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The theoretical investigation on influence the fuespray geometry on the combustion
and emission characteristic of the marine diesel gme

The paper presents an analysis of the influenctheffuel spray geometry on the combustion and @nissharacteristic of the
marine 4-stroke Diesel engine. Presented analysis prapared based on computational fluid dynamic ehd@FD). Initial and
boundary conditions of the model as well as datal ieamodel validation were collected during the lediory study. Calculations were
conducted for two different fuel injectors with chadgiozzle holes diameters, the number of nozzés fawid the angle between holes
axis. The increase of the fuel nozzle holes dianceigses the decrease of the fuel spray tip petietrabut simultaneously the decrease
of holes number causes that auto-ignition delayaschanged. The increase of the angle between haledfrom 150 to 158° causes
fuel ingintion near cylinder head wall. Result ofstlis the increase of CO fraction. The deterioratminfuel combustion causes the
decrease of NOmass fraction in the cylinder also.
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1. Introduction characteristic [20]. The increase of fuel conicguses the

Commonly used sources of mechanical energy on shiffgrease of the spray cone angle and the decrdas®,0
are Diesel engines. The source of mentioned eniergye  emission [21]. The key factor for the Diesel engiefor-
combustion process in engine cylinders. Productsonf- mance and the emission is the fuel injection timiggrly
bustion process are emitted into the atmospheredaado fuel injection causes the delay of the fuel igmitidue to
large dimensions of marine engines and many weéks lower pressure and temperature in the engine atind
continuous operation the air pollution is larger ERample According to [9] the delay of fuel injection caus&e in-
marine engine with nominal power of 20MW consumesrease of CO and NGmission. The sharpness of the fuel
almost 100 tons of fuel per day (on the assumpiforalue nozzle holes edge is important to the fuel atorinahlso
of specific fuel consumption of 200 g/kwh) and en800 [4, 19]. A method of fuel injector activation aftecthe
tons of CQ. Due to the significant air pollution and highparameters of fuel spray. On [26, 23] works measerd
costs of marine engines operation, scientific itigasions results for piezo- and solenoid driven fuel injestavere
are conducted to obtain the reduction of the fegisamp- presented. The energizing of the fuel injector zpelec-
tion. Moreover temperature of the combustion prsecedric system with fuel injection pressure equals &@Mcaus-
should be reducing due to the nitric oxides emissemluc- €s lower tip penetration and higher spray cone eang|
tion. The combustion process in Diesel engine dginis relation to energizing by the solenoid system.hibudd be
mainly determined by the fuel injection process. [Bliel emphasized that available publications concerniifijec-
delivered by the injector is brake-up and simultarsty tors and injection conditions in diesel engineshwamall
evaporated and mixed with air/exhaust gas mixturd adimensions in relation to marine engines [5]. Thanethe
combusted. According to [16] non-reacting phasduel main target of paper is the theoretical analysithefinflu-
propagation is divided in two stages; primary aadosd- ence of fuel spray geometry on the combustion ded
ary brake-up. The course and parameters of memtionemission characteristic of the marine Diesel engiifeosen
phenomena are determined e.g. by fuel injectiossone, research object is 3-cylinder, 4-stroke, superatthrgnd
diameters of nozzle holes, the fuel flow, pressarghe intercooled marine engine, operated at constar¢csped
engine cylinder and properties of fuel [6]. Thelftem- constant power output.
perature change causes the change of fuel viscasityuel
density. According to this, colder diesel fuel headonger
liquid tip penetration length and a narrower spemgle 2.1. Laboratory test
than the warm diesel fuel. This phenomenon atteithub The study was carried out by using an AL25/30 degie
the poor atomization [18] and the vaporization [Fkhould ski-Sulzer marine, installed in the Laboratory ofernal
be noted that in the case of heavy fuel oil presifitend is Combustion Engines, Gdynia Maritime University. The
not observed [17]. engine was loaded by a generator electrically coedeto

In the literature we can find a lot of work condemh the water resistance and supercharged by the VTR 16
parameters of the fuel injection and their impattttte Brown-Boveri turbocharger. During the tests the ieag
combustion process and the characteristic of earissi was fueled with diesel oil of properties preserited able
According to [2] the increase of fuel injection gsare 1, and operated at the constant speed of 750 rghtam-
causes the increase of N®mission and the decrease oktant output power of 250 kW. Important engine paters
CO emission. The increase of injection pressursesithe are given in Table 2. The fueling system of theimagon-
decrease of SMD of fuel spray leads to better ngixin air  sisted of a Bosch type, mechanically controlled fuenps
and CO reduction. The shape of fuel nozzle holessig: connected to injectors with multi-hole nozzles. Ttypes
nificant impact on the engine performance and domss of nozzles with parameters presented in Table 3ested.

—

2. Experiment description
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Close description of the laboratory test with tlebesnatic

diagram of the laboratory stand and the accuradyranges

of measurement equipment are presented in [10].

Table 1. Fuel oil properties [10]

Parameter Unit Value
Density at 15°C kg/th 827.3
Viscosity at 40°C mits 2.636
Cetane number - 53.2

Table 2. Laboratory engine properties [10]

Parameter Unit Value
Max. electric power kW 250
Rotational speed rpm 750
Cylinder number - 3
Cylinder bore mm 250
Stroke mm 300
Compression ratio - 12.7
Fuel nozzle opening pressure MPa 25
Start of fuel injection ° before TDC 18
Table 3. Fuel nozzles parameters
Fuel nozzle Nozzle 1 Nozzle 2
Number of holes 9 8
Holes diameter [mm] 0.325 0.375
Angle between holes axig]|[ 150 158
Conicity K factor [22] 1 1

2.2. CFD model description

3. Results and discussion

The change of nozzles, presented in Table 3, cabses
change of nozzle holes diameter and the numbeolettas
well as the angle between holes axis. The crog®aearea
of holes of the nozzle 1 is 18.3% lower than thezie 2.
According to results, presented in [12] the inceeakfuel
nozzle holes diameter (nozzle 2) causes the inerefithe
SMD in the initial stage of the injection proceshe effect
of this phenomenon is slowdown of the fuel evaporat
and the auto-ignition. This situation promotes gktion of
fuel tip penetration of not evaporated fuel but goéckness
of the fuel propagation in the combustion chambdower.
The result of this is decrease of both combust@mpiera-
ture and pressure. According to [15] the decresdeecfuel
nozzle holes number causes opposite changes intémesi-
ty of the fuel evaporation and the auto-ignitioméfation to
the increase of the fuel nozzle holes diameter.imtansity
of the combustion process increases also. Thetresthis
is the increase of combustion temperature and, MO
mation. The analysis of the influence of the chagg@f the
angle between fuel holes axis on the combustionga®is
presented in [13]. According to presented resuits in-
crease of mentioned angle causes the increasdeufsity
of the diffusion stage of combustion and the desze# the
intensity of the kinetic stage of the combustioms&t of
this is the increase of both combustion temperatmé
pressure. The increase of the angle causes thresentd the
NO, formation also.

Presented analysis shows that changing the nozide 1

CFD model was prepared on the basis of the movirf§® Nozzle 2 causes complex and in some part dpposi

mesh of the engine cylinder. Mentioned mesh wapgresl
for overall volume of the engine cylinder and alfopre-
paring the calculations for full crankshaft rotatioThe

influence of combustion and emission parameterg. Fi
presents measured values of fuel pressure behahdnjac-
tor. According to presented results the change axzie

moving mesh was prepared using “Fame Engine Pagl’ t 9e0metry causes a little change of fuel pressure.

from the AVL Fire software. Quantitative characséd of
the fuel injection was calculated on the basis @asored
crankshaft position of the injection start, thelfoensump-
tion and fuel pressure measured behind the fuetioj. It
should be noted that mentioned characteristic fiferdnt
for both considered nozzles [3, 25]. The WAVE fhedke-

up model with the Wakisaka modification and the Du-g
kowicz evaporation model were used. The 3Z-ECFM mod éo

el of the auto-ignition and the combustion prockeased on

the Euler description was chosen. The amount aed tt

composition of the mixture in each finite volumefstie

moving mesh are based on the average of NaviereStok

equations and continuity equations. The turbultw fvas
iteratively calculated by the k-zeta-f model withegsure
correction by the SIMPLE model. The "upwind" difer

tial scheme was used to energy balances and tutbule

flows calculation. The central scheme of differahgqua-
tions was used to calculate the flow continuity aopns.
The Zeldowicz’s, the Fenimore as well as fuel megdras
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Fig. 1. Fuel pressure behind the injector

Figure 2 presents the fuel spray tip penetrati@at;uz

of NO, formation are used simultaneously. Detailed dd@t€d for both nozzles. According to presented Iteshe

scription of the model and the validation of cadtidn
results are presented in [14]. The validation ali asthe
initial and the boundary conditions are collectedtiny
laboratory measurements [10]. Model was validatedhe
basis on measured combustion pressure in the eyliawd
the NQ, and the oxygen fraction in the exhaust duct.

increase of the diameter and the angle betweenohxiez-
zle holes and the decrease of the holes numbeegdhs
increase of the fuel tip penetration.

Deteriorations in the fuel tip penetration at tine ef in-
jection are the result of the fuel evaporatitimmeans, that
presented geometrical changes in the fuel nozaleesathe
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increase of the initial fuel droplets diameter. Wimulta- the maximum combustion temperature decreases for th
neous decrease of the nozzles number causeshé¢haittal nozzle 2, but the value of the temperature neaexaust
quantity of evaporated fuel not changed. This phesmmn valve opening (110 after TDC) increases in relation to
is presented on the Fig. 3. calculation results for the nozzle 1. The advantafj¢he
multidimensional calculations is the possibilitytbé calcu-

0.1 Fuel spray tip penetration lation and the visualization of combustion procpasame-
ters in different areas of the cylinder.
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Use the nozzle 2 causes the delay of the fuel esapo
tion at the end stage of the fuel spray by hbthe crank- 10 Combustion pressure
shaft angle position. According to the Fig. 4, thenge of 9
the fuel nozzle geometry influences on the heatisd rate. 8
The delay of the combustion kinetic stage and ttaten- ;
ing of the combustion diffusion stage are obserfegdhe 7
nozzle 2. It should be noted, that the maximum ealtithe s
heat release in the diffusion stage is decreasedhenchar- gs
acteristic of the heat release for this stage ofitagstion is 3 4
narrowed. Moreover, according to presented resihés - 3
auto-ignition delay not changes. This is the resilthe
opposite influence of the fuel nozzle holes nundied the 2 « Nozzle 1
diameter on the auto-ignition delay. It should lo¢ed, that 1 « Nozzle 2
according to [24] the increase of the angle betweales 0
axis causes shortening the auto-ignition delay,ifouhen- -20 0 20 40 60 80 100
tioned citation the maximum angle not exceeti \&flue. angle [*]
The result of heat release changes is the decrfase Fig. 5. Calculated temperature and pressure of oetitn

both combustion temperature and combustion presHige
interesting that according to results presentethénFig. 5.
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Nozzle 1 Nozzle 2

Fig. 6. Calculated temperature of combustion
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Nozzle 1

Nozzle 2

Fig. 7. Calculated fractions of chosen specied@rafter TDC of crankshaft position

The Fig. 6 presents the evolution of the combugpian
cess based on temperature in the combustion chafmber
both considered nozzles. Only the left side of thess
section area is presented due to the axial symnoéttiie
combustion chamber. According to presented reghks
increase of the diameter of fuel nozzle holes caubke
increase of the fuel flow. The development of finethe
combustion chamber is different for both considened-

zles. 10 before TDC in the both cases the combustion

process is started, but for the nozzle 1 the cotithuss

developed on the front of the fuel spray. The fapdction

for the nozzle 2 is more intense and the combustiatart-

ed near sides of the fuel spray. Moreover the Higém-

perature is observed near the wall of the cylirttead. Its
result of increased the cone angle between thenoztle

axis from 150 for the nozzle 1 to 158or the nozzle 2. For
the nozzle 2 the combustion process reaches whllseo
combustion chamber at the TDC crankshaft positiuth ia

opposite to the nozzle 1 the area with not evapdrhtel is

observed near nozzle holes. The combustion prdoesise

nozzle 1 riches the cylinder walls later (af 2® the crank-
shaft position). The comparison of results of tempera-
ture calculation from the Fig. 5 and the Fig. 626t of the

crankshaft position after TDC shows that mean teatpes

for the overall cylinder volume is lower for thezzée 2 but
it is possible to observe areas with higher tentpeea in

relation to the combustion for the nozzle 1 duextended
combustion process. The Fig. 7 presents resultiseofrac-

tions calculation of chosen chemical species fdtr affer

the TDC of crankshaft position.
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Fig. 8. CO and C@mole fractions
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Fig. 9. NQ mass fraction

Presented results confirm the extension of the esmb
tion process for the nozzle 2. The area of the @@dtion
is located in largest part of the cylinder volur@ampari-
son of results presented in the Fig. 6 and the Fighows

that the NQ formation area corresponds to areas with high-

er temperatures for both nozzles. According to ltequre-
sented in the Fig. 7 the combustion process seentm t
more homogeneous for the nozzle 2 in comparisotheo
nozzle 1, but it should be noted, that results mesented
for cross section through the nozzle holes axianghs of
mean fractions of CO and G@br overall volume of cylin-
der are presented in the Fig. 8. The extensiomhefcbm-
bustion process for the nozzle 2 causes the decH#aEG
formation during the combustion. The visible contimrs
near cylinder walls for the nozzle 2 causes theeimse of
the CO formation also. It should be noted thattfoas of
both considered species are similar for both neznlear

10¢ after TDC (end of combustion). The Fig. 9 presents

mean values of the NO mass fraction in the cylinddre
NO fraction equals 90-99% of the overall Naction in
internal combustion engines [1]. According to preéed
results the increase of the fuel holes diameterthedingle
between holes axis and simultaneous the decreasdieeof
fuel holes number causes the decrease of the Nfficina
The reason of this is the decrease of combustieaspre
and temperature. This result corresponds to measure
results [11] and results from the modeling [24].

4. Conclusions

The theoretical investigations of the combustiod Hre
emission characteristic of the marine 4-stroke 8liesgine
are presented. Mentioned investigations are basetien3
dimensional, milti-zone CFD model. According to geat-
ed results following conclusions may be formulated:
The increase of the fuel nozzles holes diametesesau
slowdown of the fuel vaporization and auto-ignitioumt
simultaneous the decrease of the fuel nozzle number
causes that changes in the auto-ignition delaynate
observed. The slowdown of vaporization processhis o
served only at the end of the injection processtdube
increase of the angle between nozzle holes axis.
The increase of the fuel nozzles holes diametesesau
the increase of the fuel tip penetration. The tesiuthis
is the change of fire propagation. The combustion f
the nozzle 2 start near the sides of the fuel spag is
observed near the cylinder walls, meanwhile the-com
bustion for the nozzle 1 is started on the topheffuel
spray.
The change of the nozzle 1 to the nozzle 2 causes t
delay of the combustion kinetic stage and the sharg
of the combustion diffusion stage of the combustion
The maximum value of the heat release in the didfus
stage is decreased and the characteristic of therbe
lease for this stage of combustion is narrowed,tbet
auto-ignition delay is not changed.
The result of the fuel nozzle geometry changinghis
change of pressure and temperature of the combustio
The maximum temperature in the cylinder area is ob-
served for the nozzle 2, but the mean value foralve
cylinder volume is lower in the relation to restitis the
nozzle 1.
The result of the decrease of temperature and ymess
of combustion is the decrease of the,Ni@ction for the
combustion for the nozzle 2.
The CO fraction for the combustion with the noz22ls
lower than for the nozzle 1. This result shouldreated
with the great reserve due to unsatisfactory qtative
validation with measurement values of the presented
model.
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Nomenclature

NOXx
CcO

nitric oxides
carbon oxide

SMD Sauther’'s Mean Diameter
TDC top dead center of crankshaft position
3Z-ECFM three zone extended coherent flame model

CO, carbon dioxide

CFD computational Fluid Dynamic
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