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Paper 1 Bildiri 1

OXY-FUEL COMBUSTION OF HYDROGEN CONTAINING LOW-CALORIFIC
VALUE SYNGASES: AN EXPERIMENTAL AND NUMERICAL STUDY

Mustafa ILBAS", Abdulkadir BEKTAS™, Serhat KARYEYEN"
“ Gazi University, Technology Faculty, Department of Energy Systems Engineering, 06500,
Teknikokullar, Ankara, Turkey
™ Gazi University, Graduate School of Natural and Applied Science, 06500, Teknikokullar,
Ankara, Turkey

Abstract

This study discusses the oxy-fuel combustion of low-calorific value syngases derived from
Turkish coal. The effect of burner characteristics on combustion behaviours of the low-calorific
value syngases due to high flame temperature arising from combustion with pure oxygen has
also been investigated in the present work. This problem has been overcome by modifying the
existing burner, which means that the oxidizer inlet section of the burner has been reduced
approximately four times to be more suitable for pure oxygen. The modification enables to
prevent overheating of the burner wall and to provide more stable flame for combusting of the
low-calorific value syngases under oxy-fuel combustion conditions. In further modellings, it
has been revealed that the predicted temperature distributions of the low-calorific value

syngases have been more uniform due to increment of velocities of these gases.

Keywords: Combustion, Syngas, Burner, Modification, CFD

1. INTRODUCTION

It is very important to increase usage of local and/or renewable energy resources such as coal
and biomass for energy supply security. Coal, which has the most reserves over the world and
is not existed in a particular region, is the most used energy source and will remain strategic in
the forthcoming years. Nevertheless, direct usage of coals brings about some challenges such
as air pollution and higher emissions of greenhouse gas which impact upon on health (Habib et
al. 2015). Consequently, it is more convenient to acquire gaseous fuels out of these resources

and to use these fuels as alternative fuels.
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Syngases are defined as by-product/products resulting from the coking of coal or directly
obtained by gasification of coal and biomass. It may be more convenient to use as alternative
fuels instead of natural gas (Huynh and S. Kong. 2012). However, the combustion performances
of low-calorific value syngases are not suitable in any furnaces, combustors and etc. if they are
combusted by air owing to their calorific values. In other words, air-combustion performances
of these fuels are lower than that of natural gas. In view all these occasions, it is more reasonable
to burn syngas with pure oxygen, and needs to research combustion and emission parameters

of them under oxy-fuel combustion conditions.

It is known that there are some studies directly related to combustion of air-syngas, hydrogen
and blending fuels (llbas and Karyeyen 2014; llbas and Karyeyen 2015; Yilmaz et al. 2013;
Yilmaz and llbas 2008; llbas and Yilmaz 2012; llbas and Karyeyen 2017). It is, however, noted
that studies related to combustion of syngases under oxy-fuel combustion conditions are still
limited in the literature. For these reasons, the combustion performances and emission
characteristics of the low-calorific value syngases have been investigated not only experimental
but also numerical in the present study. Even so, overheating of the burner wall (the flame
holder) has been determined during the experiments. This situation is not suitable for the burner
material when any kind of fuelis combusted in any combustion process. Because of that, a
modification meaning that has been reduced the oxidizer stream section of the burner has been
implemented to provide movement of the flame into the combustor within the present study.
Therefore, the modification and then generation of a burner has been performed and its effect
has been studied numerically as well as the combustionbehaviours of the low-calorific value

syngases have been investigated in the present study.

2. CFD MODELLING

3D CFD modellings have been performed by using the existing low-calorific value syngas
burner in order to model combustion of low-calorific value syngases under oxy-fuel combustion
conditions in the present study. Then, the burner has been modified and a new burner has been
generated to provide more stable flame and uniform temperature distributions inside the
combustor for oxy-fuel combustion of low calorific value syngases. This modification means
that air stream zone has been reduced approximately four times to be more suitable for pure

oxygen as volumetric flow rate of oxygen is lower than that of air under oxy-fuel combustion
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conditions. The existing burner is shown in Figure 1(Karyeyen and llbas 2017).Air and oxygen
stream regions and sections of the existing (the unmodified) and the modified burners are also
given in Figure 2 and Figure 3, respectively.

Fuel Inlet

Angular Oxygen
Inlet

Figure 1. The existing low-calorific value syngas burner

(a) (b)

Figure 2. Air (a) and oxygen (b) stream regions of the existing and the modified burners

Figure 3. Air (a) and oxygen (b) stream sections of the existing and the modified burners

6
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Numerical simulation of the turbulence reacting flow in the existing and the modified burners
and the combustor were carried out using Ansys Fluent code. Fluent uses the finite volume
method in order to solve the basic equations. It enables usage of different physical models such
as inviscid or viscous, laminar, turbulent and the other flow characteristics (Yilmaz 2013). The
Simple scheme was used for the pressure—velocity coupling. For the spatial discretization,
Second order upwind scheme was used for the convection terms in all transport equations. The
convergence absolute criterias for all of the residuals parameters were limitedas 10* except

energy and P-1 equations.
3. EXPERIMENTAL SETUP

The existing combustion system is schematically given in Figure 4. It includes low-calorific
value syngas and the oxygen lines by which the fuel and the oxidizer are supplied into the
combustor. The combustion chamber having five measuring ports located on the combustor
wall length and diameter are of 100 cm and 40 cm, respectively. They enable measurement of
temperatures and emissions of the low-calorific value syngases on different axial and radial
positions inside the combustor. In order to determine temperature values of the low-calorific
value syngases throughout the combustion chamber,ceramic coated R-type thermocouples
capable of withstanding high temperatures up to 1700°C have beenused in the experimental

studies. The diameters of thermocouples are of 5 mm.
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4. RESULTS AND DISCUSSION

Predicted results require to be validated in numerical studies. In this way, further results
including temperature and emission distributions of the low-calorific value syngases for the
modified burner are applicable. For this reason, the predicted temperature results of the low-
calorific value syngaseshave been compared with the experimental results and are presented in

Figure 5 and Figure 6 as axial distributions inside the combustor.

Figure 5 also involves the effect of the turbulence models in combusting of the generator gas.
As can be seen in Figure 6, the predicted axial temperature profiles are in good agreement with
the measured experimental data for all turbulence models. However, in particular, after the
middle of the combustor, it may be said that there is more consistency between the measured
data and the predicted temperature profiles for combustion conditions in which the k-€ standard
turbulence model has been used. Therefore, the k-€ standard turbulence model has been selected
as turbulence model for further modellings in the present study.

2200 ¢

2000 f

k-€ Standard

LR LR LR TR k-s RNG

1600 F mimimim  k-£ Realizable
- i ]

A ® Experimental

1800 F

1400 @
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(o] (e ] (=]
|
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Figure 5. The effect of the turbulence models for generator gas

In this section of the present study, the temperature modelling results of generator and blast-

furnace gases for the modified and the unmodified oxy-fuel combustion conditions are

8
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presented. The present and the subsequent sections also cover comparison of the results
regarding the combustion behaviours of generator and blast-furnace gases under air-fuel and
oxy-fuel combustion conditions. The predicted axial temperature distributions of generator and

blast-furnace gases for all combustion conditions are shown in Figure 6.

2200
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Figure 6. Axial temperature distributions of the low-calorific value syngases

When the combustion performances of these gases are firstly compared each other, it can be
concluded that combustion performance of generator gas is higher than that of blast-furnace gas
due to difference between their low calorific values. Because, generator gas includes higher
amounts of hydrogen while blast-furnace gas contains higher amounts of nitrogen and lower
amounts of hydrogen. When these gases are combusted by the existing burner,which means the
unmodified burner, under oxy-fuel combustion conditions, it has been seen that the flame
temperatures of the low-calorific value syngases increase rapidly in the flame region as oxidizer
does not include nitrogen which prevents increase of temperature levels. Unless there is a
limitation related to materials of the burner and the combustor due to overheating, this result is
a rather suitable conclusion in terms of combustion performances of the low-calorific value

syngases.
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5. CONCLUSIONS

Combustion characteristics of the low-calorific value syngases have been investigated for the
unmodified and the modified burners under oxy-fuel combustion the present study. 3D
numerical modellings have been performed by a CFD code. Modelling results have been
compared with the measured data obtained from the experimental part of this study firstly. This
comparison has been made for the unmodified (the existing) burner under oxy-fuel combustion
conditions. It can be firstly concluded that the predicted temperature distributions of the low-
calorific value syngases are satisfactorily in good agreement with the measured data throughout
the combustor. It has been consequently concluded that this overheating bring about the
modification which means that the oxidizer stream of the burner has been reduced to be more
appropriate to burn the low-calorific value syngases under oxy-fuel combustion conditions.
Therefore, the oxidizer stream of the burner has been modified in order to prevent the
overheating of the burner wall, to obtain more stable flame and its effect has been numerically
investigated on the combustion characteristics of the low-calorific value syngases within the
present study. In addition, the predicted oxy-fuel combustion results have been compared with

the predicted air-fuel combustion results.

According to the modelling results, for the unmodified burner, it has been demonstrated that
the flame temperatures of the low-calorific value syngases increase rapidly under oxy-fuel
combustion conditions in the flame regions. Because, their flames move to the upstream of the
burner and it leads to that their flame temperatures go up. The predicted axial velocity values
support this result. For the modified burner combustion conditions, it has been revealed that the
flames of the low-calorific value syngases move into the combustor uniformly and as a result
of this, the overheating problem has been overcome. Therefore, it can be concluded that the
modification facilitates uniform temperature distribution inside the combustor and enables

improvement of their combustion performances.

In conclusion, the low calorific value syngases can be used as alternative fuels in furnaces,
combustors, gas turbines and etc. under oxy-fuel combustion conditions. However, it is noted
that the burner used in air-fuel combustion process requires a modification which means that
the oxidizer stream section of the burner adapts to prevent overheating of the burner wall and

to obtain more stable flame.
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Paper 2 Bildiri 2

THE EFFECT OF SWIRL NUMBER ON COMBUSTION CHARACTERISTICS
OF BIOGAS FUEL IN A COMBUSTOR

Mustafa ILBAS™, Murat SAHIN™,Serhat KARYEYEN"

*Gazi University, Faculty of Technology, Department of Energy Systems Engineering, Ankara
**Ahi Evran University, Faculty of Engineering, Department of Mechanical Engineering, Kirgehir

ABSTRACT

This study deals with the effect of the swirl number (0-0.8) on combustion characteristics of a
biogas in a combustor. The present study is a numerical study that has been performed by using
a commercial CFD (computational fluid dynamics) code. Selection of coherent combustion
model is crucial for more accurate prediction in the reactive modelling. Because of this, the
PDF/Mixture Fraction combustion model has been chosed. The other mathematical models
applied in this study are k—€ standard turbulence model of turbulent flow and P—1 radiation
model. Methane as baseline fuel has been modelled to confirm the predictions. It is seen that
predictions are in good agreement with the existing experimental data. In that case, biogas has
been modelled to find out the effect of the swirl number on combustion characteristics of this
fuel with three different swirl numbers from 0 to 0.8 at interval of 0.4. It is finalised that the
flame temperatures are highly affected depending on changes of the swirl number. For why,
tangential velocity of the air stream changes the temperature distributions in the combustor
considerably. It is also displayed that changes in swirl number lead to position of the high NOx

regions.

Keywords: Biogas, Swirl number, Combustion, Modelling
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1. INTRODUCTION

The importance of sustainable clean energy resources is increasing day by day. Energy is a key
factor to maintain life and a significant part of the energy is produced by fossil fuels in the
world. But, there are two problems during usage of fossil fuels. There are limitations related to
the usage of fossil fuels due to pollutant effects and fossil fuels are running out all over the
world. Scientists try to find out new resources to solve these problems. Biogas fuels are very

attractive resources for scientists due to cleaner fuels.

2. MODELLING

2D CFD modelling has been performed by using the newly generated diffusion flame of burner
in order to model the effect of the swirly number on combustion characteristics of the biogas in
the present study. An axisymmetric natural gas-fired combustor, which is called as the Harwell
furnace, has been chose as combustor in this study. This combustor is reported by Wilkes et al.
and dimensions of the combustor have been exactly selected to be the same to validate our
predictions before starting modelling. Radiuses of the fuel and air jets are from 0 to 6 mm and
from 16.5 mm to 27.5 mm, respectively. Fig. 1 shows the

Physical domains of the combustor.

Grid and k-epsilon are showed that in the the Fig.3 and Fig.4, respectively. The combustor has
been selected as an axisymmetric combustor. Because of that, modelling have been conducted
in the half of the combustor due to the symmetry. The symmetry enables simpler grid generation
and shorter computation time. Some assumptions and selected models related to modelling are

as follows:

1) The flow is noted as steady state

2) Inlet temperatures of fuel and air streams are fixed at 293 K,

3) Heat inputs and equivalence ratios for all hydrogen containing fuels are considered as 60 kW
and 0.83,

4) The PDF/Mixture Fraction model and P-1 radiation models have been selected as combustion

and radiation models, respectively.
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5) Conditions reported by Wilkes et al. are taken into account to validate the modellings in

methane combustion case.
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Figure 1. The physical domain of the combustor

The mathematical modelling described for the gas mixture combustion is based on the steady-
state condition, 2D continuity, momentum, energy and speciese equations. It is showed that fuel

and air intake in Fig.2.

Figure 2. Display of fuel and air intake

The Mixture Fraction/PDF Model was used as combustion model in the present study
(1lbas,1997). The P-1 model can be easily applied to complicated geometries with curvilinear
coordinates (llbas, 2005). Because of that, P-1 radiation model was used for a more accurate

prediction of the biogas combustion in this study.
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Figure 4. Comparison of temperature is tributions between the predictions and measurements

Components of the biogas consumed in this study are also presented in this section as can be

seen in Table 1.

Table 1. The main properties of the biogas (by volume)

Biogas (%)
CH4 55
CO; 431
N2 1,53
H>S 10 ppm
0z 0,3
Calorific value (kcal/m?) 4422,06
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3. RESULTS AND DISCUSSION

The effect of the swirl number on combustion characteristics of biogas fuels have been
numerically investigated in a Harwell furnace in this study. It is concluded that the flame
temperatures are highly affected depending on changes of the swirl number. The range of the
swirl numbers is from 0 to 0.8. Fig. 5 and Fig.6 give the effect of the swirl number on
temperature levels of biogas flame at axial and radial directions. Under the effect of swirl

number of the combustion chamber it is often observed along with an increase in combustion

temperature.
2400 -
2200 |- L biogas_S=0
C L 2 biogas_S=0.4
2000:_ —@ — biogas_S=0.8
1800 |-
<1600 | o
€ eeoee,
@ 1400 |- 3 LYY
2 ¥ o
© 1200 | o
bl - @ a
21000 |- o ou
E - ® oy
o C @ u
~ 800 .0 S
r g
600 @ o
F O
400F O 4
(1N
200 -
ob v v L
0 0.1 0.2 0.3 04 0.5
Distance {m)
Figure 5. Axial temperature distributions
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Figure 6. Radial temperature distributions at x=0.4 m
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It is also showed that changes in swirl number lead to position of the NOx emissions. NOx
values increase generally as the swirl number is changed from 0 to 0.8. Tangential velocity of
the air stream changes the temperature distributions in the combustor considerably. This change

is shown in Fig.7.
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Figure 7. The effect of the swirl number on NOx gradients of biogas

4. CONCLUSIONS

The effect of swirl number on combustion characteristics of biogas fuel has been numerically
investigated. Three different swirl numbers from 0 to 0.8 at interval of 0.4 have been used for

modelling.

It is resulted that the flame temperatures are highly affected depending on changes of the swirl
number. Because, tangential velocity of the air stream changes the temperature distributions in
the combustor considerably. It is also showed that changes in swirl number lead to position of

the NOx emissions.
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LARGE EDDY SIMULATION OF FLOW AROUND ENGINE-LIKE GEOMETRY

Murat OZKARA", M. Zafer Giil

ABSTRACT

Nowadays, studies in the field of renewable energy cause pressure on the development of
internal combustion engines due to increased fuel consumption and emission problems. Hence,
in order to develop more efficient and environmental engine, the importance of combustion
chamber design more and more increases. For this purpose, the precision of the heat transfer
and flow calculations by using CFD software in the cylinder wall during the modeling phase of
the combustion chamber has great importance. In this study, the accuracy of parameters such
as in-cylinder flow and wall heat transfer in the design phase was compared with the results of
Large Eddy Simulation by using Engine Like geometry. In this regard, the ways to get more
accurate and effective results in the development of internal combustion engines together with
the turbulence models that require less computational cost in the design phase were
investigated. According to the obtained results, the variables data on the selected lines for
comparison shows that the SST k-W and the Omega Based RSM turbulence models are more
accurate.

Keywords: CFD, Large Eddy Simulation, Flow-Wall Interaction, Turbulence Modelling
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1. INTRODUCTION

Today, due to increased fuel consumption, high
carbon emission, and emission problems, studies
in the field of renewable energy cause pressure on
the development of internal combustion engines.
Therefore, in order to achieve more efficient and
environmental engine, the importance of
combustion chamber design gradually increases.
To that end, the accuracy of the heat transfer and
flow calculations by CFD software in the cylinder
wall during the modeling phase of the combustion
chamber has great importance. In this study, the
precision of parameters such as in-cylinder flow
and wall heat transfer in the design phase was
compared with the results of Large Eddy
Simulation by using Engine Like geometry. In this
regard, the ways to get more accurate and effective
results in the development of internal combustion
engines together with the turbulence models that
require a less computational cost in the design
phase were investigated. Hence, SST k - w, RNG
k-¢g v2-f and omega based Reynolds stress
turbulence models were used with the engine like
geometry. As for that obtained results, the
variables data on the selected lines for comparison
shows that the SST k-W and the Omega Based
RSM turbulence models are more precise.
Schmitt! performed Direct Numerical Solution
which solves all viscous stresses in finite volume
over engine like geometry in his doctoral thesis.
Buhl, Dietzsch et al.? etal investigated a
methodical comparative study of selected and
well-structured scale-resolving turbulence models
with regard to an IC engine flow focusing
especially on the intake stroke. Giannakopoulos,
Frouzakis et al.® et.al carried out incompressible
flow solution over intake port geometry by using
Direct Numerical Solution. Schmitt, Frouzakis
et.al.% investigated evolution of the velocity and
thermal boundary layers over in-cylinder flow by
using Direct Numerical Solution. Schmitt,
Frouzakis et.al.® performed Direct Numerical
Solution for purpose of solving local wall heat flux
and their study shows that accuracy of solution is
strongly depending on wall distance. Plengsaard
and Rutland® performed improved engine wall
models for large eddy simulation by using the
classical Werner-Wengle (WW) wall shear stress
model. Schmitt, Frouzakis et.al.” investigated the
effect of compression over flow and temperature
variables by using Direct Numerical Simulation.
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2. ENGINE LIKE GEOMETRY

Unlike other studies in this geometry, the valve is
modeled as inward. In this way, the differences in
the interaction of the flow with the wall are
intended to be more comprehensible. Geometry
was created by Ansys Design Modeller with
following design parameter which shows in figure
1.

220

Figure 1. Geometrical parameters of Engine Valve flow
computational domain. (Unit is mm)

Figure 2. Sections of Probe location over z direction.

3. NUMERICAL MODELS
BOUNDARY CONDITIONS

AND

Segregated pressure based solver was preferred
in this simulation. Velocity Inlet Boundary
Condition specified with initial Static Pressure
(latm), Temperature (288.15K) and Velocity
(6m/s) for inlet boundary condition. Pressure
Outlet boundary condition specified with the
ambient condition which requires static pressure
and temperature for exit boundary. Incompressible
Ideal Gas was selected as working fluid substance.
Sutherland Law was applied for variable viscosity
with Temperature.

Dynamic Smagorinsky model was preferred in
Large Eddy Simulation. Simple Algorithm was
used for solving pressure-velocity coupling. Node-
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based green gauss theorem was chosen in order to
reduce numerical diffusion error. The PRESTO!
algorithm was preferred pressure discretization in
order to capture pressure fluctuations properly.
Bounded Central differencing schema was applied
for momentum discretion. Third Order (MUSC)
schema was preferred for energy discretization in
order to solve accurately. Time step was chosen
as 0.05sec with 200 time iteration which total flow
time 10sec. Simulation was compleated about one
week with Intel Xeon E3-1535M processor.
Results of simulation were averaged statically at
each time step.

3.1.Computational Domain

Computational domain was created by Ansys
Meshing and it contains approximately 4.3 Milion
nodes. Hexahedral mesh type was preferred due to
it is capable to generate lower mesh count than
tetra mesh and it is computational accuracy. Near-
wall was modeled as y+<16 at the all face flow
boundary as shown in figure 2.

Figure 3. Mesh view of Engine Valve Computational
Domain.

3.2.Mathematical Formulas
This section describes the general formulation of
Ansys Fluent®. For solving the steady state RANS
Equation, the general form of continuity,
momentum and total energy equations are

described in Equation 1 through Equation 4, and
Equation 5, respectively.

Continuity Equation:
2 4+V-(pU) =0 (1)

Momentum Equation:

LDV (URU)=-Vp+V-T+Sy (2

21

r:y(vu+(vu)T—§5v-U) (3)
Total Energy Equation:
2obiot) %P 4 V- (pUheo) = V- (AVT) + V-
(U-1)+U-Sy + Sg (4)
heot = h +U? (5)

Where the relationship between the stress
tensor, T, and strain rate exists is defined in
Equation (3). Where total enthalpy, h¢,., with
respect to the static enthalpy h(T,p) exists is
defined in Equation (6). The viscous work
term, V - (U - 1), represents the work generated by
viscous stresses in total energy equation.

Where the relationship between the stress
tensor, T, and strain rate exists is defined in
Equation (3). Where total enthalpy, h¢,., wWith
respect to the static enthalpy h(T,p) exists is
defined in Equation (6). The viscous work
term, V - (U - T), represents the work generated by
viscous stresses in total energy equation.

3.2.1. k - £ Turbulence Model

The turbulence Kkinetic energy, k, is the variance
of the fluctuations in velocity and its dimensions
are in the form of L2 T2 (for example, m2/s2). The
symbol “€” represents the turbulence eddy
dissipation, which is the rate at which the velocity
fluctuations dissipate, and its dimensions are in the
form of k per unit time (L? T3) (for example,
m2/s3). The k-epsilon model introduces two
variables into the system of equations and the
continuity equation consequently assumes the

form of following Equation (7).

ap a _
5"‘6—,(].'(0(1;)—0

(7)

The momentum equation becomes in Equation (8).

Uy |, 9 )= 4 0 9Y;
at +axj (pU:l;) = axi+axj['“eff<axj+

%)] + Su ®)

1
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Where Sy represents the sum of body
forces, p.rr represents the effective viscosity
explaining the turbulence, and p’ represents the
modified pressure defined in Equation 9.

r— 2 2 Uy
p —p+3pk+3uffaxk

9)

As it is in the case of the zero-equation model,
the k-epsilon model is built upon the concept of
eddy viscosity and hence turbulent viscosity
becomes in Equation 10.
Perr = M+ U (10)

Where . represents the turbulence viscosity.
The k-epsilon model considers the turbulence
viscosity in association with the turbulence Kinetic

energy and dissipation through the relation in
Equation (11).

k2
U = up? (11)
where C,, is a constant. The values of k and ¢ are
directly obtained from the differential transport
equations for the turbulence kinetic energy and
turbulence dissipation rate:

d(pk) 0 _ @ us\ ok
2 o uk) = o (e + ) e+ -

pE + Pkb (12)
2pe) | 0 0 [y 4 ) 28

ot +6_xj(pUj€) - Ox; [(‘u-l_crg) axj] +
= (CerPy = Ceppe + Cey Pep) (13)

Where C,4, Cy,, 0, and o, are constants.

Py, and P, represent the influence of the below-
described buoyancy forces. P is the turbulence
production as a result of the below-modeled
viscous forces that it becomes in Equation (14).

au;

U
Pk=:ut<a_xj+ :

3ue Fo + pk)
(14)

%) au; 20U (

ox;) ox; 3 0m.

For compressible flow, dUy/ dxy is only large in
high-velocity divergence regions, (e.g., at the
regions of shocks). The “frozen stress” assumption
is adopted to obtain the 3, term. This prevents the
excessive increase in the values of kand e as a
result of the shocks, which is a progressively
aggravated situation by the refining of the mesh at

22

shocks. In the model, the coefficients o, = 1.44,
02 =192, 0, =1, 0. =13 and C, =0.09
required in the turbulence modeling were used.

4. RESULTS

Velocity [m/s]

= RNGk-Epsilon Turbulence Model
7| = V2F Turbulence Model
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Figure 4. Absolute Velocity distribution along Z=2H line
(H=8mm).

= Large Eddy Simulation

Turbulence Kinetic Energy [m*2/5"2]

y-Coordinate [mm]

Figure 5. Turbulence Kinetic Energy along Z=2H line
(H=8mm).

y-Coordinate [mm]

Figure 6. Absolute Velocity distribution along Z=3H line
(H=8mm).
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Figure 14. Statistical Averaged Velocity Contour of Large

Eddy Simulation.
5. CONCLUSION

Figure 12 shows that some reverse flow along
the centerline of the cylinder. This condition
didn't change each timestep but statistically
gathered averaged velocity data clearly show
that corner vorticity location is quite unstable
along theta direction. Additionally, Reynolds
stress component of flow was recalculated by
statistically gathered data. Transient and
statistically averaged Velocity component of
velocity contours clearly prove that anisotropic
flow characteristic at the around the valve and
cylinder walls due to reflective flow condition.
The velocity and turbulence kinetic energy
distributions in the probe lines chosen for
comparison show that the accuracy of the
turbulence models is deteriorating as the
probes move axially away. We can explain this
situation as the flow becomes unstable as the
flow progresses axially. However, in order to
more accurately calculate the flow parameters
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in the cylinder wall, it is seen in the figures that
it has critical importance in the near wall
distance used during mesh modeling. This is
because the y + value changes with the velocity
fluctuations that occur during the flow
interaction with the wall. Therefore,
minimization of the near-wall distance is of
critical importance in more accurate analysis
of in-cylinder flow calculations, provided that
they are compatible with turbulence models.
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With stringent diesel engine emission regulations at recent years, the DPF systems have become
the one of the main technology to remove soot particles from tailpipe of the diesel engines.
Fresh catalyst parts become aged after certain miles and their characterization is decreased
significantly. To understand emission performance of the catalyst aging is crucial due to
emission legislation. One of the main characterization of the catalyst aging is thermal aging. To
address this issue, flow burner systems may be used to increase exhaust temperature to get aged

catalyst by the high temperature.

A burner-based aging system offers an alternative solution that provides higher exhaust
temperatures, with lower fuel consumption compared to a diesel engine bench aging system.
This paper presents a natural burner based aging system that addresses the technical challenges
of using a burner to simulate diesel exhaust and the validation of aging equivalency between
the burner-based system and a diesel engine dynamometer. The operational cost effectiveness

of burner systems compared to diesel systems is also explored.
1. INTRODUCTION

In order to meet the increasingly tighter emission regulations, diesel particulate filters (DPF)
have become serial standard in exhaust gas after treatment systems of diesel engines [1]. Soot
particles form in the engine’s combustion chamber as the result of incomplete combustion. Soot
particles generated during the combustion process are trapped in the pores of the walls of
ceramic filter monoliths. These soot particles increase the backpressure value of the exhaust

system. This increase is a result of the soot loading in the filters, the pores get blocked by the
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time. As a result of this, the flow of exhaust gases is obstructed and hence the backpressure
increases. After that the exhaust system break down.

Exhaust systems not only have the back pressure problems but also the main problem
encountered by diesel engines is the significant amount of soot particles emitted to the
environment [2]. For this reason, the after-treatment devices such as Diesel Oxidation Catalyst
(DOC), Diesel Particulate Filter (DPF) and Selective Catalyst Reduction (SCR), are invented
to control the emission from diesel engines [4, 5]. The invention of DPF started in the last 20
years with various types of filter media and geometric configuration [2]. The compact
arrangement without neglecting the filtration efficiency and back pressure drop, demonstrated
by the wall-flow monolith honeycomb design, makes this type of DPF the best [1]. Usually, the
cross section of the channel is square and the whole arrangement is like checkerboard with
alternating blocked ends [2, 6]. Typical porous media used in DPF are either porous ceramic
or sintered metal due to their high temperature resistance (~1200flC) [7] to withstand the

temperature of exhaust gas [8] as seen in Figure 1.

o
ﬁ - Dutleﬁ
...'l' [
—lly | - f--:DT Soog
. "“\ .‘u

~—e ) Outlei

R

Inlet = Porous wall

Figure 1. Soot Formation

The working principle of DPF can be explained in three steps [8]. First is the filtration process
by depositing soot particles from exhaust gas when the gas passes through the porous wall. The
collected soot particles can increase the back pressure since the soot plugged at the porous wall
will block the flow of the exhaust gas. This phenomenon will result in increased fuel
consumption and reduced engine power output [4, 5]. The second step is the regeneration
process to oxidize the collected soot. The regeneration process will take place if the temperature
inside the DPF exceeds 550°C [1, 8]. Therefore, the regeneration process can be achieved either
actively using electric heating or passively using fuel-borne catalyst. The last process is the

rearrangement of the ashes collected as to maintain the next filtration process and efficiency.
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Better understanding on DPF is very essential to optimize its efficiency and design. Similarly,
the reliability and durability of the DPF can be predicted by having detailed research from
various approaches.

2. TEST
In ATS Flow Lab, thermal aging test is done with hot gas burner. Burner can run between 50-
1200 °C temperature ranges. In this study, aging test is completed for both the DPF and pSCR
in the same time. Test repeatability is important because soot production rate varies with DPF

backpressure and ambient conditions.

The process includes a minimum 8 hour non-stop heating test duration. 12 hour aging process
is also tested. The test must be unstoppable and continuous. During the test, temperature is
controlled with 3 different thermocouple locations. First thermocouple is mounted on the burner
exit, second one is on the inlet of SDPF and the last one is on pSCR inlet. Hot end inlet
temperature is 870 C and pSCR temperature is 820 C during the aging process. After the test,
ATS parts are tested in the dynamometer for the NOXx legislation limits. Same test is repeated

11 times for decreasing the emission level taken from the tail pipe emission level.

Figure 2. Test Rig

Test rig is given on Figure 2. Temperature is controlled on 3 different thermocouple locations.
First thermocouple is mounted on the burner exit, second one is on the inlet of SDPF and the

last one is on pSCR inlet.
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Figure 3. Temperature Control

Temperature oscillates over the target value over the test time. T_02 must be 870 C and T_03

(pSCR thermocouple) is 820 °C as seen in Figure 3.

Test Plan-1 Hot End Inlet Hot End Inlet JestBlame

Temperature: Temperature: -
870 C 910C '

# o—
N

Yo' =
-

pPSCR Inlet
Temperature:
820C

Figure 4. Test Image

There are 2 test plans. For the first plan, DPF temperature is 870 C for 8 hours. DPF temperature
for second test plan is 910 C, 8 hours. Before each test 20 minutes regeneration is run in order

to remove the deposits remaining from dynamometer and vehicle tests.

After the tests in Flow Lab, tests parts are taken to the dynamometer. WHTC tests are planned
with hot and cold starting conditions. The WHTC test is a transient engine dynamometer
schedule defined by the global technical regulations. The WHTC is a transient test of 1800 s
duration, with several motoring segments. Normalized engine speed and torque values over the

WHTC cycle are schematically shown in Figure below.
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Figure 5. WHTC Transient Test Cycle
After the WHTC tests, emission levels are calculated on the Tail Pipe and compared with the
target values. These values are given in Table 1. According to the tail pipe emission levels,

aging tests repeated or ended.

Variant OBD Emission Limits Test Cycle

PC 140 mg/km WLTC Cold

LDT (FWD / RWD) 220 mg/km WLTC Cold
HDT (RWD) 1200 mg/kWh WHTC Combined

Figure 6. Target Emission Test Values

3. RESULTS

Aging test is done 11 times in ATS Flow Lab Golciik. The tests are done in order to design
ATS parts under the NOXx legislations limit values. Test temperature is 870 C for sDPF tests
and 820 C pSCR tests. Test time is set as 8 hours and non-stop. For 9th and 11th Aging Test
the test temperature is 910 C for DPF testing. The temperature control is done with 3
instrumented thermocouples. First thermocouple is mounted on the burner exit, second one is
on the inlet of SDPF and the last one is on pSCR inlet. After the flow lab tests, parts are tested
in dynamometer with WHTC cycle. Emission calculations are done on the tail pipe. The

emission target values are reached and tests are finished.
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Paper 5 Bildiri 5

ONE-DIMENSIONAL MODELING AND PERFORMANCE ANALYSIS OF A V-
12 HEAVY-DUTY DIESEL ENGINE

Emre ALTUG", M. Zafer GUL

ABSTRACT

This work is about one-dimensional modeling and performance analysis of a V-12 30 liter
heavy-duty diesel overstroke engine. This engine is specifically designed for high RPM uses
such as tanks. Since the performance and fuel consumption effects are more important in tanks,
emissions are disregarded.In this work, the requirements are known, which is a V-12 30 liter
engine with 1000-1500 preferred horsepower range. Bore, stroke and compression ratios are
selected without exceeding piston velocity of 13 m/s at highest RPM, because of increased
inertial forces. Then an initial zero dimensional model is created in Matlab to see the basic
outputs. After the zero dimensional model is evaluated, one dimensional modeling has started
in GT-Suite program. The initial intake and exhaust manifold geometries are created. Then,
ports and valves are designed and 3-D drawings were performed in SolidWorks. 3-D drawings
are imported into the Ansys Fluent ICE module to simulate port flow. The outputs are obtained
and discharge coefficients for valves and ports are imported to GT-Suite. A cycloidal cam
profile script is created in Matlab and imported to GT-Suite. The ignition timing and durations
are adjusted, firing orders are selected. The simulation has run and with some modifications
and adjustments in the geometries, the power range of the simulated engine met the
requirements needed. The final simulation output is 1331 HP and brake specific fuel
consumption is 239 g/kW.h @ 2750 RPM. Maximum torque is 3808 N.m and brake specific
fuel consumption is 216 g/kW.h @ 1250 RPM.

Keywords: ENGINE, DIESEL, HEAVY-DUTY, PERFORMANCE
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INTRODUCTION

Heat engine is a machine that converts thermal energy into mechanical energy. By combusting
the required fuel (petrol, diesel, coal) thermal energy is created. This thermal energy causes
expansion, which causes work. In internal combustion engine, the combustion of fuel takes
place inside the engine. Modeling an engine is a time consuming hard work. In this work,
starting from zero and one-dimensional models helps creating the basis of the engine and
simulating to see the outputs. In the work of Montenegro, G. et al. [1], they applied an
integration between a 1-D code (Gasdyn) with a CFD simulation code (OpenFOAM) to
improve the performance of a Moto3 engine. Gurney, D. [2] worked on the design of
turbocharged engines using 1-D simulation. Soid, S.N. et al [3] worked on the simulation
analysis on the performance of hydrogen port fuel injection engine. Ordys, A. and Boretti, A.
[4] has worked on super-turbocharging the dual fuel diesel injection ignition engine. Trindade,
W.R. and Santos, R.G. [5] worked on an alternative fuel with its effect on 1-D engine simulation
and experimental test results. They started a virtual engine model and they compared it with the
test results until good agreement was done between them. In the work of Boccardi, S. et al [6],
they focused on numerical and experimental study of a turbocharged GDI engine. They aimed
CFD optimization.

METHODOLOGY

Zero-Dimensional Ideal Diesel Cycle Modeling

Zero-dimensional models include no air flow. They only depend on time. Because of these
reasons, zero-dimensional models are ideal and basic methods to coarsely model an engine.
First it is necessary to check the zero-dimensional outputs by loading the base inputs to the
script created in Matlab. The codes used in the Matlab script are based on the thermodynamic
relationships between pressure, temperature, volume and heat addition. The heat addition is a

constant pressure process.
One-Dimensional Modeling

One-dimensional models are easier to use than higher-dimensional models and they generally
are very accurately close to the experimental results. The computational effort and time is much
lesser in one-dimensional models compared to the higher-dimensional models. GT-Suite is a

user-friendly program which is a one-dimensional simulation program. In-cylinder processes
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in the GT-Suite are zero-dimensional. Single or two-zone or multi-zone models are the

subgroups of zero-dimensional models.

In GT-Suite, pipe friction losses are calculated normally, pipe bend losses are taken from a chart
which is called Miller’s chart [7] and embedded into the program. Also discharge coefficients
may be introduced where it is not possible to create a coefficient, like orifices and contractions.
Expansion losses are calculated by the program itself.
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Figure 1. Miller’s bend loss chart

Most one-dimensional models use the Wiebe burn function [8];

. k
Xp (i) =1—exp| —ay; *(9(?9'—?60J (1)

0y is advance, 6, is burn duration in crank angles, k and a,,; are constants.
For single-zone model, following method is used,;

dms ;
dQ; B dQy _dw N fi *hy i = dE @)
de do& dé dée do

For two-zone model, unburned zone equation is;

d(my *ey) _ P*dvu ~Qy+ dmy hatdl I dma*h dmf,i*hfi (3)
dt dt dt dt '

Burned zone equation is;

* d
M:_p*%_%_(ﬂ*h dLhJ 4

dt dt a1

Subscripts are u for unburned zone, b for burned zone, f for fuel and f, i for fuel injected.
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Conservation Equations

Continuity equation

dm z " (5)

dt boundaries

Energy equation (explicit method)

d(m*e) _ p.dv > (M*h)—hy*As*(Tfiuid —Tw) ©)

dt dt boundaries

Enthalpy equation (implicit method)

w:v*%+ > (m*h)—hy* As* (Tfuid —Tw) (7)

boundaries

Momentum Equation

dPrA+ Y (rﬁ*u)—4*f*m*ﬂ—Kp*[ip*uﬂug*A
dm _ boundaries 2 Deg 2 (8)
dt dx

Where A is cross sectional area of flow and m is mass of control volume. u is velocity of fluid
at boundary, e is internal energy, V is volume, P is pressure, A is cross sectional area, As is
surface area for heat transfer, h is enthalpy, hw is heat transfer coefficient,Deq is equivalent

diameter,Kp is loss coefficient, dx is discretization length and f is Fanning friction factor.

Intake Plenum

Plenum volume is important for tuning the intake system. When air is passes from intake pipe
to plenum, the air expands into plenum and velocity decreases, pressure increases. It is easier
for the cylinders to ingest the higher pressure, so the volumetric efficiency increases. For low
RPM, one needs smaller plenum volume, and for high RPM, bigger volume is needed. For
turbocharged engines, plenum volume is up to %150 of the engine volume. In the VV-12 engine

case with two plenums, the volumes are divided by 2.
Intake Pipe Diameter

The velocity in the intake pipe should be less than 180 ft/s (54,86 m/s).[9] For a VV-12 engine,

the half displacement should be taken for two plenum design.So the equation is;

Vd syg*N

‘2 ) ] *0,0254 9
180*18.5
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VE is volumetric efficiency and N is engine speed.

Valves

For bowl-in piston engines, the valve head diameter, D, is;

Inlet : 0.42*B — 0.44*B

Exhaust : 0.34*B — 0.37*B

B is bore diameter.

and max power with 14 m/s approximate mean piston speed [10]. Maximum intake valve lift is
about 0.12*B - 0.15*B and maximum exhaust valve lift is about 0.2*B. With the advice of
Prof.Dr. M. Zafer Giil, intake valve lift is taken 0.12*B and exhaust valve lift is taken 0.15*B.
Below, intake and exhaust valves side views are represented, which were modeled in
SolidWorks. Exhaust valve margin is 0.11 mm thicker compared to the intake and has a 30°
chamfer below. Intake valve head is 63.4 mm wide and exhaust valve head is 51.3 mm wide
with 49.52 mm wide 30° chamfer above.

Figure 2. Side view of the intake(left) and exhaust(right) valves
Modeling Ports

When designing exhaust ports, the most important factor is the heating of the exhaust valve.
The area exposed to the hot exhaust gases should be minimum. Because exhaust gases are at
high pressure inside the cylinder, they can evacuate the cylinder easily, so exhaust ports can be
narrower than the intake ports. They can have short and straight profile so there is less area

exposed to the heat.
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Figure 3. Intake port side view

Figure 4. Exhaust port side view

Cam Profile

Cycloidal curves are good because they don’t have discontinuities in the acceleration curve. So
for high speed applications, cyclodial curves can be used. A cycloid is the locus of a point on a
circle that is rolled on a straight line.

Following Rothbard’s [11] definitions, the cam profiles for intake and exhaust valves can be
obtained.
D
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Figure 5. Cycloidal curve(Dwell-Rise-Dwell)

Whole cam motion is D-R-R-D. For D-R-D(dwell-rise-dwell) motion;

. 1 . (2**
Displacement Y = Linax *(% T *sin (%D (9)
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For the cam motion D-R-D (dwell-return-dwell), displacement is simply;

® 1 . [ 2*7*O
= Lijax — Lmax *| — — *sin 10
Y = Lmax = Lmax (FZ 2% 1 ( T, B (10)

Intake and Exhaust Valve Lift Profiles vs Cam Angle
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Figure 6. Cam lift profile

Obtaining Discharge Coefficients

Port and valve modelings are done with SolidWorks. In order to obtain the discharge
coefficients of the ports and valves, port flow simulation is done in Ansys Fluent ICE. 10-28
inches of water column pressure is generally used for flow benches according to Vizard [12].

700,00 (mm)

I 25 T

Figure 7. Meshing the port flow system for intake(up) and exhaust(down)

After simulating, the output variables are put into the GT-Suite’s flow coefficient XLS file.
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Figure 9. Exhaust system discharge coefficients
Modeling Manifolds

The intake manifold volume is taken the %150 of the volume of a single bank. Initial exhaust
manifold has a constant diameter of 51.3 mm. If the final exhaust manifold is observed, it will
be seen that it does not have a constant taper. Instead, it has stepped cross sectional area
increases. That is because the GT-Suite program cannot count for losses in a tapered flowsplit.
It needs discharge coefficients. So instead of calculating the discharge coefficients, simpler way
IS chosen so it has stepped cross sectional areas outside the manifold flowsplit length.

il
| > | D]
U U0 UUoT

Figure 10. Intake manifold top and side view
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Figure 11. Initial exhaust manifold design with 51,3 mm constant diameter

Figure 12. Latter exhaust manifold design with variable cross sectional areas
Injection Timing

Although the second case is selected for the simulations below, it is not the maximum power
that the engine can obtain because of some limitations. During the simulation, many injection
timing parameters are selected as cases and three good timing parameters are obtained. They
are going to be compared by their advantages and disadvantages.

Table 1. Injection parameters

Injection Injection
Case o .
Timing(CA duration
Number
BTDC) (CA)
1 -20 6
2 -10 15
3 -8 15

The Engine RPM and Outputs

The engine outputs with final parameters are going to be checked in the RPM range of cases
below.

Table 2. RPM cases

Case | 850 Case | 1000 | Case | 1250
1 2 3
Case | 1500 | Case | 1750 | Case | 2000
4 5 6
Case | 2250 | Case | 2500 | Case | 2750
7 8 9

Simulation Initialization

In the Table 3, the initial values for GT-Suite program are given. For the zero-dimensional
modeling, only inlet pressure and temperature, atmospheric pressure, air-fuel ratio, which is
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roughly 20, engine geometry parameters are important. Flow affecting parameters and timings
are neglected.

Table 3. Engine parameters

Bore (mm) 151  Injected 300
fluid
temperature
(K)
Stroke (mm)  139.6 Initial -10
injection
timing
(BTDC CA)
Number of 12 Initial 15
cylinders injection
duration
(CA)
Con.rod 350 Initial firing  1-12-5-
length (mm) order 8-3-10-
6-7-2-
11-4-9
Compression  16:1  Firing 60°
ratio intervals
(deg)
TDC 9 VO 22°
clearance BTDC
height (mm)
Injected fuel 240 IVC 54°
mass (mQg) ABDC
EVO 54° Initial RPM 2500
BBDC
EVC 19.7°  Exhaust lift 22.6
ATDC (mm)
Intake lift 18.2  Absolute 2.06
(mm) intercooler
outlet total
pressure
(bar)
Absolute 2.2 Turbine inlet 800
turbine inlet temperature
total pressure (K)
(bar)
Intercooler 333
outlet
temperature
(K)
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RESULTS AND DISCUSSION

Ideal Zero-Dimensional Simulation

Table 4. Ideal cycle output

Thermal
21.67
Efficiency % IMEP (bar)
Torque 4655
BMEP (bar) 19.51 (N.m)
Brake power 1218 BSFC 187.2

(g/KW.h)

One-Dimensional Simulation

By simulating the system one-dimensionally, the effects of various parameters on performance
are observed.

Initial Exhaust Manifold Geometry

Whole exhaust manifold is the same diameter as the exhaust port, 51.3 mm, the burned mass
percentage at combustion start was also %6.65. The Mach number in the exhaust collector was
0.814. Maximum mass flow rate distribution difference was between exhaust runner 3 and 4,
which was 11.1 g/s.

Table 5. Performance outputs for initial exhaust manifold geometry

Brake Power 787.4 PMEP -3.39 Volumetric 150.7
(kW) (bar) Efficiency %

Brake Power 1055 Air flow 3928 Volumetric 150.7
(HP) rate (kg/h) Efficiency (M) %

Brake 3007 BSAC 4989 Trapping Ratio 1.000
Torque (g/kW.h)

(N.m)

IMEP (bar) 14.74 Fuel flow 216 A/F Ratio 18.19

rate (kg/h)

FMEP (bar) 2.14 BSFC 274 Brake efficiency %  30.5
(8/kW.h)
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Modified exhaust manifold

Mach number at the exhaust collector was 0.358. The mass flow rate distribution between
exhaust runner 3 and 4 was 3 g/s. Maximum difference occured between exhaust runners 2,5
being same compared to 3, was 5 g/s.

Table 6. Performance outputs for final exhaust manifold geometry

Brake 931.6 PMEP -1.41 Volumetric 165.6
Power (bar) Efficiency
(kW) %

Brake 1249.4 Airflow 4318 Volumetric 165.6
Power rate Efficiency
(HP) (kg/h) (M) %

Brake 3558.6 BSAC 4635 Trapping  1.000

Torque (g/kW.h) Ratio
(N.m)
IMEP 17.06 Fuel 216 A/F Ratio  19.99
(bar) flow rate
(kg/h)
FMEP 2.15 BSFC 231.8 Brake 36.1
(bar) (g/kW.h) efficiency

%

Injection Timing Effects

Effects of different injection timings are observed. Second case is already given above.

Table 7. Ignition timing first case

Brake 963.3 PMEP (bar) -1.36 Volumetric 165.8
Power (kW) Efficiency %
Brake 1291.8 Air flow 4321 Volumetric 165.8
Power (HP) rate (kg/h) Efficiency

(M) %
Brake 3679.6 BSAC 4486 Trapping Ratio 1.000
Torque (g/kW.h)
(N.m)
IMEP (bar) 17.76 Fuel flow 216.0 A/F Ratio 20.01

rate (kg/h)

FMEP (bar)  2.35 BSFC 224.2 Brake efficiency  37.3
(g/kW.h) %
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Table 8. Ignition timing third case

Brake

Power 917.9  PMEP (bar)  -1.42 ;C?I'C”Igit”; 165.6
(kw) v
. Volumetric
Brake 1231 Air flow 4317 Efficiency 165.6
Power (HP) rate (kg/h) (M) %
(]
Brake BSAC
Torque 3506 4703 Trapping Ratio 1.000
(g/kW.h)
(N.m)
IMEP (bar)  16.8 Fuel flow 216.0 A/F Ratio 19.99
’ rate (kg/h) ' )
FMEP (bar) )11 BSFC 935 3 Brake efficiency 356
: (g/kW.h) ' % ‘
175 :;;sts:rlifldtrpmhlg(.\_rliudcr—l v
% 100+ -‘jﬂf ."\'I
[ A .‘,l .“\
25f y / \”\‘w

Crank Angle [deg]

The Engine RPM and Outputs

The final cases are selected with the final intake and exhaust manifold geometries. Injection
timing is selected as case 2.
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CONCLUSIONS

To model a 30 liter V-12 engine, first the bore and stroke are selected. With a fixed 30 liter
displacement, If 150 mm of bore diameter is given, the mean velocity at maximum RPM would
be 12.97 m/s. It is best to avoid high mean velocities so when 151 mm is taken, the piston mean
velocity reduces to 12.8 m/s. Less than 13 m/s is ideal. Further increasing of bore diameter may
cause higher pressure times piston surface area hence higher force acting on piston. But it may
also increase the heat losses to the walls due to increased wall surface area of heat transfer. So
151 mm is thought ideal for starting. It is hard to go back on base engine dimensions, they
should be decided at the very first moment.

In the initial exhaust manifold geometry, with the whole exhaust manifold being the same
diameter as the exhaust port, 51.3 mm, the pumping losses were very high. Also mass flow rates
in the exhaust runners were distributed very unevenly. The Mach numbers were high. With the
modified exhaust manifold, the pumping losses are significantly lower than the initial manifold
design. Many of the parameters have changed positively. Mass flow rate distributions in the
runners were more evenly distributed than the initial manifold design. Maximum Mach

numbers are lowered in the system.

Three cases in the injection timing and duration were observed. In the first case, maximum
power and fuel economy is obtained. Friction losses were higher, as expected. Pumping losses
were lower, volumetric and thermal efficiencies were higher. EVO losses were the lowest
compared to the other cases. But the downside was the peak cylinder pressure was close to 160
bar. While this pressure is acceptable, the latter cases with lower peak pressures is expected to
be more durable. Because of durability and longetivity, second case is taken into consideration

for further simulation parameters.

As the engine is simulated at different RPM's between 850 and 2750, it is seen that peak brake
torque, 3808 N.m is generated at 1250 RPM. After 1250 RPM the brake torque starts to
decrease, minimum at 3448 N.m at 2750 RPM. At lowest engine speed simulated, 3730 N.m
brake torque is generated. Maximum brake power, 1331 HP is generated at maximum engine
speed, 2750 RPM. At peak torque, 1250 RPM, the generated brake power is 668 HP. At the
lowest engine speed simulated, 850 RPM, 445 HP brake power is generated. BMEP and

efficiencies were highest at 1250 RPM, as expected. Volumetric efficiency was the highest at
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2250 RPM. Fuel consumption was the lowest,216 g/kW.h at 1250 RPM, where peak break
torque is generated. At maximum engine speed, 2750 RPM, fuel consumption is observed 239
g/kW.h. Pumping and friction losses, combustion variations, differing air fuel ratios, valve
timings, EVO losses, burned residuals all affect the engine performance differently at different
engine speeds. These are the main causes of variations on engine performance at various engine

speeds.

Further work is to do optimizations on the model. This work only contained an initialization
and a conceptual modeling with basic optimizing. 4 valves per cylinder may have a positive
impact on performance. Intake, exhaust manifold, port and valve geometries, valve and
injection timings, firing orders, connecting rod length, compression ratio can be optimized to
get a higher power output and lower fuel consumption. As stated before, emissions are not

important for a military vehicle.
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ENERGY FROM THE WASTE HEAT ENERGY OF TRACTOR EXHAUST
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ABSTRACT

Today, the demand for energy is increasing each passing day with the rapid increase in human
population. Depending these demands, the rapid rise in energy costs and changing climate conditions
cause significant problems for countries. Especially in our country, there are incentives in many areas
such as renewable energy, waste heat energy recovery in order to diversify energy production and to
meet our own energy needs. In this study, thermoelectric generator design has been made to provide a
clean, inexpensive and efficient energy production by providing the recovery of waste heat energy left
to the nature without using a tractor exhaust. Firstly, a mathematical model was established by
determining the system parameters. In addition, SolidWorks and ANSYS Workbench simulation
programs are used for appropriate design depending on this model. This model has a thermoelectric
power generator peltier module, a hexagonal frame and a wing cooling unit. The thermal, electricity-
thermal analyzes of the designed model have been carried out and the current, voltage and power values
to be obtained are examined and it has been observed that the thermal energy from the exhaust gas has
an accurate distribution. Adjustable DC-DC voltage regulator board is used to increase current and
voltage values.

Keywords: Thermoelektric Generator, Recovery of Waste Heat Energy. Heat-Electric
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1. INTRODUCTION

Today, due to reasons such as global
warming, increasing energy demand with
increasing population, increasing economic
problems due to fossil fuels and decreasing
fossil fuels, mankind has started to look for
different ways in energy production.
Especially the renewable energy and the
energy recovery left to the environment has
importance. For example, an efficient energy
can be obtained by using the heat energy of
the exhaust gas that the internal combustion
engines leave to the nature through the
exhaust. Thus, by reducing the amount of
wasted energy, both energy costs will be met
and the need for fossil fuels will be reduced.

In addition to meeting the energy needs for
most of the countries, providing
environmental awareness, increasing the
existing efficiency, also vital to ensure the
diversity and continuity of the resources
used. [1].

Thermoelectric devices are the most suitable
devices for converting the waste heat energy
resulting from the processes into electrical
energy. With thermoelectric devices, as a
result of a certain temperature difference,
electric potential is produced through the
Seebeck effect discovered by Thomas J.
Seebeck. Also thermoelectric devices can be
used for cooling or heating purposes with
Peltier effect.

The first studies on thermoelectric power
were carried out by German scientist
Thomas Seebeck in 1821. In this study, in a
closed circuit that two different metals were
formed, electric current was circulated and
the reaction of the metals used to two
different temperature values was observed.
But he had not realized the basis of the
studies and the continuing temperature
Seebeck production, has recognized that the
impact of equal value has been circulating
electric current [2].
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In 1834, the French physicist Jean Peltier
realized that while he was working on the
Seebeck effect, the electric current was
absorbed by the heat energy in one of the
metals while the electric current was moving
in a closed cycle and in the other [2].

After a while, the French physicist Jean
Peltier published a statement about the
effects of Thomson, Seebeck and Peltier,
and explained the connection between these
two thermoelectric effects [2].

Today's studies are examined, vehicle
technologies, geothermal energy etc. in
many areas studies have been done. For
example, electricity is produced by utilizing
the heat energy of the exhaust gas from the
exhaust of an internal combustion diesel
engine. In this study, flow analysis was
performed and it was examined how much
power the engine produced under different
operating conditions in the experimental
environment [3].

In another similar study, thermoelectric
systems are used for the heating and cooling
of wvehicle seats. Recently, automobile
companies are working on this subject. The
clean energy obtained from thermoelectric
systems can be used directly or stored.

Thermoelectric systems can be used in
vehicle exhausts as well as other
applications in the vehicle. In the studies, it
is aimed to obtain electrical energy by using
the heat energy released in the brake system
depending on the sudden braking values at
30, 50 and 70 km / h speed. In the
experiments carried out within the scope of
this purpose, the energy recovery of the
energy was provided [3].

Many other studies have been carried out to
obtain electricity from flue gas, which is
another area that thermoelectric systems can
use. In a study, the experimental setup was
prepared and it was aimed to change the
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negative effects of the gas thrown out of the
chimney to a positive direction by obtaining
electrical energy from the waste heat
generated. As a result, a 12.2% gain was
observed in the calculations [4].

In a similar study, the hot surface of the
thermoelectric generator was heated with
waste gas and the cold surface was cooled at
different water flows. The use of waste gas
from the pipes of the stoves used in the
houses for heating of the hot surface has
been shown with the help of this
representative mechanism that can generate
energy from the waste gases occurring in the
industrial establishments [5].

In this design, a thermoelectric generator
suitable for a tractor exhaust system is
designed. For this system, mathematical
model was created and design parameters
were determined. The system was designed
according to the determined parameters and
thermal analyzes were performed and
suitable  thermoelectric modules  were
selected. In order to obtain the temperature
difference for the desired power value, heat
sinks were used on the cold surface of the
thermoelectric modules. As a result of the
analyzes, it was aimed to obtain the power
required to operate the electric parts of a
tractor and tractor trailer.

2. THERMOELECTRIC
GENERATIONS

Thermoelectric generators are
thermoelectric elements that can produce
direct current depending on the temperature
difference between the two surfaces. Thanks
to these thermoelectric elements, electrical
energy can be easily obtained in all areas
where temperature difference is present. In a
closed circuit composed of two different
metals, if different temperature values affect
the connection points, Joule effect, Peltier
effect and Seebeck effect are applied
between these surfaces. The structure of the
thermoelectric generator. As shown in
Figure 1.

50

P ve N Tipi Tsicar -m

Seramik
Tabakalar

MA-

Figure 1. Structure of thermoelectric generator [7].

Thermoelectric  generators convert the
energy that is converted to heat into
electrical energy for any reason. Thus, waste
energy waste is avoided and the resulting
energy losses are minimized [6].

Thermoelectric generators have

advantages. They are;

many

They work quietly

Reliable,

Basic,

Stable,

Maintenance-free,

They haven't moving parts,
Long lived,

They obtain electricity directly,
They allow temperature control.

VVVVVVVYVYY

Thermoelectric generators have many
advantages as well as disadvantages. The
biggest disadvantage of thermoelectric
generators is their low efficiency. The
efficiency of thermoelectric generators is
about 5-10%.

Both the increase in the costs of
thermoelectric generators compared to the
used areas and the lack of the desired amount
of efficiency obtained due to their increasing
costs reduce the number of areas they are
applied. The yield amount of 5-10% can be
considered very low, but it is seen that the
yield amount is not low when the electricity
obtained from the recovery of waste heat is
made available [7].



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-13

MARCH 2019, ANTALYA

The operating principle of thermoelectric
generators is based on the Seebeck effect.
Thermoelectric generators are
thermoelectric  modules composed of
thermoelements. A thermoelectric module is
an electrically series to increase the voltage
generated from semiconductors p and n, .An
electrical voltage is generated along with the
temperature difference to be formed between
the surfaces by connecting the electrical
charge to the end parts of a thermoelectric
generator and current flow from the load
occurs. This is the working principle of
thermoelectric generators in general.

3. MATERIAL AND METHOD

In this study, it is aimed to decrease the
energy deficit by converting the heat energy
which is left to the environment without
being used efficiently to electrical energy.
For this purpose, mathematical model has
been formed in accordance with the
principles of heat transfer and this model has
been analyzed by using Thermal-Electric
and Thermal modules in ANSYS
Workbench 16.0 software program. Current,
voltage and power values obtained as a result
of these analyzes are recorded depending on
certain temperature conditions.

3.1.Thermoelectric Generator Design

In this model designed to realize power
production, ideal thermoelectric equations
are used to determine the material properties
of each piece used in accordance with the
design parameters. The ideal thermoelectric
equations used in this context depend on the
Seebeck effect, the Joule heat and the
conducting heat. Some assumptions have
been made for the extraction of these ideal
equations used in the design of the model:

e Exhaust gas temperature passing through
the section where the thermoelectric
generator is placed on the exhaust is 177
OC (450 K).
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The temperature distribution in the
thermoelectric generator is
homogeneous.

e The cold surface of the thermoelectric
module contact a heat sink. The
interaction between the heat sink and the
environment is in a convective form.

e Thermal and electrical  contact
resistances have been neglected.

e Depending on the temperature, material
properties do not change. Accordingly,
the Thomson effect was neglected.

e Convection and radiation were neglected
for the semiconductor thermoelectric leg
in the thermoelectric module.

e The connection points in the model are

perfect.

The basic heat transfer formulas have been
used to determine the heat transmission
coefficient and dimensions of the hexagonal
block used in the design to convey the
temperature of the exhaust gas to the hot
surface of the thermoelectric module in the
desired conditions. The heat transferred
from the exhaust gas to the thermoelectric
generator is calculated as in formula 1.
Q=mcAT (W) (1)
The thermophysical properties of the
exhaust gas used in this formula are as in
Table 1.
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Table 1. Thermophysical properties of exhaust gas

[9].

Specific | Density Thermal'
Temperature Conducti
Heat (c)) | () | it
y
K
(K) (kIKK) | (kgM) | e
400 1,106 0,912 23,6
450 1,114 0,810 29,1
500 1,126 0,729 35
550 1,140 0,662 36,6
600 1,070 0,607 48

To determine the size of the hexagonal block
which is a part of the design according to the
calculated amount of heat and the heat
conduction coefficient of the material to be
used

Q=KAT (W) 2)
K is the total heat transmission coefficient.

The unit is W / K. Calculated according to
formula 3.

A

K=ks (WIK) (3)

In Figure 2, the voltage, current, resistance
and power values of the thermoelectric
power generator module, which is shown
internally, depending on the design
parameters and assumptions, are calculated
according to the following relations.
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Figure 2. Internal structure of thermoelectric module

Voltage value;

_NS(Ty-TL) RL
V_’%T ) V) (4)
Internal resistance value;

L

R=p~ (Q) (5)
Current Value ;

_ §(Ty—Ty)
== ) (6)
Power value;

2 _mN2 RL
w=t L R W) )
(1+3)

The efficiency of the thermoelectric power
generator module selected according to these
relations is as follows.

w

on

n (8)

The performance criterion (FoM) of the
selected thermoelectric module is calculated
as follows.

2
FoM ==
k

& (WK)

(9)
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3.2. Finite Element Method

The finite element method (FEM) is an
important solution for many applications in
engineering. FEM enable compound
analysis in many analyzes such as thermal,
flow and electromagnetic analysis. Also it
includes solution of the analysis of the
combined physics capabilities such as
thermal-structural, fluid-structural,
electromagnetic-thermal, thermal-electric.

The ANSYS analysis program enables a
complete and effective analysis of
thermoelectric devices. In addition to the
Joule heating effect, Seebeck, Peltier and
Thomson effects are used in the analysis
according to FEM. These effects are used in
the analysis of thermoelectric generators and
thermoelectric coolers [10].

3.3.Thermoelectric Generator
Modeling

Nowadays, simulations made in computer
environment have enabled design in many
areas with the development of technology.
One of these simulation programs is the
SolidWorks drawing program which is used
for designing this model, for ease of use
design efficiency etc. depending on the
features of the design and assembly of parts
is used in a program too. Also, ANSYS
Workbench  16.0, which is another
simulation program and which is used in part
analysis in this project, enables the design of
systems and analysis by simulations when
combined with FEM based software. The
ANSYS finite element program is a very
preferred program because it has a very large
archive and the analysis modules can be used
interactively.

This model is designed as a one-to-one
design and consists of 1 hexagonal block, 6
thermoelectric modules, 6 heat sinks and 6
aluminum plates. Also in the model shown
in Figure 3, to ensure that the silicone part of
the thermoelectric modules is not damaged
in high temperature values, some glass wool
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is to be installed in the tractor exhaust system
of the designed thermoelectric generator and
two-piece outer casing to protect it from
external environment and connection
elements to keep the created design together.

Figure 3. Design of Thermoelectric Generation

The use of stainless steel material is
extremely common, as it is resistant to
corrosion effects and high temperature
effects caused by condensate water
molecules in vehicle exhaust systems. As in
Figure 4, extremely high temperature values
start from the engine to the exhaust section.
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Figure 4. Temperature distribution of the exhaust
system in diesel and gasoline engines [11].

One of the biggest problems that occur in
thermoelectric generator design compatible
with such a system is the high temperature
factor. Thermoelectric modules that will be
used in thermoelectric generator can work
healthy until certain temperature values.
Otherwise the thermoelectric modules break
down and the designed system cannot
achieve the desired efficiency. In this
context, a hexagonal shaped block of heat-
conducting low-ceramic material was
designed to ensure that a temperature value
lower than the exhaust gas temperature was
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effected on the hot surface of the
thermoelectric modules. This block, shown
in Figure 5, is 18 cm wide, 4 cm thick, and
as mentioned in Section 3.1, it allows the
temperature value of 177 °C (450 K) to
decrease the temperature value up to a
temperature value which the thermoelectric
module can work properly.

Figure 5. Hexagon Block

Thermoelectric modules which used in the
design are located in hexagonal blocks. The
reasons for this are to ensure that the
temperature values acting on the hot surface
of the thermoelectric modules act more
uniformly, to efficiently use the limited
working area and to keep the thermoelectric
modules constant during the movement of
the tractors. In addition, the heat transfer
coefficient of these blocks is extremely low
due to the glass wool, thermoelectric
modules are not affected by the high
temperature of the silicon parts.

Thermal analysis of hexagonal ceramic
block was performed by using ANSYS
Workbench 16.0 analysis program in order
to obtain the desired voltage, current and
power values by operating the
thermoelectric modules properly. This
model that was designed in SolidWorks
program transferred to ANSYS Workbench
16.0. After these processes, all the features
of the model are made dependent on each
other by making mesh operation. During the
formation of the mesh structure, the specific
number of knots, the number of elements
and the element size values are selected as
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the most suitable for the current, voltage and
power values to be obtained depending on
the performance characteristics of the
computer and a uniform temperature
distribution especially in the hexagonal
block. The number of elements and the
number of nodes vary according to the
element size. Depending on the component
dimensions are given total number of
elements and nodes in Table 2.

Table 2. Bond created based on element size
structure values

Size Element Number of
Number Nodes
0,02 101586 443932

In the thermal analysis for the hexagonal
ceramic block, the exhaust gas temperature
was defined as 177 °C (450 K) and the air
temperature value acting on the model was
determined as 22 °C. Also the air convection
coefficient is defined as 18 W / mK because
of its natural convection. The results of the
thermal analysis based on these parameters
were observed.

The thermoelectric module that is showed
the theoretical calculations in Section 3.1 is
shown in Figure 6.

)
c,"‘\hc\e
© o

Figure 6. Properties of type SP1848-27145
thermoelectric power generation module [12].

The SP1848-27145 type thermoelectric
module with dimensions 40 mm x 40 mm x
3.4 mm suitable for high power production
in the design can withstand temperatures up
to 150 °C. 6 piece of the SP1848-27145 type
thermoelectric modules were used and all
were connected in series. In thermoelectric
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modules, a surface must be kept warm for
power generation while the other surface
needs to be cooled. In order to be able to cool
the other surface of the thermoelectric
module, 6 aluminum needle wing heat sink
with 40 mm x 40 mm x 27 mm dimensions
were used. The voltage and current values of
the thermoelectric module used depending
on the temperature difference are given in
Table 3.

Table 3. Properties of type SP1848-27145
thermoelectric module [12].

Temperature
Difference Voltage (V) | Current (MA)

(AT)
20 0,97 225
40 1,8 368
60 2,4 469
80 3,6 558

100 4,8 669

In thermoelectric modules, a surface must be
kept warm for power generation while the
other surface needs to be cooled. 6
aluminum needle wing heat sink with 40 mm
X 40 mm x 27 mm dimensions were used in
order to be able to cool the other surface of
the thermoelectric module. The heat sink
that designed to be easily manufactured, was
assembled an aluminum plate with the
screws. As shown in Figure 7, the reason for
using the aluminum plate is to accelerate the
cooling process. The plate can be preferred
according to the outdoor temperature
because the plate can be connected to the
outer casing used in the heat sink and model.

Figure 7. Heat sink design
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In this system which is carried out with
natural convection, needle wing heat sink is
preferred for increasing the air contact area
and air flow direction.

Thermal analyzes were performed for low or
high outdoor temperatures. In addition, as a
result of the thermal-electric analysis
performed for a pair of thermoelectric
modules, the temperature value of the
thermoelectric module to the ceramic base
was determined and these values were used
in the thermal analyzes for the heat sink. In
the thermal analyzes for the heat sink, the air
temperature values were accepted as 20 and
35 °C and the heat transfer coefficient of the
air was accepted as 18 W / m?K.

Shown in Figure 8, 70 mm x 38 mm x 30 mm
dimensions K101 adjustable dc-dc voltage
regulator card was used for voltage, current
values can be adjusted in this modal which
the mathematical model is formed and
thermal and thermal-electrical analyzes are
performed.

Figure 8. K101 200W adjustable dc-dc voltage
regulator card [13]

For this card which known as dc dc voltage
regulator, input and output voltage values
and output current values are given in Table
4.

Table 4. Properties of dc dc voltage regulator card

[13]
Voltage Value For Input 6V-35V
Voltage Value For 6V -55V
Output
Current Value For
Output 10A
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In the design, 2 outer crates are designed in
order to protect the hexagonal ceramic block
from the harsh outdoor conditions and to
keep the thermoelectric generator constant in
the tractor exhaust. These crates are
connected to each other with screws. Also,
screws and thermal paste were used for
fixing other parts within the model.

The heat transfer coefficients of the
materials used in the model are given in
Table 5.

Table 5. Heat conduction coefficients of materials

Thermal Conductivity
Product name (W/mK)
Ceramic 4
Aluminium 237,5
Glass Wool 0,035
Thermal Paste 11
4, RESULTS
In this study, thermal analysis were

performed for the hexagonal block and heat
sink designed. Operating conditions of
thermoelectric modules which were used
according to the temperature values obtained
as a result of these thermal analyzes were
checked and the voltage, current and power
values obtained from thermoelectric
modules were found.

In the thermal analysis for the hexagonal
block, the hot surface of the thermoelectric
module and the temperature values affecting
the silicon parts of the thermoelectric
modules were found. In this context, the
temperature values of the section in which
the hexagonal block seen in Figure 9 comes
into contact with the hot surface of the
thermoelectric module were indicated. In
the hexagonal model with a uniform
temperature distribution as shown in Figure
10, temperature of about 113.51 °C was
observed in the central part of the hot surface
of the thermoelectric module. Also, this
temperature value was observed to decrease
slightly from the center of the hot surface of

56

the thermoelectric module to the edge
regions.

Figure 9. Temperature values on the hot surface of
thermoelectric module

177 Max
161.55
146.09
130.64
115.19
99.734
84,281
668,828
53.374
37.921 Min

Figure 10. Temperature distribution in hexagonal
block

The second thermal analysis for the
hexagonal block was carried out to observe
the effect of the glass wool used to prevent
the silicon parts of the thermoelectric
modules from being affected by the high
temperature. As a result of the thermal
analysis, the temperature value on the silicon
sections is approximately 49,728 °C as seen
in Figure 11. According to these results, the
desired values of voltage, current and power
were obtained and the designed hexagonal
block was observed to be suitable for this
purpose.
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Figure 11. Temperature values affecting silicone
surfaces

The heat sink was used to cool the other
surface of the thermoelectric module. It was
aimed to perform natural convection cooling
process depending on the outdoor
temperature. In this context, 20 and 35 °C
was indicated as the outdoor temperature.
Also, the temperature of the bottom ceramic
surface of the module has been determined
as a result of the thermal-electric analysis for
a pair leg of thermoelectric modules. In
figure 12 and 13, thermal analysis was given
for temperature values of 20 and 35 °C.
According to the analysis process, the
desired temperature values for the cold
surface of the thermoelectric module were
obtained.

Sekil 12. Temperature at the cold surface of the
thermoelectric module when the outdoor
temperature is 20 °C
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Sekil 13. Temperature at the cold surface of the
thermoelectric module when the outdoor
temperature is 35 ° C

In the thermal analyzes performed for the
heat sink design, the cooling process can be
carried out without the use of the needle
blade heat sink at the temperature values
lower than the two temperature values used.

The working conditions of the outdoor
environment, the conditions where the
tractor is used, the temperature values of the
exhaust gas etc. the temperature difference
varies according to many variables. In this
case, dc dc chopper card is used to adjust the
current, voltage and power values. A total of
28,8 V voltage, 0,669 A currentand 19,26 W
power values were obtained from 6
thermoelectric modules. Thus, this power
value which can be used either directly or by
storage can be enabled to operate the electric

parts of tractors and tractor trailers
efficiently.
NOMENCLATURE
DC : Direct Current
FEM : Finite Element Method
FoM : Performance Criterion
K . Total Heat Conductivity
Coefficient (W/K)
A : Cross Sectional Area, m?
L : Length, m
\Y/ : Voltage, V
| : Current, A
w : Power, W
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QH

:The Amount of Heat Drawn

From The Hot Surface of The
Thermoelectric Generator

AT : Temperature Difference, °C
TH : High Temperature, °C

TL : Low Temperature, °C

S : Seebeck Coefficient, V/IK

p . Resistivity , Qm

k : Thermal Conductivity

Coefficient, W/mK

R : Total Internal Resistance, Q
RL . Load Resistance, Q
N : Number of Thermoelectric
Leg Pair
] : Efficiency
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Paper 7 Bildiri 7
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DROPLETS IN A GAS-TURBINE COMBUSTOR: CFD MODELLING USING THE
DISCRETE COMPONENT APPROACH

Mansour Al Qubeissi'?, Geng Wang!, Nawar Al-Esawi?, Oyuna Rybdylova®, Sergei Sazhin®
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The modelling of heating, evaporation and combustion processes in a combustion system is
crucial to its design and advancement [1,2], and essential to the assessment of the suitability of
kerosene as an aviation fuel [3]. In this study, we have conducted a detailed analysis of kerosene
fuel droplet heating and evaporation, using the previously developed discrete component model
(DCM). Kerosene fuel composition (approximated by 44 components of the full composition
reported in [4]) is replaced with 2 surrogate components to reduce the computational time. In
contrast to the classical industrial analyses of aviation fuel (e.g. the distillation curve method
[5]), the DCM takes into account gradients of species mass fractions in droplets. It is based on
the analytical solutions to the heat transfer and species diffusion equations subject to
appropriate boundary and initial conditions [6]. Numerical codes using these solutions were
extensively verified and validated in [7-9]. The effective thermal conductivity and effective
diffusivity approaches for moving droplets are used in the model.

The DCM was implemented in the commercial CFD software of ANSYS-Fluent which was
applied to study the processes in a combustor. The computational domain is shown in Figure 1.
A polyhedral mesh was used for the hydrodynamic model, as shown in Figure 2. This opened
opportunities for the simulation of the full combustion cycle. The influence of droplet

evaporation on the combustion process was investigated.
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Fuel Inlet

Figure 1. The can combustor geometry used in our CFD simulation.

Figure 2. The mesh used for the combustor simulation.

The analysis was applied to a balanced mixture of kerosene and diesel fuels, represented in the
ANSYS-Fluent database by Ci2H23 and CioH22, respectively. The initial droplet diameter and
temperature were 100 um and 375 K, respectively. The ambient gas temperature and pressure
were 800 K and 4 bar, respectively. A co-axial air-blast atomizer was used with air and fuel
mass flowrates of 0.175 kg/s and 0.003 kg/s, respectively, and an injection speed of 1 m/s. As
shown in Figure 3, the evolution of droplet radii with time was predicted using three approaches,
namely: 1) the results predicted by standard ANSY'S Fluent software using constant properties;
2) the results predicted by ANSYS Fluent with the implementation of transient properties of
fuel composition using the user defined function (udf), but without the DCM; and 3) ANSYS
Fluent results with full implementation of the DCM and transient thermodynamic and transport
properties.
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Figure 3. The evolutions of droplet diameter using the three modelling approaches: 1 refers to Standard ANSYS

0

Fluent results, with constant properties, 2 refers to ANSYS Fluent results, with in-house properties using udf,
and 3 refers to ANSYS fluent results with the in-house developed DCM using udf.
The preliminary results show that the maximal impact of incorporating the DCM into the
ANSYS-Fluent prediction of droplet evaporation is up to 10.4% compared to the case when a
standard ANSY S-Fluent model is used. Also, our results indicate that the fuel composition and
temperature gradient inside droplets, which are ignored in the standard ANSYS Fluent model,
can lead to noticeable impact on the spray formation and combustion processes. The new results
have been compared with those reported in the literature [12] (see Figure 4) for kerosene

droplets of 1.8 mm initial diameter.
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Figure 4. The validation of the models for the normalised droplet diameters squared predicted by the standard
ANSYS-Fluent (solid curve), and ANSYS-Fluent with the DCM udf (dotted curve), using data reported in [12]
(bold triangles) for kerosene fuel.
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As can be seen from Figure 4, general agreement between the numerical results and
experimental data was found. In our analyses, we considered the impact of thermal-swelling on
droplet evaporation. Finally, the combustion of the blended fuel droplets was simulated, and
the influence of fuel evaporation and species diffusion on flame properties was investigated and

will be presented in the full paper.

Keywords: Aviation fuel, CFD model, Combustion, Droplet evaporation, Gas turbine,
Kerosene
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Energy security for countries is today’s topic for the availability of energy sources at an
affordable price. Apart from the energy security, maintaining the sustainability on earth is
important topic. More research on solar energy, wind energy, biogas and biofuels has been still
stimulated by energy sector when environmental considerations are taken into account. Biogas
energy is based on the principle of obtaining energy from organic wastes. Biogas technology is
preferred technology when organic waste amount and energy production is taken into account.
European Biogas Association (EBA) stated that energy produced from biogas has been on rise
in the European markets. According to “The Biogas Report 2013, the total annual power
consumption of households in Belgium and Slovenia was equal to the total amount of energy
produced from European biogas plants. The report stated that more than 14,500 biogas plants
are operational in Europe and the number is growing steadily. Hungary, the Czech Republic,
Slovakia and Poland are the top European biogas markets. For Europe's energy security and
decarbonisation, biogas-based energy is important. While Germany and Italy are among the
biggest biogas contributors in Europe, the predictions are not too optimistic for them as well as
some other European markets. In this part of review, the energy security and biogas technology

in Turkey, Georgia and Bulgaria countries is expressed.

Keywords; Energy security, sustainability, decarbonisation, biogas
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IMPORTANCE OF ENERGY SECURITY
Energy security is an important issue for the communities whose life depends on continuous
energy supply. For the definition of energy security energy availability, prices, economic and

social welfare of the society are taken into consideration [1].

The following seven themes represent the energy security: energy availability, infrastructure,

energy prices, social effects, environment, governance and energy efficiency.

- Energy availability relies on geopolitical factors and heterogeneity of energy supply
sources [1]. Especially, regional tensions tend to change the mode of the energy supply
(oil supply, gas supply etc.) and transport of energy can change the availability of energy

sources.

- Infrastructure represent the energy related transformation facilities such as pipelines,
substations, oil refineries, thermal power plants. These facilities are important for

continuous supply of energy with sufficient amount [1].

- Energy prices rule the affordability of energy supplies using energy market and price

level of the energy supply [1].
- Social effects maintain the energy related living environment of the people [1].

- Environment concerns energy related carbon, nitrogen and other gas emissions in

terms of global warming and especially focusing on the air pollution [1].

- Governance concerns the policies that protect the short-term energy breaks related to

infrastructure problems and use taxes to overcome these concerns [1].

- Energy efficiency can lower the amount of required energy for energy utilization

providing low energy intensity [1].

In addition to that, researchers are investigating risk of energy security to maintain the energy
performance of countries [1]. The performance of energy can be measured using indicators and
indexes by subjective manner [1]. For instance, Patlitzianas et al. [2] has investigated the
security of energy supply, competitive energy market and environmental protection using 36
sustainable energy policy indicators mainly composed of dependence on imports of solid fuel,
dependence on oil imports, dependence on natural gas imports and differentiation of primary

fuel.
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Specific focused areas (SFA) in index construction for energy security are taken into account
while SFA-3 specifically concern the economic dimensions of the energy; SFA-5 is based on
social dimensions [1]. For example, Sovacool and Brown [3] investigated 10 indicators using
SFA-2, SFA-4 and SFA-6. In addition to that, normalization of indicators, weighting the
normalized indicator and aggregating of the normalized indicators are required for construction
of whole energy security index [1].

“Energy trilemma is defined as balancing the trade-offs between three major energy goals,
namely energy security, economic competitiveness, and environmental sustainability” as stated
by Ang etal. [1]. The schematic representation is shown in Figure 1. For countries that concern
both energy security and economic competitiveness should take in to account the energy prices
and infrastructure costs. However, when environmental sustainability and energy security are

considered energy efficiency and clean and low carbon energy sources should be favored.

Energy Security

* Physical availability of
*  Energy prices

Iné energy sources
. NErastructurs st
\.Dwemhulion

ECOﬂome Environmental
Competitiveness Sustainability
* Cost of delivered * Environmental
energy impact of energy
system

Figure 1. Energy security and relation with economy and sustainability [1]
ENERGY STRATEGIES OF SOME COUNTRIES

When energy security is considered, the energy strategies in countries are important topic for
evaluating the energy performance and energy efficiency. The following 2.1 and 2.2 will
maintain the current energy strategies of Turkey, Georgia and Bulgaria. Figure 2 shows the

Turkey and Turkey’s eight neighbor countries.
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Figure 2. Energy security and relation with economy and sustainability [4]

Energy Strategy of Turkey

When we look at the geography, Turkey (we) as a part of Eurasia, have many natural gas routes

and oil routes of Eurasia as shown in Figure 3a and Figure 3b. As it is known that around 70%

of the world oil and natural gas reserves are found in East, Turkey stands as a bridge between

the source donor and source acceptor countries [4] and these provide Turkey a geopolitical and

geostrategic importance. Energy projects that involve Turkey can improve the employment

status, also. For instance, in Baku—Thilisi-Ceyhan project ten thousand people were employed

and there are also huge number of employment for both Shah Deniz oil field and interconnector

natural gas line Turkey-Greece-Italy. Whit these projects natural gas consumption amount in

Turkey was increased up to 64% and gas pipeline length is increased up to 11000 kilometers

[4].
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Figure 3. Natural gas and oil routes in Eurasia [5, 6]

Energy productivity has become important as taking into account both environment and

depleting water sources. ENVER project become important for energy productivity issues and
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as “enver” means “illumination” in Turkish, this project will maintain the efficient energy
consumption considering even bulb changing in houses [4]. YERSAN is another project in
which turbines, solar energy panels, drilling machines, and geo-thermal and geo-spring
equipment are manufactured as a part of domestic industry [4]. Turkey’s new strategic goals
are turning from energy corridor to energy terminal, changing the position of exporter to
importer and switching from resource geography to transit geography [4].

Energy Strategy of Georgia and Bulgaria

Georgia is the country that enrolls the entire process of power generation in the Caucasus and
Black See regions and use of the Caspian Sea oil and gas [4]. Their main aim is supplying full
energy transition regarding to energy sustainability, competitive energy supply so they invested
on energy market securities such as in 2007, Georgia spent 60 million USD for regeneration,
and rehabilitation of the exiting gas pipelines [4]. Between 2009 and 2012, the project named
High Voltage Interconnection Project provide the Black Sea Electricity Ring and strengthened
East-West Power Bridge [4].

Bulgaria is the country that contribute the energy security of Balkans [4]. In 2009, Bulgaria and
Greece signed Gas Interconnector Greece-Bulgaria project that covers the biflow pipeline
between two countries, which may reduce the Bosphorus Straits, and risk of accidents in
Bosphorus [4]. Bulgaria’s strategic role will provide more secure energy supply in the Balkan
region and Bulgaria has also many investments on nuclear energy and hydroelectric power

energy that has regional importance [4].
BIOGAS TECHNOLOGY

Composting and anaerobic digestion technologies are main Technologies that are used for waste
management due to the constraints of land [7]. Anaerobic digestion is handled under anaerobic
conditions and organic materials in the waste are transformed into another form biologically.
The final products of anaerobic digestion process are biogas (mainly composed of methane and
carbon dioxide) and other organic residues called digestate that may potential application on
soils as a plant growth supporter [7]. The anaerobic digestion process is important for
researchers as being supply 100-150 kWh energy per treated tons of waste [7].

Biogas production is a process involving complex microorganisms mainly composed of
acetogenic bacteria and methanogenic bacteria. By the time acetogenic bacteria produce acids,
methanogenic bacteria involves in methane production using either acetic acid or hydrogen [8].
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There four main reactions in anaerobic digestion hydrolysis, acidogenesis, acetogenesis and
methanogenesis [9]. Hydrolysis is the step in which fats, lipids, carbohydrates and proteins
degraded into fatty acids, simple sugars and amino acids by using extracellular enzymes. These
degradation products can be converted into alcohols or volatile organic acids by the active
involvement of intracellular enzymes of acidogenic bacteria as part of acidogenesis.
Acetogenesis is the third step of this digestion pathway and alcohol or volatile organic acids are
converted into acetics or hydrogen and carbon dioxide by acetogenic bacteria or hydrogengenic
bacteria. The final product of methane is generated using these products (acetics, hydrogen,

carbondioxide) by methanogenic bacteria.

Figure 4. Anaerobic digestion reactions [9].

Operating temperature, reactor volume, solid content, organic loading rate, toxic compounds,
nutrient balance, carbon to nitrogen ratio, microorganisms’ degradation pattern can affect the
biological activity of the microorganisms, biogas and methane yield of an anaerobic digestion
reactor [8, 10].
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Turkey’s Biogas Technology

Biogas production potential in Turkey has been estimated at 1.0-1.5 million tonnes of
equivalent petrol (MTEP) [11]. In 2010, 10 license biogas facility with 16.4 MW energy
potential shared the %23 of the total bioenergy of Turkey [11]. It is also indicated that % 85 of
the total biogas energy come from animal waste [11]. According to 2014 data, biomass energy
in Turkey maintain only 4.9% of the total energy demand and only 0.09% of this energy come
from biogas [11]. The Figure 5 shows the projected electricity generation form different
sources in Turkey and the biomass and biogas sector is growing rapidly while hydropower
based electricity generation is remained stable.
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Figure 5. Installed bioenergy capacity of Turkey [11].

In addition to that, “It is estimated that the biomass potential in Turkey is about 8,6 million
tonnes of equivalent petrol (MTEP), and biogas quantities that can be produced from this
biomass is 1,5-2 MTEP [12]. It is also stated that in 2018, 216 GWh electricity was generated
from biomass power plants with a total installed capacity of 811 MW [12].

Georgia’s and Bulgaria’s Biogas Technology

Georgia has great potential for biomass energy as having suitable geographical position and
climate conditions [13]. Generally, residential waste in Georgia does not converted into energy
generation processes and only the waste in Thilisi and Kutaisi dumps which is equivalent to
900000 tons of waste and 2700 GWh of energy can produce 64 million m® natural gas and 90
million m® biogas [13]. The biogas potential of Georgia is estimated as 3-4 TWh and there
approximately 400 biogas plants in Georgia [13].
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By the time Bulgaria has great potential on biogas generation, the technology is not as common
as the applications in Georgia. Bulgaria supports the use of renewable energy sources
According to Directive 2009/28/EC [14]. Bulgaria’s 2016 renewable energy based electricity
production was only the 19% of the total energy demand [15]. In addition to that, while 66% of
this energy was solid biomass for heat, 30% of this energy remain hydropower and wind energy.

Conclusions

Energy security is an urgent field for covering the global energy demand and energy policy. To
maintain the efficient and affordable energy production many energy production technologies
are being developed concerning the efficiency of conversion processes. Renewable energy
sources are demanding energy production sources but not commonly used by countries based

on prices and other installation limitations.

Biogas technology is the developing technology in which waste, even municipal solid waste
can be used to obtain energy and minimizing the pollutants. Land application of the final solid
products can also be important for providing fertilizer to soil. However, there are still some
limitations and bottlenecks that the biogas technology is not commonly used in most of the
Eurasia countries. Companies to widespread can promote biogas market and biogas projects to

increase the number of biogas plants in countries.
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Abstract

This work evaluated the effects of the application of the exhaust gas recirculation (EGR) on
fuel consumption and pollutant emissions from a diesel engine fuelled by a blend of diesel oil
(92%) and biodiesel (8%) (B8). The engine was adapted with an EGR system, including an
EGR cooler and an electronic control system to control the EGR ratio. Experiments were carried
out in a Diesel power generator with nominal power of 49 kW, with varying loads from 5 kW
to 35 kW, B8 diesel fuel and 10% of cold EGR ratio. Carbon dioxide (CO.), carbon monoxide
(CO), oxygen (O>), total unburned hydrocarbons (THC), nitric oxide (NO) and oxides of
nitrogen (NOx) emissions were evaluated. The results showed slight effects of EGR use in the
engine specific fuel consumption, fuel conversion efficiency and in-cylinder pressure. THC and
NOx emissions were reduced up to 52% and 59%, respectively, on the other hand, CO2 and CO
emissions increased up to 19% and 155%, respectively. A numerical study, using ANSYS Forte
software, on the effects of EGR use on NO formation was performed, for the load of 30 kW,
and showed that the reduction of this component is obtained mainly by reducing the availability

of oxygen and reducing the combustion temperature.
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INTRODUCTION

Over the last decades, the allowable limits of internal combustion engine pollutant emissions has been
reduced, as a consequence of continuous growth of environmental pollution and increasing concern for
the environment and air quality [1,2]. Therefore, there are some challenges to ensure a sustainable
economic growth. The use of biofuels in internal combustion engines has been encouraged by several
researchers [3].

The biodiesel is a fuel derived from vegetable oil via transesterification reactions [3]. It is produced
commercially all over the world as an alternative fuel that can replace conventional fossil diesel in many
applications. The methyl or ethyl esters are referred to as biodiesel because their liquid and
thermochemical properties are like those of conventional diesel, which allows it to be used without

having to significantly modify an original diesel engine.

The advantages of using biodiesel include: it generates relatively low emissions of several key pollutants
in the engine's exhaust [4-6], it is a renewable fuel, it has excellent lubricity properties and high flash
point, making it safer to store [6,7]. Some current disadvantages of using biodiesel include relatively
high emissions of nitrogen oxides exhaust [4-6,8] decreased oxidative stability, worse cold-flow
performance than petroleum diesel [7], and dilution of lubricating fluids due to fuel impingement on in-

cylinder surfaces when early- or late- injection strategies are employed [9].

In the last years, oxides of nitrogen (NOx) and particulate matters (PM) emissions become more and
more stringent and several technologies have been developed to reduce the emissions of these toxic
components [10]. The NOx mitigation technologies can be divided into two categories: pre-combustion
and post-combustion technologies [11]. The main pre-combustion technologies are the addition of
additives into fuel, exhaust gas recirculation (EGR), water injection, use of alternative fuel and injection
timing retardation. Post-combustion technologies treatments are extensively used in diesel engines, as
the NOx absorber catalyst (NAC), selective catalytic reduction (SCR), selective non-catalytic reduction
(SNCR) and DeNOX (lean NOx) catalysts [11-13].

In the exhaust gas recirculation technique, a portion of the engine exhaust gas is added to the intake air
via the intake system. The application of this technique has potential to reduce NOx emission of spark
ignition and compression ignition engines and to realize low temperature combustion (LTC) technique
[14]. Several studies showed that this reduction results from thermal, chemical and dilution effects
[11,15,16].

Ladommatos et al. [17-20] showed these effects simulating the application of EGR adding synthetic

gases in the intake air. The main components of diesel engines exhaust gas are carbon dioxide (CO»)
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and water (H20), which have higher specific heat than the replaced oxygen (O-) and nitrogen (N.). The
higher specific heat reduces the combustion temperature, representing the thermal effect. The reduction
of oxygen content of the intake air, i.e., the dilution effect, also causes a reduction in the local flame
temperature because of the spatial broadening of the flame. The dissociation of the recirculated H,O and
CO,, during the combustion, occurs in an endothermic process and reduces the flame temperature. These
processes modify the NOx formation process. The use of cooled EGR reduces NOx effectively
compared to hot EGR but regarding brake thermal efficiency hot EGR is better than cold EGR [21] .

One of the main reported disadvantages of the use of EGR is the increase of particulate matter (PM)
emissions, well-known as PM-NOx trade-off. Asad et al. [13] suggested that this conflict can be reduced
applying low temperature combustion techniques (LTC), where the event of the injection of diesel fuel
is separated from the combustion, aiming to reduce NOx emissions and soot simultaneously. Divekar et

al. [22] suggested the use of diesel engine in dual fuel mode to reduce both NOx and soot emissions.

Internal combustion engines simulation tools have become widely available due to the increase of the
accuracy of turbulence, spray and chemistry models [23]. The numerical tools have been used to
investigate different engine combustion characteristics, such as the effects of the use of EGR [24], knock
resistance [25], soot formation [26], dual fuel operation [27-29], injection strategies [30] and study of
the fuel sprays [31,32]. Yang et al. [33] studied methods for reduction of detailed reaction mechanism
for the combustion of biodiesel fuels. The authors applied the reduced mechanism in the ANSYS Forte
CFD simulation package and the modelling results demonstrate the effects of the start of injection (SOI)

and exhaust gas recirculation (EGR) on a biodiesel engine performance.

Mardi et al. [34] investigated the effects of EGR on the emissions and performance of a spark ignition
engine using a computational fluid dynamics method. The authors used the AVL FIRE CFD code to
solve the flow field equations for the closed cycle of the engine. The numerical simulation with different
fuels and EGR conditions allowed the understanding of the formation of different emissions
components, such as NOx and CO, and showed significant reduction of NOx emissions. Galloni et al.
[35] also presented numerical results using AVL FIRE exploring the potential of EGR in a spark-ignition

engine under different operating points.

Accordingly to Shi et al. [10] Biodiesel and EGR have been studied in many researches, but the
combination of these two technologies is relatively few. An improved understanding of the mechanisms
responsible for the high NOx emissions generated during biodiesel and diesel oil combustion could lead
to inexpensive and effective mitigation strategies. Computational modelling of biodiesel and diesel oil
spray combustion is an attractive tool for obtaining new insights into the origins of the NOx emissions.
Therefore, this work presents experimental results of a diesel a 49 kW stationary diesel engine operating

with diesel fuel containing 8% biodiesel (B8) and 10% of cold EGR rate, including performance and
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emissions data. A computational study based on a three-dimensional modelling, using the ANSYS Forte,

code was conducted to better understand the formation of NO.

Materials and Methods

Experimental Methodology

The experimental and numerical studies were developed based in a production, naturally-aspirated, four-

stroke, four-cylinder diesel engine, with the main characteristics present in Table 1.

Table 1. Diesel engine specifications

Manufacture/Type MWM 229/4
Cycle Four strokes
Diesel oil injection Direct

Bore x stroke 102 mm x 120 mm
Number of cylinders 4, in line
Compression ratio 17:1

Total displacement 3.922 L

Rated Power 44 kKW

Intake system Naturally aspirated
Start of injection 23°BTDC

The engine diesel is equipped with a mechanically controlled injection system and the fuel injection
settings were not changed during the studies. The diesel injector has four holes with diameter of 0.3 mm.
For recirculation of the exhaust gas, an appropriate pipeline was installed with a water cooling heat
exchanger. The EGR quantity was regulated by an electric valve installed in the EGR loop. An electronic
system was developed to control the valve position, the EGR rate (%) fixed at 10% and the intake air

temperature at 40°C, when using EGR.

The main measured parameters during the experiments were: temperature in different positions, fuel
consumption, intake air mass flow rate and humidity, ambient conditions, engine load, CO,, CO, O,
total unburned hydrocarbons (THC), NO, NOx emissions and in-cylinder pressure. All experimental
data were acquired by a data and acquisition system built in LabVIEW platform. Figure 1 shows the test

cell layout and the measurement device specifications are shown in the Appendix A.
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Figure 1. Schematics of the experimental apparatus

The tests were conducted using diesel oil containing 8% biodiesel (B8), due to the Brazilian
government law No. 13263/2016 [36], which established the compulsory addition of biodiesel
to diesel oil to 8% from March 2017. Common biodiesels include Rapeseed Methyl Ester
(RME), Soybean Methyl Ester (SME), and Palm Methyl Ester (PME). At present, most of the
biodiesel produced in Brazil is derived from soybeans. The tests were conducted without the
EGR system (B8) and with 10% of EGR rate (B8 + EGR). Three tests were conducted for each
engine condition, varying the engine loads from 5 kW to 35 kW and according to ISO 3046-
1:2002 standard. The readings at each test were performed after the engine reached the steady-
state condition, observing the exhaust gas and the cooling water temperatures. The load power

and fuel consumption results were corrected to ambient standard conditions. The average results
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are presented, and the combined standard uncertainty of the results is a combination of both the
statistical spread and the instrument uncertainty.

NUMERICAL METHODOLOGY

The numerical simulation of the combustion phenomenon is a complex problem and it is
constant development. In this work, the commercial code ANSYS Forte 18.1 was used to
simulate the combustion process of a diesel engine. It is a computational software for three-
dimensional modelling of internal combustion engines, which incorporates a technology to
allow the use of multicomponent fuel models in a comprehensive study of liquid spray, without
high computational time requirements. ANSYS Forte provides precise chemical models that

allow good results without the need for specialized calibration.

When injecting a fuel into the stream, functions are included to account the iteration of the gas
phase and the liquid droplets. The main considerations involving the derivation of the governing
equations are the use of the ideal gas law for the gas phase state equation, the use of the Fick

law for mass diffusion and the use of the Fourier law for thermal diffusion.

Essentially, three separated, but coupled, systems involve the combustion process: the fluid,
described by the conservation equation of continuum mechanics; the iteration between the
various fluid chemical species, which react kinetically and in equilibrium; and the iteration
between the droplets of the injected fuel and the reactive fluid. The equations governing the

coupled system are [37]:

a) The equations of compressible fluid dynamics: equations of conservation of mass,
momentum and energy and the equations of state;

b) Kinetic and equilibrium chemical reactions: the reaction equations couple to the equations
of the fluid by terms that describe the increase or reduction of the densities of the various
chemical species while they react. Heat sources are added to the fluid energy equation for

kinetic reactions;

c) Spray droplet interactions: source terms related to density are added to the fluid equations
for the injected species. Heat source terms are added to the fluid energy equation for droplet

iterations. A source of momentum related to the injection of droplets is also added;
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d) Another system is coupled to the previous systems to capture the effects of flow turbulence.

The problem is modelled as a gas phase flow, including chemical reactions and liquid fuel
droplets. Fluid dynamics is described by conservative equations. The basic fluid dynamics are
governed by Navier-Stokes equations. The flow of reactive fluids in diesel engines is turbulent,
which means that the inertial forces of the fluid are considerably larger than the viscous forces,
identified by a high Reynolds number.

The thermodynamic properties required for the chemical formulation calculations are provided
by tables available in the program library or given by the user. The ANSYS Forte theoretical
manual [38] provides mores details about models used in the simulations, and the submodels

embedded in the Forte code are listed in Table 2.

Table 2. The submodels employed in the ANSYS Forte software package

Turbulence model RNG k-€ model

Breakup model KH-RT coupled with gas-jet model

Collision model Collision radius of influence model

Spray/wall interaction model Naber and Reitz model

Heat transfer model Improved law-of-the-wall

Evaporation model Discrete multi-component

Combustion model Detailed chemistry

Turbulence/chemistry interaction Mixing time scale model

Soot model Hiroyasu soot formation and Nagle/ Strickland-

Constable oxidation models

NOx formation model Thermal and prompt NO

Combustion Mechanisms

The real combustion of hydrocarbons involves hundreds of species and chemical reactions, and
it is necessary to use validated detailed and reduced models to develop an accurate model. The
model used in this work is based on mechanics of so-called surrogate fuel components, used to
represent real fuels. In this work, the diesel oil was represented by the diesel oil surrogate (DOS)
and the biodiesel by rapeseed methyl ester (RME), described by Golovitchev and Yang [39]. A

summary of the main considerations of these mechanisms is shown below.

The diesel oil surrogate model used consists of a mixture of 70% n-heptane (C7H1¢), aliphatic

component, and 30% toluene (C7Hs), aromatic component, which provides the same ratio C/H
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and cetane number of diesel oil #2. Both components can be formed by the pyrolysis of C14Has,
which was considered as the real molecule of diesel oil. Therefore, an oxidizing pyrolysis
process is used to consider the decomposition of this molecule into the components of the

substitute fuel:
5CuH2g + O2 — 7C7H16 + 3C7Hg + 2H20 1)

The combustion mechanism of the diesel surrogate involves 68 species participating in 280

reactions, validated through a shock tube and in studies involving in-cylinder combustion [40].

The biodiesel combustion process was represented by the RME, with physical and thermal
properties represented by methyl oleate (C19H3602). The combustion mechanism was generated
by combining the combustion submechanisms of DOS, reduced mb (methyl butanoate) and md
(methyl decanoate). The methyl oleate compound is one of the main compounds of the real
RME fuel, and its decomposition in md (C11H2202), mb (CsH1002) and alleno (CsHg) represents
the first step of the combustion mechanism. The md is then decomposed into n-heptane and
mp2d (C4HeOy):

C19H3602+ O2 — C11H2202 + CsH1002 + CsHy (2)
C11H2202 — C7Hi6 + C4H6O2 (3)

The liquid properties of blended fuels were modelled using mixing rules, in the form of a virial
equation of state as shown in Eq. (4), to extend the fuel library. Applying the rules involves
calculating arithmetic means (Eg. (5)) to obtain energy parameters (e.g. temperature) or

geometric means (Eqg. (6)) to compute size parameters (e.g. volume).

i

Qm ZZZ% y;Qij (4)
J

_ QiitQjj

On =D 7 (5)
1/2

If Q;; = (QuiQj))
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Qm = (2 }’iQi%> (6)

where Q,, is the property of the blend, Q;; and Q;; are the properties for pure component, and

yi and y; are the volumetric ratios of each pure component.

Therefore, for the blended fuel B8, the extracted the property data from the library for the
individual components, diesel oil and biodiesel, and calculated the blend's properties according
to the volumetric ratios of the components.

Mechanism of NOx formation

The four main mechanisms in the formation of nitrogen oxides can be summarized in: thermal
mechanism, prompt mechanism, N>O and fuel-bond nitrogen mechanism. The thermal
mechanism, proposed by Zeldovich,[40] involves a series of elementary reactions with high
activation energy, due to the strength of the triple bond of the N2> molecule. It is considered as
the main mechanism in NOx formation in internal combustion engines. This mechanism is very
sensitive to the combustion temperature, which in diesel engines is determined by the properties
of the liquid fuel, such as cetane number and viscosity; by the thermal-physical properties of
the vapor, such as enthalpy and head capacity; and by the rate of heat loss, which is primarily
due to the radiation of the soot particles. The radical O may be derived from O or from
oxygenated fuel molecules.

In this work, the Zeldovich mechanism is one of the main factors for the determination of NOx
emissions. The main steps of the formation in these mechanisms are reactions 1-4 in Table 3,
which were supplemented by reactions of N>O pathways, represented by reactions 5-9, and
steps corresponding to the catalytic interaction between NO and NO, represented by reactions
10-14.

The N2O mechanism has a minor role in the overall generally formation of NO, being typically
considered as part of the thermal mechanism, whose combination is considered as the thermal
NO/N20 route. The main step of the N.O mechanism also involves an O atom attacking N2 in
the presence of a third component to form N2O, which can subsequently react with O to produce
NO.
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In the prompt mechanism, the main characteristic is that the CH radical (methylidyne), which
is formed exclusively in the flame front, reacts with the nitrogen of the air to form the
hydrocyanic acid (HCN), which then reacts to form NO [41]. The NCN pathway of prompt NO
formation, which involves 27 reactions, shown in Table 4, has been adopted and implemented
in the current chemical kinetics Note that little was known about the impact of NO formation
by this mechanism. Since the fuels studied have minimal amounts of nitrogen, NO formation

by the fuel-bond nitrogen mechanism was not considered.

Table 3. Elementary steps in the thermal mechanism of NO and N,O. The forward reaction rate is given by k; =

n E
AT exp(— R—;) [40].

Reactions As gl =
1 N+NO=N2+0O 3.50E+13 0.00 330
2 N+02=NO+0O 2.65E+12 0.00 6400
3 N+OH=NO+H 7.33E+13 0.00 1120
4 N+CO2=NO+CO 1.90E+11 0.00 3400
5 N20+0=N2+ 02 1.40E+12 0.00 10810
6 N20+0=NO + NO 2.90E+13 0.00 23150
7 N20+H=N2 + OH 4.40E+14 0.00 18880
8 N20+0OH= N2 +HO2 2.00E+12 0.00 21060
9 N20+M= N2+ O+M 1.30E+11 0.00 59820
10 NO +HO2 = NO2+ OH 2.11E+12 0.00 -480
11 NO2+0O=NO+02 3.90E+12 0.00 -240
12 NO2 +H=NO + OH 1.32E+14 0.00 360
13 NO+O+M=NO0O2+M 1.06E+20 -1.41 0
14 NO2 + CH3 = CH30+NO 1.50E+13  0.00 0

15 NO+CH302=NO2+ CH30 253E+12 0.00 -358

Table 4. Elementary steps in the NCN pathway of prompt NO formation. The forward reaction rate is given by

—a.Tm _E
kf= AT exp( RT) [41].

Reactions At N Er
CH+N2=NCN+H 3,00E+12 0 22155
CN + N20 = NCN + NO 6,00E+13 0 15360
CN + N20 = NCN + NO 1,80E+10 0 1450
0
0

CN+NCO=NCN+CO 1,80E+13
C20+N2=NCN + CO 7,00E+11 17000
CH + N2 = HNCN 1,65E+21 -3,62 14196
HNCN + M =H+NCN+M 1,79E+28 -3,44 64502

~N o o B~ W N e
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8 HNCN+O=NO+HCN 1,22E+14 0,05 73,5
9 HNCN+O=NH+NCO 560E+13 0,05 73,5
10 HNCN +O =CN + HNO 9,36E+12 0,05 73,5
11 HNCN+OH=NCN +H20 8,28E+03 2,78 3135
12 HNCN+02=HO2+NCN 1,26E+08 1,28 24240

13 NCN=N+CN 2,95E+30 -5,29 117090
14 NCN=C+N2 2,66E+28 -523 83110
15 NCN=CNN 3,69E+29 -5,84 78410
16 NCN+H=HCN+N 1,89E+14 0 8425
17 NCN+O=CN+NO 2,54E+13 0,15 -34
18 NCN+0O=CO+N2 2,42E+02 232  -1135
19 NCN+ O =N+NCO 2,20E+02 0,42 -157
20 NCN+N=N2+CN 1,00E+13 0 0
21 NCN+C=CN+CN 1,00E+13 0 0

22 NCN+OH=HCN+NO 3,32E+10 -0,97 7290
23 NCN+OH=HCN + NO 4,69E+10 0,44 4000
24 NCN+02=NO+NCO 3,80E+09 0,51 24590
25 NCN + CH =HCNCN 3,21E+13 0 -860
26 NCN+CN=C2N2+N 1,25E+14 0 8020
27 NCN+CH2=H2CN+CN 7,99E+13 0 4630

NUMERICAL MODEL

The engine numerical model was constructed for a study focused on understanding the impact
of the use of exhaust gas recirculation on NOx emissions. The three-dimensional model of the
engine combustion chamber was built in 360°. The diesel oil injector was positioned according
to the experimental measurements. Figure 2 shows the cylinder two-dimensional model,
indicating the piston bowl offset, and the three-dimensional model and the position of the

injector through the fuel spray.

The closed cycle of combustion was simulated, that is, between 150°CA BTDC and 150°CA
ATDC. Recirculation of the exhaust gases was considered by the inclusion of CO> and H20,
the main components of the exhaust gases, in the initial composition of the air inside the

cylinder. Table 5 shows the operating conditions used for the simulations.
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Figure 2. Combustion chamber model (dimensions in mm)

Table 5. Operating conditions of the engine simulation.

Parameter B8 B8 + EGR

Nominal load 30 30

Engine speed (rpm) 1800 1800

Injector nozzle diameter (mm) 0.3 0.3

Included angle of spray (°) 151 151

Spray cone % angle (°) 125 125

Injected mass/stroke (B8) 35 36

Fuel temperature (K) 350 350

Start of injection ("CA BTDC) 20 20

Injection duration (°CA) 23 23

Walls temperature °C ~450 ~450

Air initial composition 21% O, 20.79% O

(mass fraction) 79% N, 76.77% N,
1.73% CO;
0.71% H0

Initial pressure (kPa) 95 93

Initial temperature (K) 400 410

It was not possible to obtain the diesel injection profile experimentally, so that the profile
provided by Singh, Reitz and Musculus [42] was used. The other parameters related to the
numerical models, such as turbulence model, flame propagation model and chemical kinetics,

were maintained with standard values, as recommended by the ANSYS Forte Theory Manual.
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ANSYS Forte uses advanced control to adapt the convergence criteria according to the

gradients found in the solution variables, guaranteeing the accuracy of the results.

The numerical grid was built by ANSYS Forte. A study on the effects of the numerical grid size
on the results was carried out, seeking to verify the independence of solution in relation to the
refinement of the numerical grid. The adaptive refinement technique was used to achieve a
better numerical solution in the regions near the walls, where the remapping of the numerical
mesh is determined according to the temperature and velocity gradient [43,44]. The final
numerical grid was chosen according to the comparison with the experimental results and by
the variation between the numerical results. There was a tendency of reduction of the pressure
inside the cylinder with a greater refinement of the mesh, until stabilization of the results was
identified, as also verified by Wei et al. [31]. The mesh used to present the results has about
440,000 elements at the beginning of the closed engine cycle, at 150 °CA BTDC, and 41,000
at the TDC. The time step of the solution was on average 1x107° s. The processing time was
about 22 hours on a computer with Windows® 10 64-bit operating system, Intel® Core ™ i7-
4790S processor, 8 cores, 16 GB RAM and 3.2 GHz clock.

RESULTS AND DISCUSSION

Numerical Validation

The numerical results were validated by direct comparison with experimental data of in-
cylinder pressure and NO/NOx emissions. Figure 3 shows the comparison between the
numerical results and the experimental results for in-cylinder pressure, for 300 consecutive
combustion cycles, for the cases B8 (a) and B8 + EGR (b), for an engine load of 30 kW. It is
verified that the numerical solution shows a faster combustion in relation to the experimental
data. The value of the numerical peak pressure presented a difference lower than 0.5% in
relation to the experimental average value, in case B8, and of 1.5%, in case B8 + EGR. The
moment of occurrence of the numerical pressure peaks were 4°CA BTDC for case B8 and 7°CA
BTDC for the case B8 + EGR, with the experimental values of 9°CA for both cases. For a closer
approximation between the results, a specific chemical model must be developed for the real

diesel oil used.
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Figure 3. Comparison between numerical and experimental results — In-cylinder pressure.

Figure 4 shows the results obtained for NO (a) and NOx (b) emissions for both simulated cases.
The numerical values of case B8 are within the ranges of experimental uncertainties. For the
B8 + EGR case, the numerical value of NOx is also within the range of experimental
uncertainties, but the numerical value of NO emissions is 10% lower than the mean
experimental value and 5% lower than the lower limit of experimental uncertainty. These
differences are associated with the displacement of the pressure curve, that changes the NOx
formation conditions. According to the results, it was considered that the numerical study
showed good agreement with the experimental results, assuming, then, that the numerical

behaviour of the gases inside the cylinder approaches the actual behaviour.
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Figure 4. Comparison between numerical and experimental results — NO and NOx emissions.
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EXPERIMENTAL AND NUMERICAL RESULTS

Figure 5 shows the experimental engine specific fuel consumption (SFC) for the different
operating conditions. There is a trend of increasing the SFC when using EGR for higher loads.
Several factors can increase the fuel consumption when using the EGR technique, including the
deterioration of combustion quality, by reducing the air/fuel ratio and the oxygen availability,
and the longer ignition delay [22]. These factors also reduced the fuel conversion efficiency
(Figure 6). The reduction of EGR temperature (EGR cooling) can mitigate the prejudicial EGR
factors [45].
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Figure 5. Specific fuel consumption and fuel conversion efficiency for different engine operating conditions

The EGR can lead to a slight reduction of the in-cylinder pressure during the compression stroke
and a more intense reduction during the combustion and expansion strokes. The main effects
that lead to this behaviour are the increase in the specific heat of the air-fuel mixture, due to the
presence of the exhaust gases, the reduction of the O» availability, which has a negative effect
on the combustion rate, and the CO, and H>O dissociation. These effects slight affected the
experimental in-cylinder pressure when using 10% exhaust gas recirculation in B8 + EGR
mode, causing little reduction of the in-cylinder pressure and of the heat release rate, especially
at higher loads, such as shown in Figure 6.
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Figure 6. In-cylinder pressure and heat release rate for different engine operating conditions

The CO2 specific emissions, shown in Figure 7, increased when using EGR, especially for the

load of 5 kW, where an increase of 19% was identified. Zheng et al. [46] explains that there is

a tendency to increase CO. emissions with the use of exhaust gas recirculation due to the

exchange of fresh air, with negligible concentration of CO,, by the exhaust gas with CO;

concentration, in this work, varying between 4% and 12%.
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Figure 7. CO, emissions for different engine operating conditions

The use of EGR increased CO emissions for all the engine loads, as shown in Figure 8. Adding
exhaust gas to the air-fuel mixture reduces the oxygen availability, slows the combustion
reaction rates, and reduces the in-cylinder temperature. The temperature reduction may reduce
the quality of combustion [47]. Comparing with the B8 mode, the largest increase when using
EGR, of 155%, occurred at the load of 32.5 kW, and the smallest increase, of 90%, occurred at
the load of 25 kW.
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Figure 8. CO emissions for different engine operating conditions.
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The reduction of oxygen availability when using the EGR technique is evidenced in O
emissions (Figure 9). Regarding the operation of the engine in mode B8, the mode B8 + EGR
emitted between 17% (5 kW) and 36% (32.5 kW) less oxygen to the atmosphere.
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Figure 9. O, emissions for different engine operating conditions.

Figure 10. indicates a reduction of unburned hydrocarbon emissions when using the EGR
technique, reaching reductions of up to 52% at the load of 20 kW. By using EGR, the
heterogeneous mixture inside the cylinder hinders complete combustion and tends to increase
THC emissions. This behaviour was not observed in this work and could be associated to the
reburning of the hydrocarbons that returned to the combustion chamber by the exhaust gas
recirculation [47], which also justifies the small effect of the EGR technique on the fuel

conversion efficiency, shown in Figure 5.
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Figure 10. THC emissions for different engine operating conditions.

Figure 11. shows the specific emissions of NO and NOx. In the B8 + EGR mode, NO and NOx
emissions were reduced for all engine load investigated, with maximum reduction of 59% and
56% at the load of 32.5 kW, respectively, and minimum of 34% at the load of 5 kW. The
numerical analysis were performed focusing on understanding the effects of the use of EGR on

NO formation.
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Figure 11. NO and NOx emissions for different engine operating conditions.

Figure 12 shows the temperature distribution in the combustion chamber and the fuel spray
when the cylinder is at TDC for the case B8. It is found that the fuel spray is directed towards
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the walls of the cylinder and it is distributed to the combustion chamber when it collides the
cylinder walls. The cylinder walls meet around 900K, while the cold fuel, around 400K, causes
cooling of the stricken region.

Temperatura (K)
390 627 863 1100
| . 1

Figure 12. Temperature distribution of cylinder and diesel oil spray at TDC in case B8.

The NO/NOx concentration in the cylinder as a function of the crank angle (Figure 4) shows
that, in both cases, the NO/NOx concentration increases rapidly after the start of combustion

and that a large part of the NO/NOx is formed during the initial stages of combustion.

Figure 13 shows a cross-section of the cylinder for different cylinder crank angles, with the
contour images of the equivalence ratio of the fuel/air mixture, cylinder temperature and NO
mass fraction of the engine in B8 mode. It is observed that the fuel is concentrated near the
walls of the combustion chamber and near the region of the injector. NO emissions are formed
in high-temperature and O2-rich local regions where the combustion temperature is above 2300
K. NO starts to form after TDC and the region of high NO concentration appears around the
periphery of the reaction mixture. There is a high NO concentration in the region near the

injector, which spreads along the cylinder due to the movement of the air.

The central region of the combustion chamber presents lower temperatures and, consequently,
lower concentration of NO. There is no NO formation throughout the spray, since the start of
combustion occurs at the end of the fuel injection. The results indicate, therefore, that a large
part of the NO is formed in regions of high temperature, that is, by the thermal mechanism. The
eccentricity of the combustion chamber of the cylinder causes asymmetry in the temperature

distribution, especially during the expansion process.
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Figure 13. Contour images of the equivalence ratio of the fuel/air mixture, temperature in the cylinder and mass
fraction of NO in mode B8.

Figures 14 and 15 show a comparison of the fuel/air equivalence ratio, temperature and mass
fraction of NO in the combustion chamber for both cases, B8 and B8 + EGR. The results
indicated a reduction of in-cylinder temperature when it is at TDC, associated to the increase
of the heat capacity of the mixture, with the recirculation of CO.. There is also a wider range
of cylinder rich mixture with exhaust gas recirculation due to the reduction of the O

concentration in the air-fuel mixture.

The formation of NO is explicitly lower in the case B8 + EGR, since the main factors that
influence the formation of this component have been reduced, that is, temperature and O
concentration. It is observed that the region of higher NO formation in the case B8 + EGR is in
the upper face of the combustion chamber, where higher temperatures occurred in an

environment of poorer mixtures.
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Figure 14. Contour images of the equivalence ratio of the fuel/air mixture and temperature in the cylinder in
cases B8 and B8 + EGR
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Figure 15. Contour images of the equivalence ratio of the fuel/air mixture and temperature in the cylinder in
cases B8 and B8 + EGR

CONCLUSIONS

This study showed the effects of using cold EGR in a diesel power generator fuelled by B8.
The recirculation of 10% of the exhaust gas slight affected the engine specific fuel consumption
and fuel conversion efficiency and proved to be effective in reduce the NOx emissions, reaching
a reduction of up to 56%. The numerical study showed that the NO formation in the engine is
mainly due to the thermal mechanism and that the EGR use inhibits the NO formation by the
reduction of the in-cylinder temperature and O. concentration. The EGR use reduced THC
emissions up to 52%. In contrast, CO2 and CO emissions increased when using EGR, up to 19%
and 155%, respectively.
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Appendix A

1. Measurement device specifications

2. Measured parameter 3. Device 4. Uncertainty characteristics
5. Intake air mass flow rate 6. Orifice plate 7. Uncertainty of +£2.3 kg/h
8. Fuel consumption 9. Platform balance 10. Uncertainty of 0.1 kg/h

11. Temperature in the fuel tank, ambient air, inlet

air, orifice plate inlet, exhaust gas

13. Measured exhaust gas with maximum
12. K-type thermocouples uncertainty of £11 °

14. Other measured temperature with

4 £ 150

15. Cooling water temperature 16. PT-100 sensors 17. I.Jncertainty:)f.:t 2°C
18. Inlet air humidity 19. Thermo-hygrometer 20. Uncertainty of + 2.5% of reading
21. Ambient pressure 22. Torricelli barometer 23. Resolution of & 1.3 kPa
24. Engine load 25. Electric transducer 26. Uncertainty of + 1%
27. Total HC emissions 28. Heated flame ionization 29. Resolution of + 1 ppm
30. NOx emissions 31. Heated chemiluminescent 32. Resolution of = 1 ppm
analyzer (HCLD)
33. CO emissions 34. Non-dispersive infrared 35. Resolution of £ 1 ppm
36. CO, emissions 37. Non-dispersive infrared 38. Resolution of = 0.01 %
39. In-cylinder pressure 40. Piezoelectric pressure 41. Resolution of + 0.5%

transducer — Kistler 6061B
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Abstract

The world has been increasingly weary of the changes happening to the climate. Global
warming and its correlation with the release of hydrocarbons that are depleting the ozone layer
IS causing major concern about how society deals with its emissions. Of course, many steps
have been taken to reduce our impact on the environment but we are still at the infancy stage
of reducing harmful emissions. Our purpose in this study is to design a scooter that runs on fuel
cells that releases no hydrocarbons to the atmosphere. We also plan to study its performance
and find ways to optimize its power output in order for it to be a viable transportation method

in the future.

In this regard, a fuel cell is optimized to enhance its performance and the range of the scooter
is extended significantly by implementing a hybrid system with a Lead Acid Cell battery. The
fuel cell would power the battery which would in turn drive a motor. Once the battery’s power
was around 60% charged the fuel cell would automatically start to charge it to about 99%, this
was to ensure a longer battery life. The results show that a super capacitor implemented into
the system would have improved performance and efficiency in areas of hills or where power

demand was needed in cases of high acceleration.

Keywords: Hydrogen fuel cell, PEM, hybrid system, scooter
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1. INTRODUCTION

About a third of the energy in the United States is used for transportation. More than 60% of
the energy used in transportation is used for personal vehicles that run on burning petroleum-
based fuels. This has become a defining component not only for the citizens in the US but for
many around the world. A study shows that in 2007, about 3 trillion miles have been travelled
by vehicles in the US, equivalent to driving towards the sun and back 13,440 times [1]. The
problem for this is that the energy demand in vehicles is not going to decrease and alternatives
must be made to reduce the harmful hydrocarbons released into the atmosphere. Our motivation
lies in reducing largely/removing harmful emissions by designing and building a fuel cell
scooter. The purpose of this project is not study how fuel cells work but to see in what ways

can a fuel cell system be optimized to produce the most power and get the most range from it.

Our first step in this project, since fuel cells were a relatively new concept for us was to invest
as much time as possible into initial research. We looked at fuel cells in every possible way and
studied its mechanisms in order to find out which configuration was suitable for our project.
We looked at how fuel cells work, which type of fuel cell configuration was suitable and fuel

cell systems and other components to see how we could optimize our scooter.

A typical fuel cell for a Proton Exchange Membrane looks like the one shown in figure 1. It is
composed of three active components:

o A fuel electrode (anode).

e Oxidant electrode (cathode).

e Electrolyte sandwiched between the electrodes. [2]

& Hydrogen
Proton
= Electron
[‘ [ ] Oxygen
l-:n,.w,l
. LY
o ®
* _] ... 1 Water
Fom | LT
“ind & “' i v
24 o1 < -
Y p—
e Heat
Anode f Cathode
Electrolyte
Membrane

Figure 1. Fuel Cell Schematic

102



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-13
MARCH 2019, ANTALYA

To understand how electricity is generated let’s look at this from a basic chemical reaction.
First, molecular hydrogen H, is supplied to the anode where it reacts electrochemically inside

it. The hydrogen is oxidized and breaks down as shown by this reaction equation:
H, —» 2H* + 2e”

The hydrogen electrons (2e™) are forced through an external circuit where the electricity can
be transferred to a load and the hydrogen ions react with the oxidizer which is oxygen flowing
the cathode. The hydrogen ions travel through the electrolyte and the resulting byproduct are,

1
502 + 2H+ + Ze_ - Hzo

By looking at the reaction as a whole we can come to this final equation,
1
H, + 502 — Hy0 + Weje + Qpeat

What this means is very important. By the reactions happening in this system we can effectively
convert these chemical reactions into electricity and the byproduct is heat and water only. This

device can effectively operate without releasing any harmful emissions into the atmosphere.

This analysis just scratches the surface because this is the basic fundamental reaction in fuel
cells, the catalyst and electrodes can be different and have different operating conditions and
even different fuels. We had to decide on a configuration that was portable enough and the
criteria met our operating conditions. After some more research we stumbled upon 3 types of
fuel cells and their specifications are listed below in table.
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Fuel cell type Typical Typical anode/ Typical Typical fuel Charge Major Operation  Specific Specific di Electrical Research
electrolyte cathode catalysts* interconnect carrier® contaminants* temperature efficiency maturity” activity”
material Q) (%)
Low-temperature « Solid Nafion™ e Anode: Platinum  Graphite Hydrogen H* e Carbon 60-80 e Highly modular « Complex water and  40-60 4 H
proton exchange supported monoxide (CO) for most thermal management
membrane on carbon e Hydrogen applications » Low-grade heat
e Cathode: sulfide (HaS) e High power » High sensitivity to
Platinum density contaminants
supported e Compact # Expensive catalyst
on carbon structure
e Rapid start-up
due to low
temperature
operation
® Excellent
dynamic
response
Direct methanol « Solid Nafion™ ® Anode: Graphite Liquid H* ® Carbon Ambient-110 e Compact size ® Low cell voltage and  35-60 3 H
Platinum- methanol- monoxide (CO) e Simple system efficiency due to poor
Ruthenium water » High fuel anode kinetics
supported solution volumetric e Low power density
on carbon energy density ® Lack of efficient
e Cathode: ® Easy fuel storage catalysts for direct
Platinum and delivery oxidation of
supported ® Simple thermal methanol
on carbon management for @ Fuel and water
liquid methanol crossover
systems * Complex water
management
o High catalyst loading
® High cost
o Carbon dioxide (CO;)
removal system
« Fuel toxicity
Direct ethanol ® Solid Nafion® ® Anode: Graphite Liquid H* ® Carbon Ambient-120 e Compact size o Low power density  20-40 2 L
e Alkaline media Platinum- ethanol- monoxide (CO) e Envirenmentally- e High sensitivity to
o Alkaline- Ruthenium water friendly fuel carbon
Acid media supported solution » High fuel monoxide (CO)
on carbon volumetric ® Low cell voltage and
e Cathode: energy density efficiency due to poor
Platinum ® Relatively low anode kinetics

Figure 2. Comparing and Contrasting Different Membranes

We landed on three choices but we ultimately narrowed it down to the Proton Exchange
Membrane due to its specific advantages and the availability of hydrogen in AUS. It also had
an operating temperature that was good and did not vary allowing thermal stresses to be reduced
and with its high research activity it would be less difficult to implement this system with the

more resources available.

The purpose of our project is to optimize the fuel cell’s power output in order to drive a scooter
with the maximum range possible and efficiency. This requires an energy management system
that exposes the fuel cell’s capabilities and allows us to harness the maximum from a fixed
supply of hydrogen. According a study by P. Thuonthong and S. Rael, one way to do this was
to have the fuel cell for supplying energy to the battery and load at the dc bus. This means the
structure plans to have a fuel cell that supplies energy to the battery and the battery discharges
by supplying energy to the load (motor) [4]. This idea is what shaped our objectives into
choosing a hybrid structure. Another study showed that a hybrid fuel cell battery scooter gave
better efficiencies and speeds compared to battery and petrol powered scooters alone. The

component diagram as simple and similar to the one shown in Figure 3 [5].
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Figure 3. Component diagram of hybrid fuel cell structure and drive system.

Among the following sources above, a literature review of other aspects of the project was
conducted. These range from sustainability of the fuel cell system, the future mass production
and proposed delivery systems as well as recycling initiatives to further reduce impact on the

environment. The following sources with their summaries are listed below.

Some researchers discuss the assessment of hybrid fuel cell/supercapacitor system for scooters
by analyzing the propulsion system as well as the fuel cell/supercapacitor system in comparison
to the fuel cell/battery system. In conclusion the paper shows that the supercapacitor holds
comparative advantage over the battery system in terms of maintenance, weight, more
flexibility in packaging and orientation setup which is important in a limited space project such

as the scooter, and it also has a longer life time [2].

Hwang et al. [3] report the design, testing results, and fabrication of a fuel cell powered bicycle.
The system design specifications are illustrated as well as explained briefly. In addition to that
the management of the sub-systems of the bicycle such as the cooling turbofans is explained.
Furthermore, the main goal of the paper is to develop a single-chip microcontroller to operate

the fuel cell.
Kulikovsky et al. [4] provide a clear picture of the inside of the fuel cell distribution of

performance related to the reactant consumption, thus helping justify the modes of optimal

fueling. Furthermore, understanding these pictures help increase the fuel cell efficiency through
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the maximum utilization of the reactants (oxygen and hydrogen) where before the fuel cells
were run at high stoichiometric ratios of feed gases which are not necessary according to this
paper. These pictures and models are justified using the laws of feed gas consumption and then
the results are interpreted under various conditions and justified simplifying realistic

approximations.

In this paper the assembly of a fuel cell is modeled as a stiffness model of several springs in
either parallel or series connections and studied in depth. The model is first studied as a single
fuel cell model and then developed into a larger stack model. Based on the model the paper
finds the various parameters such as temperature on the internal stress of the components and
the contact resistances. Furthermore, a 3D finite-element analysis is performed and the results
are compared with the results obtained from the equivalent stiffness model. The models are
then introduced to variations in parameters such as temperature to acquire a relationship
between these parameters and the stresses developed in the element . This is needed because the
clamping load applied to the fuel cell stack directly affects its performance, a very high
clamping load will result in a reduction of the permeability as well as the power density of the
fuel cell and a plastic deformation that could lead to cracks in the cell. On the other hand a low
clamping load can cause a high contact electrical resistance which is undesirable as well as

leakages [5].

Hwang [6] gives a brief explanation about the components that can make a fuel cell scooter
better. Then he clarifies why fuel cell scooters are better than ICE and battery operated scooters.
Finally, he gives a detailed analysis of how Taiwan has been developing fuel cell scooters. This
is a useful paper because it explains the components of the fuel scooter, the advantages and
disadvantages of fuel cells, and what a country needs to do in order to succeed in the fuel cell

market.

By Hwang and Chang [7], a description of the different ways in which different types of fuels
can make ready for scooters is given. Furthermore, a comparison between the well-to-wheels,
well-to-tank, and tank-to-wheels efficiencies of ICE scooters, electric battery scooters and fuel
cell scooters is done. This is an important paper because it helps us recognize which type of

fuel cell is the most energy efficient and environment friendly.
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Some researches give an overview of the most important applications of PEM fuel cells. Next,
they give an explanation about the importance of energy management in fuel cells and then
introduce the newest energy management methods. This is a very important paper because it

helps us differentiate which energy management approach is the best for our system [8].

Sharaf and Orhan [9] gave a thorough explanation of how fuel cells work, and the different
types. Next, they provided us with a summary of the different characteristics of the fuel cells.
Moreover, the different types of applications were all described. Then the authors discussed the
research and development that is currently under progress. Finally, they described the
thermodynamic reactions that are involved. In conclusion, this paper is extremely helpful

because it provides a complete overview about everything that has to do with fuel cells.

Lin [10] focused on a conceptual design and modeling of a fuel cell scooter. It discusses the
relevant challenges that we face when designing a scooter for our project. Areas of design like
the fuel cell stack and its size are given treatment. Depending on the power required, the stack
size is determined through a graph. It gives the best viable option of metal hydride canisters as
the source of storage of the fuel (hydrogen). Also, some insight is given on parasitic load
requirement such as the blower, intake of hydrogen, etc. Advice is given on using a battery
hybrid system to run these components as well as for use in instants of peak power.

Jiao and Li [11] emphasize on the importance of water management in a polymer exchange
membrane fuel cell, the one most suited for transportation purposes. It describes what is needed
in order to produce a well hydrated membrane without causing blockage in the flow fields. This
is an important part of any fuel cell system because the system and its components can degrade
quickly if proper water management has not been issued. It also describes methods and

techniques to be able to solve for this problem.

In an article, the writer compared the battery and hydrogen fuel cells as an alternative source
for an ICE. He compares them across various factors, like the cost, size, running life, running
cost, safety, emissions, operation easiness and storage. At the end with all the factors stated the
hydrogen fuel cell was the best alternative when compared to the battery when assuming the
range needed for operation is more than 160km. If the range is lower the 160 km then the battery

is better at one factor which is the running cost [12].
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Hwang et al. [13] describe the way to assemble the hydrogen fuel cell in detail, and explain
what the use of each component is. In addition the author emphasis what affects each
component like the distance between the membranes. This article also talks about the best
condition the fuel cell must be maintained at and what are the best factors the fuel cell must be
assembled at. For example the best optimum coupling must be 90kgfcm, this value will assure
the best distance and the best pressure in the cell to get the best outcome and avoid any risks

like water flooding and not efficient output.

A research talks about the emissions that internal combustion engines produce these days and
what are the major effects these emission have on earth. It also talks about those types of
emissions that are produced from using fossil fuels, like carbon dioxide and carbon monoxide.
The affects that were discussed were the ozone layer and the carbon footprint. Then the
hydrogen fuel cells were introduced as the zero emission technology where the only product
from the hydrogen fuel cell is energy, heat and water vapor, and these are not harmful at all.
However, there is one risk that gets introduced in hydrogen fuel cells, and it is the hydrogen
leakage. Lastly, this paper predicts that using hydrogen fuel cells will reduce the carbon foot
print and save the plant and avoid killing human lives because of the harmful emissions that Ice
vehicles produce [14].

The main purpose of the article is consecrated to the thermodynamic analyses of fuel cells.
Moreover, the thermodynamic approach also specifies the irreversibility in the thermodynamic
process occurring in the fuel cells, with and without impurities in the reactants. The article then
goes on to demonstrate the irreversibility evaluation in fuel cells. In conclusion, the main point
of this article is to efficiently calculate the second law efficiency of fuel cells, as the article has
demonstrated in its many sections. Therefore, this article will be of more help to our project
over the calculation and thermodynamic analysis segment of the project [15].

The high cost of production of fuel cells is mainly due to the cost of the electrolyte membrane,
which is itself expensive as a result of the expensive platinum catalyst used. A research
concentrates on recycling these platinum corroded and inactive catalysts in order to render the
cost of maintaining the PEM fuel cells cheaper. The process suggested to reclaim the platinum

is chemical reduction of the inactivated catalyst. The article proposes two methods to control
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the concentration of the chemical reduction solution. The first involves controlling the pH value
of the solution, and the second consist on controlling the mass of the obtained solid. This article
is useful to the project in analyzing the sustainability of fuel cells as sustainability is considered
a pitfall of fuel cells [16].

The article includes useful information explaining why fuel cells are not to be ignored when
planning the sustainable future. The article then mentions a very crucial aspect to the scooter
project: safety. The most significant part of the article, significant specifically to our project, is
presented towards the end of the article and consists of proposing ameliorations for future
studies. The main improvements that are to be done on fuel cells, and which are not extensively
attended to, include improving the feeble acceleration of fuel cell-powered scooters, as well as

the scooters’ ability to climb, and ultimately permitting a wider range of speeds [17].

Huang et al. [18] showed the type of microcontroller that is needed to control the PEM fuel cell
scooter, the components controlled by the microcontroller as well as a useful flow chart is also

presented by the article and explained briefly in terms of voltage for shut down and operation.

Some researches demonstrated the basic functions of the microcontroller as well as the fail-safe
shut-down operation that can be a result of low fuel cell voltage output, low stack voltage, high
temperature in the stacks or low hydrogen flow pressure. Fixing these conditions through the
microcontroller would be through the control of the air pump flow rate as well as the solenoids
[19].

With the problem statement in mind our objective is to complete the hybridization of a fuel cell
system to allow to achieve specified ranges, speeds, and efficiencies. We hope to have a range
of 20 km distance on a single supply of hydrogen stored in metal hydride canisters. Achieve a
speed of 15 km/hr with a weight capacity of 120 kgs. Our efficiency target for this early stage
of development is 35-50%. We plan to reduce noise levels associated with 2 stroke engines in

scooters down to 70dB.

CONCEPTUAL DESIGN AND SIMULATION

As with any other product in the industry, the main goal while designing our product is to satisfy

the customer’s needs. On the other hand, try to achieve these demands while min-maxing the

109



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-13
MARCH 2019, ANTALYA

various engineering elements regarding the product at the same time becomes a challenge and
a goal at the same time.

Four main alternative designs were put into study based on the various factors that were
introduced based on many factors such as complexity. Each provide a number of disadvantages
and advantages that were cross checked in order to choose the best possible design that will be

implemented.

Alternative designs:

1- Fuel-Cell Scooter: Having a fuel-cell as the only source of electricity would make the
scooter simple, however the fuel efficiency would be lacking due to the fact that the entire load
of the system would be carried by the fuel cell only. This will either lead to low fuel efficiency

or a low performance scooter depending on several factors.

2- Hybrid Fuel-Cell and Ultracapacitor Scooter: In order to solve this problem, the team
researched possible alternatives to that problem, and hybrid systems came to surface. The idea
is that the Ultracapacitor would be a secondary source of electricity in order to share the load
with the fuel cell. Where the fuel cell would supply the power needed to drive the scooter, and
the Ultracapacitor would supply the power to run the blower, microcontroller, et cetera. This
however would make the system very complex and hard to control in terms of managing the

different scenarios that would happen through the microcontroller.

3- Fuel-Cell Scooter with hydrogen reactor: One of the main issues of the fuel cell systems
is the supply of hydrogen, and in order to solve that problem one of our members suggested the
use of a mini hydrogen reactor that would supply hydrogen to the system though small hydrogen
cores thus creating a charger for the system. After researching the market, we found hydrogen
cores that were manufactured by Brunton for only 19.99%, however the supply of these cores is
very small and we would need multiple cores to run the system. After further research was done
we found a product called h2o hydrolyzer manufactured by the same company and costs
249.993%, where the cores can be recharged using only water. However, this system is very

expensive and has low efficiency; furthermore in order to make the system run on water only
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to produce hydrogen the team would have to redesign the hydrolyzer to make it more efficient
and capable of providing the hydrogen directly to the fuel cell.

4- Electric Scooter with Fuel Cell generator: Another idea was to use a battery as the main
power provider to the system while using the fuel cell as a recharger to the battery, this idea
would decrease the supply of hydrogen needed for the system as well as make the system start
up process easier. However, the system would become heavier and the range acquired by the

scooter and the life expectancy would drop.

The following figure demonstrates the internal system of the scooter that supply power to the

load, where the load is the motor and battery used to run the scooter, and their connections.
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Figure 4. Initial Proposed System [6]

As seen from the figure above, each component carries a significant role in the functionality of
the scooter. The fuel cell converts the hydrogen chemical energy into electrical energy that is
then supplied to the load whether it is a battery or a super capacitor that then run the motor
hence providing the mechanical power to make the scooter move. Some of the other key

components are the microcontroller, the metal hydride canister, sensors, valve, and air pump.
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ANALYSIS

A preliminary step in our designing process is finding the load applied on the system itself; in
other words, finding the required power to move the scooter. There are many forces exerted on
the scooter due to the nature of nature itself, these force must be taken into account since they
illustrate the required power necessary to move the scooter at said given conditions. This step
in the fuel cell powered scooter is foundational as it permits to unveil the required load that will
be applied on the fuel cell based in the battery selection which itself will be done as per the

required load necessary to power the scooter.

This analysis will be conducted on the basis of finding the inertial force of the scooter (Fi), the
resistive force of the rolling motion of the tires due to friction (Fr), the aerodynamic force
exerted on the scooter due to drag (Fp), and finally, the extra force exerted/gained while
claiming/descending an incline (Fa). From there, the total required power at given
circumstances for a give speed can be calculated by multiplying the sum of the forces calculated
by the speed of the scooter at said required moment.

In this context, there is an important note to make. There is an additional force that is usually
included in such calculations, that is the resistive rolling force due to the deformation of the tire
itself, which is mainly due to the heat increase of the tire. However, since the scooter has small
tires, and since the temperature of the tires would not be too high due to the low speeds of the

scooter, this force is assumed to be zero.

Once the forces are uncovered in terms of symbolic algebraic equations, they will be entered in
the system simulation in order to be able to play and tweak the conditions. This will permit to
discover the overall performance of the designed system and of the scooter itself. Moreover,
based on these calculations, the limitations on the scooter itself is illustrated. This is crucial to
the design process. For instance, based on these calculations, the maximum mass of the scooter
will be illustrated. The same could be said for the type of wheels, the mass of wheels, et cetera.
In order to do so, however, multiple iterations are required, hence the importance of the later

simulation.

Due to the nature of the two different forces acting on the scooter as a result of two different

accelerations, the inertial forces must be segregated into two: linear acceleration exerted force
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and rotational acceleration exerted force. Both are derived from Newton’s infamous second

law.

For linear acceleration, it is simply the mass of the entire scoter multiplied by its linear

acceleration, Fii = Mscooter*alinear-

For the rotational acceleration, rotational acceleration of the wheels that is, the force the ratio
of the angular moment variation (M;) and the radius of the wheels, Fir = Mi/r. However, the

angular moment variation must first be found in order to find Fi.
_ do _ ,a
Mi=J* =2 = J*2 [Nm] (1)

where, J, ®, a and r are moment of inertia (m?*kg), angular speed (1/s?), acceleration of scooter

(m/s?) and radius of wheel (m), respectively. Therefore,

Fir = J*== [N] ()

r’2

To calculate J, it is the sum of the moment of inertia of tire and the rotational moment of inertia
of the rim. This distinction is important not only because the mass of each is different, but more

importantly, because their radii are interdependent.
J=J+)= %mrrr2 + %mt (r*+r?) [m**kg] )

Finally, assuming full transfer ration of the wheels, and assuming the scooter has two wheels,

the total inertial force (F)) of the scooter is,

2 [%mrrrz + %mt(rr2+rt2)

] 2
Fi = (Mscooter + )*ascooter = (Mscooter + %)*ascooter [N] 4

r’°2

The resistive rolling force is the friction between the tires and the ground itself; therefore, it is
very dependent on the material of the ground; the rougher the surface, asphalt for instance, the

greater resistive frictional force (Ff) is.

Fr is dependent on two foundational parameters: coefficient of friction which differs with
material and motion, and the normal force applied on the object, usually the weight of the object,

which is highly dependent on the inclination of the ground. The equation is as follows,

Fr=es*N [N] ()
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The coefficient of friction could be programmed to enter different values based on the criteria
of static conditions or kinetic conditions. As for the normal force, though the above equations
is correct for a 0° slope, it would be safer to formulate the following equation that takes
inclination into account; moreover, it would reduce to the above equation if the inclination were

to be 0° since cos(0) is 1. The safer equation is,
Fr= uws*N*cos(a) [N] (6)

where, uks, N and a are coefficient of friction (unitless, usually less than 1), normal push of

the ground on the scooter (N) and angle of inclination (degrees), respectively.

Aerodynamic drag force (Fp), though often neglected, is crucial to determine the push exerted
by the air on the scooter which should not be ignored in the case of the scooter as the scooter is
not necessarily designed for aerodynamic efficiency; therefore, the force would be significant
enough to be taken into account. Moreover, based on this force the terminal velocity of the
scooter could be calculated if needed in further design processes.

The main parameters required to calculate this force are the density of air, which differs based
on the conditions of location, the frontal cross-sectional area of the scooter, the velocity of the

scooter, and the coefficient of drag of the design of the scooter itself.
Fo= 1/2(pair"‘AFCS*CD*stcooter) [N] (7)

where, pair, Arcs, Cb and Vscooter are density of air (kg/m?), frontal cross-sectional area of scooter

(m?), coefficient of drag (untiless) and velocity of scooter (m/s), respectively.

Inclination force (Fa) is crucial to the final power calculation; perhaps the most important after
the foundational inertial forces since a slight inclination could increase the consumption of
power very significantly. Moreover, not only does it permit to design the scooter propulsion
system for an upper-slope, but also energy conservation designs for a downward inclination
slope. Note that tis force could have been added and included in the inertial forces calculations;
however, by adding it by itself it could be more easily manipulated. Moreover, if there is no
slope, it would not be taken into account since sin(0) is none other than 0 itself.
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The main parameters to finding this force are the weight of the scooter and the inclination of
the slope.

FA = Mscooter*g*sin(a) [N] (8)

where, Mscooter, g and o are mass of scooter (kg), gravitational acceleration (m/s?) and angle of

inclination (degrees), respectively.

These equations all represent the resistive forces acting on the scooter itself; therefore, it
provides a clear indication of the load the scooter would exert on the battery, and hence, on the
fuel cell. Furthermore, from these equations, a more precise, accurate, and efficient propulsion

system for the scooter could be designed.

In order to figure out the power required to move the scooter, all these forces must be summed
up and multiplied by the velocity of the scooter at said instant. The power equation goes as

follows,
P = (Fi+ Fr + Fp+ Fa)*Vscooter [W] ®

where, Fi, Fr, Fp, Fa and vscooter are inertial force (N), resistive frictional forces (N),
aerodynamic drag force (N), inclination force (N) and velocity of scooter (m/s), respectively.

Additionally, from these parameters, the resistive torque of the entire system itself can be
calculated. This, however, is not a paramount calculation for the design process, merely a

number on the specifications sheet.
T =([Fi + Fal*Yeg) + (Fo*Ystag) + (Fr*r) [Nm] (10)

where, Fi, Fr, Fp, Fa, Yeg, Ystag @nd r are inertial force (N), resistive frictional forces (N),
aerodynamic drag force (N), inclination force (N), vertical distance from bottom of scooter to
the center of gravity of structure (m), vertical distance from bottom of scooter to the stagnation
of air resistance (m) and radius of wheel (m), respectively.

RESULTS & DISCUSSION

The section begins with the simulation of the fuel cell, followed by that of resistance forces,

finally, illustrating the entire proposed system simulation.
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Fuel cell simulation is a more than crucial foundation to the entire design process. The fuel cell
simulation was designed based on the polarization curves provided by the manufacturer of the

fuel cell: Horizon Fuel Cell Technologies.

The fuel cell simulation was simulated in static fashion and modeled as per the polarization
curves provided by the manufacturer. A significant difficulty faced was to incorporate these
graphs in Simulink. This was overcome by re-graphing the graphs on Excel, utilizing several
points, and modeling the fuel cell based on the best fit curves. Moreover, due to the designed
simulation later presented, two of the graphs are re-graphed in inverted function. The errors are
taken into consideration in the graph. The Excel graphs obtained are demonstrated in Figures
5-7.
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Figure 5. U-I Polarization Curve of 2000W Fuel Cell
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Figure 6. Inverted H, Flow-P Polarization Curve of 1000W Fuel Cell
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Figure 7. Inverted P-1 Polarization Curve of 1000W Fuel Cell

Two Simulink models were created. The first, which is demonstrated here, is based on a
scalar constant value. This is made in order to be able to check the different outputs at
different Hz flow inputs. The values were cross-checked. The simulation is presented in
Figure 8.
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Figure 8. Constant Scalar Input Simulink Model

This second simulation seeks to illustrate the relationship between input and outputs in a
graph format. A vector of an array of numbers is inputted into the system and then the vector
output are taken to the workspace and graphed with the initial input. These results are

demonstrated in Figure 9.
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Figure 9. Constant Vector Input Simulink Model

Having accomplished the fuel cell simulation, the next important simulation to accomplish is

that of the resistive forces calculated previously.

118



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-13
MARCH 2019, ANTALYA

The next step in this report is to, as previously mentioned, simulate the resistive forces acting
on the scooter. This is important as it gives a set program from which different values could be
inputted. By doing so, the optimum conditions for the fuel cell propulsion system could be

obtained.

Since the Simulink model is too big to be observed in one image, it will be segregated into the

four resistive forces and reassembled in Figures 10-13.

|

Add

1

Mass of Soaster ‘

@
3

z
F3
4

Figure 10. Inertial Force Simulation

981
Gravitational Constant
X

1 |n

Angle of Inclination Trigonometric Inclination Force
Function

] R

muk

cos j »

Trigonemetric
Function{

Frictional Force

Figure 11. Resistive Frictional Force (Fg) and Inclination Force (Fa) Simulation
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Figure 12. Aerodynamic Force (Fp) Simulation

Figure 13. Entire Resistive Forces Simulation

The final single output of the entire simulation is the power load in watts. Based on the
maximum current and voltage output of the fuel cell, and most importantly, based on the desired
load the selected battery must be rated at 70V and must be capable of supporting 25Ah. The
Simulink program will be programed in such a way that if the power output of the battery is
less than 300W, then the fuel cell turns on and the battery will charge, if the power outage of
the battery reaches 990W then the fuel cell turns off. Moreover, it is significant to note that the
chosen battery is Lead Acid Cell Battery in large part due to its low cost and low self-discharge.
However, it is important to note that the most suitable choice would have been the Li-ion Cell
Battery mainly due to high energy density, hence low weight; however, the cost of a 70V 25Ah
Li-ion battery would be too much to bear.
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The simulation of the battery is included in the final simulation of the entire system represented
in Figure 14. The simulation of the battery takes into account the characteristics of Lead Acid
Cell battery.

Figure 14. Entire Proposed System Simulation

There are two subsystems in the system itself, the first represents the fuel cell simulation and
the second represents the power consumed (load) simulation. They are illustrated in Figure 15

and 16, respectively.

Figure 15. Fuel Cell Simulation Subsystem

Figure 16. Resistive Forces Simulation Subsystem
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The simulation was a success and it provided us with a lot of insight regarding the performance
of our fuel cell system. From the simulation, we were able to acquire different graphs such as
Current vs. Hz Flow (Figure 17), Voltage vs. H2 Flow (Figure 18) and Power vs. H2 Flow
(Figure 19). From these graphs, we were able to get the ranges of the possible outputs. The

ranges possible are presented in Table 1.

Table 1. Output v. Range

Output Type Range

Voltage 40-70 (V)
Current 0-25 (A)
Power 0-1040 (W)
Flow of hydrogen 0-13000 (ml)
Current v. H2 Flow
25 T T T T T T
0t |
_ 15t .
=<
S ol .
5t i
) 000 4000 G000 8000 10000 12000 14000
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Figure 17. Current v. H, Flow
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Figure 19. Power v. H, Flow

From the graphs and table it is clear that voltage is inversely proportional to the current. As the
voltage decreases from 70 to 40 V, the current increases from 0 to 25 A. However, from Ohm’s

Law we know that current is directly proportional to the voltage. Thus, we can deduce that the
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reason the voltage decreased as the current increased is that the resistance of the fuel cell
changed. Hence, we can use Ohm’s Law to calculate the equivalent resistance of the fuel cell

at different currents and voltages (Table 2).

Table 2. Resistance at Different VVoltages and Currents

Voltage (V) Current (A) Resistance ()
60 5 12
56 10 5.6
52 15 3.5
50 20 2.5
40 25 1.6

The table clearly demonstrates how the resistance decreases as the current increases. That
decrease of resistance is what leads to the decrease in the voltage. If the resistance was a fixed
constant, then the graph of voltage versus current would have demonstrated a directly
proportional relation between them. As a result, it is clear that the fuel cell follows Ohm’s Law
as expected.

From the power versus flow graph (Figure 19), it can be observed that as the flow of hydrogen
increases, the power output increases. Between the ranges of 0-8,000 milliliters of hydrogen
flow, the power output increases linearly. For every 1,000 milliliters increase in flow, the power
output increases by 100 Watts. This relation holds true up until the flow of hydrogen exceeds
8,000 milliliters. Then between the ranges of 8,000-13,000 milliliters, the increases in the power
output starts to decrease, until finally, the power output starts to decrease once the hydrogen

flow exceeds 13,000 milliliters.

From these relations, a few statements can be made. The first is that the most efficient range of
operation for our fuel cell is between 0-8,000 milliliters of hydrogen flow because the power
increases linearly at a rate of 10:1. After that the efficiency starts to decreases gradually. Last
but not least, the maximum power output possible is 1,040 Watts at a flow of 13,000 milliliters

of hydrogen.
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From the results, it can be clearly observed that the current is directly proportional to the power
output; the greater the current, the greater the power output. This culminates in the end to a final
current of 25 A, providing us with 1,000 W. Moreover, as stated before, the voltage and the
resistance of the fuel cell decrease as the current increases. Thus, it can be said that the voltage
and resistance have an indirectly proportional relation to the power output. In other words, as
the voltage and resistance decrease, the power output increases. This can be explained using
the different variations of Ohm’s Law. Since the voltage decreases as the current increases,
different combinations of voltage and current can give the same power output. For instance,
from the voltage versus ampere graph, we can get two possible points of (50 V, 20 A) and (40
V, 25 A) as in Table 3.

Table 3. Different Variations of Voltage and Current

Voltage (V) Current (A) Power (W)
50 20 1,000
40 25 1,000

This table clearly demonstrates how different combinations of voltage and current can produce
the same power output, and as a result, proving our fuel cell abides Ohm’s Law. Furthermore,
the same can be said about the relation between the resistance and current, as shown Table 4.
Once again, the table shows proves that our fuel cell follows Ohm’s Law, which validate our

model and analyses.

Table 4. Different Variations of Resistance and Current

Resistance () ' Current (A) ' Power (W)

2.5 20 1,000

1.6 25 1,000
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CONCLUSIONS

The study above conclude that hydrogen fuel cell projects are vital since oil will come to an
end eventually leaving the humans with useless vehicles. In addition, to the harm that the oil
running vehicles create extending from global warming, climate change and hazardous
emissions to dreadful products that negatively affect the human being. All of these points meant
that a new renewable source must be found to replace this current system. The fuel cell system
itself isn’t the renewable part in the project, instead it’s the way that hydrogen is produced from
and meaning if the hydrogen is produced using oil combustion then there is no use of the shift
between the systems. The hydrogen should be produced using renewable energy sources.
Through our research we found that there are various types of fuel cells, however, the best type

that would fit the transportation uses is the proton exchange membrane hydrogen fuel cell.

In conclusion, the results acquired prove that our fuel cell works as expected of any electrical
device by abiding to Ohm’s Law. It produces a maximum current of 25 A, a maximum voltage
of 70 V, and a maximum power output of 1,040 W. Meanwhile, the maximum flow of hydrogen
recommended is 14,000 ml.

The PEMFC Scooter can be a very useful product due to its impact on the economics of
countries, the benefits on the environment, the effects on society and the overall global impact
such a product can achieve. It is already being used in Asian countries, such as Tokyo, and a
lot of the impacts can already be observed there.

From an economical point of view, the PEMFC Scooter can be relatively cheap, especially on
the long run due to the low cost of hydrogen and maintenance required. Moreover, having a
PEMFC Scooter oriented market can lead to huge changes in any country. For example, the
country can invest in hydrogen production factories, which can boost the economy by
increasing income and increasing job opportunities for the public. Moreover, hydrogen-
refueling stations can be built all around the country and that will also improve the economy.
Therefore, it is clear that PEMFC Scooters can greatly boost the economy of any country that
decides to implement them.

Meanwhile, from an environmental point of view, fuel cells are environment friendly due to
their low carbon footprint. Unlike fossil fuels, they do not produce any harmful gases that can
harm the environment. Consequently, PEMFC Scooters would significantly improve the

environment of any country.
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Likewise, from society’s point of view, PEMFC Scooters have a very positive impact. They
offer a cheap alternative to cars and are even cheaper in the long run due to the low cost of fuel
and maintenance. In addition, since they are small, they can impressively reduce traffic jams
because drivers can easily weave in and out of traffic. As a result, people would leave to their
jobs later than usual because they don’t have to worry about traffic, and that would lead to
happier people with less stress and worries. Undoubtedly, this proves that PEMFC Scooters

would help societies greatly, both economically and mentally.

Last but not least, the culmination of economical, environmental and societal impact can lead
to a huge global impact. These three aspects are crucial to any country, and having all three of
them improved in many different countries can have a significant impact on the world.
Governments would have more money because they don’t have to pay excessive amounts of
money for gas and oil. While, the environment would greatly improve and global warming
would be less of a global phenomenon. Finally, societies in general would be happier, thus
leading to a more peaceful existence between people.
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Abstract

Today, there are many different studies on increasing combustion efficiency and reducing flue
gas emission values. In this study, H> and CO were added to 30% methane gas in a premixed
laboratory scale model burner with high Hz / CO ratio (3) and medium (1,5). Swirl numbers
(s = 0,6 and 1) have been changed by keeping the equivalent ratios constant. The experiments
have been carried out at a constant burner power (3 kW), regardless of the fuel composition.
The effect of swirl number on the temperature distribution and emission values of radial and
axial directions in the combustion chamber. While the number of swirl has been low, CO
emissions have increased, NO and O emissions have decreased with the decrease of H> / CO
ratio. When the number of swirls has been increased, CO emissions are decreased, and NO
emissions are increased with the decrease of H2 / CO ratio. As a result of the experiments, the
swirl number and the rate of Ho/CO has a great effect on combustion characteristics and

emissions of flames.
1. INTRODUCTION

Nowadays, energy consumption has increased due to the increase in industrialization in order
to meet the increasing needs of the human population. This increase in energy consumption has
led to the intensification of studies on combustion efficiency of fuels used in energy production.
On the other hand, the increase in energy production has revealed the problem of flue gas
emissions, which is as important as efficiency. Products such as CO, CO2 and NOy, which are

present in the flue gases as combustion products, damage humans, animals and plants. The H>
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and CO synthetic gas fuel mixture which is produced by wood and organic wastes is an
alternative and renewable fuel that meets the energy demand of the synthetic gas fuel mixture

[1].

Especially hydrogen is a renewable synthetic fuel that has recently attracted attention and
required more field-tested and can be used as an alternative fuel for many areas. Unlike fossil
fuels, due to containing only water vapour as combustion emission while burned with oxygen,
hydrogen is known as environment-friendly and zero emission future green fuel. Therefore, the
use of hydrogen fuel instead of carbon-based fuels can be considered as the most effective way
to prevent hazardous emissions such as CO,, CO, Sulphur oxide and organic acids when faced

up increasing power requirements.

These synthetic gases vary in terms of flame temperature and flue gas emissions according to
different combustion chamber conditions and mixing ratios. Hence, nowadays many
researchers have studied the combustion characteristics of H2/CO synthetic gas mixture and
have been obtained numerical and experimental data for different working conditions. Some of

these studies have been mentioned below.

Lee at al. have been performed experiments in a gas turbine burner with a burning power of 60
kW. In these experiments, they have been observed flame stability, dynamic pressure, NOx, CO
emissions and temperatures in the combustion chamber. First, they tested the mixture of real
synthetic gases used in two different power plants in Korea (Taean) and the Netherlands
(Buggenum). In these gases have been tested without dilution, the gas used at the Buggenum
plant had higher flame stability than the Taean plants. This is thought to be caused by higher
hydrogen content. In dilution, the stability of the gas used in the Buggenum plant has been
higher than that of Taean because of the higher nitrogen dilution rate. As a result of the
experiments, it has been revealed that nitrogen dilution caused partial differences in emission
and flame stability values because of the different H2/CO ratio in the gases used in two separate
power plants [2]. Hagos at al. have been examined air/fuel ratio and they have been tested from
the possible lowest excess air ratio to the poor operating conditions. As a result, the NOx
emission of Ho/CO combustion was higher than natural gas combustion. On the other hand, it
has been observed that the combustion process with the synthetic gas mixture can occur in a
wider range of air/fuel ratio [3]. Samiran et al. have been set H2/CO ratios of tested gas mixtures
as 3.0 (high) and 1.2 (moderate) and diluted each mixture with CH4 and CO». They have been

reported that as the CO amount in gas mixture increases, more luminous flames arise, indicating
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increased sooting tendency. Hydrogen has been found to make flame more compact and more
resistant to the blowout. On the contrary, flames of high CO content mixtures have been found
to the blowout at higher equivalence ratio, which poses stability issues. It was also shown that
while CO2 and CHa4 dilution increases blowout equivalence ratio, CHa dilution promotes flame
stability; high CO content results with high NOx emissions [4]. ilbas and Karyeyen have been
simulated flames under the same physical and atmospheric conditions and achieved a good
consistency between measured and predicted temperature values. Later, they have been set
turbulator angle of their burner as 15, 30 and 45°, and numerically evaluated effects of these
variations on combustion characteristics of studied flames. It has been found that as the
turbulator angle increases, the flame base moves upstream and flame temperature increases
based on the tangential velocity component entrainment to flow and better mixing between
reactants, respectively. Consistently; CO emissions decrease and CO, emissions increase, as
the turbulator angle increases [5]. Cellek and Pinarbasi, have been investigated the natural gas
combustion in a burner with low swirl value. Four different gas contents have been tested to
evaluate the combustion emissions of hydrogen-enriched natural gas and pure hydrogen (% 75
NG % 25 H2, % 50 NG % 50 Hz, % 25 NG % 75 Hz, % 100 Hy). As a result of the investigation,
the combustion behavior of natural gas and methane have been found to be close to each other
but the NOx and O emissions have been different. In addition, NOx emissions increased as the
hydrogen ratio increased compared to pure natural gas combustion [6]. Yu et al. have been
investigated that the addition of hydrogen to hydrocarbon fuels increases combustion
performance (combustion ignition and stability) and reduces pollutant emission [7]. Choudhuri
et al. have been found that the addition of hydrogen to natural gas resulted in shortening of the
flame length and reduced CO emission. However, NOx emissions have been increased due to
the increase in flame temperature [8]. Wu et al. have been studied that the emission and heat
transfer characteristics of methane-hydrogen mixtures. CO and CO emissions were reduced by
the addition of hydrogen. Oxidation from CO to CO: has been more efficient in high hydrogen
additions. Reducing the amount of carbon in the fuel was the dominant factor in the reduction
of CO2 emissions. They have determined that NOx is caused by the NNH mechanism (NNH is
formed by the reaction of nitrogen with the H atom) [9]. Zhen et al. have been studied pre-
mixed LPG - hydrogen mixtures. They have been found that the addition of hydrogen increased
the flame temperature and the CO emissions decreased and NOx emissions increased [10].
Yilmaz et al. have been showed that the effect of flame characteristics (temperature and

pollutant emission distributions) on the number of swirls has not been monotonous and the
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flame behavior due to the equivalence ratio has been changed differently in the different vortex
numbers [11]. Lee has been investigated that the flame structures have greatly changed by the
fuel composition and heat input, and they have been subjected to key affecting parameters of
the temperatures of the flames and the liners. NOx and CO emissions also largely varied
according to fuel composition and heat input. When fuel has been changed from natural gas to
syngas to minimize NOx and CO emissions with stable combustion, it could contribute to the

optimal selection of the fuel supply condition [12].

As can be seen in the literature, current studies on H2/CO synthetic gas fuel mixtures have an
important place in the field of energy. The combustion instability and emission values of these
fuels are a field of study where researchers frequently study experimentally and numerically.
In this study, unlike the previous ones, experiments have been carried out at high (3) and
moderate (1.5) H2/CO ratios in a pre-mixed gas turbine burner with 3 kW burning power. In
addition, the effect of two different swirl numbers (0.6 and 1) on the emission values of these
gas mixtures have been examined. The emission values resulting from the combustion process
have been taken from the points at different axial and radial distance to the burner inside the
combustion chamber and these values have been compared, respectively.

2. EXPERIMENTAL SETUP

2.1. Operating Conditions

Tested gas compositions have been tabulated in Table 1. Irrespective of the gas composition,
thermal power has been kept constant and mass flow rate of each mixture has been specified
based on thermal power. Equivalence ratio has been set as 0.7 while the swirl number has been

as 0.6 and 1. All experiments have been carried out at room temperature and 20 mbar

Table 1. Tested gas mixture

Synthetic Gas | CHa4 (%) H2 (%) CO (%) Swirl H> /CO
Number

Exp 1 30 52.5 17.5 0.6 3

Exp 2 30 42 28 0.6 15

Exp 3 30 52.5 17.5 1 3

Exp 4 30 42 28 1 15
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2.2. Burner

A burner should comply with the combustor to be used to better meet emissions and fuel
efficiency requirements. In burner design, parameters such as the dimensions of the combustion
device, thermal power and the properties of the fuel to be used are important. At the same time,
a burner should be able to provide complete combustion through the entire operating range with
at least excess air and even heat dissipation. With these considerations, a pre-mixed burner

balanced with a vortex generator has been used in a laboratory scale combustor.

Atesleme Elektrodu

lyonizasyon Elektrodu

®

Girdap Uretici

Hava-Yakit kangimi Girisi

Figure 1. Burner Design

This burner has been designed to operate at 10 kW power and 20 mbar pressure. Since the
flame-tightening position is difficult to control and at higher pressures complex and expensive
flow control equipment is required, the working pressure is kept relatively low to the maximum

pressure that can be exited. The burner model can be seen in Figure 1.
2.3. Fuel Supply Lines

The diameter of the fuel supply lines has been determined by the density and the heating value
of each synthetic gas component as well as the thermal power depending on the mass flow rate
ratio. Each gas pressure has been supplied from an external gas tank and has been measured by
a mass flow controller controlled by the vacuum system controller. The gas pressure of the tank
has been reduced from 200 - 300 bar to 0 — 1.5 bar with a gas regulator mounted on the gas
tank. These relatively high-pressure values are necessary for the operation of the mass flow
controller. Since the burner has been designed to operate at 20 mbar, pressure regulators have

been mounted on gas supply lines to reduce the pressure at this value. Manometers have also
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been used to monitor the pressure. For the purpose of inspection, float type mechanical flow
meters have been mounted on each gas supply line.

2.4. Combustor

The length of the burner is 1650 mm. It has an outside diameter of 330 mm and an internal
diameter of 320 mm but has a wall thickness of 5 mm. In order to make axial and radial
temperature and emission measurements, a lot of space is formed in the walls, side arms and
chimneys of the combustion wheel. There is also a cooling receptacle which is supplied by air
via an external air turbine around the periphery of the combustion chamber. Tempered glasses
on the front and side walls of the burner make the flame optically accessible. It also makes it
possible to change the vortex manufacturer without removing the burner. All metal parts of the
combustion device are made of stainless steel. In order to ignite gas mixtures, flame stability
was maintained in all operating conditions, a reliable operation process was achieved, and pilot
ignition system was fabricated. This system consists of a fuel supply line, solenoid valve, air
fan and burner. Other equipment not covered in the figure has been mounted on the combustion

system for flame stability studies. The combustor model measuring port has been shown in
Figure 2.

B L L e e - -

Figure 2. Measuring ports.
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2.5. Air Supply Lines

Combustion air is supplied from a piston type air compressor with a storage capacity of 1500
m3. After that, filtered to remove oil and steam. The amount of air (depending on the
equivalence ratio) is regulated by a digital (thermal) mass flow controller (MKS-1579A). The
other equipment’s of the air supply line are a manometer and a mechanical flowmeter. For
safety purposes, solenoid valves have been installed to each gas supply line to
electromechanically cut fuel supply in the absence of flame, which is detected by an ionization
electrode. The schematic view of the combustion system and the test equipment is shown in
Figure 3. All fuel gases and combustion air are delivered to a gas collector then fully mixed in
a static pre-mixer, which is equipped with a mechanical flashback arrestor, before entering

burner.
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249

(22) \

1. Air compressor (5.5 hp, 500 It) 10. CNG tank 19. Burner

2. External air tank (1 m?) 11. Pressure regulator 20. Combustion chamber
3. Filter (for steam and oil removal) 12. CO2 tank 21. Flue

4. Pressure regulator (1 MPa to 0.3 MPa) 13. CO tank 22. Power source

5. Mass Flow Controller 14. H> tank 23. Function generator

6. Manometer 15. Vacuum system controller 24. Audio amplifier

7. Pressure Regulator 16. Gas collector 25. Loudspeaker

8. Solenoid Valve 17. Fuel/air pre-mixer (static) 26. Electrical connections
9. Float type flowmeter 18. Control panel 27. Gas supply lines

Figure 3. Layout of the overall combustion system
2.6. Measurement Equipment

Temperature measurements have been conducted with ceramic coated NiCreNi alloy K
(Temperature range: 200 - 1200 °C) and Pt13%Rh-Pt alloy B-type (Temperature range: 0-1800
°C) thermocouples. Data from these thermocouples have been converted into quantifiable
parametric information through a 28-channel data logger with a sampling rate of 100 kS /s and
stored in a computer. The setting of each channel to the sampling rate, selecting the channel
input value and monitoring of the measured data during the experiments have been carried out
with ProfiSingal Go software. In addition, emission measurements have been performed with

a flue gas analyzer.
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3. RESULTS AND DISCUSSION

It can be seen that in Figure 4, the H, / CO ratio has not been changed too much the maximum
flame temperature independently of the gas mixture. The temperature values in the post-flame
region have decreased and the highest amount of reduction has been seen in the Exp.-3 (30%
CNG- 52.5% H»-17.5% CO, S/N:1, Hz / CO:3). In the mixture gases, the presence of H»
accelerates the chemical reactions and shortens the turbulent flow time due to the high flame
velocity and the good diffusion capability of hydrogen [13]. Carbon monoxide oxidation
kinetics are much slower than hydrogen [14], [15]. In the combustion zone, hydrogen gas and
other components of the synthetic gas mixtures are burning firstly. As the amount of hydrogen
in the mixtures increases, the flame goes upstream. In the case of a high CO contented mixture,
long flames with low burning intensity form seen. In the light of the above, one could be
concluded that in the mixtures with a high amount of hydrogen (Exp 1 and Exp 3) create higher
temperature distributions in the middle of the combustion chamber and in the outlet area than
in the other mixtures. As the number of swirl increases, the mixing state of air and fuel
improves, the residence time of the resulting mixture in the high-temperature zone may increase
and so the heat could spread in the radial direction better. The resulting flame may expand

radially towards the burner walls, thus it burns more stable and intense.
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Figure 4. Temperature distribution in the combustion chamber
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The increase in swirl number has resulted in a decrease in axial temperatures after the flame
zone (~11 cm). As the swirl number increases, the place that the chemical reactions take place
radially may slip outward and the temperature in the centre of the flame decrease. It is has been
thought that high-temperature values in low swirl numbers are caused by this situation. The
temperature profiles tend to be similar but differ in value. Relatively short flames have been
formed as the burning power is kept low. For this reason, the number of swirls could affect the

temperature values in the flame and combustion chamber exit zones too much.

The emission measurements of the gases have been carried out in different radial (2.5, 5, 7.5,
10 and 15 cm away from the combustion chamber center) and in the axial (11, 21 and 31 cm)
position. The effect of H. / CO ratio and swirl number on CO emissions can clearly be seen in
Fig.-5. Looking at the comparison of the Exp.-1 and Exp.-3 which both have high H2 / CO (3)
ratio, it can be seen the Exp 1 with a low Swirl number has a lower CO emission at the axial
distance. The CO emission values of the Exp.-1 mixture are approximately three times lower in
axial distance compared to the Exp.-3 mixtures. If both Exp.-2 and Exp.-4 mixtures that have
with a medium Hz / CO (1.5) ratio have compared, it could be seen the Exp.-4 that has high

swirl number has lower CO emissions at the axial distance.
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Figure 5. CO emission distribution in the combustion chamber
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The CO emission values of the mixture of Exp.-4 are approximately two times lower than in
each position at the axial distance compared to the mixtures of Exp.-2. The increase of CO
emission in the flame zone at the radial distance may be due to the decrease in temperature.
There has been no significant change in the distribution of CO emissions in the radial direction
over distances from the flame zone. High CO emission values in the mixture of Expl and Exp
3 are due to low combustion temperature. The cause of this situation may be the high H> and
low CO content of the respective mixture. Thus, it could conclude that hydrogen improves the

oxidation kinetics of carbon monoxide.

When the NOy emissions have considered, it can be seen at the Fig.-6, the changes have been
related to depending on the temperature. The NOx increase due to the combustion temperature
shows that the thermal Zeldovich mechanism is effective in NOx formation [16]. If both Exp.-
1 and Exp.-3 mixtures that have with a high H> / CO (3) ratio have compared, it could be seen
the Exp.-1 which has low swirl number produces higher NOx emissions at the axial distance.
As it moves away from the flame zone, the NOx emission decreases. If both Exp.-2 and Exp.-4
mixtures that have with a medium Hz / CO (1.5) ratio have compared, it could be seen the Exp.-

2 which has high swirl number produces lower NOx emissions at the axial distance.
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Figure 6. NOy emission distribution in the combustion chamber
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The high H2 / CO ratio increased NOx emissions compared to the medium Hz / CO ratio. NNH
mechanism is effective in NOx formation in low levels of hydrocarbon and high concentrations
of H2 gas. NNH is caused by the reaction of nitrogen with the H atom [17]. The difference
between the numbers of Swirl has affected NOx emissions. Mixtures with a swirl number 1
have achieved more stable combustion. As a result of this stable combustion, NOx emissions
have been measured as more stable values. It could be concluded that NOx formation
mechanisms are more effective than changes in NOy values in mixtures with Swirl number 0.6.
It can be thought that when we consider, Exp.-1 and Exp.-2 that have equal swirl number, NNH
mechanism is more effective in the Exp.-1 which has high H2/CO and Zeldovich mechanism is
more effective in the Exp.-2 which has medium H2/CO.

The Oz emissions as a percentage of the total exhaust gases of the mixtures are given in Figure
7. It could be seen the effect of the swirl number is noticeable in O, emissions. It is concluded
that mixtures with a swirl number 1 have more stable combustion than mixtures with a Swirl
number of 0.6 so they produce lower O» emission. The effect of H2 / CO ratio could not be
determined significantly. Reduction of NOx emissions in the flame zone at radial distances may
be due to a decrease in temperature. No significant change has been observed in the radial
direction in the distribution of NOx emissions over distances from the flame zone.
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Figure 7. O, emission distribution in the combustion chamber
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4. CONCLUSIONS

In this study, the effect of gas composition and swirl number on combustion and emission

behavior of premixed syngas mixtures has been experimentally investigated in a burner. Results

have obtained from this study are:

From the temperature distributions in the combustion chamber have been obtained
consistent results regardless of the number of swirl and the mixing ratios.

It has been observed that the H> ratio in the mixtures has a positive effect on the
temperature, the decrease in the number of swirls decreases the temperature in the axial
direction and increases the radial direction slightly.

It is found that mixtures are sensitive to CO emissions. It has been also found that the
low Swirl number in mixtures with high Hz / CO (3) ratio leads to lower CO emissions
with relatively high Swirl number in mixtures with medium Hz / CO (1.5) ratio.

It is thought that NOx formation mechanisms are different in mixtures with high Hz /
CO ratio and medium Hz / CO (1.5).
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Abstract:

Most of the world's energy needs are met by oil, and many countries import a large portion of
their oil demand. This causes a very critical problem, such as energy dependence. Nowadays,
petroleum, which is the raw material of mining, construction and chemical industry, has the
biggest share in energy consumption, especially in transportation, construction machinery,
automotive, marine, electricity production. For these sectors, the development of alternative
fuels other than oil is vital issue for a possible oil crisis. On the other hand, as a result of the
increase in consumption of petroleum products, they cause global climate changes that can
cause harms to environment, human health and dangerous developments globally due to
harmful and toxic gases such as CO., SOz and NOx. In this respect, research and development
of alternative fuels has become a very crucial issue. It is necessary that alternative fuel sources
be human-oriented, renewable, feasible and easily available, with local resources for sustainable
economic development and a cleaner environment. One of the alternative fuels is biodiesel.
Catalysts used in biodiesel production are the most important parameters affecting the
production efficiency in the production process by biodiesel transesterification. Homogenous
and heterogeneous catalysts are used in biodiesel production. Although the vyield in
homogeneous catalysts is high, many factors such as saponification, excess reagent
consumption and extra separation cost negatively affect production costs. Therefore, efforts to
develop high-efficiency and highly usable heterogeneous catalysts that prevent saponification
have gained a great speed and importance today. In this study, the use of cheap and domestic

waste egg shell as a catalyst and the efficiency, density and viscosity parameters of biodiesel
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obtained in different methanol / oil molar ratios were investigated. The study was detailed by
means of XRD, P-XRF analysis methods. The results showed that the waste egg shell can be
used as a catalyst, it has a significant effect on the biodiesel efficiency, the waste egg shell
catalyst can be used repeatedly, and the cost of biodiesel production can be reduced

significantly.

Keywords: Waste egg Shell, Catalyst, Biodiesel, Methanol/oil molar ratio

1. INTRODUCTION
Energy is one of the most fundamental and accelerating requirements of a country's economic
and social development. For this reason, the phenomenon “energy security” is one of the vital
elements of economic security and national security. Energy is an indispensable input for almost
all processes necessary for sustaining our social lives; and is used in sub-sectors of industry,
transportation, housing and commerce. Today, the energy consumed in the world is obtained
from many energy sources; and fossil sources such as oil, natural gas and coal account for 87%
of these resources [1]. Energy efficiency policies should be the foremost issue to be taken into
the consideration since on the one hand, they are directly related to the sustainability of
economic growth and social development targets, on the other hand, they play the key role they
play in reducing total greenhouse gas emissions. Within the framework of sustainable
development goals, countries should be determined to use their energy resources effectively,
efficiently and with minimal impact on the environment. We are fulfilling our responsibilities
for the environment and providing our energy supply security by giving the necessary
importance to renewable resources in energy production which is the basic input of
development and evaluating our mines in accordance with environmental standards [2].
Existing petroleum, natural gas, coal etc. fossil resources are expected to decline rapidly due to
future population growth and increased use of fuel run vehicles used in everyday life [3].
Therefore, the use of renewable energy resources, which are local and renewable, are of great
importance in terms of meeting the energy needs in our country and in other countries.
Therefore, the use renewable energy sources around the world both in terms of technological
research as well as utilizing the energy produced from these sources has been directed. It is
essential that renewable energy sources be human-centred, feasible, and easily available for
sustainable economic development and a cleaner environment [4-5]. One of these energy
sources is biodiesel. The most important feature of biodiesel that separates biodiesel from other

types of energy sources is that it renews itself and can be extinct naturally. Besides, biodiesel
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is very important in terms of reducing the carbon emissions that harm the environment, reducing
the dependence on foreign sources in terms of energy and not being required to be imported
because they are domestic sources [6]. One of the most important parameters affecting the
production yield of biodiesel in the production process by transesterification is the used
catalysts and the methanol / oil molar ratios [7-9]. Homogeneous and heterogeneous catalysts
are used in biodiesel production [10]. Although the yield in homogeneous catalysts is high,
many factors such as saponification, excess reagent expenditure and extra separation cost
negatively affect the cost of production [11]. Therefore, efforts to develop a highly efficient and
highly usable heterogeneous catalyst, which prevents saponification, have gained speed and

importance today [12].

1.1. Material Method
1.2. Catalyst Preparation

Canola oil used in the experiments was obtained from a local market. A 99.8% purity methyl
alcohol from Sigma-Aldrich, a commercial company, was purchased from in order to produce
the fuel appropriate for the standard. Waste eggs shells were carefully cleaned with clean water
before removing dice and other wastes. The cleaned eggshell was dried in an oven at 120°C for
one hour. The inner lining and other impurities containing in the dried shell were removed and
then milled on the electric milling machine and milled to approximately 70mm. The resulting
powder was baked in the shell oven at 950°C for 24 hours and calcined for conversion of CaCOs
into CaO. The product obtained was used as heterogeneous base catalyst in methyl ester

production.
1.3. Catalyst Characterisation

The product obtained as a result of 24 hours calcination at 950°C of organic material (eggshell)
was exposed to XRD investigations. XRD analyses were carried out in Batman University
Geology engineering Department Research Laboratory with Rigaku brand Miniflex-11 model
X-ray diffractometer (Anode = Cu (CuKq= 1.541871 A), Filter = Ni, Voltage = 35 kV, Current
=15 mA, Goniometer velocity 2°/ Min., Paper speed = 2cm / min., Time constant = 1 sec, Slits
=1° =0.15mm 1° second 0.30 mm, Paper spacing = = 20 = 20-80°). The peaks observed at
3.03 A and 3.78 A, which correspond to the surface of the calcite minerals (104), indicate that
the calcite crystal phase still continues despite calcination. Figure 1 shows that the best catalytic

conversion performance is obtained at 950°C. Similar studies showed that the best conversion
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yields were in the range of 800-900°C. Tshizanga et al. found that the best conversion efficiency
was obtained by calcination at 800°C for 24 hours in the optimization of biodiesel production
from waste vegetable oils and eggshell ashes [13]. Jazie et al. reported that egg shell was as an
environmentally friendly catalyst for transesterification of rapeseed oil: They stated that they
achieved optimum yield in the optimization studies for biodiesel production at 200-1000°C and

for 2 hours calcination [14].

Niju et al., in their study of modification of egg shell and its use in biodiesel production,
examined the calcination time of 2,5 hours at 900°C; and reported that they achieved the best
conversion efficiency [15]. Wong et al. stated that they obtained optimum vyield in 2 hours
calcination time and at 1000°C temperature in their study of calcined eggshell as a potential
catalyst in converting waste frying oils into biodiesel [16]. Jazie et al. stated that optimal
efficiency was achieved in 2-hour calcination time at 900°C temperature using waste eggshell
waste for transesterification of mustard oil by employing the Response Surface Methodology
(RSM) [17].

000 A A = Ca0
800 Cal= CaCO,

Intensity (cps)

20 30 40 =0 60 7 20°CuK o B0

Figure 1. XRD patterns belonging to calcination of egg shell at 950°C

Calcined and uncalcined eggshells were analysed chemically by means of Portable X-ray
Fluorescent Spectrometry (P-XRF) device in Batman University Archaeology Department
Research Laboratory. According to the results of analyses, it is possible to witness that almost
all of the egg shell is composed of CaO. It can be easily observed that the results obtained in
similar studies in the literature are very close to those of ours [18-20]. Table 1 gives the results

of P-XRF analysis of calcined and uncalcined egg shells.
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Table 1. P-XRF analysis results of calcined and uncalcined egg shells

Uncalcined Egg Calcined Egg

Compound Commercial CaO
Shell shell

MgO 0,301
Al203 0,222
SiO» 0,942 0,1042
P20s 0,3175 1,283
SOs 0,3463 0,1338
K20 0,11
CaO 99,230 97,6389 98,505
Mn20s 0,006

Fe203 0,110 0,022 --
SrO 0,120 0,1776 0,0208
ZrO; 0,010 -- --
BaO 0,240 -- -
LaxO4 0,130 -- --
CeO> 0,040 -- --
Pr203 0,040 -- --
Yb203 0,050 -- -

The experiments were planned to determine the effects of the reaction time on biodiesel yield,
density and kinematic viscosity. According to the results obtained, the most appropriate
conditions were determined and the biodiesel produced under optimized conditions was tried
to be evaluated as a diesel fuel in terms of both its compatibility and fuel properties. This
catalyst was then washed with ionized water and dried at about 100°C; and reused under the
same reaction conditions in biodiesel production; and then the above-mentioned parameters
(yield, viscosity and density) were measured. The same catalysts were washed for the second
time and the same processes were repeated and the values of the working parameters were

determined.
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1.4. Methanol/Oil Molar Ratio effect

One of the most important parameters having an effect on the yield of oil acid methyl ester
(OAME) in addition to its direct effect on biodiesel production cost is the methanol / oil molar
ratio [21]. The quality of the oil molar ratio of alcohol and alcohol alone plays an important
role in the biodiesel production method [22]. The reaction of three moles of methanol and one
mole of triglyceride in a stoichiometric manner yields three moles of OAME. Due to the fact
that it is an equilibrium reaction, the equilibrium is progressed in the direction of products using
more methanol than the stoichiometric amount to increase OAME vyield [21]. As demonstrated
in Figure 2, by stoichiometric reaction of three moles of methanol with one mole of triglyceride,
three moles of OAME are formed.

0 - o )
1 - -
cH,jo-c-r, |7 Hy=0=C=R, CH, = OH
0 L N 0
i - |
CH HO=C=R; | + 3CH;0OH—— |CH;~O~C=R; |+ | CH -OH
Catalyst
it i
I - - -———- —
CH;HO-C-R; |-~ “TH,-D—C-H, CH; = OH
vy
| Triglycerides Methanol Biodiesel 4 Glycerine
L e e e e e e e et s s e = J

Figure 2. Stockymetric transesterification reaction

Since the amount of alcohol used in the biodiesel production process is directly related to the
cost, it is very important to determine this amount. In this study, it was aimed to determine the
best methanol / oil molar ratio; and for this, CaO and eggshell catalysts, with an amount of 4%
catalyst were used at 60°C temperature under 1 hour constant reaction conditions in 7: 1, 8: 1,
9: 1 and 10: 1 methanol / oil molar ratios. In the end of these experiments, parameters such as
product yield, density and viscosity were determined. These catalysts were then washed with
ionized water and dried at about 110°C and used again under the same reaction conditions for
biodiesel production; and the above mentioned parameters (yield, density and viscosity) were
measured. The catalysts we used in the study were washed for the second time and the same

processes were repeated and the values of the working parameters were determined as a result
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of reaction. Table 2 shows the effects of methanol / oil molar ratio on biodiesel yield, density

and viscosity as a result of optimization experiments.

Table 2. Effects of methanol/oil molar ratio on biodiesel yield, density and viscosity

CaO Egg Shell
Catalyst | Methanol/QOil | Biodiesel ) ~ | Biodiesel ) o
] Density Viscosity ] Density Viscosity
Use (mol) Yield ( 9 Yield (ke/m®) ( )
mm?/s m mm?/s
(%) (%) ’
(kg/m?)

7 95.56 895 4,965 94.24 897 4,974
8 95.78 890 4,958 94.63 894 4,968

1t Use
9 96.81 888 4,946 95.12 890 4,954
10 95.22 889 4,952 94.34 892 4,962
7 94.34 897 4,974 93.43 898 4,982
8 94.86 895 4,962 93.67 895 4,978

2"d Use
9 95.43 891 4,951 94.08 892 4,972
10 94.18 893 4,957 93.22 894 4,974
7 93.54 898 4,984 92.21 899 4,991
8 93.78 896 4,978 92.65 897 4,988

3rd Use
9 94.08 893 4,964 93.30 895 4,982
10 93.24 895 4,972 92.14 896 4,985

The methanol / oil molar ratio effect was investigated by keeping the 4% catalysts, 1 hour and
60°C reaction conditions constant. As exhibited in Figure 3, the increase in methanol / oil molar
ratios up to 9: 1 showed that biodiesel yields (for 1% use) increased by 96.81% (CaO), 95.12%
(egg shell), while density and viscosities decreased. However, when the molar ratio was
increased to 10: 1, a partial decrease in biodiesel yields, but small increases in density and
viscosities were observed. It was determined that there occurred an expected partial decrease in
biodiesel yields when the catalysts were used for the 2" and 3™ times, whereas there observed
some increase in density and viscosities. In all three uses, when the methanol / oil molar ratio
was increased to 9: 1, this affected the reaction efficiency in decreasing trend. When Figure 3
is examined, it can be clearly seen that the biodiesel obtained as a result of the experiment meets
the density and viscosity values of biodiesels mentioned in EN 14214. Similar studies using

155



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-
13 MARCH 2019, ANTALYA

CaO and eggshell catalysts in literature demonstrated that the most suitable methanol / fat ratio
ranges from 6: 1-14: 1 [23-30].

100 900
+——CaOl 898 “e—CaOo
98 ++—Egg Shell -=++—Egg Shell
; 896 -
_ 96 - T 894 -
o 1 ~ o
S o4 2892 1
S ]
5 *?, 890 1
> 92 S 888
Q (m)
.2 90 886
© g
= Reaction Conditions 884 - Reaction Conditions
0 gg - 1h, 60 °C and 4% Catalyst 882 | 1h, 60 °C and 4% Catalyst
86 880
718lofiof7|8fofof7[8]o]10 718 9]0/ 7]8f9f0f7|8] 010
a Cyclel Cycle2 Cycle3 b Cyclel Cycle2 Cycle3
Reusability Methanol/Qil Reusability Methanol/Qil
5
——Ca0l
499 1 e Eqg Shell
4.98 -
4.97 A
0
< 4.96 A
€
£ 4.95 1
2 4.94
3
S 4.93 -
> 492 - Reaction Conditions
' 1h, 60 °C and 4% Catalyst
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7|8|9|10 7|8|9|10 7|8|9|10
C
Cyclel Cycle2 Cycle3
Reusability Methanol/Qil
Figure 3. Change in biodiesel yield (a), density (b), and viscosity with methanol/oil ratio
RESULTS

In the production of biodiesel, the parameters having an influence on transesterification reaction
of methanol with canola oil and low-cost waste egg shell and CaO catalysts were investigated.
The most appropriate reaction conditions for the transesterification reaction were investigated
by keeping the 4% catalysts, 1 hour reaction time and 60°C reaction conditions constant. The

highest OAME vyields under the above conditions (For 1% Use) were obtained as 96.81% (CaO),
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95.12% (egg shell). The density and viscosity values of the biodiesel obtained in these
conditions were determined as CaO: 888kg / m?, 4,946mm?/ s, eggshell: 890kg / m3, 4,954mm?
/ s, respectively. The density and viscosity values of the biodiesel obtained from all operating
parameters were found to be between 860-900 kg / m3 and 3.5-5.0 mm2 /s, which are within
the accepted limits of EN 14214. The results obtained are very important that the waste egg
shell can be used as an environmentally friendly catalyst, and that it has a significant effect on
the biodiesel efficiency, and that the catalyst can be used again, and the cost of biodiesel

production can significantly be reduced.
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Abstract

In this study, a single-rotor 13B-MSP (Multi Side Port) Wankel-type port fuel injection, 4-
stroke and research engine and a single cylinder Antor 3LD 450, port fuel injection Sl engine
with three different type combustion chamber were used. Both engines were compared in same
load, speed and excess air coefficient conditions. The indicator diagrams and cycle analysis

were compared at 3 bar Pme load and 2000 rpm engine speed.

As a result; maximum pressure values were close to each other for the three combustion
chamber geometries in reciprocating engine. The difference between them was due to flow and
flame formation in the combustion chamber. In the Wankel engine, the maximum pressure
value is lower than the others in test results and far away from the TDC. The reason for this is
that the combustion speed is lower and it shifts toward the expansion stroke. This is due to low

turbulence intensity during the compression process.

Keywords: Rotary engine, Wankel engine, Sl engine, Indicator diagram, Cycle analysis

1. INTRODUCTION
as moving parts in the Wankel engine.
The Wankel engines which are in the class Compared to conventional piston engine;

. . there is no valve assembly for intake and
of rotary engine, operate according to the

. . exhaust process. Also, the Wankel engine is
four-stroke  operating  principle. Its

operation is different in structure and provided with charge change through the

principle  compared to  reciprocating ports on the side housing. The opening and

engines. Only rotor and eccentric shaft act closing times of the ports in side surfaces is

limited by the moving rotor. The rotor
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provides rotational motion due to the
pressure generated by the burning gases. By
the way, the power is transmitted directly to
the output shaft. Wankel engines can reach
high rotational speeds. In addition, in
evaluation of engine parts, it does not have
a slider-crank mechanism compared to the
reciprocating engine, therefore it has a

simpler structure and less parts.

Other advantages of the Wankel engine can
be listed as lighter weight, lower NOXx
emissions and more power production than
reciprocating engine with same weight. In
addition, it operates with lower vibration
due to absence of reciprocating masses such

as pistons and connecting rods [1-7].

2. EXPERIMENTAL STUDY

Antor 3LD 450 engine is used in
reciprocating engine experiments [8-10].
General information about the engine is
shown in Table 1. The engine is a single-
cylinder direct-injection diesel engine in
original. The process of converting the
compression ignition engine to the spark

ignition engine was carried out by Kutlar

[9].

The

geometries (MR, cylindrical bowl, Flat)

pistons with three combustion
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were assembled and tested in conventional

piston engine (Figure 1).

b) 0

Figure 1. Produced MR type (a), cylindrical bowl
(b) and flat (c) combustion chamber geometries.

The other engine is Mazda 13B - MSP
(Multi-Side Port) Wankel engine which
wwas used in the experiments. The engine
is originally twin-rotor. After conversion, it
was transformed into a single rotor test
engine [7]. The basic and geometrical
properties of the engine are given in Table
2. Cylinder
reciprocating engine is done with AVL

pressure measurement in

brand GU13Z-24 piezoelectric sensor,
which was adapted to the spark plug. In
Wankel engine, Kistler brand
6118BF107Q01 piezoelectric sensor has
been used with a spark plug.



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-

13 MARCH 2019, ANTALYA

Table 1: General characteristics of piston engine

[8].

Term Value Unit
Engine name Antor 3LD -

g 450
Number of

. 1 -
cylinders
Stroke X goxgs  mm
Dimension
Compression ratio 10,5 -
Stroke volume 454 cm?®
Connecting rod 145 mm
length
Ratio of crank
radius _ to 0,275 i
connecting rod
length
Intak_e valve 16 KMA
opening advance
Intake valve closing 40 KMA
delay
Exha_ust valve 40 KMA
opening advance
Exhgust valve 16 KMA
closing delay

Table 2. Basic and geometric datas related to 13B
MSP Wankel engine.

Term Value Unit
R (Rotor corner- 105 mm
center length)

e (Eccentricity) 15 mm
b (Rotor width) 80 mm
¢ (Compression 10 -

ratio)

3. Experimental Results

The indicator diagrams and the cycle
analysis of the Wankel test engine were
compared with the test results of different
combustion chamber geometries in the
reciprocating engine. This engine has single

cylinder and port fuel injection system. In
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the reciprocating engine experiments,
different combustion chamber geometries
(MR, Cylindrical Flat) with a

compression ratio of 10.5 were used. The

bowl,

comparison was made in terms of the load
and speed of the two types of engine and the
selected point is the 3 bars break mean
average effective pressure and 2000 rpm

engine speed.

In conventional piston engine, maximum
pressure values are close to each other in all

types
geometry. The difference in the combustion

three of combustion chamber
chamber geometry affects the flow and

flame formation.

The maximum pressure of the Wankel test
engine is much lower and is more distant
from the TDC (Figure 2). This indicates that
the combustion speed of the Wankel engine
is lower than the conventional piston engine
and shifts towards the expansion stroke.
Previously, Cold flow models by Tagkiran
showed that the turbulence intensity in the
combustion chamber is very low during

compression [11].

When the charge change processes of
engines are examined, the effect of load
level was investigated on pumping losses.
The pressure level remained relatively
constant due to constant start of the intake
after the TDC in the Wankel engine and the
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intake port remained fully open in most of

the intake times (Figure 3).

Heat release rate is shown cumulatively for
the engines at average effective pressure of
3 bar (Figure 4). The cumulative heat
release rate of the three combustion
chamber geometries is close to each other.
The combustion velocity is lower than the
others in the Wankel engine. Due to larger
stroke volume of the Wankel engine, the
cumulative heat release rate is by far the

highest.

In order to eliminate this difference rising
from the difference of the stroke volume, all
engine types are normalized by converting
to 1 liter stroke volume and cumulative heat
release is shown in Figure 5. The Wankel
engine has a significantly lower burning
velocity and a cumulative amount of heat is

15-20% higher than conventional piston

engines.
a0 - : ,2000rpm 3 bar
35 Mr \
10 Cylindrical bowl
——Flat
25 A
5% f\ —— Wankel

10

5 = ] —
D=t égai S
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Combustion chamber volume (cm?)

Combustion chamber pressure (bar)
[y
(%]

Figure 2. Comparison of p-V diagrams for Wankel
engine and different combustion chamber
geometries.
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Figure 3. Comparison of charge change process for
Wankel engine and different combustion chamber
geometries.
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Figure 4. Comparison of cumulative heat release
quantities at 3 bar load.
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Figure 5. Comparison of the normalized amount of
cumulated heat release at 3 bar load.

4. CONCLUSIONS

Three combustion chamber

geometries (MR, Cylindrical bowl, Flat) of

different

3LD 450 conventional piston engine with
13B MSP single rotor Wankel engine is
tested and compared. Experiments are made
at engine speed of 2000 rpm, 3 bar BMEP

load and A = 1 condition.
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The maximum pressure values of the three
different combustion chamber geometries
were close to each other. The difference
between these results was due to the
geometry affecting the flow and flame

formation.

In the Wankel test engine, the maximum
pressure values were lower than the others
and more distant from the TDC. This is
because of the lower combustion velocity
and as a result, the process shifts toward the
expansion stroke. On the other hand, the
lower turbulence intensity in compression is
another factor.
The pressure level remains relatively
constant due to the greater opening time of

the intake port in the Wankel engine.

The cumulative heat release amount for
each of the three combustion chamber
geometries was close to each other. Due to
larger stroke volume of the Wankel engine,
the cumulative heat release rate is by far the

highest.

When the stroke volumes are 1 liter in both
engines, the burning velocity of the Wankel
engine is lower and the cumulative heat
release is about 15 - 20% higher than the

others.
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ABSTRACT

The gas dispersion flow rate in the flame spray pyrolysis (FSP) process is one of its most
important process parameters, which must be adjusted according to the liquid flow rate and
process requirements. Generally, the FSP process employs an external-mixing gas-assisted
atomiser. In this study, we developed an equation to adjust the gap exit for any dispersion gas
flow rate at a constant pressure drop, based on the external measurable quantities of the nozzle.
The equation was validated by comparing the results with the data given in the nozzle supplier
charts. Using the developed equation, the nozzle geometry was built and a simulation study was
performed using the commercial ANSYS FLUENT v.19 software coupled with a MATLAB
code to predict the multicomponent droplet evaporation, temperature, velocity, gas density and
the particle growth in the flame spray pyrolysis process. The simulation results were tested and

verified.

Keywords: flame spray pyrolysis, air cap, nozzle gap, nanoparticle production
1. Introduction

In an FSP process, the flow rate of the dispersion gas is an important operation parameter that
ensures the appropriate dispersion gas velocity required for the atomisation process and controls
the pressure drop across the nozzle tip. This can be achieved by changing the cross-sectional
area of the nozzle throat. This study employs the commercially available external mixing two-
phase nozzles (Diisen-Schlick GmbH, Germany) with a convergent-divergent configuration.
This allows the maximum possible mass flow to pass through a duct when its throat is at the
critical or sonic condition. The duct then becomes choked and cannot carry any additional mass

flow unless the throat is widened [1].
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Figure 1. Nozzle configuration H. Torabmostaedi et. al. [2]. Figure 2. Schematic of the external- mixing gas-
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Figure 3. Side view of the nozzle. symbols: gap between the air cap and outer capillary tube diameter (X),
maximum gap available (Xn), angle of inclination(6), measurable length (H,), maximum liquid insert length (H),
and wall thickness of the air cap (tv)

The mathematical relationship between the measurable external parts and the internal gap at the
nozzle throat was developed to calculate exit gap area, and precisely set the nozzle throat as:
2/Do 2 _2Amin /D02 - Amin

Ho = (Xm— % +4——F——)/tan 6 + Ht, - (% ~ S——"——)cos 0 cos (90-0) (1)
A validation study on commercially available nozzles (Diisen-Schlick GmbH, Germany, Series
940-943 and 970 Form 4 S32) was conducted to check the accuracy of the above equation. The
required air flow was calculated as a function of the applied upstream pressure to remain below
sonic conditions and was subsequently compared to the data for air provided in the supplier
charts [3,4]. Figure 1-a and b suggest a good match between the calculated and measured air

flowrates. The average percentage errors for all the cases are small and no more than 2.63 %.
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Figure 4: Dispersion air flow rate (a) measured experimentally by the nozzle supplier at different air cap
settings, as a function of applied dispersion gas pressures for the Series 940-943 [3].
Dispersion air flow rate (b) predicted by the equation at different air cap setting Ho, as a function

of applied dispersion gas pressures for the Series 940-943.

2. Application of the equation in the simulation of FSP

Equation 1 was applied to provide the air cap position to set up FSP with external-mixing
stainless-steel gas-assisted nozzle (Diisen-Schlick GmbH, Germany, 970/4-S32) [4] at four
different oxygen dispersion flows. The nozzle was used with dimensions Xm (maximum gap)=
0.325 mm (ID/OD 1.7/2.35 mm) , 0 (the angle of inclination)= 35°, Sl (the straight length)=
3 mm, and t ( wall thickness of the air cap)=1 mm. The nozzle air cap position was calculated
using the equation and the results are presented in Table 1. The geometry drawn by Ansys

Design Modeller is shown in Figure 4.

Table 1. Air cap position at different dispersion gas flow rate calculated by using the equation

Flame configuration F1 F2 F3 F4
Measurable length (mm) Ho 233 | 228 | 223 | 217
Dispersion gas flow rate (LPM) 11 15 19 23

X= 0.134 mm

LL.
0.000 2.000 Grovend =

O — ——
1.000

Figure 5. Geometry
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ANSYS FLUENT v.19 software coupled with Matlab are used to predict the multicomponent
droplet evaporation, temperature, velocity, gas density and the particle growth in the flame
spray pyrolysis process. Experimental data was taken from the published literature data by H.
Torabmostaedi et al. for ZrO, formation [2]. The Euler model was used to simulate the
continuous phase using the realizable K-¢ to describe the turbulence. The droplet flow field was
modelled using Discrete Phase Model (DPM) Lagrangian. The discrete phase trajectories of
multi-component injection defined according to the injection point properties which consist of
the initial value of droplet velocity, mass flow rate of liquid injection, liquid temperature, and
the initial droplet diameter. The axisymmetric model can represent the FSP system well via a
2-D simulation rectangular domain 300 mm length and 100 mm width which was adopted in
this study. The mesh comprises of 146520 nodes. The grid around the capillary tube and
atomizer was progressively refined in a grid. A constant pressure condition was used at the exit
(atmospheric pressure). The control volume based numerical method was used to solve the
governing equations sequentially. In order to ensure the accuracy, stability, and convergence, a
second order upwind discretization scheme was used. SIMPLEC algorithm (SIMPLE-
Consistent) is used for coupling pressure and velocity. Temperature, velocity, spray droplet size

are shown in Figure 6-8.
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Figure 6. Temperature profile as a function of dispersion oxygen flowrate
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Figure 8. Spray droplet diameter as a function of dispersion oxygen flowrate
MATLAB code for the prediction of the particle diameter consisted of two part; one is the main
code and the other is ode23s function as subroutine to solve stiff differential equations. Other
subroutines have been tested, and ode 15s provided the fastest and more accurate results
compared to the experimental data. Results are shown in Figure 9 to 11.
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3. CONCLUSIONS

To adjust the air cap settings of external-mixing, gas-assisted atomisers at any dispersion gas
flow rate, a simple mathematical expression was developed using the external measurable

dimensions. The results revealed that the equation provides accurate settings for dispersion gas
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applied pressures <10 bar. The equation was applied in a case study to observe the effect on the
operating conditions of changing the air cap position using academic CFD code, FLUENT v 109.
The simulation results were input into a numerical model as MATLAB code to solve the
coagulation and sintering equations to predict the formation of nanoparticles The case study
was carried out to apply the equation at the applied pressure of 2 bars and low dispersion gas
that was needed to adjust the air cap position to less than the minimum position. The calculated
measurable length Ho using the equation were 2.35, 2.30, 2.25 and 2.21mm at F1, F2,F3 and
F4, respectively. Modelling results showed the growth rate of primary particles depends on the
velocity and temperature. As the velocity decrease or the temperature increase, the primary
particle sizes also increase. This is due to the increased sintering rate at high temperatures, and
increased residence time at low velocities. As the flame configuration changes from F1 to F4,
the growth rate of the particles decreases from 28 nm to 21 nm. The results also showed that
the equation is suitable for adjusting the required air cap position for each dispersion gas flow

rate up to 10 bars in the experimental run and during FPS simulation.
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ABSTRACT

The emphasis on the recent studies of Wankel type rotary engines is related to decreasing its
fuel consumption to a level that is compatible with reciprocating engines. Especially at part
loads, it is possible that if the fuel is injected directly to the combustion chamber rather than
port injection, a stratified fuel air mixture can be obtained enabling more efficient engine.
However, rotary engines counter some limitations on direct injection strategies for a stratified
charge. Though a late direct injection, near TDC is needed for a stratified charge, it is restricted
by rotor movement because the edges of triangular shaped rotor sweep housing inner surface
during their rotational movement. Furthermore as the rotor moves to TDC, wide and long shape
of the volume between rotor and housing does not allow spray to penetrate longer as it does in
reciprocating engines. Successful implementation of a direct injection method can be achieved
by making numerical investigation on injection location and its timing before making expensive
experimental tests on rotary engines. In this study we will discuss the potential of direct
injection method by making an early injection at the beginning of compression stroke.

In numerical calculations, geometrical model of rotary engine that has 654 cc displacement and
10 compression ratio was used. Numerical model represents the experimental single rotor test
engine that was constructed from a Mazda 13B-Renesis engine in the Automotive Laboratory
of ITU. In order to obtain a realistic numerical model of the engine, all three chambers are
included in the model as seen in Fig 1. The eccentric motion of the rotor were simulated by
using User Defined Function (UDF) of ANSY S-Fluent that enables dynamic mesh motion in
the fluid region.
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Figure 1. Numerical model of the single rotor 13B- Renesis engine (right side), air motion during intake from
single side port (left side)

A series of validation processes were performed during simulation studies. First, flow field data
of the numerical results using RNG turbulence model was validated by experimental data
presented in the literature [1] as shown in Fig 2. Second, spray injection shown in Fig. 3 was
validated by using data given in Engine Combustion Network and the study of Manin et al [2].
After obtaining validated result, the same methodology were applied to numerical modeling of
this study. The injection location was chosen at a point that is available to install an injector on

the experimental studies of 13B-Renesis single rotor test engine.

Referenced exp. results [1]

Position of rotor RNG k-¢ model Realizable k- model

— Velocity Velocity
~ Vector 1

[ms*-1) Vector 1 [ms*1)

250_(BTDC)

ESA

Figure 2. Comparison of RNG and Realizable k-& models. Numerical results of 160cc engine are calculated in
this study and experimental results are taken from Fan and colleagues [1].

Gasoline fuel was represented by gasoline surrogate (PRF-85) that has 85% iso-octane (CsH1s)
and 15% n-heptane (C7Hie). Reduced kinetic mechanisms of gasoline surrogate that was
reported as giving acceptable results in terms of pressure, heat release rate and emissions [3]

were used in numerical calculations.
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Figure 3. Comparison of experimental and numerical spray penetration length (right side) and numerical
presentation of gasoline spray (left side).

The ultimate goal of this ongoing study is to put forward possible methods improving fuel
consumption by using direct injection methods. In line with the expectations, the preliminary
results show that air fuel mixture are almost homogenized since the fuel injected in the
beginning of compression stroke rather than end of compression stroke. The rotor sweeping
motion and rotational air motion inside the chamber hinders stratification. In order to obtain
fuel rich and lean zones at the end of compression fuel must be injected near TDC. However
due to geometrical restrictions, it may be a necessity to make a pre-combustion chamber to

achieve stratified charge in the rotary engine.
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Figure 4. Early direct injections starts as the intake port is closed (right side), it is seen that there is limited time
period to inject fuel into the combustion chamber since rotor edge passes injection location.

Keywords: Wankel type rotary engine, numerical modelling, direct injection.

176



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-
13 MARCH 2019, ANTALYA

REFERENCES

[1] Baowei Fan, Jianfeng Pan, Aikun Tang, Zhenhua Pan, Yuejin Zhu, Hong Xue, Experimental
and numerical investigation of the fluid flow in a side-ported rotary engine, Energy Conversion
and Management, Volume 95, 1 May 2015, Pages 385-397, ISSN 0196-8904.

[2] Manin, J., Jung, Y., Skeen, S. A., Pickett, L. M., Parrish, S. E., & Markle, L.
(2015). Experimental characterization of DI gasoline injection processes (No. 2015-01-1894).
SAE Technical Paper.

[3] Demir, U., Yilmaz, N., Coskun, G., & Soyhan, H. S. (2015). Evaluation of zero dimensional
codes in simulating IC engines using primary reference fuel. Applied Thermal Engineering, 76,
18-24.

177



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-
13 MARCH 2019, ANTALYA

Paper 16 Bildiri 16

COMBUSTION AND EMISSION CHARACTERISTICS OF ETHANOL-
METHANOL-GASOLINE BLENDS IN A SPARK IGNITION ENGINE

1H.Enes Fil, 1S.0rhan Akansu, *M.Emin Polat

!Department of Mechanical Engineering, Faculty of Engineering, Erciyes University, 38039
Kayseri, Turkey

E-mail: h.enesfil@erciyes.edu.tr

Abstract: Depletion of fossil fuels and environmental pollution has led researchers to foresee
the need to develop bio-fuels. Alcohols are a major part of bio-fuels. This study debates
combustion performance and exhaust emissions from Sl engine fueled with ethanol-methanol-
gasoline blends. The fuel blends contained %100 gasoline, %80 gasoline and %20 ethanol, %80
gasoline and %20 methanol and %80 gasoline, %10 ethanol and %10 methanol by volume. The
excess air coefficient were kept at the lean (0.9), stoichiometric(1.0) and rich (1.1) conditions.
The effects of blended fuels on engine performance were investigated and results showed that
methanol-gasoline blends presents the highest volumetric efficiency; on the other hand, neat
gasoline showed the lowest volumetric efficiency, torque and brake power among all test fuels.
Maksimum in-cylinder pressure was occured ethanol-methanol-gasoline blend at rich
condition. Results indicated that when the engine was fueled with ethanol-methanol-gasoline
blends, the concentrations of CO and HC (unburnt hydrocarbons) emissions were significantly
decreased, compared to the neat gasoline. Ethanol-methanol-gasoline blends presented the
lowest emissions of CO and HC at stoichiometric and poor conditions but ethanol-methanol-
gasoline blend was the lowest at rich conditions among all test fuels. In addition to this NOx
emission increased when ethanol and/or methanol contents increased except stoichiometric
condition in the fuel blends.

Keywords: Alcohols, Ethanol, Methanol, SI, Engine.
1. Introduction

Over the past several years, environmental concerns have increased importantly in the world.
Excessive use of gasoline fuel in the ICE (internal combustion engine) shows that is not
environmentally friendly. Gasoline cause to worldwide environmental degradation effects such
as climate change, greenhouse effect, acid rain, ozone depletion etc. [1]. The increasing
demands of petroleum fuels together with the greenhouse gas emission have stimulated the
efforts on discovering new alternative fuels. The most substantial alternative instead of
petroleum fuels in internal combustion engines are alcohols. Alcohols are an attractive
alternative fuel because they can be obtained from number of sources, both natural and
manufactured. Methanol and ethanol are two kinds of alcohol can be obtained from many
sources both fossil and renewable these include coal, petroleum, natural gas, biomass, wood
and fills and even the ocean. Ethanol can be produced from biomass such as sugar cane, sugar
beet, wood, corn, and other grain. The production of ethanol from biomass sources involves
fermentation and distillation of crop [2]. Ethanol is biodegradable and will evaporate quickly if
spilled on land [3]. Methanol can be produced from natural gas, gasification of coal or biomass.
However, coal is not preferred as a feedstock because conversion process is complex and costly
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than using other feedstock in commercial methanol production [4]. Both methanol and ethanol
have much higher octane number than gasoline [5]. This allows to alcohol engines to have much
higher compression ratios, and so increasing thermal efficiency. Nevertheless, a significant
disadvantage of methanol and ethanol relative to gasoline is that they have lower energy content

[6].

Many researches have investigated the effect of ethanol and gasoline blends in petrol engines.
Most of the researchers noticed, when ethanol blended gasoline was used, increase in engine
brake power, engine torque, brake thermal efficiency, mean effective pressure, and volumetric
efficiency, moreover, specific fuel consumption also increased. M .Al-Hasan [7] was studied a
four stroke, four cylinder SI engine was used for conducting the study. This study appeared that
mixing unleaded gasoline with ethanol raises the brake power, torque, volumetric and brake
thermal efficiencies and fuel consumption, while it reduces the brake specific fuel consumption
and equivalence air—fuel ratio. M.Abu-Zaid et al. [8] introduced an experimental work to
research into the effect of methanol addition to gasoline on the performance of Sl engine. The
experiments were carried out, at different speed conditions, over the range of 1000 to 2500 rpm,
using various blends of methanol-gasoline fuel. It was found that methanol has a significant
effect on the increase the performance of the gasoline engine .The addition of methanol to
gasoline increases the octane number, so engine performance increase with methanol-gasoline
blend can operate at higher compression ratios. D.Balaji [9] introduced impact of isobutanol
blend in Sl engine performance operated with gasoline and ethanol. A four stroke, single
cylinder Sl engine was used for conducting this study. Experiments were conducted for fuel
consumption, volumetric efficiency, brake thermal efficiency, brake power, engine torque and
brake specific fuel consumption, using unleaded gasoline and additives blends with various
percentages of fuel at different engine torque and fix engine speed. The result showed that
blending unleaded gasoline with additives increases the brake power, volumetric and brake
thermal efficiencies and fuel consumption addition of 5% isobutanol and 10% ethanol to
gasoline gave the best results for all measured parameters at all engine torque values. Siwale et
al. [10] studied methanol-n-butanol-gasoline blended fuels at rates of 53% methanol, 17% n-
butanol and 30% gasoline on performance and emissions of Sl engine. Results refered higher
performance and lower emissions of fuel blends than those of neat gasoline. Nazzal [11]
investigated the performance of gasoline engine using ethanol-methanol-gasoline blends at
rate of 6, 6 and 88 vol% for ethanol, methanol and gasoline, respectively; the results showed
important advances of engine performance at using double fuel blends. Turner et al. [12]
studied the effects of ethanol-methanol-gasoline blends on Sl engine emissions using five
different rates from 30-42 vol% gasoline and from 70-58 vol% ethanol-methanol; results
showed that the dual fuel blends have decreased carbon dioxide (CO2) and nitric oxides (NOx)
emissions, compared to the neat gasoline.

2. Experimental Set-up and Procedure

The experimental studies were tested in the Engine Laboratory in the department of Mechanical
Engineering at the University of Erciyes. The experiments were conducted in a Ford MVVH418
1.8L Sl engine. The SI engine was designed to generate 75kW at 5500 rpm with 10:1
compression ratio. Engine specifications are given in Table 1. Furthermore, the experimental
setup is indicated in Figure 1. Engine torque and engine speed values were measured by eddy-
current dynamometer. Cylinder pressure values were measured by PCB 111A22 piezoelectric
pressure transducer. The cylinder pressure values were digitized at each crank angle and

179



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-
13 MARCH 2019, ANTALYA

indicated by averaging 80 continuous cycles. The exhaust gas constituents (CO, CO», HC and
NOx) were metered with a Bosch BEA 060 gas analyzer.

17 15 [|14
16
20
]
Figure 1. Experimental Setup
1.Spark Plug 11.Data Logger
2.Pressure Transducer 12.Dynamometer
3.Engine 13.Computer
4 Air Flow Meter 14.Liquid Flow Meter
5.Throttle 15.Piezometer
6.Fuel Injector 16.Reducing Valve
7.lgnition Module 17.Fuel Pump
8.Engine Control Unit 18.Fuel Tank
9.Exhaust Gas Analyser 19.Flame Arrestor
10.Charge Amplifier 20.Flame Damper

Gasoline and the other blends were pumped to fuel injectors between 2.5 and 3 bar pressure by
using a fuel pump. The safety devices such as check valve, flame trap arrangement were used
to quench the backfire from the engine. All blends were controlled by electronic card and
software. The spark advance was measured by an oscilloscope. According to the load
conditions of the test engine and the ratio of the gasoline-ethanol-methanol mixtures, the spark
advances of the engine were arranged between from 21 CA before top dead centre to 2 CA after
top dead centre.
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Table 1. Engine Specifiations

Engine Ford MVVH418
Number of cylinders 4in line

Stroke volume 1796 cm3
Bore/Stroke 80.6 x 88mm
Connecting rod 137 mm
Compression ratio 10:1

Max. BMEP 10.7 bar

Max. Power 75 kW/5500 rpm
Max. Torque 150 Nm/4000 rpm
Idle/Max. Speed 800/6000 rpm
Weight 123 kg

The purpose of this study is to investigate the effects of alcohol blends on the performance of a
standart Sl engine. Three various types of gasoline — alcohol blends have been chosen for use
in this study. They include (20%methanol-80%gasoline), (20%ethanol-80%gasoline),
(10%methanol-10%ethanol-80%gasoline) and pure (%100) gasoline. Properties of the all fuels

are shown in Table 2.

Table 2. Fuel Properties[13]

Property Gasoline Ethanol Methanol
Chemical Formula CgH1s C2Hs0OH CHsOH
Composition (C,H,0) (mass %) 86,14,0 52,13,35 37.5,12.5,50
Lower heating value (MJ/Kg) 43.5 27.0 20.1
Heat of evaporation (kJ/kg) 223.2 725.4 920.7
Stoichiometric A/F ratio (Volume %) 14.6 9.0 6.4
Oxygen content, mass% 0.0 34.7 49.9
Density (kg/m®) 760 790 796
Saturation pressure at 38°C (kPa) 31 13.8 31.69
Flash point (°C) -45 to -38 21.1 111
Auto-ignition temperature (°C) 420 434 470
Boiling point (°C) 25-215 78.4 64.5

All experiments were conducted at 1500 rpm and 25% load (Torque=30Nm) under different
values of A (0.9, 1, 1.1). So we showed that the change of engine performance values under
rich,stoichiometric and lean mixture conditions.

181



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-

13 MARCH 2019, ANTALYA

3. UNCERTAINTIES OF INSTRUMENTS USED

Table 3. Specifications and error range of the experimental equipment and sensors

Instrument Values Accuracies
Cylinder pressure transducer 0 —5000 PSI +1 %

Hot film air mass meter 10— 480 kg/h <3%

Eddy Current Dynamometer 150 kwW/8000 rpm <1 rpm
Exhaust gas analyzer

co 0-10 % Vol 0.001 % Vol
CO:2 0-18 % Vol 0.010 % Vol
O2 0-22 % Vol 0.010 % Vol
NOXx 0 —5000 ppm 1.0 ppm

HC 0-9999 ppm 1.0 ppm
Lambda 0.5-9.999 0.001

Measurement errors and uncertainties are arisen from devices used to measure the data of the
experiment. Specifications and error range of the test equipment and sensors are given in Table
2. Total percentage uncertainty of the experiment has been calculated as 2.02%.

4. RESULTS AND DISCUSSION

4.1. Peak Pressure
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Figure 2. Variation of cylinder pressure with CA at different A conditions
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The variation of cylinder pressure with crank angle for various A conditions have been
illustrated Fig 2. The combustion characteristics of the methanol, ethanol and methanol-ethanol
blends can be compared with gasoline in this figure. The peak pressure was 12,48 bar and the
occurence of peak pressure angle was 25 CA ATDC in baseline gasoline-ethanol operation at
stoichiometric condition, %25 load and 1500 rpm. The minimum in-cylinder pressure was
10,31 bar and the occurence of min. in-cylinder pressure angle was 31 CA ATDC in baseline
gasoline-methanol operation at lean condition. Peak pressure changes were so close to each
other in rich conditions. Furthermore, Ppeak for all test fuels occured closer to top dead center
(TDC). The lowest peak pressure values obtained at lean conditions for all fuels.

4.2. Heat Release Rate
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Figure 3. Variation of heat release rate with CA at different A conditions

In internal combustion engine applications, heat release rate computes how much heat would
have to be added to the cylinder contents, in order to produce the observed pressure variations
[14]. A heat release analysis is normally applied to diesel engines, but it can be also applied to
Sl engines. The heat release rate is evaluated on a differential basis according to the following
equation:

d dv 1 dP
W _ ¥ p¥, 1
d y—1 d6 y—1 do
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Where dQn/d0 is the net heat release rate, 0 is the crank angles (CA) in degrees and (y=C,/Cy)
is the ratio of specific heat of the fuel-air mixture. As seen this figures, heat release rates were
so close to each other for all blends at rich conditions(A=0.9). Because of the low evaporation
pressure of ethanol, it evaporates more quickly and thus the heat release rates occured earlier
than before at stoichiometric conditions (A=1.0). The heat release rates were not vary much at
lean conditions(A=1.1).

4.3. Brake Thermal Efficiency and Brake Spesific Fuel Consumption

2 520

23

5

—+—G100

—#—G8OE20
G80OM20
GS0E10MI10

—+—G100

~i—G80E20
G8OM20
GSOEL0MI10

L
)
o

BSFC (gkWh)

=
Q
=}

Brake Thermal Efficiency (%)
v 19

|
||

—
®
o
ey
=3

095 105 11

o L
©

09 095 105 11

1 1
2 (Excess Air Coefficient) % (Excess Air Coefficient)

Figure 4. a) Variation of BTE with A b) Variation of BSFC with A

The variation of brake thermal efficiency (BTE) with different A ratios is shown in Fig. 4a. The
comparison of brake spesific fuel consumption (BSFC) for different A values is shown in Fig.
4b. The highest brake thermal efficiency obtained 22,75 in baseline gasoline-methanol
operation at lean condition, %25 load and 1500 rpm. The lowest brake thermal efficiency gained
18,1 in neat gasoline operation at rich condition as we expect. When methanol was added to the
mixture it is seen that the brake thermal efficiency increases linearly, in addition reduces brake
spesific fuel consumption. The characteristic of ethanol addition to gasoline is the same as
gasoline. As we look Gasoline-Ethanol-Methanol blend, methanol did same influence because
of methanol has much oxygen content as mass and its air/fuel ratio is low.

5. EMISSION PARAMETERS
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Figure 5. Variation of CO, CO and HC emissions versus A for all blends

Carbon monoxide is a colourless, odourless and very poisonous gas. Carbon monoxide is not
only a harmful emission but it is also a chemical energy that cannot be converted into useful
work. The emission of CO forms from incomplete combustion of HC fuel and it greatly depends
on the air fuel ratio. Even though an Sl engine is worked on lean conditions, there will be
generated a certain amount of CO emissions due to local rich mixture zones in the combustion
chamber and incomplete combustion [15]. Carbon dioxide has no direct harmful effects on the
environment. However, carbon dioxide is the greenhouse gas that has the greatest effect on
global warming. HC emissions are malodorous and irritating. Some of them are carcinogenic.
They react with atmospheric gases to form photochemical smog. Nonstoichiometric air-fuel
ratio, incomplete combustion and crevice volumes of the combustion chamber are some mainly
causes of HC emissions [15].

Fig. 5 depicts CO, CO, and HC emissions versus A for all blends. As seen this figure, CO, CO-
and HC emissions for all blends showed nearly same trend. If we added ethanol and/or
methanol to gasoline, they can provide more oxygen for the combustion process. Therefore,
mixed fuels can be treated as partially oxidized hydrocarbons. The emissions are also
significantly related to A/F (air to fuel) ratio. The stoichiometric A/F ratio for pure gasoline is
about 14.8 and those for the blended fuels are lower (A/F for methanol and ethanol is 6.4 and
9, respectively, as shown in Table 2). When blended fuels are applied, the engine fuel system
will supply similar fuel quantity as in gasoline condition (the gasoline engine is not tuned for
the fuel blends, as mentioned early)[16]. The lowest CO, CO, and HC emissions (0.09, 97, 12
respectively) were gained for gasoline-ethanol blends at different A conditions.

5.2. Nitrogen Oxide (NO)emission
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Figure 6. Variation of NOx emissions versus A for all blends
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Most of the oxides of nitrogen comprise nitric oxide (NO), a small amount of nitric dioxide
(NO) and traces of other nitrogen oxides. These are all grouped together and this group is
called NOx . The oxides of nitrogen tend to settle in Hemoglobin in the blood. The most
undesirable toxic effect of oxides of nitrogen is their tendency to join with the moisture in the
lungs to form dilute nitric acid. NOx is one of the causes of photochemical smog [17]. NOx
formation strongly depends on the high combustion temperature and the amount of oxygen in
the environment. By taking a deep look at Fig. 6, when ethanol and/or methanol contents added
to gasoline, NOx emission was decreased at rich and lean conditions except stoichiometric
condition. The lowest NOx emission obtanied for gasoline-ethanol-methanol blend at rich
condition as 585 ppm.

6. CONCLUSIONS

In this study, the performance and emission characteristics of an Sl engine fuelled by gasoline-
ethanol-methanol mixtures have been investigated at 1500 rpm, 25% load and at different
relative air to fuel ratios (A). Experimental results of this study can be summarized as follows:

e The maximum in-cylinder pressure was 12,48 bar and the occurence of peak pressure
angle was 25 CA ATDC in gasoline-ethanol operation at stoichiometric condition. The
minimum in-cylinder pressure was 10,31 bar and the occurence of peak pressure angle
was 31 CA ATDC in gasoline-methanol operation at lean condition.

e The highest heat release rate was 128,22 J/° at 22 CA ATDC in neat gasoline operation
at rich condition.

e The highest BTE obtained 22,75 in baseline gasoline-methanol operation at lean
condition. The lowest BTE gained 18,1 in neat gasoline operation at rich condition as
we expect.

e The lowest BSFC obtained 421,28 g/kWh in gasoline-methanol-ethanol operation at
lean mixture.

e The lowest CO, CO; and HC emissions (0.09, 97, 12 respectively) were gained for
gasoline-ethanol blends at different A conditions.

e The lowest NOx emission obtanied for gasoline-ethanol-methanol blend at rich
condition as 585 ppm.
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7.NOMENCLATURE

CA Crank angle (degree)

ATDC After top dead center (CA)
BSFC Brake specific fuel consumption (g/kWh)
BTDC Before top dead center (CA)
BTE Brake thermal efficiency (%)
CO Carbon monoxide

CO2 Carbon dioxide

EGR Exhaust gas recirculation
HC Hydrocarbon

NOx Oxides of nitrogen

SI Spark ignition

SA Spark advance

A Lambda (Excess Air Ratio)
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DESIGNING AN INNOVATIVE HYBRID INDUSTRIAL COOKER
MURAT HACI}, ZAFER KAHRAMAN?, HAKAN SERHAD SOYHAN??

1. OZTIRYAKILER MADENI ESYA SAN. TIC. A.S— R&D TECHNOLOGY CENTER, ISTANBUL -
TURKEY
2. ENGINEERING FACULTY, UNIVERSITY OF SAKARYA, SAKARYA - TURKEY
3. TEAM-SAN CO., R&D TECHNOLOGY MANAGER, SAKARYA - TURKEY

ABSTRACT

The use of biofuels has been increasing in recent years. Biofuels are also called as clean
renewable energy. An increasing number of biofuels are being used in kitchens as one of the
alternative energies. The aim of study is to investigate special burner designed especially for
biofuel and effective combustion process for cooking. All the information obtained from this
study is used to assess the feasibility in experimental and practical applications. Parametric
simulations on pressures, various compositions and burner hole diameters were examined and
the most suitable biofuel burner was obtained. As a result of the project, the best configuration
were obtained to be used in industrial kitchen appliances.

Keywords: Biofuels, cooking burner system, simulation.
1. DESIGN PARAMETERS

The burner is vertically fired and there are 24 main fuel channels where fuel exits to ambient
air, having 0.8 mm diameter each, divided into 4 packs. There are 12.95 degree between
fuel channels and 25.25 degree between the channel groups which provides gaps between
channel packs.

9] :22cm.
Water amount 371t
Pressure :15 mbar

Fuel consumption  :0.089 m®

Net.cal. value :25.895 MJ/m?

T1 :19.7C

T2 916 C

Efficiency : % 48.32
wemxCpx—o 00
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2. EXPERIMENTAL SETUP AND MEASUREMENTS

3. RESULTS AND DISCUSSION

As aresult, it was observed that there was no big difference in efficiency between ¥22 cm, @20
cm and @24 cm. However, it was determined that the efficiency is increased with an increase
in pot diameter (@30 cm). However, the increase in the percentage of CO2 in the biofuel is

adversely affected the efficiency.
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DETAILED CHEMICAL KINETIC MODELING OF THE EFFECTS OF
METHANOL ADDITION ON N-HEPTANE OXIDATION
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Absrtact

Methanol is one of the commonly used fuel oxygenate additive (i.e. oxygen containing species). In this
study, the effects of methanol addition on n-heptane oxidation at atmospheric pressure, laminar,
premixed, fuel-rich flame was investigated at an equivalence ratio of 2.10 using Detailed Chemical
Kinetic Modeling approach. The modeling work was carried out using PREMIXED code of ChemKin
package. A model validation using various available literature data for different combustion systems
(i.e., laminar premixed flame and rapid compression machine) has been done. The proposed mechanism
consists of 3249 reactions and 753 species. It was found that mole fraction profiles of carbon monoxide,
acetylene, diacetylene, vinylacetylene and other lowmolecular-weight reaction products up to benzene
were consistently lower in flame containing methanol. This mole fraction reduction is attributed to
blended fuel oxygen content, oxygen remains connected to the carbon atom and carbon atom cannot
participate in any other reaction. Although there are under and over estimation of species mole fractions
by the model, the modeling and experimental mole fractions of species are generally in a good agreement

for both n-heptane flame and n-heptane with methanol flame.
Keywords: Combustion, Methanol, n-Heptane Oxidation, Premixed Flame
INTRODUCTION

Despite the fact that combustion provides global energy support in different sectors (e.g., in
transportation, electricity generation, heating, and industrial applications), the combustion products are
distinctly identified as a severe source of environmental damage and are causing changes in the
atmosphere [1]. The major combustion emissions can be considered as carbon monoxide (CO), nitrogen
oxides (NOXx), sulfur oxides (SOx), polycyclic aromatic hydrocarbons (PAH), and particulates (soot, fly
ash, and aerosols). nHeptane is one of the primary reference fuels (PRF) and it can well represent the

combustion characteristics of diesel and gasoline fuel.

For the better understanding of the oxidation of n-heptane fuel a number of studies have been
conducted [2-7]. A modeling work was carried out by involving flow reactors, shock tubes and
rapid compression machine under conditions of pressure range of 1-42 atm, temperature range
0f 550-1700 K, the equivalence ratio from 0.3 to 1.5 and nitrogen-argon dilution of 70-99% [2].
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Species mole fractions data from variable pressure flow reactor and jet stirred reactor have been
used for the low temperature part of the mechanism. Experimental results from the literature
regarding ignition delay time were used to validate and developed reaction mechanism at low
and high temperatures. The proposed mechanism consists of 990 species and 4060 reactions.
According to the study, a very good agreement between modeling and experimental results was
achieved and it was found that the vast majority of the important reaction pathways and rate
expressions were reasonably correct. The ignition delay times of stoichiometric n-heptane/air
mixtures have been measured at different pressures (15, 20 and 38 bar) and in the temperature
range of 726— 1412 K, experimentally in shock tube [7]. Meanwhile, concentration versus time
profiles of species have been measured in a jet-stirred reactor at atmospheric pressure, in the
temperature range of 500-1100 K at different equivalence ratios ® =0.25, 2.0 and 4.0. A
detailed chemical kinetic model has been developed and it was claimed a good agreement
between the modeling and experimental studies. Oxygenate addition on hydrocarbon fuels has
been proposed as a method to reduce the combustion emissions. To gain deeper understanding
many of experimental and computational studies have been conducted [8-11]. It has been found
that there are many types of oxygenates including esters, ethers and alcohols, which can
enhance the engines efficiency and reduce the undesired combustion products [12, 13].
Methanol has been used as a promising alternative engine fuel in recent years. A detailed
chemical kinetic modeling of the oxidation of n-heptane/methanol fuel blends has been carried
out to develop a chemical kinetic mechanism and create a skeletal model [14]. For the fuel
blend the initial temperature range was 700-1100 K, initial pressure range was 30-100 atm and
the equivalence ratio range was 0.25-1. Satisfactory predictions for both pure n-heptane and
fuel blends oxidation have been achieved. The influences of methanol on premixed fuelrich n-
heptane flames were studied experimentally using two laminar premixed nheptane/O2/Ar
flames (® = 1.60, (C/O = 0.51), and ® = 1.80, (C/O = 0.57)) and one laminar premixed n-
heptane/methanol/O2/Ar flame (®= 1.80, (C/O=0.51)) [15]. A modeling work was also carried
out and it has been found that the concentrations of C2—C7 hydrocarbon intermediates were
reduced significantly as methanol was added. The extent of the reduction in the case of constant
C/O ratio was smaller than that in the case of constant equivalence ratio. It is claimed that the
maximum flame temperature was reduced as equivalence ratio increased. A satisfactory
prediction was achieved for the mole fraction profiles of major and intermediate species with a
modified chemical mechanism. In this study, the objective was to investigate the effects of

methanol addition on n-heptane oxidation using detailed chemical kinetic modeling approach.
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A proposed chemical kinetic mechanism was developed and applied for laminar, premixed,

fuel-rich n-heptane and nheptane/methanol flames at an equivalence ratio of 2.10.
METHOD

The detailed chemical kinetic modeling (DCKM) approach is the appropriate method to predict
macroscopic phenomena from the knowledge of fundamental chemical and physical
parameters, together with a mathematical model of the process. ChemKin simulation software
is the commonly used one for this purpose [16]. A comprehensive and recent mechanism
available in the literature, Lawrence Livermore National Laboratory LLNL (Version 3.1)
mechanism [17] was selected as a base mechanism for the computational work. Since the base
mechanism does not include the whole reactions of methanol oxidation and some of the
reactions of C4-C6 species, Marinov’s mechanism [18] and pure methanol mechanism [19]
were merged with the base mechanism. Table 1 illustrates the general information of the base,

donor and master mechanisms.

Table 1. Basic features of base, donor and master mechanisms

Number of Reactions | Number of Species Reference
Base mechanism 2827 627 [18]
Donor mechanism 1 668 154 [19]
Donor mechanism 2 1011 173 [20]
Master mechanism 3249 753 This study

The target flame was studied experimentally by Inal and Senkan [20]. The experimental
conditions of the study are given in Table 2. In that study, the species were sampled from the
flame by quartz microprobe. The characterization of the species concentration profiles was done
by GC/TCD for major species and GC/MS for minor and trace species. The details of the

experimental setup are given elsewhere [20].

Table 2. Experimental Conditions for n-heptane/methanol flame of the target study

Conditions Premixed flame
Equivalence ratio 2.10
Pressure (atm) 1

Inlet velocity (cm/sec) 5.157
n-C7H16 mole fraction 0.0520
CH30H mole fraction 0.0107

02 mole fraction 0.2803

Ar mole fraction 0.6570

193



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-
13 MARCH 2019, ANTALYA

RESULTS AND DISCUSSION

To investigate the capabilities of the master mechanism, model validation using various
available literature data for different combustion systems (i.e., laminar premixed flame [9] and
rapid compression machine [21]) was carried out. Table 3 shows the general information of the

two studies that have been used for the validation work.

Table 3. General information for the studies used for validation work

Conditions Chen 2012 [9] Kumar 2011 [21]
System type Premixed flame Rapid compression machine
Temperature (K) 400 ~ 1980 850 ~ 1100
Pressure (atm) 0.04 14
Equivalence ratio ® 1.6 1
n-C7H16 mole fraction 0.078 -
CH30H mole fraction 0.018 0.1227
02 mole fraction 0.549 0.184
Ar mole fraction 0.355 0.693

The species concentration profiles for H2, CO and CO2 for laminar premixed flame are shown
in Figure 1. The modeling results fitted most of the experimental results of mole fractions. A
good prediction has been achieved by the master mechanism. As seen from Figure 2, although
there were underestimations by the master mechanism for the ignition delay time of methanol
fuel, the modeling results of the master mechanism were closer to the experimental data. Kumar

[21] has also used kinetic mechanism to predict the experimental ignition delay time.
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0 5 10 15 20 25 30 35
HAR (mm)

Figure 1. Validation of the master mechanism for H2, CO and CO2 mole fraction against laminar premixed
flame
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Figure 2. Validations of the master mechanism by ignition delay time

The effects of methanol addition on the oxidation of laminar, premixed, fuel-rich n-heptane
flame using DCKM approach have been investigated. The modeling results of species mole
fractions of n-heptane and n-heptane/methanol flames have been compared against the
experimental results of the target flame [20]. The mechanism has predicted well the reduction
in mole fractions of CO and C2H2 as shown in Figure 3. The CO mole fractions decreased with
the addition of methanol, similar results were also found in other studies [22, 23]. For acetylene
the modelling profiles showed underestimation for both flames, n-heptane and n-
heptane/methanol, and the reduction was obvious as methanol was added. C2H2 is considered
as one of the precursor species for first aromatic ring formation and PAH growth [20].
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Figure 3. Species mole fractions, CO (a) and C2H2 (b) of n-heptane and n-heptane/methanol flames
For both n-heptane and n-heptane/methanol flames the prediction of propadiene (C3H4)
diacetylene (C4H2) and vinylacetylene (C4H4) were underestimated by the model as shown in
Figure 4. The results showed a reduction in these species mole fractions for methanol blended
flame. These species were also considered as precursors for the formation of first aromatic ring.
Similar extent of reduction in the mole fractions of C4-C7 species with methanol addition of

the modelling results were also reported in the literature [24].
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Figure 4. Species mole fractions, C3H4 (a), C4H2 (b) and C4H4 (c) of n-heptane and nheptane/methanol flames
The mole fractions of benzene decreased in the presence of methanol (Figure 5). At low height
above the burner there were underestimations by the model while for heights over the 4mm
above the burner there were overestimations for both of n-heptane and nheptane/methanol
flames. Whereas in general, there was a good agreement between the experimental and
modeling results of benzene mole fractions. According to a study conducted using two kinds of
alcohols, methanol and ethanol, the maximum mole fractions of benzene decreased by 12.5%

in presence of methanol, and 33.3% in presence of ethanol [24].
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Figure 5. C6H6 mole fractions of n-heptane and n-heptane/methanol flames

The reduction of species mole fractions when methanol is added to n-heptane fuel may be

attributed to, i) Methanol is oxygen containing species so oxygen remains connected to carbon

atom and carbon atom cannot participate in any other reactions [20]. ii) The concentration of
formaldehyde in n-heptane/methanol flame is higher than its concentration in n-heptane flame
so this may play a role in the reduction of species mole fraction [14] (Figure 6). iii) The addition
of methanol converts an active hydroxyl radical, OH, into inactive hydrogen peroxide, H202,

which reduces the reactivity flame of the system [21].
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Figure 6. CH,O mole fractions of n-heptane and n-heptane/methanol flames

CONCLUSION

A detailed chemical kinetic model of n-heptane/methanol has been developed in order to

predict its effect on combustion chemistry. The mechanism consists of 3249 reactions and

753 species. It has been applied to a laminar, premixed, fuel-rich n-heptane/methanol flame
at an equivalence ratio of 2.10. Although the model underpredicted the species mole

fractions like acetylene, diacetylene and vinylacetylene, in general, a good agreement
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between the modeling results of the proposed mechanism with the experimental data have
been achieved. It has been found that methanol has reduced the mole fraction of species.
The fuel oxygenates could be a reliable method for reducing toxic species mole fractions in

hydrocarbon fuel combustion.
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YANGIN MUHENDISLIGININ YENI YANGIN GUVENLIGi YONETIM
MODULU UZERINDEN DEGERLENDIRILMESI
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Ozet

Yangin giivenligi glinimiizde ihtiyag olmaktan cikarak zaruriyet haline gelmistir. Bugiin
diinyanin farkli iilkelerinde farkli isimler altinda yangin miihendisligi lisans programlari
yiirlitiilmeye devam edilmektedir. Yanginlarin meydana getirmis oldugu telafisi miimkiin
olmayan kayip ve yikimlar yangin miihendisliginin énemini her gegen giin daha da fazla
artirmaktadir. Giinlimiizde etkin bir yangin gilivenlik modiilii yonetimi ile yanginlarin 6niine
gegilebilecektir. Yeni yangin giivenlik modiilii ile komplike olan yangin miihendisligi 6zgiin
simiilasyon caligsmalari ile daha giivenli yapilarin insa edilmesini saglayacaktir. Bu yaklagimin
lisans seviyesinden baslanarak yiiksek lisans ve doktora ile akademik bir boyuta biiriinmesi

programin taninmasina katki saglayacaktir.
Anahtar kelimeler: Yangin Miihendisligi, Yanma Kimyasi, Lisans Programi, Simiilasyonlar
Abstract

Fire safety comes out of envelope today to get it from need. To be different names in different
countries of the world today. Fire engineering degree programs can continue to be carried out.
The unforeseeable loss and destruction of the fires have increased the importance of fire
engineering even more. With today's effective fire safety module management, fires can be
avoided. With the new security security module, complex manufacturing fire engineering will

provide unique simulation work and more secure construction. It will assist in the recognition of the
Master's and Ph.D.

Keywords: Fire Engineering, Combustion Chemistry, Undergraduate Program, Simulations
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1. GIRIS

Maslow’un “Ihtiyaglar Hiyerarsisi” kuraminda insanlarin temel ihtiyaglar1 arasinda ikinci siray1
giivenlik ihtiyaglart (Sekil 1) yer almaktadir. Maslow; “Bu gereksinim igin ne kadar ¢ok
doyurulursa o denli az ayak bagi olacak, ne denli az olursa da cesaret de o denli az olacaktir”
diyerek insanlarin hayatlarinin her doneminde giivenli bir ¢evre, giivenli bir ev, giivenli bir
yasam arzusu igerisinde olmak istediklerini ortaya koymustur. Yangin giivenligi bu agidan

bakildiginda ihtiya¢ olmaktan ¢ikmis zaruri hale gelmistir [1].

* Self-actualization

Esteem

vies \‘91 o Loue and belonging
Q '\ h ‘E Safety
m. & ;‘ 1172 Physiological

Sekil 1. Maslow’un Ihtiyaglar Hiyerarsisi [1]

Tarihte pek ¢ok yangina sahne olan antik roma sehrinin, MS 64 yilinda baglayan ve yedi giin
stire ile devam eden biiyiik roma yangini ile iicte biri kullanilmaz hale gelmistir. Roma’ya yeni
bir ¢ehre kazandirmaya kararli olan imparator Neron’un sehri yeniden insa ettirirken dayanikli
malzemeler kullanilmasi talimati vermesi yangin miihendisliginin ilk temel taglarina yonelik
rivayetler oldugu ifade edilmektedir. 1800 yillarda sanayi devriminin baslamasi ile 6nem
kazanan yanginlar 20.yiizyilda sayilar1 giderek artar hale gelmistir. 1903 yilinda bir teknoloji
enstitiisii tarafindan kurulan ilk “yangin miihendisligi” lisans programi hayata gecirilmistir.
1912 yilinda Newyork sehri Manhattan bolgesinde bir binada halk egitimi, yangin koruma
mithendisligi ve itfaiye tekniklerinin bir arada ogretildigi ve gilinlimiizde ‘“Yangin
Miihendisliginin 140.Y1l1” temal1 etkinliklerle kutlanilan diger bir faaliyet ise yangin
miihendisliginin tarihsel siire¢ igerisindeki farkli bir boyutu olmustur. Bugiin diinyanin farkli

iilkelerinde farkli isimler altinda yangin miihendisligi lisans programlar: yiiriitiilmeye devam
edilmektedir [2] [3] [4].

Tarihimiz agisindan bakildiginda yangin giivenligi kavramina yonelik en dikkat ¢ekici adimin
1579 Sultan III. Murat Han tarafindan yaymlanan fermanda oldugu goézlemlenmektedir.
Istanbul’da yangin sayisinin artmas1 ve biiyiik ziyanlar vermesi ile hayata gegirilen bildiride
tiim Istanbul halkinin evlerinin catisina kadar uzanan bir merdiven bulundurmasi ve evlerinde

yanginlara kars1 i¢i su dolu fi¢t bulundurmasi (Sekil 2) zorunlu kilinmistir [5].
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Yangin giivenligi ile ilgili alinan baz1 6nlemlerin kdklerinin bu kadar eskilere dayanmis olmasi

meydana gelen bu kayiplarin 6niine gecilmesi i¢in atilan adimlar oldugu anlasilmaktadir

Yangin mithendisligi giiniimiizde pek ¢ok tanim ile ifade edilmektedir. Yangin koruma, yangin
Oonleme ve yangin giivenlik miithendislikleri gibi ¢esitli isimlerle literatiirde yer alan bu olgu
aslinda yangin mithendisligidir. Kisaca su sekilde 6zetlenebilir; Yapilarda meydana gelebilecek
bir yangin 6ncesinde olusabilecek bir zarar ile bu zararin derecesinin 6nceden tayin edilerek
canli ve cansiz tiim yitimlerin korunmasina yonelik gerekli 6nlemlerin alinmas1 ve meydana
gelebilecek bir hasarin 6nceden tahmin edilerek kabul edilebilir bir seviyede tutulabilmesine
yonelik anilan bilimsel metotlardir. Yangin miihendisligi faaliyetleri bir binanin yangin
giivenligiyle ilgili daha inga asamasinda tiim unsurlarina uygulanabilecegi gibi tamamlanmis
bir binaya da uygulanabilmektedir. Bina tasarimlari ¢izimler lizerinden incelenirken yapi
icerisinde bulunan esyalar ve bu esyalarin yana bilirlik 6zellikleri belirlenmeli, yapida bulunan
yasam ve calisma mahalleri gibi genel vaziyet planlari incelenerek kullanilan yap1

malzemelerini risk faktorleri belirlenerek bina tahliyesine stratejisi gézden gecirilmelidir [7].

Yangin miihendisligi pek ¢ok belirsizlikleri ortadan kaldirilabilir. Bina tehlike sinifina goére
dizayn edilecek su sisi sistemlerinin tesisat 0l¢ceklerinden baslanarak tasiyici sistemlerin ytliksek
sicakliklardaki davranis bigimine kadar pek c¢ok teknik hesaplamalar1 gerektirir. Ayrica
olusturulacak uygulama programlari vasitasiyla sanal ortamda bir yangin durumunda duman ve
181 ve toksik gazlarin miktari, yanginin biiytikliigii ile flashover ve patlama zamaninin tahmini
gibi tlim unsurlar analiz edilebilir. Daha mimari asamada yapilacak hesaplar ile maliyeti yiiksek
yapilarda ongoriilemeyen riskler 6nceden belirlenerek daha giivenli yapilar insa edilebilir ve

tanitilabilir.
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Giliniimlizde Uluslararasi Yangin Giivenligi Bilim Dernegi (IAFSS) basta olmak {izere
Uluslararas1 Yap1 Konseyi (CIB) ve pek cok standardizasyon kuruluslart yangin giivenligi

mithendisligine katkida bulunmaktadir [7].

Kilig, yangin miihendisligine farkli bir bakis acis1 ile degerlendirerek “Yangin Korunum
Miihendisligi” kavrami {izerinde durmustur. Binalarin yangina kars1 dayanimi, yangin tespit
sistemleri, tahliye ¢ikislar1 gibi konular basta olmak iizere yeterli egitim, bilgi ve deneyime
sahip miihendislere ihtiya¢ duyuldugunu, yanma sonucu ac¢iga ¢ikan 1s1 ve zehirli gazlar,
yanginlarin olusma sebepleri, gelisim siirecleri, yangin sondiirme yontemleri, dumanini yapi
icerisindeki hareketleri ve yanginin diger bolmelere yayilimi konusunda hesaplama yontemleri
ile bina tagima yiikii ve yanginlarda insan davraniglarinin tahmin edilebilirligine yonelik
bilgisayar hesaplamalar1 konularinin yangin korunum miihendisligi konular1 arasinda oldugunu

belirtmistir [8].

Ulkemizde yangin miihendisligi lisans programi bulunmamaktadir. Ferdi yapilan ¢alismalar ise
yeteri derecede ses getirememistir. Yanginlarin meydana getirmis oldugu telafisi miimkiin
olmayan kayip ve yikimlar yangin giivenligi miithendisliginin 6nemini her gecen giin daha da
artirmustir. Onleme, korunma ve séndiirme kavramlarindan olusan yangin giivenligi sistemi

icerisinde yangin miihendisligi yeterince yer almamustir.

Yangin miihendisliginin dahil edildigi yeni yangin giivenlik yonetim modiili ile yangin

giivenligi farkli bir boyutta olacaktir. (Sekil 3)
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YANGIN GUVENLIGI YONETiM MODELI

MIMAR/INSAAT MUH. MAKINA MUH. ELEKTRiK/ELEKTRONiIK MUH.
‘Yangin Kompartimanlari Sabit Sondurme Sistemleri: . Algilama ve Uyar Sistemleri:
‘Yangin Duvarlar o Sulu séndurme sistemleri o Dedektorler
Kagis yollari, o Kopuklu sondurme sistemleri o Alarm butonlar
Kacis Merdivenleri o  Gazh sondurme sistemleri o  Kontrol panolari
Yangin Guvenlik Holleri Portatif Yangin Séndurtculer o Isikli uyan cihazlan
Tesisat Saftlan Hidrantlar o  Sesli uyari cihazlan

Acil durum asansorleri Yangin Dolaplan «  Otomasyon Sistemleri

Yiksek bina dis izolasyon seperasyonlari 3 Pompa Sistemleri o Kacis Guvenligi
Bina Bolumleri (Kazan Daireleri, yakit depolari, g Su Depolar o  Personel Sayicilar
mutfaklar, siginaklar, Otoparklar, catilar, bacalar, vb.) Mekanik Duman Kontrol Sistemleri o  Gaz ve oksijen olcme aletleri

. Jenerator ve giic odalari sistemleri
. IT ve Back-Up sistemleri
. Paratoner Sistemleri

. Tasiyici sistemin yuk tagsima kapasitesinin, insanlarin
tahliyesi ya da sondirme stresince korunarak binanin ayakta
kalmasinin saglanmasi

!

iC ORGANIZASYON DIS ORGANIZASYON
Yangint ilk goérenin haber vermesi ve muadahalesi . Komsu tesislerin mudahalesi
Acil durum ekiplerinin mudahalesi . Belediye itfaiyesinin mudahalesi
Tesis icerisinde bulunan Itfaiyenin madahalesi . AFAD'In mudahalesi

Sekil 3. Yeni Yangin Giivenlik Yo6netim Modiilii [8]

Yanma kimyasi gibi temel faktorlerden baslanarak korunma dnleme ve sondiirmeye yonelik
farkl1 disiplinlerin bir arada oldugu bu yaklasim bir PUKO! déngiisii niteligindedir. Yangin
Miihendisliginin iilkemizde yayginlastirilabilmesi i¢in lisans seviyesinden baglanarak yiiksek
lisans ve doktora dereceleri ile akademik bir boyuta biiriinmesi daha fazla taninmasina katki

saglayacaktir.

Farkli bilim dallarinin bir araya getirilmesi ile meydana gelen yangin miihendisligi ¢oklu bir
bilim dali olma 6zelligi sergilemektedir. Ulkemizde uygulanan model; koruma, dnleme ve
sondiirme bilimlerinin farkli miihendislik uzmanlik alanlar icerisindedir. Sekil 3’deki yeni
yangin giivenlik modiilinde izah edildigi lizere yapisal Onlemler olarak ifade edilen
“Yangindan Korunma” pasif dnlemler niteligini tasir. Yangin kompartimanlar1 ve duvarlari,
giivenlik holleri, tesisat saftlar, yangm yiikii gibi kritik mimari asama unsurlaridir. insaat
miihendisligi ve mimarlarin sorumluluk alanindadir. Teknik 6nlemler ise daha ¢ok dnleme
amacli olup sabit sondiirme sistemleri, yangin pompalari, hidrantlar, seyyar sondiiriiciiler ve
yangin dolaplarinin dizaynina yonelik olup makine miihendislerinin konusudur. Elektrik ve
elektronik mithendisleri ise bu alanda yangin algilama ve ihbar sistemleri, otomasyon sistemleri
ve jenerator gii¢ initelerinin dizayn ve projelendirme alanlarinda faaliyet gosterirler. Burada
tamamlanmas1 gereken husus birbirinden ayr1 goziikmekte olan bu bilim dallarina yanma ve
yangin sondiirme gibi kimya miihendisligi kisminin da ilave edildigi bir yapida bulusturmaktir.

Yeni olusturulacak bu bilim dal1 yangin miihendisligidir.

1 PUKO:Planla, Uygulama ,Kontrol Etme
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Sondiirme yaklagiminin en onemli temel tasi olan yangin bilimi yangin miihendisliginin ana
unsurudur. Koruma ve dnlemeye yonelik mevzuat bosluklarindan kaynaklanan fiili durumlar
tasarim mihendisligi, yapisal miithendislik gibi isimler altinda telaffuz edilerek giderilmeye
calisilmaktadir. Yanma kimyasi ve yangin davranislarinin bilimsel olarak degerlendirildigi ve
mihendislik kurallarinin bir araya getirilerek olusturulan bir kombinasyon yangin giivenligi
alaninda sorumluluk alan kimselerin ihtisaslagsmasini saglamak i¢in atilan bir adim olacaktir.
Yangin miihendisligi ile yangin giivenligi ile ilgili yasal mevzuatlarin hazirlanmasi ve revize
edilmesi, mahkemelerde siire gelen davalarda yangimn bilirkisiligi alanlarinda eksiklerin
tamamlanmasi, yangin sonrast meydana gelen olay yeri incelemelerde bilimsel ¢calisma verileri
kullanilarak daha etkin ¢alisma olanaklar1 saglanmis olacaktir. Yangmn danigmani, yangin
giivenlik uzmani, yangin miifettisligi gibi mevzuatta yeri olmayan isimlendirmeler yangin

miihendisligi catist altinda birlestirilebilir.

Gokdelenler, devasa enerji tesisleri ve genis is alanlari burada ¢aligsan insanlar1 yangin riski
altinda birakmakta her yil binlerce insan yanginlarda yasamini yitirmektedir. Yangin
mithendisligi bu kayiplarin 6niine gecilmesidir. Glivenli bina kavramina son zamanlarda akilli
bina kavraminin entegre edilmesi binalar1 daha emin kilsa da bu durum yangin egitimlerinin
thmalini gerektirmemelidir. Yapilar ne kadar giivenli olursa olsun egitimler ve tatbikatlar kati
surette uygulanmalidir. Giiniimiizde gokdelen yanginlarinin sayisinin artmis olmasi yangin
giivenligi konusunu tekrar gozler oniine sermektedir. Ulkelerin gelismislik seviyeleri ile ters
orantil1 bir sekilde degiskenlik gosteren yangin istatistiklerinde yer alan son yillardaki bazi
veriler sasirtict olmaktadir. Ekonomik yonden gelismislik sergileyen tilkelerdeki yangin

sayilarin artmis olmasi kaygi vericidir.

Resim 1. Bat1 Londra Greenfell Tower Yangini [9]
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Londra'daki Grenfell Tower binasinda 2017 de meydana gelen yangin seksen kisinin hayatini
kaybetmesine yiizlerce insanin evsiz kalmasina sebep oldu yanginin ¢ikis sebeplerine yonelik
yapilan c¢aligmalar, buzdolabinin derin dondurucusunda baglayan yangimin tiim binay etkisi
altina almasinin fazla zaman almadigi, bu kadar kisa bir zaman diliminde etkili olan yanginin
dis cephe yalitimlarindan kaynaklandigr belirtilmektedir. Alevlerin hizlica ilerlemesine yakin
bir zamanda degigsmesine ragmen yapilan 6n yangin deneylerinde basarisiz olan neden

izolasyon kaplamalarin sebep oldugu ifade edilmektedir [10].

2. Yangin Miihendisligi ve Mimari Yaklasim

Korkmaz, Mimarlik Egitiminde; “Yangin Giivenlikli Tasarimin Yeri” adli ¢alismasinda;
Tiirkiye genelinde yapilan yapilarin biiyilik bir oraninda yapisal yangin giivenligi 6nlemlerine
yonelik eksikliklerin bulundugu bunun sebebininde egitimlerde yasanan yetersizlikten
kaynaklandigini, iilkemizde faaliyet gdsteren 90 {iniversitede bulunan mimarlik bdliimlerinin
ders programlarinin incelenmesi ve 6gretim iiyeleri ile yapilan anketlerde mimarlara verilen,
yangin giivenligi tasarimi derslerinin yeterli bir diizeyde olmadig belirtilmistir. Universitelerde
cogu se¢meli olarak verilen bu derslerin bir yar1 yil icerisinde sadece bir veya iki ders ile
yapildigint bu durumun mesleki alanda 6nemli bir eksiklige sebep oldugu, temel bilgi
seviyesine ulagsmakta yeterli olmayan ders sayilarmin biitlin iiniversitelerin mimarlik
boliimlerinde zorunlu bir ders olarak igletilmesi ve konunun uzman 6gretim gorevlileri ile
saglanmasma dikkat cekilmektedir. Lisansiistii egitimlere yonelik incelemede ise, yedi
iiniversitede bu dersin bulunmasinin say1 ve igerik a¢isindan mimarlar i¢in yeterli olmadigi,
yangin giivenligine yonelik biitiinsel tasarimlarin giivenli yapilarin ortaya ¢ikmasinda énemli
rol alacagi ifade edilmektedir. Mimari agsamada tiim disiplinlerin bir arada oldugu ilgili yasal

denetimlerin yapilarak olusacak bir yaklasimim gerekliligi ifade edilmektedir [11].

Pasif yangin tasarimi olarak adlandirilan yangin miihendisligi yapilarin yangina olan
direngliliginin 6nceden hesaplanmasi olarak nitelendirilir. Aktif yangin giivenligi ise yapinin
proje asamasi tamamlanip ortaya ¢ikmasindan sonra algilama ve ihbar ve sabit sondiiriicii
sistemler gibi bir takim dnlemeye yonelik tasarimlardir. Yap1 elemanlarinin davranis bi¢imini
degerlendirmeden olusturulan bu unsurlar bazi riskler tagiyabilecegi gibi uzun dénemde bazi
hatalar meydana getirebilir. Yapilar da meydana gelen yanginlarin davranislarini incelemek i¢in
ii¢c temel yontem bulunmaktadir. Bunlar; yangin dinamigi, 1s1 transferi ve 1si-mekanik yap1

sistemi analizidir [12].

Performansa dayali yangin mithendisligi yaklasimi bu dala genis bir perspektiften bakilmasini

saglayabilir. Selamet, 6zellikle ingiltere’de sergilenen bu yaklasim yangindan korunma, yangin
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kompartimanlari, yangin algilama ve ihbar sistemleri, yangin sondiirme, acil kagislar, duman
yayillimi1 ve yangm kontrol alanlarinda her yapr i¢in Onleyici bir yaklagim sergiledigini,
halihazirdaki yonetmeligin binalar i¢in bagimsiz yangin strateji raporu olusturmaya cevaz

vermedigini ifade etmektedir [13].

Burada temel alinmasi lazim olan en 6nemli nokta ise yanma kimyasini i¢erisinde barindiran

yangin dinamikleridir.

Bu makalede yangin dinamikleri neticesinde olusan yanma {iriinlerinin simiilatér ortaminda
(6nceden hesaplanma) yap1 elemanlarina olan etkileri ile yangina dayananim, duman yayilimi

ve tahliye hesaplamalarina yonelik unsurlar incelenmistir.
2.1. Yangin Dinamikleri ve Duman Kontrolii

Yapi igerisindeki yanict maddelerin yanmasi ile meydana gelen yangin ve neticesinde kendisini
gosteren 1s1 ve duman olusumu gibi faktorler ile yanma mahalline gelen oksijen ile ilgilidir.
Yangin davranislar1 pek ¢ok yonden karmasiklik gosterir ve 1s1 transferi, akiskanlar dinamigi
gibi diger unsurlara vakif olunmasini gerektirir. Aslinda bu terim yanma kimyasi olarak
nitelendirilebilir. Yangin ve neticesinde meydana gelen duman en tehlikeli yanma iiriiniidiir.
Icerisinde barindirdig1 toksik gazlar hem hayati tehlike hem de goriis mesafesini azaltir.
Yanginlarda meydana gelen 6liim oranlarinin biiyiik cogunlugu duman kaynaklidir. Kablo
yollariin ve borularinin iyi yalitilmamasi, tesisat bosluklarindan yayilarak tiim yapiy1 sarabilir.
Yangin mithendisligini diger bilimlerden ayiran en 6nemli 6zellik bilimsel metot ve analizlerin
etraflica yapildig1 ve etkili simiilasyon tekniklerinin kullanildig: bir yaklagim olmasidir. Etkili
simiilasyon teknikleri ile bilgisayar ortaminda hazirlanan simiilasyonlar ile tasarim agamasinda
bir mimari yapi i¢erisinde duman kontrolii ve yangina dayaniklilik gibi temel bina striiktiirii ile
ilgili hesaplamalar basit¢ce yapilabilmekte ve bdylece daha giivenli yapilarin ortaya ¢ikmasi

saglanabilmektedir.
2.1.1. Yangin Dinamikleri ile Yangin ve Tahliye Modellemesi Simiilatorii

Coklu yakit kaynaklari (politiretan, ahsap gibi) kullanilarak sanal ortamlarda olusturulan yangin
stokiyometrisinin? tiim dinamiklerin aktif olarak kullanildig1 yazilimlar ile gercekci durumlar

ortaya cikarilmakta yangin miihendislerine potansiyel bir veri saglanmasi olusturulmaktadir.

2 Kimyasal bir tepkimeye giren ve ¢ikan maddeler arasindaki kiitlesel (bazen de hacimsel) hesaplamalarla
ilgilenir. Kimya biliminin matematik kismidir.
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(Resim 2.-3.-4.-5.)’de yap1 geometrisini yonetmenin miimkiin oldugu simiilasyon yazilimlari,

bilesenler ve parametre girisleri yapilarak etkin bir verileme ve dngérii olusturulmaktadir.

Asagidaki  resimlerde bilgisayar simiilator ekranindan yapiin dis  gOriiniisi
goriintiilenmektedir. Yapisal analizlerin yapilabilmesi i¢in zorlu fiziki tasarimlarin dayaniklilik
testleri grafik uygulamalari ile ara yiiz kesitleri olusturularak profesyonel yazilim imkanlari ile
gergeklestirilmektedir. Boylece yangin miihendisleri ve diger yapi teknisyenlerine giiglii

gorsellestirme modelleme ve tasarim imkani sunulma imkan1 saglanmig olacaktir.

Resim 2. Bir Tiyatro Salonunun Simiilator Ortaminda Dis Goriintiisii [14]

Resim 3. Bir Tiyatro Salonunun Ug Boyutlu (3D) Gériintiisii [14]
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Resim 4. Veri Girisi Yapilarak Parametrelerin Olusturulmasi [14]

Basit bir kimyasal reaksiyon ile simiilatorde yanma olay1 gergeklestirilir. Yanma neticesinde
meydana gelen karbondioksit, karbon monoksit ve diger zehirli gazlar yanici madde
kaynaklariin malzeme yapisina istinaden ortamdaki etkisi ve dumanin ne kadar bir alanda

etkili olacag1 hesaplanabilmektedir.

Resim 5. Yangin Neticesinde Duman ilerlemesi [14]

Dumanin hangi bolgelere ne kadar hizla ilerleyebilecegi hesaplanabilir. Hesaplayici igin gerekli
olan tek sey bir diz iistii bilgisayardir. Gerekli donanimsal ve yazilim gereksinimler kullanict

bilgisayarina yiiklenir ve boylece yapidaki biiyiik resim gézlenmis olur.
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Resim 6. Duman ilerlemesinin U¢ Boyutlu (3D) Gériintiilenmesi [14]

Yapr icerisindeki malzemelerin ozellikleri, ylizeyler, yangin ilerlemesi, sabit sondiirme
sistemleri kullanilarak yanginin ne derece bastirilabilecegi, performansa dayali tasarim
ozellikleri gelismis atdlye caligmalari kullanilarak yangin miihendisinin karsilagabilecegi

problemleri ¢c6zmek i¢in etkin raporlama ve veri imkani saglanmig olunur.

(Resim 7)’ de Deneysel yangin alanindaki kamera goriintiisii (Resim 8.)’ de ise 3 boyutlu

goriinlimiinde duman ilerlemesi rahatlikla goriilebilmektedir.

Resim 7. Deneysel Yangin Deneyi Isik Ve Duman Yayilimi [15]
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Resim 8. Yangin Deneyinin Ug Boyutlu (3D) Gériintiilenmesi [15]

Modelleme ve simiilasyon kapali alanlarda duman ve yangindan tahliye unsurlarinin yani sira
acik alanlardaki stadyum gibi yapilarda uygulanabildigi gibi gemi, feribot ve hava araclarinda
da uygulanabilir. (Resim 6., 7., 8.)

le Qesy Agaysz Wew Hep

Resim 9. Kapali Alan Yangin Ve Duman Parametreleri Girigleri Ve Ist Artigi [16]
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Simiilasyon programlari ile duman, sicaklik, hiz, toksisite ve diger analizlerin ¢iktilarinin

goriintiilenmesi saglanir. (Resim 11.)
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Resim 11. Duman, Is1 ve Toksitite Goriintiilenmesi [17]

Tasarim asamasindaki feribot gelistirme ¢aligmalarinda da kullanilan 3D sistem ¢esitli arag
Olcekleri ve belli sayidaki yolcu kapasiteleri ile olusabilecek yangin tiirlerine gore olusturulan
senaryolar ile duman yayilimi hareketleri modellenebilmektedir. Bu kadar biiyiik 6lgekli bir
gemide kuskusuz tahliye faktorlerinin ve acil ¢ikis unsurlarinin da diyagramlara dokiilerek

calisilmasi ve 6ngoriilmesi 6nem teskil etmektedir. (Resim 12. ve Resim 13.)
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Resim 12. Feribot Dizayninda Yangin Duman Modellemesi [18]
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Resim 13. Feribot Dizayni ve i¢ Modelleme [19]

Yeni yangin giivenlik modiilii ile komplike olan yangin miihendisligi 6zgiin simiilasyon

caligmalari ile daha giivenli yapilar ve vasitalarin insa edilmesini saglayacaktir.

Tim bu calismalar nezdinde ortaya cikan gilivenli yapilar igerisinde yangin egitimleri
aksatilmadan icra edilmeli, verilen nazari egitimler film vb. gorseller ile desteklenmeli ve

egitimler simiilasyon ortaminda uygulamali olarak yapilabilmelidir [20].
3. SONUC

Yanma seyri ¢esitli dinamikleri igerisinde barindirmaktadir. Her yangin kendine 6zgii bir
seyirde yol alirken ¢evresinde bulunan fiziki ve kimyasal unsurlardan etkilenmektedir. Yangin
egitim ve tatbikatlar1 ger¢ek bir yangin durumunda sayilan bu unsurlar nedeniyle yanginla
miicadelede zorluklar yasanmasina sebep olmaktadir. Mimari asamada yapilan eksiklikler

telafisi zor kayiplara sebep olabilmektedir. Yapt ve yanma davranisina yonelik onceden
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yapilacak hesaplar tahliyenin etkili olmasini saglayacaktir. Yangin miihendisligi lisans egitimi
diinyanin pek ¢ok iilkesinde farkli isimler altinda verilmektedir. Ulkemizde yangin
mithendisligine yonelik tartismalar son zamanlarda daha sik dile getirilmeye basglanmigtir. Hem
akademik alanda hem de c¢esitli sempozyum ve etkinliklerde konu {izerinde ¢alismalar
hizlanmistir. Bazi {niversitelerce lisans egitimine yonelik yapilan basvurulardan sonug
alinamamistir. Bu makalede izah olunan yeni yangin gilivenlik modiilii yangin miihendisligi
tartismalarina yeni bir ¢ehre kazandirmayr amaglamaktadir. Puko dongiisiine benzer nitelikte
olan modiil igerisinde yanma kimyasi, koruma, 6nleme ve sondiirme yaklasimlar bir biitiinciil
yaklasim olarak sergilenmektedir. Sondiirme bilimine bu yaklasimda daha 6n plana
cikmaktadir. Yangin miihendisligini diger bilimlerden ayiran en 6nemli 6zellik bilimsel metot
ve analizlerin etraflica yapildig1 ve etkili simiilasyon tekniklerinin kullanildig1 bir yaklagim
olmasidir. Etkili simiilasyon teknikleri ile bilgisayar ortaminda hazirlanan simiilasyonlar ile
tasarim asamasinda bir mimari yap1 igerisinde duman kontrolii ve yangina dayaniklilik gibi
temel bina striiktiirii ile ilgili hesaplamalar basit¢e yapilabilmekte ve bdylece daha giivenli
yapilarin ortaya ¢ikmasi saglanabilecektir. Yeni yangin giivenlik modiili ile yangin
mithendisligi ve simiilatér teknolojisinin entegre edilecegi lisans programlarinin agilmasi

sanayisi giin gectikce biiyliyen iilkemiz icin olumlu bir gelisme olacaktir.
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Paper 20 Bildiri 20

UC BOYUTLU MODELLEME iLE BENZINLi BIR MOTORDA FARKLI
YANMA ODALARININ INCELENMESI

Oncel Onciioglu ™, Alper Tolga Calik 2, Ozgiir Oguz Taskiran 3, Osman Akin Kutlar 4, Hikmet Arslan®

OZET

Bu ¢aligma 3 farkli yanma odas1 lizerinde yapilmistir. 1. yanma odasi diiz pistonlu, 2. yanma
odasi silindirik oyuklu pistonlu, 3. yanma odas1 ise W tipi oyuklu ve dongii kanalli yanma
odasidir. Ilk olarak deneysel verileri mevcut olan 9,1 sikistirma oranli 2. tip yanma odasinin
verileri ile dogrulama c¢aligmalar1 yapilmis ve model parametrelerinin degerleri belirlenmistir.
Daha sonra deneyleri gergeklesecek 10,5 sikistirma oranli pistonlar i¢in modeller
olusturulmustur. Bu modeller ile yapilacak deneysel calismalar i¢in fikir olusturulmasi

amaclanmustir.

Is1 ag1ga cikist Uist Olii noktadan sonra oyuklu geometrilerde daha erken olmakta, diiz pistonlu
yanma odasinda ise 1s1 ag13a ¢ikis1 biraz daha gecikmektedir. Ugiincii pistonda kanal konularak
amaglanan dongii hareketi net olarak goriillememistir. Bu nedenle 3. yanma odas1 i¢in olusan
sonuglar 2. yanma odasi ile benzerlik gostermistir. Arrhenius ¢arpisma frekans katsayisinin {i¢

pistonda da farkli olmasindan dolay1 1s1 ag1ga ¢iks hizlarinda farkliliklar goriilmiistiir.

Anahtar Kelimeler: CFD, Yanma odasi, Sikistirma Orani

* Sorumlu Yazar (ooncuoglu@itu.edu.tr)
Listanbul Teknik Universitesi, Makina Fakdltesi, istanbul
2 jstanbul Teknik Universitesi, Makina Fakdltesi, istanbul
3 Deniz Kuvvetleri Komutanhgi, istanbul

4 istanbul Teknik Universitesi, Makina Fakdltesi, istanbul
5 [stanbul Teknik Universitesi, Makina Fakdltesi, istanbul

219



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-
13 MARCH 2019, ANTALYA

1. GIRIS

Bu caligmada benzinli bir motorun piston kafasinda yapilan degisiklikle olusturulan {i¢ farkli
yanma odasina sahip modelinin, deneysel olarak da gergeklestirilecek ¢alismalar i¢in bir fikir
olusturulmasi amaciyla ii¢ boyutlu olarak hesaplamali akigkanlar dinamigi analizi yapilacaktir.
Motor modeli, ICEM CFD programiyla ag yapist olusturulduktan sonra KIVA3V yazilimiyla
¢coziilmistiir. Yanma odasindaki degisikliklerin motorun yanma, hava hareketleri ve 1sil

degerleri lizerinde yarattigi degisiklikler incelenmistir.

Farkli yanma odalar1 kullanilarak 6zellikle olusacak hava hareketlerinin, yiizey alanlari
farkliliklarinin, motor yanma parametreleri, performans, egzoz emisyonu, yakit tiiketimi, 1s1l
dagilim iizerine etkileri incelenmek istenmistir. Ozellikle kanalli W yanma odali 3. tip piston
[3] piyasada var olmayan yeni tasarlanmis bir piston tiirii oldugundan c¢ikacak sonuclarin

deneysel olarak da gergeklestirilecek ¢alismalar igin fikir vermesi amaglanmustir.

2. YONTEM

KIVA yazilimi akis dinamigini, tim CFD ¢6zlimlerindeki gibi; Kiitlenin korunumu (siireklilik
denklemi), Newton’un ikinci kanunu (momentum denklemi), Termodinamigin birinci
kanununu (enerji denklemi) temel almaktadir [1]. Gaz faz1 ve s1vi faz1 denklemlerinin bir arada

cozlilmesi i¢in Arbitrary Lagrangian Eulerian metodu kullanilmaktadir.

Yanma tarafinda ise standart KIVA3Vr2 yaziliminda bulunan reaksiyonlar kullanilmistir.
benzin yakitinin yanmasi sirasinda toplam on iki bilesenden olusan dort adet kinetik reaksiyon
ve alt1 adet denge reaksiyonu hesaplanmaktadir. Yakitin (C8H17) yanmasi i¢in sadelestirilmis
tek adiml oksidasyon reaksiyonu kullanilmaktadir. NOx olusumu i¢in genisletilmis Zeldovich
mekanizmasi kullanilmaktadir. Reaksiyon hiz sabiti ile sicaklik arasindaki iliski i¢in Arrhenius

esitligi kullanilmaktadir.
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Cizelge 1. Deney Motoru 6zellikleri.

Yakat Benzin
Zaman 4

Silindir sayisi 1

Silindir Cap1 85 mm

Strok boyu 80 mm
Sikistirma orani 91

Emme supabi acilma zamani 16° UON' den 6nce
Emme supabi kapanma zamam 40° AON' den sonra
Egzoz supab1 acllma zamani 40° AON' den 6nce
Egzoz supabi kapanma zamani 16° UON' den sonra
Biyel kolu uzunlugu 145 mm

3 boyutlu sayisal model i¢in ag yapilart ANSYS ICEM CFD programinda olusturulmus ve Sekil
1’de verilmistir. Ilk olarak Cizelge 1°de 6zellikleri verilen 9,1 sikistirma oranina sahip ikinci
pistona sahip benzinli motor [4] modellenip, deney-simiilasyon dogrulamasi yapilmis ve
sonucu sekil 2 ‘de verilmistir. Dogrulama ¢alismalar1 ve devaminda deneyleri yapilacak olan
10,5 sikistirma oraninda farkli yanma odalarina sahip modeller i¢in simiilasyon matrisi ¢izelge
2’ de verilmistir. Yapilan kalibrasyon c¢alismalar1 sonucunda AON civarmda 200000
civarindaki hiicre sayisinin, 2 mm’ nin altindaki hiicre biiytlikliiklerinin ¢6ziim dogrulugu ve

zaman agisindan uygunlugu goriilerek ag yapisinin temel 6zellikleri belirlenmis ve modeller

olusturulmustur.
Cizelge 2. Simiilasyon matrisi.
SIMULASYONLAR KOSU 1.DUZ 2. 3. W TiPi
DEVIRLERI HERON | KANALLI
. 1200 d/dk Deney . " .
Kalibrasyon
9 1 sikast 1500 d/dk
(91 sastirma orani) 1800 d/dk KIVA3V + + +
Yeni Sikistirma oranl 1200 d/dk Deney - - -
YO 1500 d/dk
(10,5 sik. orani) 1800 d/dk KIVA3V + + +

10,5 sikistirma orani i¢in pistonlar;

1. Diiz piston, (Hiicre sayisi: 198575)

2. Heron tipi silindirik oyuklu piston, (Hiicre sayisi: 191976)

(Bu pistonun 9,1 sikistirma oranindaki motorda deneyleri ile dogrulama yapilmaistir.)
3. Kanalli W tipi piston, (Hiicre sayisi: 220578)
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Sekil 1. Modellenen 1., 2. ve 3. pistonun ag yapilari.

Silindir ici basing¢lan Silindir ici 1s1 ag13a cikis hizlar
(n=1500 d/dk, presi= 0,58 bar, tempi= 385 K , gasoline= 13,82 mg ) (n=1500 d/dk, presi= 0,58 bar, tempi= 385 K , gasoline= 13,82 mg)
| 18 30
Simulasyon —- R
Y 16 A < Simdlasyon
S 25
X D
......... ene
= 20 /
— 5
o <
2 w
o =
o O
©
>00 o S
5 130

-140 -100 -60 -20 20 60 100 140
KMA KMA

Sekil 2. 9,1 sikigtirma oranli 2.tip pistonun 1500 d/dk’daki deney ve simiilasyon basing degisimi ve 1s1 agiga
¢ikis hiz1 karsilastirmalari.

3. BULGULAR

Dogrulama simulasyonlar1 sonucu elde edilen veriler 15181inda 10,5 sikigtirma oranina sahip {i¢
parkl1 pistonun analizi yapilmistir. Giris ve ¢alisma kosullar1 degistirilmeden motor sikistirma
orani ayarlanarak kosular gerceklesmistir. 1500 d/dk i¢in sonuglar verilmistir.

Yanma sirasinda, deneysel veri ile dogrulanip daha sonra sikistirma orani arttirilmis 2. Yanma
odasi baz alinirsa, 1. Yanma odasinda basincin daha hizli arttigr goriilmektedir. Ayrica 1s1 agiga
cikis hizlari incelendiginde 1. yanma odasinda 1sinin diger yanma odalarina gére daha hizli
oldugu goriilmektedir (Sekil 2). Ust 6lii noktadan sonra 1s1 oyuklu geometrilerde daha erken
aciga ¢ikmakta diiz pistonlu yanma odasinda ise 1sinin yogun olarak ¢ikmaya basladigi zaman
biraz daha gecikmektedir. Fakat diiz pistonda carpisma frekans katsayisinin en yiiksek
olmasindan dolayr yanmanin ana evresinde 1s1 agiga ¢ikis hizi ¢ok daha biiyiik olmakta, bu da

basincin daha hizli artmasina neden olmaktadir.
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1500 d/dk silindir basinglari 1500 d/dk 1s1 agiga cikis hizlari
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Sekil 3. 10,5 SO’ Iu YO’larin 1500 d/dk’daki basing degisimi ve 1s1 agiga ¢ikis hizlart.

4. SONUC VE ONERILER

Yaklasik 0,8-1,8 mm hiicre boyutundaki 3 farkli yanma odasinin simiilasyonlarinda kalibrasyon
sonucu elde edilen degerler kullanildiginda 1. ve 3. yanma odalarinda, yani daha 6nce deneysel
verileri bulunmayan yanma odalarinda, 2. yanma odasina nazaran daha farkli sonuglarin ¢iktigi
goriilmiistiir. Ayn1 reaksiyon hizi katsayillar1 tanimlandiginda 1. yanma odasimin
simiilasyonlarinda yakitin neredeyse yanmadigi ve ¢ok yavas yandigi, 3. yanma odasinda ise
yakitin ¢ok erken tutustugu ve ani basing artisina sebep oldugu goriilmiistiir. Bunun igin

carpisma frekans katsayist ayarlanmistir.

3. yanma odas1 i¢in olusan sonuglar hakkinda kesin bir sey sdylemek pek miimkiin
goziikmemektedir. 3. yanma odasinin, tutusmanin erken olmasina sebep olup olmadigi,
yapilacak deneylerden sonra kesin olarak belirlenebilecektir. Bunun nedeninin piston bagindaki
kanal nedeni ile tiirbiilans enerjisinin daha fazla ve ag yapisi kalitesinin diger yanma odalarina

oranla daha diisiik olmas1 gibi faktorler sayilabilir.

Bu modeller igin KIVA3V yaziliminin ¢6ziim sonucunun hiicre sayisina ve ag yapisina yiiksek
derecede bagimlilig: teyit edilmistir. Hiicre boyutlar1 2 mm’den biiyiik olmamalidir.
Carpisma frekansi katsayisinin  ag yapisina ve hiicre siklifina bagimhidir ve her modelde

denenerek degeri ayarlanmalidir [2].

Asimetrik ve detayli geometriye sahip pistonlar icin daha farkli ag yapilarinda KIVA
simiilasyonlar1 yapilmali veya ag yapisina bagimlilik azaltilmalidir. Simiilasyon sonuglari

deneyler ile desteklenmelidir.
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Abstract

The emissions resulted from the incomplete combustion of fossil fuels become one of the main
issues especially in transportation sector. The aim of this study is to model onedimensional
premixed, laminar, burner-stabilized, fuel-rich n-heptane flame by detailed chemical Kinetic
modeling technique to understand the combustion characteristics of n-heptane. A detailed
chemical kinetic mechanism (DCKM) with 4185 reactions and 893 species was developed. The
mechanism was validated by the experimental data of species mole fractions from jet stirred
reactors and ignition delay times from shock-tubes. A detailed analysis of fuel-rich, premixed
nheptane flame was carried out for species up to benzene. The model was able to predict most
of the species mole-fractions in the flame with low amount of error compared to the
experimental data. Pathway analysis for benzene was indicated that most of the benzene was
formed from bimolecular reaction of propargyl radicals (C3Hs) and vinyl (CzHz3) addition to

vinyl acetylene (C4H4) in the fuel-rich n-heptane flame.
Keywords: N-Heptane, Kinetic Modeling, Premixed Flame
1. INTRODUCTION

Most of the worldwide energy is generated from fossil fuel combustion. Especially in
transportation sector fossil fuels are very dominant energy sources. According to projections
for the next 30 years, gasoline will also be the leading fuel for transportation [1]. Gasoline
contains hundreds of chemical species, mostly 4 to 12 carbons per molecule. To explain the

complex combustion behavior of gasoline, n-heptane is widely used as a reference fuel.

The major emissions for internal combustion engines can be listed as CO, CO2, unburned
hydrocarbons, partially burned hydrocarbons, polycyclic aromatic hydrocarbons and soot. The
products of the combustion depend on several factors such as fuel type and operating
conditions. However, the chemistry behind the oxidation is the main factor that determines the

products, sideproducts, and temperature-pressure behavior of the combustion. To investigate
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combustion in wide range of operating conditions kinetic modeling is a must. After the
development of accurate databases for thermodynamic, kinetic and transport properties of
species it is possible to combine the molecular information into detailed chemical Kinetic
mechanisms. As a reference fuel for gasoline, n-heptane and its mixtures were studied in wide
range of conditions in the literature. The stoichiometric combustion of n-heptane was studied
by semi-detailed chemical mechanisms [2-4]. Detailed chemical kinetic mechanisms were also
developed to understand n-heptane combustion in wider range of operating conditions [5-7].
There are also experimental studies for n-heptane combustion such as fuel rich n-heptane
combustion in atmospheric [8, 9] and low pressure [10, 11] one-dimensional premixed flames,

atmospheric counter-flow diffusion flames [12], jet stirred reactors [7, 13] and shock tubes [14].

In this study, the main objective is to model fuel-rich, atmospheric pressure n-heptane flame by
using DCKM technigue. Chemkin-Pro® [15] software was used to model the system. The main
reason for selecting one-dimensional fuel-rich flame was to focus on the chemical kinetics of
nheptane combustion. In such a system, species mole fractions and the temperature profile
depend only on the vertical axis above the burner, the height above the burner surface (HAB).
2. METHOD
To investigate the fuel-rich n-heptane combustion, detailed chemical kinetic modeling (DCKM)
approach was utilized. The mechanism development stage was initiated with the selection of
the base mechanism for n-heptane decomposition. Among the considered possible base
mechanisms for n-heptane combustion Lawrence Livermore National Laboratory (LLNL) n-
heptane mechanism (version 3.1) [6] was chosen as the base mechanism for the mechanism
development because it was the most promising mechanism at prior modeling studies for n-
heptane flames [16]. The LLNL n-heptane mechanism was also validated for wide range of
conditions and used as the base mechanism by various modeling studies [12, 13, 17, 18].
Decomposition reactions of nheptane explained by formation of C1-C>-C3-C4-Cs-Cs and C7
alkyls with almost all possible isomers in the base mechanism. After the determination of the
base mechanism, donor mechanisms that include the formation of specific fuel-rich flame
products such as benzene and polycyclic aromatic hydrocarbons were determined. Aromatic
ring and some PAH species formation pathways with hydrogen abstraction acetylene addition
(HACA) growth were involved in the Donor Mechanism 1 [19]. Additional linear PAH
(anthracene), angular PAH (phenanthrene) formation and branched aromatic (indene, cyclo-
penta[cd]pyrene etc.) formation pathways were involved by Donor Mechanism 2 [20]. Detailed

formation and oxidation pathways of high molecular weight PAH species (anthracene,
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aceanthrylene, cyclopenta [cd] pyrene, chrysene, etc.) were involved in the Donor Mechanism
3 [21]. Additional PAH and intermediate formation reactions were also added from the recent
study [12]. Since the Donor and Base mechanisms used different notations to refer species, at
combining base and donor mechanisms molecular structures of the species were considered.
After merging these mechanisms, the resulting mechanism was called as Master Mechanism.
The general information about base, Donor and Master Mechanisms are given in Table 1. This
paper focuses on the formation pathways of first aromatic ring benzene in a fuel rich n-heptane

flame.

Table 1. General information about base and donor mechanisms

Number of Reactions | Number of Species Reference
Base Mechanism 2827 627 [6]
Donor Mechanism 1 553 99 [19]
Donor Mechanism 2 672 154 [20]
Donor Mechanism 3 1110 256 [21]
Additional Reactions 74 5 [12]
Master Mechanism 4185 893 This study

As seen from Table 1, the number of reactions and species in the Master Mechanism were 4185
and 893, respectively. The number of reactions in the master mechanism is less than the total
number of base and donor mechanisms since the duplicate reactions were ignored. Additionally,
some reaction rate parameters were revised according to recent literature survey with the
alternative rate constant parameters. The Master Mechanism was validated using the
experimental data from the literature. Jet stirred reactor species mole fraction data [7, 13] and
shock-tube ignition delay time data [7] were used for mechanism validation. To refer jet stirred
experimental data JSR1 [13] and JSR2 [7] notations were used in Table 2 and Figures 1 and 2.
The experimental conditions of jet stirred reactors used for mechanism validation are given in
Table 2.

Table 2. Jet stirred reactor conditions that used for mechanism validation.

Conditions JSR1 JSR2
Reactor Volume (cm?®) 86.5 95
Temperature (K) 550 to 1100 500 to 1100
Pressure (torr) 800 800
Residence time (s) 2 2
Equivalence Ratio (D) 3 2
Inlet He fraction (mol %) 0.977 0.968
Inlet O2 fraction (mol %) 0.018 0.027
Inlet n-C7H16 fraction (mol %) 0.005 0.005
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Two fuel-rich jet stirred experimental data [7, 13] (®=2 and ®=3) were used for the mechanism
validation. The model predictions of master mechanism and experimental measurements for

nheptane and benzene mole fractions are shown in Figure 1 and Figure 2, respectively.

The master mechanism slightly underestimated n-heptane mole fractions from 550 K to 700 K
for both equivalence ratios but for the negative temperature coefficient region (~700 K to ~850
K) and higher temperatures, the difference between the experimental data and model

predictions were smaller for n-heptane (Figure 1).

®  p-Heptane, ©=3 (J5K1)
5 Master Mechanism, -3
(rMIE-13 *  n-Heplane, d=2 (J5H2)

¥

o] = = Master Mechanism, =2
S0E03 4
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Figure 1. Validation of master mechanism by n-heptane mole fractions in jet stirred reactors

Model predictions for benzene mole fractions were consistent with the experimental data at
equivalence ratio of 2. However, the master mechanism could not predict the low temperature
(550 K to 850 K) formation of benzene at equivalence ratio of 3 (Figure 2).

= Benzene, =3 (JSK1)
Master Mechanism, (=3
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Figure 2. Validation of master mechanism by benzene mole fractions in jet stirred reactors
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High pressure (20 bar), stoichiometric shock-tube data were also used to validate the

mechanism in terms of ignition delay time predictions. Inlet stream properties of the shock-tube

reactor experimental data [7] is shown in Table 3. The master mechanism predicted the ignition

delay times with very close to the experimental data [7] at 20 bar pressure on a wide temperature

range but there was an underestimation around a factor of 1.5 at the highest temperature (Figure

3).

Table 3. Inlet conditions of shock-tube experimental data.

Conditions Shock-tube
Temperature (K) 726 to 1412
Pressure (bar) 20
Equivalence Ratio (D) 1
Reactant N2 fraction (mole %) 0.775
Reactant O2 fraction (mole %) 0.206
Reactant n-C7H16 fraction (mole %) 0.019

¢ Shock-tube, (M=1, 20 bar)
— Master Mechanism

10000 3
E.. 1 B “&
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Figure 3. Validation of master mechanism in terms of ignition delay time

After the model validation, Master Mechanism was used to analyze the fuel rich n-heptane

flame with an equivalence ratio of 2.1 [9]. The inlet stream properties for the flame are shown

in Table 4.
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Table 4. Inlet stream properties of the flame

Properties Premixed Flame
Initial Velocity (cm/s) 5.17
Equivalence Ratio (¢) 2.10

n-Heptane (Mole %) 5.50

Oz (Mole %) 28.79

Ar (Mole %) 65.71

A radiation correction for the measured flame temperatures was also carried out. Temperature

measurements were done by rapid insertion technigue in the experiment [9]. However, at soot

rich regions the heat loss from the thermocouple junction was higher because of the soot

deposition around the thermocouple junction. The energy balance around the thermocouple

junction was used to apply radiation corrections to the measured temperature profile [22];
€joTtj*=kg0xNuj/2dicx(Tgas> — T4? )

where,

kgas= thermal conductivity of gas (W/mK)

dtc= thermocouple junction diameter

kg0 = kg Tgas = constant; 6.54 x 10-5 (W/mK?)

Nu;= Nusselt number of thermocouple junction

Tgas= gas temperature (K)

Ty= thermocouple junction temperature (K)

o = Stefan-Boltzmann constant; 5.67x10-8 (W/m?K*)

€= thermocouple junction emissivity

A linear correlation between recorded soot volume fractions and junction emissivity was
assumed [16]. The maximum difference between measured and corrected temperature was ~280
K at 10 mm height above the burner (HAB). The soot deposition on thermocouple junction at
the highest point above the burner can be assumed maximum since the experimentally measured
soot volume fractions [9] were also maximum. Similar difference between measured and

corrected temperatures were also reported from different flame studies in the literature [23-25].
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Figure 4. Measured and corrected flame temperature profiles.

The corrected temperature profile of the flame (Figure 4) was used as input parameter to predict

species mole fraction profiles with the Master Mechanism.

3. RESULT AND DISCUSSION

As seen from Figure 5, the species mole fraction profiles of reactants were predicted by the

master mechanism with very low error compared with experimental data [9]. In model

predictions, fuel completely consumed at around 1 mm height above the burner (HAB),

however in the experimental data n-heptane completely consumed at around 3 mm HAB.

Experimental mole fraction profile of H2O and model predictions were also matching with each

other (Figure 6).
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Figure 5. Comparison of measured and predicted species profiles of O2 and n-heptane.

However, the H2 profile was underestimated by a factor of about 2. Uncertainties either in the

model (rate constant parameters, thermodynamic and transport properties) or in experiment

might be the reason of the difference between model prediction and experimental data for Ho.
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A good agreement between the model predictions and experimental data for all C1 (CO, CO-
and CHgy) species were found (Figure 7). For CO2 the difference between model predictions and
the experimental data was less than a factor of 2. Methane mole fractions was underestimated
by the model for 1 mm < HAB < 5 mm. When comparing the experimental data [9] with model
predictions for C, species mole fraction profiles were very close to each other (Figure 8).
Acetylene (C2H>) was considered as a precursor for first aromatic ring (benzene) formation for

various fuels by the following reaction sequences [26],

CoHs + CoH2 — n-C4Hs
n-C4Hs + CoH2 — n-CsH7

n-CesH7 — Benzene + H

u H, (Experimental)

14 'I!:f?'.'Tur.lr_'ljl
L H, O {Experimental)
{ = = H0(Model)
1. - = m = = & ®
" e
B I-e &7 T RTeTd %

Mole Fraction

n.l; -"/-"_

A1l 1 * T v T v T = T = T
0 2 i 0O 8 10

Heaght above the burner {mm)

Figure 6. Comparison of measured and predicted species profiles of H, and H,O.
The model predictions of ethylene (C2H4) was shifted to the burner surface around 1.5 mm.
Ethylene was also considered as a precursor for benzene formation when it reacts with

cyclopentadiene (CsHe) [27],
CoHs + CsHe — Benzene + H + CH3

Experimental data for ethane (C2He) were available up to 3 mm HAB. The model predicted a
sudden decrease for CoHs mole fraction at HAB ~ 2.0 mm, up to that point measured and
predicted mole fractions were very close. The mechanism predicts the trend of propene (CsHe)
mole fraction profile, however there was a ~1.5 mm shift to the burner surface in the predictions

(Figure 9).
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Figure 7. Comparison of measured and predicted species profiles of CO and CO; and CHa.
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Figure 8. Comparison of measured and predicted species profiles of C2H2, C2H4 and C2H6.

The propadiene (CsH4) mole fraction was underestimated by the Master Mechanism by a factor
of 10 for almost all HAB (Figure 9). Propadiene (allene, C3Hs-A) was also considered as a

precursor for benzene formation by reacting with propargyl radical (CzHs) [28],

CsH4-A + C3H3z=Benzene + H
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Figure 9. Comparison of measured and predicted species profiles of C3Hs and CsHe.

The comparison of model predictions and the experimental data for C4 species are shown in
Figure 10. The mechanism was capable to compute the trend for diacetylene (CsH2) and
vinylacetylene (CsHas), however, the mole fractions of both species were underestimated around
a factor of 10. By the following reaction route vinyl acetylene was also recognized as an

important species in the benzene (CsHe) formation [29],
C4H4+C3H3 —CsHe + H

In experimental data there were no 1,3-butadiene (CsHe) HAB greater than 3 mm. In Master
Mechanism predictions there was a rapid decrease for the CsHe at around 2 mm HAB.

1,3butadienyl radicals (C4Hs) that mainly formed from 1,3 butadiene was also considered as a

precursor for benzene [26].
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Figure 10. Comparison of measured and predicted species profiles of C4H2, C4H4 and CsHe.
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Figure 11 shows the mole fraction of benzene along the flame. Benzene mole fraction profiles
were slightly over-estimated by the master mechanism for HAB > 4 mm (Figure 11). Benzene

was considered as a first aromatic ring in non-aromatic hydrocarbon flames [30].

®  Benzene (Experimental)
Benzene (Maodel)
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Figure 11. Comparison of measured and predicted species profiles of benzene.
Additionally, formation of benzene is also regarded as a rate limiting step for the formation of
polycyclic aromatic hydrocarbons [31]. Acetylene (C2H->), propadiene (C3H4), vinyl acetylene
(C4Ha4), diacetylene (C4H>) are generally accepted as precursor species for benzene formation
in flames. However, an unstable intermediate, propargyl (C3Hs) was also considered as a major
precursor for the formation of benzene with following reactions [28, 32],

CsHs + C3Hs — Benzene
CsHs-A + C3Hs — Benzene + H

There were no experimental data for the propargyl radical in the target flame study. Formation
pathways for benzene on the n-heptane flame were given at the flame conditions in Figure 12.
Pathways of benzene were found to be highly dependent on the HAB. Since rate of formation
of benzene was found maximum at around 1.25 mm HAB, the pathway in Figure 12 was given
at that distance [16]. Each line in Figure 12 shows the total production rate of multiple reactions
from the specified reactant and the width of line is proportional with the formation rate.
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Figure 12. Simplified H and C flux to the benzene (Al) at HAB 1.25 mm.

CsH3 + C3Hs = Benzene 1)
CsH4 + CoH3 = Benzene + H (2)
CsHa-A + C3Hs = Benzene + H 3
C4Hs-N + CoH, = Benzene + H (4)

Bimolecular reaction of propargyl radicals (reaction 1) was found as the most dominant route
for the benzene formation. The vinyl addition to vinyl acetylene (reaction 2) was resulted with
comparable amount of benzene production. However, the third and fourth reactions were found

to be less important on the formation of benzene in considered conditions.
4. CONCLUSION

Burner stabilized, premixed, laminar, fuel-rich n-heptane flame was modeled by using DCKM.
A detailed chemical kinetic mechanism was generated by merging LLNL n-heptane mechanism
(version 3.1) as base mechanism and three donor mechanisms for fuel-rich hydrocarbon
combustion. The Master Mechanism consists of 4185 reactions and 893 species, and it was
validated by experimental data of jet stirred reactor (JSR) and ignition delay time measurements
in a shock-tube. Additionally, the Master Mechanism was also used to analyze fuel-rich,
premixed nheptane flame. It successfully predicted most of the stable species mole fractions up
to benzene in the premixed n-heptane flame. The important reactions that forms benzene were
found as bimolecular reaction of propargyl and vinyl addition to vinyl acetylene for the

conditions studied using n-heptane flame by the pathway analysis.
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ABSTRACT
The tightening of emission standards and the desire to reduce fuel consumption determine
direction of research on the internal combustion engines. The leaning of mixture in spark
ignition engines decreases fuel consumption and NOx emission together. Because of the fact,
many researchers focused on lean combustion. The main purpose of this study is to compare
the effect of different chamber geometries on combustion parameters of a spark ignition engine
in lean and homogeneous mixtures. The most important variable of combustion parameters is
cyclic variations. It defines the stable running of engine. Cycle to cycle variations are increased
with leaning of mixture in spark ignition engines. The newly designed and manufactured
combustion chamber (MR type chamber) geometry reduced the cyclic variations compared to
other geometries in homogenous and lean mixtures. The lowest COV values were obtained for
MR type geometry in lean mixtures for all load conditions.

Keywords: Combustion Chamber Geometry, Cyclic Variations, Lean Mixture.

INTRODUCTION

Observation of cylinder pressure enable the comparison of cycle by cycle variations. This
information give us clues about combustion process. Variations in the combustion process
create cyclic variations. The cycle by cycle variations are caused by the spark quality, residual
gas ratio, mixture situation in spark area, air motions in cylinder. Flow motions inside of
cylinder depend on the intake manifold and combustion chamber geometry. Airflow motions
can be increased to certain level to obtain lower cyclic variations. Since, engine can run stably
in leaner mixtures [1][2]. Because of that, a new combustion chamber geometry, which can

generate more air motion in cylinder, is designed for lean operating conditions. COV values of
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new combustion chamber were compared with other common used geometries in homogeneous
and lean mixtures. MR type geometry has lower COV value than other type chamber

geometries in lean conditions.

METHODOLOGY

Experiments were made in engine laboratory of Istanbul Technical University. They were made
with a single cylinder, port fuel injection and water-cooled engine. The engine was controlled
by an ECU developed in this laboratory [3]. In this experiment, the cylinder pressure was
measured by using a piezo electric sensor, (AVL GU13Z-24). The signals of sensor transmitted
to a charge amplifier. The output signals of amplifier were recorded on Kistler 2893A board.
The crank angle was measured using trigger wheel and hall sensor. For manufacturing of
chamber geometries, pistons of engine were purchased without any geometry. The desired
geometries were designed and produced. The first chamber geometry is MR type, which can
produce more air motions in cylinder. The other type chamber geometries are heron and disc.
They are used commonly in spark ignition engines. Rough piston and manufactured geometries
were shown in Figure 1. The experiments were carried out in two different relative air/fuel

ratios at two different engine load and constant speed conditions.

Figure 1. Chamber Geometries: a) Rough piston (top left), b) Heron type geometry (top right), c) MR type

geometry (bottom left) and d) Disc type geometry (bottom right)
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RESULTS

Figure 2 shows the coefficient of variation (COV) of maximum pressure values at different

engine loads for homogenous and lean mixture. The highest COV values of maximum pressure

were measured at 3-bar load. Because, the decreasing of load increases residual gas ratio. The

lowest maximum pressure COV values were obtained for MR type geometry, newly designed.

The bowl geometry of MR type creates more air motion in cylinder. Therefore, it decreases
COV values for MR type. Heron type COV values were obtained between MR and disc type.
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Figure 2. Maximum pressure coefficient of variation (COV) values at different engine loads for different air fuel

ratios (left side A=1.0 and right side A=1.40).
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Figure 3. Indicated mean effective Pressure (IMEP) values at different engine loads for different air fuel ratios
(left side A=1.0 and right side A=1.40)
The variation of indicated mean effective pressure (IMEP) COV values with respect to engine
load was presented in Figure 3. At 3 bar load, the IMEP COV values of disc and heron type
geometries were obtained higher than the desired values. One explanation for this situation
could be stratified mixture for MR type through high swirl motion The COV values of IMEP
for homogenous mixture lower than lean mixture condition. The leaning of mixture increases
COV values as expected. The COV value of MR type geometry is higher than other geometries
for IMEP values of five and seven bar at homogeneous mixture. The spark time was delayed

because of knock problem at these running conditions for MR type geometry.

CONCLUSION

In this study, COV values of different combustion chamber geometries were experimentally
investigated. A new combustion chamber geometry (MR type), for creating more air motion,
was designed and manufactured. Two chamber geometries that are commonly used were
manufactured for comparing. The results shown that the lowest COV values were obtained for
MR type geometry at all load conditions for lean mixture. MR type combustion chamber
geometry provides the desired COV values in lean mixtures too. Thus, the reduction in
volumetric efficiency can be prevented by lean operation in the partial load conditions with the
MR geometry.
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Abstract

The production and characteristics of fuels have been dealt with and it is appropriate at this stage to deal with the
testing of combustible materials a topic of vital significance throughout the consumer and power industries. For
example, it is of paramount importance that an oil refinery produces materials to a closely defined and consistent
quality. A user of, say, coal in bulk must be able to carry out tests to determine the predicted performance of fuel
he is purchasing, and hence be able to calculate the cost per unit energy and the efficiency of his entire process
with an acceptable degree of accuracy. Due to the basic functions they play in human health, biogeochemical cycle
and the world climate, it is very important to have a comprehensive understanding of the sources, changes and
consequences of the surrounding organic species. Therefore, the aim of this study is to increase the awareness of
the use of gasoline as environmentally friendly in the world for technical reasons. It is possible to use gasoline for
determined emissions. In particular, there is a technological misperception to reduce the volatility of the gasoline.
Therefore, the relationship between vapor pressure and evaporation losses of gasoline has been carefully studied
in the American Auto Qil Program. At the end of this research, it was found that a drop of 0.1 psi in water pressure
for gasoline samples with the same composition resulted in a evaporation loss of 4.3% in the vehicles equipped
with one of the most up-to-date fuel injection systems. In fact, gasoline volatility is changed seasonally to give
competent driveability because of the cooler temperature level, wintertime gasoline is a lot more volatile compared
to summertime gasoline. As an example, throughout springtime and autumn, a fuel of volatility ideal for
appropriate beginning at reduced environment temperature levels can trigger problems in some engines under
greater ambient temperature working conditions. Subsequently, to discuss ecological impacts based upon
numerous volatility specifications. In this part, Gasoline distillaiton of general requirements and methods

summarized.

* Corresponding author at: Energy Institute, Istanbul Technical University, Sariyer, 34469, Turkey.
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Keywords: Eco-friendly usage; Sustainability of fuel in transportation; Gasoline specifications; Vaporization;
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1. Introduction

The oil companies, change the proportion of light hydrocarbons in petrol from summer to winter

to give acceptable starting characteristics [1, 2].

A distillation test can be carried out to show the temperature range over which various portions
of the fuel are vapourised [3-5]. It is usual to distil a 100 cm? sample of the fuel and to note the
temperature at which the first drop of distillate is collected and also the volume of distillate
collected at convenient intervals of vapour temperature [6]. The distillation is stopped when 90
% of the sample has been collected and the results plotted as shown in Figure 1. the 10 %
distillation point gives an approximate indication of the starting characteristics [7-9]. Typically,
10% of the sample will have distilled over at 328 °K for a winter grade fuel and 338 °K for a
summer grade [7, 8]. The range 50-70 % distillation is indicative of the warm-up and
acceleration performance and the 50 % point is usually less than 378 °K [7, 8].

|40 - r

Temperature - i

19ix]
(°F) 208 . *
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Figure 1. Typical distillation curve of petroleum products [10].

Generally flash-point is important for fuel oils since it refers to a temperature above normal
room or ambient temperature, and volatility is important for gasolines whose flash-point is
lower than ambient temperature [11]. Volatility is of a particular importance in the specification
of a gasoline fuel for a spark ignition, internal combustion engine [12]. It is desirable that an
engine should be easy to start under varying temperature conditions, ranging from a maximum
in summer to a winter minimum [13]. By increasing the proportion of light hydrocarbons in a
fuel ease of starting is improved but evaporation losses and problems of vapour lock are

increased [14].
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2. General Requirements

To match seasonal and geographic considerations with volatility requirements, the system of
six classes shown in the A.S.T.M. D 4814 standard [15]. Each geographical area of the U.S. is
assigned a class on a monthly basis. The selection is based on altitude and expected ambient
temperature; top classes (A) are for warm weather and the bottom (E) for cold weather.
Matching of the volatility to climate considerations is complicated by variations in the fuel

delivery system designs and underhood temperatures [15].

Secondly, the most obvious gasoline quality parameter is octane number, because an octane
index is posted [an average of research and motored number called the anti-knock index
(A.K.1.)] and the driver can hear the knocking sound [16]. The true evaluation of knock is the
“road octane number” which depends heavily on the particular engine-vehicle combination [17,
18]. The road octane is obtained by determining the knock limited spark advance for the test
fuel under a given operating condition and then finding the octane number of the primary
reference fuel that gives this same knock-limited spark advance at the same operating condition
[19]. At low speeds (1000 to 1200 rpm), the road octane correlates with research octane for a
given vehicle [20]. At medium engine speeds (1500 to 2500 rpm), the correlation is a
combination of research and motored octane number, but engines with heated intakes (for
emissions reduction) and higher specific power output can have octane requirements above the
motored value [21]. Engines with incylinder deposits which insulate the chamber and cause the
unburned mixture to undergo higher temperatures require higher octane fuels than the clean

version of the same engine [22].

Vehicle octane requirements are lower at higher altitude, since the pressure is lower. The range
over U.S.A. conditions is about 87-92 [23, 24]. Thus, fuels sold in high-altitude regions will
probably cause knock at lower altitudes [25]. The use of anti-knock additives such as tetraethyl
lead (T.E.L.), tetramethyl lead (T.M.L.), and methyl-cyclo-pentadiene manganese tricarbonyl
after treatment devices and the adverse effects of M.M.T. on unburned hydrocarbon emissions
[26, 27].

Alcohols and ethers have received attention as octane boosters [28]. Ethanol and methanol tend
to decrease miles per gallon because of their lower energy content on a volume basis [28-30].
They decrease “CO” slightly but have negligible effects on “HC” and “NO” exhaust emissions
[31-33]. Methanol can cause vapor lock [34-36]. Corrosion of the fuel system, and swelling of

some elastomers. Cars can be designed to run on these fuels, however, and pure methanol has
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received considerable attention as an alternative fuel [37]. The higher alcohols and ethers have
fewer undesirable effects. Addition of 7% methyl-t-butyl ether increases research octane by 2
to 3 and motor octane by 1 to 2 with negligible side effects [37, 38]. Although octane boosting
additives are the most familiar to users, many other additives are used to improve fuel quality
[39, 40].

In the ongoing judicial review of ecological pollution, criminal and legal obligations relating to
the impact of anthropogenic contamination on human health and welfare or environmental
impact are determined. In order to determine the responsibility associated with gasoline
contamination, the health-related objectives of the forensic examinations, which are due to
ecological pollution of the following factors, have been determined. The first is the continuous
increase in the production volume of gasoline, but the constant increase in the amount of
gasoline produced from the United States for 50 years. For example, in 2001, the U.S.A.
consumed 360,000 gallons of gas per day, accounting for 43% of global use (International
Energy Annual, 2003). The other factor is that the fuel produced is generally consumed at the
place where it is produced. For example, while there were more than 170,000 gas stations in
the U.S.A. in 2002, it was observed that these stations were established in supermarkets, bulk
dispensers and large warehouses. Third and most importantly, gasoline is measurable for human
health and the environment [40].

Over the past 40 years, it has become even more attractive, with the work of improving the
environmental impact of gasoline, making it more acceptable for the society, especially in the
logistics sector, and, more recently, for the improvement of underground resources [40].

The fuel does not purposely have elements are the following
1. Tetra ethyllead,

2. Methyl tertiary butyl ether (M.T.B.E.),

3. Aromatic amines,

4. Benzene, or other carcinogens.

Also, no unwilled trace amounts of these components were located in the fuel made used of
according to fuel standards requirements. The fuel and its components are not water soluble.
Benzene omits by the optimum freezing point of —58 °C. A toxicology evaluation has been
carried out and also exhaust emissions toxicology has not evaluated for either fuel. The fuel

ought to satisfy health, safety, and environmental (H.S.E.) requirements offer for sale to the
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public. Instances consist of vapor exposure, skin direct exposure the subject on cancer risk, and
spill/water table contamination (that is, M.T.B.E. issue). Additional benchmarks express as

below:

1. Flammability,

2. Ignition energy,

3. Auto-ignition temperature,

4. Fire-fighting media,

5. Static/conductivity,

6. Toxicity,

7. Combustion products,

8. Long-term fuel storage stability,

9. Dirt/water dropout,

10. Density,

11. Fuel distribution system, component compatibility,
12. Filtration compatibility,

13. Final-materials compatibility [41].

As an example, ecological policies prefer that all fuels including tetraethyllead must be colored

to signify the presence of the lead [42].

Vehicles manufactured for sale in the U.S.A. that need to make use of unleaded fuel are required
by Environmental Protection Agency policy to have long term tags on the instrument control
panel and also nearby to the fuel storage tank-filler inlet reading “Unleaded Fuel Only.” The
majority of 1975 and later on design passenger vehicles as well as light trucks remain in this
classification [42].

Most 1971-1974 vehicles can use leaded or unleaded fuel. Pre-1971 vehicles created for leaded
fuel; Nevertheless, the unleaded fuel of ideal anti-knock index may normally be made use of in
these vehicles, other than that leaded fuel needs to be relied on occasionally (after a couple of

tankfuls of unleaded fuel have been used). Leaded fuel may be required in some vehicles,
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particularly trucks, in heavy duty service and some farm equipment. Instructions on fuel
selection normally provide in publications of vehicles manufacturers (for example, owner’s
manuals, service bulletins, and so forth). Anti-knock agents other than lead alkyls may be used
to increase the anti-knock index of fuels, and their concentrations may also limit due to either

performance or legal requirements [43].

In the majority of spark ignition internal combustion engines, the fuel is metered in fluid form
through the carburetor or fuel injector and is blended with air and partly vaporized before
getting in the cylindrical tubes of the engine. Consequently, volatility is a very essential feature
of motor fuel [43, 44].

Volatility can be considered as the evaporation of the fuel [45]. This is particularly important
in that the engine is required for the first evaporation of the gasoline and therefore for the
initiation of early combustion. Gasoline contains hundreds of compounds with a certain boiling
point that interacts with each other [35]. The volatility of the gasoline compositions is
determined by the Reid vapor pressure and distillation curve properties. The distillation curve
gives an idea of the volatility of the gas along the distillation space, because the Reid vapor
pressure is an important feature of the lightest part of the gasoline, the most volatile compounds
[43].

The volatility of gasoline assists to car performance chiefly [9]. Initially, vaporization as well
as distribution features such as preparedness to begin, habits throughout warm-up, actions
during a typical procedure. Second, propensity to weaken crankcase oils and Third, level of
flexibility from vapor lock in vehicles and also from a tendency to evaporate during handling
or usage. It has found that in an approximate way every one of the above details of information
is shown for any provided fuel by an appropriate analysis of its distillation curve when

possibility conjunction with the vapor pressure [43].

The volatility of a fuel is determined by the vapor pressure, the enthalpy of evaporation and the
distillation curve. The concept of volatility is the transfer of fuel from the liquid phase to the
vapor phase, but also has a direct effect on the optimization of the required air / fuel mixture

with respect to combustion performance [41, 43].

The volatility of the gasoline compositions can be determined based on the characteristics of
the Reid vapor pressure as well as the distillation curve. Since the determination of the vapor

pressure of the distillation curve, the Reid vapor pressure, means the evaporation of the lightest
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component of the gasoline, it also offers a suggestion of gas volatility during the distillation.
[45].

In the distillation curve, three different distillations may occur depending on the basic
characteristics of the gasoline. Although these are defined as T10, T50 and T90, they represent
10%, 50% and 90% of the temperature levels at which evaporation occurs. These temperatures
also characterize the variability of the light, medium and heavy fractions of the fuel. These

fractions then affect the various operating routines of the motor [45].

Standard testing approaches analyze fuel high quality. For instance, the criterion for gasoline is
A.S.T.M. D 4814. Gasoline top qualities are figured out regarding volatility and octane number

of the hydrocarbons. A sufficient volatility needs for smooth application of petrol engines [42].

Gasoline is a challenging mixture of numerous compounds that are showed in gasoline occurs

within five compound classes:

- Paraffins

- Iso-alkanes

- Aromatics,

- Naphthenes,

- Olefins,
these state to by the phrase "P.I.A.N.O."[46-48]. The significant nonhydrocarbon groups in
gasolines can consist of oxygen containing ethers (e.g., M.T.B.E, tert Amyl methyl ether
(T.A.M.E), and so on), alcohols, (e.g., ethanol, tert Butyl alcohol (T.B.A.). Additionally,
isopropyl alcohol, methanol, sulfur- (e.g., disulfides, thianes, mercaptans, thiolanes,
thiophenes), and also nitrogen containing compounds (e.g., anilines, pyrroles, indoles, etc.)
[40].

More proof for the retention of obvious gasoline residues after comprehensive evaporation can
note in ecological soil samples affected by gasoline several years before. For instance, some
numbers in literary works show a G.C./F.I1.D. chromatogram of recurring gasoline in soil that
gathered from a retail gasoline terminal site that had closed greater than 25 years before the
sample accumulated. The deposit leaving in this vadose area soil manages by Cg-alkylbenzene,
naphthalenes, and also Cio+ alkanes, comparable to exactly what transferred in the research

laboratory vaporized gasoline [40].
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The evaporation of gasoline makes significant contributions, in particular, to the acquisition of
the information necessary for accessing important information on forensic issues. For this
purpose, the presence of heavy hydrocarbons, which should not be present in gasoline in
general, will cause significant differences in the distillation curve during the volatilization of
volatiles. This particularly emphasizes the presence or absence of heavier hydrocarbons, which
cannot be otherwise detected in products that are less vaporized than the gasoline sample. The
presence of Cis+ hydrocarbons which may be present at reduced levels in the gasoline is
important in this respect. Although these hydrocarbons are referred to as "Alkanic tail”, their
exact effect properties have not been discovered. However, when the gasoline reaches the
desired performance when it is burned, it is directly related to whether the hydrocarbons are
stable in gasoline. In one case study, Harvey, in 1997, found a 3% by weight and 75%
evaporation of an “alkane tail” from gasoline, with some "alkane tails" associated with slightly
heavier oils, such as fuels. The same researcher reported that, in contrast to the gasoline mixture
structure of this "alkane tail", the hydrocarbon products were due to a small mixture of gasoline
and medium distillation during the pipeline transportation. Consequently, a forensic fuel
analyzer that detects the "alkane tail" associated with the resulting impurity can comment on
whether the "alkane tail" is associated with the nature of the gasoline or whether it increases

combustion performance by mixing with a small amount of biofuel [40].

Gasoline further within the soil column might experience a various (slower) price of
evaporation compared to surface area soils. However, as a basic policy, the loss of unstable
compounds deeper within vadose zone area soil will certainly still be controlled by the very
same procedures as evaporation in surface area soils. In the technique, the level to which
subsurface gasoline vaporizes in vadose zone area soils will hardly ever change the structure of
product according to will certainly confuse forensic analyses [40]. For instance, the gasoline
hydrocarbons might have gone through a specific level of solubilization as a result of
penetrating water. Nevertheless, the majority of the modifications kept in mind in this figure
are fairly associated with evaporation, which gradually has eliminated the much more unstable
substances, leaving a recurring gasoline product controlled by naphthalene, Cs+ alkyl benzenes,

alkyl naphthalenes and high molecular weight alkanes [40].

Gasoline derived N.A.P.L. recuperated from checking wells stands for the complimentary stage
gasoline staying in soils at or near the water table. As a whole, these might show up much less

affected by evaporation compared to the surface as well as subsurface soil samples [40].
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The EPA vapor pressure policies can trigger the distillation of the fuel to be much less volatile,

which for some vehicles, leads to in an even worse work out driveability efficiency [43].

Evaporation of gasoline in the subsurface generates a vapor stage that can additionally be

helpful in ecological forensic examinations [40].
2.2. Motor gasoline

The motor gasoline specifications typically are just a part of the complete EN-228:2004
requirement. These properties have been highlighted, considering that they restrict the structure
of the fuel and established efficiency standards that equate into needs that can associate with
the molecular characteristics of the fuel. Directive 2009/30/EC23 of the European requirements
changed the constraints put on oxygenated motor gasoline. The optimum oxygenates content
has been boosted to 3.7 mass % O and the limitations on different oxygenates have raised
correctly. For instance, the limitation on C4 derived ethers is 15% which on Cs and heavier
ethers is 22 %. The 2009/30/EC instruction additionally consisted of distillation deprivations
on motor gasoline, specifically, minimal E46 at 100 °C (46 vol % vaporized at 100 °C) and
minimum E 75 at 150 °C. The optimum sulfur content of motor gasoline has evaluated at 10

mg/g by the regulation [42].

Mixing estimations suggest that the paraffin needs to have an R.O.N. around 70 and an M.O.N.
around 65 to satisfy motor gasoline requirements when mid range appreciates for the RON and
also M.O.N. of aromatics, oxygenates and olefins are used at their corresponding blending
limitations [42].

2.3. Carbon number distribution

The carbon number variety of motor gasoline is straight and also indirectly controlled. The
ceiling is established the last boiling point requirements (210 °C; C11/C12) while the reduced
limitation is established indirectly by the vapor pressure requirements. In the technique, motor
gasoline normally covers the carbon number array Cs—Cio, with the quantity of Cs4 identifies by

the vapor pressure of the base fuel [42].

The carbon number distribution indirectly manages by both the density demands and vapor
pressure restriction [42]. Also, when combined with carbon number (nC), supplies a structure
for explaining the chemistry of organic types in the atmosphere, and in a certain climatic organic

aerosol. These two basic amounts can make used of constraining the structure of natural aerosol
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and, furthermore, to distinctly specify crucial classes of climatic responses, offering to

understand into the oxidative advancement of climatic organics [49].

The structure is controlled by substance class, along with by certain substance in some
circumstances. The structure should be adjusted in the refinery to follow these restrictions,
also, to fulfilling the efficiency requirements of the fuel. The crucial performance standards for
motor gasoline are studied octane number (R.O.N.) and also motor octane number (M.O.N.).
R.O.N. and M.O.N. are actions of a fuel’s resistance to autoignition under various driving as
well as lots problems and straight associate with the molecular specifications of the fuel [9].
European requirements call for motor gasoline to have a minimal both R.O.N. and M.O.N.
value while countries like the United States control just the roadway octane number (2 R.O.N.
+ % M.O.N.) as a solitary worth. The last is less complicated to accomplish by refining, given
that there is no octane giveaway to fulfill the constricting octane number, R.O.N. or M.O.N.
[42].

To discuss the refining obstacles connected to the structure of motor gasoline, it works to check
out the various compound classes in connection with the octane number needs of motor-

gasoline [42].

Aromatics and also fuel oxygenates are ‘‘Octane positive’’ because they have greater octane
numbers compared to are needed by motor gasoline requirements. Olefins usually are practical
““‘Octane neutral’’, being close to the octane numbers needed by motor gasoline specs. It ought
to be kept in mind, however, the octane varieties of olefins are framework reliant, with straight
a-olefins having reduced octane numbers compared to branched inner olefins. Aromatics
oxygenates and also olefins are all controlled as well as it suggests that motor gasoline has to
have a minimum of 32 % paraffin. The octane values of paraffin are quite structured vulnerable,
making the top quality of the paraffin the crucial to motor gasoline refining. Paraffin octane
number enhances with raising the degree of dividing and decreasing carbon number. It remains
in precept feasible to make high octane paraffin, yet it calls for extremely particular conversion

innovation.

Moreover, the paraffin are hardly ever separated in a refinery as well as some conversion
modern technologies co produce reduced octane paraffin in combinations with high octane
substances, for example, catalytic reforming. This reforming makes it difficult in technique

session to attain a highoctane worth for all the paraffin in a refiner [42].
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2.4. Ethanol

Ethanol has the potential to minimize the amount of carbon dioxide released at the end of
combustion compared to renewable and conventional fuels [50]. For this purpose, up to 10%
by volume of normal gasoline is used in today's vehicles [51]. This is an important factor in
determining both the cost and the environmental impact of other fuel blending options [33, 52].

After the discovery of tetra-ethyl leads (T.E.L.), it had the ability to improve the combustion
quality of the gasoline in the combustion problem with the same purpose before more than 50
years of ethanol. Finally, the negative health consequences of T.E.L. have led to the prohibition
of the use of this component in gasoline in several countries. The use of alternative

hydrocarbons has come to the fore with such interventions [51].

Ecological issues have resulted in the need to include oxygenates to conventional gasoline. For
example, methyl tertiary butyl ether (M.T.B.E.) is an oxygenated substance put to gasoline to
enhance air quality as part of the United States Federal Clean Air Act [50]. In the United States
and various other parts of the world, methyl tert-butyl ether (M.T.B.E.) was approved as one of
the most cost effective oxygenate [51]. Regrettably, M.T.B.E. went into groundwater in some
locations of the United States, and its extremely reduced limit for taste and odor have provided

the water unfavorable for human intake.

Additionally, In some locations of the United States, citizens have suffered from a range of
health impacts from direct exposure to emissions from M.T.B.E blended gasoline such as sore
eyes headaches, nausea, dizziness and breathing inflammation [50]. The elimination of
M.T.B.E. opens up space for an ecologically appropriate high octane part for gasoline and also
is a crucial driving pressure in the look for alternate elements. Ethanol is becoming as the
additive to load the M.T.B.E. space as well as it is being phased right into California and the
other of the U.S.A. where oxygenated fuels are called for [52, 53].

ASTM D 4814 specify the different classes of gasoline requirements for vapor pressure,
distillation, and also for vapor lock security. A section of the total table from ASTM D 4814
provides a suggestion of the numerous gasoline requirements needed for various regions of the
United States at various times of the year. Greater than 20 unique volatility classes see in the
full ASTM 4814 table. Integrating these 20 classes with three various octane qualities returns
60 various “gasoline”. In enhancement to ASTM categories, the 1990 Clear Air Act
Amendment accredits EPA as well as state federal governments to enforce policies on gasoline

to minimize vehicular discharges. These ecological policies bring about an entire classification
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of various gasoline: reformulated, standard, oxygenated, low R.V.P., reduced sulfur, and so on.
This intricacy has resulted in the term “boutique” gasoline. The enhancement of oxygenates at

numerous degrees complexes the scenario also further [52].

Ethanol appears to be the oxygenate of selection as M.T.B.E. encounters substantial pressures
and also state restrictions because of the ecological threats [40]. For instance, decreases in 0zone
concentrations varying from 14 to 55 % were simulated. And particularly for air monitoring
stations in the Sao Paulo city in September 2004 on examining a theoretical boost in the
ethanol share of overall “gasoline+ethanol” intake from 34 % of range took a trip in the base

case to 97 % in the simulated case [9].

Due to the instability of the mixture of ethanol with water, it has been shown that it should not
be mixed with gasoline for various purposes. Even after a certain period of time, even if the
mixture is not able to be burned in the engine after a certain period of time due to the
deterioration in the homogeneity of burning problems with problems such as transport with
transport trucks are mixed with gasoline. The problem of not interfering with gasoline from the
beginning of ethanol is a logistical problem because of the water that is exposed to it. In the
case of unconscious mixing processes, problems such as the rise of water to the surface due to
phase separation from ethanol may lead to the nomenclature of gasoline, such as a fugitive,

especially after the mixture [40].

The solution of the majority of refiners is to change M.T.B.E. with ethanol to satisfy the oxygen
demands of Oxy fuel and also R.F.G. The using of ethanol in Oxyfuel and R.F.G. (in some
markets; Chicago, California, New York) promoted extra modifications in gasoline structure
by refiners. Initially, much less ethanol is required to fulfill the oxygen minimum demands.
Second, changing M.T.B.E. with ethanol enhances the R.V.P. of gasoline, thus needing refiners
to counter this rise by minimizing the amount of butanes and also pentanes in ethanol containing
Oxyfuel and R.F.G. Third, due to simultaneous modifications in the T 50 and T 90 distillation
temperature levels, refiners need to likewise decrease the percentage of larger gasoline parts
(Cs + aromatics) to satisfy these needs. In general, these adjustments lowered the volume of

gasoline able to be created and enhances expenses [40].
2.5. Oxygenates

Methyl tert butyl ether (M.T.B.E., 2 methoxy 2 methylpropane) and ethanol are the most typical
oxygenate used to raise octane gasoline. M.T.B.E. As in the U.S.A., it is a dominant component

in Europe; In addition to its negative impact on the environment, its use is limited due to its
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high solubility in water as well as the deterioration agents involved in the environmental

problems [43].

Therefore, the use of ethanol-formulated gasoline is an important factor in reducing the

ecological problem [43].

Excluding ethyl tertbutyl ether (E.T.B.E.), the other oxygenates were removed from the
gasoline of R.V.P. and it is also known to cause a significant increase in evaporative discharge
from the vehicle fueling system and during refueling. Considering that these oxygenates are
high molecular weight substances, the increase of isoparaffins, such as reduced volatility,
reduced the R.V.P. of gasoline. Similarly, increasing the toluene also reduced the R.V.P. of the
combination. Considering high molecular weight and low steam pressure. When the oxygenates
are combined with gas, they have a significant effect on the vapor pressure. In addition,
oxygenates are more resistant to heating, i.e. they can be defined as compounds that produce a
strong environmental effect, with larger amounts of carbon monoxide (CO) and unburned
hydrocarbons (HCs) [52]. Ethanol, on the other hand, is environmentally friendly and, at the
same time, capable of minimizing carbon dioxide discharges compared to conventional fuels.

In addition, ethanol is available in vehicles up to 10% by volume [52].
2.6. M.T.B.E.

The most helpful forensic application of M.T.B.E. remains in regards to its concentration
gradients or spatial circulation in groundwater, which can disclose several sources/releases of
the M.T.B.E. [40].

2.7. T.B.A.

The use of T.B.A. became more widespread in the widespread use of gasoline after the US
Environmental Protection Agency allowed it in 1979. The determination of the concentration

of gasoline in the gasoline has been determined by the same agency [40].
2.8. Fuel Dyes

Identifying the existence, lack, or a combination of these dyes can be of great wonderful utility
in instances where one has to separate in between or amongst possibly comparable fugitive
petroleum products [54]. One constraint of dependence on fuel dye information for forensic
objectives is the reported sensitivity of these dye substances to ecological weathering. Hence,
the lack of noticeable dyes in a fugitive gasoline does not always imply that the compound (s)

was not originally existing in the fresh fuel. Under some problems (e.g., clay rich soil and also
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considerable NonAqueous Phase Liquids, N.A.P.L. mass), nevertheless, dyes can continue the

subsurface environment for several years [40].
Comments

The Fuel gasoline uses for transportation yet it requires to the control of its distillation
specifications commonly before and after usages. When it makes some mechanical and
environmental troubles in vehicles use fuel needs to analyze in which sold. The distillation
properties of gasoline which consist of some additives affect some environmental issues. This
subject warns the fuel oil producers and also consumers to focus on some useful strategies to
get rid of technical and also environmental problems. To do this, for every manufactured
gasoline A.S.T.M. D 86 requirements should be applied, environmental effects of gasoline has
to verify for A.S.T.M. D 4814 requirements.

Examination Method D 86 for distillation offers one more action of the volatility of fuels. The
examination technique marks the limits for endpoint temperature and also the temperatures at
which 10%, 50%, as well as 90% by volume of the fuel vaporizes. These distillation features,
in addition to vapor pressure and V/L characteristics, influence the adhering to vehicle
efficiency qualities: beginning, driveability, vapor lock, dilution of the engine oil, fuel

economy, and carburetor icing.
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Abstract

Around the world, legislation mandating decreased emissions and lower levels of airborne
pollutants is coming into effect. In response, refiners are implementing operational and
processing changes to reduce sulfur levels in transportation fuels. New technologies are moving
the downstream hydrocarbon processing industry toward cleaner, lower-sulfur transportation
fuels. Sulfur-containing components exist in gasoline range hydrocarbons. A low-sulfur world
doesn’t come cheap, though. Refiners are investing billions of dollars in new units,
upgrades/retrofits and expansions to meet new sulfur and emissions regulations. These
investments will help produce high-quality fuels that meet Euro 4, Euro 5 and Euro 6
specifications. Many refiners around the globe have adopted European standards for fuel
quality, as Europe has been the frontrunner on regulations for low-sulfur, “clean” transportation
fuels. The total sulfur content is an important test parameter in gasoline. The most widely
specified method for total sulfur content is ASTM Test Methods D5453. In this review, the
importance of the total sulfur for the eco-friendly gasoline approaches is presented.
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1. Introduction

Sulfur is a nonmetallic element that is chemically bound into the marine fuel [1, 2]. Sulfur
originates in crude oil and is concentrated into the higher density residual fractions [3, 4]. The
marine residual fuel has capped sulfur content at 4.5 weight percent to begin to control oxides
of sulfur (SOx) [5, 6]. When sulfur is burned in the diesel engine it causes several problems,
primarily in promoting corrosive wear of the piston rings and cylinder liners and by causing
deposits in the ring zone [7-9]. During the combustion process, sulfur dioxide and sulfur
trioxide form in the cylinder [9, 10]. These sulfur compounds then combine with water vapor
forming sulfuric acid and sulfurous, which can cause aggressive corrosion [11, 12]. Among the
various components of FCC gasoline, Cat cracked naphtha is the largest piece of the pie and is

also the primary source of sulfur (See Fig. 1.) [13].

When sulfuric acid vapor leaves the cylinder and contacts low-temperature surfaces of the heat
recovery boiler, the gaseous sulfuric acid condenses and forms highly corrosive (liquid) sulfuric
acid [9, 14, 15]. So, in addition to ring and liner damage [16], the sulfuric acid can attack valve

guides, as well as the cooler parts of the heat recovery boiler [9, 17, 18].

Diesel engines can be designed to prevent low-temperature corrosion by maintaining surface
temperatures above the sulfuric acid condensation temperature, as shown in Fig. 2. [19]. Sulfur
in marine fuels is normally neutralized by using an alkaline (TBN) lube oil additive [20, 21].
The fuel sulfur level should be balanced against the lube oil TBN additives to just neutralize
the sulfur [22-24]. If too much alkaline additive (TBN) is used, a harmful (abrasive) level of
alkaline material is produced that can increase the wear of the cylinder liner and the piston rings

[25, 26]. The average sulfur level in marine fuels today is 2.8-3.0 weight percent

Assessment assays consists of a minimal variety of examinations typically limited to the
unrefined petroleum [27][27]. Based upon released information, there is little agreement
regarding to what makes up an assay of evaluation [28-30]. As the information are mainly for
intra-company usage, there is little driving force for a basic plan. At a bare minimum, API
gravity, as well as sulfur content, are typically figured out, even though it works to likewise

understand the pour point, which offers some fundamental u [31-34].

Understanding of the unrefined petroleum's aromaticity [28-30, 35-39]. A more comprehensive
evaluation assay could contain the adhering to examinations: API gravity (or density or relative
density), total sulfur content, pour point, viscosity, salt content, water and sediment content

[28]. Private refiners might replace or include examinations (e.g., trace metals or organic
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halides) that might be crucial to their procedures [28]. To combine the outcomes from these
couple of examinations of a present unrefined petroleum batch with the archived information
from an extensive assay, the procedure designer will have the ability to estimate typically the
product slate that the crude will produce as well as any type of remarkable handling issues that

might become across [28, 40, 41].

The sulfur content of an unrefined petroleum, which might differ from less compared to 0.1 to
over 5 mass-%, is among its most essential quality associates [42, 43]. Sulfur compounds add
to refinery devices corrosion as well as catalysts poisoning, trigger corrosiveness in refined
products, and add to ecological contamination as an outcome of the fuel products burning [44-
46]. Sulfur compounds might be exist throughout the boiling unrefined oils variety although,
generally, they are more plentiful in the heavier fractions [47-49]. In some unrefined oils,
thermally labile sulfur compounds could break down on heating to create hydrogen sulfide that
is extremely harmful and also very corrosive [50-53]. Till recently, among the most commonly
utilized techniques for total sulfur content decision has been a sample in oxygen combustion to
transform the sulfur to sulfur dioxide [54], which is gathered as well as consequently titrated
iodometrically or spotted by nondispersive infrared (ASTM Examination Technique D1552,
Sulfur in Petroleum Products (High-Temperature Method)) [55]. An also older technique
including burning in a bomb with succeeding gravimetric determination of sulfur as barium
sulfate (ASTM Examination Technique D129 [56], Sulfur in Petroleum Products (General
Bomb Method)) is not as precise as the high-temperature technique, potentially since

disturbance from the sediment naturally existing in unrefined petroleum [56].

The older, classic methods are being replaced by two instrumental techniques (ASTM
Examination Technique D4294, Sulfur in Petroleum Products by Energy-Dispersive X-Ray
Fluorescence Spectroscopy as well as ASTM Examination Technique D2622, Sulfur in
Petroleum Products by X-Ray Spectrometry) [57, 58]. D4294 has a little better repeatability
and also reproducibility compared to the high-temperature technique as well as is versatile to
field applications; nevertheless, this technique could be impacted by some typically existing
disturbances such as halides [57]. D2622 has also much better accuracy and also the ability of
fixing for disturbances, however, is presently restricted to laboratory usage, and also the devices
is a lot more costly [58]. Hydrogen sulfide and mercaptans are typically identified by

nonagueous potentiometric titration with silver nitrate [59-61].
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2. Methods
2.1. Sulfur Content

Total sulfur content of aviation gasoline is limited to 0.05 % mass maximum because most
sulfur compounds have a deleterious effect on the antiknock effect of alkyl lead compounds
[62-64]. If sulfur content were not limited, specified antiknock values would not be reached for
highly leaded grades of aviation gasoline [65-67]. The sulfur content measures due to the
ASTM examination for sulfur in petroleum products (lamp technique) (D1266/1P 107) or due
to the ASTM examination for sulfur in petroleum products by X-Ray spectrometry (D2622/IP
447) [58, 68]. Fig. 3. reveals large reduction in sulfur from Euro 3 to Euro 4 requirements and

from the base case to Euro 2 requirements [69].

In the engine system, the various metals is done a corroding action by some sulfur compounds.
Effects vary via the sulfur compound chemical type present. Hydrogen sulfide and elemental
sulfur are particularly implicated. Because copper is considered the most sensitive metal, fuel
corrosivity toward copper is measured in ASTM Examination for detection of copper corrosion
from petroleum products by the copper strip examination (D130/IP 154) [70].

In this section, various examinations techniques for total sulfur determination explained. In

addition, some of the engine operating problems related sulfur content are discussed.
2.1.1. ASTM D 1266

This examination technique covers the overall sulfur in fluid oil products resolution in mass
(%) concentrations from 0.01 to 0.4. In this examination, an unique sulfate evaluation treatment

is explained and allows the sulfur in concentrations decision as reduced as 5 mg/kg [68].

In examination technique D2784, the similar lamp technique for the sulfur decision in liquefied
oil gas is explained [71]. To use the high-temperature technique (examination technique D1552)
or the high-pressure decay device technique (examination technique D129) the quartz tube
method (IP 63) for the sulfur decision in larger oil products that could not be burned in a lamp,
[55, 56, 68].

2.1.1.1. Summary of the D 1266

The sample is burned in a shut system, utilizing an appropriate lamp as well as an synthetic
environment made up of 70 % CO2 and 30 % oxygen avoiding nitrogen oxides development.

The sulfur oxides are oxidized and are soaked up to sulfuric acid by methods of hydrogen
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peroxide solution which is then purged with air to eliminate liquefied CO.. In the absorbent
sulfur as sulfate is identified acidimetrically by titration with basic sodium hydroxide solution,
or gravimetrically by precipitation as barium sulfate. Additionally, the sample might be burned
in air, in the absorbent, the sulfur as sulfate being identified by precipitation as barium sulfate

for weighing [68].

In the lack of acid-forming or base-forming components, besides sulfur, results by the
volumetric and also gravimetric finishes explained are comparable within the limits of accuracy
of the technique [68].

For sulfur components below 0.01 mass %, it is required to identify the sulfate material in the

absorber solution turbidimetrically as barium sulfate [68].
2.1.2. ASTM D 2622

This test technique covers overall sulfur the decision in oil and also oil products that are either
liquid at ambient conditions, soluble in hydrocarbon solvents, or liquefiable with moderate
warm and single-phase. These products could consists of diesel fuel, kerosene, jet fuel, residual
oil, various other distillate oil, naphtha, hydraulic oil, lubricating base oil, unleaded gasoline,

unrefined petroleum, biodiesel, and also gasoline-ethanol blends [58].

This test technique variety is between the 3 mg/kg total sulfur The Pooled Limit of Quantitation
(PLOQ) value (computed by treatments constant with practice D6259) and the greatest level
sample in the round robin, % 4.6 weight of total sulfur [58, 72].

Instrumentation covered by this examination technique could differ in sensitivity level. The
examination technique applicability of at sulfur concentrations below 3 mg /kg might be
identified on an private basis for WDXRF tools efficient in determining lower degrees,

however, accuracy in this examination technique does not use [58].
2.1.2.1. Summary of the D 2622

The sample is put in the X-ray beam, and also the sulfur Ka line top strength at 0.5373 nm is
determined. The history strength, determined at a suggested 0.5190 nm wavelength (0.5437 nm
for a Rh target tube) is deducted from the top strength. The resultant net checking rate is after
that compared with a formerly prepared calibration curve or formula acquiring the sulfur
concentration in milligrams per kilogram (mg/kg) or mass percent [58].
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2.1.3. ASTM D 130

This examination technique covers the corrosiveness decision to copper of air travel turbine
fuel, automobile gasoline, aviation gasoline, cleaners (e.g. Stoddard solvent), kerosene, diesel
fuel, lubricating oil, natural gasoline, and also distillate fuel oil or various other hydrocarbons
having a vapor pressure no higher than 124 kPa (18 psi) at 37.8°C [73]. (Some products,
especially natural gasoline, might have a much greater vapor pressure compared to would
typically be particular of automobile or aeronautics gasolines. Therefore, workout severe care
to make sure that the pressure vessel utilized in this test examination and also including various
other high vapor pressure products or natural gasoline are not put in the 100°C (212°F) bath.
Samples having 124 kPa (18 psi) vapor pressures in extra might establish adequate pressures at
100°C bursting the pressure vessel. Sample for any type having more than 124 kPa (18 psi)

vapor pressure, usage examination technique D1838) [74].
2.1.3.1. Summary of the D 130

A copper strip of refined is submerged in a particular the sample quantity being warmed and
evaluated under temperature level conditions and also time that are particular to the material
class being evaluated. At the heating duration end, the copper strip is eliminated, cleaned, the

color and tarnish degree analyzed versus the ASTM copper strip corrosion regulation [70].
2.1.4. ASTM D 6334

This examination technique covers the measurable resolution of overall sulfur in gasoline-
oxygenate blends and regular gasoline. PLOQ was figured out to be 15 mgkg. Consequently,
the useful variety for this examination technique is from 15 mgkg to 940 mgkg [75].

This concentration variety is based upon that utilized in the interlaboratory round robin, which
reveals that the sulfur variety in the round robin samples was from 1.5 mg /kg to 940 mg /kg;

nonetheless, below 15 mg kg, the reproducibility comes close to 100 % of the concentration
[75].

2.1.4.1. Summary of the D 6334

The sample is put in the X-ray beam, as well as the sulfur Ka line strength at 5.373 A is
determined. The strength of a corrected history, determined at a suggested wavelength of 5.190
A, or if a thodium tube is made use of, 5.437 A, is deducted from this strength. The resultant
net checking rate is after that compared with a formerly prepared formula or calibration curve

acquiring the sulfur (in mg/kg) concentration. (Exposure to extreme X radiation amounts is
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damaging to health. As a result, it is essential that the operator prevent subjecting any type of
component of his/her individual, not just to main X-rays, but also to additional or scattered
radiation that may be existing. The X-ray spectrometer need to be run conformity with the

policies of suggestions controlling the using ionizing radiation) [75].
2.1.5. ASTM D 4294

This examination technique covers the overall sulfur resolution in oil and also oil products that
are single-phase as well as either soluble in hydrocarbon solvents or liquid at ambient
conditions, liquefiable with moderate warm [76-79]. These materials could consists of jet fuel,
diesel fuel, other distillate oil, kerosene, naphtha, lubricating base oil, hydraulic oil, residual
oil, crude oil, gasoline-ethanol blends, biodiesel, unleaded gasoline as well as comparable oil
products [76, 80].

Oxygenated fuels with methanol or ethanol components surpassing the limitations provided in
this requirement could be handled utilizing this examination technique, however, the accuracy
and also predisposition declarations do not use (see ASTM D 4294) [76, 81].

For samples with high oxygen components (>3 % weight) sample dilution or matrix

coordinating need to be carried out to guarantee precise outcomes [76, 81].
2.1.5.1. Summary of the D 4294

The sample is put in the light beam produced from an X-ray tube [76]. The resultant thrilled
particular X radiation is determined, and also the built-up matter is compared to matters from
formerly prepared calibration samples acquiring the sulfur concentration mass percent or in
mg/kg, or both. Three groups calibration samples minimum are needed covering the
concentration variety: 0.0 mass % to 0.1 mass %, 0.1 mass % to 1.0 mass %, as well as 1.0 mass
% to 5.0 mass % sulfur [76]. (see technique D7343 in detail) [82].

2.1.6. ASTM D 7039

This examination technique covers the overall sulfur decision by monochromatic wavelength-
dispersive X-ray fluorescence (MWDXRF) spectrometry in diesel fuel, single-phase gasoline,
refinery procedure streams utilized to mix diesel and gasoline, gasoline-ethanol blends,

biodiesel blends, kerosene, biodiesel, as well as jet fuel[83-86].
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Volatile samples such as light hydrocarbons or high-vapor-pressure gasolines could not satisfy
the specified accuracy as a result of the evaporation of light elements throughout the evaluation
[83].

2.1.6.1. Summary of the D 7039

A monochromatic X-ray light beam with a wavelength appropriate thrilling the sulfur K-shell
electrons is focused into an examination sampling included in a sample cell [83]. The
fluorescent Ka radiation at 0.5373 nm (5.373 A) produced by sulfur is gathered by a repaired
monochromator (analyzer). The sulfur X rays strength (counts each second) is determined
utilizing an appropriate detector as well as transformed to the sulfur concentration (mg/kg) in

an examination sampling utilizing a calibration formula [83].

Excitation by monochromatic X rays decreases history, simplifies matrix adjustment, as well
as enhances the signal/background proportion contrasted to polychromatic excitation utilized
in traditional WDXRF methods [85]. (Exposure to extreme amounts of X-ray radiation is
harmful to health. The operator requires taking suitable activities preventing to subject any
his/her body type, not just to main X rays, however likewise to scattered radiation or additional
that may be existing. The X-ray spectrometer need to be run in conformity with the policies

regulating the ionizing radiation usage) [83].
2.2. Maximum Sulfur Content

Current ASTM and CGSB standards allow 0.10% mass maximum sulfur content for nonleaded
gasoline, but lower levels are required by various sulfur regulations (California or Canadian
Sulfur in Gasoline regulation) [87-92]. Sulfur is oxidized to SOz over the catalyst, so essentially
competes for reactive sites that could otherwise be effective for HC, CO or NOx conversion
[92].

This appears as a temporary decrease in catalyst activity at high fuel sulfur levels and leads to
the requirement for ultra-low sulfur fuels to attain ultra-low emissions. Sulfur can be indirectly
limited by RFC composition controls based on emission models (U.S. EPA complex model,
BC TOx/NOx, and Canadian CEPA Benzene in Gasoline regulation Benzene Emission Number
(BEN) requirements) (See Fig. 4.) [93-96]. The sulfur concentration in gasoline referred to in
BEN must be measured in accordance with after December 31, 2003, the American Society for
Testing and Materials method D 5453-00, Standard Test Method for Determination of Total
Sulphur in Light Hydrocarbons, Motor Fuels and Oils by Ultraviolet Fluorescence [97].
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According to Table 1, the sulfur range for gasoline must be within the range between 0 and 100
mg/kg. In addition, Fig. 5. is shown how calculate model parameters for EPA regulations as in
BEN for Canada.

Both Canada and the United States have regulations in place that will reduce sulfur to 30 ppm
YPA phased in between 2002 and 2010, coincident with introduction of low emission Tier 2
vehicles [98-101].

2.3. Effect of Reformulated Gasoline (RFG) on Emissions from Current and Future
Vehicles

Sulfur was the only fuel property studied in Phase | whose reduction caused significant
reductions (16~, 13%, and 9~) in all three exhaust emission constituents, NMHC, CO, and NOx
[102-106] (See Fig. 6. and 7. for impact of RFG comparison to MTBE combustion on
emissions) [107]. Fig. 6. reveals the change in the certain hydrocarbon species mass emission
rates between Reformulated gasoline to contain nonoxygenated Reformulated gasoline and
MTBE, based on engine-out vehicle dynamometer emission tests to use Bag 1 results and FTP
composite results (1996, Auto/Qil) [107]. Fig. 7. exhibits a similar comparison between vehicle
emissions for MTBE with RFG relative to nonoxygenated Reformulated gasoline, on condition
for vehicle exhaust (tailpipe) emissions for Federal Tier 1 (1994 MY) vehicles [107].
Furthermore, it was observed that the sulfur effect was reversible when changing from one
sulfur level to another and that the effect took place only in the catalytic converter (engine-out
emissions were unaffected) [108, 109]. (See Fig. 8. and 9. for reformulated gasoline emissions
and regulations) [110, 111].

Reducing fuel sulfur level improved converter efficiency [112, 113]. For NOx, reducing olefin
and sulfur content caused statistically significant reductions in NOx, whereas reducing T90
caused a statistically significant increase [114-119]. Gasolines with lower sulfur content could
help improve the in-use performance of catalytic emission control systems which are
"poisoned” by sulfur [120-122]. Refinery catalyst performance and life may also improve if

more sulfur is removed to produce low sulfur gasolines [123].
2.4. Fuel Factors to Influence Deposits in Intake Portion of Gasoline Engines Fuel System

The caustic treating processes used for sulfur removal were designed so that these compounds
were allowed to remain in the finished gasoline [124]. Shortly after World War 11, an epidemic

of intake deposition complaints was experienced [125]. Field studies by research and
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subsequent laboratory investigations indicated that these difficulties were probably attributable
to the presence of acid oils [126]. In most instances, the trouble was eliminated by the
application of more efficient caustic washing for the removal of phenolic material as well as

some of the more acidic sulfur compounds [127, 128].

There has been a large reduction in the amount of high-sulfur and high nitrogen thermal
gasoline in our total gasoline pool (real bad actors like coker and vis-breaker gasoline have in
most cases been removed and are now used as charging stock for other refining units) [129,
130].

Hydrogenation processes which remove sulfur, nitrogen, oxygen, olefins and metallic
impurities have come into widespread use in the past three years [131-135] (See Fig. 10. and

11. for of the first stage and quench section of gasoline hydrogenation process) [136].

Where mercaptan sulfur and unwanted oxygenated compounds have been a problem in a
modest number of cases, efficient extraction processes utilizing caustic soda with solubilizing

agents have been placed in operation to remove these contaminants (see Fig. 12.) [13, 137-139].
2.5. Sulfur Reduction

Sulfur will likely be reduced in reformulated gasoline because sulfur affects the efficiency of
catalytic converters [112, 140]. The major source of sulfur in the gasoline pool is catalytic
cracked gasoline [141, 142]. An effective way reducing sulfur is hydrotreating the catalytic
cracked gasoline tail end because half of the sulfur is concentrated in the last 10% of a normal
heavy catalytic cracked gasoline fraction [143-147]. A fixed bed reactor (Fig. 13(a).) was used
carrying out the reduction, hydrodesulfurization, and aromatic hydrogenation tests. Catalysts
were packed into the reactor column shown schematically in Fig. 13(b). [148]. Fig. 14. shows
that sulfur content in the treated gasoline was less than 12 ppm for around 100 h. But, more
work is must accordingly regenerate the catalyst reducing sulfur level down 1ppm or lower
[148]. Ma et al. studied the removal of sulfur by using Ni-based solvent and they reported a 150
mg/L sulfur reduction in a hydrotreated naphtha at 350 °C with a few amount of hydrogen

environment [149].
3. Conclusions

Due to the environmental regulations, the sulfur concentrations in gasoline should be lower than
10 ppm. Gasolines with lower sulfur content could help improve the in-use performance of

catalytic emission control systems which are "poisoned" by sulfur. Refinery catalyst
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performance and life may also improve if more sulfur is removed to produce low sulfur
gasolines. To remove sulfur compounds and benzene from gasoline zeolite catalyst is using as
an alternative solution. ExxonMobil declared to raise manufacturing ultra-low sulfur gasolines
approximately 6400000L/day, the company will start to establish SCANfining flexible
technology to produce according to EPA’s Tier 3 for gasoline specifications by 2018 in
Beaumont refinery. The new desulfurization technologies for gasoline such as pervaporation
process which is based on a membrane offering a wide range variety of advantages compared
to conventional separation process. This technology also presents low cost and effectively
operable and offers an easy maintenance options. And the liquid phase mixtures are easily
separated from the gasoline by this technique without hydrogen consumption, and lower octane
reduction. Some computational methods for discovering desulfurization mechanism in gasoline

are still studied.
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Abstract

In this study, a single-rotor 13B-MSP (Multi Side Port) Wankel-type port fuel injection, 4-
stroke and research engine and a single cylinder Antor 3LD 450, port fuel injection Sl engine
with three different type combustion chamber are used. Both engines were compared in same
load, speed and excess air coefficient conditions. The indicator diagrams and cycle analysis
were compared at 3 bar Pme load and 2000 rpm engine speed.

As a result; maximum pressure values were close to each other for the three combustion
chamber geometries in reciprocating engine. The difference between them was due to flow and
flame formation in the combustion chamber. In the Wankel engine, the maximum pressure
value is lower than the others in test results and far away from the TDC. The reason for this is
that the combustion speed is lower and it shifts toward the expansion stroke. This is due to low
turbulence intensity during the compression process.

Keywords: Rotary engine, Wankel engine, Sl engine, Indicator diagram, Cycle analysis

1. Introduction evaluation of engine parts, it does not have
a slider-crank mechanism compared to the
The Wankel engines which are in the class reciprocating engine, therefore it has a
of rotary engine, operate according to the simpler structure and less parts.
four-stroke  operating  principle. Its Other advantages of the Wankel engine can
operation is different in structure and be listed as lighter weight, lower NOXx
principle compared to reciprocating emissions and more power production than
engines. Only rotor and eccentric shaft act reciprocating engine with same weight. In
as moving parts in the Wankel engine. addition, it operates with lower vibration
Compared to conventional piston engine; due to absence of reciprocating masses such
there is no valve assembly for intake and as pistons and connecting rods [1-7].
exhaust process. Also, the Wankel engine is
provided with charge change through the 2. Experimental Study
ports on the side housing. The opening and
closing times of the ports in side surfaces is Antor 3LD 450 engine is used in
limited by the moving rotor. The rotor reciprocating engine experiments [8-10].
provides rotational motion due to the General information about the engine is
pressure generated by the burning gases. By shown in Table 1. The engine is a single-
the way, the power is transmitted directly to cylinder direct-injection diesel engine in
the output shaft. Wankel engines can reach original. The process of converting the
high rotational speeds. In addition, in compression ignition engine to the spark
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ignition engine was carried out by Kutlar

[9].

The pistons with three combustion
geometries (MR, cylindrical bowl, Flat)
were assembled and tested in conventional
piston engine (Figure 1).

b) c)
Figure 1. Produced MR (a), cylindrical bowl (b)
and flat (c) combustion chamber geometries.

The other engine is Mazda 13B - MSP
(Multi-Side Port) Wankel engine which
wwas used in the experiments. The engine
is originally twin-rotor. After conversion, it
was transformed into a single rotor test
engine [7]. The basic and geometrical
properties of the engine are given in Table
2. Cylinder pressure measurement in
reciprocating engine is done with AVL
brand GU13Z-24 piezoelectric sensor,
which was adapted to the spark plug. In
Wankel engine, Kistler brand
6118BF107Q01 piezoelectric sensor has
been used with a spark plug.

Table 1: General characteristics of piston engine

[8].

Term Value Unit

Engine name Antor 3LD -
9 450

Number of cylinders 1 -

Stroke X Dimension 80X85 mm

Compression ratio 10,5 -

Stroke volume 454 cm?®

Connecting rod 145 mm

length

Ratio of crank radius

to connecting rod 0,275 -

length

Intake valve opening 16 KMA

advance
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Intake valve closing

40 KMA
delay
Exha_ust valve 40 KMA
opening advance
Exhaust valve closing 16 KMA

delay

Table 2. Basic and geometric datas related to 13B
MSP Wankel engine.

Term Value Unit
R (Rotor corner- 105 mm
center length)

e (Eccentricity) 15 mm
b (Rotor width) 80 mm
¢ (Compression 10 -

ratio)

3. Experimental Results

The indicator diagrams and the cycle
analysis of the Wankel test engine were
compared with the test results of different
combustion chamber geometries in the
reciprocating engine. This engine has single
cylinder and port fuel injection system. In
the reciprocating engine experiments,
different combustion chamber geometries
(MR, Cylindrical bowl, Flat) with a
compression ratio of 10.5 were used. The
comparison was made in terms of the load
and speed of the two types of engine and the
selected point is the 3 bars break mean
average effective pressure and 2000 rpm
engine speed.

In conventional piston engine, maximum
pressure values are close to each other in all
three types of combustion chamber
geometry. The difference in the combustion
chamber geometry affects the flow and
flame formation.

The maximum pressure of the Wankel test
engine is much lower and is more distant
from the TDC (Figure 2). This indicates that
the combustion speed of the Wankel engine
is lower than the conventional piston engine
and shifts towards the expansion stroke.
Previously, Cold flow models by Tagkiran
showed that the turbulence intensity in the
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combustion chamber is very low during
compression [11].

When the charge change processes of
engines are examined, the effect of load
level was investigated on pumping losses.
The pressure level remained relatively
constant due to constant start of the intake
after the TDC in the Wankel engine and the
intake port remained fully open in most of
the intake times (Figure 3).

Heat release rate is shown cumulatively for
the engines at average effective pressure of
3 bar (Figure 4). The cumulative heat
release rate of the three combustion
chamber geometries is close to each other.
The combustion velocity is lower than the
others in the Wankel engine. Due to larger
stroke volume of the Wankel engine, the
cumulative heat release rate is by far the
highest.

In order to eliminate this difference rising
from the difference of the stroke volume, all
engine types are normalized by converting
to 1 liter stroke volume and cumulative heat
release is shown in Figure 5. The Wankel
engine has a significantly lower burning
velocity and a cumulative amount of heat is
15-20% higher than conventional piston
engines.

40 . v2000 rpm S_Qar
35 —Mr |
55 Cylindrical bowl |
—Flat |
A 4
% —— Wankel

o wn
|

0 02 04 06 08 1 1,2
Combustion chamber volume (cm?3)

Combustion chamber pressure (bar)

Figure 2. Comparison of p-V diagrams for Wankel
engine and different combustion chamber
geometries.
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Figure 3. Comparison of charge change process for
Wankel engine and different combustion chamber

geometries.
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Figure 4. Comparison of cumulative heat release
quantities at 3 bar load.
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Figure 5. Comparison of the normalized amount of
cumulated heat release at 3 bar load.

4. Conclusions

Three different combustion chamber
geometries (MR, Cylindrical bowl, Flat) of
3LD 450 conventional piston engine with
13B MSP single rotor Wankel engine is
tested and compared. Experiments are made
at engine speed of 2000 rpm, 3 bar BMEP
load and A = 1 condition.

The maximum pressure values of the three
different combustion chamber geometries
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were close to each other. The difference
between these results was due to the
geometry affecting the flow and flame
formation.

In the Wankel test engine, the maximum
pressure values were lower than the others
and more distant from the TDC. This is
because of the lower combustion velocity
and as a result, the process shifts toward the
expansion stroke. On the other hand, the
lower turbulence intensity in compression is
another factor.

The pressure level remains relatively
constant due to the greater opening time of
the intake port in the Wankel engine.

The cumulative heat release amount for
each of the three combustion chamber
geometries was close to each other. Due to
larger stroke volume of the Wankel engine,
the cumulative heat release rate is by far the
highest.

When the stroke volumes are 1 liter in both
engines, the burning velocity of the Wankel
engine is lower and the cumulative heat
release is about 15 - 20% higher than the
others.
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Abstract

Hydrothermal decomposition of leek stalk was investigated in a batch autoclave reactor
system with 0.1 L of internal volume, in subcritical water with and without catalyst. Production
conditions of levulinic acid (LA) and other valuable chemicals were studied to reach maximum
yields. The effect of reaction time (20, 40 and 60 minutes), pH (1.0, 1.5, 2.0, 2.5), reaction
temperature (140, 160 and 180 °C), were investigated. LA production with hydrolysis,
dehydration and rehydration are carried out in the presence of H2SO4, HNO3 and Zn(NO3)a,
Al(NO3)3, and Cr(NOgs)s. The changes in gas, liquid contents according to the reaction
parameters were determined by analyzes with HPLC (High Performance Liquid
Chromatography) and TOC (Total Organic Carbon Analyzer). LA, formic acid, acetic acid and
5 HMF yields in g/kg biomass and LA conversions were calculated. The highest yields of LA
were obtained at 180°C, and pH of 0.5 with H>SO4 addition at the end of 30 min of reaction
time as 77.21 g LA/kg leek stalk. The yields of formic acid and acetic acid were found as 50.84
and 15.26 g/kg leek stalk, respectively.

Keywords: Hydrothermal decomposition, hydrogen, sub-critical water, biomass, levulinic

acid
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Introduction

The Lignocellulosic biomass is formed at a huge amount, approximately 1.7-2.0x10! tonnes
around world annually. Yearly biomass potential of Turkey is 32 million tones oil equivalent
(mtoe) [1] gives present and projected biomass energy production between 1990-2030.
Intensive studies are done to utilize this renewable and abundant resource as gaseous and/or
liquid biofuels and valuable chemicals by thermochemical and biochemical processes and
valuable chemicals. Lignocellulosic biomasses are composed of cellulose, lignin and
hemicellulose as basic constituents and also include extractives. Extractives have non-structural
(on-chemically bound components) components such as nitrate, nitrites, protein, ash,
chlorophyll, inulin and waxes. In some plants amount of these component is about 40%. Inulin
is renewable, natural fructan, which is biodegradable, and important feedstock for valuable
chemicals. Itis converted to HMF and LA in a molten salt hydrate medium which is appropriate
for dehydration reactions [2]. Levulinic acid (LA) is one of the most versatile and significant
chemical for industry as a building block produced from biomass. Various feedstocks are used
to obtain levulinic acid such as monomers of carbohydretes, polysaccharides, HMF/5SHMF,
inuline, starch-containing wastes [3-10]. It can be found in garlic, onion, artichoke, leek stalk

in different quantities. It’s an ideal source of valuable chemicals.

LA is a platform chemical and can be utilized to produce a number of bio-chemicals including
chemical intermediates, resins, polymers, lubricants, coatings, herbicides, pharmaceuticals and
flavouring agents, solvents, anti-freeze agents and biofuels [11-14]. Manufacturing of bio-
based levulinic acid is performed by hydrolysis, dehydration and rehydration by acid catalysts
and bio-refining. LA is expected to play an important role in the targeted bio-refinery concept.
Determination of suitable biomass for the production of LA at the lowest possible cost and high
yield requires determination of suitable catalysts for hydrolysis-dehydration reactions and
optimization of reaction conditions. Studies have been going on since about 15 years
increasingly [15] . The main parameters affecting LA vyield are; raw material type and
concentration, catalyst type and concentration, solvent type, reaction time and temperature, pre-

treatment of biomass and additives.

LA can be manufactured from furfuryl alcohol or maleic anhydride by hydrogenation and
catalyzed hydrolysis reaction in the presence of acid catalyst. The other way of production is
direct hydrolysis of lignocellosic biomass, cellulose or hexoses in acid medium [11]. The
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commercial production of levulinic acid started in an autoclave by A.E. Statley Co. in the 1940s
from starch with HCI [6].
Water is a suitable medium for the decomposition reaction of biomass. Particularly, if
biomass contains large amount of water, it may be utilized into platform chemicals, without
spending high amount of energy. Water has several interesting properties at condition close to
the critical point, such as low viscosity, high solubility of organic substances. Subcritical water
(SCW) is condition of above the boiling point and below the critical point (150°C - 374
°C). For processes like biomass processing, SCW act as a solvent [16].

Materials and Methods

Feedstock and catalyst

Leek stalk has an organic carbon content of 37%, in dry basis, is used as feedstock in all
experiments as a real biomass. It is supplied from Izmir- Turkey and dried naturally in an open
field. Dried biomass was cut small fractions and ground, sieved in basic vibrating screen shaker
(AS200 Basic, RETSCH). The particle size smaller than 0.5 mm was obtained and
characterized. Elemental analysis was made to identify the CHNS/O amounts in ana elemental
analyser instrument (CHNS-932 by Leco, MI, USA). Basic constituents of leek stalk were
determined by Van Soest method and the ratio of cellulose, lignin, hemicellulose and
extractives were found [17]. The proximate, elemental analysis and composition results are
given in Table 3. Amount of leek stalk has been chosen as 1.54 g due to previous studies results
[18] and 20 ml of aqueous catalyst solution was fed to the autoclave reactors. In microwave
reactor amount of leek stalk and catalyst solution was 0.05 g and 2.5 mL respectively. Higher
amount of leek stalk caused a problem in pressure and mixing so 0.05 g was fed to microwave
reactor.

H>SOs (MERCK, 98%), HNOz (MERCK, 98%), and Zn(NOs). (Sigma Aldrich, in
Zn(NOz3)2-6H20 form) , AI(NO3)3 (Sigma Aldrich, Aluminum nitrate nonahydrate, > 98%) and
Cr(NOs3)3, (MERCK, Chromium(III) nitrate nonahydrate, > 98%), were used as catalysts and
the aqueous solutions of them were prepared.

Experimental procedure

Batch autoclave reactor system, consists of a reactor with an inner volume of 100 cm?, heater
and shaker which attached to the heater. The set-up was represented in a previous study [19]
The construction material of autoclaves are stainless steel and can operate at pressure and
temperature up to 50.0 MPa atm and 650°C respectively. The water-catalyst solution and
determined amount of leek stalk is prepared, then placed in the reactor. The cap of the reactor
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is sealed using a seal with no intrusion and N2 gas is passed through the system to remove the
air inside. The reactor is heated at a rate of 8-10 K/min to the desired temperature using heater
and maintained at operating temperature constant with PID controllers during the chosen
reaction time and shaker was turned on and was open until the reaction time ended. After the
experiment is over, autoclaves were cooled in water bath and electric fans to room temperature.
Solid residue was separated by means of filter paper and the aqueous product was diluted for
HPLC and TOC analysis.

Microwave reactor was used at the most appropriate conditions for comparison. The similar
experimental procedure was followed. Due to the small tube volumes of 9mL, used in
microwave reactor, there have been used lower amount of raw materials. In microwave reactor,

system was automatically cooled the tube after the reaction is finished.
The analysis of the aqueous products

The total organic carbon (TOC) content of the aqueous product was measured with a TOC
analyzer (Shimadzu TOC-VCPH, Japan). Levulinic acid, acetic acid, formic acid and HMF
analysis was acquired using high performance liquid chromatography (HPLC-RI Agilent
Technologies, USA) equipped with a refractive index detector and the methods details were

given in Table 1.

Table 1. High Performance Liquid Chromatography (Agilent 1200A) operating conditions

Column Biorad Aminex HPX-87H (300 mm x 7.8 mm.)
Mobile Phase 0.05 % h. H3PO4 (pH:2,25)

Flowrate 0,6 mL/min

Dedector type Refractive Index

Column Temperature 60°C

Dedector Temperature 30°C

Pmax 93 bar

Injection volume 20 uL

Analysis Time 35 min

Table 2. Levulinic acid conversion and TOC results of hydrothermal decomposition reactions
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Reaction

Reactor Temperature Catalyst pH Time Conversion TOC
type (°C) : (%) (LA)  (mg/L)
(min)
Batch 120 H.SOs 05 30 6.318 7030
140 H.SOs 05 30 13.53 8125
160 H.SOs 05 30 19.2 7220
180 H.SOs 05 30 20.86 12580
200 H.SOs 0.5 30 17.65 7295
180 H.SOs 05 10 9.68 11060
180 H.SOs 05 20 18.76 12480
180 H.SOs 05 30 20.86 12580
180 H.SOs 0.5 40 20.03 12340
180 H.SOs 0.5 60 9.51 11180
180 H.SOs 0.5 30 20.86 12580
180 H.SOs 1 30 3.25 10070
180 H.SOs 15 30 1.45 10210
180 AlI(NO3)z 3 30 1.58 12090
180 Cr(NO3)s 3 30 1.52 10460
180 HNOs 1.3 30 6.31 11930
180 H.SOs 0.5 30 20.86 12580
Microwave 180 H.SOs 0.5 30 40.65 -
Table 3. Leek stalk characterization results
Proximate Analysis %
Humidity 9.30
Ash 13.24
Crude Protein 16.04
Composition of Biomass %
Extractive 56.10
Cellulose 30.80
Hemicellulose 7.90
Lignin 4.30
Elemental Analysis %
C 37.0
H 5.76
N 2.32
S 0.48
K 3.23
Ca 1.38
Mg 0.28
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Al 0.14
F 0.13
Cr 0.01
Cu 0.01
Mn 0.01
Zn 0.04

Results

To observe the effect of reaction time and find the most appropriate one, experiments have been
performed during the different length of time (10, 20, 30, 40 and 60 minutes) at constant
reaction temperature of 180°C and 0.5 pH in the first part. In the second part of the hydrothermal
decomposition studies were carried out in subcritical water medium at the reaction temperature
range of 120, 140, 160, 180 and 200°C in batch reactors at pH of 0.5 and reaction time of 30
min. Third part of experimental studies were done at various pH levels of 0.5, 1.0 and 1.5. The
studies were carried out in the presence of catalyst (H2SO4) at a solid/liquid ratio of 1.549 leek
stalk/20 mL aqueous solution in the first, second and third part at batch autoclaves. H.SO4 was
added into water/feedstock solution to obtain pH of 0.5 for effective decomposition of the leek
stalk. Various catalysts (HNOs, Al(NO)s, and Cr(NO)3) are added to the subcritical reaction
medium to investigate effects of catalyst on the product yields at 180°C and 30 min for
comparison with H2SOy4 in batch autoclaves. Experiments are done in microwave reactor at a
solid/liquid ratio of 0.05g leek stalk/2.5 mL at 180°C of reaction temperature and 30 min of
reaction time at 0.5 pH and in the presence of H2SOg in the last part. At least 3 repetition were
done for each experiment for accuracy. Table 1 shows reaction conditions, LA vyield (%), and
TOC of the aqueous product.

The liquid product yields (g product/kg biomass), for each component LA, acetic acid, formic
acid and HMF were calculated on the basis of the concentration measured in HPLC expressed

using the following formulas;

Liquid product yield (g/kg biomass) _ Vi
1000* mbiomass
C\V, o
LA yleld (%) = LAY liquid
1000* mbiomass TOCbiomass
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Figure 1. Variation of product yields in g product/kg biomass by reaction time (pH=0.5 and T reaction=180°C)
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Figure 2. Variation of product yields in g product/kg biomass by reaction temperature (pH=0.5 and treaction=30
min)
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Figure 4. Variation of product yields in g product/kg biomass by different catalysts (T reaction=180°C and

treaction=30 min)
Effect of reaction time on the aqueous product yields

Variation of the yields of levulinic acid, acetic acid, formic acid and hydroxyl methyl furfural
(HMF) in the aqueous product by the effect of reaction time is represented in Figure 1. 30 min
reaction time was the most appropriate period for the leek stalk decomposition with the highest

LA yield of 77.21 g/kg biomass. Up to 30 min, produced levulinic acid amount increased and
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after 30 min it began to decrease. At 60 min, there is significant decrease in LA, acetic acid and
formic acid. 40 min reaction time results are similar with 30 min, slightly lower yields were
obtained at this condition. Acetic acid has a maximum vyield at 30 and 40 min as 15 and g/kg
biomass. The second most produced component is formic acid at the operated reaction times
and it has a yield around 50 g/kg biomass at 30 and 40 min. HMF was not detected at this part
of the studies, it may be converted to LA and formic acid totally by rehydration. Sum of the
valuable chemicals obtained in this part is 140 g/kg biomass as maximum. Reaction mechanism

was given in literature as [15,20,21]:

O
: H , H0 JL
BIOMASS H / \ : . ~_ _OH
— — e S .
- HCOOH Hy ﬂ
HOH,C 0 "HO !

HMF LA
o o
-BH'E{L /{3\ m H c*’#“\“m N oA + ,-#JLH
FRUCTOSE " ow,c o Scro " 3 ﬂ H OH
o]
HMF LA FORMIC ACID

As it is seen dehydration reaction of the hexose sugars such as glucose, mannose, fructose and
galactose forms HMF and yields to levulinic acid and formic acid via rehydration with 2 water
molecules. HMF may be produced from inulin exist in the extractive part of the biomass. In a
study of Dull et al. they achieved 5 HMF from inulin in the presence of oxalic acid by heating
[22] as the first time.

LA yield was reached 20.86% at 30 min, 0.5 pH and 180°C in batch autoclave while it was
40.65% at the same conditions in microwave reactor as seen in Table 1. Total Organic Carbon
in the aqueous product is changed within 11060 to 12580 ppm, results verified the maximum
organic compound yield was obtained at 30 and 40 min as seen in Table 1.

Effect of temperature on the aqueous product yields

Variation of the yields of levulinic acid, acetic acid, formic acid and hydroxyl methyl furfural
in the aqueous product is represented in Figure 2. As temperature increase up to 180°C, the

yields of the LA promoted significantly, formic acid is slightly increased while acetic acid does
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not changed remarkably. HMF is detected at 120°C only at a very low amount of 1.3 g/kg leek
stalk. This can be explained HMF is converted to LA and formic acid at elevated temperatures.
At the highest operated temperature of 200°C, the levulinic acid and formic acid yields were
lower. The best suitable temperature was found as 180°C for the targeted compounds
production in this reaction system at 30 min of reaction time and pH of 0.5. Below 200°C, there
are very limited studies for the levulinic acid production in water medium from biomass or
model compounds. In this study, lower reaction temperatures were selected for process
economy and obtained high yields even at low pressure (2.0-3.0 Mpa) and temperatures. Mehdi
et al. studied with sucrose and sulphuric acid, obtained LA yields of 40-50% at 140 °C, with a
reaction time of 8 h and in a high-pressure reactor [23]. Girisuta et al. investigated water
hyacinth plant (Eichhornia) decomposition into LA at various reaction temperatures, time and
acid concentrations [24]. The optimization results showed that within 0-30 min with 1.0 M
H2>SO4 and at 175°C, highest LA yields were obtained as 53 mol %. Above this temperature,
the yields of LA decreased that is consistent with this study. LA may further decomposed to
another chemicals at elevated temperatures.

Effect of pH and catalyst type on the aqueous product yields

The pH of the medium affect the product yields too much as seen in Figure 3. While pH
increased from 0.5 to 1.5, total amount of the determined aqueous product lowered from 140 to
20 g/kg leek stalk approximately. Studying at low pH levels enhance LA, formic acid and acetic
acid. This results is alike found in literature that higher acid concentrations give higher LA
yields [24,25].

Conclusion

Taking into consideration all the experiments, we can discuss different important points. During
the experimental studies, we investigated the effect of different conditions on the LA yield.
These conditions are pH, Temperature, Catalyst and Reaction time. So, what we observed after
evaluated the result can be described as:

e From the experience carried out most yielding conditions were chosen as 180°C, 30 min,
1M (0.5 pH)
o Different types of catalyst are used, such as H.SO4, HNO3, Al(NO)s, and Cr(NO)z From

the evaluated results it can be seen that the most efficient catalyst is H.SO4
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e The lower pH the higher the LA yield

e If we compare Microwave and Batch Reactor, we can say that experiments in Microwave
reactor are carried out much easier than using the Batch reactor. In addition, time
dependence of yield can be easily investigated using Microwave reactor, because the
experimental procedure takes shorter than that of Batch reactor.
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Nomenclature

Ci concentration of component ‘1’ in the aqueous product (mg/L)
HTG hydrothermal gasification

Mbiomass weight of biomass in feed (g)

T reaction temperature (°C)

t reaction time (min)

Viquid volume of aqueous catalyst solution fed to reactor (mL)

TOChpiomass total organic carbon content of the biomass/leek stalk (%)
LA levulinic acid
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Paper 27 Bildiri 27

HIZLI OTOBUS TASIMA SISTEMLERINDE GERCEK SURUS EMISYONLARI
: ISTANBUL METROBUS

Orkun OZENER®, Muammer OZKAN

OZET

Araglarin gergek sirlis emisyonlari, ¢evre bilincinin artmasi nedeniyle son vyillarda blyuk ilgi
gormektedir. Toplu tasima, icten yanmali motorlu tasitlardan kaynaklanan kirleticilerin ana katkilardan
biridir. Bu ulasimin yolu genel olarak yogun niifus yogunluguna sahip sehir ici bolgelerden
olusmaktadir. Bu acidan bakildiginda, bu toplu tasima sisteminin izlenmesi ve analiz edilmesi, cevre
dostu sehirler olusturmak icin gergek stirlis emisyonlari acisindan énemlidir. Fosil yakith toplu tasima
ekonomisi, optimize edilmesi gereken bir baska dnemli husustur. Bu baglamda, diinyanin en bliytk
tasima aksi konusunda, istanbul 24 saat calisan Metrobiis Hizli Otobiis Tasima sistemi incelenmistir.
Portatif emisyon 6lcim sistemleri ve portatif yakit tiketimi 6lclim cihazi ile donatilmis olan toplu
tasima otobdsu, Zincirlikuyu glizergahindan Avcilar yoniindeki o6l¢lim faaliyetlerinde kullanilmaktadir.
Daha sonra sonuglar isletme parametreleriyle ilgili emisyon ve yakit tiiketimi acisindan analiz edilmistir.
Sonuglar, siris davranisinin hem emisyonlar hem de yakit tiiketimi tzerinde blyilk etki yarattigini
gostermistir. Emisyonlar ve yakit tiiketimleri hem ivme hem de hiz acisindan analiz edilmistir.
Emisyonlar ve yakit faktorleri gelistirilistir. Ayrica bazi motor isletme bdlgelerinde aracin kullanilmasiyla
emisyonlarin distrilmesinin miimkin oldugu da analiz edilmistir.

Anahtar Kelimeler: Gergek siiriis emisyonlari, yakit tiiketimi, toplu tasima, dizel motor.

REAL DRIVING EMISSIONS ASSESSMENT FROM BUS RAPID TRANSPORT
SYSTEMS: ISTANBUL METROBUS

ABSTRACT

The real driving emissions of vehicles are showing great interest in the last years because of increasing
environmental awareness. The public transport is one of the major contributor to the pollutants
arousing from combustion engine vehicles. The route of these transport are consisting generally inner
city regions with huge population density. From this perspective the monitoring and analyzing of these
public transport system real driving emissions is important for creating environmentally friendly cities.
The economy of fossil fuelled public transportation is another major concern that should be optimized.
In this context on of the biggest transport axle of the world, istanbul city 24h working Metrobus Rapid
Bus Transport system is analyzed. The public bus equipped with portable emission measurement
systems and portable fuel consumption meter is used for measurement activities at the route of
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Zincirlikuyu to Avcilar direction. Then the results are analyses in terms of emissions and fuel
consumption regarding to the operating parameters. The results showed that the driving behavior is
showing great effect on both emissions and fuel consumption. The emissions and fuel consumptions
are both analyzed regarding to the acceleration and speed. The emissions and fuel factors are
developed. It is also analyzed that it is possible to lower emissions with operating the vehicle some

certain regions.

Keywords: Real driving emissions, fuel consumption, public transportation, diesel engine

1. INTRODUCTION

The environmental awareness increased
about emissions generated from combustion
engine powered public transportation at last
ten year. The public transportation which
mainly circulates at the inner city routes
exhibits a higher priority about optimization
of both emissions and fuel consumption
from  public transportation. Internal
combustion engines used in heavy duty
public transportation buses are
homologated under certain (Stationary-
ESC and Transient WHTC) engine testing
cycles [1]. Also the heavy duty vehicles are
know tested on the road for emission in
service conformity with the regulations.
The conformity factor Euro 6 regulation is
1.5 by the year 2019.

There is lots of valuable research in this
area; Yu et al.[2] pollutant emissions
created near bus stops and to find out the
parameters that effects the pollutants
emitted, Zhang et al. [3] tested 75 Beijing
public buses with different propelling
mechanisms for four years in Beijing. They
concluded that; the average speed has big
non-linear effect on fuel consumption,
Wang et al.[4] measured the on board
emission data of Euro Il and Euro IV
busses in Beijing fueled with conventional
diesel and compressed natural gas. They
concluded that emission and fuel factors all
decreased with the increase of vehicle
speed. Durbin et al.[5] measured five
different heavy duty vehicles, they revealed
that the emissions from these vehicles are
related with the operating conditions and
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also with emission the

age/certification level.

component,

In this research one of the biggest public
transportation axle of world, istanbul’s bus
rapid transport- The Metrobus- line was
assessed in terms of fuel consumption and
emissions. The Metrobus line is a transit bus
line planned by istanbul Municipality and
operated by istanbul Public Transportation
Company (IETT). Its length is about 52 km and
it is crossing the city main axle from Asian side
to Europe side. It is also in operation for 24
hours with ~550 busses and carries over 1
million passengers daily. The real public bus
was equipped with emission and fuel
consumption measurement devices are used in
this research. The collected real driving
emissions and fuel consumption is analyzed
regarding to the operating conditions. (ie.
acceleration-velocity zoned, emission
generated near bus stops) .

2. EXPERIMENTAL METHODS
2.1. Test System

A Euro 5 public bus working in this route is
equipped with AVL portable emissions
measurement systems (PEMS) and portable
fuel consumption meters (PCFM) [6, 7]
was used for fuel consumption and emission
monitoring. The carbon dioxide (CO>),
carbon monoxide (CO), nitrogen oxides
(NOx), Soot is monitored with PEMS. The
required channels from controller area
network area (CAN) line is also monitored
with a can logger. Al data channels are
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logged on system controller computer at
same time domain. The measurement
system schematic layout is given Figure 1.
The test bus properties is given in
Table 1.

Vehicle
CAN
Data

GPS
System

Controller

Sensor inputs

Micro Soot
Sensor

Gas PEMS

Fuel
Consumption
Measurement

PM PEMS

From Engine +
Aftertreatment System

-

L A
Heated Line
J
1

Exhaust =
Pipe -

Atmosphere

Figure 1. Test system layout

The test bus properties is given in Table 1.

Table 1. Vehicle and engine properties.

Gross Vehicle Weight 32 tones
Type Articulated
Vehicle Length 18 m
Number of cylinders 6

Engine capacity 1191
Power 260kW@2000 rpm
Torque 1600Nm@1100rpm
Compression Ratio 17.75:1

Min. Brake Specific Fuel 185 gr/kwh
Consumption

@Full Load-1400 rpm

Emission Certification Level Euro 5

2.2. Test Route

The metrobus line is consisting of three
main parts in its operation. These are i)
Sogiitliigesme to Zincirlikuyu 11 km with 8
stations i) Zincirlikuyu to Avcilar 29 km 25
stations and iii) Avcilar to Beylikdiizi 12
km with 12 stations. The second and the
longest part of this line Zincirlikuyu (2) to
Avcilar (A) is chosen for assessment. The
altitude difference of the whole route is 136
meters. The analyses are carried within
6500 kg payload and 13.000 kg payload.

Base Plate
(with vibration dam,
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3. RESULTS AND DISCUSSION

The velocity change during the operation
regarding to trip distance at 13.000 kg
payload with the altitude and stations is
pointed (in pink) is given in Figure 2. The
governing authority limited the speed to 70
km/h because of safety concerns. The fuel
consumption change with altitude for 6500
kg pay load and 13.000 kg payload at Z to
A direction in given Figure 3. As it can be
seen from the graphic the altitude has a big
effect on fuel consumption rate as expected.
Also the fuel cut off regions from the engine
control strategy is evident. It can be
analyzed that the location and acceleration
limitation is important at take offs. Also it
can be concluded as the locating the bus
stations at high grade locations should be
avoided because of high torque demands.

The exhaust emissions and also the fuel
consumption generated by public bus
analyzed at the takeoff sessions. The
pollutants generated near bus stops are
important because human health. The
emission and fuel consumption graphics are
given for a bus stop take off season (random
chosen) at Figure 4a and Figure 4b for
13.000 kg pay load condition. It is evident
that, the driver is pushing the accelerator
pedal at the take off session for accelerating
the vehicle. Then the fuel consumption
increases harmonious with torque demand.
Also it is evident that there is a huge CO,
Soot and NOx peak in this region. The CO
peak can be explained with air path inertia
and insufficient in cylinder mixing. The
soot peak can be explained with locally rich
mixture formation at he take off conditions
because of turbo lag. The bus is having SCR
system for NOx conversion but it seems the
SCR efficiency is not sufficient to convert
all NOx emitted at this region. As a reason
there is high emission peaks at the initial 10
second and 50 meters of take off season.
From this perspective in order to prevent
from these peaks the engine calibration
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should be clearly considered for solving this

GPS Altitude [m]
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Figure 2. Velocity change regarding to distance with altitude
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Figure 2. Fuel consumption change regarding to distance with altitude a) 13.000 kg payload b) 6500 kg payload.
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Figure 4b. Fuel consumption Soot and NOx
emissions at the take offs regarding to engine speed,
current gear and throttle position.

The emissions and fuel consumption
contour graphics regarding to vehicle
speed- acceleration are given at Figure 5. It
was found that fuel consumption of the
vehicle increases with the increase of
vehicle speed and acceleration. (acc>0
m/s?), the significant region is over 20 km/h,
effect of acceleration is higher than the
velocity increase during operation, for CO
and NOx. The +0.4 m/s? acceleration level
at low speeds found as critical for the
emission levels from the exhaust, the CO
emissions are higher when the velocity is
lower from 40 km/h and acceleration level
is higher than +0.4 m/s> which can be
explained with insufficient  mixture
formation. Also the NOx emissions was

€00C [g/s]

meot
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found higher especially at low speed (v<20-
30 km/h) positive acceleration zones which
can be explained by power demand because
of acceleration demand from driver at
takeoff session. It can be interpreted as the
SCR conversion efficiency and calibration
strategy is not sufficient for converting all
NOx
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Figure 5. Fuel consumption and emission graphic
regarding to the vehicle speed and acceleration at Z
to A direction with 13.000 kg payload.

4. CONCLUSION

A comprehensive experimental work was
carried on the one of the biggest
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transportation axle of world. The results
showed that it is possible to manage and
operate the public transportation with the
help of bus electronic control system
calibration, component selection and
topographic planning of the bus stops.
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TEK SILINDIRLI SIKISTIRMA ATESLEMELI BIR MOTORDA POST
ENJEKSiYON ZAMANLAMA VE SURECININ EGZOZ GAZ EMISYONLARINA
ETKIiSIiNIN DENEYSEL OLARAK INCELENMESI

Orkun OZENER?, Onur GEZER?!, Muammer OZKAN?,
Enishan OZCAN?, Cihan BUYUK?, Mustafa GUCLU? Abdullah KILICASLAN?

1 Yildiz Technical University Besiktas/Istanbul
2TUMOSAN Engine and Tractor Co. Topkapi/istanbul

OZET

Dizel motorlari yiiksek termik verimleri ve geligsmis yakit ekonomisi davraniglar1 bakimindan
one c¢ikmaktadir. Fakat dizel motorlarinda yiiksek sikistirma orani ve karisim teskili
karakteristigi geregince olusan azot oksitler ve is emisyonlar1 kontrol altina alinmalidir. Dizel
motor yonetimi lizerine yiiriitiilen ¢aligmalarin hatir1 sayilir bir kismi1 NOx ve is emisyonlarin
kontrol altina almaya yoneliktir. Bu ¢alismada su sogutmali, common-rail yakit enjeksiyon
sistemine sahip, tek silindirli bir dizel motorda post piiskiirtme miktar ve zamanlamasinin CO,
NOx ve is emisyonlari tizerine etkisi deneysel olarak incelenmistir. Yapilan testlerde motor hizi
1500 rpm degerinde ve piiskiirtme basinct 1000 bar degerinde sabit olup post enjeksiyon
baslangici tist 6lii noktadan sonra 10-16° KA araliginda ti¢ farkli yakit miktari i¢in denenmistir.
Yapilan ¢aligmanin sonucunda post enjeksiyon baslangici gecikmesinin artisina bagl olarak
NOx emisyonlarinda diisiis, CO emisyonlarinda artig, is emisyonlarinda belli bir degere kadar
artis ve ardindan da diisiis gbzlemlenmistir.

Anahtar Kelimeler: Dizel yanmasi, post enjeksiyon, emisyonlar

AN EXPERIMENTAL INVESTIGATION OF POST INJECTION TIMING AND
DURATION ON EXHAUST EMISSIONS IN A SINGLE CYLINDER CI ENGINE

ABSTRACT

Today, diesel engines stand out in terms of high thermal efficiency and advanced fuel
consumption behaviour. However, nitrogen oxides and particulate matter emissions are the
releases that need to be controlled in diesel engines due to the mixture formation characteristics
and high compression ratios. A large part of the studies on diesel engine management are carried
out to control NOx and soot emissions. In this study, water-cooled, common rail fuel injection
system equipped, single cylinder diesel engine was used and the effect of post injection timing
and amount on CO, NOx and soot emissions were investigated experimentally. At 1500 rpm
engine speed and 1000 bar fuel injection pressure, starting of post injection was changed
between 10-16°CA after TDC and for the verification was done with three different injection
quantity. As a result of the study, there was a decrease in NOx emissions, an increase in CO
emissions and an increase up to certain value then a decrease tendency in the soot emissions by
delaying the post injection starting.

Keywords: Diesel combustion, post injection, emissions
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1. INTRODUCTION

Internal combustion engines are showing
great importance for the last century in
industrial field and transportation and their
usage is becoming widespread day by day.
Widespread using of internal combustion
engines causes decreasing of petroleum
reserves and increasing environmental
pollution. A certain emission regulations
have been carried out in order to reducing
environmentally pollution and
sustainability. For these reason, researchers
have focused on more efficient and less
harmful combustion strategies.

Diesel engines are widely used because of
their high thermal efficiency and low fuel
consumption [1]. Diesel engines emit lower
THC, CO and CO2 emissions than gasoline
engines which are their conventional and
commercial competitor. However, they are
disadvantaged in terms of PM and NOx
emissions. PM and NOx emissions are the
most important emissions for diesel engines
and many systems have been developed to
control these emissions [2]. Many studies in
the literature reveal that PM and NOx
emissions occur in the opposite relationship
[3]. In other words, an intervention on the
engine management system reduces one of
these emissions and increases the other.
This contrast situation causes difficulties to
control of diesel engine emissions.

Emissions  prevention and reduction
precautions in internal combustion engines
can be grouped into three categories as
before combustion, during combustion and
after combustion. One of the precaution
which taken during combustion is high
pressure and multi stage injection. Multi
stage injection is consist of three parts
which pre-injection, main-injection and
post-injection. Post-injection is the process
of spraying a small amount of fuel into the
cylinder after a certain period of time from
the main spraying phase and provides a
significant reduction in soot emissions [4].
Soot emissions occur in local fuel-rich
region with high temperatures and
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inadequate oxygen concentration.
Especially small size of particles contains
great risks to human and the environment,
because small particles of work can easily
reach the alveoli and pass into the blood [5].

Secondary combustion, which occurs
during the post-injection, burns some of the
particles which raised substantially in the
controlled combustion phase and reduces
the soot emissions and increases the
combustion efficiency. At the same time,
post injection increases exhaust gas
temperatures and improves the working
regimes of after-treatment  systems.
Although many studies have been
conducted with post-injection, the exact
effects of post-injection on exhaust
emissions and the mechanism of action are
not well understood still [6]. Some studies
which carried on post-injection in the
literature are summarized below.

Sun et al. [7] observed that reducing engine
soot emissions between 11% and 21% band
with close-coupled post injection. On the
other hand, NOx emissions increased by 3-
5% for the relevant test matrix.

Jeftic and Zheng [8] have made
experimental studies at 4-stroke, 4-cylinder,
diesel engine with 90MPa injection
pressure and 0.13MPa intake pressure. In
this study examined the effects of post-
injection, the main injection timing was
kept constant at 49°CA BTDC and the post
injection timing was manipulated between
20°CA ATDC and 70°CA ATDC. In this
study, the behaviour of conventional diesel
fuel and some alternative fuels during post-
injection were investigated. According to
the results, the IMEP value decreased as
post-injection was delayed. It was
determined that the post-injection was
reduced by a significant reduction of the
soot emission until the 40°CA ATDC delay
then no significant reduction affect was
observed with higher delay timing of post-
injection. In terms of NOx emissions, NOx
emissions decreased when post-injection
delay increased. According to this studies
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results, 30% reducing of NOx emissions
was observed by withdrawing the post-
injection starting point from 30°CA ATDC
to 70°CA ATDC.

Li et al. [9] investigated the effects of
different injection strategies on emission by
using conventional diesel fuel in a 4
cylinder, four-stroke turbocharged and
common rail injection engine. This study
was carried out at 1450rpm engine speed
and 80MPa injection pressure and three
different  injection  strategies  were
examined. These are single main injection,
pilot and main injection, main and post
injection. In the experiments with multiple
stage injection, 80% of the fuel was sent to
the cylinder in the main injection phase. In
the pilot-main injection application, the
largest in-cylinder peak pressure was
obtained. On the other hand, the single main
injection strategy showed a bit higher peak
pressure value than the post-main strategy.
Exhaust gas temperature values were the
highest in the post-main application and the
lowest in the pre-main application. Nitrogen
oxides are the highest in the pre-main
application and lowest in the post-main
application. While it is the highest value in
pilot-main injection, it has the smallest
value in the post-main injection in terms of
soot emission. When the results obtained
from the study were evaluated, it was found
to be advantageous in terms of NOXx in the
main-post application, 3.5% compared to
the single-main application and over 10% in
terms of NOx compared to the pre-main
application. In terms of soot emissions, the
post-main application emits 4 times fewer
emissions compared to the pilot main
application and 40% lower emissions
compared to the single main application.

Chenetal. [10], in their experimental study,
examined the emission oscillations for
diesel fuel and biodiesel fuels with eight
cylinders turbocharged, common rail
injection system diesel engine by changing
the post-injection timing and post fuel
injection quantity. The tests were performed
at 1500 rpm engine speed and 25% engine
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load. Post-injection time was manipulated
in a wide range of 300CA to 150°CA after
TDC. The results showed a slight
improvement in the post-injection between
30-60°CA ATDC on the engine torque for
equal post-injection amounts, but no
significant change in engine torque was
observed in post-injection with greater
delay. At the same post-injection timing,
THC and CO emissions increased with the
increase of the post-injection quantity in
both conventional diesel and biodiesel
fuels, while nitrogen oxide emissions
decreased in the beginning, but the NOx
emissions increased with the increasing
amount of post-injection.

Liu and Song [6] used turbocharged,
common rail injection system a high speed
diesel engine in their academic study. The
experiments were performed at 1800rpm
engine speed and 75% engine load. In this
study, the effects of post-injection timing
and the amount of fuel injected effects of
during the post-injection were investigated.
In the study, the main injection quantity and
main injection timing were kept constant, as
22°CA BTDC and 40 mg/st. The post
injection was manipulated between 10 and
30°CA ATDC and between 0 and 15 mg/st.
Specific CO emissions reduced when the
post-injection interval decreased with
compared to other test points. While CO
emissions were higher at bigger post-
injection quantity, CO emissions at lower
intervals were approximately independent
of the post-injection quantity. A similar
trend is observed in terms of specific THC
emissions, but the variations depending on
the quantity of post-injection also have
differences in the low injection intervals.
The specific nitrogen oxide emissions
declined by about 10% in this study while
interval increased. Soot emissions were
heavily influenced by post-injection timing
and showed significant decreases with the
increasing interval. It was also observed
that the increased interval caused very
closed results for different post injection
guantities.
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Li et al. [11] examined pre, main and post-
injection with biodiesel fuel on light-duty,
direct injection, and common rail engine.
The engine speed was selected at 1300 rpm,
1800 rpm, and 2300 rpm, and the total
injection quantity was fixed at 58 mg/st, and
the injection pressure was 130 MPa. Main
injection time was selected as 1°CA BTDC
and post injection was performed with a
delay of 8-20°CA with reference to the
main injection. According to the
experimental  results, CO  emissions
increase as the post injection quantity
increases and the after injection retarding
increases. This trend is even more evident at
increasing engine speeds Within the post-
injection times determined in the tests, THC
emissions are also in the same trend with
CO emissions. NOx emissions are declining
both of increasing the post-injection
quantity and by moving away from TDC.
The study shows that engine speed is
strictly dependent on NOx emissions and
the significant decrease in NOx emissions is
observed as engine speed increases. In
terms of PM emissions, it has been observed
that increasing the quantity of post-injection
and away from TDC increased PM
emissions.

In this study, various tests were performed
on the single cylinder engine. At 1500 rpm
engine speed, the main injection quantity
was kept constant but the post injection
quantity and timing were changed. Thus,
the effects of post injection quantity and
timing were investigated on CO, NOx, and
soot emissions.

2. EXPERIMENTAL SETUP AND
TEST CONDITIONS

The test was performed on a single-cylinder
Cl diesel engine equipped with a common-
rail injection system. The specifications of
the diesel engine and fuel injection system
are shown in Table 1.
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Table 1. Engine and fuel system specifications

Description Specification

Engine Type Single-cylinder, CI

Bore x Stroke [mm] 110*120

Total Displacement [lt] 1.14
Compression Ratio 15:1
Number of Valves 4
Injection System Common-rail
Injector Type Solenoid
Nozzle Hole Diameter [mm] 0.197
Nozzle of Holes per Nozzle 8
The engine was supplied with the

conditioned air at 50 °C and 2,3 bar
(absolute pressure). Rail pressure was set at

1000 bar and it was Kkept constant
throughout the test. To increase the
measurement  accuracy, the fuel

temperature was set to 38 °C in all tests. At
1500 rpm engine speed, while main
injection timing and quantity was kept
constant, post injection timing and quantity
was changed. The main injection timing 13
°CA (BTDC) and main injection quantity
36 mg/st was selected. In addition to the
main injection, post injection timing was
changed between 12 °CA and 18 °CA
(ATDC) one by one. Also, the post-
injection was injected with different
quantity which are 10 mg/st, 12 mg/st and
14 mg/st. The test was carried out with
diesel fuel complying with EN590
standards.

For emission measurement, two small holes
were drilled on the exhaust line. Samples
were taken from these holes and sent to gas
and particle matter emission measurement
system. The portable measurement
emission device was used for emission
measurement. PEMS was equipped with
NDIR analyzer for CO emission
measurement, NDUV analyzer for NOx
emission measurement, and micro soot
analyzer for particle matter measurements.

The detailed properties were related to test
equipment were listed in Table 2.
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Table 2. Test equipment

Test Equipment Model

Dynamometer AVL AC DynoExact

Emission Measurement AVL Gas and PM PEMS

Indicating System AVL IndiSmart Gigabit

Pressure Sensor Kistler Piezoelectric

Fuel Measurement AVL 735S

Fuel Conditioner AVL 753C

Intake Air Conditioner AVL Supercharging Unit

ECU Adaptronic

Automation Software AVL PUMA Open 2 TM

Also, the layout of the test system was
shown in Figure 1.
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Figure 1. The test system layout

3. RESULTS AND DISCUSSION

In this study, the quantity and advancement
of the injected fuel were kept constant in the
main injection phase. During the post
injection, the quantity of fuel sent into the
cylinder and the timing of injection were
changed. The results were examined depend
on changing of starting the post injection
timing and post injection quantity. The
effects of these post-injection parameters on
CO, NOx and soot emissions were
investigated.
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Graph 1 and Graph 2 reveal CO emissions
depending on the post-injection starting and
post-injection quantity. Post-injection was
extended by 12 °CA delay to 18 °CA delay,
and observed a regular increase of CO
levels at all points. These values were
confirmed for three different post-injection
quantity and the increasing in the post-
injection quantity was caused an increase in
CO emissions. This can be attributed to the
fact that the fuel is introduced into the
combustion chamber at a
thermodynamically inconvenient time and
there is not enough time for the equilibrium
reaction to occur due to the rapid decline of
the  combustion  temperatures  with
expansion and the freezing of the reaction.
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Graph 1. Changing of CO emission depending on
the beginning of post injection.
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Graph 2. Change of CO emission depending on the
quantity of post injection

Graph 3 and Graph 4 show the effects of
post-injection beginning and post-injection
quantity on NOx emissions. According to
the experimental results, NOx emissions
reduce when post injection delay timing
increased. This is largely due to the high
cooling rate during the expansion, resulting
from the high compression ratio in the
diesel engine. As the post-injection was
delayed, the time until the reaction was
frozen prolonged, the cooling rate
decreased, and the reaction rate increased
accordingly. Thus, NOx emissions at
engine output have shown significant
reductions. A constant trend was not
observed due to the change in the amount of
post injection. The increase in the amount
of post-injection initially increased some
NOxy, then led to a decline again. The form
fluctuation that took place in this spray,
which is close to the TDC, was more
dominant.

316

700

650

600

550

NOx emission (ppm)

500
10 12 14 16 18 20

Start of post injection timing [°CA] (ATDC)

= 10mg/cycle 12mg/cycle 14mglcycle

Graph 3. Change of NOx emission depending on

the beginning of post injection
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Graph 4. Change of NOx emission depending on
the quantity of post injection

Graph 5 and Graph 6 demonstrate the
effects of timing and quantity on soot
emissions in the post-injection process.
According to the results, the increasing the
post-injection delay from TDC to a certain
distance increased soot emissions and then
this trend reversed. But this trend wasn’t
observed at lower amounts of post injection.
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Graph 6. Change of soot emission depending on
the quantity of post injection
CONCLUSION

An experimental research was carried on
single cylinder research diesel engine for
understanding the effect of using post
injection strategy in modern diesel engines.
the CO was increased with the injection
retard for post injection phase for same
operating condition, it was attributed to
attributed to the fact that the fuel is
introduced into the combustion chamber at
a thermodynamically inconvenient time and
there is not enough time for the equilibrium
reaction to occur due to the rapid decline of
the  combustion  temperatures  with
expansion and the freezing of the reaction,
the NOx emissions reduced when post
injection delay timing increased. This was
attributed to the high cooling rate during the
expansion, resulting from the high
compression ratio in the diesel engine. Also
the increasing the post-injection delay from

TDC to a certain distance increased soot
emissions and then this trend reversed. An
opposite trend was observed for lower
amount of injection rates.
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It is not surprising that there have been many studies on the effect of fuel additives on soot and
toxic species formation in hydrocarbon flames in order to improve its efficiency and
performance [1, 2]. As one of the primary reference fuels (PRF), n-heptane can well represent
the combustion characteristics of diesel and gasoline fuel. Thus, it is frequently used as a
surrogate for diesel fuel in combustion research [3, 4]. The effects of adding methanol, ethanol
and MTBE, oxygenate additives, (i.e., oxygen containing species) on laminar, premixed, fuel-
rich n-heptane flames at the same equivalence ratio were investigated [5, 6]. They found that
low-molecular-weight species, aromatics and soot were reduced with oxygenate addition. A
shock tube study to investigate the influences of oxygenated additives (i.e. dimethyl ether,
acetone and butanal) on n-heptane oxidation was conducted and a significant reduction of the
combustion emissions was observed [7]. One of the commonly used oxygenate additive is
methanol. Methanol has been used as an octane improver in gasoline. It also reduces exhaust
carbon monoxide emissions from motor vehicles by leaning fuel-air mixture [8, 9]. Many
studies investigated experimentally the addition of methanol to n-heptane and how it performed
to reduce the combustion emission [10, 11]. In this study, the effects of methanol addition on
n-heptane oxidation in atmospheric pressure, laminar, premixed, fuel-rich flame was

investigated using Detailed Chemical Kinetic Modeling approach.

Generally, the objective of this effort is to predict macroscopic phenomena from the knowledge
of fundamental chemical and physical parameters, together with a mathematical model of the
process. The computation work was conducted using PREMIXED code [12] of ChemKin
package [13]. ChemKin is one of the most commonly used software; it is used worldwide for
combustion, chemical processing and automotive industries. In defining the chemistry set in a
ChemKin simulation, users must first supply the thermodynamic data and transport data for
each species in the chemical system and definitely reaction rate parameters. A model validation
using various available literature data for different combustion systems (i.e. laminar premixed

flame and rapid compression machine) was also carried out. In addition, the effects of adding
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oxygenate, methanol, to n-heptane flame on the formation of combustion products were
investigated using Inal and Senkan’s experimental study [5]. The experimental conditions are

given in Tablel.

Table.1. Experimental Conditions for n-heptane and methanol of the target study

Equivalence ratio 2.10
Pressure 1 atm
Inlet velocity 5.157 cm/sec

Initial mole fractions

n-heptane 0.0520
Methanol 0.0107
Oxygen 0.2803
Argon 0.6570

A comprehensive and recent mechanism available in the literature, Lawrence Livermore
National Laboratory (LLNL) n-heptane mechanism (version 3.1) [14], was selected as the base
mechanism for the modeling work. Marinov’s mechanism [15] and pure methanol mechanism
[16] were merged with the base mechanism. The proposed mechanism consists of 3249
reactions and 753 species.

It was found that, the mole fraction profiles of carbon monoxide, acetylene, diacetylene,
vinylacetylene, other low-molecular-weight reaction products and species up to benzene were
consistently lower in flame containing methanol. Figure.l shows model predictions and

experimental data for CO mole fractions for n-heptane and n-heptane/ methanol flames.
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Figure 1. Experimental and modeling results of CO mole fraction of both n-heptane and n-heptane with methanol

The addition of methanol to n-heptane fuel reduced the mole fractions of combustion products.
By comparing the experimental and modeling results of both n-heptane flame and n-heptane

with methanol flame there were a good agreement between mole fractions of species.
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ABSTRACT

This In this work, a computational investigation of the
impacts of hydrogen blending on the fundamental properties of
spherical propagating methane-air flames was performed in an
adiabatic constant vessel at different conditions of equivalence
ratios and turbulence intensities.

Due to the spherically symmetric of the problem, a one-
dimensional simulation was considered and an ignition in the
middle of the domain was occurred. The turbulence was
supposed to be isotropic and homogenous.

The combustion chemistry was described by the tabulated
detailed kinetic mechanism GRIMech. Tabulation has been
performed, in a pre-processing step, using the Chem1D code
based on the FGM chemistry tabulation approach.

Numerical simulations of the flame evolutions were based on
PDF-Monte Carlo method. The emphasis is placed on the mean
flame radii, flame brush thickness, turbulent propagating
velocity and the minimum ignition energy. Computed results
were compared to measured data in literature and good
agreements were observed. We notice that the mean flame
radii, the flame brush thickness and the flame speed increase
monotonically with the increase of the content of hydrogen in
the fuel. However, the minimum ignition energy (MIE)
decreases as the added hydrogen fraction increases.

Keywords— Hydrogen, methane, turbulent velocity, flame
radius, flame thickness, MIE

INTRODUCTION

Ecological and economical regulations produce an urgent
need to found clean alternative fuels.

Natural gas (NG) represents a clean alternative. In fact,
thanks to methane, its main component, it offers important
environmental and economic advantages. Its pollutant
emissions are lower compared with other fuels [1].

Unfortunately, the low flame speed, the high sensitivity to
cyclic variations and the low flammability limits of methane
pose great challenges [2].

One of the effective strategies to solve this problem is to
associate methane with a more reactive fuel.

The hydrogen is considered as an excellent candidate by
improving efficiency and enhancing the NG combustion
process thanks to its low ignition energy and high flame speed
[3].

In order to study the combustion characteristics of hydrogen
enriched methane flames, several numerical and experimental
researches have been carried out.

A number of recent studies [4-6] have already demonstrated
that hydrogen addition to NG enhances flame speed and
combustion stability for the very poor mixing zones that reduce
emissions of green house effect gases and improve the engine
thermal efficiency.

Navarro et al. [4] showed that hydrogen blending helps to
decrease CO2 emissions.

Askari et al. [5] found that adding hydrogen can
significantly improves HCCI combustion performances and
decreases pollutant emissions.

According to Guo et al. [6] hydrogen blending of
methane/air flame has a great effect in extending the
flammability limits and improving operation under ultra lean
conditions.

Others studies [7-12] have been conducted to present a
clearer understanding of the benefits of the utilization of
hydrogen in blended form on NG combustion properties.

In this, study we will focus on the effect of adding hydrogen
on expanding methane/air flames as is the case in internal
combustion engines.

By analogy with laminar flames, turbulent flame speed has
been considered as the basic characteristic of premixed
turbulent combustion, thus it has been the main focus of several
theoretical and experimental researches for decades [13].

To achieve the goal of such studies, a large number of
computational models and approaches have been developed:
Reynolds Averaged Navier-Stokes (RANS) approach [14],
Bray-Moss-Libby (BML) model [15, 16] , Large Eddy
Simulation (LES) [17] and Direct Numerical Simulation (DNS)
[18 ] are some examples.

DNS, LES and RANS are considered as the three principal
approaches in modeling turbulent combustion [19].

In order to describe turbulent premixed flames, numerous
models have been developed.
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Due to their effectiveness and accuracy, probabilistic
approaches are the most utilized in this regard [20], [21].

This model is inspired from the definition of the fine
grained density function [22]. The ensemble average of the fine
grained density function is considered and is termed the PDF:
Probability Density Function. [23]

This stochastic description has many advantages: i) PDF
may be defined in many turbulent reacting flow fields, ii) it
includes all information to describe unsteady reacting flow
fields and iii) it is applicable to premixed as well as non-
premixed flames.

However, the PDF changes at every point in the flow field
[24], thus the difficulty is to determine the PDF.

Two principal paths have been proposed: to presume the
PDF shape [25,26] or to solve a PDF-transport equation
[27,28].

Within the Monte Carlo solution algorithm development,
PDF has been able to be calculated from a variety of flame
configurations [29].

Thus, for few decades, many authors used Monte Carlo
solution to simulate ignition and to study the flame
characteristics in turbulent combustion conditions [30, 31].

Also, in this work we adopted Monte Carlo scalar PDF
transport to simulate a premixed turbulent flame in a constant
volume vessel.

Monte Carlo algorithm developments continue and it
becomes more and more efficient. Nowadays it allows
characterizing flame propagation taking in consideration
turbulence as well as chemistry interaction.

In the present study, turbulence is supposed to be
homogenous and isotropic and its characteristics are those of
the frozen k-¢ model [32]. In addition, we consider that the
calculation domain is an open space and there are no flame-
walls interactions. By the way, turbulence does not present any
decay or dissipation rate decrease. The turbulent velocities are
spatially correlated that makes difference between our study
and classical PDF methods.

Mostly, chemistry is described by reduced chemical kinetic
mechanisms [33,34]. A question arises; a reduced chemistry is
it sufficient to describe the physics of methane-hydrogen
mixture combustion?

The experiment shows that a reduced scheme does not
allow to adequately predicting all the flame propagation
characteristics. As an example, the one-step model of Marinov
et al. [35] shows that from certain equivalence ratio, the speed
and thickness of the flame cannot be obtained correctly.

The fine prediction of the evolution of the spherical
propagation characteristics of the turbulent hydrogen-enriched
methane flame requires the use of detailed chemical kinetics.

Despite the continual progress on storage capacity and
calculation speed that modern computers and computational
methods (CFD) have experienced, simulating turbulent
combustion using detailed chemistry remains a high-flying
challenge. Indeed, the models of turbulent flames are extremely
complex because of the large scales of time and length
involved. On the other hand, it is easier to model a laminar
flame because of its relatively simple flow.

How can we then follow and understand the chemistry of
turbulent combustion and at the same time maintain a
reasonable computing time?

To answer this question, various alternatives have been
proposed during the last decade. Recently, the method of
chemistry tabulation has attracted great interest in modeling
premixed combustion.

This technique consists in tabulating the chemical kinetics
according to the key parameters.

The three best known and commonly used tabulation
approaches are: ILDM [36], ISAT [37] and FGM [38].

In this work, we used the FGM method integrated in the
Chem1D code to tabulate the detailed reaction mechanism
GRIMech3.0. Then, the obtained tables are used, in the PDF-
MC code, to study the effect of hydrogen addition one the
methane-air flame propagation characteristics.

The computed results are confronted with measured data in
literature and a reasonable agreement was observed. We have
notice that mean flame radii, flame brush thickness as well as
turbulent flame velocities increase monotonically with the
increase of the amount of hydrogen blending.

However, the minimum ignition energy (MIE) decreases as
the hydrogen content in the fuel increases.

COMBUSTION MODELLING FORMULATION

The equations used in our problem are:

e The mass conservation equation: used in spherical
coordinates form. Its solution gives the expansion
velocities provoked by the temperature gradient
between hot products and fresh gas:

— 2—
ap,1r'ou)
ot p* or

e The Lagrangian joint PDF transport equation:
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Where:
p :the density

u. . The Favre averaged radial velocity corresponding to
the expansion velocity provoked by the temperature
gradient between fresh gas and hot products.

@, U. are respectively , a scalar vector and a velocity

vector in the physical space and to which correspond

respectively the vectors of random values, k4 andV i the
conditional space.

|:Hv“): The PDF of velocities and scalars.

Ai,ea: The change terms that characterize the stochastic
process

Tii The strain tensor

F. : The stirred force per volume unity
P : The pressure

Np : The diffusive fluxes

(. : The reaction rate

S «: The source term

T : The Favre averaged temperature
M : The molar mass of the mixture

PDF-MONTE CARLO METHOD

This method is used in the case of turbulent reactive flow
with fluctuation terms that need to be statically treated.

The basic idea of the PDF Monte Carlo simulation consists in
calculating the displacement in the space of a certain number
of probabilistic particles. This is done by simulating the
different terms of the PDF equation by interactions of these
particles after random walk. The simulation can be based on
Eulerian balance equations or Lagrangian equations.

The type of PDF used in this present work is the transported
PDF called Pope’s method [30]. Monte Carlo method
properties have been well studied by Pope [39], [40].

Ennetta et al [41] tested the accuracy of this method in
predicting methane propagating flame characteristics using
reduced chemical kinetic scheme. They found that, the current
model predict, correctly, the effect of increasing turbulence
intensity and equivalence ratio on methane-air premixed flame
properties such as the mean radius and the turbulent velocity.
The main blame of this method is its slow convergence.

In this method, the calculation domain is divided into Nc
cells. Each cell contains a given number of Ni particles. The
displacement of these elements (particles) in the whole domain
is due to the gas expansion velocity, provoked by the
temperature gradient between burned and unburned gases, and
to the turbulent diffusion, where a correlation velocity deduced
from turbulence spectrum is respected.

Simulation parameters

In this work, the computational environment considered is
a 1D one dimensional spherically symmetric domain. The
changes are considered only in the radial direction.

At first, the premixed fuel (CH4 or CH4+H2)-air mixture is at
rest. Then a hot source is used to generate a localized deposit
of thermal energy. This energy triggered the flame initiation
and highly increased the temperature in this region [32] as well
as in the case of internal combustion engine.

The computational domain considered is in the radial
direction and is composed of

NC =500 cells each one with a given size Al and contain
initially, Ni particles.

Each particle is specified with a velocity and some thermo-
chemical variables (concentrations, T,..). The calculation was
done at a constant pressure P=1 atm.

In order to account for convective transport assured by the
mean flow and turbulence (in space and time), each fluid
particle is tracked by the numerical process during each time
step.

Chemical reaction and molar mixing change the chemical
and thermal composition of each element that are calculated in
a pre-processing step using ChemlD code based on FGM
method.

The cell size and the calculation time step chosen from

literature are respectively Ar=0.25mm and At=0.1 ms which
remain constant during the calculation. These parameters allow
more precise detection of the flame front evolution.
Some numerical tests were performed by Raman et al. [42] to
find the optimal time and space steps. For the methane-air
mixture a time step equal to 1.10%s provides acceptable results
[42].

Turbulent length and time scales are given by the following
formulas:

k3/2
-0.1648 _
I, s 7,=03

These parameters values are equal to those used in
experimental cases.

The input values required and used for the simulation are
the following:

Ar : Cell size
At Time step

k : Turbulent Kinetic energy
€ : Dissipation of turbulent kinetic energy
X Ignition energy

C finit .

: normalized mean fuel concentration
tignit: Ignition time

Figaic . Ignition gap

N, : Initial number of particles in each cell
T : Initial temperature

T atio : Adiabatic flame temperature

P - Pressure

Chemical kinetics

The combustion chemical kinetics of the H2+CH4-air
flames was obtained by a detailed chemistry tabulation
approach called FGM.
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The FGM technique is used to simplify the chemical kinetic
model taking into account the local flamelet structure. It has
already proven to be accurate for modeling both premixed and
partially premixed flames in LES, DNS and RANS calculations
[43],[44].

The simulations have been performed using the code
CHEML1D [45], based on the FGM method, to tabulate the
detailed reaction mechanism GRIMech3.0 [46]. This
mechanism is considered as a standard in modeling NG
combustion. [47]

In a previous work [48] this detailed scheme was used to
study the effect of hydrogen addition on the laminar speed of
methane flame. It has been shown that GRIMech3.0 gives very
satisfactory results.

Different fuel mixtures are considered: pure methane and
methane-hydrogen mixture. These fuels are burnt at standard
conditions with equivalence ratio from 0.9 to 1.1.

FGM Approach

Detailed chemistry can be more accurate than reduced one,
but unfortunately, also computationally very expensive. In
order to reduce computing times and costs an approach with
tabulated chemistry is applied.

In this study, we used the so-called Flamelet-Generated
Manifold (FGM) approach developed by Van Qijen [49] for
laminar premixed flames. It allows using 1D laminar flamelet
data for the tabulation of composition, temperature, density,
etc, as function of local control variables.

This innovative method follows from some of other

methods available in literature such as “ILDM (Intrinsic Low
Dimensional Manifold) [36].
This laminar flamelet concept considers a turbulent flame as a
set of thin laminar freely propagating one-dimensional flames.
These flamelets are produced using CHEM1D [45] the code
for detailed chemistry.

In a pre-processing step, control variables are defined,
flamelet system is calculated with detailed chemistry and tables
are generated, reflecting the thermo-chemical variables as a
function of one or more control variables.

Then the manifold is computed. All the thermal properties
(diffusivity, density, temperature,..) are stored in a tabulated
form in the FGM data base.

A better description of the different phenomena can be
achieved by increasing the number of independent control
variables. [35] [38] [50]. In the case of simple fuel such as the
CO/H2 mixture, two control variables are sufficient, but for a
more precise reproduction of the combustion rate of the
methane/air mixture at least three degrees of freedom are
necessary. [38]

Thanks to this approach a great reduction of the
computational costs of combustion simulation can be made
[38][51][52] and high levels of accuracy can be kept.

FGM technique has been proven to be appropriate for
highly stretched premixed counter flow flames [53] , laminar
premixed benzene flames with heat losses [38], confined triple
flames [54] and preferential diffusive effects[55].

Furthermore, this approach performed well also for
turbulent partially premixed flames [56], [57] as well as for
turbulent flames with heat losses.[52].

The application of premixed FGM including heat loss,
turbulence and high pressure has never been studied in
literature [58].

In this research the FGM method is applied for the
simulation of turbulent methane/hydrogen combustion in a
constant volume vessel.

The question which is addressed in this work is how well
premixed flames are reproduced when premixed flamelet-
based FGM database are used to represent combustion
chemistry.

RESULTS AND DISCUSSION

In this section, flame mean radius, flame turbulent velocity,
flame-brush thickness and the minimum ignition energy are
studied. In fact these turbulent flame front characteristics
represent a great challenge for decades in the turbulent
combustion field. Our numerical values are compared to
experimental results available in literature and a reasonable
agreement was found. This study was done for parallelepiped
vessel geometry with a constant volume. Ignition starts in the
middle of the domain then a flame kernel propagates
spherically.

1. Effect of hydrogen addition on the flame mean radius

Lecordier [59] defined the flame radius R; in 2D

configuration as the radius of the circle that contains the same

1

surface of burned gas Sy by: Ri=yZS:

In a 1D configuration (our case), the flame mean radius
represents the distance that exists between the flame front
position and the ignition center. The flame front position is
determined in a region where the temperature is around 600 K.
This value corresponds to the experimental temperature of
silicon oil vaporization.

Figure 1 gives the variations of the flame radius function of
time for three hydrogen fraction (%H2) in the mixture: 20, 80
and 100% at stoichiometric conditions (®=1) and with
turbulent intensity level u'= 3.

Curves show that flame radius increases with time at fixed
hydrogen fraction.

Numerical results are in good agreement with experimental
curves found by Huang et al [60].

Huang et al [60] found that a linear relationship between flame
radius and time for each mixture is demonstrated at
stoichiometry which is also approved by our simulation.
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Fig. 1 Evolution of mean flame radius versus time at ®=1, u'=3

Also, it was shown in Figure 2 that, at fixed time, the flame
mean radius increases with the increase of hydrogen content in
the mixture; therefore the flame develops more rapidly when
the fuel becomes more hydrogenated.

0,08 D=1 u'=3
0.07 -

0.06

—_— 20%H2
...... 20%H2
= .+ =100%H2

Flame radius {m})
=

Fig. 2 Effect of hydrogen addition on flame mean radius

Effect of hydrogen addition on the flame brush
thickness

Many relations were proposed in order to define the flame
brush thickness also called flame width.

1 T_Tf

Cc=
It is often defined by: where T.-T, is
the progress variable defined as a normalized temperature ; (b:
burned, f: unburned) gas
Figure 3 displays the flame brush thickness variation versus
hydrogen fraction at constant equivalence ratio (®=1).

o max |Vc|

It’s noted that hydrogen addition provokes an increase in the
flame brush thickness at a similar turbulence intensity and a
constant equivalence ratio.

According to Hongsheng et al. [61], the variation in
preferential diffusion is the first origin of this increase in the
flame brush thickness. In fact, the fuel Lewis number is reduced
with the addition of hydrogen. This decrease in Lewis number
yields an increase of the local flame instability and then an
increase in the flame brush thickness.

In addition Hongsheng et al. [61] affirmed that this increase
might be the result of the increase in turbulent burning velocity
at same equivalence ratio and turbulent level.
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Fig. 3 Effect of hydrogen addition on flame brush thickness

2. Effect of hydrogen addition on turbulent flame velocity:

The flame velocity is described as the differential of the
flame mean radius versus time.
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In order to study the effect of hydrogen addition on the
turbulent flame velocity we plotted the turbulent flame velocity
versus hydrogen fraction for stoichiometry and for two fixed
levels of the turbulence intensity: u'=2 and u' = 2.4.

For both turbulent intensity levels, the turbulent burning
velocity increased non-linearly with the increase of hydrogen
content and the combustion becomes faster.

A satisfactory agreement is found between our simulation

and experiment data of Fairweather et al [62] and
Ekenechukwu [63].
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Experimental results showed that the rises were modest with
the addition of 10 and 20% of hydrogen and it becomes
significant by 40%.

According to Ekenechukwu [63], this increase in the
turbulent burning velocity could be a result of the increase in
burning velocity of laminar flamelets that constitute the
turbulent structure.
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Fig. 4 Effect of hydrogen addition on turbulent flame velocity.

Effect of hydrogen addition on lowest ignition energy

The minimum ignition energy (MIE) represents the lowest
energy necessary for the ignition achievement.

Figure 5 display the minimum ignition energy against
equivalence ration for different methane-hydrogen mixtures
(0%, 50% and 100% of hydrogen). One can see that the
minimum  of ignition energy is found close to

stoichiometry.Our results are compared with data presented by
Lewis & Von Elbe [64], Hankinson et al [65] Gexcon [66] and
D.W.V [67]. A reasonable agreement was observed.

As expected, Figure 5 shows that the MIE decreased as
hydrogen content in the fuel increases due to the low ignition
energy required by hydrogen. This observation confirmed by
Hankinson et al [65] is obvious in Figure 6.
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Fig. 5 MIE versus Equivalence Ratio, u’=2.
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CONCLUSIONS

Spherical propagation of methane-air turbulent flames with
different hydrogen blending levels was numerically simulated
in an adiabatic constant volume vessel.

Numerical simulations were based on the PDF-Monte Carlo
method using FGM approach for tabulating chemistry
described by the standard detailed mechanism GRImech3.0.
Turbulence was supposed to be homogeneous and isotropic.

The effects of hydrogen blending on the mean flame radii,
flame brush thickness, turbulent propagating velocity and
minimum ignition energy are investigated.

The computed results are confronted with measured data in
literature and reasonable agreements were observed.
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Simulations show that the mean flame radii, the flame brush
thickness and the turbulent flame speed increase monotonically
with the increase of the amount of hydrogen blending.

However, the minimum ignition energy, which represents
the lowest energy necessary for achieving ignition, decreases
as the hydrogen content in the fuel increases as a consequence
of the low ignition energy of hydrogen. The lowest values of
minimum ignition energy are found close to stoichiometry.

Good agreements, in mean flame radius, turbulent flame
speed and minimum ignition energy measured by several
researchers and predicted numerically by this study, were
achieved. Therefore, PDF-Monte Carlo method associated with
FGM approach for tabulating detailed chemistry could be an
attractive numerical tool to predict hydrogen addition effects
on turbulent methane-air propagating flame characteristics.

Funding: This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-profit sectors.
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ABSTRACT

There are different opinions about the future of internal combustion engines due to excessive
air pollution caused by the increasing use of fossil fuels in engines. However, an alternative
power system that is more efficient, economical, environment friendly and widely used as
internal combustion engines haven’t been invented. For this reason, many studies on the
widespread use of alternative fuels are carried out. In this study, the results of experiments with
both gasoline and natural gas fuel in a single cylinder test engine were evaluated. The main
objective of this study is to compare exhaust gas emissions and effective efficiency at the
operating limits in lean mixture conditions. At the same time, cycle to cycle variation in these
operating conditions should not exceed an acceptable value. In the lean mixture condition,
gasoline fuel has exceeded this determined limit previously from natural gas. Therefore, the
reduction in NO emission was not at desired levels. In case of working with natural gas, NO
emission has decreased to very low levels since it reaches to the cycle to cycle variation limits
in more lean mixtures (A = 1.70). At all experiment points, natural gas is more efficient than
gasoline. As a result, it has been observed that NO emissions can meet the standards without a
loss of efficiency for this engine in case of the natural gas and lean mixture.

Keywords: Lean burn, Natural gas, Nitrogen oxide emission, Low temperature combustion.
INDRODUCTION

There are different methods to obtain emission standards in ICE’s. Alternative fuels must be
used instead of gasoline and diesel engines to provide this easily [1]. NO, THC, PM emissions
are the major problems to be solved today. PM problem could be eliminated in engine with a
homogeneous mixture. In order to reduce NO emissions, it is necessary to reduce in-cylinder
temperatures. Working with extremely lean mixture is a method used to reduce the temperature.
For this purpose, acceptable operating conditions in the lean mixing regime of CNG and
gasoline fuels have been investigated in this study. It is aimed to reduce NO emissions below
200 ppm in the lean mixture conditions for both fuels. For these operating parameters, which
are suitable for NO emission, the cycle to cycle variation values are also investigated for
compliance with the desired limits.

EXPERIMENTAL METHOD

The experiments were carried out on a single cylinder test engine with spark ignition and
manifold injection system. In addition, a mini ECU and software has been developed in our
laboratory for the control of this engine [2]. AVL GU21D piezoelectric transducer was used to
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measure the cylinder pressure and this data was recorded over 200 cycles. A precise scale has
been used for the measure of CNG fuel consumption. Emission measurements were made with
Horiba Mexa 7500 and Bosch BEA 350 devices. The experiments were carried out in three
different relative air/fuel ratios in two different engine speed and load conditions. For both
fuels; efficiency, NO emission and cycle to cycle variation (net indicated pressure changes)
values were compared under the same operating conditions.

RESULTS

According to the results obtained for both fuels, the CNG is more efficient (5-12%) than
gasoline fuel at all operating points. Gasoline fuel is not suitable to work with lean mixture
when the mean effective pressure is 1bar. As could be seen in Figure 1, it is possible to operate
in the lean mixing regime in both fuels under 3 bar engine load conditions. In this study, we
call it the extremely poor mixture (A > 1.6), the cycle to cycle variation of natural gas fuel is
less than that of gasoline. Essentially, the NO emission values in both fuels are about 250 ppm
under the R/A = 1.6. Although the gasoline fuel in terms of NO emissions provides the desired
conditions, it does not meet the criteria for the cycle to cycle variations. The gasoline engine
usually exceeds this limit after R/A =1.45. So, even if NO emission is about 10 times less than
the stoichiometric mixture, stable operation under these conditions is not a concern for gasoline.
As seen from Figure 2, the natural gas is still better than gasoline even if it works with the leaner
mixture. In addition, NO emissions decreased to around 150 ppm caused by decrease in cylinder
temperature due to the further leaner mixture for CNG.
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Figure 1. NO emission changes for gasoline and natural gas (n = 1500 rmp, pme = 1 - 3 bar, € = 12).
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Figure 2. Coefficient of variation (COV) value for net indicated mean effective pressure under same
operating conditions in figure 1.

CONCLUSION

As described in the Results section, CNG fuel provides the desired limits in the extremely lean
mixing regime. Besides, the effect of working with a more lean mixture on the effective
efficiency value should be examined. Furthermore, contrary to our expectations, THC
emissions remained almost the same as gasoline. CNG can be 20% more efficient than gasoline
under ideal conditions [3]. If THC emissions do not meet the required standards, it can be solved
easily by using a simple and inexpensive method of oxidation catalyst.
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The modelling of heating, evaporation and combustion processes in a combustion system is
crucial to its design and advancement [1,2], and essential to the assessment of the suitability of
kerosene as an aviation fuel [3]. In this study, we have conducted a detailed analysis of kerosene
fuel droplet heating and evaporation, using the previously developed discrete component model
(DCM). Kerosene fuel composition (approximated by 44 components of the full composition
reported in [4]) is replaced with 2 surrogate components to reduce the computational time. In
contrast to the classical industrial analyses of aviation fuel (e.g. the distillation curve method
[5]), the DCM takes into account gradients of species mass fractions in droplets. It is based on
the analytical solutions to the heat transfer and species diffusion equations subject to
appropriate boundary and initial conditions [6]. Numerical codes using these solutions were
extensively verified and validated in [7-9]. The effective thermal conductivity and effective
diffusivity approaches for moving droplets are used in the model.

The DCM was implemented in the commercial CFD software of ANSYS-Fluent which was
applied to study the processes in a combustor. The computational domain is shown in Figure 1.
A polyhedral mesh was used for the hydrodynamic model, as shown in Figure 2. This opened
opportunities for the simulation of the full combustion cycle. The influence of droplet
evaporation on the combustion process was investigated.

MN{M.... %
<
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=
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Figure 1. The can combustor geometry used in our CFD simulation.
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Figure 2. The mesh used for the combustor simulation.

The analysis was applied to a balanced mixture of kerosene and diesel fuels, represented in the
ANSYS-Fluent database by Ci2H23 and CioH22, respectively. The initial droplet diameter and
temperature were 100 um and 375 K, respectively. The ambient gas temperature and pressure
were 800 K and 4 bar, respectively. A co-axial air-blast atomizer was used with air and fuel
mass flowrates of 0.175 kg/s and 0.003 kg/s, respectively, and an injection speed of 1 m/s. As
shown in Figure 3, the evolution of droplet radii with time was predicted using three
approaches, namely: 1) the results predicted by standard ANSY'S Fluent software using constant
properties; 2) the results predicted by ANSYS Fluent with the implementation of transient
properties of fuel composition using the user defined function (udf), but without the DCM; and
3) ANSYS Fluent results with full implementation of the DCM and transient thermodynamic
and transport properties.

100

80 -

d (um)

40 -

0 time (us) \ \
0 10 20 30 40 50

Figure 3. The evolutions of droplet diameter using the three modelling approaches: 1 refers to Standard ANSY'S
Fluent results, with constant properties, 2 refers to ANSYS Fluent results, with in-house properties using udf,
and 3 refers to ANSYS fluent results with the in-house developed DCM using udf.

The preliminary results show that the maximal impact of incorporating the DCM into the
ANSY S-Fluent prediction of droplet evaporation is up to 10.4% compared to the case when a
standard ANSY S-Fluent model is used. Also, our results indicate that the fuel composition and
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temperature gradient inside droplets, which are ignored in the standard ANSYS Fluent model,
can lead to noticeable impact on the spray formation and combustion processes. The new results
have been compared with those reported in the literature [12] (see Figure 4) for kerosene
droplets of 1.8 mm initial diameter.
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Figure 4. The validation of the models for the normalised droplet diameters squared predicted by the standard
ANSYS-Fluent (solid curve), and ANSYS-Fluent with the DCM udf (dotted curve), using data reported in [12]

(bold triangles) for kerosene fuel.

As can be seen from Figure 4, general agreement between the numerical results and experimental data
was found. In our analyses, we considered the impact of thermal-swelling on droplet evaporation.
Finally, the combustion of the blended fuel droplets was simulated, and the influence of fuel evaporation
and species diffusion on flame properties was investigated and will be presented in the full paper.

Keywords: Aviation fuel, CFD model, Combustion, Droplet evaporation, Gas turbine, Kerosene
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ABSTRACT

Because of the increase in energy demand in the world and decreasing fossil fuel reserves,
alternative fuel search studies are one of the research topics of today. In addition to liquid
fuels, gas fuels are also investigated as an alternative to internal combustion engines. In this
study, the effect of acetylene gas gasoline and ethanol on the emission parameters and
engine performance of a spark-ignition engine was investigated. The experiments have been
carried out under 25% constant load at 1500 rpm and in different air excess ratios. The
engine used in the experiment is a four-cylinder, four-stroke and water-cooled internal
combustion engine. As a result of the experiments, it was observed that the thermal
efficiency of acetylene was higher than that of ethanol and gasoline. Acetylene (for higher
lambda values) at emission values gives better values than ethanol and gasoline.

Keywords: Acetylene,Ethanol,Gasoline, Emissions, Internal combustion engine

1. INTRODUCTION

Acetylene gas; It is a gas that is colorless, garlic-smelling, highly flammable, lighter than
air, has no toxic effect, but can cause a suffocating effect by reducing the oxygen of the air.
Acetylene gas has an important place in the manufacturing industry. Acetylene gas is a gas
that achieves high flame speed and flame temperature with minimal oxygen consumption
compared to other fuel-gases [1].It has a very wide flammability range and minimum
ignition energy required for ignition[2]. Acetylene was added by researchers to different
fuels and their effects have been investigated.

In a research at Erciyes University, the performance of acetylene was added to the overall
performance of the engine. Experiments have been carried out in an Sl engine under
stoichiometric conditions. In the tests, performance and emission parameters have been
examined by changing the load from 25% to full load. While hydrocarbon emissions
decreased in all engine loads, NO emissions increased in low emissions compared to
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gasoline [3].Lakshmanan and Nagarajan have chosen a four-stroke, 4.4 kW diesel engine
with a slight modification of the intake manifold to hold the gas injector controlled by an
electronic control unit (ECU), and experiments have been conducted for various gas flow
rates.As a result, they observed that performance was nearer to diesel at the full load and a
safe operation of acetylene replacement up to 24% was possible to reduction in emission
parameters [4,5,6].

Brusca at al. Performed a theoretical and experimental analysis of an acetylene and alcohol-
driven internal combustion engine. A standard 8 kW spark ignition engine with carburettor
was modified with electronic injection control system (ECU) and two standard commercial
injectors. As a result of the experiment, exhaust emissions were decreased by CO, HC and
NOx compared to gasoline and acetylene and alcohol fuel [7]. Kumar et al. in their study,
a single cylinder was tested with pure petrol and gasoline - acetylene double fuel mode with
diethyl ether (DEE) as an oxygen additive in a direct injection (DI) and spark ignition (s)
engine. As a result of the studies, it was concluded that the mixing ratio of DEE20 showed
better performance[8].

2. EXPERIMENTAL SETUP AND TEST PROCEDURE

The experiments were conducted in the Motors Laboratory of Erciyes University
Mechanical Engineering department. The experiments were performed on a four-cylinder,
four-stroke and water-cooled Ford MVVH418 1.8L Sl engine designed to improve the
nominal power output of 75 kW at 5500 rpm.The engine specifications are given in Table
1.Acetylene ratio was measured by Alicat M100 SPLM gas flowmeter.Cylinder pressure
values were measured with PCB 111A22 piezoelectric pressure transducer and Bosch BEA
060 gas analyzer was used to measure exhaust gas components (CO, CO2, HC and NO).

Experiments have been performed under different air excess ratio at 1500 rpm and 25%
constant load using pure gasoline, ethanol and acetylene. The properties of fuels are given
in Table 2.

Table 1: Engine specifications

Engine Ford MVH418
Cylinders 4inline

Weight 123 kg
Bore/Stroke (mm) 80.6/88
Compression ratio 10:1

Max. power 75 kW

Max. BMEP 10.7 bar

Max. Torque 150 Nm/4000 rpm
Engine stroke volume (L) 1.796 L

Idle/max. speed 800/6000 rpm
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Table 2: The properties of fuels [1][3]

Properties Acetylene Ethanol Gasoline
Formula CzH: C2HsOH CsHis
Dentinsy (kg/m3) 1.092 785 720-775
Ignition energy (MJ) 0.019 0.7 0.24
Auto ignition temperature (°C) 305 558 246-280
Adiabatic flame temperature (K) | 2500 1920 2270
Lower calorific value (MJ/kg) 48.23 26.9 43
Flammability limits (vol.%) 2.5-81 3.3-19 1.4-7.6
Flame speed (m/s) 1.5 0.61 0.4
Stoichiometric air fuel ratio 13.2 8.93 14.7

3. RESULTS AND DISCUSSIONS

3.1 Brake Thermal Efficiency

The variation of brake thermal efficiency for acetylene gas, ethanol and gasoline in various
excess air ratio is shown in Figure 1.As seen this figure the brake thermal efficiency of
gasoline and ethanol are lower than acetylene. The experiment engine can be operated with
gasoline and ethanol in rich and poor mixing conditions, but with acetylene it can only work
under very poor mixing conditions.lt is seen that the maximum brake thermal efficiency is
obtained for all fuels in poor mixture conditions. The maximum brake thermal efficiency is
21.3% at A=1.29 for gasoline operation, 21.8% at A=1.45 for ethanol operation and 24.5%
at A=2.27 for acetylene operation.
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Figure 1. Variation of brake thermal efficiency by excess air ratio

3.2 Hydrocarbon Emissions

Unburned hydrocarbon emissions or organic matter are the result of incomplete combustion
of hydrocarbons [9].The graph showing the HC emissions of acetylene according to the
increased excess air excess ratio is given in Figure 2.As can be seen from Figure 2, HC
emission values in different excess air ratio have not changed much for acetylene.Whenwe
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compare acetylene, gasoline and ethanol, it is seen that the lowest emission rate belongs to
acetylene.
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Figure 2. Variation of HC emissions by excess air ratio

3.3 Nitrogen Oxides (NOx) Emissions

NO, NO2, N202 and similar compounds are all defined as nitrogen oxides (NOx).The NOx
emission varies depending on the excess air ratio [10]. The Bosch BEA 060 Gas Analyzer
equipment used to measure emission values only measures the NO value from the NOx
values. Figure 3 shows the variation of nitrogen monoxide emissions with the excess air
ratio obtained as a result of experiments performed with acetylene gas,ethanol and gasoline
at 1500 rpm engine speed and 25% engine load.
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Figure 3. Variation of NO emissions by excess air ratio
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4. CONCLUSION

This study investigated the effect on the emissions and performance of a spark ignition
engine at 1500 rpm and 25% constant load using acetylene gas, ethanol and gasoline. The
results of the investigation are presented below.

e The maximum thermal efficiency of acetylene is 15% higher than gasoline operation
and 12% higher than ethanol operation.

e The UHC emission of ethanol is lower than that of gasoline and the UHC emission
of acetylene is lower than that of ethanol and gasoline.

e It has been observed that NO emission is almost never occurred in acetylene
operation at very high excess air ratios.
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Biodiesel production has been remaining as one of the most popular research topics because of
the environmentally friendly nature of biodiesel. Transesterification reaction performed with
methanol (methanolysis) and a base catalyst is commonly preferred technique in biodiesel
production due to the relatively lower production cost. However, higher production cost is an
important drawback for spreading commercial biodiesel against petroleum based diesel. In this
respect, alternative productions methods such as microwave assisted biodiesel production have
increasingly become the focus to decrease production cost by minimizing reaction time and
energy consumption in production processes. In the literature, the superior advantages of
microwave irritation were proved and exhibited by numerous studies. However, these studies
have been performed in small/laboratory scales, and any large scale microwave assisted
biodiesel production has been found out. In this review study, “microwave technology” in
biodiesel production is examined, and the base-catalyzed transesterifications carried out under
microwave are compared with similar conditioned ones using conventional systems. In
addition, the pilot scale microwave assisted biodiesel reactor (60 L) designed by us is
introduced as an initial model of large scale microwave assisted biodiesel production systems,

and the results of base catalyzed methanolysis results are presented.

Keywords: Biodiesel, Transesterification, Base Catalysts, Microwave, Production Cost.
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ABSTRACT

Spark ignition (SI) engines have been especially important power plants to drive the light-duty
vehicles. Numerous methods have been executed to develop all outputs of the Sl engines. Dual-
plug ignition system is one of the best tools to improve combustion, engine performance and
exhaust emission characteristics of the SI engines. Alternative fuels, such as ethanol, have been
also extensively used to contribute engine characteristics in Sl engines since few last decades.
Effects of equivalence ratios, spark timings and spark plug locations on combustion
characteristics have been theoretically investigated in ethanol-fueled dual-plug Sl engine in this

study.
Keywords: Sl engine, Dual-plug, Ethanol, Combustion characteristics

MODEL VALIDATION AND CASE STUDY
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Abstract

European Commission announced stringent emission limits for vehicles that run with diesel
engine [1]. Moreover, countries in Europe will prohibit the sales of internal combustion engine
vehicles starting from 2025 [2]. Researchers and automotive companies started to investigate
alternative methods to achieve low emissions without sacrificing the efficiency of diesel
engines. Researchers focused on advanced combustion methods, which enable the advantages
of gasoline and diesel engines by achieving homogenous fuel-air mixture in the combustion
chamber that ignite itself [3]. Besides, alternative fuels were also utilized under developed
advanced combustion methods to improve the disadvantages of the advanced combustion
phenomena. The disadvantages advanced combustion methods, which need to be improved, are
the lack application at high load conditions and increased fuel consumption [4]. Although
experimental studies were performed to improve advanced combustion with pure diesel, there
are limited number of study about partially premixed combustion with biodiesel blended diesel,
that modify fuel parameters to improve performance and emissions. In this study, advanced
combustion method, which can be named as Partially Premixed Compression Ignition (PPCI),
was studied experimentally with pure diesel and biodiesel blended diesel, by adjusting fuel
injection parameters and exhaust gas recirculation (EGR) rate. During the experiments,
combustion data, performance and emission data were acquired to investigate and correlate the
relation of combustion parameters with emission and performance.

Experiments were performed in the engine dynamometer at part load condition, which were
selected from operation points of the New European Driving Cycle (NEDC) and the Worldwide
Harmonized Light Vehicles Test Cycle (WLTC), of a 1.5 liter diesel engine. Injected fuel
quantity kept constant during the experiments to be able to evaluate the reaction of same amount
of fuel in the combustion chamber. 7 mg of fuel injected at one time into the cylinder at 630 bar
during all experiments. Start of Injection (SOI) time and EGR rate was adjusted during the
experiments of the pure diesel (B0O0) and biodiesel blended diesel (50% biodiesel + 50% diesel
in volume = B50). First, experiments of the BOO were conducted. Experiments started with the
sweep of the SOI from -5 CA to -70CA by keeping the EGR-60%. After, EGR was swept from
10 to 70% by keeping the SOI at -15 and -30CA. During the experiment, 60 seconds were
waited after modifying an engine parameter to start the data acquisition. Average of 120
seconds were calculated by the operation system of the engine dynamometer during the
measurement. Two set of experiments were performed for each condition. Once completing the
experiments of pure diesel, fuel filter of the engine was replaced with a new one. Then,
experiments of the B50 were conducted at same operation conditions in same sequence.

Power, NOx, HC, Opacity, and Burn Duration (BD) results of the experiments were compared
as shown in Figure 1. Biodiesel improve HC, opacity while worsening power and NOx.
However, power of BOO and B50 was similar at SOl -25 CA. Besides, B50 burned faster
compared to BOO, moreover, SOC of B50 is earlier than BOO as can be seen in Figure 2. For the
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selected operation point maximum power was observed at SOI of -15CA. However, NOx and
opacity of -25CA were better than -15CA, whereas power of both point was almost same.
Combustion of SOI at -25CA can be named as partially premixed combustion as injected fuel
create more homogenous charge before SOC compared to the SOI -15CA condition.

Thus, premixed mixture has potential to improve opacity and NOx emission while keeping the
power of the engine. Biodiesel may also be utilized to reduce the size of diesel particulate filter.
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Abstract

Nowadays, efforts are underway to get electric vehicles to replace internal combustion engines. At this
point, the power supplies of electric vehicles have emerged as a problem. As an alternative to batteries,
the studies on the use of fuel cells in the vehicles are continuing. In this study, various parameters of
two fuel cell vehicles using AC induction and permanent magnet motor are investigated. The study was
performed using the ADVISOR software. As a fuel cell, a 50 kW hydrogen-oxygen fuel cell made by
the Argonne National Laboratory and a 25 kW NiMH battery of Ovonic brand were used as batteries.
The motor powers are set at 50kW and 80kW. All other vehicle-related components are kept constant.
As a driving cycle, a cycle representing the semi-dense suburbs of New York City, previously created

by Ford Motor Company, was used.

The results of the study are compared with the output torque of the motor, the temperature of the battery
module, the power loss of the battery, the maximum torque vector, the motor temperature, the power
loss of the motor, the driving torque of the rotor and the fuel consumption are compared with two
different power for both the permanent magnet motor and the AC induction motor. As a result of this
study, the technical superiority of permanent magnet motors against AC induction motors is clearly
seen. When the higher powers are reached, the superiority of permanent magnet motor compared to AC
induction motor is seen more clearly. In particular, the motor output torque is close to twice the AC
induction motor, the maximum torque vector is affected less in moments of acceleration and
deceleration, and because of the low heat loss during operation, the low engine temperature makes the

permanent magnet motors advantageous in the vehicles.

Keywords: Fuel cell vehicle, permanent magnet motor, AC induction motor, Advisor, electric vehicle
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Abstract

In this study, a technical feasibility study was carried out for a wind turbine in Kocaeli University
campus. For this purpose, the location of the wind turbine was installed on the map. By using
Windographer software, the wind speed of the selected point is taken with 1 hour resolution and the
energy and turbine output power can be produced according to the selected turbine.

In order to confirm the accuracy of the data received from the software, the error rate was calculated by
re-calculating the data received from the General Directorate of Meteorology. Daily average of 1 hour
data was obtained and then monthly wind speed data were obtained and seasonal addition was taken.
The turbine was constructed according to the hub height of 10-90 m. In addition, the study showed that
the turbine would work with high efficiency in winter months due to power output. It was observed that

the yield was higher than the wind in winter.

In this study, the output power of the selected turbine calculated using the software for modeling the
wind speed at working altitude of the wind turbine. Thus, the producing power of turbine calculated as
195 kW and energy in terms 1,704,959 kWh/year with considering the losses. Due to the selected point,
the efficiency of obtained energy of the wind turbine is 13.2% without losses and 10,9% with losses.
The installation of the wind turbine at the selected point appears to be suitable.

Keywords: MERRA, Windographer, Wind, Wind Energy, Data Analysis, Mean Wind Speed, Mean
Power Density.
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THE INVESTIGATION OF ENGINE PERFORMANCE OF CR203 AND AL203
+% 13 TIO2COATINGS APPLIED AT DIESEL ENGINE

Erding VURAL?, Serkan OZEL?*

YUdnan Menderes University, Germencik Yamanturk Vocational School, Aydin, Turkey

Z*Bitlis Eren University, Department of Mechanical Engineering, Bitlis, Turkey

ABSTRACT

In combustion engines, the combustion chamber elements are coated with ceramic
materials in order to increase the material quality of the components forming the
combustion chamber, heat resistance of the hot parts of the metal components,
engine efficiency and performance. In this study, the piston surface of a diesel
engine, NiCr with bond coat and without bond coat with Cr.O3, Al.O3 13% TiO»,
Cr203 + 25% Al>O3 ceramic coating powders were coated by using plasma spraying
method to increase engine efficiency and performance. Compared to coated engine
and standard engine performance values; engine power, engine torque, exhaust gas
temperatures and brake thermal efficiency increased while decrease was observed

in specific fuel consumption.

Keywords: Diesel engine, performance, coating, Cr203, Al.O3 +13% TiO2
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OPTIMIZATION OF EFFECT OF THERMAL BARRIER COATING (TBC)
CERAMIC LAYERS ON DIESEL ENGINES PERFORMANCE BY TAGUCHI
METHOD

Serkan OZELY", Erding VURAL?, Murat BINICI®
"Bitlis Eren University, Department of Mechanical Engineering, Bitlis, Turkey
szdm Adnan Menders University, Germencik Yamantiirk Vocational School, Aydin, Turkey

®Bitlis Eren University, Department of Industrial Engineering, Bitlis, Turkey

ABSTRACT

In this study, thermal barrier layers were coated on piston surface using plasma spray method.
The effects of coated layers were investigated experimentally and statistically using Taguchi
optimization method on Torque. Coating materials used in this study were Al,O3 +13% TiO3,
Cr203, and Cr203+ % 25 Al>,O3. Each coating material was tested at different speeds, which are
1400 rpm, 2000 rpm, 2600 rpm and 3200 rpm. The results showed that Torque value at the
speed of 2600 rpm was increased with the use of Al>Os +13% TiO2. The results of the
experiment were also tested using Taguchi optimization method with coating material and
speed parameters. The design of Taguchi analysis was carried out with L1s(4%) orthogonal array.
It was statistically determined that the coating material (P= 0,004 < 0,005) and speed (P= 0,000
< 0,005) parameters were statistically significant on the Torque value. Also, the highest value
of Torque was observed to be with the coating material of Al.O3 +%13 TiO and the speed of
2600 rpm.

Keywords: Thermal Barrier Coating, Diesel engine, Torque, Taguchi optimization
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CHACTERIZATION OF SOLID PRODUCTS FROM APPLE TREE PRUNING
WASTE TORREFACTION

Berrin SAYGI YALCIN*?*, Cemil KOYUNOGLUS?, Jale GULEN?

Yyalova University, Engineering Faculty, Department of Chemical and Process Engineering, 77200,
Yalova, Turkey.

2Yildiz Technical University, Chemical and Metallurgical Engineering Faculty, Chemical Engineering
Department, 34210, Istanbul, Turkey.

%yalova University, Engineering Faculty, Department of Energy Systems Engineering, 77200, Yalova,
Turkey.

*berrin.yalcin@yalova.edu.tr
Abstract:

In Turkey 122.317 tons of apple tree pruning waste (ATPW) is composed per year. However,
direct use this waste as a solid fuel is hindered by its intrinsic fuel characteristics, such as low
bulk density, low energy yield and hygroscopic nature. Torrefaction is a promising process to
enhance the fuel characteristics of the ATPW. The benefit of this process is that energy value
of torrefaction products are nearly equal to coal. In addition torrefaction products are renewable
energy sources and could be co-fired with coal thereby reducing greenhouse gases and global
warming. In this study, the effect of different parameters such as temperature, particle size and
residence time were investigated on ATPW. Temperature, particle size and residence time was
respectively varied from 150 to 350°C, 1-5mm, and 10-50 min. Torrefaction process was
conducted in inert atmosphere with a heating rate of 15°C/min. Calorific value, mass yield, and
energy Yield were computed and used to determine the quality of the resulting biochar.
Response surface methodology was used for determination of influence of each factors. The
results showed that the temperature and residence time were significant factors effecting the
heating value, mass yield and energy yield ratio in torrefaction of the ATPW. From the results
of data, 250 °C torrefaction temperature, 30 min residence time and 3mm particle size was
found to be suitable for torrefaction of ATPW. In tis conditions heating value, mass yield and
energy yield of torrefied ATPW was found 22.08 MJ/kg, %63.27 and %69.62, respectively.
Keywords: Biomass, torrefaction, apple tree pruning waste
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INVESTIGATION OF WASTE COOKING OIL-BIODIESEL AND DIESEL FUEL
PARTICULATE MATTER USING FTIR, TEM AND ELEMENTAL ANALYSES

Yahya Ulusoy
Department of Agricultural Machinery, Uludag University, Bursa, Turkey
yahyau@uludag.edu.tr

Abstract

This study investigated the use of a methyl esterified waste vegetable oil (MEWV)-diesel fuel
blend in a diesel tractor engine by comparing the resulting particulate matter (PM) collected on
a filter with that of diesel fuel. MEWYV is originating from domestic, commercial and food
industry sources collected from the Marmara region (Turkey) by a waste oil collection
organization. Testing of the MEWYV was conducted in engine test laboratories where particles
were collected in emission filters and these filters were analysed in the laboratory environment
to evaluate the results. The study also investigated the overall morphology of soot particles
from a blend of 75% biodiesel + 25% diesel (B75) in a diesel engine at three different loads
(75%, 50% and 10%) as compared with those from diesel fuel (BO).

Fourier transform infrared (FTIR) and elemental analyses were carried out and the exhaust
emissions collected on the filters were examined via transmission electron microscopy (TEM).
The FTIR (JASCO Model FT / IR 6800-ATR) analyses were performed on the samples with a
maximum scan rate in the range of 500 cm™ to 4000 cm™. For the FTIR spectroscopy of the
smoke emission (SE) from the combustion chamber collected on the filter. The samples were
scanned 500 to 4000 cm™ wavenumber and the spectra were recorded. FTIR spectra analyses
of diesel fuel and MEWYV fuels at three different loads were shown below.
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Data on the size and morphology of the SE were obtained using the Quanta 650 FEG HV / LV
| ESEM-STEM detector. The results showed the importance of the TEM analyses of the B75
fuel SE for internal structural changes during the oxidation process. The change in diameter in
the oxidized SE was experimentally observed.
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The study results are summarized as follows:

* The FTIR spectra of the B75 fuel blend of biodiesel obtained from WCO and diesel fuel
showed characteristic regions of oxygen bonds. No significant peak of permeability was
observed for the BO fuel due to low sulphur concentration, while the B75 fuel showed no
sulphur peak points in the spectrum. The presence of long carbon chains was confirmed by the
vibration of the C-H bonds.

* As a result of the clean and complete combustion of the B75 fuel, it produced fewer SE than
the BO fuel. Within the loading rates, it was observed that the amount of SE decreased as a
result of the operation of the engine regime at 50% and 75% loading rates and the more efficient
combustion of the fuel.

* The size distribution of the BO fuel SE did not follow the same trend as the B75 fuel. Compared
to BO, in the B75 fuel, due to the high biodiesel ratio, the initiation of soot precursors was
reduced and the oxygen present in the biodiesel was seen to reduce the size and number of SE
through further oxidation (Lapuerta et al., 2012; Omidvarborna et al., 2015a).

 The laboratory results confirmed that the degree of unsaturation was related to the oxygen
content of the biodiesel fuels. The B75 unsaturated biodiesel fuel obtained from WCO formed
smaller soot particles, as shown in the TEM images.

Keywords: Waste cooking oil, biodiesel, emissions, PM, FTIR, TEM
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CALCULATED EXHAUST EMISSIONS OF EURO 6 CLASS GASOLINE,
DIESEL AND LPG FUELLED PASSENGER CAR ON DEFINED RDE (REAL
DRIVING EMISSION) ROUTE

Muhammet AYDIN®, Cem SORUSBAY

Faculty of Mechanical Engineering, Istanbul Technical University
Maslak, 34469 Istanbul Turkey

Abstract

Due to the insufficient representation of chassis dynamometer test for emission regulation,
European Commission put into the force a new procedure, which contain both laboratory test
and real driving test. In this new test procedure, even though WLTC replace with NEDC, it is
needed to test the vehicle on real traffic conditions, which contain urban, rural and highway
road parts. Due to the new emission regulation, lots of academic investigations focus on creation
of RDE (Real Driving Emission) routes and RDE test. In this study, we introduce a new
methodology for creating RDE routes and compare calculated CO, HC and NOx emissions of
gasoline, diesel and LPG fuelled passenger car on defined RDE route as a case study. RDE
routes were created by a code in MATLAB with using Istanbul road map data and half hour
traffic flow data. This code, firstly, create all RDE routes starting from defined coordinates and
then analyse all routes with respect to traffic flow rate and RDE boundary conditions identified
by European Commissions. Obtained outputs of this model were used for GPS test to get real
time vehicle speed, acceleration, deceleration, engine speed, engine coolant temperature and
engine load rate. After verification of GPS test and RDE model, half-hour traffic data and GPS
test outputs were used to calculate exhaust emissions by IPCC third approach (Tier I11), which
consider mean vehicle speed, fuel type, engine size and ambient air temperature, for our case

study.

Keywords: Real Driving Emission, Emission calculation, Gasoline vehicle, Diesel vehicle,
LPG vehicle.
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EVALUATION OF PERFORMANCE, COMBUSTION AND EMISSIONS OF
SOYBEAN BASED BIODIESEL FUEL BLENDS IN A CI ENGINE

Mehmet Resit Serac?, Selman Aydin®, Sinan Erdogan®, Mustafa Kemal Balki¢, Cenk Sayin®

aDepartment of Automotive Engineering, Faculty of Technology, Batman University, Batman, Turkey
bInstitute of Pure and Applied Sciences, Marmara University, Istanbul, Turkey
°Department of Mechanical Engineering, Sinop University, Sinop, Turkey
dDepartment of Mechanical Engineering, Faculty of Technology, Marmara University, Istanbul, Turkey

ABSTRACT

In this paper, engine tests were performed using ultra-low sulfur diesel fuel (ULSD), soybean-
based biodiesel and mixtures thereof. Performance, combustion, and exhaust emissions tests
were carried out with a 4 stroke, 4-cylinder, water-cooled, and direct injection NWK22 diesel
engine generator. The maximum power output of the engine is 18 kW and a compression ratio
of it is 17:1. All test fuels were prepared by blending 90% ultra-low sulfur diesel fuel- 10%
soy-based biodiesel this blend is named SOB10 and 50% ultra-low sulfur diesel fuel- 50% soy-
based biodiesel blend is named SOB50. They were tested under 10.8 kW load conditions and a
constant engine speed of 1500 rpm. The density, viscosity, thermal value and cetane number of
ULSD are 0.832 g/cm?®, 2.79 mm?/s, 44.8 Mj/kg, and 54.3, respectively. The properties of B10
are 0.828 g/cm?®, 2.76 mm?/s, 43.6 Mj/kg, and 56.5, respectively. The properties of B50 are
0.853 g/cm?, 3.30 mm?/s, 41.4 Mj/kg, and 54.3, respectively. Specific fuel consumption of soy-
based biodiesel and their mixtures was measured higher than that of ULSD. The cylinder gas
pressure values of biodiesel and their mixtures are higher than that of ULSD. The heat release
rate and average gas temperature values of biodiesel and their mixtures are lower than that of
ULSD due to their low thermal values. CO emissions of biodiesel and mixtures are higher than
those of ULSD due to the oxygen content of biodiesel. The rapid decline in oil resources has
increased the search for new sources as an alternative. In this study, it has been found that
soybean-based biodiesel can be used as an alternative energy source as a generator fuel.

Keywords: Soybean-based biodiesel, Power generator diesel engine; Combustion;
Performance; Emission
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ELEKTROMEKANIK SUPAP MEKANIZMASI KULLANILMASI
DURUMUNDA EGZOZ SUPAP ZAMANLAMASININ DEGIiSIMININ HAVA
AKIS PARAMETRELERINE ETKISININ MODELLENMESI

Usame Demir®’, Gékhan Coskun?, Hakan S. Soyhan'?

1 Sakarya Universitesi Miihendislik Fakiiltesi, Makine Miihendisligi Boliimii, Sakarya, Turkey
2Team-SAN Ltd. Sti., Sakarya Universitesi Teknokent, Sakarya, Turkey

OZET

Bu calismada buji ateslemeli tek silindirli bir motorun klasik kam mekanizmasi yerine
elektromekanik supap mekanizmasi kullanilmasi1 durumunda hava akis parametrelerine olan
etkiler 3 boyutlu Hesaplamali Akiskanlar Dinamigi (HAD) yazilimi ile incelenmistir. Analiz
caligmalar1 icin ANSYS FORTE yazilimi kullanilmistir. Bu yazilim sadece i¢ten yanmali motor
simiilasyonu yapabilmektedir. Forte yazilimi kullanilarak silindir i¢i akis simiilasyonlari
gerceklestirilmistir. Analizlerde kullanilan modelde emme ve egzoz manifoldlar1 dahil olan
silindir i¢ kismininda bulundugu hacimler yani tam akis modeli kullanilmigtir. Yanma
verimliligine etkisi olan yatay kiitlesel hava debisi silindir igi basing gibi degerlere devirin etkisi
analiz sonuglari ile ortaya konmustur. Analiz ¢alismasinda elektromekanik supap profili i¢in
literatiir arastirmasi yapilmis ve en ideal supap acgilma siiresi belirlenmis ve bu siireye gore
elektromekanik supap profilleri farkli devirler i¢in olusturulmustur. Egzoz supapinin erken
yada ge¢ kapanma durumlari Elektromekanik supap kullanilmasi durumunda motorun
volumetrik verimine dolayli yoldan yanma verimliligine olumlu etkilerin oldugu bu ¢alismayla
ortaya konmustur.

Anahtar Kelimeler: Hesaplamali Akiskanlar Dinamigi, Silindir I¢i Akis Modellenmesi, Buji
Ateslemeli Motor, Elektromekanik Supap Mekanizmasi

MODELING BY USING ELECTROMECHANICAL SUPPORT MECHANISM
EFFECT OF EXHAUST VALVE TIMING ON THE AIR FLOW PARAMETERS

Usame Demirl”, Gokhan Coskun?, Hakan S. Soyhan'?

! Department of Mechanical Engineering, Sakarya University, Sakarya, Turkey
2Team-SAN Co, Technocity at Sakarya University, Sakarya, Turkey

ABSTRACT

In this study, using electromechanical valve mechanism instead of conventional cam
mechanism affects on air flow parameters were investigated by 3D Computational Fluid
Dynamics (CFD) software for single cylinder spark ignition engine. ANSYS FORTE software
was used for analysis studies. This software can only simulate an internal combustion engine.
In-cylinder flow simulations were performed using CFD software. In the 3-D model used for
the analyses, the full flow model was used in the interior of the cylinder including the suction
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and exhaust manifolds. The effects of mass air flow, horizontal vortex, such as horizontal
vortex, which have an effect on combustion efficiency, are determined with the results of
analysis. In the analysis study, literature search was made for electromechanical valve profile
and the optimum valve opening time was determined and electromechanical valve profiles were
created for different RPM. In the case of the use of electromechanical valve mechanism, early
or late closure of the exhaust valve has a positive effect on the volumetric efficiency of the
engine and has an indirect effect on combustion efficiency.
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DEGISKEN EMME SUPAP ZAMANLAMASI VE ELEKTROMEKANIK SUPAP
MEKANIZMASI KULLANILMASININ HAVA AKIS PARAMETRELERINE
ETKIiSININ HAD iLE INCELENMESI

Usame Demirl”, Gokhan Coskun?, Hakan S. Soyhan'?,
! Sakarya Universitesi Miihendislik Fakiiltesi, Makine Miihendisligi Boliimii, Sakarya, Turkey
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OZET

Bu calismada buji ateslemeli tek silindirli bir motorun klasik kam mekanizmasi yerine
elektromekanik supap mekanizmasi kullanilmasi durumunda hava akis parametrelerine olan
etkiler 3 boyutlu Hesaplamali Akiskanlar Dinamigi (HAD) yazilimi ile incelenmistir. Analiz
caligmalar1 i¢gin ANSYS yaziliminin alt modiilii olan ve i¢ten yanmali motor simiilasyonu
yapabilen Forte yazilimi kullanilarak silindir i¢i akis simiilasyonlar1 gergeklestirilmistir.
Analizlerde kullanilan modelde emme ve egzoz manifoldlar1 dahil olan silindir i¢ kismimnin da
bulundugu hacimler yani tam akis modeli kullanilmistir. Yanma verimliligine etkisi olan yatay
girdap, dikey girdap gibi degerlere devirin etkisi analiz sonuglari ile ortaya konmustur. Analiz
caligmasinda standart supap profiline gore oncelikle supap profilleri olusturulmustur. Ardindan
elektromekanik supap mekanizmasi i¢in gerekli profil icin literatlir arastirmasi yapilmistir.
Literatiirde en ideal supap agilma siiresi belirlenmis ve bu stireye gore elektromekanik supap
profilleri her farkli devir igin olusturulmustur. Emme supabinin a¢ilma zamanin erkene alinma
durumlarinin etkisi incelenmistir. Elektromekanik supap mekanizmasi kullanilmasi durumunda
motorun volumetrik veriminin diisiik devirlerde diistiigii fakat devir yiikseldik¢e voliimetrik

verimde artis oldugu gortilmiistiir.

Anahtar Kelimeler: Hesaplamali Akiskanlar Dinamigi, Silindir I¢i Akis Modellenmesi, Buji
Ateslemeli Motor, Elektromekanik Supap Mekanizmasi
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MODELING OF USING ELECTROMECHANICAL VALVE MECHANISM BY
CFD EFFECT OF EXHAUST VALVE TIMING ON THE AIR FLOW
PARAMETERS

Usame Demirl*, Gokhan Coskun?, Hakan S. Soyhan'?,
! Department of Mechanical Engineering, Sakarya University, Sakarya, Turkey

2Team-SAN Co, Technocity at Sakarya University, Sakarya, Turkey

ABSTRACT

In this study, using electromechanical valve mechanism instead of conventional cam
mechanism affects on air flow parameters were investigated by 3D Computational Fluid
Dynamics (CFD) software for single cylinder spark ignition engine. In the experimental study,
the cylinder pressure, intake and exhaust air temperatures at different cycles and the air entering
the cylinder from the intake manifold were measured by the conventional cam mechanism. In-
cylinder flow simulations were performed using Forte software, which is a sub-module of
ANSY S software and can simulate internal combustion engine for analysis studies. In the model
used in the analyses, the volumes in the interior of the cylinder including the intake and exhaust
manifolds, ie the full model, are used. The values such as swirl and tumble ratio, which have
an effect on combustion efficiency, have been observed with the results of analysis. In the
analysis study, valve profiles were formed according to the standard valve profile. A literature
search was carried out for the required profile for the electromechanical valve mechanism. In
the literature, the ideal valve opening time has been determined and according to this time
electromechanical valve profiles have been performed for each different cycle. The effect of
early opening of the intake valve has been investigated. It is seen that the engine volumetric
efficiency decreases when using electromechanical valve mechanism at low RPM compared to

the standard valve profile but the volumetric efficiency increases with the increase of the RPM.

Keywords: Computational Fluid Dynamics, In-Cylinder Flow Modeling, Spark Ignition

Engine, Electromechanical VValve Mechanism
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AN ENERGY EFFICIENCY STUDY FOR AN ATMOSPHERIC NATURAL GAS
BOILER: A CASE STUDY

Cemil Koyunoglu?, Fikret Yiiksel*"

1Department of Energy Systems Engineering, Yalova University, 77200, Yalova, Turkey

ABSTRACT

Turkey's primary electricity supply is still coal and natural gas cycle power plants meets the
majority. In 2010 153.190 GWh producing both technologies, Turkey is created 72.5's % of the
total electricity production of natural gas and 26.1% of which 46.5% of coal is known to be
sourced from power plants. The next largest electricity generation was provided by
hydroelectric power at 24.5% at the same year. To help meet the rapidly growing national
energy demand in the next 10 years the need for studies to be an example of energy efficiency
in natural gas power plants, which constitute an important part of electricity generation, is
increasing day by day. In this study, it is aimed to contribute to energy efficiency studies with

case studies in atmospheric natural gas boilers.

Keywords: Natural gas boilers, Energy Efficiency, Fuel/Air ratio, Research & Development
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MICROWAVE IGNITION OF MUNICIPAL WASTE, MANURE AND SIRNAK
ASPHALTITE SLIME PELLETS FOR COMBUSTION IN FLUIDIZED BED
COMBUSTION CHAMBER
Yildirim Ismail TOSUN
Sirnak University, Engineering Faculty, Mining Engineering Dept., Sirnak
(yildirimismailtosun@gmail.com)
ABSTRACT

Low quality fuels are used in power generation as potential contributions to rural economic
development on the contrary to reduce reliance on high quality fuels, as an additional demand

centre for electricity commodities and as a way to urbanization.

Especially cold start in coal incineration pro combustion cause hard emission control may cost
higher prices on use of diesel such as 60-90%/ton in fluidized bed. The microwave ignition may
decrease cold start cost to lower such as 3-5%/ton. Biomass waste pellets are produced in two
different forms in size. One type of manure wastes is in nut size and easily be evaluated in
agricultural industry and other may be evaluated as animal feed filling materials in fine size
under 20 microns as which collected following solid-liquid separation thickeners. That
incinerated waste in finer size may deteriorate environment near urbanization and water
contamination in streams. Beneficiate from that finer bio-mass carbon in toxic gas emission
control during combustion can efficiently be evaluated in microwave combustion. However,
fluidized combustion are carried out with cold start of pellets 5mm containing 100 microns
Sirnak asphaltite as solid fuel ignited combustion. In order to avoid this disturbing flow manner
of that waste material, waste pellets were used in combustion chamber. Fine Sirnak asphaltite
slime below 100 micron may also be evaluated as fuel material without washing for filling
material in pelletizing such as binder paper and manure waste. 40%, 60% and 80% bio-waste

pellets were used in our combustion experiments at 5 mm sized pellets.

Keywords: Microwave Ignition, Municipal Waste, Manure, Sirnak Asphaltite Slime, Pellet
Combustion, Fluidized Bed Combustion, Bubbling Chamber
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CA FERRITE PELLETS FOR COMBUSTION IN FLUIDIZED BED
COMBUSTION CHAMBER

Yildirim Ismail TOSUN
Sirnak University, Engineering Faculty, Mining Engineering Dept., Sirnak

(yildirimismailtosun@gmail.com)

ABSTRACT

One type of manure Ca ferrite wastes is pelletized in nut size and easily be evaluated in power
industry and similar pellet may be evaluated as animal feed filling materials in fly ash waste
post combustion at finer size under 20 microns as which collected following solid-liquid
separation thickeners. That incinerated waste in finer size may deteriorate environment near
urbanization and water contamination in streams. Beneficiate from that finer bio-mass carbon
and Ca ferrite control toxic gas emission during combustion can efficiently be evaluated in
microwave combustion. However, in fluidized bed combustion microwave radiation are carried
out at cold start with pellets 5mm containing Sirnak asphaltite as solid fuel ignited combustion.
In order to avoid this disturbing flow manner of that waste material, waste pellets were used in
combustion chamber. Fine iron slime below 100 micron may also be evaluated as ignition
material without binding material in pelletizing such as binder paper and manure waste. 4%,

6% and 8% ferrite pellets were used in our combustion experiments at 5 mm sized pellets.

Keywords: Ca Ferrite, Waste Pellets, Microwave Ignition, Sirnak Asphaltite Slime, Pellet
Combustion, Fluidized Bed Combustion, Bubbling Chamber
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TAM OLCEKLIi STANDART BiR YANGIN ODASI TEST DUZENEGI VE
YANGIN TESTLERINDEN ISI YAYILIM ORANININ TESPIiTI

Cemil SAGLAM?, Gékhan COSKUN®?, Hakan S. SOYHAN*?3
!Sakarya Universitesi, Yangin ve Yangin Giivenligi EABD
2 Sakarya Universitesi, Makine Miihendisligi B6limii

3 Sakarya Universitesi, Yangin Uygulama ve Arastirma Merkezi

Ozet

ISO, ASTM gibi ¢esitli standartlarda tanimlanmis yangin odasi test diizeneginin temel
amaglarindan biri oda icerisinde yanan bir cismin 1s1 yayilim oraninin tespit edilmesidir. Elde
edilen 1s1 yayilim orani ¢iktist cisim yanmasi hakkinda 6nemli bir veri olmasi yaninda yangin
modellemesi yapabilen yazilimlar i¢inde gerekli bir girdi verisidir. Literatiirde ¢esitle cisimler,
mobilyalar, konfeksiyon firiinleri, elektronik cihazlar gibi karmagik malzemelerden olusan
cisimler yangin odasinda deneye tabi tutulup 1s1 yayilim orami verileri elde edildigi
bilinmektedir. Fakat bu veriler siirli sayida cisim i¢in yapilmistir, yetersizdir ve
zenginlestirilmesi gerekmektedir. Bu amagla Sakarya Universitesi Yangin ve Yangin Giivenligi
EABD programi kapsaminda yapilan bir tez ¢calismasi ile standartlara uygun bir yangin odasi
kurulmustur ve veri almak icin gereken ekipmanlar hazirlanmaktadir. Bu ¢alismada yangin
odasi i¢in yapilan ¢aligmalar ve 1s1 yayilim orani tespiti i¢in kullanilacak ekipman ve hesaplama

yontemlerinden bahsedilmistir.
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KUTUPHANE BINALARINDA TAHLIYE SURESINI UZATAN FAKTORLERIN
DENEYSEL VE BILGISAYAR DESTEKLI SIMULASYON YONTEMLERIYLE
INCELENMESI

Gokhan COSKUN, Biilent ACIL, Hakan S. SOYHAN

Acil durumlarda tahliyeyi etkileyen yapisal, teknik ve yonetimsel tedbirlere bagli olarak gelisen
cevresel faktdrlerin yani sira insanin biyolojik, fizyolojik ve psikolojik yapisindan kaynakli
faktorler de bulunmaktadir. Bu ¢alismada bir iiniversitenin kiitliphane binasi temel alinarak acil
durumlarda tahliyeyi etkileyen faktorler etraflica incelenmistir.

Calisma esnasinda kiitiiphane binasinda tahliyeyi etkileyen tiim c¢evresel faktorler
detaylandirilmis ve deneysel bir tahliye tatbikat1 ger¢eklestirilmistir. Ayni1 sartlar altinda bir de
bilgisayar simiilasyonu gerceklestirilmistir. Biitiin ¢cevresel sartlar ve tahliyeye konu kisi sayis1
ve dagilimi ayn1 olmasina ragmen simiilasyon ¢alismasinda tahliye hizinin deneysel tahliye
tatbikatindan 1 dakika daha hizli gerceklestigi tespit edilmistir. Bu siire farkinin biitiin literatiir
caligmalarina paralel olarak insan faktoriinden kaynaklandigi degerlendirilmektedir. Tatbikata
katilanlarin saglikli birey olduklar diisiiniildiiglinde bu siire farkinin fizyolojik nedenlerden
ziyade tahliye biling seviyesindeki farkliliktan kaynaklandigina kanaat getirilmistir. Ciinkii
deneysel tatbikatta ¢ikan tahliye reaksiyon siiresi dahi farklilik arz etmektedir ve bu ¢ikarimin
en yakin gostergelerinden biridir.

Sonug olarak kiitliphane binalarinin tahliyeye elverisli hale getirilmesinin yaninda kisilerin
tahliye konusunda bilin¢lendirilmesinin de ¢ok biiyiik bir dneme sahip oldugu yapilan ¢alisma
neticesinde net bir sekilde ortaya konmustur.
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ACIL DURUM TAHLIYESi EGIiTiMININ TAHLIYE DAVRANISLARINA VE
SURELERINE ETKIiLERININ DENEYSEL VE BIiLGISAYAR DESTEKLI
SIMULASYON YONTEMLERIYLE iNCELENMESI

Gokhan COSKUN, Recai AKSOY, Usame DEMIR, Hakan S. SOYHAN

Bu ¢alismada okul 6ncesi, ortadgretim ve lise 6grencilerinin ve 6gretmenlerinin bulundugu bir
egitim binasinda acil durum aninda gerceklesmesi gereken tahliye davranmislar1 ve siireleri
incelenmistir. Ilk asamada bireylerin tahliye konusunda 6zel bir egitim almadig kosul goz
Oniline alinarak tahliye deneyi yapilmistir. Daha sonra 6grencilere yas gruplarina gore tahliye
aninda nasil davranmalar1 gerektigine dair 6zel bir e8itim verilmistir. Ayrica 6gretmenler de
acil durum aninda 6grencileri nasil yonlendirmeleri gerektigini ve hangi yollari izleyerek binay1
terk etmeleri gerektigini anlatan 6zel bir tahliye egitimine tabi tutulmuslardir. Egitimden sonra
tekrar tahliye deneyi yapilmistir. Yapilan deneyler ayni kosullarda bilgisayar ortaminda
modellenmistir. Bir egitim kurumda olas1 bir tahliyenin kisilerin egitimli ve egitimsiz olmasi
durumuna gore farkli girdi parametrelerinin kullanilmasi gerektigi yapilan modelleme
caligmalarindan anlagilmistir. Tahliye simiilasyonlarimin acil durum tahliye planlarinin
olusturulmasinda gelecek yillarda daha sik kullanilacak bir yontem olacagi dngoriilmektedir.
Yapilan calismada elde edilen veriler sayesinde her bir egitim kurumu i¢in deneysel ¢aligma
yapmadan dogrudan simiilasyonlarin yapilmasi i¢in Onemli bir kaynak olusturacagi
diistiniilmektedir.
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INVESTIGATION OF EMISSIONS AND COMBUSTION DATA OF BIODIESEL
USAGE IN CERAMIC COATED DIESEL ENGINE BY MULTIPLE CRITERIA
DECISION-MAKING METHODS

Sinan Erdogan?, Selman Aydin®, Mustafa Kemal Balki¢, Cenk Saymn®

aInstitute of Pure and Applied Sciences, Marmara University, Istanbul, Turkey
bDepartment of Automotive Engineering, Batman University, Sinop, Turkey
°Department of Mechanical Engineering, Sinop University, Sinop, Turkey

dDepartment of Mechanical Engineering, Marmara University, Istanbul, Turkey

ABSTRACT

The fossil fuels used in internal combustion engines are rapidly depleted and the environmental
consciousness of people is increasing. Along with these, the importance of modification studies
in alternative motor vehicles and the search for alternative fuels is increasing. Although the
interpretation of experimental data is a scientifically important method, it has become even
more important to determine the best option for engine manufacturers or R&D engineers
nowadays when technology is rapidly changing. In this study, the performance, emission and
combustion characteristics of biodiesel obtained from cotton oil-based waste frying oil were
investigated in a diesel engine coated with thermal barrier. The experimental results were
evaluated using multi-criteria decision-making methods and the operating conditions that give
the best engine performance, emission and combustion characteristics were determined. This
paper demonstrates that MCDM techniques can also be applied to engineering issues to enable
decision makers, such as engine manufacturers and R&D engineers, to make the best decision
to strengthen fuel economy and an environmentally friendly approach. In this way, decision-
making processes will be facilitated and will provide both economic and time savings to

decision makers.
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COMBUSTION DEVELOPMENT OF HEAVY DUTY DIESEL ENGINE IN
SINGLE CYLINDER RESEARCH ENGINE

Cengizhan Cengiz?, Nurettin Dasdemir?, Arda Coskun®
1Ford Otosan A.S. Inénii Ar-Ge Test Merkezi, Eskisehir, TURKEY, ccengiz@ford.com
2Ford Otosan A.S. Inonii Ar-Ge Test Merkezi, Eskisehir, TURKEY, ndasdemi@ford.com
3Ford Otosan A.S. Sancaktepe R&D Center, Istanbul, TURKEY, acoskun5@ford.com.tr
Abstract

Combustion development of diesel engine is a complex process. Combustion chamber design,
injector parameter and thermodynamic selections are the main parts of this development. Piston
bowl shape design, compression ratio definition and injector related parameters such as spray
angle, nozzle tip protrusion and flow rate parameters assesments should be performed. In the
first step, simulation methods are used to develop the combustion chamber design and optimize
the parameters to reduce the design space where test have been performed. In the second step,
test methods are used to develop the combustion chamber. Test activity is used to correlate
simulating activities, compare the most possible hardware options. A precise controlled
measuring system, well defined test platform and repeatable conditions are required. For this
purpose, single cylinder research engine platforms are used for simulation validation, hardware
assesment and performance & emissions calibrations of the combustion system. In this work,

combustion development activities in Single Cylinder Engine is explained.
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DPF AGING TESTS ON COMMERCIAL AUTOMOTIVE CATALYST

[smail Hakki SAVCI", Hande BEZCI ZEREN™

*Ford OTOSAN Flow Performance and Durability Laboratory
isavci@ford.com
“ Ford OTOSAN Flow Performance and Durability Laboratory

hzeren@ford.com.tr

With stringent diesel engine emission regulations at recent years, the DPF systems have become
the one of the main technology to remove soot particles from tailpipe of the diesel engines.
Fresh catalyst parts become aged after certain miles and their characteriztion is decreased
significantly. To understand emission performance of the catalyst aging is crucial due to
emission legistration. One of the main characterization of the catalyst aging is thermal aging.
To address this issue, flow burner systems may be used to increase exhaust temperature to get

aged catalysy by the high temperature.

A burner-based aging system offers an alternative solution that provides higher exhaust
temperatures, with lower fuel consumption compared to a diesel engine bench aging system.
This paper presents a natural burner based aging system that addresses the technical challenges
of using a burner to simulate diesel exhaust and the validation of aging equivalency between
the burner-based system and a diesel engine dynanometer. The operational cost effectiveness

of burner systems compared to diesel systems is also explored.
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PERFORMANCE AND COMBUSTION CHARACTERISTICS OF A CRDI
DIESEL ENGINE FUELED WITH TERNARY MICROEMULSIFICATION
FUELS

Huseyin Sanli -2
1Ford Otosan lhsaniye Automotive Vocational School, Kocaeli University, 41680, Golcuk, Turkey

2 Alternative Fuels R&D Center, Kocaeli University, 41275 Izmit, Turkey

Global energy consumption has been increasing each year and the energy requirement is
predicted to be raised in all sectors. Transportation is one of the prominent sectors in energy
consumption. Very big portion of the energy used in transportation sector is still met by fossil
fuels, especially petroleum-based diesel fuel. This situation causes some critical problems such
as high energy import bills for the countries whose do not have own fossil energy sources,
energy dependency and environmental damages caused by exhaust emissions. Thus, biofuels
are very important alternative energy sources for sustainable transportation and lower
emissions.

When the current situation of the automotive industry is considered, it is seen that liquid
biofuels (biodiesel and bio-alcohols) have various technical and economical superiorities over
the other alternative energy sources. For example, they are compatible with the existing fuel
distribution infrastructure and require no modification in engines and fuel injection systems.
Among the biofuels, bio-alcohols (especially bioethanol) have higher consumption amount than
biodiesel in the USA and South America, while biodiesel is the leader biofuel in European
Union.

Biodiesel fuels have lots of technical advantageous compared to petroleum-based diesel fuel
and they emit less exhaust emissions except for NOx emissions. If the feedstock types used in
biodiesel production is examined, it is realised that very big portion of global biodiesel
production is produced from high quality, food-grade vegetable oils. This feedstock choice
increases the biodiesel cost inevitably and so makes it an economically unfavourable fuel.
Moreover, this situation causes to increases in the prices of vegetable oils used in food industry
due to problems in supply and demand balance. Because of these reasons, food-grade, high-
quality and expensive vegetable oils should not be used in biodiesel industry as feedstock. In
this context, waste frying oils have a big potential that should not be ignored.

Another issue that needs to be taken into consideration in terms of high biodiesel unit price is
the transesterification reaction in which biodiesel fuel is produced. Considering in industrial
scale, transesterification reaction requires infrastructure investment, energy consumption,
chemical and water usage, labour and time all of those increase the biodiesel cost.

Microemulsification is one of the four chemical methods (transesterification,
microemulsification, dilution, and pyrolysis) used for decreasing the extremely high viscosities
of crude vegetable oils, which is the biggest technical hurdle against their direct usage as fuel
in diesel engines, to an acceptable value.
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In the current study, ternary microemulsification fuels consisting of waste frying oil (without
converting biodiesel), petroleum-based diesel fuel and alcohol were prepared. As the alcohol
constituents of the microemulsification fuels, 1-butanol (n-butanol) and 2-propanol (iso-
propanol) were used. When preparing the test fuels, the viscosity of the ternary fuels was kept
below 5 mm?.s™ which is the viscosity upper limit given in European Biodiesel Standard (EN-
14214). Test fuels used in the engine tests were coded as following: “D” for petroleum-based
diesel fuel, “D50W30B20” for 50% petroleum-based diesel fuel-30% waste frying oil-20% n-
butanol (on volume basis, v/v) ternary microemulsification fuel, “D50W30IP20” for 50%
petroleum-based diesel fuel-30% waste frying 0il-20% iso-butanol (v/v) ternary
microemulsification fuel.

Engine tests were performed in a four-cylinder, four-stroke, water-cooled, turbocharged-
intercooled, common rail direct injection diesel engine. During engine tests, engine speed was
kept fixed at 2000 rpm, while the engine load was increased from 50 Nm to 150 Nm with the
increments of 25 Nm. The influences of the ternary microemulsification fuels on the
performance and combustion characteristics of the test engine was determined and compared
with those of D as the reference fuel.

D has lower brake specific fuel consumption and higher brake thermal efficiency values than
those of microemulsification fuels at all engine loads tested. However, this difference increased
with increasing engine load. D50W301P20 has relatively better performance characteristics
than D50W30BU20.

Higher in-cylinder pressures were attained with D at low loads; however, this situation has
changed at higher engine loads. Microemulsification fuels had very similar in-cylinder
pressures up to 100 Nm, but D50W30BU20 produced relatively higher pressures than
D50W30IP20 at the engine loads of 125 Nm and 150 Nm. Despite their comparatively lower
cetane numbers, ignition delay periods were lower for microemulsification fuels (apart from 50
Nm). Combustion durations of microemulsification fuels were shorter compared to those of D
at all operating conditions; even though their fuel consumption amounts were higher.

Keywords: Biodiesel, Microemulsification, Engine Test, Performance, Combustion
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Abstract

In this study, combustion and emission characteristics of output synthetic gas compositions of
two different power stations, namely Schwarze Pumpe and Fife, were investigated in a swirl
stabilized combustor. For this purpose, an experimental test rig which is equipped with a
premixed burner that can combust synthetic gases in a wide gas composition range was built
and utilized. Tested synthetic gas mixtures are 61.9%H>-26.2%C0-6.9%CH4-5.0%CO>
(Schwarze Pumpe - H2/CO: 2.36) and 34.4%H2-55.4%C0-5.1%CH4-5.1%CO0: (Fife - H2/CO:
0.62). Actually, these gas mixtures contain slight amount of N2 and Ar. Therefore, right amount
of CO> was added to each mixture to represent these inert constituents. The comparison of
combustion behavior of respective synthetic gas mixtures was conducted via examining axial
and radial temperature values throughout the combustor. Besides, emission behavior was
interpreted by analyzing measured CO, CO2 and NOx values at combustor chimney. Results of
this study showed that output synthetic gas of Schwarze Pumpe station performs better with
respect to temperature distribution and emitted CO and NO values.

Keywords: Synthetic Gas, Combustion And Emission.
Introduction

Synthetic gas is derived from gasification of any carbon containing raw material, and its
composition controlled by many parameters such as type of reactor and gasifying agent,
temperature during gasification process, residence time, and feedstock. The main purpose of
the gasification process is to maximize conversion rate of feedstock into the gas product.
Primarily, feedstock is exposed to high temperature, and then thermal degradation starts. Unlike
pyrolysis, feedstock is in contact with gasifying agent. At sufficiently high temperatures, carbon
oxides and other hydrocarbons are formed as result of the reactions between the gasifying agent
and feedstock [1].
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Synthetic gas is mainly composed of Hz and CO, and can be used for electricity and liquid fuel
production as an environment friendly option [2]. This positive aspect of synthetic gas have
promoted gasification technology and many researchers conducted both experimental and
numerical studies on synthetic gas combustion.

Arroyo et al. investigated combustion behavior of two different synthetic gas blends obtained
from biogas, and compared results with those acquired from combustion of gasoline, CH4 and
biogas (which is used from synthetic gas production) in tested spark ignition engine. Results of
their study showed that hydrogen constituent in synthetic gas blend increases peak pressure
value in cylinder, and moves peak pressure closer to top dead position than CH4 and biogas.
Lastly, it was concluded that synthetic gas enables higher combustion performance albeit its
inert constituents at leaner conditions [3].

Lee et al. conducted experimental studies on a model gas turbine engine (GE7EA). They used
H>/CO mixture as fuel and add varying amount of N2, CO> and steam to analyze effects of these
diluents on pollutant emissions, flame stability, flame shape and temperature distribution. As
expected, it was found that emission of NOx decreases as the amount of diluents increase. They
also detected no combustion instabilities, and confirmed that tested diluents are efficient in
reducing NOx emission while providing effective operation [4].

Ning et al. simulated hydrogen carbon monoxide mixture flames in a one dimensional micro-
flow reactor model. They used oxygen/nitrogen, oxygen/carbon monoxide or oxygen/water
vapor mixtures as oxidant, and analyzed ignition behavior of tested syngas under various
combustion atmosphere conditions. Results of their study showed that CO2 and H2O increase
ignition temperature more than N2, and this increment is more intense when the oxidant is
mixture of Oz and H20 [5].

Yu et al. performed experimental studies on premixed synthetic gas/air flames to examine
propagation behavior of such flames in a half open duct. They varied equivalence ratio and
hydrogen amount in gas mixture, and evaluated propagation behavior via examining flame
structure and flame tip dynamics. Depending on the equivalence ratio and hydrogen amount,
various flame structures were observed. It was also found that characteristics of synthetic gas/air
flames hydrogen significantly affected by hydrogen amount [6].

As mentioned before, composition of synthetic gases is controlled by many parameters. This
situation brings many challenges to synthetic gas combustion with respect to flame stability
issues. Because, synthetic gas constituents such as Hz, CO and CHs4 have very different
transport, physical and chemical properties. For example, Hz causes flame instabilities such as
flashback, dynamic flame instabilities etc. Regarding these, many researchers studied synthetic
gas flame instabilities [7-10].

In this study, combustion and emission characteristics of two different synthetic gas blends
which are obtained from Schwarze Pumpe and Fife power stations were compared. To this end,
an experimental test rig was built, and premixed 61.9%H>-26.2%C0-6.9%CH4-5.0%CO; and
34.4%H,-55.4%C0-5.1%CH4-5.1%CO, mixtures were tested under the same boundary and
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physical conditions. The reason for these mixtures to be chosen is that the difference in
volumetric heating values of these synthetic gas blends is as low (76 kJ/m3) as can eliminate
inlet effects. During experiments, equivalence ratio was also varied between the values of 0.6,
0.8 and 1.0, and its effects also evaluated. Comparison of combustion and emission
characteristics was conducted via examining temperature and pollutant emission profiles.

Experimental Apparatus

In figure 1, schematic of the experimental test rig is given. Tested synthetic gas mixtures were
composed by precisely metering (via a digital mass flow controller) the amount of each
synthetic gas constituent (depending on the thermal power) supplied from an external tank.
These gases are then directed to a gas collector, mixed with combustion air in a static pre-mixer,
inclined to the burner and combusted. Reader may refer to Ref. [11] for detailed explanation of
the experimental apparatus.

Figure 1. Layout of the overall combustion system.

1. Air compressor (5.5 hp, 500 It) 10. CHa tank 19. Burner

2. External air tank (1 m3) 11. Pressure regulator 20. Combustion chamber
3. Filter (for steam and oil removal) 12. CO2 tank 21. Flue

4. Pressure regulator (1 MPato 0.3 MPa) 13. CO tank 22. Power source

5. Mass Flow Controller 14. Hz tank 23. Function generator

6. Manometer 15. Vacuum system controller 24. Audio amplifier

7. Pressure Regulator 16. Gas collector 25. Loudspeaker

8. Solenoid Valve 17. Fuel/air pre-mixer (static) 26. Electrical connections
9. Float type flowmeter 18. Control panel 27. Gas supply lines
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Operating Conditions

All experiments have been performed at local atmospheric conditions of city of Kayseri,
Turkey. Mixing of fuel gases and air, and combustion took place at room conditions. During
combustion tests, thermal power of the combustor and swirl number were set as 5 kW and 0.2,
respectively, and the amount of air was varied in accordance with equivalence ratio (0.6, 0.8
and 1.0). In Table 1, some properties of the tested synthetic gas mixtures are given.

Table 1. Some properties of tested synthetic gas mixtures.

Composition (%)

H2 | CO | CHs| CO2 | No+Ar | H2/CO | Heating Value (kJ/m?®)

Schwarze Pumpe | 619 | 26.2 | 69 | 2.8 1.8 2.36 12492

Fife 3441 554 | 51 | 1.6 3.1 0.62 12568

Results and Discussions

For axial temperature measurements, B and K type thermocouples were located at a fixed radial
(combustor centerline), and 9 different (63, 113, 163, 213, 263, 313, 413, 513 and 613 mm
away from burner outlet) axial locations. Measured temperature values at these axial locations
were plotted against distance from burner outlet, and presented in Figure 2.
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Figure 2. Axial temperature profiles at different equivalence ratios.

Because of the intrinsic properties of hydrogen (such as high burning rate, high reaction kinetics
and diffusion ability etc.), synthetic gas mixture with high H2/CO ratio, namely Schwarze
Pumpe, flashed back at stoichiometric conditions and consequently, we could not attain a stable
flame. This is why temperature profiles are not presented at 1.0 equivalence ratio. As clearly
seen in Figure 2, temperature profiles are in a good agreement with each other in terms of both
trend and value in and near the flame region. At 0.6 equivalence ratio, temperature values of
61.9%H7-26.2%C0-6.9%CH4-5.0%CO, mixture are slightly higher than that of 34.4%H.-
55.4%C0-5.1%CH34-5.1%CO. mixture in the flame region. However, this agreement
diminishes further downstream of the combustor and mixture with the higher H2/CO ratio forms
higher exit temperature value. Although volumetric heating values of tested mixtures are very
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close, gravimetric heating value of 61.9%H>-26.2%C0-6.9%CH4-5.0%CO> mixture is higher
(almost twice). This situation is attributed to this phenomenon. At 0.8 equivalence ratio,
temperature profiles of both gas mixture are nearly coincident from burner outlet till the axial
distance of 300 mm. As a conclusion, it can be inferred that gas composition variation of tested
gas mixtures doesn’t significantly affect temperature distribution. Nevertheless, equivalence
ratio effects on temperature values are more profound. As expected, temperature values increase
as equivalence ratio rises irrespective of the gas composition (Figure 3).
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Figure 3. Axial temperature profiles of tested gas mixtures at different equivalence ratios.

Radial temperature measurements are performed at 3 different axial (113, 213, 313 mm away
from burner outlet) and radial (5, 10 and 16 cm away from combustor centerline) locations.
Consistent with the axial temperature profiles, radial temperature values do not considerably
vary with gas composition (Figure 4). In the radial distance range of 0-10 cm, temperature
values are very close for both mixtures. However, further increments in radial range (10-16 cm)
causes 61.9%H2-26.2%C0-6.9%CHs-5.0%CO2 mixture to form higher temperature values than
its counterpart. Except for the centerline temperature values, radial temperature values increase
as axial distance increases. This is because of the homogenously propagation of post
combustion gases into the combustor. The tendency of radial temperature profiles doesn’t
effectively change with equivalence ratio (Figure 5). The conformity between temperature
profiles of tested gas mixture increases and nearly same temperature values form irrespective
of the axial and radial locations (except for the radial distance range of 0-5 mm at 113 mm axial
location).

Likewise, radial temperature values increase with equivalence ratio (Figure 6). This increment
is more distinct in the radial range of 0-5 cm and decreases as radial distance increases (at 113
mm axial distance). At 213 mm axial distance, temperature increment with equivalence ratio
increment is profound at all radial locations. At 313 mm axial location, temperature values are
nearly insensitive to radial distance (in the radial distance range of 10-16 cm).

Emission measurements were performed at a fixed location at combustor chimney by awaiting
at least 3 minutes to reach thermal equilibrium, and results are tabulated in Table 2. Emissions
of CO and NO are given in ppm unit, while CO2 and O are presented as the percentage of the
total exhaust gases.
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Table 2. Measured emission values at combustor chimney.

0.6 0.8 1.0

Equivalence Ratio

O2 | CO |[NO|CO2| O2 |[CO|NO|CO2| 02 |CO|NO|CO2

Schwarze Pumpe |12.7| 124 | 2 | 39 [108| 1 | 14 | 49 | - - -

Fife 12211604 | 12 | 42 |104| 31 | 15 | 51 |[8.6] 33 | 55

5.9

Considering emitted pollutant emissions, 61.9%H>-26.2%C0-6.9%CH4-5.0%CO, mixture
performs better at both equivalence ratios tested. High hydrogen content of this mixture
activates fast oxidation pathways of CO and forms very low CO levels even at 0.6 equivalence
ratio. It is 1604 ppm for its counterpart. This situation also causes emissions of CO> of
respective mixture to increase (despite its low CO content). Although exit temperature values
of 61.9%H2-26.2%C0-6.9%CH4-5.0%CO, mixture is higher, it evolves less NO than
34.4%H>-55.4%C0-5.1%CH3s-5.1%CO> mixture. At 0.8 equivalence ratio, emission of NO
increases depending on the temperature increment. On the other hand, CO emissions largely
decrease, and CO. emissions increase since CO oxidation kinetics favor at elevated
temperatures. At 1.0 equivalence ratio, further increments in CO2 and NO emissions are present
for 34.4%H,-55.4%C0-5.1%CH3-5.1%CO> mixture.

Conclusions

In this study, combustion and emission characteristics of output gas mixtures of two different
power stations were compared. Combustion tests were conducted in a swirl stabilized premixed
combustor, and during experiments, equivalence ratio was varied while swirl number and
thermal power of the combustor were set as invariable. A brief of important results are as
follow:

- Temperature distribution throughout the combustor is not significantly affected by gas
composition since volumetric heating values of tested gas mixtures are very close, while
pollutant emissions are highly related to gas composition.

- With respect to pollutant emissions and exit temperature values, output synthetic gas of
Schwarze Pumpe station favors.
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ABSTRACT

In combustion engines, the combustion chamber elements are coated with ceramic materials in
order to increase the material quality of the components forming the combustion chamber, heat
resistance of the hot parts of the metal components, engine efficiency and performance. In this
study, the piston surface of a diesel engine, NiCr with bond coat and without bond coat with
Cr203, Al203+13%TiO2, Cr.03+25%Al,03 ceramic coating powders were coated by using
plasma spraying method to increase engine efficiency and performance. Compared to coated
engine and standard engine performance values; engine power, engine torque, exhaust gas
temperatures and brake thermal efficiency increased while decrease was observed in specific

fuel consumption.

Keywords: Diesel Engine, Performance, Coating, Cr203, Al203+13%TiOx.

1. INTRODUCTION

In order to improve the performance of
internal  combustion  engines,  the
researchers provide combustion chamber
and engine elements with excellent surface
properties, and use advanced technological
materials to manufacture more efficient
engines [1-3]. Thermal barrier coating
(TBC) is the coating of combustion
chamber elements of internal combustion
engines with ceramic materials with low
thermal conductivity coefficient. TBC
motors are defined as low-temperature
motors (LHR). In these engines, the
insulation of combustion chamber elements
reduces the heat transfer between the gas
and cylinder liners inside the cylinder,
preventing the heat from the combustion
chamber from going to the cooler and
keeping it under control and ensuring that
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the combustion chamber can recover the
energy in a useful way [4, 5].

In internal combustion engines, plasma
spray coating method is one of the methods
applied to make ceramic material coating on
the surfaces of combustion chamber
elements. Plasma spray coating method,
high coating thickness, low cost, ease of
applicability and can be applied quickly is
one of the most applied methods in surface
coatings[6, 7]. For this reason, researchers
today cover engine parts with thermal
barrier materials using plasma spray coating
method, but continue to work to improve
engine performance [8].

In this study, the piston and valve surfaces
of an internal combustion diesel engine
were coated with NiCr bond coat and
without bond coat, Cr203, Al203+13%TiO,
Cr,03+25%Al,03 powder coated, and the
performance of the coated engines were



7" INTERNATIONAL FUELS, COMBUSTION AND FIRE CONFERENCE IN ENGINEERING (FCE 19) 10-

13 MARCH 2019, ANTALYA

measured. When the previous studies were
examined, thermal barrier coating materials
used frequently in the market were used,
two different ceramic materials were used
on the piston surface, and an adequate study
was not found to improve engine
performance  without covering and
intercooling. For this reason, it is aimed to
improve engine performance by creating
thermal barrier coating of Cr203 and
Al,03+13%TiO, ceramic layers which are
coated on pistons and valve surfaces.

Nomenclature

BSFC Brake Specific Fuel Consumption

BTE Brake Thermal Efficiency

CEO Standard Engine

CEl Coated Engine with Cr,03

CE2  Coated Engine with
Al;03+13%TiO;

CE3  Coated Engine with Cr,Os+
25%Al,03

CE4  Bond Coated (NiCr) Engine with Cr,03

CE5  Bond Coated (NiCr) Engine with
Al,O3+13%TiO;

CE6 Bond Coated (NiCr) Engine with Cr,Os+
25%Al,03

EGT  Exhaust Gas Temperature (°C)
LHR  Low Heat Rejection

min-1 Engine Revolution Per Minute NiCr
Bond Coat

rpm Revolution Per Minute
SEM  Scanning Electron Microscopy
TBC  Thermal Barrier Coating

um Micron Meter
2. MATERIALS AND METHOD

In the experiments, single cylinder, four
stroke, air cooled diesel engine was used.
The technical specifications of the test
engine are given in Table-1. diesel engine
pistons and valves, with plasma spray
coating method with NiCr bond coat and

without bond coat Cr203, Al203+13%TiOz,
Cr.03+25%Al,03were coated powder. The
schematic picture of the coated piston is
given in Figure 1, and the powder and ratios
to be coated on the surface are given in
Table 2. In order to keep the compression
ratio of the standard engine constant with
the value in the catalog, the chip has been
removed from the piston and valve surfaces
as much as the coating thickness. For
Pistons and valves (suction, exhaust), 200-
300 um thick coatings were obtained in
CE1, CE2 and CE3 samples and for CE4,
CE5 and Ce6 samples, 350-450 pum thick
(80-150 pum thick for NICR bond coat). Total
coating thickness varies depending on the
tension limitations of the sprayed material [9,
11].

Table 1. Technical feature of the test engine.

Engine Types

4-stroke direct injection,

diesel engine
Number of cylinders 1
Cylinder diameter (mm) 78
Stroke (mm) 62
Cylinder Displacement (cc) 296
Compression ratio 20/1
Maximum power (kW) 4

Valve regulation

Top cam, 2 valves

Maximum engine speed (rpm) 3600
Warehouse volume (L) 3,5
Krank Agis1 (CA) 310
Enjeksiyon Basinci (bar) 200
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80-150 pm
| NiCr |

f | piston (Alsi)

Figure 1. Schematic picture of the piston that has
been coated.

Table 2. Powder and proportions that will be
coated on the surface.

Specimens Coating Boand
Materials Coat

CEO Standart Engine -

CE1l Cr,03 -

CE 2 AlL,O3+13%Ti0; -

CE3 Cr,03+ 25%Al,0; -

CE4 CI’203 NiCr

CE5S Al;03+13%TiO; NiCr

CE®6 Cr,03+ 25%Al,0;3  NiCr

In the experiments, diesel fuel which is
given in Table-3 is used. Diesel fuel meets
EN590 standards. For the measurement of
internal combustion engine speed, torque,
power and specific fuel consumption and
exhaust gas temperature in experiments
Netfren brand, 26 kW power based on the
principle of the Fottinger hydrodynamic
dynamometer was used. The measured data
is recorded on the computer in real time.
Experiment test parameters were carried out
at full load at 7 different engine speeds and
the engine was operated for 10 minutes, to
bring the engine to operating temperature
before the test was started. The engine has
been brought to operating temperature and
the test engine has been loaded at different
speeds and measurements have been taken.
The experiments were repeated three times
and were used to transfer the average to the
graphs. The experiments were repeated
three times and were used to transfer the
average to the graphs. Schematic picture of

the experimental setup was given in Figure-
2.

Table 3. Diesel fuel properties.

Fuel Specification Diesel
Chemical Structure C13H28
Lower heating value (kJ/kg) 42,500
Autoignition temperature (°C) 240
Boiling point (°C) 160-370
Cetane index 52
Viscosity-kinematic @ 40 °C 3
Density (15 °C) (kg/L) 0.83
Latent heat of evaporation (MJ/kg) 0.260
Carbon/Hydrogen Ratio (C/H) ~0.47
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1. Diesel Test Engine

2. Dynamometer
3.Diesel Fuel Tank

4. Dynamometer Control
Panel

Figure 2. Engine test mechanism schematic view.

3. RESULTS AND DISCUSSION

3.1 The Coating Layer

SEM photos of samples CE2 and CE5 are
shown in Figure 3. Figure 3 shows that there
is no gap between the coating layer and the
substrate material.

5.Control Panel Recording

Computer NF Software
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(b)

Figure 3. a) CE2 and b) SEM microstructure
appearance of samples CE5.

The thermal conductivity of
Al;03+13%TiO2 ceramic material is low
[12]. In the samples CE2 and CES5, it was
observed that the porosity was less. For this
reason, thermal barrier properties are
thought to yield higher results than other
samples. The amount of pore in plasma
spray coatings affects thermal conduction
coefficient [5].

3.2 Engine Performance

Figure 4 shows the effect of coatings on
engine power. In internal combustion
engines, the engine power of the active
cylinder is obtained as a result of burning of
the fuel in the unit time is useful work. The
combustion reaction in diesel engines starts
with the spraying of the fuel. The fuel must
reach the ignition temperature in order to
burn. The duration of fuel injection from the
injector to the combustion reaction of the
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fuel is slow and full of fuel for it to burn in
the first place, it must undergo a certain
period of time. For this reason, diesel
engines are given the advance of ignition, so
during the delay of ignition is more fuel
consumption into the cylinders. Therefore,
the temperature of the fuel and ignition
advance in the cylinder, it is observed that
ignition temperature is an important
parameter [13, 14]. Fuel consumption in the
range of the most efficient burning of both
fuel consumption, according to the unit fuel
consumption is thought to be maximum
engine power. The results obtained in
Figure 4 and Figure 6 show that it supports
this situation. Figure 4 shows that motor
power increases with increasing engine
speed for all coating types. Depending on
the number of cycles, the number of cycles
in the unit time has also increased. With the
increase in the number of cycles, the air
flow in the cylinder at absorption time by
affecting the fuel/air mixture has increased
homogeneity. Motor power up to 2600 rpm
as quickly as, and then slowly increased.
This is because the engine speed is too high,
so there is not enough time to burn the
whole of the fuel that is sprayed into the
cylinder. When the increase in engine
power was examined for all test engines, it
was observed that the thermal barrier effect
resulting from ceramic coating improved
combustion efficiency and the coated
engine work produced better engine power
in the same conditions as the non-coated
diesel engine.
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Figure 4. Engine power changes under different
speed.

The highest engine power in standard and
coated engines was found to be at 3200 rpm.
This is due to the increase in engine speed,
the amount of fuel increases, so the
increased fuel density causes the engine
power to increase [15]. Thermal barrier
coated Motors increased motor power by
1.72% in cel sample, 4.84% in CE3 sample,
10.86% in CE4 and CE6 samples, 12.97%
in CE2 and 14.92% in CE5 sample when
compared to standard engine.

Figure 5 shows the effect of coatings on the
engine torque. In internal combustion
engines, torque can be called the rotational
force from the cylinder arm as a result of the
pressure obtained at the end of the
combustion of the fuel inside the cylinder
affects the piston surface. Torque is an
important measure of the motor's ability to
do work, but its size depends on the
characteristics of the engine [16].

16

=
5}

Engine Torque (Nm)

5 o

Engine Speed (rpm)

Figure 5. Engine torque changes under different
speed.
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It is seen in Figure 5 that the coatings
increase torque throughout all engine
cycles. As the engine speed increases in
internal combustion engines, the increase in
engine torque is seen, and this increase is
seen again by passing a maximum point
[17]. The increase in torque with increased
engine speed, after 2600 rpm, is thought to
reduce engine torque due to the increase in
cylinder walls and gas temperatures
resulting from the increase in volume
efficiency and increased friction losses at
high speeds as a result of thermal barrier
coating. Thermal barrier coated engines are
known to have high combustion end
temperature. As we mentioned earlier, the
reaction time decreases with the injection of
fuel into the cylinders, so the ignition time
decreases [13]. However, the air/fuel ratio
is fully met each other and has formed a
homogeneous mixture because the spraying
time is reduced. Thus, volumetric efficiency
is increased, so it is thought to increase the
torque of the engine. In addition, increasing
the temperature in the cylinder causes the
pressure coming to the piston surface to
increase. This is why the thermal barrier
coating provides more heat in the cylinder
and thus increases the pressure. Therefore,
all thermal barrier-coated engines have
increased torque compared to the standard
engine. Thermal barrier coated Motors
increased by 1.52% in CE1 sample, 3.63%
in CE3 sample, 8.61% in CE4 and CE6
sample, 10.73% in CE2 and 12.35% in CE5
sample when compared to standard engine.
In internal combustion engines, torque and
power are terms that change in connection
with each other. The net torque generated
by combustion can be increased by
increasing the average effective pressure or
by decreasing the losses in the cylinder
block. Figure 5 shows that the torque
obtained from the engine is increased due to
the increased engine speed. The heat losses
in the cylinder block in the engine operated
by thermal coating were reduced and more
of the heat energy resulting from
combustion was converted into mechanical
energy. This has led to higher engine torque
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in the coated engine compared to the non-
coated standard engine. However, the
engine torque is a slight decrease as the high
speed goes up. The reason for this is thought
to be the negative effect of temperature rise
in cylinder block and combustion gases on
volumetric efficiency at high speeds.

350
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/ &1
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~——=(CE4

///

(2/kWh)

CES

—+—(E6

200

Brake Specific Fuel Consumption Fuels

1400 1700 2000 2300 2600 2900 3200
Engine Speed (rpm)

Figure 6. BSFC changes under different speed.

Figure 6 shows the effect of coatings on
brake specific fuel consumption. It is
known that more pressure is applied to the
piston surface with the increase in
combustion end temperature in coated
engines [18]. This means more useful work
with the same amount of fuel. In general,
the thermal barrier-coated engines have less
fuel consumption than the standard engine
[19, 20]. However, as the engine goes up to
high speeds, the volumetric efficiency
decreases, combustion time decreases and
the fuel injection range decreases because
the fuel inside the cylinder is not fully
burned, causing the moment to decrease,
and the BSFC increases. Thermal barrier
coated Motors were found to have
decreased by 1.07% in CE1 sample, 2.34%
in CE3 sample, 2.82% in CE4 sample,
4.34% in Ce6 sample, 11.82% in CE2 and
14.96% in CE5 sample compared to
standard engine. It is observed that BSFC
falls due to the increased engine speed for
all test engines. The high turbulence of the
air swept into the cylinder with the increase
of engine speed helps to create a
homogeneous mixture within the cylinder
following the fuel spraying process. This
improves combustion efficiency and
reduces fuel consumption. However, the
increase in the engine speed of the cylinder
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reduces the time required to burn the entire
mixture of fuel in the cylinder, 2600 rpm
motor speed after the decline in BSFC has
lost its effect. Thermal barrier coating in the
engine cylinder with increased gas
temperature in the ignition delay time is
shortened,  this  situation  improves
combustion efficiency.

Figure 7 shows the effect of coatings on
exhaust gas temperature. The exhaust gas
temperature can be called the temperature
of the burning fuel in the cylinders as the
combustion products at the end of the
combustion [21]. Exhaust gas temperature
is an indication of the combustion end
temperature present in the cylinder.

—+—CEO
CE1
—=—CE2

CE3

——CE4

CES

Exhaust Gas Temperature (°Cy

——CE6

1400 1700 2000 2300 2600 2900 3200

Engine Speed (rpm)

Figure 7. EGT changes under different speed.

The experiments show that the applied
coatings form a thermal barrier and increase
exhaust gas temperatures. The increase in
exhaust gas temperatures at all engine
speeds has been detected. This is due to the
increase in the combustion temperature of
thermal barrier coated engines, as well as
combustion  products  increase  the
temperature and exhaust gas temperature is
thought to affect. Thermal barrier coated
engines compared to standard engine
exhaust gas temperatures, CE1 sample
2.21%, CE3 sample 5.1%, CE4 sample
6.61%, Ce6 sample 8.54%, CE2 sample
12.4% and CE5 sample 16.54% were
observed to increase. Figure 7 shows that
EGT has increased due to the increase in
engine speed for all test engines. This is due
to the increase in the engine cycle and the
increase in the amount of fuel burned in the
cylinder at the time of the unit and the
increase in the heat energy produced at the
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end of combustion can be explained.
Therefore, increasing engine  speed
increases both exhaust gas temperature and
flow rate. The heat energy that is prevented
from passing to the cooler fluid and cylinder
walls in thermal coating engines increases
the EGT by passing to exhaust gases. In
addition, high internal temperatures shorten
the duration of ignition delay ensures a good
combustion. This is to help improve fuel
consumption.

In Figure 8, the brake thermal efficiency
change of the thermal barrier coated engines
and the standard engine is given. It has been
observed that brake thermal efficiency
increases in engines covered with thermal
barrier. Important parameters affecting the
thermal efficiency of the brake ignition

delay, combustion temperature, the
chemical and physical properties of the fuel
are. The increase in  combustion

temperature with thermal barrier coating
has been observed to increase the thermal
efficiency of brake and it has been
determined that this situation is in harmony
with the literature [20, 22-24].

——CEO
CE1
—m—CE2
CE3
——CE4
CES

——CE6

Brake thermal efficiency (%)

24
1400 1700 2000 2300 2600 2900 3200

Engine Speed (rpm)

Figure 8. Thermal efficiency changes under
different speed.
The highest thermal efficiency was found in
the CE5 coated motor. With the decrease in
porosity in the coating, the coating formed
a good thermal barrier to the Pistons and
Valve surfaces, causing the brake thermal
efficiency to increase. Thermal barrier
coated Motors have increased brake thermal
efficiency by 0.89% in CE1 sample, 2.66%
in CE3 sample, 3.39% in CE4 sample,
4.84% in Ce6 sample, 8.73% in CE2 and
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10.17% in CE5 sample compared to
standard engine. With the increasing engine
speed, BTE has also increased. This shows
that a more efficient combustion occurs in
the cylinder due to the increase in engine
speed. However, in high engine speed, the
combustion efficiency decreases with the
shorter time required for combustion and
the cooling of the engine block. In addition,
the excessive temperature increase of
combustion gases reduces volumetric
efficiency and causes BTE to decrease. In
general, thermal coatings at all engine
speeds and better performance values were
achieved in BTE compared to the standard
diesel engine.

4. CONCLUSIONS

The results of the experimental study
showed that when compared to standard
engine and thermal barrier coated engines,
motor power, torque, brake thermal
efficiency and exhaust gas temperature
increase and decrease in specific fuel
consumption were observed in thermal
barrier coated engines.

In this experimental study, it was
determined that the ceramic powders used
can be easily coated to the piston surface by
plasma spray coating method, and the motor
performance results were examined, the
best results were obtained in the samples
coated with intermediate bond coating and
coated with Al203+13%TiO2 powder. The
samples covered with Al,O3+13%TiO>
powder are considered to be the best
thermal barrier due to the fact that they are
found in the pores. In addition, since the
thermal  conductivity coefficient  of
Al>03+13%TiO, thermal barrier coating is
lower than Cr20s3, it has been found that the
samples covered with Al03+13%TiO>
powder added to Cr.Os powder have
improved engine performance.

Thermal barrier coatings at all engine
speeds were found to increase 14% in
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engine power compared to standard engine,
12% in engine torque, 16% in exhaust gas
temperatures and 10% in brake thermal
efficiency. 14% reduction in specific fuel
consumption was measured.
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ABSTRACT

In this study, thermal barrier layers were coated on piston and valve surfaces using plasma spray
method. The effects of coated layers were investigated experimentally and statistically using
Taguchi optimization method on engine torque. Coating materials used in this study were Al2O3
+13% TiO2, Cr203, and Cr20s+ 25% AlO3. Each coating material was tested at different
speeds, which are 1400 rpm, 2000 rpm, 2600 rpm and 3200 rpm. The results showed that the
highest torque value was achived with the use of Al>O3 +13% TiO; at the speed of 2600 rpm.
The results of the experiment were also tested using Taguchi optimization method with coating
material and engine speed parameters. The design of Taguchi analysis was carried out with Lis
(4?) orthogonal array. The highest S/N ratio of the engine torque was observed to be with the
coating material of Al.O3 +13% TiO; at the speed of 2600 rpm. In order to determine the
statistical significance of experimental parameters on engine torque, ANOVA and F-test were
carried out. The results of the statistical analysis showed that the coating material (P= 0.003 <
0.05) and engine speed (P=0.000 < 0.05) parameters were statistically significant on the engine
torque value.

Keywords: Thermal Barrier Coating, Diesel Engine, Torque, Taguchi optimization, ANOVA

INTRODUCTION cylinder, wall, cooling water and friction
losses in order to make the engine more
efficient mechanically and indicatively.
Using a suitable alternative fuel in the
engine is the second way [3]. Regarding the
first way, thermal barrier coating (TBC) is
one of the most commonly used
technologies so as to keep the heat inside
the engine so that it can improve the thermal
efficiency of the engines. TBC has been
used to make improvements on the
efficiency and performance of different
types of machine tools for a long time and it

Diesel engines have an important role in the
automotive industry. They are widely used
in both transport and agriculture industries
because they have higher fuel saving and
lower fuel consumption than other types of
engines [1]. However, due to the increases
in fuel costs, decreases in supplying the
high-quality fuels to the markets and
concerns  for  environmental  issues,
researchers in the industries have begun to
research on more productive engines [2].

Efficiency and emissions of engines are can be applied to the areas having high
crucial. There are two ways to make a diesel temperatures or heat transfer surfaces of gas
engine more productive and efficient with tribunes. TBC technology can be applied by
lower emission levels. First one is the insulating the engine with ceramic-based
reduction of losses like heat loss from the coating [4-7].
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There are some advantages of using TBC in
diesel engines. Besides keeping the heat
inside the engine, thermal fatigue and
shocks can be prevented. It can also reduce
the emission levels of Hydrocarbon and
Carbon Monoxide. Moreover, a piston can
be protected from corrosion attack, thermal
stress, and high heat emissions by reducing
heat flux into the piston and fuel
consumption. Additionally, due to the high
increase in fuel prices and decreasing
quality of fuels, TBC can be an advantage
to get more efficient engine performance. In
relation to the low-quality fuels, TBC can
keep much more heat inside the engine even
though the fuel is low quality [1-8].

Taguchi design method, which is one of the
experimental methods, is successful in
solving optimization problems as it
increases processing performance with a
lower number of experiments and less cost.
Using Taguchi, the number of experiments
can be decreased significantly and thus the
loss of time and cost can be prevented. In
addition to solving the problems with a few
experiments, Taguchi supports developing
high-quality process and product from
every angle. It has minimum sensitivity to
the process or manufacturing conditions of
products and uncontrollable factors.
Therefore, both the necessary tolerances
can be provided with the lowest cost and
Taguchi lost function can bring a new
understanding to the quality process [9-12].
The Taguchi optimization method has
previously been used in many experimental
design studies [13-16].

In this study, thermal barrier layers were
coated on a piston surface by using plasma
spray method. The effects of coated
materials and engine speeds were
investigated experimentally, and
statistically using Taguchi optimization
method on engine torque.
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MATERIALS AND METHOD
Coating Materials

Ceramic powders were coated on piston and
valve by using the plasma spraying method.
Al>03 +13% TiO», Cro03, and Cr,Os+ % 25
AlO3 were used as ceramic coating
powders.

Table 1. The powders coated on piston and valve
surfaces

Coating Materials Substrate

Standard Engine
Al,O3 +13% TiO,

CI’an
Cr,03+ 25% Al,O3

Piston and Valve

Engine Tests

The combustion chamber elements (piston
and valve) of a single-cylinder, 4-stroke air-
cooled diesel engine are coated with using
Cr203, Al,O3 + 13% TiO2, Cr03 + 25%
Al>0O3 powders with plasma spray coating
method. The schematic illustration of the
plated plunger is shown in Table 1. The
engine torque values of the standard engine
and other coated engines were measured
with the use of experimental setup shown in
Figure 1. The technical features of test
engine used in the experimental setup are
illustrated in Table 2.
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Table 2. The powders coated on piston and valve

surfaces

Brand Diesel engine
Number of cylinders 1
Cylinder diameter (mm) 70
Stroke (mm) 57
(C(Z:)(/:I)lnder Displacement 219
Compression ratio 20/1
Maximum power (kW) 3.72
Max. Torque (N.M / rpm) 13

Valve regulation Top cam, 2 valves

Maximum engine speed

3600
(rpm)
Warehouse volume (L) 2.2
Fuel Consumption (g /
Hp.hour) e
Oil Capacity (L) 0.75

1.Diesel Test Engine
2.Dynamometer
3.Diesel Fuel Tank

s  4.Dynamometer Control

Panel
5.Control Panel Recording

Computer NF Software

Figure 3. A schematic view of the test setup
Statistical Method

Taguchi method is a very useful technique
for improving the design of experiments. In
an analysis, the response of the
experimental trials can be obtained using
signal-to-noise (S/N) ratios, which are very
significant. Concepts for analyzing data are
given below.

- Higher the better,
- Nominal to better,
- Lower the better,

Information of each parameter can be
retrieved using Analysis of Variance
(ANOVA) [17].

In this study, Lis (4%) orthogonal array was
employed for the robust design of the
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experimentations. The parameters
presumed to affect engine torque is coating
materials and engine speeds. Table 2 gives
the standard engine, Al20s + 13% TiOy,
Cr203, and Cr203 + 25% AIl2O3 coating
materials levels; 1400, 2000, 2600 and 3200
engine speed levels.

Table 3. Control factors and levels

Control Levell Level2 Level3 Level4

Factors

Coating Standard Al,Os+ Cr,03  Cr03+

Material 13% 25%
TiO; Al;Os

Engine  1400rpm 2000rpm 2600rpm 3200rpm

Speed

Model employed for the experiment of this
research is "higher the better". Signal to
Noise ratios (S/N) can be obtained using the
equations underneath.

Higher the better SIN =
1 1

—10x logso (; ?_ly—iz)

Nominal the better SIN =
—10x log,, (s"2)

Lower the better SIN =
—10x logao (% i-1 Yiz)

Where Y, =

the result of the each experiment, i
number of repetitions

RESULTS AND DISCUSSIONS

The experiments were carried out with four
different types of diesel engine at four
different speeds. One of the engine type was
standard engine and the other three were the
coated engines mentioned in Section 2.
Coated powders were Al03+13%TiOy,
Cr203 and Cr203+25%Al,03. The purposes
of these experiments were to measure and
define the optimum value of the engine
torque.

Experimental Results

Torque values measured on the engine are
given in Table 4, depending on the coating
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materials and engine speeds. The highest
torque values were observed with the
coating material of Al203+13%TiO: at each
speed. In addition, the highest torque value
was obtained as 13.1 at the speed of 2600
rom with the coating material of
Al,03+13%TiO,. On the other hand, the
standard engine has the lowest torque
values at each speed and the lowest one is
3.6 at the speed of 1400 rpm. When we look
at Figure 2, which is created using the
values of Table 4, the engine torque
increases as the engine speed increases in
each type of coating materials. However,
there is a slight decrease after the speed of
2600 rpm in each coating material. As the
engine speed increases in internal
combustion engines, an increase in motor
torque is observed and this increase
decreases again at a maximum point [18].
The reason for this decrease in engine
torque might be because of the decrease in
volumetric efficiency caused by the
increase in cylinder walls and gas
temperatures as a result of thermal barrier
coating and increasing friction losses at
high speeds. Engines which are coated with
a thermal barrier is generally known with
their high combustion and temprature. Also,
as a result of spraying fuel into the
clyinders, reaction time decreases and this

makes firing time very short [19]. However,
short spraying time causes an increase in the
amount of air falling on the fuel and this
makes volumetric efficiency high as a result
of the complete combustion of the fuel. As
a result, the engine torque increases.

Table 4. Experimental results of coating materials
and engine speeds on engine torque at different
levels

14

— -
=] o ~

=)

Engine Torque (Nm)

~—+—Standard Engine
Al,05+13%TiO,
Cry03
Cr, 05+25%A1,05

IS

w~

o

1400 2000 2600 3200
Engine Speed (rpm)

Figure 2. Effects of the coating materials and
engine speed on engine torque

Statistical Results

The experiments mentioned in previous
section were performed using Taguchi
design method and ANOVA and F-test
were carried out in order to define the
statistical ~ significance of the test
parameters.

Table 5 in this section shows the S/N ratios
determined for the experimental control
parameters mentioned in Section 2.3. This
table records figures maximizing the results
under the influence of the test parameters.
Furthermore, these figures are employed to
plot the influence of the parameters of
coating material and engine speeds on the
engine torque in Figure 3.

Statistical analysis, which has two
independent parameters as coating material
and engine speeds, depicts the result that the
variations in coating material and engine
speed are statistically significant on the
engine torque. Table 6 demonstrates that the
engine torque is significantly affected at
different levels of coating materials and
engine speeds.

Standard

Engine Al,03+13%TiO, Cr.03 Cr,03+25%Al,0

Table 5. S/N ratios of factor levels for engine torque

3

Engine Torque

1400rpm 3.6 5.1 3.7 3.86 Control

2000rpm 5.4 8.97 5.3 5.44 Factors Level Level2 Level3 Level 4
2600rpm 114 13.1 11.6 11.88 1

3200rpm 105 12.43 104 10.7 Coating 16.83 19.36"  16.87 17.13

Material
Engine 12.09 1573 2157 20.81
Speed
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*Levels which are maximazing the results

The S/N ratios of engine torque are revealed
by Table 5. Level 2 for the coating materials
and level 3 for the engine speed have the
highest ratios. In contrast, level 1 for the
coating material and engine speed has the
lowest ratios.

Main Effects Plot for SN ratios
Data Means

Coating Materials Engine Speed

Mean of SN ratios
&

I-to-noise: Larger is better

Figure 3. S/N ratio graph of experimental
parameters for engine torque

The S/N ratios of engine torque are revealed
by Table 5 and Figure 3. Level 2 for Coating
Materials and level 3 for engine speed have
the highest ratios. In contrast, level 1, which
is standard engine, for coating materials and
engine speed have the lowest ratios.

Table 6. Analysis of variance (ANOVA) for Torque

Source DF SeqSS MS  F P
Coaling 5 17717 59042 9.85  0.003
Material

Engine 5 539494 79.8313 13318 0.000
Speed

Error 9 5395 0.5994

Total 15 262.601

Finally, the results from Figure 3 depicts
that the engine torque reaches its maximum
point with the coating material of Al,Os+
13% TiO; at the speed of 2600 rpm. Also,
P-values for the coating material and engine
speed are below 0.05, which means they are
both statistically significant parameters on
the engine torque.

CONCLUSIONS

- Experimental study demonstrates that a
better engine torque can be obtained with
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the use of different types of coating material
and engine speed.

- The highest experimental engine torque
value was measured as 13.1 Nm with the
use of Al,O3 + 13% TiO; at the speed of
2600 rpm.

- According to the results of Taguchi
analysis, the maximum S/N ratios of
coating material and engine speed were
measured as 19.36 at Level 2 and 21.57 at
Level 3 respectively.

- Taguchi design method showed that
maximum engine torque value was
achieved using the coating material of
Al>,O3 + 13% TiO; at the speed of 2600 rpm.

- The statistical study points out that both
the P values of coating material and engine
speed parameters are smaller than 0.05 and
this means that they are statistically
significant on the engine torque.
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