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Abstract

A numerical model that utilizes Computational Fluid Dynamics (CFD) techniques is simulated for the analysis of a
swirl chamber type diesel engine. This research also reveals the effects of swirl chamber passage hole geometry on the
combustion characteristics of a swirl chamber type diesel engine depending on the shape, angle, and area of the jet
passage. Turbulence kinetic energy is generated by compound effects of the pressure, heat release, NOx concentrations,
and soot concentrations. Results show that combustion characteristics are affected by the passage hole areas and the

passage hole inclination angles.
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1. Introduction

Diesel-powered vehicles are popular for heavy-load
transportation because their fuel efficiency is higher
than that of gasoline-powered vehicles. Although
diesel engines provide convenience in daily life, they
produce foul-smelling emissions that contain many
types of toxic air pollutants, including hydrocarbon,
carbon monoxide, nitrogen oxides, sulfur oxides,
volatile organic compounds, semi-volatile organic
compounds, and soot. To improve air quality, diesel
engines are thus subject to severe emission regula-
tions. These worldwide regulations have placed limi-

tations on design modifications of diesel engines [1-3].

Nitrogen oxide (NOx) and particulate matter (PM)
emissions of diesel vehicles are regarded as sources
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of air pollution, and a global trend to enforce more
stringent regulations on these exhaust gas constituents
began in the early years of the 21st century. On the
other hand, the excellent thermal efficiency of diesel
engines is a welcome attribute from the standpoint of
conserving energy and curbing global warming [4].

To simultaneously realize reduction in harmful
emissions and improvement in fuel consumption of
the swirl chamber type diesel engine, reduction of the
mixture formation period and complete combustion
must be pursued. Therefore, an optimum combustion
chamber to achieve these tasks must first be designed.
Theoretical and semi-experimental methods exist for
the design of the swirl type combustion chamber, but
the aberrations are too great. The currently used de-
sign method is mainly to optimize the process using a
trial and error method based on accumulated knowl-
edge [5-7].

In a swirl chamber type diesel engine, a strong
swirl is produced inside the swirl chamber upstream



3386

of the combustion chamber during the compression
stroke. By spraying the fuel into this chamber and
forming a good mixture, the engine can obtain excel-
lent combustion, even at high speeds. Swirl chamber
type diesel engines are favorable for high-speed op-
erations, and because, while small in size, they can
produce high power, they are often used for small,
high-speed diesel engine applications [8-9]. NOx
generation is reduced in modern engines with fast-
burn combustion chambers. The amount of NOx gen-
erated also depends on the location within the com-
bustion chamber. Because they generally have higher
compression ratios as well as higher temperatures and
pressure, compression ignition (CI) engines with a
divided combustion chamber and indirect injection
(IDI) tend to generate higher levels of NOx [10].

Due to rapid advancement in computer hardware
and the development of effective numerical modeling
software, computer analysis using computational fluid
dynamics (CFD) can quickly provide accurate infor-
mation and complement existing research.

In this study, the effects of the area and the angle of
the passage hole, which in earlier studies have been
investigated and proven to be the primary design fac-
tors of the swirl chamber type diesel engine, were
investigated. The combustion model used for the
CFD simulation was based on the Lagrangian method.
The Ricardo Two-Zone Flamelet (RTZF) model and
the Zeldovich NOx production mechanisms were
used [11, 12]. Through the commercial numerical
analysis program VECTIS, the passage hole area and
angle are varied for analysis of the expansion and
exhaust stages. Through this method, we hope to
provide background knowledge for the design of the
optimum combustion chamber shape.

This paper aims to clarify the combustion charac-
teristics in a swirl chamber-type diesel engine.

2. Numerical analysis

2.1 Analysis model

The main specifications and testing conditions of
the engine are shown in Table 1. In Fig. 1, the shapes
of the engine’s swirl chamber and passage hole are
presented. In order to investigate the effects of the
passage hole area and angle — the main design fac-
tors of the swirl chamber-type diesel engine — on the
turbulent flow and turbulent combustion of the engine,
the two elements were varied, as shown in Table 2,
for use in the analysis model. With Case 1, which has

G. H. Choi et al. / Journal of Mechanical Science and Technology 23 (2009) 3385~3392

Table 1. Engine specification.

Combustion System Swirl Pre-combustion
Bore (mm) 87
Stroke (mm) 1024
Con. Rod Length (mm) 133
Compression Ratio 21
Engine Speed (rpm) 1700
SOI (CA) -18 deg. ATDC
Injection Mass (mg/cycle) 33.865
Table 2. Details of various conditions.
R | R | ey | omd | o)
Case 1 543 | 21.0 35 64.90 5.1
Case 2 54.1 | 211 35 49.51 4.1
Case 3 546 | 20.8 35 81.96 6.1
Case 4 544 | 209 30 64.90 5.1
Case 5 54.7 | 20.8 40 64.90 5.1
o
e
N 7.65mm

SECTION A-A

Fig. 1. Swirl chamber and jet passage shape.

a passage hole angle of 35° and an area of 64.9 mn1’,
serving as the reference, Case 2 and Case 3 were var-
ied in regard to the area of the passage hole, and Case
4 and Case 5 were varied in regard to the angle of the
passage hole.

2.2 Mesh generation

We used the VECTIS program to perform the nu-
merical analysis. The mesh was generated directly
from an STL file, which was compatible with the
CAD model and the general-purpose FE preprocessor
model. The mesh was created to be very fine near the
boundaries to precisely define the surface, and block
refinement was applied to the passage hole and swirl
chamber areas to create fine-grid regions. By adding
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the motions of the valve and the piston, a moving grid
is set on the upper part of the valve and the piston.

The computational mesh for the engine is shown in
Fig. 2. Since the analysis was performed on the top
dead center of the compression process, the exhaust
port and valve were excluded. After the intake valve
was closed, the mesh was generated with the intake
port and the intake valve excluded. The number of
mesh cells generated at the top dead center of the
compression process was approximately 134,000, and
approximately 275,000 at the bottom center of the
exhaust process.

2.3 Computational fluid dynamics (CFD) simulation

Three-dimensional unsteady CFD analysis was cal-
culated using the mass conservation equation, mo-
mentum conservation equation, and energy conserva-
tion equation. When flow was turbulent, particles
experienced random fluctuation in motion, superim-
posed on their main bulk velocity. A number of dif-
ferent models for turbulence, used in predicting flow
characteristics, can be found in fluid mechanics litera-
ture. Turbulence is generated, diffused, and dissipated
by the flow field, and the rate of change of k turbulent

s
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Fig. 2. CFD surface geometry and computational mesh.
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kinetic energy and ¢ the dissipation rate of k should
be considered with regard to the combustion chamber.
In this study, the k-¢ turbulent model was used to
represent the turbulence phenomenon [13].

The combustion model used for the CFD simula-
tion was based on the Lagrangian method. The RTZF
model and the Zeldovich NOx production mecha-
nisms were used.

Fig. 3 shows the schematic representation of the
two-zone model that assumes a burned zone and an
unburned zone. The unburned zone is divided into
two regions: segregated and mixed. In this study, the
mixed region is assumed to mix with air and fuel
fractions, and is used to prepare the chemical reac-
tions.

The turbulence kinetic energy inside the swirl
chamber at the end of the compression process is an
important factor that influences the mixture of the
fuel and air, and the flame propagation. Fig. 4 indi-
cates the average turbulence kinetic energy for vary-
ing crank angles, and Fig. 5 presents the velocity vec-
tor cutting through the swirl chamber at CA 340°.

Turbulence kinetic energy increases until it reached
around CA 100°, when valve lift is the greatest, and
then decreases. It rises again while compression takes

200F 1
Case 1
Case 2
Case 3
-+ Cased
Case 5

150 F | ——

Turbulence Kinetic Energy (m%s?)

0 100 200 300

Crank Angle (deg.)

Fig. 3. Variations in turbulence kinetic energy with crank angle
in various cases.

v

(d) Case 4

Fig. 4. Velocity vector in plan cutting through swirl chamber (CA 340 deg.).
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Unburned zone Burned zone
Segregated region : Mixed region
. 1. .
Air 1 Air Burned air
Fuel I Fuel Burned fuel
Residual air I Residual air
Residual fuel I Residual fuel
Mixing border Flame front

Fig. 5. Two-zone representation.
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(a) Case 1

(b) Case 2

CA 360°
(c) Case 3

(d) Case 4

(e) Case 5

Fig. 6. Comparison of contour plots for combustion progress during the expansion process.

place. Case 4, at CA 100°, is approximately 5% larger
compared to the other cases. It is believed that for
Case 4, with its small passage hole inclination angle,
part of the flow advancing towards the wall of the
cylinder flows into the passage hole as the valve lift
increases creates turbulence. Turbulence kinetic en-
ergy at CA 350° decreases once flow into the swirl
chamber is completed and turbulence near the pas-
sage hole weakens.

3. Results and discussions

3.1 Combustion pressure and heat release

Fig. 6 demonstrates the comparison of contour
plots for the combustion progress during the expan-
sion process. In this figure, Case 2, with the smallest
passage hole area of 49.51 mm’, and Case 4, with the
smallest passage hole angle of 30°, demonstrate rapid
speed in the combustion process; however, the com-
bustion at the end of the compression process leans
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toward the left. Case 3, with the largest passage hole
area, and Case 5, with the greatest passage hole angle,
show slower speed in the combustion process than
those of the other cases. Case 2, with the smallest
passage hole area, demonstrates fast-burn combustion,
with the combustion figure slanting to the left because
of the inertia force.

It is believed that for Case 4, with its small passage
hole inclination angle, the flame angle advancing
towards the wall of the cylinder slants to the left.

For Case 3, which has the largest passage hole area,
burning velocity is slow during the compression
process because of turbulent flow velocity. For Case
5, it is believed that, due to its high passage hole in-
clination angle, the flame propagates close to the di-
rection of the cylinder. The combustion process is
also slow because the burning velocity is slow at the
wall of the combustion chamber.

Fig. 7 indicates the variations in cylinder pressure
with crank angle in various cases. The pressure rises
to CA 347° after the fuel injection starts at CA 342°,
and reaches the maximum pressure value at CA 362°.
The maximum pressure value of Case 3, with the
largest passage hole area, is smaller compared to the
other cases, and the decrease in pressure occurs early
in Case 5.

Figs. 8 and 9 show the variations in the heat release
rate profile and variations in total heat release with
crank angle in various cases, respectively. Here, Case 1,
Case 4, and Case 5 demonstrate similarities in maxi-
mum value of heat release. Case 2, with the largest pas-
sage hole area, and Case 3 show smaller values in maxi-
mum heat release compared to the other cases. It is be-
lieved that for Case 2, the least turbulence in kinetic
energy occurs around the maximum value of heat re-
lease at CA 348°, compared to the other cases. For Case
3, the least flow velocity occurs inside the cylinder.

In Case 2, with the smallest passage hole area, there
is a small decrease of heat release rate before the start
of diffusion combustion. It is believed that flame
propagation in the main combustion chamber is diffi-
cult because of the narrow passage hole, and then the
pressure descent is small and rich combustion contin-
ues to take place. In addition, Case 2 and Case 5 are
no longer compared to the other cases in the period of
heat release in the main combustion chamber. This is
believed to be the reason for the pressure of the swirl
chamber being comparatively high, and the flame
propagation velocity being fast due to the narrow
passage hole.
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Fig. 7. Variations in cylinder pressure with crank angle in
various cases.
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Fig. 8. Variations in heat release rate profile with crank angle
in various cases.
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Fig. 9. Variations in total heat release with crank angle in
various cases.

In Case 3 with the greatest passage hole area, the
heat release rate during the diffusion combustion
process begins late, compared to the other cases, and
the heat release period is shorter.
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The inclination angles of 30° (Case 1) and 35°
(Case 4) result in similar the heat releases according
to the passage hole inclination angles. However, the
diffusion combustion of the inclination angle of 40°
(Case 5) starts later than the others, and the heat re-
lease rate shows itself to be comparatively small;
combustion period is extensive during the combustion
process.

3.2 NOx and soot concentrations

Fig. 10 shows the NOx concentrations with crank
angle in various cases. Table 3 shows the determina-
tion of air—fuel ratios. The NOx concentrations rap-
idly increase during the start of combustion and dur-
ing the initial combustion stage; thus, the production
of concentrations is almost completed at CA 25°.
Here, the concentrations of Case 3 and Case 4 are the
largest, followed by Case 1, Case 2, and Case 5, in
that order.

In Case 2, there is a small decrease in heat release
rate before the start of diffusion combustion. It is
believed that the flame propagation in the main com-
bustion chamber is difficult because of the narrow
passage hole and an excess of oxygen that can com-
bine with the nitrogen to form various oxides.

Table 3. Determination of air—fuel ratios.

Air flow weight, | Fuel flow weight, | , . .
ke/cycle ke/cycle Air—fuel ratio
Case 1 0.000656723 0.000033865 19.392
Case 2 0.000655792 0.000033865 19.365
Case 3 0.000656803 0.000033865 19.395
Case 4 0.000660918 0.000033865 19.516
Case 5 0.000655651 0.000033865 19.361
2500
2000 | v o imam|
//’ B g pinapaspn g
E 1o
=
b3
QO 1000
=
— Case1l
Case 2
500 ———— Cased
— = Cased
——— Case5
0 I I
340 360 380 400 420 440

Crank Angle (deg.)

Fig. 10. NOx concentrations with crank angle in various

cases.
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Based on the passage hole angles, the NOx concen-
tration is highest in Case 4, where the passage hole
inclination angle is 30°. Case 5, with a passage hole
inclination angle of 40°, shows the lowest. The flame
propagation angle is considered to be the axle direc-
tion due to its large its passage hole inclination. As for
the passage hole inclination angle, it is believed that
NOx is affected by the difference in burning velocity
in the main combustion chamber due to the flame
propagation angle.

The formation of NOx depends on pressure, air—
fuel ratio, and combustion time within the cylinder,
with chemical reactions not being instantaneous. NOx
is reduced in modern engines with fast-burn combus-
tion chambers. The amount of NOx generated also
depends on the location within the combustion cham-
ber. The highest concentration is formed around the
spark plug, where the highest temperature and pres-
sure are located. Because they generally have higher
compression ratios (see the CR of Table 2) and higher
temperatures and pressure, compression ignition en-
gines with divided combustion chamber and indirect
injection (IDI) tend to generate higher levels of NOx
[14].

Fig. 11 indicates the soot concentrations with angle
in various cases. The values of soot concentrations
slowly increase after the beginning of combustion and
rapidly increase after CA 365°, when the decrease of
pressure begins. They slowly decrease after CA 385°,
when the maximum value is reached.

In Case 2, soot concentrations rapidly increase in
the swirl chamber because of insufficient supply of
oxygen compared to the other cases. Soot shows the
lowest concentrations in Case 3, owing to the large
passage hole area, which causes slow turbulence flow
velocity and burning velocity in the swirl chamber.
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c 00004 ———— Case3
=] — .= Cased
:.3 —_— I:nses.
g 0.0003 -
/]
7]
1]
£ 00002
-
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Q
0 0.000
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0.0000 f"/

340 380 400 420
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Fig. 11. Soot concentrations with crank angle in various cases.
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Particulate generation can be reduced by engine de-
sign and control of operating conditions. Quite often,
however, this will create other adverse results. If
combustion time is extended by the combustion
chamber design and timing control, particulate
amounts in the exhaust can be reduced. Soot particles
originally generated will take a longer time to mix
with oxygen and be combusted to CO, (see the pas-
sage hole area (A) of Table 2). However, a longer
combustion time means a high cylinder temperature
and more NOx generated [14]. In the soot concentra-
tions according to the passage hole angles, Case 4
(30°) shows close similarity to Case 1 (35°). Case 5
(40°) shows the lowest soot concentrations.

4. Conclusion

This study aims to clarify the combustion charac-
teristics in a swirl chamber type diesel engine using
CFD code. The smallest passage hole area and the
smallest passage hole angle demonstrate rapid speed
in the combustion process, but the combustion at the
end of the compression process leans toward the left.
The largest passage hole area and the greatest passage
hole angle demonstrate themselves to have a slower
combustion process than other cases. In the largest
passage hole area, the heat release rate during the
diffusion combustion process begins later, compared
to the other cases, and the heat release period is
shorter. The inclination angles are similar by com-
parison with the heat releases according to the pas-
sage hole inclination angles. It is believed that in the
largest passage hole area, the insufficient amount of
oxygen cannot combine with the nitrogen to form
various oxides. In the case of the smallest passage
hole area, it is believed that the flame propagation of
the main combustion chamber is difficult because of
the narrow passage hole; moreover, an excess of oxy-
gen can combine with the nitrogen to form various
oxides. In the smallest passage hole area, soot con-
centrations rapidly increase in the swirl chamber be-
cause of a lack of oxygen compared to the other cases.

Nomenclature

A : Passage hole area

ATDC : After top dead center

CA  :Crank angle

CR : Compression ratio

D : Diameter

VR :Volume ratio (swirl chamber/main chamber)
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