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Abstract

Turbulent flow field in a four cylinder direct injection (DI) diesel engine combustion chamber has been
simulated using computational fluid dynamics (CFD). A commercial CFD code, namely Fluent was used to
model 3D flow field. Three different geometrical shapes of combustion chamber were considered in the flow
analysis in order to clarify the effect of combustion chamber geometry on the flow field characteristics. The
simulation results showed that the bowl shapes of the combustion chambers greatly influenced the pressure,
velocity and temperature distributions at the end of the compression stroke. Therefore, it has been concluded
that geometry of combustion chamber could be optimized using CFD.
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1. Introduction

The in-cylinder fluid dynamics in internal
combustion engines have been shown to play an
important role during the combustion process [1, 2,
3]. In particular, in-cylinder fluid dynamics
contribute to the fuel-air mixing which is one of the
most important components for the control of the fuel
burning rate for diesel engines [4]. Mixture formation
mainly  depends on  combustion  chamber
configuration and distribution of fuel jet because
combustion chamber configuration can control air
motion within the combustion cavity (swirl and
squish) and its air motion can affect distribution of
the fuel jet.

The in-cylinder fluid dynamics have also been shown
to significantly affect: the ignition delay, the
magnitude of the premixed burn, the magnitude and
timing of the diffusion burn, and the emissions of
nitrous oxide and soot [5, 6]. The fluid dynamics
which contribute to the combustion process in diesel
engines are very complex and have been
characterized with many different tools. With the
advent of more powerful computers, now
mathematical models accept increasingly as design
and optimization tools for engine development. To
accepting a mathematical tool for engine design, it is
necessary to validate the model results by
experimentation. Developments in engine simulation
technology have made the virtual engine model a
realistic proposition [7]. Today the usage of CFD
codes has developed and these codes can be used to
engine simulation [8, 9]. The numerical solution of
in-cylinder gas flows using CFD has become very
prominent in the last decade [10, 11, 12]. The most
common tool for the spatial characterization of these
gas flows is the use of velocity vector plots. Another
popular method for spatial characterization is through
two dimensional contour plots of scalar quantities
such as turbulence Kkinetic energy and fresh air
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concentrations (this captures the mixing of in-
cylinder gases). Since CFD generates data at every
grid point in the cylinder, it is natural to volume
average the in-cylinder flow field and plot it as a
function of crank angle. This aids in describing the
fluid motion with a single value as a function of time.
This volume averaging includes scalar quantities such
as mechanical and turbulence kinetic energies and the
angular momentum of the fluid about all three axes
(swirl and tumble ratios).

A mixture formation in an Sl Engine is a complex
phenomenon that is involved by large number of
design and operating variables, so it is necessary to
understand the in-cylinder flow characteristics for
reliable designing, fuel-efficient and low emission
engine. In addition, the sensitivity of the flow
distribution turns back to the shape of intake port and
combustion chamber so is gotten higher efficiency
with better design [13, 14, 15]. In the flow within a
cylinder, there are two types of motion: swirl flow
commonly found in diesel engines and tumble flow
commonly found in gas engines. In both cases,
rotational motion occurs about an axis, though the
position of the respective axis is different. In the case
of swirl flow, the axis is coincident with the cylinder
axis [16]. In the case of tumble, the rotation axis is
perpendicular to the cylinder axis and more complex,
thus making tumble flow more difficult to control
than swirl flow. In order to generate swirl or tumble
motion, fluid enters the combustion chamber from the
intake ports. The kinetic energy associated with this
motion is used to generate turbulence for mixing of
fresh oxygen with evaporated fuel. The more
turbulence generated lead to the better mixture of air
and fuel. However, too much tumble (or swirl) can
displace the flame used to ignite the fuel, cause
irregular flame propagation, or result to less fuel
combustion [17].
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In high-speed direct-injection Diesel engines, the
flow conditions inside the cylinder at the end of the
compression stroke, near top dead center (TDC),

are critical for the combustion process [18]. These are
determined by the air flowing into the cylinder
through the intake wvalves during the induction
process and by its evolution during the compression
stroke. Several calculations of the flow in engine
cylinders have been previously presented. Zur Loye
et al. [19] and Kono et al. [20] performed calculations
of the compression stroke. In particular, Kono et al.
[20] presented an analysis of the swirl intensity
effects on spray formation and obtained reasonable
agreement with experimental data. However, since
the intake process was not included in the calculation,
the initial swirl was imposed as a parameter. It is
mainly the way to estimate the initial turbulence,
which differentiates the two studies. Zur Loye et al.
[19] obtained it by means of a simplification of the k—
€ model, while Kono et al. [20] used interpolation
from experimental results. Some authors calculated
the intake stroke by introducing considerable
simplifications to the process. Gosman et al. [21] and
Wakisaka et al. [22] considered the valve as a single
moving plate but the modeled flow field was very
different from the experimental results. Mao et al.
[23] calculated the intake and compression strokes
for an axi-symmetric case using a finite element
method but did not present any validation.
Arcoumanis et al. [24] calculated the compression
stroke for two different piston bowls, initializing their
computation at IVC of induction with a solution
obtained previously with simplified flat-topped piston
geometry.

The temperature and the pressure of the combustion
chamber are very high, while the cyclic time is very
short. Only in the past few years, did there appear
some experimental methods. Ahmad et al. [25],
devised a spark-discharge probe to measure the
velocity and temperature fields in engines. Using the
hot wire anemometer and a fast response probe,
Reuss et al [26] obtained instantaneous planar
measurements of velocity and large-scale vorticity
and strain rate in an engine. The progresses in
experimentation provided possibilities for further
numerical modeling. Watkins [27] calculated the
flow field and studied the heat transfer in the
combustion chamber of a reciprocating engine using
the SIMPLE algorithm. The top of the piston is flat
and the modeling is restricted to two-dimensional
laminar flow. In his further studies [28], he
considered the turbulent effects and studied the flow
and heat transfer in piston cylinder assemblies. In the
last decade, the complex geometries are considered
using more precise methods. Takenaka et al [29] used
the finite element method to compute the three-
dimensional in-cylinder flow with intake port in a DI
diesel engine.
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It is the aim of this paper to present results of an
extensive CFD study of the flow characteristics
inside the cylinder equipped with different piston
configurations cylinder of a heavy-duty direct-
injection Diesel engine. The simulation results
showed that the bowl shapes of the combustion
chambers greatly influenced the pressure, velocity
and temperature distributions at the end of the
compression stroke.

2. Combustion chamber model description

Three different types of piston bowl were modeled in
the numerical simulations as shown in Fig 2. These
geometries are usually considered to achieve optimal
combustion conditions from the practical point of
view. The first two models represent a toroidal shape,
whilst the third one is simply rectangular shape of
combustion chamber.

3. Numerical Solution

The main aim of this study is to numerically clarify
the effect of combustion chamber on the flow field
near TDC. For this purpose, CFD simulations were
performed using Fluent v6.3.26, a widely used
commercial code. The geometrical models and their
meshes are generated with GAMBIT 2.2. Both of
them are available at the Applied Fluid Mechanics
Laboratory at Sakarya University. The CFD code
solves numerically the unsteady Reynolds-averaged
Navier-Stokes equations using an unstructured finite-
volume method. The numerical algorithm used is
SIMPLE, in which the pressure parameter is
discretized utilizing the second-order upwind scheme.
An adaptive (varying) time step was adopted for
different zones of computation. For example velocity
gradients and the velocities are relatively very high
near discharge zone, where the time step has to be
small enough so that one can capture general
structure of flow field which is rapidly changing with
time. However, larger time steps were used during
both intake and compression strokes on order to
reduce computational time. The boundary conditions
for pressure and temperature were acquired from the
experiments [30], and they have been assumed
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uniformly distributed over the sections considered.
Swirling effects were not considered in the
simulations. The turbulence intensity was set 10% of
the mean flow, and the integral length scale was
estimated with the mixing length model of Prandtl
[31]. The values of these parameters describing
turbulence are consistent with the models developed
by Henriot et al. [32] and Inoue et al. [33]. The
standard model parameters of k-¢ turbulence model
were used as described in references [34]. Constant
pressure boundary conditions were specified at both
inlets and the walls of the intake ports and the lateral
walls of the valves were assumed to be adiabatic. In
addition, constant temperature boundary conditions
were specified for the cylinder wall, the head and the
piston crown that form the walls of the combustion
chamber.

4. Results and discussion
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Fig: Calculated cylinder pressure versus crank angle
compared

for three pistons.

In this study, the temperature, pressure and air flow velocities in the combustion chamber of engine are analyzed
for the three piston bowl configurations described in Section 2.

Pressure

3.17e+06
3.17e+06
3.17e+06
3.17e+06

3.17e+06
3.17e+06
3.17e+06
3.17e+06
3.17e+06
3.17e+06
3.17e+06

3.17e+06
3.16e+06
3.16e+06
3.16e+06
3.16e+06
3.16e+06
3.16e+06
3.16e+06
3.16e+06
3.16e+06
3.16e+06

(a)

33



FUELS AND COMBUSTION IN ENGINEERING JOURNAL

2.42e+06
2.42e+06
242e+06
2.42e+06
2.42e+06
2.42e+06
242e+06
241e+06
2.41e+06
2.41e+06
2.41e+06
2.41e+08
2.41e+06
2.41e+06
2.41e+08
2.41e+06
2.41e+06
241e+06
2.41e+06
2.41e+06
2.41e+06

(b)

242406
242e+06
242406
242e+06
242e+06
2.42e+06
2426406
242e+06
2420406
242e+06
2426406
242e+06
2.42e+06
242e+06
| 242e+06
241e+06
241e+06
241e+06
241e+06
2416406
241e+06

©

Temperature

@

34




FUELS AND COMBUSTION IN ENGINEERING JOURNAL

8.88e+02
8.65e402
842e+02
8.19e+02

7.96e402
773e+02
7.50e402
727e+02
7.05e+02
6.82e402

650¢+02
H 6360402
BN 6130402

5.90e402

567e+02

544402
5.22e402
4.99e402
4.76e+02
453e+02

4.30e+02

(b)

891402
867e+02
844e+02
821e+02

7.98e402
7.75e402
7520402
7.29e402
7066402
683402

6.60e+02
H 637e+02
N 6.14e402

591e+02
5686402

5456402
522402
499402
476402
453402

4.30e+02

(©)
900 /\
i, —A
§:\800 - !K B
5700 | | — c
S {0\
g 600 i \
=1 {0\
S500 i\
(O] J \
400 |
300 1 1 1 1 1 1 1

100 200 300 400 500 600 700
Crank Angle Degrees (ATDC)
Fig: Calculated cylinder temperature versus crank angle compared for three pistons.
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The high velocity part more than 100 m/s exist left side of the intake valve and near the wall. The very low
velocity part exits at the center and have a upward velocity component.There is a strong interaction between
squish and swirl near in the cases of all pistons TDC. The centrifugal forces caused by the tangential vortex
impede the flow from entering radially towards the central zone of the cylinder. Hence, in the three cases
considered, two toroidal vortices with opposite rotational directions appear in the combustion chamber at TDC
(Fig. 5a, b, c). Belardini et al. [6] and Mao et al. [29] obtained similar results in toroidal and cylindrical
combustion chambers, respectively. Arcoumanis et al. [3], however, obtained the two vortex structure only in

35



FUELS AND COMBUSTION IN ENGINEERING JOURNAL i’g

pistons with re-entrant combustion chambers. In fact, the vortices are stronger in the case of the markedly re-
entrant chamber B.

Vectorial velocity distribution
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Fig.5 a, b, c: Velocity vectors at ABDC and TDC for three pistons
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