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In this study, unfired (cold) flow application was investigated in a single cylinder diesel

engine with different combustion chamber geometries. In the experimental study, images ob-
tained with the help of an endoscopic camera for different cycle points were instantly detected
at constant speed. At the same time, velocity distributions of two different combustion cham-
bers for different crank angles were analyzed in Ansys Forte software at before and after
TDC. Thus, the flow distributions of different combustion chamber geometries in the cham-
ber were compared. It can be said that regional swirl is formed in the newly developed com-
bustion chamber geometry and develop in the chamber rather than the piston base compared
to the standard combustion chamber. In addition, especially during the compression process,
the squish movement of the bowl was observed with the movement of the piston. Here, it
could be said that the newly developed chamber geometry is more effective than the standard
bowl geometry. When the distribution of velocity vectors in the x-y and x-z axis were exam-
ined in numerical analysis, especially in the TDC position, it was determined that the interac-
tion of the flow developed by the new bowl geometry with the fuel droplets was more evident.
While it is seen that the vector velocity changes are close to each other at the 692° CA before
the fuel injection, it is seen that higher flow velocities are formed for the standard combustion
chamber at the 720° CA where the spraying continues and develops.
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1. Introduction

Today, many researchers are working to improve the perfor-
mance and exhaust emissions of internal combustion engines.
These days, when Euro 6 norms are applied for exhaust emissions
in engines, it is of great importance to produce engines with low
emission values. In-cylinder flow analysis is very important in de-
termining these two important parameters. The here aim is to opti-
mize the in-cylinder flow, increase the combustion efficiency and
reduce the emission values [1].

Sorugbay et al. [2] modeled the cold flow and compared it with
experimental data in a project study. The movement of gases en-
tering the cylinder during the intake period continues after the clos-
ing of the intake valve and changed during the compression period.
Especially in engines with a cylinder diameter of less than 80 mm,
the tangential air velocity in the cylinder reached high values
around the TDC (Top dead center). When the experimental data
were examined, it was observed that the average tangential air ve-
locities of this engine with a relatively large cylinder bore did not

increase significantly towards the end of compression by moving
in a turbulent manner.

The pocket geometry created on the pistons is an important cri-
terion for cold flow tests and in the next stage engine combustion
characteristics, engine performance and exhaust emissions. TKE,
swirl ratio and tumble ratio parameters is very important in in-cyl-
inder flows [3]. Azad et al. [4] looked at the cold flow behavior of
a diesel engine at an engine speed of 2400 rpm. In conclusion, in-
cylinder flow behavior for diesel engines; It has been observed that
speed, temperature, pressure and turbulent kinetic energy are sig-
nificantly affected. Wei et al. [5] created different cavity geometry
on the piston in a direct injection diesel engine, and the swirl ratios
of this geometry and the standard geometry were compared. It has
been observed that the swirl ratio created by the new piston geom-
etry in the cold flow analysis engine significantly reduces the ex-
haust emissions in AVL Fire software. The lowest exhaust emis-
sion values were taken at a swirl rate of 0.8.

Shafie and Said [6] studied cold flow analysis using various
pocket type. Ansys software was used for analysis. More improved
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swirl and tumble were obtained from the modified piston with cen-
ter pit in toroidal diameter, and flat piston has larger throat diame-
ter. The piston model with toroidal bowl geometry showed a 34.8%
improvement in swirl rate and 7% improvement in tumble rate
compared to the original piston bowl geometry at the end of the
compression stroke. In another study [7], in spark ignition engines,
piston movement and the shape of the piston bowl affected the po-
sition of the tumble vortex. It has been observed that the tumble
parameter significantly affects the compression process in the
spark ignition engine. It has been noted that with a double-lobed
piston bowl geometry according to the flat piston geometry, Swirl
ratio increased by 66.67% the intake process and increased by
91.47% the compression process. Sushma and Jagadeesha [8] em-
phasized the effect of tumble and swirl ratios on piston bowl ge-
ometry. A four-stroke single-cylinder diesel engine was used in the
numerical study. Analyzes were performed in Ansys Fluent soft-
ware. A, B and C piston configurations were used. A higher swirl
ratio and volumetric efficiency were obtained with B bowl geom-
etry than A and C. On the other hand, higher TKE was obtained
with C bowl geometry. Air movement in the cylinder has a great
effect on energy efficiency. Raj et al. [9] studied air movement in
a single-cylinder diesel engine. Four different bowl type (Center
bowl on flat piston, bowl piston with curved offset, flat piston and
inclined piston) were used. Higher TKE (about 27%), approxi-
mately 15% higher tumble ratio and higher turbulence density
were obtained in the flat piston according to the other geometries.

Modeling varies according to engine types and different defi-
nitions are made [10], [11]. Some optical measurement methods
are used to perform cold flow tests. Experimental methods such as
Laser Doppler Velocity (LDV) and Particle Image Velocimetry
(PIV) are the preferred optical measurement methods for in-cylin-
der flows [12]. Moreover, Magnetic Resonance Imaging is used in
the health sector for imaging events inside body. The device can
also be operated by engineers to see the mixture movements inside
a closed volume [13]. Chemiluminescence is the method that vis-
ualizes the flow in the basic chemical composition of an absorbed
liquid. The method not common. Snapshots are created with emit-
ted light high-speed cameras, and these images are used in flow
dynamics [14]. In addition, tests related to in-cylinder air move-
ments, spraying process and flow can be performed using the En-
doscope-Based Imaging system [15], [16].

Krishna and Mallikarjuna [17] applied to PIV technique that
motored single-cylinder and an engine made of plexiglas material.
It was run at engine speeds of 400, 600, 800 and 1000 rpm. It was
concluded that the tumble speed and flow are independent of the
engine and vary according to the crankshaft angle. Krishna et al.
[18] used the PIV technique to see the in-cylinder variation of tur-
bulent kinetic energy and air velocity. The air flow rate was meas-
ured with an orifice device. Engine speeds of 1000, 2000 and 3000
rpm were selected as the operating condition. Turbulent Kinetic en-
ergy and air velocity (radially, axially) increase as soon as the in-
take valve is open and with engine speed.

Ayaz et al. [19] investigated the cold air movements inside
chamber throughout intake and compression stroke of a diesel en-

gine used in locomotives Analyzes were performed in Ansys Flu-
ent software. Higher velocities were obtained in the transition zone
between the pre-combustion and the main combustion chamber in
the intake stroke compared to the other zones of the combustion
chamber. It was also observed that the TKE weakened before the
fuel was injected. As a result, it was concluded that the existing
heavy-duty diesel engine combustion chamber was improved in
terms of engine performance with the evaluations made on the tur-
bulent kinetic energy (TKE) and swirl ratio.

In this study, in-cylinder flow analysis of a combustion chamber
geometry developed for use in a diesel engine was investigated.
The visual flow findings were compared in the standard combus-
tion chamber engine and the new combustion chamber engine. The
main purpose of this study is to reveal the changes in air move-
ments caused by the geometry of the combustion chamber at the
presence of visual findings. Mixture formation and in-cylinder air
movements are very important in diesel engines in terms of low
emission and high performance criteria. It is known that if the di-
rection in the bowl geometry is not good, the air movements neg-
atively affect the mixture formation and combustion events. For
this reason, cold flow (non-combustion) analyzes of the new bowl
geometry developed to increase in-cylinder axial, tangential and
radial flow mobility and standard bowl geometry were investigated.

2. Material and Method
2.1 Experimental study

In-cylinder flow mobility in internal combustion engines is
known as difficult and costly processes. Especially in the combus-
tion process, the gas flow rate and temperatures make this situation
even more difficult. Therefore, it is necessary to image the inside
of the cylinder with the help of high-speed and resolution cameras
and special test equipment. In this study, it is possible to instantly
image the swirl, squish and turbulence events that may occur in the
fluid, especially in cold flow conditions. First of all, a 5x3x3 cm
glass consisting of plexiglass material was placed in this section by
cutting the cylinder head in certain dimensions (a location where
an image can be taken from inside the combustion chamber). Then,
a channel was opened in the plexiglass glass to take images with a
PCE VE 200 endoscopic camera (LED supported). This type of
endoscopic camera is an industrial imaging device that is fre-
quently used in engine and machine equipment. Fig. 1 shows the
modified cylinder head.

Injector

Cylinder head

Endoscopic camera port

Plexiglas glass
Camera tip

™  Intake valve

Exhaust valve

Fig.1. Modified cylinder head for cold flow testing
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The experiments were carried out on Antor 3 LD 510 single-
cylinder direct injection diesel engine, which was rotated at a
constant speed (500 rpm) with the help of a dynamometer. The
test setup of the engine is given in Fig. 2 and the technical prop-
erties of the engine for the test are shown in Table 1. In order to
observe the flow mobility of the air in cold flow experiments,
the air was represented by forming a smoke cloud. The air-gas

values. In the analysis of the designed bowl geometry were de-
fined for the fuel-air mixture formation and combustion pro-
cesses. This bowl geometry was chosen because it provides the
engine's compression ratio of 17.5. The boundary conditions
used in the numerical studies are given in Table 2.

Table 2. Simulation boundary conditions

mixture formed by the smoke bomb left in the air intake tank Number of cylinders Units Single cylinder
was sucked into the cylinder. The developed bowl geometry and Type of cooling Air-cooled
standard piston were connected to the engine and cold operating Bore mm 85
tests were sequentially carried out. Moreover, the obtained re- Compression ratio 175
sults in the_z cqld f_Iow analyzes were compared with the numeri- Crank radius mm 42
cal flow distribution. Number of injection nozzl 4
Table 1. Technical properties of the tested engine Injection Timing (start an CA 705 and 729
Encine N Ator3LDEI0 Injection spray angle deg 160
ngine Name ntor Injection rate (mass) kg 5.11e-6
| g Air inlet temperature K 293.15
Stroke volume 510 cm? Air inlet pressure bar 1
Stroke X Diameter 90 x 85 (mm x mm) Fuel injection temperature K 330.15
Compression ratio 1751 Tur.bulence. model RNG k-.epsnon
Wall interaction model Walljetl
Power 6.6@3000 (kw) Evaporation model Multi component
Torque 32.8@2000 (Nm) Soot emission model Kinetic model
Injection angle 126° NO emission model Zeldovich model
Nmber of miecior Fiol 2 Cylinder head temperature K 575.15
Umber ot Ijector noles Cylinder wall temperature K 475.15
During the compression process in internal combustion en-
gines, the air flow movement in the chamber decreases depend-
1. Test engine

\ 2. Electric dynamometer
o ﬂ 3. Dynamometer bed
) / 4. Air tank
< ‘. r 5. Fuel tank
- r - : 6. Febris combustion analy
- | 7. PC-combustion control
8. PC- engine control
9. Engine control board
10. Encoder

Fig. 2. Experimental setup

2.2 Numerical study

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 car-
ried out. In-cylinder heat, flow, mixture formation and combus-
tion processes were performed in three-dimensional ANSYS
FORTE software. Thus, the NCC model and the SCC model in
the same chamber volume were examined. In the ANSYS pro-
gram, time-dependent solutions were carried out in the turbulent
flow regime to determine the velocity, pressure and temperature

ing on the piston moving from BDC to TDC. This situation also
has a significant effect on the mixture formation. In the three-
dimensional CFD analysis, the full model is solved. In order to
obtain more realistic exhaust emission values, a detailed reduced
chemical combustion mechanism has been used, the accuracy of
which has been tested in many studies. RNG k-epsilon turbu-
lence model was used which is more suitable as sub-models in
the study. This model offers the opportunity to examine in a
macro dimension and provides an advantage over other models
in terms of solution time. It is currently the most preferred
model for the engine model in the literature [20, 21]. Adaptive
Collision Mesh model is used for droplet collision. One of the
biggest advantages of this model is that it eliminates the depend-
ency on the network structure. The KH-RT hybrid model, in-
cluding the Gas-Jet sub-model was used to break up the droplets.
The KIVA-based wall collision model developed by Han was
used to calculate the droplets colliding with the wall. The mesh
structures of the new bowl geometry and the standard bowl ge-
ometry are given in Fig. 3. Most of the equations used in numer-
ical analysis are given below. The continuity equation for Tur-
bulent Reactive Flows is as follows (Equation 1).

9 g
T+ V.(p 1) =p 1)
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The momentum equation for the fluid (Equation 2) in addition
to parameters such as convection, turbulent convection, pressure
force and viscous tension, the effect of mass force and liquid
sprays are calculated.

dpu
ot

+V.(plil)=—Vp +Vo-V.I+FS+p g ®)

Where, p is the pressure, Fs is momentum gain rate per unit vol-
ume because of spray, g is the specific mass force, ¢ is the vis-
cous stress tensor given below (Equation 3).

o =p o[ Vi+ ViT-2 (V)] 3)

| is the descriptive tensor and v shows the laminar kinematic
viscosity. T is the subindex tensor transpose. Stress; I" indicates
the effects of non-linear ensemble mean transport nomial. On
RANS approximation this is known as the Reynolds strain, on
LES approximation it is defined as the SGS strain.

According to the First Law of Thermodynamics, the change
of internal energy must be balanced through heat transfer and
pressure work. Mixture issues with internal combustion engines;
Convection of a multicomponent flow must be calculated taking
into account the effects of turbulent attenuation, enthalpy diffu-
sion, turbulent transport, sprays and chemical reactions. Internal
energy transport equation (Equation 4):

a‘g—t‘ +V.(p )= pV.Ti-VJ-V.Htpe + Q¢+ Q5 (4)
J is the heat flux, and I is the specific internal energy (Equation
5,1t occurs by enthalpy diffusion and heat conduction),

J= AVT-pD ¥y hi V yi (5)

A, T, hk correspond to the heat transfer coefficient, flow temper-
ature and specific enthalpy expressions of the species, respec-
tively. € are turbulent kinetic energy dissipation, and Q°¢ and Q°
are chemical heat dissipation and spray interaction coefficients,
respectively. The H term indicates the effect of the convection
term on the ensemble mean.

Fig.3. Mesh structure of the standard combustion chamber (left) and the
combustion chamber with the new bowl geometry (right)

3. Result and Discussion

The in-cylinder air flow characteristics of the diesel engine using
two different combustion chamber bowl geometries were investigated
in the cold flow experiments. Changes in the smoke density of the gas
taken into the cylinder determined the flow structure. Tests were re-
peated many times to obtain images in the engine, in which two dif-
ferent types of the bowl geometries were used. Snapshots taken from
different points at the beginning of the intake time in the engine with
the new bowl geometry are shown in Figure 5a and Figure 5b, the im-
ages of the end of the compression process in Figure 5c, the initial
stages of the expansion process in Figure 5d and the flow images of
the exhaust process are shown in Figure 5e. The snapshots of the
standard combustion chamber obtained at different times are given in
Fig. 5. Figure 5a images show the snapshots towards the beginning
and end of the intake time, Figure 5b images show the compression
and expansion start processes, and Figure 5¢ show the flow images of
the exhaust times.

Since there is no scaled quantity obtained in numerical analyzes for
cold flow experiments, the comments were made by looking at the air
movements. Swirl, squish and turbulent movements on the piston were
detected for both combustion chamber geometries in the cold flow an-
alyzes for four stroke in the engine. With the opening of the intake
valve, the air hitting the cavity area in the engine with the new bowl
geometry was directed towards the center of the combustion chamber.
It can be said that the increasing axial and tangential mobility of the
fluid causes turbulence during the compression process, which starts
with the movement of the piston towards the TDC (Fig. 4c). At this
point, a trend similar to the compression process that takes place in
standard bowl geometry can be mentioned (Fig. 5b). When Figure 5b
is examined, it can be said that axial movements occur more intensely
in the wall region. In this case, it has been observed that the axial
movements of the piston with the new bowl geometry are intertwined
with the radial movements. In this respect, the mixing process of the
fuel sprayed into the combustion chamber with air was better in the
new bowl geometry than in the standard geometry. When the exhaust
processes are examined, it can be said that the tangential forces formed
in the swirl turn into a vortex in a region (Fig. 4e). This situation was
also observed in the standard bowl geometry (Fig. 5¢). However, it can
be said that while it occurs locally in the new bowl geometry, it occurs
more along the piston in the standard geometry.
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Swirl
Exhaust valve open

-

Swirl

Piston head  ~ne offset

e)

Fig. 4. In-cylinder cold flow images of the piston with the new bowl geometry at different times (a, b, ¢, d and e)

Exhaust valve closed

Squish movements at TDC

a)

Flow direction

b)

Swirl Intake valve

Cone offset

Exhaust start

Exhaust outlet

c)

Flow direction

Fig. 5. In-cylinder cold flow images of the piston with the new bowl geometry at different times (a, b and c)
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Since there is no quantitative size in cold flow experiments, the
comments should be supported by numerical analysis results. Ex-
perimentally, although fuel injection did not occur in cold flow
analyses, pre-injection and post-injection analyzes were also ana-
lyzed in numerical analyses. Thus, in the next step, preliminary in-
formation about the distribution of the fuel assembly is provided.

Swirl is called the rotational movement of air around the cylin-
der axis and is one of the important air movements in diesel en-
gines. The mixture of the injected fuel in the air with the movement
of the piston to the TDC can be considered as an important param-
eter. In the simulations, the swirl ratio is assumed to be equal for
both bowl geometries with the effect of the angular momentum or
the initial rotational motion of the air with the opening of the intake
valve. However, it can be said that this situation changes for dif-
ferent combustion chambers. Figure 6-8 shows varying velocity
vectors for different crankshaft angles in the x-y plane. It can be
said that the variation of the swirl ratios develops in parallel with
the vector velocity distributions. While it is seen that the vector
velocity changes are close to each other at 692° CA before spray-
ing, it is seen that higher flow rates occur for the standard geometry
at 720° CA where the spraying continues and develops. It can be
said that these eddy movements and speed changes developing in

the axial direction cause the fuel to more scatter in standard geom-
etry. Especially in high speed engines, this results in a loss of iner-
tia of the fuel. On the other hand, it can be said that the fuel-wall
interaction develops on a larger surface in the new bowl geometry.

Velocity changes in the x-z plane of two different combustion
chambers are examined in Figure 9-11. Especially in the new geome-
try, it can be said that the diameter in the throat part of the bowl ex-
pands a little and therefore the speed decreases a little in this region.
When the new bowl geometry is compared to the standard geometry,
the fuel directing function and the air-fuel mobility brought by the
curved geometry are more realized on the radius that joins towards the
base. This situation was also observed in cold flow analysis. Therefore,
it can be said that the squish mobility in the new bowl geometry occurs
more than in the standard geometry. As a matter of fact, the squish
movement is known as the radial inward movement of the compressed
air exiting the area between the top of the piston and the cylinder head
as the piston approaches the TDC at the compression stroke. As the air
is entrained and accelerated with the movement of the piston towards
the TDC, the fuel-air mixture formation injected into the combustion
chamber is improved. This process continues until the fuel droplets
mix with the air and evaporate. In this respect, it is possible to use the
new bowl geometry in terms of wall-fuel interaction.

L o o
TR P

Fig. 6. Fluid velocity distribution in the X-y plane before TDC (692° CA)

Fig. 7. Fluid velocity distribution in the x-y plane in TDC (720° CA)
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Fig. 8. Fluid velocity distribution in the x-y plane after TDC (730° CA)

Fig. 9. Fluid velocity distribution in the X-z plane before TDC (692° CA)

Fig. 10. Fluid velocity distribution in the x-z plane in TDC (720° CA)

Fig. 11. Fluid velocity distribution in the x-z plane after TDC (730° CA)
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4, Conclusion

The non-combustion (cold) flow motions of the new bowl and
standard bowl geometries were experimentally investigated, and
then the air-fuel interaction was numerically investigated at
three different crank angles (692°, 720° and 730° CA). The ob-
tained findings are listed in the following items.

-1t can be said that the axial mobility in the standard bowl ge-
ometry is more limited compared to the new bowl geometry.

-Especially in the new bowl geometry, it has been observed that
the flow movements developing in the axial direction (in the z
direction) turn into radial (in the x direction) movements.

-1t has been determined that swirl movements are concentrated
at the piston base in the standard geometry, but this situation is
limited in the new bowl geometry.

An increase in surface area in the combustion chamber causes
to the increase of flow resistance. This increase limited the flow
movements in the new combustion chamber. However, in-
creases in surface area could be directly affect fuel pyrolysis in
engines and accompanying exhaust emissions.

-Especially in numerical analysis, it was observed that radial and
axial air mobility affect the distribution of fuel droplets.

-1t is thought that the fuel-air interaction will have a positive ef-
fect on combustion and exhaust.
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