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Analysis of an innovative combustion
chamber with the wall guided fuel
injection in a small diesel engine

_Ilker Temizer1 , Öncel Öncüoğlu2 and Ömer Cihan3

Abstract
This paper has included the effects of different bowl geometries which has the wall guided fuel injection. Bowl geome-
tries, which affect in-cylinder air flows, have a great influence on the change of mixture formation. Also, the region
where the fuel hits in the bowl affects all engine parameters. In this presented numeric study, the standard combustion
chamber geometry of a single-cylinder, air-cooled, and direct-injection diesel engine is compared with the designed new
combustion chamber. Four different rotation angles (0�, 7.5�, 10�, and 15�) were determined for the new combustion
chamber geometry and compared with the standard geometry. The three-dimensionally modeled bowl geometries in
3D Computational Fluid Dynamics simulation were examined in terms of in-cylinder pressure and temperature, instanta-
neous and cumulative heat release rate, exhaust emissions (NO, soot, CO, and CO2), temperature/spray, and equiva-
lence ratio/spray at different CA’s. The effects of the different rotation angles of the designed new bowl geometry on
both the air movement and the region where the fuel hits were investigated for the engine parameters. When the
results obtained are examined, maximum in-cylinder pressures for standard combustion chamber, new combustion
chamber 1, new combustion chamber 2, new combustion chamber 3, and new combustion chamber 4 geometries were
obtained 79.5, 75.2, 78, 78.1, and 78 bar respectively, and the maximum in-cylinder temperatures were found 1766,
1742, 1805, 1817, and 1818 K, respectively. According to the results obtained from the numerical analysis, CO, CO2,
and soot emissions decreased while NO emissions increased in the new combustion chamber, compared to the standard
combustion chamber. Examined the spray distributions in bowl, it was seen that the fuel sprays distributed more
homogeneously and flame propagates which is spread throughout the chamber in the new combustion chamber type,
which improved the mixture formation. The wall guided fuel flow in the novel designed chamber geometries beneficial
to turbulence kinetic energy, spray distribution, emissions.
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Highlights

- New combustion chamber is designed in this study.
- It was improved the mixture formation in the com-

bustion chamber. In addition, a more homogeneous
mixture was obtained by providing the distribution
of the fuel assembly to more than one region.

- While lower soot, CO and CO2 were obtained with
NCC bowl geometries than the SCC type, NO
emissions increased.

- In the new design types, it is observed that there is a
slight decrease in the combustion pressure. This situ-
ation causes to run more silently and smoothly of
the engine, resulting in a decrease in thermal and
mechanical loads on the engine parts.

Introduction

Restrictions in emission regulations and high perfor-
mance expectations of drivers have revealed the neces-
sity of investigating the combustion phenomenon in
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internal combustion engines. Studies on this subject
continue at both academic and industrial levels. In stud-
ies lasting more than 70 years, no definite finding on
turbulence could be determined.1 For these reasons, it
is of great importance to examine the in-cylinder mix-
ture formation, injection dynamics, and the complex
structure of the combustion process in the internal com-
bustion engines.2 Figure 1 shows the wall-fuel distribu-
tion interaction.

In order to combustion analysis, it can be done with
software bases such as Fortran, C++, Pascal, where
CFD (Computational Fluid Dynamics) codes can be
written, as well as commercial software such as STAR-
CD, ANSYS, KIVA, FIRE, CFDRC, and VECTIS,
which are widely used today.4,5 As it is known, there
are Navier-Stokes equations in the background of all
modeling studies. It is mentioned in many studies that
the models and equation sets used are reliable and
valid.6–8 Akkus optimized the piston bowl geometry by
using CFD. Standard k-e, Realizable k-e, and RNG k-
e turbulence models were used to see the effects of the
turbulence model on the swirl number. As a result of
the analysis of 92 different bowl geometries, power was
increased by 5.8% and the bsfc by 5.5%, while NO
emissions increased by 15% because of chamber tem-
peratures increase.9 Sener et al.10 analyzed five different
bowl geometries with a CFD program, and their effects
on performance, emission values and combustion char-
acteristics were examined. DE and DF bowl designs
were showed better combustion characteristics and
lower emission values than other designs. In a similar
study, increasing the diameter of the piston bowl posi-
tively affects the in-cylinder temperature, pressure,
emission, and swirl movement.11 In addition, the swirl
movement of the air has a great effect on combustion
and emission.12 In a study, a lateral swirl combustion
system (LSCS) was designed and a conventional v bowl
type was developed. As a result, fuel consumption and
soot emission were reduced, while thermal efficiency
and combustion performance were increased.13 Li
et al.14 analyzed the LSCS and DSCS (Double Swirl

Combustion Systems) using the AVL FIRE program.
It reported that fuel consumption and soot emissions
were reduced with the LSCS geometry. Li et al.15 seen
that the fuel consumption with LSCS was obtained
lower by approximately 4–5 g/kWh at each excess air
ratio. Also, 1.13%–2.8% improvement in fuel con-
sumption and a 63.4%–70% reduction in soot emis-
sions were achieved while an increase in NOx emission
was observed. Thanks to LSCS, the formation of the
fuel/air mixture accelerated and the use of air increased
because of the swirl.16,17

Wei et al.18 proposed a new swirl formation to
improve spray distribution, better mixture quality, and
increase airflow movement by using AVL Fire. The
best emission values and higher engine performance
were achieved at 0.8 swirl rate. A new swirl movement
in the combustion chamber of the diesel engine was
examined and its effect on emissions was evaluated by
using AVL FIRE software. As a result of the necessary
optimizations in the bowl geometry, soot and NOx

emissions had been reduced.16,19 Li et al.20 modeled
two bowl geometries, which the DSCS and MSCS
(multi-swirl combustion system) in the AVL FIRE soft-
ware.21 Lower thermal load, fuel economy, and emis-
sion values were obtained with the DSCS geometry,
while the formation of air-fuel mixture, combustion
characteristics were improved in the MSCS geometry.
Zhou et al.22 proposed a new separated swirl combus-
tion system (SSCS) to improve the effect of air in the
chamber. The SSCS was compared with the DSCS. As
a result, higher thermal efficiency and lower brake spe-
cific fuel consumption were achieved with the SSCS
geometry at different speeds. Park23 showed that the
specific fuel consumption was reduced about 35% with
the best bowl geometry by using the KIVA software.
Ganji et al.24 modeled the hemispherical combustion
chamber (HCC), shallow depth combustion chamber
(SCC), and Toroidal combustion chamber (TCC) geo-
metries by using Converge software. Better air-fuel
mixture and homogeneous mixture were provided with
TCC bowl depth has 1.26mm. Mobasheri and Peng25

Figure 1. Schematic of fuel droplet on the Wall.3
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observed that the NOx emission amount was higher
with less depth, and the brake specific fuel consump-
tion was increased for the depth increasing. In another
experimental study, the standard combustion chamber
geometry of a diesel engine was compared with the
HCC, TCC, and TRCC. The TCC geometry compared
to the others, it was caused better air-fuel mixture for-
mation and complete combustion as a result of provid-
ing higher swirl and squish movement.26 Also, higher
swirl ratio in the piston bowl could be caused to higher
cylinder pressure.27

In another similar study, Toroidal Re-entrant
Combustion Chamber (TRCC), TCC, and HCC and
four different spray angles (150�, 155�, 160�, and 165�)
were used. The engine performance, mixture formation,
fuel consumption, and soot emissions were improved
with TRCC type geometry and 160� injection angle.28

Jyothi and Vijayakumar Reddy29 created bowl geome-
tries in different designs (Hemispherical, toroidal, and
re-entrant toroidal geometries) to create swirl move-
ment in the air. It had been determined that there was
a squish flow affecting the turbulence around the com-
pression stroke the TDC with its re-entrant toroidal
geometry. Jyothi and Reddy30 emphasized that swirl,
squish, and turbulence gave better results in re-entrant
bowl geometry than hemispherical and toroidal geome-
tries. Poulos and Heywood31 observed that the burning
velocity could be increased by changing the bowl geo-
metry. In addition, it was stated that with the increase
of turbulence, the burning duration shortened, but the
heat losses increased and the thermal efficiency
decreased. Nam et al.32 numerically compared A-type,
V-type, and H-type bowl geometries by using the Large
Eddy Simulation (LES) technique. As a result, the A-
type geometry compared to others provided higher
radial velocity and turbulence intensity in the piston
bowl. Blank et al. investigated that turbulence by pla-
cing two small chambers in addition to the piston bowl.
He emphasized that turbulence intensity was more
important than the chemical kinetic effect.33 This
designs similar to the A-type bowl geometry was pro-
vided that recessed geometries reduce soot emissions
and provide fuel economy in diesel engines.34 As a
result, 20% reduction in HC emissions and 24% reduc-
tion in CO emissions were achieved, while a slight
decrease in engine power was observed. In addition, a
significant reduction in the bsfc was detected.

Kalay35 investigated four different combustion
chamber configurations by using Converge CFD soft-
ware. The piston bowl profile showed that given best
results in terms of combustion characteristics had been
determined. Boyarski and Reitz conducted a CFD
analyses of a diesel engine with a 120� injection angle,
they investigated the effects of three different bowl geo-
metry on emissions. Soot was decreased by 89% and
NOx emission was obtained by 86% with the best bowl
geometry at 61% EGR opening.36 Choi et al.37

designed that the new bowl geometry to have a wide,
shallow two-stage bowl that provides adequate spray

penetration with the double row nozzle relative to the

original bowl geometry. Soot, CO, total HC emissions

decreased while NO emissions increased with 60%

EGR opening. Gokbel38 conducted that the MR-1

combustion chamber piston design was made by

obtaining the combustion law that provides optimum

combustion. 9.6% increase in power, an 8.7% decrease

in the bsfc, and a 30% decrease in soot emissions were

observed with the piston design in the 3 LD 510 direct

injection diesel engine. Moreover, as the pressure was

decreased, the stresses, cylinder temperature, and NOx

emissions decreased.39 The MR combustion mechanism

was realized in a double turbulent eddy combustion

environment, combines the advantages of both diesel

and Otto cycles in a single structure40,41 Kutlar et al.42

stated that the geometry of the combustion chamber

significantly affects the turbulent burning speeds.

Demirci et al.43 observed that the start of the ignition

for MR was later, while the burn duration was shorter

than that of the other flat and cylindrical bowl geome-

tries. Moreover, it had been observed that it works

more smoothly in leaner mixtures (l . 1.45) with MR

combustion chamber geometry. According to the test

results, as a result of increased the compression ratio

and decreased the ignition advance, there was a slight

decrease in the mean effective pressure, while the NO

emissions were greatly reduced.44 Unlike the single-

rotation combustion chambers of a conventional diesel

engine, the MR-process has a double rotation that pro-

motes fuel-air mixture formation, providing ideal eva-

poration of the fuel spray oriented tangentially to the

piston walls. KIVA analysis showed that MR-Process

has the potential to achieve better fuel-air mixture, thus

increased the engine efficiency while reduced emission

levels.45

One of the most important parameters determining
the mixture formation in the combustion chamber is
the geometry of the bowl profile. Bowl geometries that
allow in-cylinder airflows have a major impact on fuel-
air mixture formation. Unlike the literature in this
study, a new combustion chamber as a cyclic analysis
was investigated. It was aimed to direct both air move-
ment and fuel spray with the designed bowl geometry.
Novel bowl geometries has directional fuel injection
feature with wall guided. Thus, the fuel sprays guided
to the wall were mixed more evenly and homogeneously
to the two adjacent pocket centers. This feature is new
and has not been found in the literature. Thanks to this
feature, it was ensured that the combustion occurs in
the center with the wall guided as a result of the fuel
hitting the bowl. This situation improved the mixture
formation in the combustion chamber. In addition, a
more homogeneous mixture was obtained by providing
the distribution of the fuel assembly to more than one
region. The directional fuel injection feature in the
novel designed chamber geometries was beneficial to
turbulence kinetic energy, spray distribution, CO, CO2,
and soot emissions.
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Material and methods

Numerical study

Testing an engine with the SCC (Standard Combustion
Chamber) in different operating conditions is very
important in determining the boundary conditions at
numerical modeling. Based on the main dimensions
and technical specifications of the combustion chamber
of the ANTOR 3 LD 510 engine. The analysis of the
existing combustion chamber geometry was carried
out. In-cylinder heat, flow, mixture formation, and
combustion processes were performed in three-
dimensional ANSYS FORTE CFD software. Thus, the
NCC (New Combustion Chamber) model and the SCC
model in the same chamber volume were examined. In
this program, time-dependent solutions were carried
out in the turbulent flow regime to determine the velo-
city, pressure, and temperature values. In the design of
the bowl geometry, radius (R1=11.55, R2=5, and
R3=10.03mm) were defined for the fuel-air mixture
formation and combustion processes. While determin-
ing these values, it was taken into consideration that
the engine should provide a compression ratio of 17.5.
When designing the new combustion chambers, no
changes were made to the engine head and injector
position, so a piston bowl that did not exist before was
designed and positioned taking into account the target
of the fuel spray and in-cylinder air movements. The
center axes of the piston and the bowl are offset by
2.5mm due to constructive reasons, and the center axis
of the bowl and injector nozzle tip are on the same axis,
so different pistons are designed by rotating around the
center axis of the bowl. The radius of this pocket
formed in the bowl of the piston was matched to the
cone center. The designed bowl geometry and SCC
were shown in Figure 2. During the compression pro-
cess in internal combustion engines, the air flow move-
ment in the chamber decreases with the movement of
the piston from the BDC to the TDC. This situation
also has a significant effect on the mixture formation.
NCC type bowl geometry consists of eight (8) pockets
as seen in Figure 2. In the three-dimensional CFD anal-
ysis, the full model was solved. The simulation condi-
tions were given in Tables 1 and 2. In order to obtain
more realistic exhaust emission values, a detailed
reduced chemical combustion mechanism had been
used, the accuracy of which had been tested in many
studies.7,9,46 RNG k-epsilon turbulence model was used
which is more suitable as sub-models in the study. This
model offered the opportunity to examine in a macro
dimension and provided an advantage over other mod-
els in terms of solution time. It is one of the most pre-
ferred models for modeling the engines as suggested by
some the articles.47,48 Adaptive Collision Mesh model
was used for droplet collision. One of the biggest
advantages of this model is that it eliminates the depen-
dency on the mesh structure. The KH-RT hybrid
model, including the Gas-Jet submodel was used to
break up the droplets. The KIVA-based wall collision

model developed by Han was used to calculate the fuel
droplets colliding with the wall.

The gas-phase working fluids in the combustion
engine are modeled as a mixture of individual species,
and this composition changes during the engine cycle
due to flow convection, molecular diffusion, turbulent

Figure 2. SCC (a), NCC (b), and the technical dimensions of
both geometry (c).

Table 1. CFD model parameters.

Bore 3 Stroke 85 3 90 [mm 3 mm]
Compression ratio 17.5:1
Nozzles 4 3 0.26 [mm]
Engine IVC 128�CA BCTDC
Engine EVO 134�CA ACTDC
Engine speed 2000 rpm
Fuel injection rate (mass) 5.11 [mg]
Fuel injection timing
(start and stop)

15� CA bTDC
and 9� CA ATDC

Fuel injection temperature 330.15 [K]
Fuel Mean Cone angle 15�
Air inlet temperature at IVC 380 [K]
Air inlet pressure at IVC 1.095 [bar]
Air Swirl ratio at IVC 1.84
Turbulent Kinetic Energy at IVC 95 [m2/sec2]
Turbulance Eddy Dissipation
rate at IVC

51 [m2/sec3]

Piston wall temp. 575.15 [K]
Cylinder liner wall temp. 475.15 [K]
Cylinder head wall temp. 550.15 [K]

Temizer et al. 3957



transport, interactions with fuel sprays, and combus-
tion. The conservation equation for the mass of species
k is:

∂rk

∂t
+r � rk~uð Þ ¼r � rDryk½ �+r �F+ _rc

k

+ _rs
k k ¼ 1; � � � ;Kð Þ

ð1Þ

where r is the density, subscript k is the species index, K
is the total number of species, u is the flow velocity
vector, and yk ¼ rk=r is the mass fraction of species k.
Application of Fick’s Law of diffusion results in a
mixture-averaged molecular diffusion coefficient D. The
F term accounts for the effects of ensemble-averaging or
filtering of the convection term, that is, F ¼ rk~u� rku,
which has to be modeled. _rc

k and _rS
k are source terms

due to chemical reactions and spray evaporation,
respectively.

In detailed chemical kinetic mechanisms, the reversible
(or irreversible) reactions involving K chemical species
can be represented in the general form49,50;

XK
k¼1

v
0

kixk ,
XK
k¼1

v
00

kixk i ¼ 1; � � � ; Ið Þ ð2Þ

The production rate of the k the species in the i th
reaction can be written as,

_vki ¼ v
00

ki � v
0

ki

� �
qi k ¼ 1; � � � ;Kð Þ ð3Þ

Where qi is the rate of progress of reaction i
The summation of _vkr over all the reactions gives

the chemical source term _rc
k in the species continuity

equation written as;

_rc
k ¼Wk

XI
i¼1

_vki ð4Þ

Wk is the molecular weight

The continuity equation for Turbulent Reactive
Flows is as follows (equation (5)).

∂

∂t
+r: r ~uð Þ ¼ r_s ð5Þ

The momentum equation for the fluid (equation (6))
takes into account the effects of convection, pressure
force, viscous tension, and turbulent convection, as well
as the effect from liquid sprays and mass force.

∂r~u

∂t
+r � r~u~uð Þ ¼ �rp+r � �s �r � G+ �F

s
+ rg

ð6Þ

Here, p is the pressure, Fs is the rate of momentum gain
per unit volume due to the spray, g is the specific mass
force, s is the Viscous stress tensor given below (7).

�s ¼ rv r~u+ ðr~uÞT � 2

3
r � ~uð ÞI

� �
ð7Þ

y is laminar kinematic viscosity, I is the descriptor ten-
sor, T is the subindex tensor transpose. Stress; G indi-
cates the effects of ensemble averaging or filtering of
the nonlinear transport term. In the RANS approxima-
tion it is called Reynolds strain, in the LES approxima-
tion it is called SGS strain.

According to the first law of thermodynamics, the
change of internal energy must be balanced by pressure
work and heat transfer. Flow problems with internal
combustion engines; Convection of a multicomponent
flow must be calculated taking into account the effects
of turbulent transport, turbulent attenuation, sprays,
chemical reactions, and enthalpy diffusion. Internal
energy transport equation (equation (8)):

∂r~I

∂t
+r� r~u~I

� �
¼�pr�~u�r�J�r�H+re+ _QC+ _QS

ð8Þ

I is the specific internal energy, J is the heat flux (equa-
tion (9) occurs by heat conduction and enthalpy
diffusion),

J ¼ �lrT� rD
X
k

~hkryk ð9Þ

l, T, hk correspond to the heat transfer coefficient, flow
temperature, and specific enthalpy expressions of the
species, respectively. e are turbulent kinetic energy dissi-
pation, and, _Q

C
ve _Q

S
are chemical heat dissipation and

spray interaction coefficients, respectively. The H term
indicates the effects of ensemble averaging or filtering of
the convection term.49,50

The fuel assembly was aligned to the nozzles in the
designed combustion chamber. A more balanced gas
force distribution had been occurred with the combus-
tion in the pockets. No changes were made to the struc-
ture and position of the injector. The cone projection
was drawn just like in the SCC. One of the main criteria
in the new design was the eight pocket radii placed from
the top of the piston. While the SCC surface volume is

Table 2. Physical and chemical models.

Turbulent flow Ensemble average flow field in the RANS
(Reynolds-Averaged-Navier-Stokes)

Turbulence model RNG k-epsilon
Wall heat transfer
model

Han-Reitz

Wall boundary Law of the wall
Evaporation model Discrete Multi component (Ra-Reitz)
Droplet Collision Adaptive Collision Mesh Model
Droplet Breakup KH-RT
Soot emission model Included in detailed mechanism
NO emission model Included in detailed mechanism
Chemistry Chemkin based 2 component detailed

diesel mechanism (191 species, 1399
reaction)

Fuel a-methylnaphthalene (a2ch3) %33,
n-decane (nc10h22) %67

Air Ideal gas, atmospheric with %10
residual gas composition

3958 International J of Engine Research 24(9)



22.7mm3 and the bowl surface area is 3819mm2, the
NCC the surface volume is 22.7mm3 and the bowl sur-
face area is 4020mm2 in the Solidworks software.
Thanks to NCC, it was aimed that the fuel was plas-
tered on the bowl walls and rapid evaporation of the
fuel by utilizing the wall temperature. Another impor-
tant design criterion was swirl movements. In the
numerical analyzes was also seen that the swirl of air in
the combustion chamber directed the fuel assembly and
affected its structure. The mixture formation was
affected by the increasing swirl effect at the end of the
intake stroke. Therefore, optimum j (0�, 7.5�, 10�, and
15�) angles for the Wall Guided Fuel Injection (WGFI)
were determined by peripherally the pocket axis at
different angles (Figure 3).

Experimental study

In this study, engine performance characteristics and
in-cylinder pressure/crank angle (CA) data of ANTOR
3 LD 510 diesel engine by connected to electrical
dynamometer were determined. The experimental
results obtained contribute both to the determination

of the boundary conditions in numerical analysis and
the comparison of the results. Thus, the validity and
reliability of the results obtained by numerical model-
ing were tested. Schematic representation of the experi-
mental setup was given in Figure 4. In the experimental
results, the combustion analysis of the engine was car-
ried out using the Febris combustion analysis software.
Febris combustion analysis software recorded in-
cylinder pressures and indicator diagram at different
engine speeds (1550, 1700, 1850, 2000, and 2150 rpm)
for at least 200 cycles for each test point. The cycle clo-
sest to the mean was selected by taking the average of
these cycles. Cylinder pressure was measured using
OPRANT optical pressure sensor, and the CA was
measured by using KUBLER encoder. Table 3 showed
the technical specifications of the diesel engine and the
uncertainty analysis of experimental measurement
devices were given in Table 4.

Result and discussion

Verification of numerical results

In the present study, NCC1, NCC2, NCC3, and NCC4
bowl designs were numerically compared with the SCC
chamber geometry. The difference between the NCC1,
NCC2, NCC3, and NCC4 designs was the rotation
angles of 0�, 7.5�, 10�, and 15� respectively. The three-
dimensionally modeled bowl geometries in Ansys
FORTE software were examined in terms of in-cylinder
pressure and temperature, instantaneous and cumula-
tive heat release rate, exhaust emissions (NO, soot, CO,
and CO2), temperature/spray, and equivalence ratio/
spray at different CA’s. The numerical analyzes were
carried out at 2000 rpm engine speed, at which the max-
imum brake torque was obtained in the engine. In the
study, the engine was operated by using SCC geometry
at 2000 rpm and full load. The operating parameters in
the experiment were used as the initial conditions in the
model, and then the numerical results were verified with

Figure 3. Variation of the spray axis in the combustion
chamber.

Figure 4. The experimental setup.

Temizer et al. 3959



the experimental results. The characteristic curves of a
direct injection diesel engine with SCC are shown in
Figure 5. The test engine was operated at full load and
at different speeds (1550, 1700, 1850, 2000, and
2150 rpm). Figure 5 shows the torque, bsfc, and exhaust
gas temperature variation. In the analyses were chosen
2000 rpm at which the maximum brake torque was
obtained. While the maximum engine torque was mea-
sured as 32.1Nm, the bsfc value was measured as 288 g/
kWh. The determination of these experimental para-
meters is an important indicator of the closeness of
numerical modeling to reality. The amount of fuel
injected per cycle was determined by using the measured
torque and the bsfc values, and it used in numerical
simulations. In Figure 6, experimental and numerical
results were compared in related to in-cylinder pressure
and instantaneous heat release rate at 2000 rpm and full
load. As could be seen from the results, it had been
observed that the obtained results (the parameters
obtained for SCC) were close to each other. As a result,
the validity and reliability of the modeling were tested
for the SCC type. Then, the analysis results of the
NCC1, NCC2, NCC3, and NCC4 designs were com-
pared with the SCC geometry results based on the used
boundary conditions in the modeling.

Evaluation of in-cylinder parameters with numerical
study

Figure 7 shows the variation of in-cylinder pressure
and temperature values of different chamber geometry

designs according to the CA. Maximum pressure values
for SCC, NCC1 (j=0), NCC2 (j=7.5), NCC3
(j=10), and NCC4 (j=15) were calculated as 79.5,
75.2, 78, 78.1, and 78bar, respectively. In the new
design types, it was observed that there was a slight
decrease in the combustion pressure. The evaporation
degree of the fuel and the mixture formation changed
with the NCC type bowl geometries, and it could be
said that this was an important factor in the decrease
of the maximum pressure. On the other hand, maxi-
mum in-cylinder temperatures of SCC, NCC1, NCC2,
NCC3, and NCC4 were obtained for the bowl geome-
tries 1766, 1742, 1805, 1817, and 1818K, respectively
(in Figure 7) at 2000 rpm. As can be seen, the highest
temperature in the analysis was obtained in the NCC3
bowl geometry. Improvement of mixture formation
increases combustion efficiency.51 The increase in local
temperatures in NCC bowl designs compared to SCC
is a consequence of this. However, this could not be
said for NCC1.The heterogeneous distribution of the
fuel drops in the combustion chamber bowls could be
said that the caused to deteriorate of combustion and
the decrease of local temperatures. On the other hand,
the bowl surface area is very important in the pis-
ton.52,53 Increasing the bowl surface area means that
the thermal forces on the piston are reduced and the
amount of heat transfer from the wall increases. In the
numerical study, the total wall heat transfer loss was
found to be 134.31, 143.65, 148.58, 148.9, and 148.66 J
for the standard, NCC1, NCC2, NCC3, and NCC4,
respectively. Moreover, NCC designs showed an
increase in heat losses as the fluid velocity in the near-
wall region did not change or the swirl ratio decreased.
The thermal efficiency was determined as 0.4112,
0.4043, 0.4159, 0.4137, and 0.4187 for the standard,
NCC1, NCC2, NCC3, and NCC4, respectively. As can
be seen, although the total wall heat transfer loss in the
wall has increased in the new combustion chambers,
there has been no significant decrease in thermal
efficiency.

The instantaneous and cumulative changes in the
heat release rates according to the CA were given in
Figure 8. The maximum heat release rates (around the
TDC) with NCC designs were reduced in both graphs.

Table 3. Technical specifications of experimental engine.

Engine type 4-stroke, direct
injection diesel engine

Number of cylinders 1
Cylinder volume 510 cm3

Bore 3 Stroke 85 3 90 (mm 3 mm)
Compression ratio 17.5:1
Maximum power 6.6@3000 (kW)
Maximum torque 32.8@2000 (Nm)
Injection angle 160�
Number of nozzles 4

Table 4. Uncertainty analysis of measuring devices.

Pressure sensor Encoder Electric dynamometer Other components

Optrand fiber optic Cubler Baturalp Tayland brand brake Fuel (g) 60.1%,
Measuring range 0–200 bar Measuring range 0–12,000 rpm Maximum torque of 80 Nm DPair 6 0.1%
0.025 V/bar sensitivity Encoder resolution 360 3 1�

CA
% 6 0.02 Uncertainty Tair60.8�C

120 kHz natural frequency Converts angle value to digital
TTL signal

Torque sensor 6 10 VDC
output

Engine speed (min21) 61%

% 46 0.5 accuracy It can be supplied with 5 V or
120 mA

Powered by 220 V voltage Time (s) Accuracy 60.7%

Measurement in temperature
range 240�C and 360�C

Measurement in temperature
range 240�C and 85�C

Measurement in temperature
range 210�C and 60�C
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This reduction in maximum heat release rates could be
considered as a result of local temperatures. In addi-
tion, NCC type bowl geometries had a higher surface-
volume ratio than SCC, reducing the maximum heat
release rates. However, after the TDC (365�–380�), it
had been observed that more heat release occurs in all
NCC bowl designs compared to the SCC. It could be
said that this high heat generated in the controlled com-
bustion phase was effective on incomplete combustion
products. This situation is also seen in the cumulative
heat release graph.

Figure 9 shows comparison of turbulent kinetic
energy (TKE) and swirl ratio over CA for SCC and
NCC bowl geometries. When the TKE values were
examined, the initial conditions were quite close to each
other. Since the only variable was the bowl geometry, it
had been observed that higher TKE occurred with the
designed new geometries at the BTDC (Before top dead
center) and the TDC. As a result of evaporation after
the contact of the fuel droplets with the air, TKE
decreased at the ATDC (After top dead center). The
swirl ratio was lower in NCC chamber geometries
(Figure 9). Although the swirl movement was reduced
in the NCC combustion chambers, it resulted in better
mixture formation and reduced CO emissions. Thus,

the fuel sprays guided to the wall were mixed more
evenly and homogeneously to the two adjacent bowl
centers. It could be said that this situation was
especially effective on CO and soot emissions.18,46

The combustion duration was examined for different
bowl geometries in Table 5. When 90% of combustion
was complete, NCC design geometries had longer com-
bustion duration than SCC type (except for NCC4). It
was seen that combustion times are slightly longer in all
NCC geometries compared to SCC at 5% and 50%
combustion rates, which were accepted as an indicator
of the stages where fuel energy was released. Here, for
the NCC combustion chamber, it was determined that
the fuel burns more slowly and the instantaneous heat
release rates decrease around the TDC. It is thought
that low swirl rates are effective in the formation of this
situation. However, in the later stages of combustion
with the piston movement across to BDC (Bottom
Dead Center), it was seen that the combustion speed
increases, especially in the NCC3 and NCC4 geome-
tries, compared to the SCC. It could be said that the
mixture is forced into turbulent combustion tendency
by the special geometrical structure of NCC combus-
tion chambers in the expansion stroke. Higher turbu-
lence intensity causes an increase in the surface area of

Figure 5. Engine torque, fuel consumption, and exhaust gas temperature variation at the different speeds.

Figure 6. Comparison of p-CA and heat release rate results for experiment and numeric.
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Figure 7. Variation of in-cylinder pressure and temperature according to the CA.

Figure 8. Variation of heat release rate and cumulative heat release rate according to the CA.

Figure 9. Variation of turbulent kinetic energy and swirl ratio according to the crank angle.
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the flame and, as a result, an increase in the combustion
rate.48,54,52 In parallel with the increase in the guided
angle of the fuel, it is thought that the distribution of
the fuel sprays between the cavities further increases the
homogeneity tendency and the wall/fuel interaction.
However, this situation is thought to affect the increase
in NO emissions.

Exhaust emissions

Figure 10 shows the variation of NO, soot, CO, and CO2

mass according to the CA for different bowl geometries.
NCC design geometries compared to the SCC type, have
higher NO emissions. Higher NO was seen in NCC2 and

NCC3. NO emissions are higher in NCC geometries
according to the SCC type. It thought that be effectively
of the higher turbulence intensity occurring in the fluid
velocity and the better mixture formation of fuel with
air.56 As it is known, the formation of carbon atoms,
which constitute a large part of soot emissions, is a stage
of combustion in diesel engines. Fuel particles sprayed
into the combustion chamber under high temperature
and pressure decomposes in the form of C-H atoms.
While more soot formation was observed for NCC1
(j=0) compared to SCC, lower soot emissions were
obtained in the other NCC designs (NCC2, NCC3, and
NCC4) with the increase of j angle and improved mix-
ture formation (Figure 10). The lowest soot formation

Table 5. Examination of burn duration at different bowl geometries.

Type Engine
speed (rpm)

Load Combustion duration

%5 (ms) %50 (ms) %80 (ms) %90 (ms)

SCC 2000 Full load 0.94 1.708 3.42 4.5
NCC1 0.95 1.842 3.625 5.25
NCC2 0.97 1.725 3.17 4.75
NCC3 1.03 1.79 3.1 4.58
NCC4 0.945 1.74 3.04 4.42

Figure 10. Effect of different designs on exhaust emissions (NO, Soot, CO, and CO2).
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was observed in NCC3 and NCC4 bowl geometries.
Lower soot emissions had been achieved due to better
air-fuel mixture and higher TKE. The soot emissions
were reduced with more oxidation in the mixed and late
combustion phase. When the CO2 emissions which was
the product of complete combustion were examined, the
highest soot was obtained between 360� and 390� CA in
NCC3 geometry, while a slight decrease in CO2 was
observed in all NCC geometry types at 390� CA and
later. CO emissions occur ATDC and have gradually
increased. SCC type according to NCC bowl geometries,
maximum CO emissions were obtained ATDC and lower
emissions occurred toward the end of the expansion
stroke. This could be explained by the in-cylinder tem-
peratures. It could be said that it shows the development
parallel to the temperatures. The reason why NCC bowl
geometries had lower maximum CO emissions than SCC
type was better mixture formation and higher combus-
tion efficiency.

Evaluation of in-cylinder flow parameters

Figures 11 and 12 show the temperature/spray distribu-
tions of different combustion chambers at CA’s of 360�

and 370�, respectively. When the results were examined,
it was seen that the maximum temperatures were close
to each other for all combustion chambers. However,
the distribution of the fuel assembly and the enhanced
combustion phenomenon caused the local temperatures
to change. With the change of the j angle, it completely
affected the distribution of the fuel assembly in the com-
bustion chamber. Analyzing especially the temperature/
spray distributions in Figure 12, a counterclockwise flow
of fuel particles has occurred for all bowl geometries.
There was attributed to the swirl effect that occurs in the
chamber. Fuel droplets appearing in all figures represent
liquid form. Therefore, combustion chamber tempera-
tures should be commented by examining their equiva-
lence ratio. When Figure 12 is examined, it is seen that
the local temperature distributions are equal in some
combustion chambers and different in others. In the
NCC1 geometry was observed that different tempera-
tures occur in all adjacent pocket regions. This result
was accepted as an indicator of heterogeneous distribu-
tion. However, it was seen in NCC2, NCC3, and NCC4
bowl geometries that homogeneous distribution was
achieved with increasing j angle and a temperature dis-
tribution spreads throughout the combustion chamber.

Figure 11. Temperature/spray distribution of different combustion chambers at 360� CA.
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The increase in mass transferred to the combustion
chamber increases the mixture formation over time.47

Equivalence distributions spreading over a wider area
were obtained for NCC2, NCC3, and NCC4 geome-
tries. This fuel distribution had been considered as one
of the important parameters in the formation of CO
and soot emissions. Figures 13 and 14 show the equiva-
lence ratios/spray distributions of different combustion
chambers at CA’s of 360� and 370�, respectively. It was
seen that there is a fuel (in the swirl direction) conden-
sation to the left of the region where the fuel assembly
hits. In the SCC type, a total of four different fuel den-
sities could be seen to occur on the left side of the areas
where the fuel assembly hits at the 370� crank position.
In the NCC1 bowl geometry, there was a heteroge-
neous distribution in all adjacent pockets. In the com-
bustion chambers (such as NCC2 and NCC4) where
the fuel distribution was guided into the pockets and
separated homogeneously, a fuel distribution that
spreads almost throughout the combustion chamber
could be mentioned.

Conclusion

In the present study, NCC1, NCC2, NCC3, and NCC4
bowl designs were numerically compared with the SCC
geometry. The difference between the NCC1, NCC2,
NCC3, and NCC4 designs was the rotation angles of 0�,
7.5�, 10�, and 15� respectively. As a result, the validity
and reliability of the modeling were tested. Obtained
results are listed below as items.

- The pressure reduction in the new design chamber
geometries caused the engine to run more quietly
and smoothly, resulting in a decrease in the thermal
and mechanical loads on the engine parts.

- The heat release rates decreased with NCC designs
because of local temperatures and higher surface-
volume ratio. However, more heat release occurred
in the NCC bowl designs (except NCC1) compared
to the SCC at between 365� and 380� CA. In this
CA range, for SCC, NCC1, NCC2, NCC3, and
NCC4 geometries were obtained 617, 596, 640, 649,
and 649 J, respectively.

Figure 12. Temperature/spray distribution of different combustion chambers at 370� CA.
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- While lower soot, CO and CO2 were obtained with
NCC bowl geometries (except NCC1) than the SCC
type, NO emissions increased. It is thought that the
radius geometry determined in the fuel guide wall and
combustion chambers increases the distribution of
fuel sprays in the chamber and their interaction with
the air (for NCC3-NCC4), thus improving the
mixture formation as a result of fuel spray movement.
The fuel assembly was examined with temperature/

spray and equivalence/spray distribution at different
CA’s. In the NCC2, NCC3, and NCC4 temperature
distributions, the local temperatures increased and a
more homogeneous mixture was obtained.

- As a result, NCC bowl geometries outperformed the
standard bowl geometry in terms of turbulent kinetic
energy, spray distribution, CO, CO2, and soot
emissions. The best engine parameters were obtained
with NCC3 bowl geometry.

Figure 13. Equivalence ratio/spray distribution of different combustion chambers at 360� CA.
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Appendix

Notation

SCC Standard Combustion Chamber
NCC New Combustion Chamber
NCC1 New Combustion Chamber 1
NCC2 New Combustion Chamber 2
NCC3 New Combustion Chamber 3
NCC4 New Combustion Chamber 4
CA Crank Angle
SoC Start of Combustion
(EoC) End of Combustion
ID Ignition Delay
RNG Renormalisation Group
KH-RT Kelvin-Helmholtz Rayleigh-Taylor
ECFM Extended coherent flame model
ATDC After Top Dead Center
BDC Bottom Dead Center
CTDC Combustion Top Dead Center
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