9]
H Azl wir|rtagE S5k 93 NOx HiEZF<S Al4tst=d AR

—_ 48 —
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(3) TT(Temperature Transducer) : ®l7]7}2~, 24 JF, Wk 2
| 279 252 HAEslY 3 Way @99 MHE =H3th 42719

_,d
olo
N
A
-4

=

il
=S AE3 NOx 255 HAXE A%ska, NOx MEd F4XE
RASE AT

(5) HT(Humidity, Temperature Transducer) : AU 5= 2
St AlAolH NOX &% ¥ 2% RAXE ZAAs=d AMgdT

(8) NX1, NX2(NOx Sensor) : &35 HAds} wh8-7] &2 NOx
AZE3ta NOx AAZES AS3t QA4FFF Aoje nEgASF

=5
SRS AR

iy off

(13) DPT(Differential Pressure Transducer) : ¥WF2-7] A3Z o] UdHAAE
AE3e v oEATE FAS=H AFEETH

- -
T 4 e
=

DIESEL
ENGINE
LENQID
&2 i VALVE

BLOW
CONTROLLER

N

NT
9 (] “BOSING
PT CONTROLLER
LT
1]
FT 18
DOSING e \‘“
UNT STATION TANK

Fig. 3.8 Installation diagram of sensor for control
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3.2.6 Ao Al2H
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Aol A 2-Elo] ALEE lElmo] 2 FA, NI DAQE %% Az deol
e olgdE g REWNNI208) old=a =¥ ZEENIZ65), HdAE
A - =8 ZENNI9375) 18] CAN 5418 ZENNIB62)ZE o] FoA Ut).
NI9208ol A A 77l ke B ew A7 HdsE, Ay
& HE 5)E 420 mAY B Az JHwel mUEYE T B

SAFE ARse 84E &85 "rh

EARAZAE Aofstr] fsi 8a
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E obg R A< NI9208N A Alskar, opd2 T ¥ =51 NI92659]
A ABEE Aojstes Aas EHIH. AALS AT &Yool WE
= HA"E =9 EE N304 Ao 457} SHH. =3 NI937HRE
S HPAA ] ALdAE A AsE YA "ok a8 SHAA
Z

A& Alojstr] &l NI9265el A &84S E B, wj7] 72~ blo] a2
913 3 Way 9W2RE 289 vw N5 E
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Fig. 3.9 Configuration diagram of control system
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3.3 7F2EA Al=H

Axle] NOx WlE% 3ol 2 SCR Alz®le] HE Assle glalA
=
=
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NOx Technical CodeE T+&sh= 4 AXZ A 2"HS FA39 T
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103} %ol FAstAew GAlAet2 Table

=ojgre |

L
i
| |
HYj 7| 7hA 1
I UREA 2/ 2d

)

[=]
L O A e e L2 .
....................................... =
e A
ol s A2 =X
1L S
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Fig. 3.10 Installation diagram of exhaust gas analysis system
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Table 3.6 Specification of exhaust gas analysis system

Item Description Remark
Model HORIBA MEXA-1600D -
Item NO/NOx, CO, CO,, THC, O, -
NO/NOx . , cLb .
(Chemi-Luminescence Detection), dry
. co NDIR Sa.tlsfles
Analysis P (Non-Disperdive InFrared method), dry requflr;rgents
0 X
method
THC HFH:_) ) Technocal
(Heated Flame Ionization Detection), wet
Code
0 MPD
? (Magneto-Pneumatic Detection), dry
0~500/1000/2000/5000
NO/NOX - N -
(4 ranges or more)
o 0~500/1000 ppm, 0~1/10 % _
(4 ranges or more)
Range
CO; 0~8/16 % (2 ranges or more) -
THC 0~500/1000/2000/5000 ppmC .
(4 ranges or more)
0, 0~10/25 % (2 ranges or more) -
NO/NOx 3.0 s or less -
Rt.esponsfe CcO 3.0 s or less -
fme o COy 2.0 s or less -
analyzer
(T90) THC 2.0 s or less -
Oy 2.5 s or less -

Interference for each
analyzer & Sensitivity
for individual HC

Satisfies requirements of IMO NOx
Technical Code

_53_

Collection @ kmou



Fig. 3.11 Exhaust gas analysis system

3.32 Emivts7] A 7F2E4AI2=H

Eu) wgr] AuelE 8a%ge Rl MBNE Z3E 84
FEUINHS} o] 24 QFHHNCO)S] S0l 7bssta, tlAdzie] 7]
7b2 e 2 NOx W& &S Al &3 & A=F CO, CO, HC, O,
NO. NO7b 2% 7bsd 7hx247]%
w4 F god TR 4L

o]&o] golsta Agol & 7

T;
A
1%
N

Table 3.79<= 7F2E47]19] HFMASS, Fig. 3120 X" 7l=&
27)e] AL ehpict
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Table 3.7 Specification of the gas analysis system before reactor

Item Description
/M;l{l;g; Gasmet(Finland) / DX-4000
- Zh=EA o] wAgANE 48y
- 3509 71A] 7}~ A o] 7t
- A 507}A 7FAE A0 BA s
Features - #A =Ao S T 247
- % 7] 7}F2=F Hot-Wet2 &4

- SAHEA7 WS He
(RS ppmE=olA 1F S % 7FA 7Hs)

Analysis method | Fourier Transform Infrared, FTIR

Range 7t B8 2 ZH Azl wEl BE 120x ©]3}
Gas Analysis --short measurement : 0 ~ 40C
Working Temp. | - long measurement : 15 ~ 25C

Fig. 3.12 Gas analysis system before reactor
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(a) Diagram of Gas analysis system

(b) Gas analyzer & Pretreatment device

Fig. 3.13 Gas analysis system after reactor
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Spectrometric) #2471 HAT HA7]<9 NH; 7t~ A& &4 Ao
o JHHgel e BEFENVES AFHoE A& EHEH Tt AE
i Aol whEste 3o #olA WS FAAIA T Awo] TSt
= AL ol g3t dryolo] wkgS vME dFe W e A dF
= 7lEo|tt. 7p2EA 79 A AFS Table 3.83 2t}

Table 3.8 Specification of the gas analysis system after reactor(Airwell)

ITEM

Description

Remark

Model

Airwell

Applied wavelength

Wavelength 1.5 xm

Measuring range

0 -100 ppm
(ZA AEx 0.1ppm)
*100ppm °]“4A] 1ppm

Concentration range

of standard 0 - 100 ppm ppm FEol AL

calibration EE AEE 2% o)de] H
AU 2 F U

accuracy + 2 % of reading -

Precision 20 = 0.9 ppm

Zero drift 1 h period +-2% BF 712 A¥r|E

Span drift 1 h period +-2% TFE 712 A¥r)E

Sampling Flow rate

3 liter/min under 0.1bar

Sample gas
conditions

Temperature : up to 190C
Moisture content : under
10% vol & dust free.
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Table 3.9 Specification of the gas analysis system after reactor(CLD)

ITEM Description Remark
Model EcoPhysics CLD 60 -
Warm up about 30 min -

Step 4 measurement
P ! 5, 50, 500, 5000 ppm -

range
measurement unit 0.5 ppm -
Zero noise (1% ) 0.2 ppm -

Initial response time 1 sec within 1 meter distance -
response time T=90% 3 sec -
Working temp. 5-40C -

non-condensing,
Humidity Operating Range 5-95% rel. h ambient air and
sample gas

Sampling Flow rate 35 mL/min -

Sampling pressure o} 7§k -

334 ME7h: FHRUHY A2d
ME7ls ZHe fistel MW 3FR ALEAE A FHF B
UHY Azde walstn gont, 49 A S84 515 355

o AARAANE AAGOE FE A, el B 9 AR

[0

Fig. 3.14= tyA AR, ZFajur-&7], IMO 7284 7|(Horiba), FTIR 7}2=~&
21 71(Gasmet), NOx/NH; E417](Airwel)Z2HEle] Z+ZF dlolg 2T E ¢
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................................. (CO, €02, NO/NOX, THE, 02 5)
GASMET 7tA847| A=
______________ (Nz, NHs, HNCO &)
—fm = g —  ARWELL 7RAEN7| M=
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I g | A2 MT HE A
i ey : 0j& CHE ¥E1(0)
I 1 I ]
G 1B 55 i o o u|a
T 1 (5CR £hg 7
L ! Fhag 7| HE R
- H = uy
i ! kLA HORIBA 7147 08 CtE #WE2(0)
T 1
i L 4 1 i
v v v v v
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[EESTN

= L
(sCR et =)

SERIALIRS-232)

Fig. 3.14 Concept of exhaust gas integrated monitoring device
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Fig. 3.15 Exhaust gas integrated monitoring device monitor
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Table 3.10 SCR System component operation test plan

Eneine Engine Load | Stabilization | Test | Experiment
no. load /g ower speed change time time time
P (rpm) (min) (min) (min) (min)
1 [50% | 3,700kW | 80% | 102 20 40 60 120
2 | 50% | 3,700kW | 80% | 102 - - 30 30
3 | 75% | 5,550kW | 91% | 117 20 20 30 70
4 | 75% | 5,550kW | 91% | 117 - - 10 10
5 | 75% | 5,550kW | 91% | 117 - - 60 60
6 | 75% | 5,550kW | 91% | 117 - - 60 60
7 | 75% | 5,550kW | 91% | 117 ¥ - 60 60
8 | 0% O0kW 0% | 0 30 > - 30
Total experiment time 440
80
° / \
60
s / \
2.1
= 40
i1/ t
olif \
o ]I \\
o
o 40 80 120 150 200 240 280 320 360 400
Time({min)

Fig. 3.16 Load variation graph of SCR system component operation experiment
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Fig. 3.17 Speed change graph of SCR system component operation experiment
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AR FAGSAIZHEF 402)°] B a5kt
A7 Rapd A7 sy 548 A i 2 dd &5 s
a4 2= E Table 3.113 Fig. 18, Fig. 3.19¢] XEAIStA
Table 3.11 Parameter acquisition test plan for each engine load
) Engine Load | Stabilization | Test | Experiment
Engine . . .
no. Joad | power speed change time time time
P (rpm) (min) (min) (min) (min)
1 | 100% | 7,400kW | 100% | 129 40 40 10 90
2 | 90% | 6,660kW | 100% | 129 10 20 10 40
3 | 75% | 5550kW | 91% | 117 10 20 10 40
4 | 67.5% | 4,995kW | 91% | 117 10 20 10 40
5| 50% | 3,700kW | 80% | 102 10 20 10 40
6 | 45% | 3,330kW | 80% | 102 10 20 10 40
7| 25% | 1,850kW | 63% | 81 10 20 10 40
8 | 22.5% | 1,665kW | 63% | 81 10 20 10 40
Total experiment time 370
120
100
N\
@ J{ N
—
S B
1% —
L
40 / _\__“\_
20 \
a /
a 40 80 120 160 200 240 280 320 360
Time(min)

Fig. 3.18 Load variation graph of Parameter acquisition test by engine load
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Fig. 3.19 Speed change graph of parameter acquisition test by engine load

343 NOx AZ4% 2 guicl &8 2949

D =34

100% 5B 25% 7bA $31% Zoistel A@sha, 2 Fopd P ATE
o wsle] 3089 AL AT 25%0lA T5%7A 2] Ral WEol
) _

I &5 APk 4 RIEE S5 o

NOx #7435 3 %LE'J% of Slip E‘f"]’éfﬂ A Fat 8 A £5= W

_65_

Collection @ kmou




Table 3.12 Test plan of NOx reduction performance and ammonia slip

Engine Engine Load | Stabilization | Test | Experiment
no. load /gl ower speed change time time time
P (rpm) (min) (min) (min) (min)

1 |100% | 7,400kW | 100% | 129 40 40 10 90

2 | 75% | 5,550kW | 91% | 117 10 20 10 40

3 | 50% | 3,700kW | 80% | 102 10 20 10 40

4 | 25% | 1,850kW | 63% | 81 10 20 10 40

5 | 75% | 5,550kW | 91% | 117 20 20 10 50

6 | 25% | 1,850kW | 63% | 81 20 20 10 50

Total experiment time 310

120

100

NEA

—

g |/ =9 T\
L/ /

Wil -\ —

ﬂ \_
a 40 20 120 160 200 240 280 320
Time(min)

Fig. 3.20 Load variation graph of NOx reduction and ammonia slip test
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Fig. 3.21 Speed change graph of NOx reduction and ammonia slip test
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Fig. 4.1 3-way damper operation test (50%)
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Fig. 4.3 Integrated monitoring system for 3-way damper operation
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Fig. 4.5 Graph of temperature change at SCR reactor inlet
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42 A7 FE AR detoE J54Y

A7 R3E2 100%EE 75%, 50%, 25%% WE3IH vevE S 3557
At AP S Jdgstd o A3 F AR FHvHES S SAHUS
Table 4.1¢] YR QlT Fig 4.6& Z#)=2 vehd Zolth

Table 4.1 Parameter acquisition test result by engine load

Item unit Measured value
Load (%] 100 75 50 25
Power (kW] 7,400 | 5,550 | 3,700 | 1,850
Speed [rpml] 129 117 102 81
Fuel flow rate (L/h] | 1,538.8 | 1,124.5 | 776.0 | 407.7
Fuel temp. [C] 15.0 15.0 15.0 15.0

Charge air temp. [] 43.0 41.0 38.0 42.0
Charge air press. | [kPa] 0.344 | 0.252 0.143 0.054

Engine
Exh. gas temp.
. [C] 241.57 | 223.63 | 240.78 | 248.61
of engine outlet
CO [ppm] 36.0 28.0 25.9 36.0
CO; [vol%] 4.4 3.9 3.8 3.5
NOx (ppm] | 1,178.0 | 1,217.0 | 1,222.0 | 1,162.0
O [vol%] 15.0 15.5 15.7 16.8
HC [ppmC] 61.0 57.0 63.0 88.0
Temp. (] 12.0 12.0 12.0 13.0
atmosphere Humidity [RH.%] | 62.00 53.00 | 46.00 43.00
press. [(hPa] 1,013 1,013 1,013 1,013
Tier I NOx emission limit [g/kWh] 17.0
NOx emission rate [g/kWh] 16.705
— 71 —
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Fig. 4.6 Graph of engine parameter change by engine Load(1)
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Table 4.2 Measurement result of NOx reduction and ammonia slip test

Item unit Measured value
Load [%] 100 75 50 25
Power (kW1 7,400 | 5,550 | 3,700 | 1,850
Speed [rpm] 129 117 | 102 | 81
Fuel flow rate [(L/h] 1,538.8 | 1,124.5 | 776.0 | 407.7
Engine Fuel temp. [C] 15.0 15.0 15.0 | 15.0
Charge air temp. [C] 44.0 41.0 38.0 | 43.0
Charge air press. [kPa] 335 246 141 | 054
Exh. gas temp. of (] 242 228 244 249
engine outlet
CcO [ppm] 35 29 29 30
CO, [vol%] 4.3 3.8 3.1 3.3
Reactor NOx [ppm] 1,124 | 1,138 | 1,046 | 1,028
inlet O, [vol%] 15.2 15.9 159 | 16.5
HC [ppmC] 68 64 61 72
Temp. [C] 247 264 239 237
CcO [ppm] 88.0 99.0 | 76.0 | 53.0
CO; [vol%] 4.3 3.7 3.9 3.3
SCR Reactor NOx [ppm] 155.0 159.0 | 151.0 | 149.0
outlet O, [vol%] 14.7 15.3 156 | 16.7
HC [ppmC] 6.5 8.4 3.1 4.2
NH; [ppm] 3.4 4.3 2.2 5.5
Temp. [C] 250 256 263 244
Reactor gas [mmAq] | 208 | 160 | 88 | 42
pressure drop
NOx reduction rate [%] 86.2 86.0 85.6 | 85.5
Urea dosing rate [%] 96 103 87 80
Urea dosing quantity | [ml/min] | 3,000 | 2,560 | 1,700 | 760
Temp. [C] 14.0 14.0 14.0 | 14.0
Atmosphere Humidity [%] 49.00 | 53.00 | 49.00 | 49.00
Press. [hPal 1,027 1,026 | 1,026 | 1,026
Humidity correction factor 0.93 0.93 0.93 | 0.93
Tier III NOx emission limit [g/kWh] 3.40
NOx emission rate [g/kWh] 2.27
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Fig. 4.7 Graph of engine parameter change by engine Load(2)
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Table 4.3 Coefficient ugs for raw exhaust gas

Cas NOX O e cO2 02
dependi
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Table 4.4 Test cycle for “Propeller-law-operated main and
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