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A Study on Prediction of NOx Emission

from Marine Main Diesel Engine for Existing Ship

Seong-Woon Kim

Department of Marine System Engineering
Graduate School of Korea Maritime University

(Supervisor : Prof. Jae-Sung Choi)

Abstract

As the air pollution has been rather issued, IMO has promised to
enforce and to strengthen gradually the regulation on the NOx
emission from marine diesel engine. Accordingly, the efforts of
measuring the emission for existing engine have been tried. But it
i1s hard to get directly the data of emission from existing ship
because of technical and economical problems. So the prediction of
NOx emission from marine main diesel engine for existing ship,

could be useful method for the purpose.
Generally, 1t has been known that excess air ratio and

combustion temperature are I1mportant factors to control the NOx

emission. Two zone model to calculate the burned gas and unburned

- viii -



gas temperature in combustion chamber could be adopted. However,
the condition of combustion should be changed by excess air ratio
variation 1in cylinder during combustion period. But i1t was

difficult to know the variation of excess air ratio.

In this study, the simulation program was developed in order to
predict the emission from main diesel engine of existing ship
during operation. Modified two zone model was newly proposed. It
was to calculate the combustion temperature by the rate of heat
release obtained from measured cylinder pressure. The temperature
of unburned region was <calculated wunder the assumption of
adiabatic process. And the excess air ratio was investigated to

compare the NOx emission between measured and calculated results.

As the results, it was confirmed that NOx emission is well
predicted by fixed excess air ratio for pratical use. It was
discussed to be adopted the fixed excess air ratio with comparison
of calculation results. In order to apply modified two zone model,

more studies were required.
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Table 2.1 Rate constants for NO formation mechanism

Reaction Rate constant (cm®/mol/s) Temperature (K)
O+ N, > NO + N ki =176« 10”exp(—38,000/T) | 2,000~5,000
N+ NO - Nz + O k, =1.6 « 10" 300~5,000

N+ O; = NO + O ky = 6.4 « 10° Texp(—3,150/T) | 300~3,000

O+ NO — 02 +N ky = 1.5 « 10° Texp(—19,500/T) | 1,000~3,000

N + OH — NO + H k=41« 10" 300~2,500

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

4 Zeldovich HWIZ7FUE WH34 (2-1)~(2-3)o A £+ &S 7, 9 &

EASE K 2 oW NSk N A RS thew o] 43 A,

d[NO]

TR ki [O] [N,]+ky [N]][O,]+ k3 [N] [OH] (2-4)
—k, [NO][N]—k, [NO][O]—k; [H] [NO]
d[d]t” — k7 [0] [Ny]+ & [NO] [0]+k; [NO] [H] (2-5)
—k; [NO] [Nl=ky [O,] IN1= k7 [N] [OH]
A7A, [ 1= 2 AR B = (molecules/em®), kTE  wrSAS

m’/mole « sec) WA Azt [NO],,Z ol&dte] [NOJOl 3t AxS e
2ol Yepd 4= Q.

d[NO] _[ [N] [NO] | [N:] [O]
i l‘ M., TNOL, TN, [o]eJRl (276
(v] [0.]  [NOl (O]
|V, To],, ~ vol, Tol, | ™

(N]  [OH] [NO] [H]
*[ (N, Toml,, ~ TNOl., [H]e,,}Rf“
Ry=k{[0],,[N,] =k [N],,[NO],, (2-7)
R, =k, [N].,[0,] =k [NOL,[O],
Ry=ky [N],[OH], = ks [NO], [H],,

_10_



[O]eq: 1, [02]6(1: 1, [ 2]6(1: 1, (2-8)
[H] 1 [OH] _ 1
(#],, 7 [oH],,
2] (2-8)% 2] (2-6)° tiyste] Aelshd
d[NO] [ [N] [NO] [N]  [NO] ~
— = —[N]eqi[NO]equl}RﬂL [ (V.. TNOl.. R, (2-9)
[N] [NO]
| 17, ol B
~ [NO] ,  [N] = < 1 (o)
0:17]/\1, o = [NO]eqaﬁf [N]eq‘ﬂ' —al Xéﬁlo}ﬁy "} (2 9)L
d[;\io] =(—aB+1)R+ (—B+a)R,+ (—B+a)R; (2-10)
TS ek o= [N disl] AAstH 2 (2-5)& ofeet o] Hr).
dgluﬁmm+@+@namﬁ&nﬂl (2-11)
agg, NS B4 WS gonwm ﬂglq)qaz g = glomz 2
(2-11)2 o7 o] #Hr}.
—BlaR,+ Ry+ Ry)+a(Ry,+R;)+ R, =0 (2-12)

_ Rit+a(R,+Ry)
~ (aR,+ R, +Ry)

A (2-12)& 4 (2-10)9] tYstel He sk
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d[NO] 2R/(1-a’) _
i (1+ak) (2-13)

R
ANNE K= popolth w2139l e olgskd NoUgEA o
3

5% NS 78 + vk, o] Z5E N0 2AF=(ppn)S T 5 U,
4 (2-13) WPshe] Al A hew Pk,

- [NO] _ T
[No]eq xeq
do 2R, (1—a?)

. _

c«dt 1+ ak)
(1+aK) da 2R

eq

4 ¢ R o At
(l_a)(K+1) R (1+a)(K—1):eXp(_ ; ) (2_14)
eq
Al (2-14)4 Newton-raphson Wl 93td aZS +3 4+ At}
4 ¢ R o At
Fla)=(1=a)F ) (14+0) Y —expl— )
eq
’ 2 (0-a)" (K at+l)
/a) (1+a?)
@)
n+1 n f/(Oé)
— . N (e 3
[NO] = « [NO]eqf ar T [mol/cm ]

A E S (mass fraction) {NOy= o3 & #AAE o] &3},
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Fig. 3.2 Schematic of two zone model during combustion




(2) A= e A

% Qo] AHE YEE WEE Py, o, T, T, 57009 5709 #4e) apa
o 71 HA b ue AAFAH AL (TGS gt
dp dv d’T,
T N (3-1)
Py, T,
dap dv, dT,
LT i
dmu),=—dQ,,—A + P+ dv,—=C,, * T, « dmy,—dh, (3-4)
] \%
St UZEZxUb-i—(l—x)vu-‘ﬂ A 2 5E
1 \%
—dV——5dm= zv,+ (1 —a)dv, + (v, — v, )dx (3-5)
m m
A7IM = A8 diHlgoly | vga 22 A Aol A I
dV,=dw « m),=m,  dv,+ v, * dm, (3-6)
av, =d(v e m)uzmu s dv,+v, *dm, (3-7)

A (3-6)= A (3-3)° tidste] okl A(3-8)= =t

dmy, « Gy« Ty +my, « G« dT,
Zde—deb—A . P(mb e dv,+u, ° dmb)—dmlb . C;b « T,+dh,

_18_



m, » C, s dl,+A e Pesm «dv,=AB (3-8)

1
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Fig. 3.8 NO Concentration with two zone model at 167rpm
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Fig.3.9 Variation of mean gas temperature with each excess air ratio

Table 3.1 Results of calculation with two zone model at 167rpm

Pattern NO [ppm] | P, [barl | P [bar]l | Maz.mean Temp.. [K]

R 1.0 1515 103.1 147.8 2407
R 1.5 32 103.8 121.0 1929
R 1.0~1.5 87 103.7 126.0 2007
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4. AZZA
4.1 A7 2 A=y

Table 4.1& X239 A=S

Table 4.1 Specifications of the test engine

Specification

Engine type 6L 42 MC/ME
Number of cylinder 6
Cylinder bore 420 mm
Piston stroke 1,360 mm
Connection rod length 1,638 mm

Max. continuous output

8,123 BHP/ 176rpm

Normal continuous output

6,908 BHP/ 167rpm

Fuel oil injection timing

BTDC 1°

Exh' valve & scav' port

open — BBDC 47°
close - ABDC 47°

Scav' port :

timing Exh valve : open - BBDC 72°
. close — ABDC 80°
e A=S AdUY test cocke Eote] ¢E HlolHE FHsIg o A¥a drE
Adzle] AXA=o] Q&= dIEE Skl AT, =9 4= voHe $3%7] %
A/D 3712 AA PCAl A Astth

1.2 AAC e ASAT 2 9
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Fig. 4.4 Variation of ROHR with each rpm

Table 4.2 Empirical coefficients and input data for double Wiebe function

167rpm 160rpm 150rpm 120rpm

Start of premixed

0p 362.4 361.5 362.0 361.7 combust ion

0 262 4 30 3620 361.7 Start of mixed-controlled
combustion.

de % 18 15 11 Duration of premixed
combust ion

Duration of
0, 40 39 35 26 Mixed-controlled
combust ion

m, 2.2 2.2 2.9 2.9 Premixed combustion
parameter
my 1.4 1.4 1.4 1.4 mixed-controlled
combustion parameter
F, 0.35 0.35 0.35 0.35 |Fraction of premixed
b combust ion

Fraction of
F, 0.65 0.65 0.65 0.65 mixed-controlled
combust ion
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Table 4.4 Mean values of NO & NO; concentration measured according to

engine speed

120 rpm 150 rpm 160 rpm 167 rpm
NO (ppm) 1,064 947 935 965
NOy (ppm) 31 20 19 23
Oz (%) 15.3 15.4 15.1 15.2

Table 4.5 Measured value of NOx concentration at sea trial

115 rpm 144 rpm 164 rpm 171 rpm 182 rpm

NOx (ppm) 1270 1288 1138 1123 1142

02 (%) 15.6 14.8 15.6 15.5 154
1400

-#- Sea trial
pmdse S j’-‘“‘\ —— Measured
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1000 —
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Fig. 4.9 Comparison of measured NOx Conc. between sea trial and navigation
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Case C : To be applied to pattern C and G
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Table 4.6 ¥} T}
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Table 4.6 Comparison of calculation results for NO concentration according

to varied patterns of excess air ratio

120 rpm 150 rpm 160 rpm 167 rpm
Pattern A 10150 5972 4825 4912
Pattern B 8296 5587 4570 4681
Pattern C 6637 2606 1576 1628 A GROUP
Pattern D 7151 4598 3368 3598
Pattern E 6730 3703 3022 3412
Pattern F 5970 2257 1477 1660 B GROUP
Pattern G 4643 1390 853 941
Measurement 1064 947 935 965
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Table 4.7 Comparison of NO concentration between Calculated and Measured

according to varied patterns of excess air ratio

120 rpm 150 rpm 160 rpm 167 rpm
NO NO NO NO
[ppm] | M | [ppm] | | [ppm] | ¢ | [ppm] & De
Measured 1064 947 935 965
Pattern
“Fixed” 1053 | 1.64 924 1.50 | 915 1.44 982 1.44

Pattern "C" 1006 | 1.85 | 940 |1.66| 918 | 1.58 | 947 | 1.58

Pattern "G" 1060 | 1.70 | 942 | 1.55| 923 | 1.49 | 941 | 1.50

A
¢ 2.19 2.18 2.32 2.27
(Calculated)
1200 A
—— Measurement
®m- Fixed
E & Pattern"G"
o —- Pattern"C"
o
€ 1000 -
(=]
L&)
o
=
800 T T T 1

100 120 140 160 180

Engine speed [ rpm ]
Fig. 4.14 Results of NO concentration with various patterns of excess

air ratio
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