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Abstract : Numerical simulations and experiments have been carried out to investigate the effect of fuel injection
nozzles on the combustion and NOx formation processes in a medium-speed marine diesel engine. Spray visualization
experiment was performed in the constant-volume high-pressure chamber to verify the numerical results on the spray
characteristics such as spray angle and spray tip penetration. Time-resolved spray behaviors were captured by
high-speed digital camera and analyzed to extract the information on the spray parameters. Spray and combustion
phenomena were examined numerically using FIRE code. Wave breakup and Zeldovich models were adopted to
describe the atomization characteristics and NOx formation processes. Numerical results were verified with
experimental data such as cylinder pressure, heat release rate and NOx emission. Finally, the effects of fuel injection
nozzles on the engine performance were investigated numerically to find the optimum nozzle parameters such as fuel
injection angle, nozzle hole diameter and number of nozzle holes. From this study, the optimum fuel injection nozzle
(nozzle hole diameter, 0.32 mm, number of nozzle holes, 8 and fuel injection angle, 148°) was selected to reduce both
the fuel consumption and NOx emission. The reason for this selection could be explained from the highest fuel-air
mixing in the early phase of injection due to the longest spray tip penetration and the highest heat release rate after 19°
ATDC due to the increased injection duration.

Key words : Spray visualization(d & %257} A &), Penetration length($d & %) %7 o]), Spray cone angle(¥ #9435
7V, Fuel injection angle($3 &A1 2} £), Nozzle hole diameter(:=2 £ 2] 7)), Number of nozzle holes(:=Z & 7| 5)

Nomenclature A :wavelength of fastest growing wave, m
T : liquid breakup time, s
a : liquid jet or blob radius, m _q P
t :time, s

-

: drop radius, m

. . B : dropsize constant
W :relative velocity, m/s 0 P

£ :maximum wave growth rate, s” By breakup time constant
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Fig. 1 Schematic diagram of fuel injection and spray
visualization system

Table 1 Fuel injection system specifications
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Injection system Cam-driven fuel injection
Injection pressure Variable{up to 2000bar)
Number of nozzle holes 10

Nozzle hole diameter 0.32mm
Injection angle 143°
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Stripping:
r=ByA

where B : 0.61
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Fig. 3 Comparison of simulated and measured spray tip
penetration with the variation of ambient gas density
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Table 2 Submodels used in computational analysis

Physical phenomena Model
Spray breakup Wave breakup”
Spray-wall impingement Senda et al.”

Schiller and Naumann®

Dukowicz”

8

Drop drag

Drop evaporation

Drop coalescence & collision | Dukowicz

Ignition Theobald and Cheng”
Combustion Eddy breakup'”
NOx production Zeldovich'”

Turbulence dispersion Gosman and [oannides'®

Table 3 Engine specifications

Direct injection, turbocharged,

Engine type 6 cylinder diesel engine
Bore X Stroke 210mm X 320mm
Rated power 160 kWi/cyl.
Compression ratio 17

Rated engine speed 720rpm

——

50° ATDC

10° BTDC

134° ATDC

Fig. 4 Computational grids
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Table 4 Test nozzle configurations

Nozzle Nozzle | Injection Max. inj.
. . Area
No.| Dia.xNo. | flowarea | duration change press.
m | mm) | (ms) = | (ban)
1 0.30X9
0.6434 7228 -11.1% 1564
2 0.32x8
3 0.32X9 0.7238 6.807 0 1410
4 | 032x10
0.8045 6.386 | +11.1% | 1282

5 0.34x9
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Fig. 7 Simulation results of spray tip penetration
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Fig. 9 Heat release rates with different fuel injection angle
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numbers in the brackets means fuel injection angle)

[e]

2
2

ot > lo

A
k)

1]
g
It
g o

% 9ok olo]
o 4707} )

e

oy

g gy 2
4
)
: o
L i—{g o
r
iy T
flfor
B
oY,
o
ol\

o D
o 2

off &
(R to o

Moo ox vy

by
A
=
o
flo
u=
B
ot
bl
Z
@)
B
L
o
of
lo

i et
e}
e
XN
2
oy
i
lo

o I o SLoHo T E
ol
-
N
olN
N
&
g T
S oy
e 2
i)
[0
i
Mo &%
Ru
U
2
£

A T (A =2
ox Ml O o ox T N
r{mimgzﬁoi—?j’
tlo
e
N o H}m
NN & I
2o T f
X 28k
B
ol 2oy
flz 3
oo
o
ﬁ',;r&ﬁ
S,
w b o
T &
o
=)
Z
@)
»®

o
o
N
N
o3l
i
N
— 9
=)
M
o
0



Ui CPoINS) NOx MZE 9B elRREAE AAE a7

Hyundai HIMSEN H21/32 th& t]2
W NOx =FA) o]l #2491 g BA}
X73817) flsted 349 A4 s
o1 Ay ohgy) i)
1) Az & A} 257} &

FEI) A7 A

wj el g 1eke] EFHEo] St
&0 ghaahis v NOx A -2 <
2) ke F Aol TUIESE A 2

&}a1 NOx WHA -8 Z7b3kAY
o4 o2 1t

3) it % N5 7RSS A5 2% 8 NOx
o

7ol Wl 9 A% whgo

N

|

1

&

2 o
|

o 4

4) e w F S

=
e =< .
5) 100% 5-3t A, =35 & 2173, 0.32mm, =% & 7}
(o]

References

1) A. Al-Sened and E. R. Karimi, “Strategies for
NOx Reduction on Heavy Duty Engies,”
CIMAC Congress, Hamburg, pp.272-280, 2001.

2) M. A. Patterson, S. C. Kong, G. J. Hampson
and R. D. Reitz, “Modeling the Effects of Fuel
Injection Characteristics on Diesel Engine Soot
and NOx Emissions,” SAE 940523, 1994.

3) J.Y.Kim, W. H. Yoon and J. S. Ha, “A Study on
the Numerical Prediction of Heat Release Rate and
NOx Production in Medium-Speed Marine Diesel
Engines,” ASME ICED/RTD Fall Technical
Conference, Erie, Pennsylvania, pp.137, 2003.

4) R. D. Reitz, “Modeling Atomization Processes in

High-Pressure Vaporizing Sprays,” Atomization
and Spray Technology, Vol.3, pp.309-33, 1987.

5) J. Senda, M. Kobayashi, S. Iwashita and H.
Fujimoto, “Modeling of Diesel Spray Impin-
gement on a Flat Wall,” SAE 941894, 1994,

6) L. Schiller and A. Z. Naumann, VDI 77,
pp.318- 320, 1993.

7) I. K. Dukowicz, “Quasi-steady Droplet Change
in the Presence of Convection, Informal Report
Los Alsmos Scientific Laboratory,” LA7997-MS.

8) J. K. Dukowicz, “A Particle-Fluid Numerical
Model for Liquid Sprays,” J. Comp. Physics,
Vol.35, pp. 229-253, 1980.

9) M. A. Theobald and W. K. Cheng, “A Numerical
Study of Diesel Ignition,” Energy-sources Tech-
nology Conference and Exhibition, 87-FE-2, 1987.

10) B. F. Magnussen and B. H. Hjertager, “On
Mathematical Modeling of Turbulent Combus-
tion with Special Emphasis on Soot Formation
and Combustion,” Sixteenth International Sym-
posium on Combustion, 1977.

11) J. B. Heywood, Internal Combustion Engine
Fundamentals, pp.572-577, McGraw-Hill, 1988.

12) A. D. Gosman and E. Toannides, “Aspects of
Computer Simulation of Liquid-Fueled Com-
bustors,” AIAA, pp.81-323, 1981.

13) R. D. Reitz and R. Diwakar, “Structure of High-
Pressure Fuel Sprays,” SAE 870598, 1987.

14) C. K. Sarre, S. C. Kong and R. D. Reitz,
“Modeling the Effects of Injector Nozzle
Geometry on Diesel Sprays,” SAE Technical
Paper Series 1999-01-0912, 1999.

15) K. S. Cha, W. I. Chung and C. G. Park, “A
Study on Spray Behaviors with Variation of
Nozzle Diameter in the Diesel Combustion
Chamber,” Transactions of the KSAE, Vol.8,
No.3, pp.18-27, 2000.

16) H. C. Yang, Y. K. Choi and H. S. Ryou, “A
Numerical Study on the Break-up of the Fuel
Spray in Diesel Engine,” Transactions of the
KSAE, Vol.3, No.6, pp.8-22, 1995.

17) Y. H. Chi, J. H. Lee and E. S. Kim, “An Experi-
mental Study on Spray Pattern and Droplet Size
Distribution of Diesel Spray,” Journal of the
KSAE, Vol.14, No.3, pp.102-108, 1992.

Transactions of the Korean Society of Automotive Engineers, Vol. 12, No. 6, 2004 65



