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ABSTACT

The increasing of global energy demand and stringent pollution regulations
have promoted research on alternative fuels. In Thailand, Ethanol, can be produced
from many sources of national agriculture products as renewable fuel, which was
strongly promoted by government due to its many merits for use in transportation
field. In this study, combustion characteristics of ethanol-gasoline blend (20%, 85%,
and 100%) as well as pure gasoline (E0) were investigated by using a swirl-generated
constant volume combustion chamber. Flame propagations of different fuel blends
were observed by high speed Schlieren photography technique while pressure
history data were recorded for detailed combustion analysis. Combustion behavior,
combustion duration and rate of pressure rise of all tested fuels were investigated in
various swirl intensities and equivalence ratios. In addition, effect of swirl intensities
and ethanol concentration on lean misfire limit were also discussed. The results
showed that the high concentration of ethanol blend with the high swirl intensity can
significantly extended lean misfire limit while lowering combustion variations.
Furthermore, combustion duration can be accelerated by increasing the percentage
of ethanol in fuel blend. Through this study, a better understanding of stratified

charge combustion fuelled with ethanol/gasoline blends can be achieved.
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Chapter 1

Introduction

1.1 Background

From the IEA (Intemnational Energy Agency) and Exxon Mobile Corporation
reports, Global energy demand has been increasing continuously for the last decade.
Projection view to the year 2030 of energy demand show that the consumption in oil
is significantly growing, especially in transportation field, the growing rate is
approximately 1.7% per year. The effect from this rising of energy consumption that
should be concerned are_the fossit fuel shortage and. the environmental issues.
Because of majority sources of energy use in transportation sector is come from the
crude oil, fossil fuel, which cannot be re-produced in a few years. It mean that the
balance between demand and supply will be deteriorated in the near future.
Furthermore, in envifonmental issues, emission from. the wvehicle-or transportation
sector will be increasing for the same time of fossil fuel wsage. However, it is
unfortunately to-said that even excellent combustion technology can be provided
the complete combustion, green: house 'gas, CO, emission-cannot be reduced by
utilize of this fossil fuel. Due to the carbon monoxide that generated in exhaust gas is
come from the non-renewable: source, fossit) fuel or ‘crude oil. Carbon will be

produced in one-way path and cannot re-eycle back to the environment.

World Energy Demand to 2030

By Sector By Fuel

MBDOE Average Growth/ Yr. MBDOE Average Growth / Yr.
& 2005 - 2030 = 2005 - 2030

350 N 350

1.3% /,

300 200
250

200

. Industrial
100 100
Transportation
50 1”5% 50
Power Generation
0 0
1980 1980

Figure 1.1 Global energy demand, View to the year 2030.



For the last decade year, there are many attempts to reduce fossil fuel usage
and its emission. One of this is development in combustion technology. In the last
few years, the targets of research are focused on high engine efficiency, low fuel
consumption and low level of emission. The gasoline stratified charge and lean burn
engine are challenging one to overcome both fuel consumption and exhaust gas
emission. For stratified charge engine, it is well known that lean, stratified combustion
can reduce fuel consumption and gain some merits in gasoline spark-ignited, direct
injection engines for several reasons. First, unthrottled operation allows for a
significant reduction in pumping loss, especially at low loads. Second, the lean
mixture being compressed has a higher ratio of specific heats. This allows for a more
efficient compression and expansion process [1]. In theory, for an Otto-cycle engine,
the efficiency 7, can be written-as 7, =1-(1/r""")where r, is compression ratio
and x is specific heat ratio.-As an engine operates leaner, the specific heat ratio of
combustion mixture becomes higher. If the specific heat ratio (x) can further be
raised, the heat efficiency and engine power output can be improved [2]. In addition,
volumetric efficiency in stratified charge engine could be increased by cooling effect
from direct injection process [2, 3].- Although this combustion can achieve many kinds
of advantage for combustion characteristics, it produces much unburned
hydrocarbon and soot because of inhomogeneous charge mixture in'the combustion
chamber. The main problem is a misfiring-under lean operation even if whole air-fuel
mixture is very lean [4]. In stratification, air-fuel ratio tends to be over-rich in the
middle of the mixture and over-lean in-the periphery bordering surrounding air. It is
essential to minimize the above mentioned air-fuel ratio difference by enhancing the
stratification degree, defined by the. ratio. of fuel quantity involved in nearly
stoichiometric mixture zone to total fuel quantity. As the stratification degree

becomes low, unburned fuel amount increases and fuel economy deteriorates.

As describe in prior paragraph, limitation of spark ignition direct injection are
soot formation and HC emission. To overcome this limitations, low HC concentration
fuel and renewable energy are very interesting. the development of alternative fuel
engines has attracted more attention.  Alcohol, especially ethanol, was the
challenging candidate in alternative fuel since it can be produced from many sources
of biomass, and is indeed the renewable energy. In combustion advantages, high

heat of vaporization can be support the cooling effect of air charge in combustion



chamber. Since, the volumetric efficiency will be increased. With low HC chain of
ethanol fuel, vaporization in high temperature will be accelerated by reducing the
time of mixture formation prior the combustion process, thus it isn’t need the time
to mixture distribution like the high HC fraction fuels. Moreover, high octane rating in
ethanol fuel can be supported high compression ratio operation without knock
phenomena. Consequently, thermal efficiency can be improved by utilizing this
alternative fuel with the high compression ratio engine. For emission aspects, since
the ethanol fuel has the lower HC concentration compare with conventional

gasoline. Tendency of soot formation and also HC emission will be reduced.

Considering in global impacts, due to ethanol can be produced from the
biomass and renewable source. Carbon emitted from. the combustion will be
balanced and not produced more greenhouse gas. Since the engine use hydrocarbon
in the fuel to combust with air and then emit carbon dioxide to the exhaust pipe,
then this CO, will be absorbed by the plant to use in photo-synthesis process. After
that, CO, will be converted back to hydrocarbon store within the plant. And finally,
this plant or biomass will be synthesis as renewéble fuel like-ethanol. This cycle of
carbon is called “Carbon neutral”, it’s‘mean that combust gas, especially CO,, from
biomass is not be generated more. However, CO2 in environment still balance and
not change. In Thailand, Ethanol, can be produced from many sources of national
agriculture products_as renewable fuel, the raw materials for ethanol production,
cassava and sugarcane, are also the main.economic crops in Thailand. Furthermore,
ethanol was strongly promoted by government due-to its many merits for use in
transportation field and can be improved national economic by reduced imported oil
dependency. As a result, using ethanol in stratified-charge, spark-ignition, direct-
injection engines is capable of achieving significant gains in both volumetric and
thermal efficiencies and also reducing the CO, emission simultaneously.
Nevertheless, it is advantageous to combine the advantage of direct injection
stratified charge combustion with oxygenated fuels, ethanol. it is necessary to
investigate the combustion characteristics in order to obtain the stable lean

combustion for minimizing the HC emission due to misfiring.

In this study, the effect of swirl ratio on the combustion characteristics was
investigated in the ethanol /gasoline blends, which vary from pure gasoline (E0) to

pure ethanol (E100) in the swirl-generated. constant volume. combustion chamber.



With the pressure analysis data, rate of pressure rise (dp/dt), combustion duration
and mass fraction burned rate were analyzed while high speed video camera was

used to observe flame propagation during combustion processes.

1.2 Objectives

1.2.1.  To investigate effect of ethanol blends on combustion characteristics
in direct injection stratified charge (DISC) combustion
1.2.2.  To study the influence of swirl intensity on mixture stratification and

also combustion characteristics



Chapter 2

Literature Reviews

2.1 Introduction

Stratified charge combustion has been recognized as mean of both improving
engine efficiency and lowering exhaust emissions. However, there are many factors
that affect to the combustion process, such as physical properties of the fuel, swirl
intensity, ignition timing, equivalent ratio, ambient temperature and pressure etc.

Consequently, control combustion stability of this combustion has been challenging.

In view of the wide range of investigation to improve.combustion stability and
efficiency, the literature reviews will be focused on influence of ethanol content with
lean stratified combustion- and effect of the swirl intensities on the combustion

characteristics.

In this chapter, the reviewed papers will \be presented the fundamental of
stratified charge combustion and their strategies including the numerical model in SI
engine. Definition of ‘combustioncharacteristics in constant volume combustion
chamber base on pressure history .data will be described. Then, the potential and
properties of ethanol as afuel in the internal combustion engine are also reviewed.
Finally, In order to improve combustion stability, Mixture' stratification and influenced

parameters are considered.

2.2 Stratified charge combustion

Since the 1920s, attempts have been made to develop a hybrid internal
combustion engine that combines the advantage features of the spark-ignition engine
and the diesel. So, The stratified-charge engine is something of a hybrid between the
homogeneous charge spark-ignition engine and the diesel engine. From the historical
perspectives, Direct injection stratified charge combustion were proposed and
implemented by Texaco Controlled Combustion System (TCCS) and MAN-FM of
Maschinenfabrik Auguburg-Nurnburg [3].

This combustion type can operate in leaner than conventional homogeneous
charge SI engine .Furthermore, it can controlled engine load without throttling as the
diesel engine. Since, the emission will become the same level of SI engine as

indicated in Figure 2.9 while efficiency was close to the diesel engine.
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Figure 2.2 Stratified-charge engine combustion chamber (Benson and Whitehouse,
1979).

One example of a stratified-charge engine combustion chamber is shown
schematically in plan view in Figure 2.2, taken from Benson and Whitehouse(1979) .
As shown in Figure 2.2, The mixture burns near-the spark plug and downstream of the
spark plug as a premixed flame, while in the rest of the cylinder the mixture is very
lean. The fact that fuel is-introduced at one point in the chamber and burnt
immediately means that the overall air-fuel ratio can be 'very lean, while the local
ratio is near, and is a direct result of the stratified nature of the charge. The stratified
charge engine is thus able to operate over a much wider range of air-fuel ratios than
a conventional spark-ighition engine. This results in higher efficiency due to leaner

overall air-fuel ratios and reduced pumping losses, since less throttling is required.

2.2.1 Stratified charge technique and strategies

In early strategy of combustion in direct injection engine., Operation mode
should be divided into. two-major condition: Figure 2.3 show the schematic of its
operations , stratified. charge is achieved by a late injection during the compression
stroke while the homogeneous is operated during late intake stroke or early injection

to realize and uniform homogeneous. mixture

homogenaous charge stratified charge

Figure 2.3 Homogeneous (early injection) and Stratified-charge mode (late injection)



Dependent on load and engine speed, different operating modes have to be
applied in order to realize a stable and satisfactory engine operation within the
complete engine map, Figure 2.4, In the case of full load a homogeneous
stoichiometric or even fuel-rich mixture inside the complete combustion chamber is
necessary in order to include the complete air charge in the combustion process and
to achieve maximum torque. Early injection during the intake stroke is applied in
order to have enough time to inject the required large fuel quantities and to achieve
a homogeneous fuel-air mixture. At medium and low part load the stratified-charge
mode offers the possibility to reduce pumping losses significantly. However, the

operating range of this mode is limited in engine speed and load.
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Figure 2.4 Operation mode within the engine map [3]

At increasing engine speed, the in-cylinder: flow field becomes more and
more turbulent, and above approx. 3000 rpm it can no more be utilized to keep the
mixture cloud compact. Above break mean effective pressures (BMEP) of approx. 5
bar, the injected fuel quantity becomes too large in order to realize a sufficient
mixture formation prior to ignition, and soot is produced.

As show in Figure 2.5, there are three basic approaches of controlling the

stratified-charge combustion, wall-guided, air-guided, and spray-guided techniques.



Figure 2.5 Classification of stratified charge combustion, (a) Wall-guide technique, (b)
Air-guide technique and (c) Spray-guide technique.

2.2.1.1 Wali-Guided Technique

Figure 2.5 (a) shows the basic arrangement of the injector and the spark plug
in wall-guided technique (wide arrangement). This approach uses a specially shaped
piston surface in order to transport the fuel to the centrally arranged spark plusg.
Because a considerable amount of fuel is-injected on the piston surface and cannot
completely evaporate until ignition: occurs, this technigue- suffers from increased
emissions of unburned hydrocarbons and CO, and the full potential of reducing fuel
consumption cannot be reached. However, the wall-guided concept is a very reliable
approach regarding the robustness of the combustion concept and the prevention of

misfiring.

2.2.1.2 Air-Guided Technique

The fuel is injected into an in-cylinder airflow, which transports the compact
spray plume to the spark plug as show in Figure 2.5 (b) there is no wall wetting
affect. The generation of a stable air motion that keeps the spray plume compact
and transports it to the spark plug while enhancing a homogeneous air-fuel mixing
inside the cloud. Therefore, the efficiency and reliability of this concept can be
achieved. Two main in-cylinder air motions are possible, the swirl and the tumble. In
the case of a flat cylinder head, the swirl flow is usually utilized, while a pent roof

cylinder head also allows the application of a stable tumble flow.

In this technique, however, the generation of a stable airflow that enhances
mixture formation inside the spray cloud, keeps it compact at the same time, and
transports it to the spark plug, such that ignition can occur at a thermodynamically

optimum timing, is nearly impossible to realize for all speed ‘and load points within



the stratified operation range. Furthermore, the generation of swirl or tumble

increases losses due to throttling and thus reduces fuel economy.

2.2.1.3 Spray-Guided Technique

Figure 2.5 (c) shows the spray-guided technique. This approach is the concept
that theoretically allows for the attainment of the highest fuel economy. However,
this approach is the most complicated to realize, and for this reason it has only been
investigated and tested in research engines so far. The spray-guided concept is
characterized by a narrow arrangement of the injector and the spark plug as show in
the figure. The spray is directly transported to the spark plug by its kinetic energy.
Thus, Special combustion chamber and piston geometries are not necessary. Due to
the narrow arrangement, the time between injection and ignition, and thus the time
for mixture formation, is extremely small. For this reason, high injection pressures will
be necessary to provide enough energy for mixture formation and to avoid the
production of soot. The generation of these high injection pressures causes problems
regarding system friction and wear, because of low lubricity of gasoline.

Because the time of arrival of the spray at the spark plug is only dependent
on injection timing and not on complicated air motions, there are no restrictions in
ignition timing, and the thermodynamically optimal timing can be realized much
easier than in the case of the wall-air-guided concepts. Hence, the spray-guided
technique offers the largest possible decrease of fuel consumption at part load.
Because the spray does not impact on a wall, and because a strong in-cylinder air
motion is not required, heat losses to the engine and pumping losses are the

smallest of all three concepts.

2.2.2 Performance of ideal internal combustion engine

The overall thermal efficiency of any reciprocating internal combustion
engine is primarily a function of three parameters. First is compression ratio, second
is specific heat ratio or air/fuel ratio and the last is combustion duration. The ideal
efficiency of an internal combustion engine is usually determined using an “air-
standard” analysis, in which pure air is used as the working fluid. A simple
thermodynamic analysis of the ideal air-standard Otto cycle, which is a theoretical

model for a spark-ignition engine, shows the efficiency to be
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1
77=1—r,_,

where r, = compression ratio and y = C,/C, (specific heat ratio).
The “compression ratio,” r,, more accurately described as the “volumetric

compression ratio,” is the ratio between the maximum cylinder volume at bottom
dead centre (BDC) and the minimum volume at top dead centre (TDC). All of the
heat is assumed to be added to the cycle at constant volume at TDC. This simple
analysis shows that for high efficiency, the compression ratio should be as high as
possible.

The ideal thermal efficiency of the air-standard Otto cycle as a function of
compression ratio is shown in Figure 2.6, compared to that for the air-standard Diesel
cycle with various values of the cutoff ratio. Although, for a given compression ratio,
the efficiency of the air-standard Diesel cycle is less than that of the Otto cycle, in
practice, the diesel engine has a higher efficiency because it operates at a much

higher compression ratio.
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Figure 2.6 Variation of efficiency with compression ratio for a constant volume air
standard cycle.

The analysis also indicates that for high efficiency, the ratio of specific heats
of the working fluid should be as high as possible. In practice, it turns out that Y for
air (1.4) is greater than 'y for the air-fuel mixture for typical HC fuels. This means that
the value of Y will be higher for mixtures with more air (i.e., lean mixtures) than for
rich mixtures. The analysis predicts then that thermal efficiency is higher for lean

mixtures (mixtures with excess air) than for rich mixtures. Figure 2.7, taken from
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Heywood (1988), shows the theoretical efficiency for an ideal Otto cycle engine using
fuel and air as the working fluid, rather than just air, as a function of the fuel - air
equivalence ratio, ¢, for a range of compression ratios, r,, from 6:1 to 24:1. An
equivalence ratio of 1.0 provides a stoichiometric mixture, while values greater than

1.0 are rich mixtures and values less than 1.0 are lean mixtures.
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Figure 2.7 Variation of thermal efficiency with equivalence ratio for a constant
volume fuel-air cycle with 1-octene fuel [2].

Figure 2.7 clearly shows the trend of higher thermal efficiency as the mixture
becomes leaner. This much steeper drop in efficiency for ¢ greater than 1.0 is a
result of the presence of unburned fuel in the mixture. In other words, for rich fuel-
air mixtures, there is not enough oxygen present to support complete combustion of
all of the fuel. This figure indicates another reason for diesel engine efficiency being
greater than Otto cycle efficiency, since the un-throttled diesel engine always
operates at a very lean overall fuel-air ratio, particularly at part load.

The length of the burning time, or combustion duration, also has an effect on
thermal efficiency. The ideal situation would be to release all the energy into the
cylinder instantaneously at TDC of the compression stroke. Since all fuels have a
finite burning rate, this is not possible, and the power output obtained for a given
amount of fuel burned is reduced compared to the ideal cycle, resulting in a
reduction in thermal efficiency. The results of these effects are shown schematically
in Figure 2.8, taken from Campbell (1979), which shows the power output as a
function of spark advance, for three different values of combustion duration, A&,
.The combustion duration and spark advance are given in terms of crank angle
degrees, and degrees before TDC, respectively. As the combustion duration is

increased, the optimum value of the spark timing also increases, as shown in the
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diagram. The figure clearly shows that reduced combustion duration results in higher
power output, and therefore increased thermal efficiency.

L
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Figure 2.8 Influence of spark advance and combustion duration on power outout
(Campbell,1979).

Since burning rates are generally highest close to the stoichiometric air-fuel
ratio, operating an spark ignition (SI) engine lean, with an equivalence ratio of less
than one, results in increased combustion duration. As can be seen from Figure 2.8,
this then reduces power output and thermal efficiency, thereby tending to
counteract the increased efficiency of lean operation due to an increased ratio of
specific heats, as seen in Figure 2.7 It is important, therefore, when choosing to
operate an Sl engine under lean-burn conditions to design the combustion system to

provide a high burning rate.

2.2.3 Spark ignition engine emissions

The emission levels of a spark-ignition engine are particularly sensitive to air-
fuel ratio. This can be seen in Figure 2.9, taken from Heywood (1988), which shows
schematically the level of emissions from a spark-ignition or Otto cycle engine as a
function of relative air-fuel ratio. At rich air-fuel ratios, with ¢ greater than 1.0,
unburned HC levels are high since there is not enough air to completely burn all the
fuel. Similarly, CO levels are high, because there is not enough oxygen present to

oxidize the CO to CO..
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Figure 2.9 Emissions as a function of fuel-air equivalence ratio @ [2].

For lean mixtures, with ¢ less than 1.0, there is always excess air available, so
that CO almost completely disappears, while HC emissions reach a minimum near
¢=O.9. For ¢ less than about 0.9, some increased misfiring occurs because of
proximity to the lean misfire limit, and HC emissions begin to rise again. The main
factor in production of NO is combustion temperature: the higher the temperature,
the greater the tendency to oxidize nitrogen compounds into NO. Since the
combustion temperature is at a maximum near stoichiometric conditions where
¢=1.0, and falls off for both rich and lean mixtures, the NO curve takes the bell

shape shown in Figure 2.9.

2.2.4 Numerical model in stratified charge combustion

in the year 2002, H.Choi et al.[5] proposed the three-dimensional analysis
model for the direct injection stratified charge in order to simulate the
characteristics of flame propagation, diffusion reaction, concentrations of products in
the burned region, and burned-gas temperature. In that numerical study, the flame

speed can be developed from the laminar burning velocity as follow

S, =aexp[-£(¢—4¢,)" —exp{-<{($-¢,)} - £ (p—¢,)] (1)

Where,
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S, is the laminar burning velocity and ¢, is the equivalence ratio where the laminar
burning velocity is maximum.

Though these model, the equation can cover the asymmetric characteristics
of laminar flame speed over lean and rich equivalence ratios. However, for a
stratified mixture, the equivalence ratio that governs the laminar flame speed
inevitably fluctuates within each computational grid because of convection and
diffusion effects. Therefore, the spatial distribution of equivalence ratios and their
variations can be accounted for by the fact that flame propagation is fastest in the
region where mixture fraction has the highest probability of being stoichiometric. By
introducing the mean mixture fraction, Z, and the Favre-averaged mixture fraction
variance, Z2, the mean laminar flame velocity in a grid cell where the mixture is

non-homogeneous can be expressed as following equation
1
I 5 52
Se(Z) % ij(Z)])Z (Z,27°)dZ (3)
0

However, this equation did not express the asymmetric characteristics of equivalent

ratio Therefore, the mean laminar flame speed EK(Z) was approximated by
Suzs = Segn{ P (2,2} expl—& (9=,) —exp{~¢ (6~ 4,0} - C,(4—4,) (@)
Where & and £, are fixed as 0.2, and 1.7, respectively.

The flame propagation simulation result of these study are agree with
experimental studies of other researchers. Comparison of numerical result and

previous study are shown in Figure 2.10.
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Figure 2.10 Comparison of the laminar flame-speed correlations for iso-octane

2.2.5 |Influenced parameter in direct injection stratified charge

combustion

In order to achieve the stable combustion phenomena, several parameters
that affect to combustion phenomena should be studied and investigated. Michael
C. Drake et al.[6] employ the CFD simulation to investigate the optimum ignition
timing in order to reach the stable combustion. As indicated in Figure 2.11, The swirl
index (SI) were not significant change the equivalent ratio and velocity at the spark
plug but the ignition timing ( dash line ) was the most important parameter to ignite
the mixture and keep the stable combustion. In the table 1, the CoV was reach the
minimum at 0.9 when equivalent ratio around spark plug is 0.9-1.6. However, In their
result, the mixture velocity will be decreased by the time left. In Figure 2.12, The
comparison result of CFD model and experimental study show that the strong swirl
flow ( high SI ) can be advanced combustion process .In addition, The peak pressure

can be affected by the swirl index but significant as expect.
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Figure 2.11 Equivalence ratio and velocity near the spark plug at various swirl
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Table 1 Effect of ignition timing on mixture distribution and misfire.
SA(BTDC) atspark Velocityat spark (m/s) Misfires (%)  Partial burns (%%) IMEP (kPa) COV{IMEP) (%)
34 2.9-42 35-44 4 0 360 23
26 0.9-1.6 14--16 D 0 i 0.9
22 04-0.8 1013 0.3 10 279 16
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Figure 2.12 Comparison result between CFD model and experimental study of iso-

injection

octane

Naoki Shiraishi et al [4] studied the combustion efficiency of gasoline direct

by means of constant volume combustion vessel. in year 2001, from

experimental result, the researchers note that the rate of pressure rise and heating

efficiency were affected by changing in injection-sparking interval time. Figure 2.13

show the relationship between pressure rise rate (

ar
dt

Jand injection-ignition interval (
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7,,) and relationship between heating efficiency (7,) and injection-ignition interval.

As the injection-ignition timing increase, the efficiency was decreased. In this study,

effects of ambient temperature were also collected.
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Figure 2.13 Effect of injection-ignition timing on (a) pressure rise rate and (b) heating

efficiency

For another result that show effect of injection timing was from Z. Huang et
al’s [7]. study, the researchers claim that When the injection was relatively early the
heat release pattern showed a slower burn in the initial stage and a faster burn in
the late stage. There would be two factors causing this behavior: one is the degree of
charge stratification of the mixture; the other is the decaying of the turbulence
generated by the fuel jet. Since the injection timing was earlier, decaying of the
formed turbulence and weaker charge stratification were considered to occur in the
cylinder, resulting in a heat release pattern similar to that of flame propagation in the
homogeneous mixture In contrast to this, when the injection timing was relatively
late the heat release rate showed a faster bumn in the initial stage and a slower burn
in the late stage, which is contrary to the early injection case. This pattern reminds us
of diesel combustion in which two kinds of heat release process are usually
identified: pre-mixed phase at the initial and diffusive phase at the subseguent. Thus,

for the case of late injection a mixture formed in the initial stage can burn rapidly

76417
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due to strong turbulence and then in the subsequent stage the fuel probably burns

like a diffusion flame as diesel combustion.

Jeonghoon Song and Dae Hee Lee [8] studied effect of the spark energy,
spark gap and electrode geometry on combustion duration by using Schlieren
photography technique. From the investigation, can be summarized that as the
ignition energy increases the burning rate can be accelerated, duration time in the
initial stage was reduced approximately 7-8%. For a sharpened tip of the electrode,
the discharge energy increases together with the efficiency of electrical energy
conversion. Consequently, the kernel growth becomes faster. In addition, the
breakdown energy, can be increased by extended the spark gap. Consequently,

flame kernel in extended spark gap was developed faster than in the small spark

sap.

2.3 Combustion characteristics in constant volume combustion
chamber (CVCQ)

For analyzing the combustion, The real engine, have many parameters that
affect to the combustion characteristics such as manifold design, valve shape and
duration, piston geometry, et cetera. In the recent years, many researchers try to
avoid that undesirable effects and concentrate on only the fuel and combustion
within combustion chamber. Experimental studies which carry on the constant
volume combustion chamber may easier control parameter than that the real
engine. The word “Constant Volume Combustion Chamber” or “CVCC” was first
introduced in 2002 by publication of Jeonghoon Song and Dae Hee Lee [8]. The
experimental setup of their study was shown in Figure 2.14 (a). Later in the year
2004, Kihyung Lee et al [9]. Study the effect of mixture stratification in a constant
volume combustion chamber. In this study, the experimental apparatus were more

complicated than that the previous as show in Figure 2.14 (b).
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Figure 2.14 Experimental setup of Constant volume combustion chamber
(a)).Song and D.Lee, 2002 (b) Kihyung Lee et al, 2004
Majority components in the constant volume combustion chamber was
pressure transducer, It is very useful tool for analyze the combustion behavior with
combustion chamber and another were the quartz glasses for spray and flame
visualization. In the later, high speed video camera and laser diagnosis system may

be required.

2.3.1 Pressure rise rate, Rate of heat release (ROHR) and Stratification

degree.

Due to combustion analysis in constant volume combustion chamber was
based on the pressure history data that collect from the high-resolution pressure
transducer. Thus, rate of heat release cannot be relatively calculated with the crank
angle as same as in the real engine. And also the stratification degree. For applying

the Thermodynamics, rate of heat release and stratification degree, can be expressed

dP . .
in term of pressure rise rate(;). The relationship between rate of heat release
t

(ROHR) and pressure rise rate (%]—.i}was derived from principal of ideal gas law and
t
Thermodynamics as follow equation [10],[11].

From the first law of thermodynamics

Heat supply rate = Heat release rate + Heat transfer (5)
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Neglect the heat transfer during combustion, The deviation for turbulent combustion
by this treatment is small due to the short combustion

Heat release rate = Heat supply rate

(i—Q—] = mc, ﬂ +Pd—V (©)
At ) etense dt dt
Applying the ideal gas equation to the gas mixture and differentiating about time
PV =mRT
L. S ™
dt dt dt
Thus,
() _(s2ar),(F ),
Bt ) NN\ R di dt

c
And relation of specific heat, =k and ¢, =c,+R

CHPAN
R k-1
(ig_j =0+(E_‘I__d_P.J+O 9)
dt release R dt

(g_g__j _(I_jfiﬁ
dt relcase k_l dt

Consequently, if the volume was fixed at constant and specific heat ratio was not
change significantly, The rate of heat release can be reflected by the information of

rate of pressure rise.

Naoki Shiraishi et al [4] and Kihyung Lee et al [9]. Were introduce definition of
stratification degree as the ratio of the fuel quantity forming the mixture with air fuel
ratio near stoichiometric value against total fuel quantity injected. The requisites to
enhance this ratio are, First, to reduce the amount of unburnt fuel, and second, to
enhance the ratio of mixture area with air fuel ratio near stoichiometric value against
flammable mixture area. The mixture with air-fuel ratio nearer stoichiometric value
brings about higher burning velocity. Therefore, a stratification concept in order to
satisfy both of the requisite (a) and (b) is assumed to be "how to enhance more the

burning velocity in broader mixture area”. Taking this concept into consideration, the
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maximum volumetric burning velocity (SV)n.x is assumed to be reasonable as a
stratification degree.
The maximum volumetric burning velocity (S,),., is assumed to be reasonable as a

stratification degree
Volumetric burning velocity is given by

S,=4,-8, (10
Where 4, is the flame front area and §, is the burning velocity

The mass burned fraction is given by

1 1
m,=A4.-S, -p, =S5, -0, (11)
A RS T PR+
From Thermodynamics,

Heat release rate = Heat supply rate (12)

And relationship between rate of heat release and pressure rise rate

: d
H,m, = (—Qj
dt release

(13)

H,S,:p, : =(L/jég
AF+1 \k=1)dt

Where H is lower heating value and p, is mixture density at fresh side of the
mixture.
In stratification mixture, following assumption may be accepted

AF =15 assume that at this AFR the combustion is fastest

Ve
p, = p(,(%%) applying the law of adiabatic change to the state of the fresh side

mixture
Then, (S,),..., the highest S, is given by
(AF)ypmae T11V 1 dP
(Sv)max = { < } ) 1/x . (14)
H, (k=1)-p, |[(P/R)™ dt |
As shown in equation 14 (S,),.. is determined using P and 2 data obtained

dt

by pressure analysis, and (S,),.. is closely related to (ﬁ’f) . This means that the

max

dt
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correlation between (S,)_, and (d_P) is investigated to clarify the possibility of
At )

replacing (Sv)mwith(g) . Therefore, (S,)..,Was proven to be useful as a
at ),

stratification degree, representing widespread stratification feature quantitatively. The
example result of relation between stratification degree and pressure rise rate was '

shown in Figure 2.15.
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Figure 2.15 Comparison between volumetric buming velocity (S,) and pressure rise
rate (dP/dt)

Kihyung Lee ‘s study [9] note that as the interval after ignition start is longer,

the value of S, and 6—ffiis decreased. The reason for decreasing §,and %}-)— is that
t t

the stratified fuel is not formed near spark plug. Furthermore, they also observed this
phenomenon through the visualization result of flame propagation near spark plug

for support their assumptions.

2.3.2 Mass fraction burn, initial stage of combustion and combustion

duration.
The mass fraction of the burnt fuel-air mixture was calculated from the
measured pressure profile under the assumption that the pressure in the combustion

chamber corresponds to the mass fraction burnt [8],[12]

H—p. .
M ()= 2O Puic (15)
Pax ~ Pinit
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where p,. and p_ . are the initial and maximum pressures, respectively. The
duration of flame-kernel development ( 1, —t,,,) was defined as the time period

from ignition to burning of 10% of mass, and the flame propagation duration was
defined as the time period beginning after burning of 10% of mass and ending after

burning of 90% of mass. The time ¢_, is the period from ignition to complete burning

of the entire mixture in the combustion chamber.
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Figure 2.16 Definition of (a) combustion duration,
(b),(c) injection - ignition interval and ignition delay

For clearly understanding, the definition of combustion duration, injection -
ignition interval and ignition delay, were shown by graphical of measured pressure
data in Figure 2.16. Naoki Shiraishi et al.[4] and Kihyung Lee et al [9] give the
definition of injection - ignition interval as elapsed time from start of injection to
start of ignition. Then, as show in the Figure 2.16(c), after the ignition is started, the

trace pressure will be decreased until reach the minimum or rate of pressure rise

equal to zero (C;—P=O). The interval time form ignition start to this point can be
t

defined as ignition delay. For the reason of pressure drop during process, Naoki
Shiraishi et al[4]. discussed that this phenomena occurred by latent heat absorption

by vaporized fuel just after fuel injection start.
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2.3.3 Lean flammability and ignition limit.

Combustion in a spark ignition engine begins with a spark discharge which
emits sufficient energy to initiate the chemical chain reaction to sustain flame
propagation throughout the mixture. There are two lean limits of combustion to be
considered with spark ignition engine. First is lean flammability limit and another one

is lean ignition limit [ Quad A. (1976) 1.

Lean flammability limit (LFL), an inherent fuel property which is a function of
temperature and pressure, is the leanest air-fuel mixture which will sustain flame
propagation, and should be independent of ignition source and combustion vessel
geometry [ Coward H. et al.(1952)]. In the reciprocating spark ignition engine, this
operational lean limit type commonly referred to as the lean misfire limit (LML),
misfire results when the air-fuel mixtures does not ignite, does not burn completely,
or burns with such low flame speeds that blow down occurs before combustion is

complete.

Lean ignition limit is defined by the minimum external energy which must be
supplied to a critical volume to raise the mixture to its minimum ignition

temperature [ Chigier N.(1981) 1.

An exact definition of the lean misfire limit is difficult because an engine can
operate in a stable mode with occasional misfire at a certain air-fuel ratio. Since,
there were variety of other methods to indirectly measure and define the lean
misfire limit (LML). Selected definitions of LML found in the literature are specified
amount of hydrocarbon or carbon monoxide content in exhaust gases [ Shimoto G.
(1978) 1, the number of audible misfires counted over a time period [ Chaster K.
(1977) ] or variation of mean effective pressure or indicated mean effective pressure
[Winsor R. (1973)]. Because cylinder pressure and exhaust gas content are most
easily measured, the majority of work relating to lean combustion has adopted
definitions using either or both measurements. When relating air-fuel ratio to cylinder
pressure or exhaust gas content as the air-fuel ratio increases from stoichiometric, a
point is reach where variations increase sharply, which is approximately the lean

misfire limit.
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Figure 2.17 Lean limit investigation base on coefficient of variation

(a) Lewis Flight propulsion Lab (1959) (b) Y.Li and H.Zhao “Development of fuel

stratification spark ignition engine”(2005) and (c) Jinhua W. et al “Study of cyclic

variations of direct injection combustion fueled with natural gas-hydrogen blend
using a constant volume vessel”(2008).

Figure 2.17 show some of literature result for investigating the lean miss fire
limit. From all of displayed result, the lean limit investigation, were base on
coefficient of variation of indicated mean effective pressure but was not define the
certain number of variation as the lean limit. However, In Jinhua Wang’s study[13] ,

the researcher had set the 20% variation as the lean limit point.

2.3.4 Cyclic variation and Coefficient of variation (CoV)

Cyclic variations in the combustion process are caused by variations in
mixture motion within the cylinder at the time of spark cycle-by-cycle, variations in
the amounts of air and fuel fed to the cylinder each cycle, and variations in the
mixing of fresh mixture and residual gases within the cylinder each cycle, especially
in the vicinity of the spark plug. Variations between cylinders are caused by

differences in these same phenomena, cylinder-to-cylinder
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As the mixture becomes leaner with excess air or more dilute with a higher
burned gas fraction from residual gases or exhaust gas recycle, the magnitude of

cycle-by-cycle combustion variations increases.

Cycle-by-cycle combustion variations are evident from the beginning of the
combustion process. Analysis of flame photographs from many engine cycles taken
in special research engines with windows in the combustion chamber has shown that
dispersion in the fraction of the combustion chamber volume inflamed is present
from the start of combustion. Dispersion in burning rate is also evident throughout

the combustion process. Three factors have been found to influence this dispersion
1. The variation in gas motion in the cylinder during combustion, cycle-by-cycle

2. The variation in the amounts of fuel, air, and recycled exhaust gas supplied to a

given cylinder each cycle

3. Variations in mixture composition within the cylinder each cycle-especially, near
the spark plug-due to variations in mixing between air, fuel, recycled exhaust gas, and

residual gas

The useful statistics tool for lean limit investigation is coefficient of variation
(CoV). These parameter can be calculated directly from pressure history data. The
peak pressure and indicated mean effective pressure were counted and converted to

CoV by follow formula. [ Heywood J.B. (1998) P.413-423]

CoV, =Z£x100% (16)
X
Where,
_ 1
X=—) X 17
NZ (a7

and the standard deviation

(18)
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2.4 Alternative fuel : Ethanol

The usage of ethanol in spark ignition engine can be either in the form of
neat fuels, blending with base fuels (gasoline or diesel) or even as an additive (such
as ETBE). Utilizing ethanol in SI engines have long been researched and developed.
The main features of the ethanol that impress to the SI combustion research were
the ethanol is the oxygenated fuel and have the high heat of vaporization. That
means, ethanol can improve volumetric efficiency of the combustion by cooling
effect. Furthermore, octane rating of ethanol was higher than conventional gasoline.
Thus, the engine can either run with the higher compression ratio or more degree of
spark advance. The later reasons were directly promoted to the thermal efficiency of
the engine which fuelled with the ethanol. In exhaust emission aspects, NOx
emission might be reduced by lower combustion temperature due to high latent
heat property of the ethanol. When compare with the gasoline, CO and HC emission
of the ethanol are lower . Since, ethanol contained with the oxygen and lower in
carbon atom. However, Although ethanol have many merits in Sl combustion, cold
startibilty and aldehyde including formaldehyde emission remain the problem and

challenge for utilization of ethanol in Sl engine.

In Thailand, Alternative fuel, Ethanol, has been broadly promoted by the
government due to environmental friendly properties of ethanol and it can reduce
dependency of imported crude oil. Ethanol can be produced from many source of
biomass and were the renewable energy. In addition, the raw material for produced

ethanol, cassava or sugarcane was the main economic vegetation in Thailand.

Due to ethanol properties have many effect to the combustion
characteristics. Thus, numerical studies of ethanol were very useful to estimate the
result of its properties on combustion behavior. Hakan B.[14] have been developed
theoretical model of flame propagation process in an Sl engine running on
gasoline/ethanol blend. In their numerical investigation, geometrical features (flame
radius, flame front area and enflamed volume) of the flame, combustion
characteristics (mass fraction burned and burn duration), and cylinder pressure and
temperature of different ethanol/gasoline blend are predicted. The result show that
blending ethanol with gasoline up to 25% by volume positively affects the geometric

properties of flame and the mass burning rate, leading to faster burning. It also



28

produces higher cylinder pressures and temperatures compared with gasoline. As a
result, the mean indicated work, and therefore engine output power and thermal

efficiency, may also increase.

Although in the real engine, the combustion, was the turbulence flame
propagation but laminar flame which less complicated were necessary to background
study for better understanding of flame behavior. Since, in 2006, Hara Takashi and
Tanoue Kimitoshi [15]studied the laminar flame speed of ethanol compare with
isooctane - air mixtures. The experimental result show in Figure 2.18. As indicated in
Figure 2.18, ethanols have an higher flame speed and higher flame stability than iso-
octane. This behavior appears to be quite general since at low Markstein number
(low Lewis number), all spherically expanding flames are intrinsically unstable, with
no stabilizing influence due to thermodiffusive effects. Flame instability has many
influences on combustion properties, such as burning velocities. Table 2 show the

properties and Le (Lewis number) of the tested fuels.
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Figure 2.18 (a) Laminar burning velocity of ethanol compare with n-haptane and
isooctane , (b) Schliren photographs of flame edge of different blend of ethanol and

isooctane.
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Table 2 Lewis number of ethanol; n-haptane and isooctane
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In combustion behavior investigation, the fuel effect on spray pattern should
be taken into account. Because vaporization and spray pattern of fuels were strongly
affect to the mixture distribution. Especially in direct injection engine, the ignition
timing at the spark plug should be suitable to the equivalent ratio at the tip of
electrode. Since, the spray pattern play an important role in mixture preparation

process.

Xibin Wang et al [16] studied spray characteristics of the swirl injector fuelled
with  methanol and ethanol. It was explored experimentally and numerically.
Experimental results show that the spray characteristics of methanol and ethanol
had displayed the same trends as that of gasoline. Under the low backpressure
ambient conditions, the spray behavior exhibited a hollow cone with wide spray
angle and initial spray slug at the tip, while the spray presented a solid cone in the
case of high back-pressure. Vortexes in the opposite direction existed in the rear part
of the spray under low back-pressure ambient conditions while the vortexes formed
in the middle part under high back pressure ambient conditions. however, at high
injection pressure, the distinct swirl structure in the opposite direction can be clearly
observed as shown in Figure 2.19. It can be concluded that increasing injection

pressure will lead to the enhanced swirl intensity.
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Figure 2.19 Structure and air entrainment of swirl spray at 0.1 MPa and 1.0MPa fuel
injected
Figure 2.20 (a) and Figure 2.20 (b) are the shilieren images of spray
development for methanol and ethanol. For comparison purposes, the shilieren

images of gasoline spray development are also listed in Figure 2.20 (c).
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Figure 2.20 Shilieren images of spray development (a)Ethanol, (b)Methanol and

(c)Gasoline
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However, the vapor pressure of gasoline is even higher than methanol and
ethanol, according to the fuel properties, gasoline spray should have given even
shorter penetration and larger cone angle. The experimental results indicated an
opposite behavior, as shown in Figure 2.21. Such phenomena may be explained by
the fact that both methanol and ethanol are comprised of only one component
while gasoline is a mixture of many components with various carbon atoms and
structures, and its vapor pressure largely contributes to the components with
relatively low boiling point which evaporate easier and faster, while the components
with higher boiling point will evaporate more slowly. So the initial spray of gasoline is

more distinct and the main spray of gasoline has long penetraﬁon and small cone

angle.
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Figure 2.21 Spray cone and penetration of gasoline, methanol and ethanol
Experiments also showed that methanol had the largest cone angle, while
ethanol and gasoline presented almost the same cone angle. Simulation results
indicated that methanol and ethanol had a slightly larger Sauter mean diameter
(SMD) than that of gasoline with swirl injector. The SMD profile of methanol
coincided well with that of ethanol under low back-pressure ambient conditions, but

displayed a slightly larger value under high back-pressure due to fuel evaporation.
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2.5 Mixture stratification

As a result of turbulence, thermodynamic transfer rates within an engine are
increased by an order of magnitude. Heat transfer, evaporation, mixing, and
combustion rates all increase. As engine speed increases, flow rates increase, with a
corresponding increase in swirl, squish, and turbulence. This increases the real-time
rate of fuel evaporation, mixing of the fuel vapor and air, and combustion. The high
turbulence near TDC when ignition occurs is very desirable for combustion. It breaks
up and spreads the flame front many times faster than that of a laminar flame. The
air-fuel is consumed in a very short time, and self-ignition and knock are avoided.
Local flame speed depends on the turbulence immediately in front of the flame
[17]. This turbulence is enhanced by the expansion of the cylinder gases during the
combustion process. Turbulence intensity is a strong function of engine speed. As
speed is increased, turbulence increases, and this increases the rate of evaporation,
mixing and combustion. Another negative result occurs during combustion when high
turbulence enhances the convection heat transfer to the walls in the combustion

chamber. This higher heat loss lowers the thermal efficiency of the engine.

In 2000, Eiji Tomita, A.N., and Nobuyuki Kawahara [18] reported their study
about effects of swirl flow and inhomogeneous concentration fields on combustion
of propane-air Mixture in a constant-volume vessel. The experimental concept of this
study was shown in Figure 2.22, the swirl velocity along the combustion vessel and
its turbulence intensity were recorded, the result that shown in Figure 2.23 can be
explained that how the swirl flow affect to the mixture distribution. The swirl
strength was controlled by changing the times of the end of gas injection and closure

of the special valve.
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Figure 2.23 (left) Swirl intensity and turbulence intensity, (right) equivalence ratio at
spark plug during initial stage of combustion.
The result shows the relation between equivalence ratio near the center

measured with the LIF method and the combustion period of initial stage for various

conditions in ty,=10(high swirl), 100 (medium swirl)and 300ms (low swirl) in ¢cente,=0.3
with error bars that mean the standard deviation of concentration fluctuation near
the center of the combustion chamber. In t,= 10 msec (high swirl), the standard
deviation was small because the fuel near the center diffused very much. In t,= 100
msec (medium swirl), the standard deviation was large while in ty,= 300 ms(low swirl),
the fuel did not diffuse very much. Therefore, inhomogeneous mixture includes
stoichiometric one even if it is lean or rich on the average in t,= 10 and 100ms and

the averaged lean and rich limits of flammability became wide.
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Figure 2.24 Distributions for vapor fluorescence intensity

In the real engine condition, relationship between swirl intensity and mixture
distribution and combustion phenomena were reported by Masahiko Fujimoto [12].
From PDF {Provability density function) resuit, shown in Figure 2.24, indicates that the
mixture formation was stabilized in every cycle by the swirling flow. It was also found
that PDF distributions under medium and low swirling conditions were not constant
in each cycle. It is considered that a large amount of liquid fuel impinged on the
cylinder wall under the low swirling condition and the evaporation rate of the
impinged fuel fluctuated cyclically. In Figure 2.25, it was found that the overall vapor

fluorescence intensity (Iv) increased and the relative variance of the fluorescence

intensity (Mv) decreased with the increasing of swirl rate.
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Figure 2.25 Overall vapor fluorescence intensity and Relative variance of vapor

fluorescence intensity at various swirl level.
It is considered that the fuel evaporation made good progress and the
homogeneity of the fuel mixture for the overall vapor concentration was improved

by increasing swirl rate. Summarize form these literatures were the fuel evaporation
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rate increases and the impinged fuel is reduced with increased swirl rate, and these

led to increased combustion stability and reduced HC emissions.

Further reference in mixture stratification was a study on the effect of
stratified mixture formation on combustion characteristics in a constant volume
combustion chamber that be noticed by Kihyung Lee, er.al.[9] from their study,
mixture stratification was controlled by varying proportion of premixed-mixture and
direct-injected fuel in the combustion chamber while turbulence intensities were
controlled by different pressure between induced inlet air pressure and combustion
chamber pressure. It is founded that the arrival time to the peak combustion
pressure was extremely increased as the inducing pressure increases. This is believed
to the fact that the swirl flow increases the flame area and promotes air fuel mixture
formation. Effect of swirl intensities, which were controlled by induced air pressure,

on combustion duration was shown in Figure 2.26 below.

1

Rurning velovity (misec)

@ P=0.2 Pa=0.3MPa (b) @=04, Pg=03MPa

Figure 2.26 Effect of swirl intensity on the burning velocity
From this study, as the swirl intensity increases, (S,),., is rapidly enhanced
and the period of combustion is shortened. We also find that the stratification degree

can be quantified by using burning velocity and it was controlled by induced air

pressure and turbulent intensity.

Major research in this literature, Stratification levels were quantified by
defined the mixture distribution in the chamber. Laser planner induced fluorescence
was the one method to show air-fuel mixing phenomena. Another method to
quantify the stratification degree was exhibited from pressure rise rate data, Naoki
Shiraishi [4] and Kihyung Lee’s [9]study, reported that the it is reasonable to

quantified the stratification degree by output of combustion process, pressure rise
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rate data. The detail of this quantitative calculation was show in 2.3.1, 2.3.1 Pressure

rise rate, Rate of heat release (ROHR) and Stratification degree.

2.6 Schlieren photography technique.

There are many methods to derive and measure the flame velocity. The four

famous method that apply in combustion research were

1. Bunsen-burner method
Transparent-tube method

Soap-bubble method

Eall

Constant-volume bomb method

For the first method, Flame will be stationary during combustion while three
methods remaining were observed the propagation flame or non-stationary. In Soap-
bubble method, high speed video camera was need, Thus, it’s very complicated
than two first method. The constant-volume bomb method was the most
complicated method apply to flame propagation measurement due to this method
have to know both rate of pressure rise and rate of flame area expansion in the
same time. However, flame area expansion rate can be investigated by using direct-

photograph or particle-tracking technique.
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Figure 2.27 Deflagration wave structure
Even though the direct-photograph technique cannot get the high accuracy
but it was the easiest technique to collect the flame shapes and also its sizes
compare with another technigue. This technique will observed the luminous region
in luminous zone due to thermal radiation from hot eas from the combustion.

However, the intensity of this luminous region was too much because it occurs
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toward to the post flame. Moreover, the luminous zone was too far from the
unburned mixture region as shown in Figure 2.28. This conflict to the burning velocity
definition. Consider in deflagration wave in combustion process which is shown in
Figure 2.27. Definition of burning velocity is relation velocity of flame expansion rate
to the velocity unburned mixture. Thus, flame surface that use to measure the
burning velocity should be the flame surface that occur close to the unburmed

mixture (x=0) as shown in Figure 2.27 and Figure 2.28

Luminous
region !
i

H
\ Shadowgraph
N, ol reghn ;
- v

N :
i Schlieren

11 oregion i
I"‘?———_‘}

5 s
x=0

Figure 2.28 Flame region that recorded with different direct-photograph technique

For resolve that problem, special photography technique was developed.
First is shadow graph technique, second is Schlieren technique and third is
Interferograph technique. All of these technique were developed base on the two
physical concept, Different of density within flame due to variation of temperature
gradient and species, and different of reflexive index within reaction flame. Thus,
when the light pass thought the flame, light from the light source will be reflex and
this reflexive light will travel with longer distance compare with non-reflected light.
Consequently, different time assume from different distance will be developed to
principal operation of Interferograph technique. Schlieren technique will show the
flame that be responded to the density gradient while the Shadowgraph technique
will show the flame that be responded to the second derivative of density. Assume

that the density of flame depend only on the temperature (,0=1 ). So,
y T

Shadowgraph image will display the flame edge that Z—Tis maximum or close to
X

inflexion point while the Schlieren technique image will show the flame edge that

2

o is maximum. These region were very close to the unburned region as shown in
x
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Figure 2.28. Therefore, flame surface that be observed from Schlieren photograph
technique is the most appropriate method for using to flame speed calculation even

its apparatus was more complicated than Shadowgraph or Interferograph technique.
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Chapter 3

Experimental apparatus and procedure

3.1 Experimental apparatus
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Figure 3.1 Schematic diagram of experimental apparatus.
Figure 3.1 show the schematic diagram of experimental apparatus that used
in this study. It consists of six major equipments, The air supply system, fuel system,
temperature control system, control module, constant volume combustion chamber

and data acquisition system. The detail of each willbe noted through this section.
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3.1.1 Air supply system.

Pressure gauge 2.0 MPa

Air dryer/lubricator ~ Air service Solenoid valve

]
ANV i ® Pressure gauge 5.0 MPa

1" Rubber hose

O— To constant volume combustion chamb —

Air compressor Mechanical check valve

ams  To constant volume

chamber

Figure 3.2 Diagram of air supply system

The air path way was shown-in Figure 3.2.-As illustrated in-Figure 3.2, this
system consist of air. compressor with pressure gauge for supply and pressurize the
fresh air. In this experiment, air compressor that can-be' pressurized up to 1.0 MPa
was required. Second, is-the separated pressure regulator. for adjusting the air
induced pressure before discharge to the constant volume combustion chamber. In
addition, air dryer, air filtter and pressure. gauge were equipped with this regulator.
Separated pressure regulator was use to adjust the air induced pressure for different
swirl adjustment purpose. This.pressure can be adjusted from 0.1 to 1.0 MPa of
induced pressure. Third, is high pressure resistance solenoid valve which be operated
by electrical signal was located before the check valve. Fourth, for avoiding
incidental accident of back pressure from explode gas, mechanical check valve that
can be resist both high temperature and high pressure will be used. Finally, pressure
gauge with 5.0 MPa full scale length was use to determine the initial pressure before
combustion process. The detail of mechanical check valve was shown in Figure 3.3.

The dimension of pipe and valve were 1.0 inch through the pneumatic system.
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Figure 3.3 Detail view of mechanical check valve.

3.1.2 Fuel system.

Tested fuel from the fuel tank were feed by the low pressure feed pump.
Discharge pressure of this feed pump was approximately 0.3 MPa with 2 ltr/min flow
rate. After that, excess fuel will be regulated and. drain back to fuel tank by
integrated regulator within feed pump.  The low pressure fuel (0.3 MPa) will be
supply to the high ‘pressure cam-driven pump that comes from Mitsubishi GDi
engines. Modification for utilizing this_high pressure fuel pump was required. The
cam-driven case forand 1.5 kW electric motor were equipped with cam driven pump

as show in Figure 3.4

Figure 3.4 Cam-driven fuel pump with power source from 1.5 kW electric motor.

High pressure fuel was pressurized by plunger within the pump while
camshaft in this study was driven by electric motor instead of the engine. For the
cam-driven case, CAD image and disassembly images were illustrated in Figure 3.5.
Operation length of plunger use in this pump was designed at 1 mm. Camshaft

designed parameter was shown in Figure 3.6.
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Figure 3.5 Cam-driven case (a) explode view of CAD image and (b) Assembly parts for

cam-driven case.

Figure 3.6 Designed dimension for camshaft.

After the fuel was pressurized, it delivered to the direct injection injector that
located on the top side of combustion chamber. Along this path, 10 MPa pressure
gauge was attached for observe the fuel pressure during the test while fuel pressure
just before injected was control by special valve within 'cam-driven fuel pump. The
injector that use in this experimental set up was 6 holes - hollow cone spray type
injector. The detail image of injector was shown in Figure 3.7. Tangentional direction
of the nozzle enhanced the fuel atomization by generated the swirl flow in form of

hollow cone shape.

Finally, Figure 3.8 shows the schematic diagram of fuel route use in this
experiment. The GDi injector used in this study was controlled its duration by means
of the pulse width signal from the control module. The detail of operation was

explained in later section.
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Figure 3.7 Mitsubishi GDi injector and details of nozzle tip.
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Figure 3.8 Schematic diagram of fuel system.
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3.1.3 Temperature control system.

Circularlength =44 cm

Width =5cm

No.of heater =2

Total area =264 cm?

Heat flux =5 W/cm?2

Total Power =1.32 kW.
a b

Figure 3.9 (a) Two band heater attached along the cylindrical shape of combustion
chamber excepted the center and (b) dimension of each heater and total power
required.
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Figure 3.10 Schematic diagram of temperature control system.

Due to the tested fuels were liquid phase at normal ambient temperature
and this condition wasn’t consistent with the real engine condition. Hence, heat
supply devices which was 1300 kW were used in this study for realize the initial
temperature close to real engine conditions. From the constant volume combustion
chamber geometry, cylindrical shape, two band heaters were chosen for this

application. Figure 3.9 shows the images of band heaters. As show in Figure 3.9, the
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chamber was allowed heat supply along the cylindrical shape except the center of
the chamber. Because of some equipment such as injector, spark plugs, and
measurement devices need some space for installation, holes and grooves. Thus, the
center of combustion chamber wasn’t contact with the band heater, As the
consequence, band heater need to be separated into two pieces as show in Figure
3.9. Dimension of each band heater was 3 cm width and 44 cm curriculum length
and its capacity was 5 Watt/cm”, Thus, Total power input for two 220V band heaters
was 1300 kW. In addition, constant temperature was used in all tested condition.

Therefore, feedback control for keep the temperature constant was needed.

5 hewpl type K

Thermo-magnetic breaker
(b)
Figure 3.11 (a) Position of thermocouple and (b) thermo-magnetic breaker,
temperature indicator and thermocouple for feedback control purpose.
Figure 3.10 shows the schematic diagram of temperature control system.

Thermo-magnetic breaker which is 10 Amp. resistance and thermocouple type K
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were equipped with this system. In this experiment, measured temperature was the
air inside the combustion chamber temperature. Thermocouple were sensed only
the temperature at the tip while its extended length was isolated with graphite for
avoid disturbance signal form chamber wall temperature. Furthermore, digital
temperature monitor was showed both designed temperature and operation
temperature. The location of measurement point of air temperature and feedback

control devices were shown in Figure 3.11 (a) and (b).

3.1.4 Control module.

W mosnas R v g

W - e
W o - d
L B -

LR R

W e i

Interfacing Software

50 Hz
220V

12V Battery

Figure 3.12 Schematic diagram of control module system.

Figure 3.12 show the schematic diagram of control module system. The
power source using in this system was come from two sources. First, was the voltage
converter that convert 50Hz 220V to usable 12V and 5V. This convertor was attached
within controller box. The second was the separated 12V battery. Power from the
convertor was used to operate feed pump, solenoid valve and injector while battery
supplied voltage for only the ignition coil. The reason for chose separated battery for
active only the ignition coil was it need to be prevent some risk from high voltage
which can be damage to controller equipment during ignition spark. As shown in
Figure 3.12 all of controlled timing were set by using interfacing software in laptop.

Signal was command to the controller box via RS-232 cable. In this experiment,
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interfacing software was self-building base on C and Basic language. Model of
controller board was ATMEGA-128 128 bit controller. Figure 3.13 show the layout of

connector and switch align on the controller box.

..................................... Voltage
regualtor

Trigger onloff
switch

12Vonloft
switch

. Emergency
switch

AC
connector

Fuelpump
switch
X32 pin

Prompt’  Run Solencid infoctor cRprgotr

e e B e

Figure 3.13 Switches and connectors layout on controller box

For the detail of driver circuit, it were illustrated in Figure 3.14 (a) and (b) . In
Figure 3.14(a) was the driver circuit for driven actuator such as feed pump, injector
and solenoid valve. These devices were controlled by ground signal. In the other
hand, Figure 3.14 (b) show the designed diagram for use with ignition coil. This circuit
was controlled by +12V signal. In addition, external triggering box for using with high
speed video camera was also included in this system. Triggering time was set at
constant as 30 msec. this value was also programmed in interfacing software. For
avoid some incident during experiment, emergency switch was also equipped in this

system.
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Figure 3.14 Driver circuit (a) ground controlled and (b) +12V controlled

3.1.5 Data acquisition system.

R

KISTLER g chamber
measure. analyze. innovate. . o

Model DEWE-5000 Model 6052 ¢

Figure 3.15 Schematic diagram of data acquisition system.

Due to the necessary for analyze the combustion characteristics occur within
combustion chamber, high temperature resistance-and high resolution of sampling
rate were required for correct pressure history data. In this experiment, pressure
transducer from KISTLER model 6052¢ which can be resist temperature up to 400 C
and can operated with high pressure up to 250 bar were chosen. For conditioned
and amplified the pressure signal, data acquisition with charge amplifier were also
used in this system as show in Figure 3.15. Sampling rate set in through this study
were set at 100,000 data/second. All of data were perform in form of Ms.Excel
spread sheet and then they will be processed in term of figure and chart via laptop.
For detail of specification of data acquisition and pressure sensor, they were
illustrated in Figure 3.16, the model of charge amplifier was DEWETRON DEWE-5000.

Pressure data signal were collected in term of coulomb and convert to voltage
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before conditioned with integrated DAQ (Data acquisition) card within charge

amplifier, Its accuracy not exceed 2% of full scale length.

DEWE-5000

KISTLER

Technical Data
measure. analyze. innovate.
Type 6052C...
A ring range bar 0...250
Calibrated partial ranges bar 0..50,0... 100,
0...150,0.. 250
Overload bar 300
Sensitivity pCrbar =-20
Natural frequency g el kHz =160
Lineanty. all ranges (at 23 °C) %IESQO 203
Acceleration sensitivity
axial bar/g <0,0002
o radial bar/g <0.0005
Instrument facts: Operating temperature range ~ -20 ... 350
» AC or DC powered femperature min./max -50 ... 400
S p 5 Sensitivity change
= High accuracy, 16, 22 or 24 bit resolution 200 °C £50 °C o 506
= Fast sampling, 100 kS/s up to 1 MS/s per channel 23..350°C % 22
T " di 168/ Thermal shock error
= Transient recording up to s {3t 1500:1/min, poy = 8 bar
= Powerful Intel® Core ™2 Duo PC inside P (shart time drift? bar 20,5
, 2Pmi % 522
» 80 MB/s stream-to-disk rate P % =10
= Brighl 17" dispjay Insutation resistance a1 23 °C {4 >10"
. . Shock resistance 2 2000
= Spare panel for customization y o 5
= 5 available PCl siots Capadiance, pF 5
Weaight with cable gram 30
Conaectos, ceramic insulator - Mdx0 35

Fieure 3.16 Specification of charge amplifier and pressure transducer.

3.1.6 Schlieren photography setup

Pin hole

Light source

Combustion chambe

Concave mirror 2

- Concave mirror 1

=z video camera

i H High speed

Knife edge

Figure 3.17 Schematic layout of Schlieren photography system.
Schematic layout of Schlieren photography set up was shown in Figure 3.17.

The Schlieren photography was very useful tool for flame propagation analysis.
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Because of this technique, flame edge and flame were directly measured from high
speed video camera due to different of density gradient between burnt and
unburned gas due to Its density were response to combustion temperature as
explained in the previous section, reaction zone boundary occur at critical point of
burnt gas, under assumption that the density gradient were strongly affect to the
temperature Thus, Schlieren technique, photography technique that closely related

to the density gradient due to change of temperature were chosen.

Figure 3.18 Schlieren photography-equipment use. in this experiment study. (a) Light

source, (b) Concave mirrors and (c) knife edge.

As shown in Figure 3.18, Schlieren system was consist of three equipments.
First, light source, for generated high intensity light pass through an object. Second,
two concave mirrors, for reflex the light form light source into perpendicular direction
to the object plan. Third, knife edge, was used to cut-off some scattering light and
show more detail of density variation within an object. Two concave mirrors use in
this setup has its focal length at 1,800 mm. that length was corresponding to the
distance between location of concave mirror No.1 and No.2. The observed object

was located at the middle of this length while knife edge was place at focal length
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of concave mirror No.2 after relaxed. Position of light source, concave mirror and

knife edge were addressed in Figure 3.19.

Figure 3.19 Real experiment layout of Schlieren photography.
All of device in-this system were align with laser alignment for avoid distortion and
provide corrected dimension. images. Figure 3.20 show the real experiment setup

with high speed video camera.

: \ 1 “Light
Knife edge ol £ SOUrce

Figure 3.20 Schlieren system with high speed video camera, Position of camera were

post after the knife edge.



3.1.7 High speed video camera

Controller box and triggering box

RS 232

Cto F adapterring

2x adapterring

50mmF1.2Len

BNC type( TRIG SWIN)

BORT 20V - AN - oot s Ri .
N
FASTCAMSA3

LAN 1.0 Gb/s cable

(a)

(b)

Figure 3.21 (a) Schematic diagram of high speed video camera system (b) Real

equipment setup and synchronized cable.
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Figure 3.21 (@) and (b) show the schematic diagram of high speed video

camera setting and its position. In this study, model of high speed video camera was

Photron FASTCAM SA3 - Monochrome which can record with 6,000 fps at 512x512

pixels resolution. For approximately 4 second recording time was limited by 4 Gb
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integrated buffer within high speed camera itself. Triggering mode during experiment
was set at “Center”, event occur 2 second before ignition start and after ignition start
2 second were captured in all test condition. As display in Figure 3.21, separated
laptop was used to observe and operated a high speed video camera simultaneously
with another laptop, operated signal sequence for combustion. Because of transfer
rate from camera to the laptop were very high, thus 1.0 Gb/sec. LAN cable was
required. Triggering device, BNC type connector was interfaced between camera to
external triggering box. This triggering signal was command by another laptop.

High speed video camera
PHOTRON FASTCAM SA3

F to C ring adapter

2x adapter ring
50mm.F1.2 Lens

External Trigger cable
1.0 Gh/sec. LAN cable

Figure 3.22 High speed video camera and necessaries.
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Figure 3.22 show all of equipment that use in this system. For obtain the
clearly detail of photography, fix focal length lens with 50 mm. and f=1.2 were need.
In addition, 2x adapter ring was very useful to enlarge an object image equal to 2
times of original. Finally, detail of camera setting via FASTCAM viewer software was

also shown below in fig.2.23

B9 File View Cotion Vimdow Hep ; : - Ph

+00:00:00.007000

FASTCAM SAS model 120K-M2
6000 fps
1710000 sec
5 x e
nter —
4 frame
2.117333 sec

Figure 3.23 Camera setting window shown in PHOTRON FASTCAM viewer software.

3.1.8 Constant volume combustion chamber (CVCQ).

Swirl nozzle
Injector

Thermocouple , Exhaust port
Pressure transducer

Spark plug
Swirl inlet port

Band heaters

Figure 3.24 Detail view of constant volume combustion chamber (CVCQ).
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Pressure transducer
position

10.0 MPa
pressure gauge

.

Mechanical check valve

Exhaust port

Figure 3.25 Real experiment equipment of CVCC.

In this study, the experiment was conduct on a constant volume combustion
chamber instead of an actual engine. The majority reason is constant volume
combustion chamber ‘or CVCC can control many parameters and avoid some
fluctuation error from external disturbance like the real engine condition. Figure 3.24
show the detail view of CVCC and its measuring devices present in-this study while
real experiment tools was displayed in Figure 3.25. As can be seen'in Figure 3.24 and
Figure 3.25, the 10.0 MPa pressure gauge was place prior to the swirl port and
mechanical check valve was located before this pressure gauge for prevent back
combustion pressure. The swirl port was the tangentional hole drill from the side of
chamber. With this geometry, it can allow the induced air flow into the CVCC in
tangent direction for realized swirl motion in the chamber. Position of swirl port and
thermocouple were also shown in Figure 3.26. Dimension and assembly view of
designed CVCC were illustrated in Figure 3.27. Graphite gaskets were use to sealing
propose. Furthermore, these can support some shock load and prevent damage to

the quartz glasses.
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Swirl port

|

\ Thermocouple
position

Figure 3.26 Position of swirl port and thermocouple.

Specification

InnerDia. = 70 mm
Length = 100 mm
Volume = 384784 | e’

SECTION B-8
SCALE1:2

(a) (b)

Figure 3.27 (a) Dimension of CVCC and (b) Assembly view of CVCC.

Strength simulation for material using as constant volume combustion
chamber was important and very necessary. From the simulation, initial pressure
condition equal to 0.5 MPa, maximum pressure occurs in CVCC should be 20-30 MPa.
In Figure 3.28, CAE simulation was shown that the maximum stress appeared at

measuring equipment hotes and edge of quartz ¢lass supporter. When apply pressure
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at 5.0 MPa, The value show maximum stress approximately 19.78 MPa at the quartz
glass supporter. Thus material of CVCC, ASTM A283 steel grade D was chosen for this
application. ASTM A283 or steel SS400 has an yield strength at 230 MPa which
corresponding to SF (Safety Factor) = 11 times while quartz glasses provide the safety

factor equal to 58. Simulation result of quartz glass deformation was also shown in

Figure 3.29.

| 15.97 Mpa
Von Mises stress

il

19.78 Mpa
Von Mises stress

Sl g

Figure 3.28 5.0 MPa, designed maximum pressure. Appeared maximum stress is 15.97
MPa acts around wall surface and instrument holes and 19.78 MPa, appears around

quartz supporter.

W G
G fun e e W

EEPGED 2%

Fom mw e

oo onomw IR

18.89 MPa
Von Mises stress

Witoem

Figure 3.29 Maximum stress is 18.89 MPa acts on edge of quartz, Safety factor is 58.
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For avoid impact load on the edge of quartz glasses, graphite gasket were
attached at both end of quartz glass side. In order to observe flame propagation,
transparent material, the quartz glasses, were necessary to use in this study. In other
way, graphite gasket were act like a sealing device for prevent leakage of burnt and

pressurized gas within a CVCC. These gaskets can resist temperature up to 1650 C.

For clearly indentify, assembly view of CVCC was shown in Figure 3.27.
Observation window was designed at 70 mm. of diameter while total volume of
CVCC belong to 385 cc. Measuring device, Thermocouple and pressure transducer
were placed at the CVCC side while GDi injector was fitted at the top side. Six M10
fastener nuts were use to fastened the CVCC to the chamber cover. Furthermore,
high temperature resistance O-ring which can be operate over 200 C were located on
the chamber cover for protect the gas leakage. Specifications of material use in

constant volume combustion chamber were addressed in Appendix section.

SPARK PLUGS

Electrodetip shape and gap length

CR7 HSA

Figure 3.30 Electrode shape and spark gap use in this study.
lgnition systems in this study were the direct coil type for spark energy.
Because of its convenient, install and control. For the spark plug, the electrode were
extended to the center of CVCC for realize initial flame kernel like the spherical
expanding shape. One spark plug was use as the energizer electrode while another
spark plug was ground. The spark gap was set as constant at 0.8 mm. in all tested

condition. Detail of location and electrode shape were illustrated in Figure 3.30.
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3.2 Experimental condition

In stratified charge combustion, it has many parameters affect to the
combustion behaviors. Following reviews was examined some parameters which
have been studied by researchers and theirs effect.

3.2.1. Initial temperature, initial pressure [4]
3.2.2. Spray pattern and nozzle characteristics [1, 4, 19]
3.2.3. Turbulence intensities [12, 18]
3.2.4. Ignition timing [7, 18, 20, 21]
3.2.5. Ignition energy, spark gap and electrode shape [8]
3.2.6. Injection pressure [16]
3.2.7. Degree of mixture stratification [9]
In this study, the author wish to control many variable parameters and

observe only in the effect of fuel type and swirl intensity. on combustion
characteristics. Therefore; a constant volume combustion chamber was employed in
this study. Influenced parameter and variable parameter that be-controlled in this
experiment were shown in table 3.

Table 3 : Experiment condition table.

Experimental-variables Conditions
Initial temperature (K) 450
Initial pressure (MPa) 0.5
Coil charge time (mseg) “e” 3
Injection pressure (MPa) 4.5
Inj = Ign Interval (msec) “d” 10
Ignition start (msec) “b” 100
Solenoid valve duration (sec) “a” 1.5
Tested fuel EO0,E20, E85, E100
Equivalent ratio 10,08, 0.6
Swirl intensities in AP (bar) 1.0, 2.0, 3.0,4.0 and 5.0
Swirl intensities in velocity (m/s) 42,50,63,69,83
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From experiment condition table, the fuel type were varied from zero
percentage of ethanol or pure gasoline (E0) to 20 percentage of ethanol (E20) , 85
percentage of ethanol (E85) and pure ethanol fuel (E100) for investigate effect of
ethanol content on stratified charge combustion behavior. Turbulence intensities in
this study were assumed that depended only on the strength of swirl flow within
combustion vessel and directly related to the stratification degree. Swirl flow
intensities were changed for 5 values, definite by different pressure between induced
air charge and chamber pressure, for study effect of swirl intensities on combustion

behaviors and their merits when apply with stratified charge combustion.

Initial temperature was set constant at 450 K ,which is higher than
evaporation temperature of all tested fuel to avoid a misfire when the fuel was
injected into the combustion chamber. Initial pressure was 0.5 MPa in all condition
tested, this simulate combustion condition in lately stage of compression stroke. The
detail explanation of setting this initial pressure show in fig.3.31. The author try to
simulate the initial condition as close as possible to real engine'condition. As can be
seen in this figure; the starting point of compression pres-éﬁre may be less than ideal
Otto cycle because in the GDi engine, stratified mode operate under low to part load
condition. Thus, P, is start at 30 to 50 kPa. and the start of ignition point is occurs
around 10-20 CA BTDC. Consequently, P, ‘is approximately 0.5 MPa, this is the initial
pressure before ignition start. However, because of this experiment is conduct on
CVCCC, some of timing for generate swirl intensity may be limited and show the
longer time than real engine condition. For example; injection — ignition timing, this
value may be longer for realize the mixing process. Another timing is time after
solenoid vale close or start of ignition point, this value is set base on air motion

velocity data. Thus, the longer timing (100 msec.) can be noticed.
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CR=11

iz-S.land ﬁz10
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if P, =0.5bar
thus P, =5.0 bar

v2 V‘l v2 Vzv \:11
V,=BDC } M en V, ~10-20° BTDC
V,=1TDC | V, P, ~ 0.3-0.5 bar (light to part load)

Figure 3.311 Initial pressure setup base on real engine condition.

Ignition charge time that strongly effect to-the ignition energy was set
constant at 3 msec, this value according to normal operation condition in GDi engine
(refer to the Mitsubishi” GDi-manual) while spark gap was controlled at 0.6-0.8 mm.
width. In addition, fuel pressure was fixed at 4.5 MPa for avoid the compressible
effect of fuel mass-and this value was consistent with the real GDi engine condition.
For investigation on combustion characteristic in lean operation, overall equivalence
ratio were varied from stoichiometric mixture or @ =1.0 to lean side ¢=0.8 and ¢=0.6,
respectively. However, it should be noted that there exists much difference between
the vessel study and a real engine. There is no-influence in the vessel study from the
residual gas and charging that play the influence on the cyclic variations in a real
direct-injection engine. The experimental conditions such as the temperature and
pressure also are much lower than those of a real engine. Thus, the studied
parameters in the vessel study only reflect the mixture formation, both local
equivalence ratio and degree of mixture stratification and/or mixture inhomogeneity
besides the influence from swirl flow. Meanwhile, application of the vessel obtained
results to a real engine still needs further investigation by including all issues inside
engine combustion. Furthermore, effect of timing cannot be neglected because it
strongly related to the swirl rate and ignition timing. The detail of choosing timing

and control procedures have been noted in next section already.
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3.3 Experiment procedure

3.3.1 Swirl setup
Swirl intensities were varied by adjusting the different pressure between
pressurized air inlet and chamber pressure. Concept of swirl controlled use in this

experiment was shown in Figure 3.32.
High
swirl intensity

Chamber 00MPa Ap=0.5MPa
pressure )

0.7MPa AP =0.4 MPa

02MPa Ap=0.3MPa
0.3 MPa

AP = 0.2 MPa

0.4 MPa AP =0.1 MPa

Airinlet
(0.5MPa)

Low
swirl intensity

Figure 3.32 Swirl setup definition

First, pressurized air was. inducted into the constant ‘velume combustion
chamber according-to the swirl value (0.0, 0.1, 0.2, 0.3, or 0.4-MPa) as shown in Figure
3.322 After that, pressure regulator will allowed second induced air to pressurized
for 0.5 MPa which is . consistent with the initial pressure condition. The induced
charge time for 0.5 MPa fresh air was fixed at 1.5 second for ensure that constant
volume vessel were filled with air. With utilizing of shadowgraph photography and
high speed video camera, air motion.image can be used to investigate an air velocity
in each condition of swirl flow. In this study, The air velocity didn’t measure by LDV
or PIV method. But they were measured by observed the air stripes appeared in

shadowgraph image of air flow that be taken by high speed video camera.
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Figure 3.33 (a) Shadowgraph image of air stripes and (b) grid mesh for air velocity

calculation.

Figure 3.33 show air stripe image taken from Phrotron SA3 high speed video
camera and (b) show the ¢rid mesh that use in Phrotron FASTCAM viewer software.
Grid pixels and time elapsed recorded in each video file can be covertly calculated
the distance against the time into air stripe velocities. Value of measuring velocity

from software was arrange and plotted into velocity chart as show in Figure 3.34



12 -

-
(=4

Air velocity (m/s)

64

¢ DeltaP=0.1 MPa
' ® Delta P = 0.2 MPa
":m 4 DeltaP = 0.3 MPa
K K
. _— v + Delta P = 0.4 MPa
IR * * Delta P= 0.5 MPa
> » X > 4
ERe & 2db 408
ok A4 * A& X X K
n » A ;3(‘ zKA . * P 4
p .0 .. & a E>Y & % & * * K . 0.
.II.. A¥ * x.xx‘ % LN ‘o B8 ¥
e WL aomtat, 4 X
$ a2 m - A ] “ a-% ® ox X
® * & * .A &
L™ - [} ] A
. . 8
» o &
* -
* .
0 100 200 300 400 500 600

Time after solenoid valve close (msec)

Figure 3.34 Scattering plot of air velocities.in various swirl conditions.

From the raw data of velocities plot, regression line may be required. The velocities

chart of air velocities against time after solenoid valve closed shown in Figure 3.35
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Figure 3.35 Regression plot of air velocities (base on experiment)

As shown in Figure 3.35, later from pressurized air was induced for 1.5

msec.,then, the solenoid valve closed, the swirl flow were deteriorated as shown in

Figure 3.34. After the time around 100 msec. Value of swirl velocity consistent with

the air velocity at 4.2 — 8.3 m/s. These value were related to the real engine at low
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speed and low load condition At this point, the author assume as the start of ignition
point. Thus, In this experiment, different in swirl intensities can be reasonable
changed by varying the different pressure between chamber and fresh air. Because it

related to the air velocity as shown in velocities plot chat.

As can be seen in relative comparison table between swirl value which were
displayed in unit of AP and air velocities which were quantified in unit of m/sec.
when the swirl value change from the lowest one (AP=0.1 MPa) to the highest value
(AP=0.5 MPa), air velocity can be changed only two times or double. Thus, please
note that the increasing swirl value for 2 times is not equal to gain double in air
velocity. For example when swirl intensity value change from 0.1 MPa to 0.2 MPa (2
times of swirl value). Actually, the air velocity just increase approximately 20% or 1.2

times of original (4.2 m/sec change into 5.0 m/sec).

Table below displayed the air velocities when applying different pressure.

Table 4 : Swirl intensities against air velocities

0.2 50
0.3 6.3
0.4 6.9
0.5 8.3

3.3.2 Equivalence ratio setup

Because of this experiment was conduct on the constant volume combustion
chamber. Available air was fixed. Thus, the equivalence ratio were be controlled by
varying amount of fuel injected. At the given injection pressure and fuel temperature,
mass of fuel injected were depended only on injection duration. In this section, air
mass was calculated base on ideal-gas law while fuel mass were prepared in term of
calibration chart which was directly obtained by examine in experiment. For the

detail of calculation, they were explained through this section.
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3.3.2.1 Air mass calculation.

As noted as above, available air mass in this experiment was fixed due to it
filled in the constant volume combustion bomb. Thus, air temperature and chamber
pressure data were play an important role for calculation available air mass. Air mass
were calculated based on ideal-gas law. Following equations show the procedure for

calculated these values.

P +P =P

atm gauge abs (19)

Where, P, =1bar=10°Pa and P, =P =0.5MPa

atm initial — ¥ gauge
Hence,

P, =0.6 MPa

a.

From ideal gas law, following equation may be used

PV: mRairT (20)
Where, P=P, =0.6 MPa, V= Chamber volume = 385 ccor 3.85x10* m’
and R _ = Gas constant = 287.058 J/mol-K . All condition were examined at

ambient air temperature  ,Thus, ' 7T = Inlet air temperature = 300 K. After

simplified and substitution, air. mass can be obtained as follow;

(0.6 MPa)-(3.85x10" m’)
Mo T (287,058 Vmol - K) - (300 K )
= 21787¢

rnuir

(21)

3.3.2.2 Fuel mass

Mass of tested fuels in this. study were directly measured from the injector
flow rate. First, tested fuel was feed to the GDi high pressure fuel pump, then it was
regulated to approximately 4.5 MPa of injection pressure. This value was consistent
to the operation pressure in Mitsubishi GDi engine. Temperature of tested fuel was
kept constant as ambient conditions through experiment. Finally, high pressure fuel
was injected into measurement beager with the certain time of injection, injection
duration. Detail of how to prepare the injection flow rate calibration chart were

explained as follow;,
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E 100 Injector flowrate

Injection pressure 45

Bottom mass 22
W s Varied from5to 10. 20 and
: > nsechmT 30msec.. respectivel
) Mass...dff mass mass/time P 4
time
(9) (9)
30 26.44 4.44
50 33.92 7.48

70 44.23 10.31
100 58.80 14.57

130 77.81 19.01
Fuelmass perone pulse (5msec)

AVG

G

" Fuel mass/tim
0.14737
0.30121
0.64160

__0.95843

Figure 3.36 Investigation of relation between injection duration and fuel mass
From the raw data collected  table, injection duration per one pulse was
varied form 5 msec. to 10 msec,; 20 msec. and 30 msec., respectively. Firstly, fuel
was injected for 30 times. Then additional amount of 50 times,70 times ,100 times
and 130 times were performed respectively. Total injection- times were equal to
30+50+70+100+130 =380 times for each condition. From the measuring fuel mass
and neglects the beageramass, it can be convert to relation between fuel mass per

pulse or fuel mass against the injection duration time.

E100

0.032% - 0,018
_R?=0.999

Fuelmass{time

10 15 20
Injection duration (msec)

Figure 3.37 Fuel mass calibration chart ( E100 )
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Figure 3.377 show the injection flow rate chart of pure ethanol (E100), in this
chart, relation between injection duration in msec. and fuel mass were addressed. In
addition, all tested fuel, EO, E20 and E85 were also examined and prepared in form
of injection flow rate chart. The measuring point for this test is fixed for 4 values, 5

msec., 10 msec., 20 msec., and 30 msec. of injection duration.

From these chart, relation between fuel mass and injection duration signal,
Good linearity of data plot can be achieved from 5 -30 msec. of injection duration
with very low variation (R2=0.9). Furthermore, if available air is fixed and AFR at
stoichimetric condition is known, Figure 3.38, fuel mass calibration chart can be

converted into relation between equivalence ratio and injection duration.

Due to each tested fuel was different in stoichiometric fraction. Amount of
fuel injected for keep the same equivalence ratio value may be changed with the
fuel. Thus, Calibration chart for fuel injection in each fuel might be need. Before
getting the calibration chart, principat concept of equivalence ratio and stoichemetric

mixture were note as follow;

Stoichemetric ratio -is the ratio of air to fuel that can be calculated from
oxidation equation at adiabatic flame temperature condition. The proper fraction of
air to fuel was the mass ‘of air that can be joined with a'mole -of fuel. Equations

below showed stoichemetric ratio for hydrocarbon fuel.

C.H, +(x+ -Z-)(oz +3.773N,) = xCO, +§H20+N2 (22)
Y
(x+2)(4.773-29)
Wik [ UEed (23)
(12x+y)
In this study, pure gasoline has the chemical formula as Cy,,H,s 5 .thus,
(8.26+12)(4.773.29)
(AFRSmi) = 4 =14.65 (24)

0 ((12-8.26)+15.5)

For other ethanol blend such as E20, E85 and also E100 following equations can be

used;

xC,H;OH + yCy, H s +(3x+12.13y) (0, +3.773N,) = aCO, + bH,0+¢N, (25)

8.26

Where
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x = mole fraction of the Ethanol

v = mole fraction of the Gasoline
And

3x+12.13y)(4.773-29)

AFR,, = (
st 46x+114.8y

(26)

All of stoichemetric values and mole fraction were drawn in the table as shown

below.
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Table 5 : Fuel properties table ( base on calculation ).

Molecular Molecular
Mass Cp LHV Mole LHV
Fuel weight AFR(stoi) weight

kg | M

ki/kg K M

e 1.00 114.18 1.7 44.0 0.008758 | 1.000 14.625 114.18 44.0

0.004341

CazeHiss 0.80 114.18 1.7 44.0 0.007006 | 0.617 13.512 88.12 40.6
0.011348

0.01845
CazeHiss 0.15 114.18 17 44.0 0.001314 | 0.066 9.872 50.60 29.5

1.00 0.019764 [ 1.000

OH 1.00 46.07 1.93 26.9 0.021706 | 1.000
5

I3 2Hyss 0.00 114.18 1.7 44.0 0 0.000 9.027 46.07 26.9
1.00 0.021706 | 1.000
FAR

Equivalence ratio (@) = ———utal (27)

q (¢ FARsloi

Or
{ ER r

Equivalence ratio (¢) = ARG (28)

A'FRA:-M:I

As described in the early part, injection flow rate chart can provide the
relationship between injection duration and fuel mass, In equivalence ratio
calculation, equivalence ratio directly related to the mass of fuel injected where the
available air was fixed. Consequently, relationship between equivalence ratio and
injection duration of each tested fuel can be obtained by these concept and fuel
calibration chart can be prepared follow these procedures. Figure 3.38 shows the
calibration chart of E100, both equivalence ratio and injection duration may be
illustrated in this figure. From that chart, if equivalence ratio of E100 is determined,
the corrected signal of injection duration can be found with the relationship form this

chart.



71

E100 @ 4.5 MPa injection pressure
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Signal of Injection Duration (msec)

y=0101x - 0.022

Equivalence ratio
(Calculated base on fuel mass)

Figure 3.38 Relationship between equivalence ratio of E100 and injection duration.

3.3.3 Timing sequence

First, timing of solenoid was set at 1.5 sec. for ensure that the air intake were
filled in the whole chamber. After the solenoid valve closed, the swirl flow were
deteriorated as shown in Figure 3:39. In this experiment the strength-of swirl motion
were varied by applying different pressure . between fresh air induced and

combustion chamber pressure.

12
S Start of ignition
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= |

< 3
2 - 0.3 MPa
1 | 0.4 MPa

| ® 0.5MPa

0 »

0 20 40 60 80 100 120 140 160 180 200

Time after solenoid valve close (msec)

Figure 3.39 Start of ignition point set up.
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After the time around 100 msec. Value of swirl velocities were consistent with air
velocity at 4.2 - 8.3 m/s. At this point, the author assume as the start of ignition
point. Figure 3.40 below displayed the relation timing between solenoid valve and
ignition coil signals.

Voltage

A

1.5sec .

Solenoid valve signal

i
t
i
t
i
i
i
i
'
i
i
f
i
i
i

Coil charge time
3 msec.

o "
“ '
Ny

ﬂ Ignitien coil signal

i
f

—» time

O.msec. 100 msec.
** Start of ignition**

Figure 3.40 Timing of SOI, 100 msec. after solenoid valve closed.

However, In practical, The air velocity didn’t measure by LDV-or PIV method.
But it was measured by observed the air stripes appeared in_shadowgraph image of
air flow that be taken by high speed video camera: Detail procedure of how to
obtain air velocity values have already explained in the beginning of this part. As
describe in experimental condition, injection and ignition -timing was set constant
through the experiment. It equal to 10 msec. Thus, duration end of injection and end
of coil charge time were also fixed at 10 msec too. For clearly understand, Figure

3.41 show the signal sequence of injector and ignition coil.
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Injection — ignition interval
was set at 10 msec. '

Voltage !
A : i
1.5sec | : ;
I f ; Solenoid valve signal
! : Injector signal

—¥

ﬂ Ignition coil signal

; > time

O msec. | 100 msec.

** Start of ignition**

Figure 3.41 Injection ~ Ignition interval was set as 10 msec. (after EQI ).
Injection - Ignition.interval was set at 10 msec: after end of injection. This value did
not come from the real engine condition. But the author wish to study effect of swirl
intensity on the combustion characteristic. So, the experiment setup try to observe

the mixing phenomena with different strength of swirl flow:

For conform that the mixture stratification were formed in the chamber and
swirl_intensities affect to this stratification, Shadoweraph images can be support to

the assumption.
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Figure 3.42 Sequence images of mixture stratification under various swirl intensities

conditions.

As shown in-Figure 3.42, At the 7 msec. after end of injection. We observed
that the vapor mixture will be fully form whole the combustion chamber. After that,
the author wait for a moment to mixture development in swirl direction. The later 3
msec. the mixture will be affected to the swirl motion. Because of this experiment
was conduct on the constant volume combustion chamber. Available air was fixed.
Thus, the equivalence ratio were be controlled by varying amount of fuel injected or
injection duration. Consequently, start of injection were varied according to

equivalence ratio while end of injection was fixed as show in Figure 3.43

However, in this experiment study, effect of mixture stratification may be
ignored due to too long interval time during injection and ignition process. In this
study, the start of injection (SOInj) can be varied while the end of injection (EOInj)
was fixed around 10 msec before ignition start. Thus the fuel and air may be already
mixed and the effect of heterogeneous mixture around the spark plug may be
regarded. In general, GDi stratified engine, the interval time between the start of
injection (SOInj) point and start of ignition (SOlg) is very less. Consequently, effect of

mixture stratification on combustion phenomena is quite different from this study.
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| Inje'ct'ion duration was
Volta ge , changed. This value related
! to the equivalence ratio

A
1.5sec , §
Solenoid valve signal
: {
| b
; : | § - Injector signal
: l—l Ignition coil signal
' > time
0 msec. 100 msec.

** Start of ignition**

Figure 3.43 Even the injection durations were changed, the injection - ignition interval

remained the same,

All of signal sequence timing were be controlled by using the interfacing
software. The value of “a”, “b”, “c”, “d” and “e” in fig.3.44 can be set in the
software while parameter “x’ and “y’ ‘were automatically calculated before sent to
various actuator. As shown in fig... the strength for a_given different pressure can be
changed with setting the longer timing “b” because the air motion-velocity will be
deteriorated as the time left (shown in Figure 3.39) while the injection-ignition timing
was controlled by setting the timing “d”. The start of injection(x) was not fixed. It
depends on injection “duration(c) and injection-ignition interval (d). In addition,
camera trigger signal was used to control the shutter timing and marking the start of
ignition point from high speed video camera. The summarized of timing were also

shown in the experiment condition table.



76

Voltage
A d=10 msec
1.5sec —
= Solenoid valve signal
X = - Injector signal
Ignition coil signal
e
b .
> time
0O msec. 100 msec.

Figure 3.44 Parameters that use for controller software calculation.
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Figure 3.45 Interfacing software window that use in this experiment.

Interfacing software window and timing parameter were illustrated in Figure 3.45
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3.3.4 Shadowgraph and Schlieren photography technique with high

speed video camera

In this part, detail of setting the high speed video camera were be explained
into two part, First, camera setting for flame propagation and another one was the

camera setting for visualization of the spray and mixture formation.

For the flam propagation visualization, the resolution was more important
than that of the resolution, thus, frame rate of recording was set at 6000 fps and
shutter speed were constant as 1/10000 second. Limitation of using high value of
speed shutter is the Schlieren image was pre-filtered by a knife edge. Thus, the
object images were darken compare with the shadowgraph images.In addition, all of
flame propagation images were recorded with 512x512 pixel resolution. For obtained
the accuracy of flame edge which is response to the density gradient, Schlieren
photography were used to gain this propose. Triggering mode was set to “center
trigger”, video camera were record the images of flame propagation before received
the trigger signal for 352 frames and 352 frames after triggering. The total duration

time of recording was equal to 117.333 second.

In spray and mixture formation observation, the camera setting has a little bit
different from flame propagation visualization setting. In this practical, the resolution
and detail of image were very important. Hence, shutter speed in this experiment
was set at 1/60000 second for clearly specific the vapor spray movement and their
formations. In addition, Schlieren photography technique was not necessary for this
application. Thus, The author prefer to visualize the fuel spray and mixture
stratification by Shadowgraph technique rather than Schlieren due to the detail of
spray in vapor and liquid phase images can be clearly observed by using more light,
and the knife edge was not necessary to filter any scattering light anymore. Other
setting such as frame rate, resolution and triggering mode were also the same as
setting in flame visualization. However, with higher shutter speed, the buffering
capacity (4 GB) to collected spray image were dropped to 50.167 second. Even this
recording time was less than the flame propagation observation, the camera can be

collected all of event during spray and mixture formation.
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3.3.5 Lean limit investigation

As known, the important thing in stratified charge combustion is the stability
of the flame. Misfire will occur if the mixture and condition are not suitable to ignite.
Overall lean mixture have an opportunity to deteriorate the combustion stability.

Due to differences in fuel properties, lean limit of each fuel should be investigated.

Lean limit was the leanest air-fuel mixture that will sustain flame propagation.
When relating air-fuel ratio to cylinder pressure or exhaust gas content as the air-fuel
ratio increases from stoichiometric, a point is reached where variations increase
sharply, approximately the lean misfire limit. The statistic data analysis was chosen in
this experiment to investigate the proper lean- limit or minimum equivalence ratio
that mixture can be ignited at certain pressure and temperature. Variation of peak
pressure and area under the pressure versus crank angle curve has been found to be
the most sensitive parameter which describes where combustion changes occur. In
this study, lean limit was defined as the minimum equivalence ratio that reached the
maximum acceptable value of coefficient of variation on peak pressure. For clearly
understanding, Figure 3.46 shows the definition of lean limit that use in this study. In
this figure, the data of 20 cycles of each condition were collected for investigate the
lean limit and maximum acceptable value of CoV was20% of CoV [10].

Coeffient of variation on peak pressure { High swirl )
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° E : -
0.25 0.3¢ 035 |}  0.40 0.45 0.50
1 ]
i i Equivalence ratio (@)
v v
Leanlimit of E100 Leanlimit of EO

Figure 3.46 Lean limit definition, EO and E100, based on CoV data.
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3.3.6 Mass fraction burn and combustion duration

A Lo, — b, Flame kernel development period
Low —Ines,  Combustion duration period
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Figure 3.47 Combustion duration defined as 0.1 to 0.9 of mass fraction burned.
Mass burned fraction was calculated based onthe pressure data obtained from the

experimental results as follows [9].

O
c

M, ()= (29)

max

Where P (t) is the combustion pressure, P; is the initial mixture pressure, and
Prax is the maximum combustion. pressure.

If the mixture gas is fully burned when-it reaches peak combustion pressure, it can
be calculated according to the relative value of the combustion pressure. It is noted
that M10 stands for 10 percent combustion and M100 stands for 100 percent
combustion [9]. Figure 3.47 shows the definition of combustion duration, which is

expressed from 10% mass fraction burn to 90% mass fraction burn [10].

3.3.7 Relation between rate of pressure rise and heat released rate

Due to combustion analysis in constant volume combustion chamber was
based on the pressure history data that collect from the high-resolution pressure
transducer. Thus, rate of heat release cannot be relatively calculated with the crank
angle as same as in the real engine. And also the stratification degree. For applying

the Thermodynamics, rate of heat release and stratification degree, can be expressed

. dP : :
in term of pressure rise rate (—d—] . The relationship between rate of heat release
t
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(ROHR) and pressure rise rate (dge)was derived from principal of ideal gas law and
t

Thermodynamics as shown equation 5 -9 [10, 11]. This estimation formula is base on

assumption that combustion duration is very short.
From the first law of thermodynamics.
Heat supply rate = Heat release rate + Heat transfer (30)

Neglect the heat transfer during combustion ,The deviation for turbulent combustion
by this treatment is small due to the short combustion. Nevertheless, The rate of
heat release (ROHR) shown in this thesis might be different from the result of real

engine condition which is included the heat transfer or the heat losses term.

Heat release rate = Heat supply rate (31)

Finally, rate of heat release in CVCC (ROHR) can be shown as following equation.

el
dt release k —1 dt

Consequently, if the volume wasfixed at constant and specific heat ratio was not
change significantly, The rate of heat release can be reflected by the information of
rate of pressure rise. In this experimental result, the author try to display only the
result of pressure rise rate. For heat release rate, it didn’t calculated yet due to lack
of specific heat ratio data. However, from the derived equation , it can imply that the
heat release rate can explained by pressure rise rate data because these parameters

strongly related to each other.

3.3.8 Operation flow

Command & Solenoid valve
“Prompt” Closed

This interval
depended on
equivalece ratio

»{Start of ignition|
Command
SRun® @ Coll charge

Figure 3.48 Operation flow diagram, Controlled by self-building software.

10 msec 5
R R

Valve open for

3 msec.
1.5 sec.
oo

Summarized of procedure process were described in this section. Figure 3.48

show the process flow diagram of experimental procedure. First, fresh air charge from
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the air compressor will be regulated according to swirl intensity by pressure
regulator, and then the solenoid valves were allowed to open and closed at certain
timing (1.5 second). Second, high pressure fuel will be directly injected to the
constant volume combustion chamber. Amount of fuel injected and also its duration
were adjusted according to each required air/fuel ratio. After that, ignition coil will be
energized for a spark energy at the tip of electrode to initiate the flame kernel. In
addition, camera trigger signal was used to control the shutter timing and marking the

start of ignition point from high speed video camera.
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Chapter 4

Results and Discussions

4.1 Effect of ethanol content on combustion parameters.

4.1.1 Combustion pressure against time after ignition start

Comparison results of effect of ethanol concentration on combustion
parameters were investigated in stoichiometric condition. Swirl intensity, AP = 0.3
MPa, that conform to real engine condition at low load, air velocity was

approximately 6.3 m/s.

- NN W
a O u» O

-l
o

Equivalence ratio 2 = 1.0
~Swirl value AP=0.3 MPa
Air velocity = 6.3 m/sec. e ()

Pressure (x0.1 MPa)

P — S Su— &

0 0.01 0.02 0.03 0.04 0.05 0.06

Time after ignition start (sec)

Figure 4.1 Pressure history data of EQ, E20, E85and E100 ( ¢=1.0, Swirl intensity AP =
0.3 MPa).

Figure 4.1 shows the effect of the ethanol content on the combustion
pressure at medium swirl intensity (AP=0.3MPa). As indicated this figure, the
maximum pressure appears in pure ethanol (E100) at 3.24 MPa while E85, E20 and
pure gasoline (E0) maximum pressure were shown at 3.23 MPa, 3.07 MPa and 2.96

MPa, respectively.

Even though this study the results were compared at the same equivalence

ratio. In combustion pressure analysis, energy input, amount of fuel injected cannot
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be neglect. Therefore, figure 4.2 shows the energy supply per a kilogram of air at the

same equivalence ratio.
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Figure 4.2 Energy supply per 1 kg of available air.

Even through £E20, E85 and, E100 has less-LHV than that of EQ (Gasoline)
However, air to fuel ratio of each tested fuel are different as shown in Table 5-6,
Thus, in case of [E20, E85 and E100, additional fuel injected were required for
maintain the same: equivalence ratio of E0. Amount of fuel that need to be added

for £20, E85 and E100 are 8.24% ;48.15% and 62.01%, respectively:

From the fuel properties table shown in table 5, if available air is fixed at 1 kg,
amount of fuel that required for D=1.0 are 68 g, 74 ¢,101 ¢ and 110 g in case of EOQ,
E20, E85 and E100, respectively. Total energy input which ware calculated by the
multiplication value of fuel mass and LHV of each fuel are 3.01 MJ, 3.01 MJ, 2.99 MJ
and 2.98 MJ in case of EO, £E20, E85 and E100, respectively.

The comparison of energy supply in term of energy required per a kilogram of
air was illustrated in fig 4.2 The values of energy supply were calculated based on

lower heating value of each tested fuel required at specific equivalence ratio.

As indicated in fig 4.2 energy input of EO, E20, E85 and E100 were not
significant different. However, in high ethanol concentration fuel, energy input tend

to be less as increasing percentage of ethanol. For example, in equivalence ratio
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equal to 1.0 (¢ =1.0) condition, energy supply per a kilogram of air of EQ, E20, E85
and E100 were 3.01 MJ, 3.01 MJ, 2.99 MJ and 2.98 MJ, respectively.

From these result, figure 4.1, despite the fact that lower ethanol blend, EO
and E20 have an higher energy input as indicated in fig 4.2 the peak value of
combustion pressure decreases with decreasing ethanol content in the mixture. Also,
the length of time required to reach the maximum value of the combustion pressure
is retarded in accordance with the decrease of ethanol percentage. These can imply
that when utilizing the ethanol blend fuel, oxygen concentration of each fuel might
be different and it might be effect to the combustion process in term of oxidizing
performance. High oxygenated fuels such as E100-and E85 have more capability to
oxidize with oxygen more than E20 or pure gasoline (E0) which was lack of oxygen

concentration of fuel.



85

4.1.2 Rate of pressure rise
The rate of pressure rise is a very important parameter because this closely

relates to heat release rate as described in previous section. Nevertheless,

P
characteristics of :i_t- appeared in this study might be different from the real engine

dpP
tested result, ROHR, due to E shown in this thesis was derived from the assumption

that heat loss or heat transfer is very less and can be ignored. The effects of ethanol
content on the rate of pressure rise were illustrated in fig. 4.3. The peak value of the
pressure rise rate was rapidly increased and its timing was shortening at high
percentage of ethanol. E20 had not significantly changed in maximum pressure rise
rate compared to pure gasoline (E0). However, it can release heat earlier than that of
the EO. If consider at the same equivalence ratio, the heat input was not significant
changed when changing type of fuel. This demonstrates that ethanol content may
accelerate the combustion period and reduce time of heat loss in early stage of the

combustion regardless to the-amount of energy supply.
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Figure 4.3 Pressure rise rate of various ethanol/gasoline blend fuels.
As shown in fuel properties table, heating value of £E20, E85 and E100 are less
than EO but the amount of fuel injected need to be more for maintain the corrected

equivalence ratio. However, oxygen content might be different. Fuel properties table
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noted that the EO has 0.0% of oxygen content while E20, E85 and E100, oxygen
content were 7.54%, 31.75% and 34.7%, respectively. Consequently, from the results
of energy release rate that address as dp/dt in this experiment study, effect of
ethanol concentration on pressure rise rate can be discussed as the same manner as
in pressure history result, oxygen content within fuel itself can enhance oxidation

performance during combustion process.



Table 6 : Fuel properties table.

Fuel EO E20 E85 E100
Formula (Cg26H155) - - (C,HsOH)
molecularweight 114.18 88.12 | 50.60 46.07
Ethanolcontent |, 199 | 789 100.0
(% vol)
Carbon content
(%wt) 84.9 79.85 | 55.36 52.2
Hydrogencontent | - , 12.88 | 12.89 13.0
(Yowt)
Oxygen content
(% wi) 0.0 7.54 31.75 34.7
LHV (MJ/kg) 44.0 40.6 29.5 26.9
Air/fuel ratio 14.63 13.51 0.87 9.03
Benzene content
(% Vol - 2.14 0.24 -
Aromatic content
(% Vol) - 30.3 6.2 -
Heatof
vaporization 305 - - 840
(kd/kg)
RVP
(kPa) 58.4 590 44 4 16.0
Specificgravity | 0.72-0.78 | 0.7604 [0.7830 0.8
RON 92.0-98.0 98.3 101.6 107.0
MON 80.0-90.0 84.6 91.1 89.0

87
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4.1.3 Mass fraction burn rate and combustion duration.
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Figure 4.4 Mass fraction burn of various ethanol/gasoline blends
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Figure 4.5 Combustion duration at ¢ =1.0, swirl intensity AP = 0.3 MPa (6.3 m/sec).

From quantitative analysis, combustion duration may be taken into account
by using mass fraction burn rate data. From the mass fraction burned, flame
development period and combustion duration are defined as the duration period of
10% and 90 % mass fraction burned respectively. Figure 4.4 and figure 4.5 show the
results of mass fraction burn rate and combustion durations of various ethanol-
gasoline blended fuels at medium swirl condition (AP= 0.3 MPa) in stoichiomatric
mode (¢ =1.0). As indicated in fig. 4.4 - 4.5, the combustion periods were to be

shortened and accelerated by high ‘concentration 'of ethanol in blend fuel. The
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combustion duration were 3.6 msec., 5.2 msec., 6.4 msec., and 7.6 msec. in case of

E100 (pure ethanol), E85, E20 and EO, respectively.

The mass fraction burn rate results show that EO and E20 have an closely
trend especially in 0.1-0.5 of mass fraction burn. 18.5 -21.0 msec. after ignition start.
After that, E20 trend to burn faster than that of pure gasoline. In the same way, E100
and EB85, combustion period, especially in 0.1 -0.4 of mass fraction burn, show very
closely trend while this period occurs at 17.0 -18.5 msec. after ignition start. From
these results, it demonstrates that high ethanol content may accelerate the
beginning of combustion period and reduce time of heat loss in early stage of the
combustion. Furthermore, after approximately 0.5 of mass fraction burn, slopes of
mass fraction burn which were correlated to burn rate tend to be increased as

increasing the ethanol content. Comparison results of flame. development were

shown in fig.4.6 for comprehensive observation.

E20 E85  E100

Time after start of ignition

Equivalenceratiog = 1.0
Swirl value AP=0.3 MPa, V,,= 6.3 m/sec

Figure 4.6 Schlieren images of gasoline/ethanol blend and ethanol fuel during flame

kernal development process.
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This results were the Schlieren images of flame propagation that taken with
high speed video camera. All of fuel were tested at stratified condition, swirl intensity
was set at 0.3 MPa of different pressure and operate under stoichiometric condition
(¢ =1.0). Flame propagation images just show only flame kernel development
process. It was not cover whole combustion process. As shown in fig 4.6, flame
development of ethanol fuel showed the fastest rate compare with lower ethanol

concentration.

It is well known that the flame speed was related to the air/fuel ratio and
mixture has the highest flame speed at equivalence ratio equal to one (¢ =1.0). From
these results, mass fraction burn, combustion duration and flame propagation, it can
imply that utilizing ethanol blended fuel can make the stoichiometric in the wider
area compare with the pure gasoline (E0). Because blended fuel such as E20, E85
and E100 required more fuel injected and can be completely vaporized easier than
conventional gasoline. Consequently, -ethanol-blended fuel have more change to
join the stoichiometric -mixture- in- wider area: In addition,the fuel properties,
especially the oxygen content, can-affect to the flame speed in term of increasing
performance of reaction rate. With increasing the ethanol concentration in the fuel,
oxygen content will be also increased as shown in fuel properties table. Due to the
ethanol blended fuel (E100, E85 and £20) have more oxygenated properties than the
pure gasoline. Thus, flame speeds that were depended on oxidation rate were also

increased.

In general, during. combustion process, it has many radical reactions,
elementary steps, before reactant change into product gas. In each step, the reaction
have a specific activation energy (E,) but the lowest one of each activation energy is
defined as the “Rate determining step (E,mn)”, the slowest step in a chemical

reaction.

Rate determining step (Eq..n) of E100, activation energy may less value than
EO due to OH radical is contained within fuel itself. The OH radical is also easily to
react with another molecules or species by low E,. Thus, OH molecules in E100 can
lead the faster in reaction rate compare with EO which isn’t containing any OH
molecule. Furthermore, EO, it has a large number of aromatic rings than E100. These
aromatic content are more difficulty to react with another molecules such as oxygen.

Therefore; £, of ‘rate-determining 'step in' EO is very 'high. Result in reaction rate of
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gasoline fuel is slower than ethanol blend fuel that has less aromatic content and
more OH radical. This explanation can be also discussed for the result of mass

fraction burn.

Fortunately, it has some investigation for estimate the reaction rate of
hydrocarbon in single step. The global model of single step reaction that list in
following equation are come from Westbrook and Dryer [24]. This model is very

useful for engineering approximations.

C.H, +(x+ %)02 — 5 xCO, + (%)HZO

5 (33)
ACh) e e T oy

For the detail of parameter that use in that equation are listed in table

below.
Pre-exponential Activation Temperature,
Fuel Factor, 4* £, /R AK) m n
CH, 1.3-70 24.358% 03 1.3
CH, 83 10 15098 ~0.3 1.3
Cahlg P1e gk 15.008 0.1 1.65
C,Hy 8.6- 10t 15,008 01 1.65
~sHie 740" 15,098 0.15 1.6
CsHy2 6.4 10" 15,008 0.25 1.5
CeHiye 5.2 {0 15.098 0.25 1.5
CyHy, S ph 15.098 0.25 1.5
Calys 4.6-10" 15.09% 025 L5
CeHys 7.2-30" 20,1319 0.25 K
CoHlyy 4.2-10M 15.098 0.25 1.5
CioHas 3.8 101 15,098 0.25 1.5
CH;OH 3.2« 10" 15.09% 0.25 1.5
C,HOH 1S -40% 15,098 0.15 1.6
TH, 20T X -y T3
C,Hy 1.6 10" 15,098 0.1 188
CiH, 2.0- 10" 15,098 0.1 1.65
CsH, 4.2- 101 15.098 (. 1.85
CoH; 6.5- 10" 15,098 0.5 1.2%

§ "Uni)h of A are consistent with concentrations in Eqn. 5.2 expressed in units of gmoliem?, ie., Al =} {gmol/
{oem?omongg

| ", - 48.4keol/gmol.

| £, = 30kealigmol.

i €, = 40 keal/gmol.
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d|CH

( [‘ .V]
dt

d[CZHS)OH] -nd d[CsHls)] e
dt dt

From calculation, reaction rate, reduction rate of hydrocarbon ) of

E100 or pure ethanol is higher than gasoline (EO).

0.00148 s~ and 0.000583 s, respectively. For the detail of calculation, please see in

following figure.

CH,, +(12.5)0, ——38C0, +9H,0 C,H;0H +(2)0, ——2C0, +3H,0
M, = M[Bx12)+ Ax18)] =114 M, =M[(2x12)+(6x1)+ (1x16)] = 46
M, =125[2x16] =400 Mo, =2[2x16] =64
M, =514 M, =110
114 400 46 64
=——=02 =—= CH(OH =—=0.42 0« ='_'—=0.58
[GHa=5=02  [0]=33=078 [GH0H = — [2:]=15
A=4.6x10" gmol/cm’ —s T=450K A=1.5x10" gmol/em’—s T=450K
E m=0.25 E =0.15
Z2.-15,098 K 22 =15,098 K =R
R n=1.5 R, : n=1.6
d[cH| fof E0r . heasr Sars d[C.HOH] 2y A 5
" =(4.6x10") e ** [0.22] [0.78] AN O} ‘d: l:(I.SxIO'“Je 0 [0.42"% [0.58)'
_AGH]_ o oodidh WS
dt dr

Figure 4. 7 Reaction calculation, Isooctane and Ethanol.

In equation-33, pre-exponential factor 4 is the total number of collisions

(leading to a reaction ‘or not) per second, e s the probability that any given

collision will result in a reaction, m and n_are reaction order of C.H, and O,

respectively. From these definitions, it can imply that physical properties, number of
collision, of fuel is the majority parameter affected to the different in reaction rate.

Because of pre-exponential factor 4 of E100 and isooctane quite different while

E,
( E}:)

e , probability, is equal the same. Moreover, Even through mfactor of E100 is

less than isooctane but the mass concentration, [CZHSOH], is higher than isooctane.
Consequently, concentration and reaction order, [CXH),]'"[OZ]", of isooctane and
ethanol are not different significantly.

The reason why E100 or ethanol has more collision number than isooctane

may be discussed that E100 has a smaller size in molecule, Thus, in finite volume,
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smaller molecules may have opportunity to react with another around itself more

than the larger size in molecules.

4.2 Effect of ethanol content and swirl intensity on lean limit.

4.2.1 Coefficient of variation (CoV) results

Coefficient of variation on peak pressure (CoVemay) Of each tested fuels were
plotted against the equivalence ratio (@) as show in fig 4.8. For study effect of swirl
intensities on CoV, each chart was show the comparison data in different swirl
intensities, they were vary from the lowest swirl intensity (AP=0.1 MPa) to the highest
swirl intensity (AP=0.5 MPa). Initial temperature was 450 K and initial pressure was

also constant at 0.5 MPa before ignition start.
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Figure 4.8 Coefficient of variation (CoV) on peak pressure compare with different swirl
intensities (a) CoV of £100, (b) CoV of E85, (c) CoV of E20 and (d) CoV of EO.
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Figure 4.8 (a) show coefficient of variation on peak pressure of pure ethanol
fuel or E100, As indicated in this figure, CoV become less as increase a swirl intensity
at specific equivalence ratio. For the given equivalence ratio ¢ =0.32, the CoV of
ethanol fuel (E100) were 18.0%, 18.0%, 17.5%, 10.0% and 5.0% at swirl intensity
equal to AP=0.1 MPa, 0.2MPa, 0.3 MPa, 0.4 MPa and the highest swirl flow AP=0.5
MPa, respectively. Influence of swirl flow on CoV data occur in E85, E20, and E100
show the same trend as show in E100 results. However, appropriate equivalence
ratio that the mixture can be make the stable combustion ( low CoV) even the swirl
flow were changed can be found at ¢ > 0.345 for E100, ¢ > 0.36 for E85, ¢ > 0.37 for
E20 and ¢ > 0.6 for EO. Furthermore, addition observation, minimum equivalence
ratio that the mixture can be ignited within 20% of CoV-can be extended by applying

the swirl flow.

4.2.2 Lean limit results.

According to lean limit definition, the maximum set point of (CoVen,) that
assume as the lean misfire timit was 20% of CoV [10, 22]. At this. point, the fuels
reach the minimum equivalence ratio that can be ignited and be defined as lean
limit point. From the data of CoV lean misfire limit of various blend in deferent swirl

condition can be plot as shown in fig 4.9.
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Figure 4.9 lean limit of various blend plot with different swirl intensities.
As illustrated in fig 4.9, EO, lean limit point occur at equivalence ratio (¢)

equal to0:38"in the lowest swirl ‘condition (AP = 0.1 'MPa), whereas, AP = 0.2 MPa,
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AP = 0.3 MPa, AP = 0.4 MPa and AP = 0.5 MPa, lean limit of EO are 0.375, 0.375,
0.370 and 0.364, respectively. Similarity results, effect of swirl flow, can be found in
E20, E85 and E100 also. As increase the swirl intensity, mixtures have an ability to
ignite at lower equivalence ratio. From the results, it can imply that swirl intensity
can improve stability of combustion by extending the lean limit range under lean
condition. The importance parameter that affect to these phenomena might be the
mixture distribution which was strongly affected to the swirl strength. Even in this
experiment study, mixture distribution and velocity flow field were not observed by
any laser diagnosis technique such as LIF or LDV. Shadowgraph images of mixture
spray can show the significant different in- stratification mixture during mixture
formation process. As show:.in fig.4.10, ethanol fuel (E100) images show the influence
of swirl flow on mixture  stratification. These demonstrate that swirl intensity can
support the combustion stability in the lean condition by extending the lean limit
range. Even though, lean limit of pure ethanol couldn’t change with swirl flow. These
phenomena may be discussed that atomization and vaporization of fuel was
accelerated by the increase of the turbulence intensity and the decrease of the
impinged fuel, both of which were caused by the swirling flow. These.can imply that
swirl flow can enhance the stratification level and this consequent can extend the
lean limit range. Further support results also show in Tomita’s study [22] that

attached in Appendix section.
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Figure 4.10 Shadowgraph images show the mixture stratification of E100 when

applying different swirl conditions.
For an effect of ethanol concentration on lean limit, .the results were

summarized for clearly compared and shown in fig.4.11.
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Figure 4.11 Lean limit of various gasoline/ethanol blends — Summarized.
For an given swirl intensity condition, when apply the highest swirl flow, EO, E20, E85
and E100 reached the minimum equivalence ratio at 0.364, 0.34, 0.313 and 0.30
respectively. In the lowest swirl flow condition; £E0, E20, E85 and E100 have the lean
limit at ¢ = 0.38, ¢ = 0.365, ¢ = 0.334 and ¢ = 0.311, respectively.

However, E100, lean limit was not significant change when applying the swirl
intensity. As illustrated in fig 4.9 and fig 4.11, lean limit of E100 were ¢ = 0.31, ¢ =
0.31, ¢ = 0.31, ¢ = 0.304 and ¢ = 0.300 at swirl condition of AP = 0.1, AP = 0.2, AP =
0.3, AP = 0.4 and AP = 0.5 MPa, respectively. The result shows little change in
minimum equivalence ratio since higher percentage of the ethanol has less effect to
enhance lean limit range than the lower ethanol content. This behavior can be
discussed that ethanol can be ignited and combusted at the lower equivalence ratio
because an air/fuel ratio of gasoline and ethanol/gasoline blends are different. Thus,
if ethanol/gasoline blends are subjected to the same equivalence ratio as in the pure

gasoline, additional amount of the fuel is required for the same equivalence ratio
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and get more chance to form stoichiometric mixture in wider area compare with
lower ethanol concentration fuels. In other word, ethanol fuel, which is comprised of
only one component, has lower carbon atom than the gasoline or E20 and E85.
Consequently, it may be diffused by swirl flow easier than the gasoline, E20 or E85
which are comprised of various higher carbon atoms regardless to RVP properties
[22]. As ethanol can easily diffuse, vaporization of ethanol fuel may be fully
completed since before the ignition start regardless of swirl generation. The

comparison result of EO and E100 spray were shown in fig. 4.12.

From the shadowgraph images, the chamber pressure was set at zero gauge
pressure and temperature was 50 € without swirl flow for clearly detail observation
of spray pattern and avoid temperature gradient effect, it can be seen that EO has
start to vaporize earlier that the E100, wider spray cone and short spray penalty, but
when the time left, E100 fuel was fully evaporated into vapor phase faster than that
the gasoline (E0). It can imply that EO fuel has more light and heavy fraction than
ethanol fuel. Thus, the lighter components tend to be evaporated early in the
beginning stage while ethanol fuel wasn’t start. After the time past, heavy fraction in
gasoline (E0) still' remained while ethanol fuel which have only one component
already completely change to the vapor phase Even though, lean limit of pure
ethanol couldn’t .change  with swirl flow. Other information that support these
assumption were address in Appendix , evaporation rate of ethanol and gasoline in

term of distillation curve were also noted n that section.
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Figure 4.12 Spray images of Gasoline (E0) and Ethanol (E100) fuel.
4.3 Effect of ethanol content and swirl intensity on ignition delay.

As know that the ignition delay time was an important one of combustion
parameter. It was not only indicated the time consume during mixture formation
process but also it display influence to the time loss in linitial stage of the
combustion. Especially in.spark-ignition engine, less ignition delay can lead the
combustion pressure trace close to an ideal P-V diagram in Otto cycle, power stroke.
Therefore, heat loss in. this period can be deteriorated by reducing in ignition delay
time. However, even less time use during early stage of combustion can perform
good agreement for combustion behavior but the NOx emission should be taken into

account.

From the pressure history data, the definition of combustion duration,
injection - ignition interval and ignition delay, were shown by graphical of measured
pressure data in fig 4.13. Naoki Shiraishi et al.[4] and Kihyung Lee et al [9]give the
definition of injection - ignition interval as elapsed time from start of injection to
start of ignition. Then, after the ignition is started, the trace pressure will be
decreased until reach the minimum or rate of pressure rise equal to zero. The
interval time form ignition start to this point can be defined as ignition delay. For the
reason of pressure drop during process, Naoki Shiraishi et al.[4] discussed that this
phenomena occurred by latent heat absorption by vaporized fuel just after fuel

injection start. Since'in this study, it very hard to marking the point that reach zero
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slope of P-t chart., Because of lack of measuring device in high resolution condition.

Definition of ignition was defined as the time after the ignition start to 10% of

maximum pressure. Nevertheless, this period was also including to the initial stage of

combustion and might be different to Naoki’s definition.

1 = injection — ignition timing

2 = |gnition delay (General definition)

3 = Ignition delay (This study)
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Figure 4.13 Ignition delay definition.

In this experiment; effect of ethanol concentration and swirl intensities on ignition

delay were investigated by using a' constant  volume combustion chamber under

stoichiometric condition, initial pressure was start at 0.5 MPa-and initial temperature

was 450 K befare an ignition start. The results were indicated in fig'4.14.

Effect of ethanol content and swirl intensities on ignition delay
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Figure 4.14 Ignition delay of various ethanol/gasoline blends at different swirl

intensities.

As indicated in fig.4.14, In the highest swirl intensity, E100, comparing with

other blends, ethanol fuel (E100) reach the minimum ignition ‘delay at 0.50 msec.



101

while E85 ignition delay was 1.10 msec., E20 was 1.93 msec. and pure gasoline (E0)
show the longest ignition delay in this swirl condition at 2.65 msec. From these
results, it can imply that ignition delay time can be affected by ethanol addition in
blend fuel. At an given swirl intensity, as increasing the ethanol fraction, ignition
delay time become less. If consider in at the same type of fuel, E100, ignition delay
was equal to 0.50 msec. at the highest swirl intensity (AP=0.5 MPa), when swirl
intensities was reduced to 0.4 MPa, 0.3 MPa, 0.2 MPa and 0.1 MPa, ignition delay
become 0.85 msec.,1.08 msec.,1.82 msec. and 2.52 msec., respectively. Hence, the
swirl intensity can be considered that have an effect to the ignition delay time. These
periods time can be reduced by applying higher intensities. However, result of EO, it
didn’t show significant change in ignition delay time when applying swirl flow since
0.2 MPa to 0.5 MPa. Even though RVP of EO show the highest value compare with
other, pure gasoline tend to be evaporated early than €100 (pure ethanol) as
illustrated in spray images, figd.12. But, in the end, ethanol fuel was completely
vaporized and shifted to.vapor phase faster than that of gasoline regardless to the
RVP. This phenomenon can be- discussed - that azeotropic: behavior of
ethanol/gasoline blends [23] and its distillation can enhance performance in mixture
vaporization process. Thus, when the ethanol was subject into base gasoline,

evaporation rate was also accelerated.

In pure gasoline, evaporation rate was less, Hence when fuel was injected
some of them still remain in liquid phase and didn’t evaporate. Especially in spray
core, this region contained with over-rich mixture. These over-rich mixture lead the
mixture hard to initial an flame kernel. Thus, initial stage of combustion comsumed
more time compare with each other blends. In the other hand, in E100, fuel was
completely evaporated and might be affected to an swirl flow. Thus, the mixture
have more chance to join form near stoichiometric mixture(¢ =1.0) in wider area

compare to EO.

It is well known that the flame propagation speed was related to the air/fuel
ratio and mixture has the highest flame speed at equivalence ratio equal to one (¢
=1.0). From the results, it can imply that utilizing ethanol blended fuel and applying
swirl intensities can make the stoichiometric in the wider area compare with the pure
gasoline (E0). Because blended fuel such as E20, E85 and E100 required more fuel

injected  .and- can be completely- 'vaporized - easier- thanconventional - gasoline.
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Consequently, ethanol blended fuel have more change to join the stoichiometric
mixture in wider area compare with pure gasoline and these lead to reducing in time
loss during initial process. Further support information explained effect of swirl on
mixture distribution was observed by Tomita [18]. This study was conduct on PLIF

method. For the detail, it was included in Appendix section.

Another discussion about ignition delay result may be explained by chemical
properties (Heat of Vaporization, Heating Value Jand physical properties (Number of
molecules, Possibility) of each fuel. First, after the ignition start, E100 or ethanol fuel
which has higher HOV than that of the EO or gasoline may absorb heat during this
period more than gasoline for evaporation and change phase from liquid state to gas
state. Thus, pressure trace within combustion chamber is decreased. Moreover,
decreasing rate of pressure data is more than that of the gasoline fuel which has the

lower value of HOV also.

As describe in distitlation: curve, 100 is completely vaporized at the certain
temperature while EO, which is comprise of many H-C chain, the evaporative rate
may be less than E100 at a given temperature. Thus, some of fuel remained in liquid
phase. These may be lead the small' number of molecules ready. to react with
oxygen. In the ather hand, E100, that is completely vaporized, has-more quantity of
molecules and also-more possibility to react with oxygen. During these process (SOlg-

d%t =0), E100 may take the longer time to complete vaporize every molecules

when compare with E0. or pure gasoline. The graphical illustration shown in fie.d.15

describe the pressure trace  characteristics occur in ‘\CVCC during SOlg - d%t=0
process for both in EO and E100 (notice, A and B period).
In this figure, EO spend less time to reach d%z:Opoint but the pressure

reduction is less when compare with E100 (Ethanol0 fuel. Consequently, follow to
the general definition of ignition delay, noted in A and B period, ignition delay time of
EO may be less than E100. However, in this study, ignition delay was defined as the
time from SOIg to 10% of P, point, thus the result displayed in this study may be

shown the different characteristic.
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Figure 4. 15 Pressure trace characteristics during start of injection to 10% of P

Then, after the pressure reach the minimum point, d%t =0, E100 show the
sharply increasing in combustion pressure and also pressure rise rate (d%l) due to

the large number of molecules are ready to react with oxygen. Although lower
heating value (LHV)-of E100 is less than gasoline but the number H-C ‘element and
oxygen that ready to- combust are greater-than that of the E0., Moreover, E100
molecules that have smaller. geometry than E0 will lead more possibility to react

with oxygen. Therefore, the combustion pressure and energy release (d%t) increase

rapidly and it may reach 10% of P, point faster than that of EO as shown in fig.d.15
(C and D period). As a result, the result of ignition delay shown in this study, E100
show the shortest time during this process. Conversely, EO or gasoline show the
longest time. Because in this study, ignition delay is definition quite different from

general definition as describe in early section (Pgs.95-96).



104

4.4 Effect of ethanol content on flame kernel development.

As a result of lean limit, higher percentage of ethanol blend show the more
stability by extending lean limit range. In this section, stability of flame propagations
under lean condition were present by means of pressure history data characteristics
and Schlieren visualization images. Experiment condition were investigated at a
constant swirl condition, 0.5 MPa while equivalence ratio (¢) were varied from the
stoichiometric condition to 0.8, and 0.6, respectively for observe flame kernel

development behavior when operate under lean condition.
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Figure 4.16 Combustion pressure trace of E100 at various equivalence ratios.
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Figure 4.17 Combustion pressure trace of E85 at various equivalence ratios.
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Figure 4.18 Combustion pressure trace of E20 at various equivalence ratios.
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Figure 4.19 Combustion pressure trace of EQ at various equivalence ratios.
Comparing to each tested fuel, as leaner the mixture, combustion pressure
also its pressure rise rate were dramatically dropped as decrease an ethanol
concentration in blends. As indicated in fig.4.16-4.19, compare with stoichiometric
condition, ethanol fuel (E100), peak pressure were reduced approximately 6.6% and
25.1% , when operate under ¢ =0.8 and ¢ =0.6, respectively. E85, peak pressure were
reduced approximately 10.5% and 27.6% , when operate under ¢ =0.8 and ¢ =0.6,
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respectively. For E20, this were reduced approximately 15.7% and 34.5% , when
operate under ¢ =0.8 and ¢ =0.6, respectively.

Finally, EO, peak pressure were reduced approximately 15.5% and 32.3% |,
when operate under ¢ =0.8 and ¢ =0.6, respectively. These results demonstrate that
lower ethanol blends fuels, especially, E20 and EO, combustion were extremely
deteriorated when combust under leaner condition. In the other hand, E100 and e85,
show the less value of pressure reduction. Furthermore, time to reach the peak
pressure, lower ethanol content blends show the considerably longer time to reach
its maximum pressure compare with high percentage of ethanol blends. As a result, it
can imply that decreasing in ethanol content might make more probability in
fluctuation of pressure. Form these results, it can be support to the lean limit result
that stability of combustion under tean operation can be enhance by adding more

ethanol concentration in base gasoline.
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Figure 4.20 Flame kernel development images of E100, E85, E20 and EO at various

equivalence ratio.

For clearly investigation, Flame kernel developments were taken in to
account by means of Schlieren ‘photography technique. The results of flame
development of each tested fuel were metaphorically shown in fig 4.20. As
illustrated in this fisure, as decrease the equivalence ratio or operate at leaner
condition, flame kernel edge shape of all tested fuel was deteriorated .In addition,
compare with E20 and E85, higher ethanol content fuel, and show more stable flame
edge. However, circular expanding flame shape were found only in E100 and E85
whereas in E20 and E85 blend, flame development show the unpredictable and non-
uniform shapes at all equivalence ratio. In addition, consider in flame area expansion,
flame development images result show that the rate of flame development was
accelerated by increasing the ethanol concentration in blended fuel. These may

discussed that mixture formation capability can be improved by using ethanol fuel.
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Furthermére, although ethanol fuel have higher octane number and lower
RVP, oxygen content within fuel itself can enhance oxidation rate and accelerate the
initial stage of combustion regardless the octane rating and RVP [22]. These
comparative results of flame propagation were consistent with Hara Takashi’s [15]
results which report the laminar flame speed of ethanol compare with n-hapane and
iso-octane. For the further information of this study, Appendix can be shown that
support assumption and more discussion about flame edge stability (Lewis number).
The rate of flame development may be varied with the different equivalence ratio. It
can be told that rate of flame development may be influenced by energy input. Due
to the equivalence ratio in this experiment was varied by changing amount of fuel
injected. Thus, energy supply in each equivalence ratio conditions may be different
and its consequently may also affect to the pressure data also. Nevertheless, higher
ethanol percentage, especially-in E100 and E85, the pressure data result show that
the maximum pressure and pressure rise rate show greater value than that of lower
ethanol blends, E20 and EQ even though energy supply were comparatively equal at

the same equivalence ratio as shown in fig 4.2.

4.5 Effect of swirl intensity on peak pressure and flame development
stability.

In combustion-characteristics, one of important parameters that present the
efficiency was maximum~ combustion pressure. For this _experiment study, peak
pressure data were collected by mean of high resolution pressure transducer under
following condition. Initial pressure in all tested condition‘was set at 0.5 MPa while
initial temperature was constant at 450K. In order to observe the effect of swirl on
flame propagation, swirl intensities were varied from the lowest swirl condition
(AP=0.1 MPa ) to the highest swirl intensity (AP=0.5 MPa). Equivalence ratio were
changed from stoichiometric condition (¢=1.0) to lean mixture condition, ¢ =0.8 and
¢ =0.6, respectively. Following results shown the results of peak pressure of blended

fuel at various swirl and equivalence ration condition.
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Figure 4.21 Peak pressure of E100 at various swirl and equivalence ratio condition.
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Figure 4.22 Peak pressure of E85 at various swirl and-equivalence ratio condition.
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Figure 4.23 Peak pressure of £E20 at various swirl and equivalence ratio condition.
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Figure 4.24 Peak pressure of EQ at various swirl and equivalence ratio condition.

As can be seen from the results of peak pressure, maximum combustion
pressure occurs within-a constant volume bomb rarely change when different swirl
intensities were applied. In E100, fig. 4.21, standard deviation of peak pressure
collected from all swirl condition at ¢=1.0, $=0.8 and ¢=0.6 were 0.067, 0.167 and
0.195, respectively. Average maximum pressure of E100 appeared at 32.32 MPa, 30.13
MPa and 24.26 MPa in condition of ©@=1.0, $=0.8 and $=0.6, respectively. In E85
results, fig 4.22, standard deviation of peak pressure shown at $=1.0, $=0.8 and ¢=0.6
were 0.542, 0.056-and 0.395, respectively. Average maximum pressure of E85
appeared at 32.07 MPa, 28.92 MPa and 23.16 MPa in condition of ¢=1.0, $=0.8 and
$=0.6, respectively. For the low ethanol concentration blended, E20, fig 4.23,
standard deviation of peak pressure shown at ¢=1.0, $=0.8 and ¢=0.6 were 0.116,
0.152 and 0.343, respectively while average maximum pressure of E20 were 30.57
MPa, 26.0 MPa and 20.50 MPa-in condition of ¢$=1.0, $=0.8 and $=0.6, respectively.
Compare to pure gasoline, EO, fig 4.24, standard deviation of peak pressure shown at
¢ =10, ¢ =08 and ¢ = 0.6 were 0.183, 0.376 and 0.266, respectively. Average
maximum pressure appeared at 29.40 MPa, 25.23 MPa and 19.69 MPa in condition of
¢ =10, ¢ =08 and ¢ = 0.6, respectively. These results, standard deviations,
demonstrated that the swirl intensities hardly affected to the maximum pressure.
However, S.D. (Standard deviation) tends to be increased as decreased the
equivalence ratio in all cases, especially in E100 and E20, these may cause from the
mixture operate closed to the lean limit range. Hence, variation of combustion may
be increased. In addition, high percentage of ethanol fraction blended such as E100

and E85, the average maximum pressure were greater than that of £20 and EO. Thus,
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from the results, it can imply that the swirl intensities can’t significantly affected to
the peak pressure but the ethanol concentration may increase the engine efficiency
by increasing the maximum combustion pressure. Furthermore, different in peak
pressure when changing the equivalence ratio may be discussed that the amount of

fuel injected or ¢ directly affect to the energy release and also the peak pressure.

4.5.1 Swirl intensities and flame development stability.

From the results of peak pressure against the swirl intensities, the results
show that swirl intensity hardly affect to the peak pressure. Nevertheless, the results
of lean limit demonstrate that swirl intensities can enhance combustion stability by
extending the lean limit range. Therefore, the assumption that swirl intensity affects
to flame development stability may be taken into account.and confirmed by flame
visualization technique. Following results were the Schlieren images of flame

propagation during flame development period.

AP=0.1MPa - AP=02MPa AP=03MPa AP=04MPa AP=0.5MPa
V,, =42 m/s Var=530m/fs 'V, =63m/s, V., =69m/s V. =83m/s

at

12.0 msec. after ignition start
Stoichiometric condition (e=1.0)

Figure 4.25 Flame propagation images at 12.0 msec. after ignition start and ¢ =1.0
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Figure 4.26 Flame propagation images at 12.0.msec. after ignition.start and ¢ =0.8
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ar

E85

E20

EO

18.0 msec. after ignition start
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Figure 4.27 Flame propagation images at 18.0 msec. after ignition start and ¢ =0.6
Figure 4.25 -4.27 show the results of flame propagation of E100, E85, E20 and
EO under stoichiometric condition (¢ =1.0) and lean condition (¢ =0.8 and ¢ =0.6). As

shown in fig 4.25, in stoichiometric condition, flame propagation images didn’t
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significantly change when varied the swirl condition. Shape and length of flame
radius in the highest swirl condition seems to be the same as in the lowest swirl
condition. In this figure, flame speed in stoichiometric condition hardly different even
more swirl strength were applied. However, when operate at lower equivalence ratio,
¢ =0.8, flame edges in higher swirl intensities found to be more stable and look like
uniform grain gather than that of low swirl condition. Spherical flame shape can be
found only in high swirl condition, especially in E100 and E85, while in the low swirl
condition, flame propagation show the unpredicted shape and lower in flame grain
compare with in higher swirl condition flame In fig 4.27, the results at equivalence
ratio equal to 0.6 show the same trend as in a condition of ¢ =0.8. Moreover, flame
radiuses of E20 and EO at high swirl intensities seem to be more than in lower swirl

condition.

As a results, it can confirm the assumption that swirl intensities hardly affect
to the peak pressure because flame propagation images show the same shape and
length of flame radius even strength of swirl flow were changed. However, consider
in lean condition, as increasing the swirl intensities, flame edge show more uniform
grain and spherical shape than that of in low swirl condition. These can imply that
the swirl intensity can improve stability of flame development under lean condition
by generating uniform grain and spherical expanding flame shape. Furthermore, in
lean operation, lower ethanol fraction blended fuel such as EO and E20, flame
propagation speed was accelerated by increasing the swirl intensities. These
demonstrate that under lean condition swirl intensity can improve both of flame

stability and its speed.
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Chapter 5

Conclusions

The combustion characteristics of gasoline/ethanol blends were investigated by using

constant volume combustion chamber. Following conclusions can be drawn.

51

52.

5.3.

Despite the fact that lower ethanol blend, EO and E20 have an higher
energy input than that of E85 and E100 as indicated in fig 4.2, the peak
value of combustion pressure decreases with decreasing ethanol content
in the mixture. Also, the length of time required to reach the maximum
value of the combustion pressure is retarded in accordance with the
decrease of ethanol percentage. These can imply that when utilizing the
ethanol blend fuel, oxygen concentration of each fuel might be different
and it might be effect to the combustion process in term of oxidizing
performance. Form fuel properties table noted that the EQ has 0.0% of
oxygen content while E20, E85 and E100, oxygen content were 7.549%,
31.75% and 34.7%, respectively. High oxygenated fuels such as E100 and
E85 have more capability to oxidize with oxygen more than E20 or pure
gasoline (E0) which was lack of oxygen concentration of fuel.

From the results of pressure rise rate, which were corresponding to rate of
heat release, blending in higher percentage of ethanol in fuel, can be
enhanced combustion characteristics by accelerate flame development
process and increasing the peak value of heat release rate. Furthermore,
higher ethanol concentration fuel such as E100 and E85, the combustion
process occur more advance than that of pure gasoline (E0) when
compare with the same equivalence ratio. These may cause from the
oxygen content within fuel itself can enhance oxidation rate and
accelerate the initial stage of combustion regardless the octane rating.

In stoichiometric condition, EO has the longest combustion duration
compared with other blends. On the other hand, E100 has the shortest
duration, burn rate was 50% faster than EO while E85 and E20,

combustion duration were shorten amount of 30% and 16% when
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compare with pure gasoline (E0). It is well known that the flame speed
was related to the air/fuel ratio and mixture has the highest flame speed
at equivalence ratio equal to one. From the results of combustion
duration, it can imply that utilizing ethanol blended fuel can make the
stoichiometric in the wider area compare with the pure gasoline (EO).
Because blended fuel such as E20, E85 and E100 required more fuel
injected, compare with same equivalence ratio of EO, 62.0 % , 48.2 % and
8.3 % additional amount of fuel were required for E100, E85 and E20,
respectively. Furthermore, higher ethanol concentration can be
completely vaporized easier than conventional gasoline. Consequently,
ethanol blended fuel have more change to join the stoichiometric
mixture in wider area.

From these results of mass fraction burn rate, it demonstrates that high
ethanol content may accelerate the beginning of combustion period and
reduce time of heat loss in early stage of the combustion. Furthermore,
after approximately 0.5 of mass fraction burn, slopes of mass fraction
burn- which were correlated to burn rate tend to be increased as
increasing the ethanol content.

From CoV investigation results, it found that appropriate equivalence ratio
that the mixture can be make the stable combustion ( low CoV ) even the
swirl flow were changed can be found at ¢ > 0.345 for E100, ¢ > 0.36 for
E85, ¢ > 0.37 for E20 and ¢ > 0.6 for EO.

Because of swirl intensity can improve the mixture distribution
performance. Thus stratification degree might be increased with applying
more swirl intensity. These phenomena may be discussed that
atomization and vaporization of fuel was accelerated by the increase of
the turbulence intensity and the decrease of the impinged fuel. Under
low swirl flow condition, liquid fuel was diffused and impinged to the
chamber wall. These fuel droplets formed liquid film on the cylinder wall
surface and were not completely vaporized. Thus, less stoichiometric
mixture can form in tow swirl condition. In other word, swirl intensity can
enhance stratification degree that directly affects the lean limit range by

diffusing amount of fuel to form stoichiometric mixture in the wider area.
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As increase the swirl intensity, coefficient of variations (CoV) on peak
pressure were decreased. Since, variations of peak pressure reflect to the
combustion stability. Consequently, high ethanol concentration and high
swirl intensities can be enhanced the combustion stability by extending
the lean limit range.

Higher ethanol percentages in blended fuel able to extend the lean
misfire limit range. Compared with pure gasoline (E0) at low swirl
condition, minimum equivalence ratio (¢ will be extended amount of
3.95%, 12.01% and 18.30% in case of E20, E85 and E100 respectively. In
higher percentage ethanol blend fuel, additional of fuel that required for
maintain the same equivalence ratio can increase the chance to form
stoichiometric mixture in the chamber. Thus the lean limit range will be
extended.

For mixture stratification, fig 4.10 show the mixture distribution at various
swirl intensity. From these results may be discussed that atomization and
vaporization of fuel was accelerated by the increase of the turbulence
intensity and the decrease of the impinged fuel, both of which were
caused by the swirling flow. These can imply that swirl flow can enhance
the stratification level and enhance mixture distribution around spark
electrode. Consequently, lean limit range may be extended.

From comparison of ethanol and gasoline spray images, it can be seen
that EO has start to vaporize earlier that the E100, wider spray cone and
short spray penalty, but when the time left, E100 fuel was fully
evaporated into vapor phase faster than that the gasoline (E0). It can
imply that EO fuel has more light and heavy fraction than ethanol fuel.
Thus, the lighter components tend to be evaporated early in the
beginning stage while ethanol fuel wasn’t start. After the time past, heavy
fraction in gasoline (EO) still remained while ethanol fuel which have only
one component already completely change to the vapor phase. These
can be discussed that ethanol fuel, which is comprised of only one
component, has lower carbon atom than the gasoline or E20 and E85.
Consequently, it may be diffused by swirl flow easier than the gasoline,

E20 or E85 which are comprised of various higher carbon atoms regardless
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to RVP properties. As ethanol can easily diffuse, vaporization of ethanol
fuel may be fully completed since before the ignition start regardless of
swirl generation.

In pure gasoline, evaporation rate was less, Hence when fuel was injected
some of them still remain in liquid phase and didn’t evaporate. Especially
in spray core, this region contained with over-rich mixture. These over-rich
mixture lead the mixture hard to initial an flame kernel. Thus, initial stage
of combustion comsumed more time compare with each other blends. In
the other hand, in E100, fuel was completely evaporated and might be
affected to an swirl flow. Thus, the mixture have more chance to join
form near stoichiometric mixture(¢ =1.0) in wider area compare to EOQ.
From the result of pressure history data shown in fig 4.16 - 4.19, it can
imply that decreasing in ethanol content might make more probability in
fluctuation of pressure. Form these results, it can be support to the lean
limit result that stability of combustion under lean operation can be
enhance by addition ethanol concentration in base gasoline.

According to comparative results of flame propagation, although ethanol
fuel have higher octane number and lower RVP, oxygen content within
fuel itself can enhance oxidation rate and accelerate the initial stage of
combustion regardless the octane rating and RVP. As increase the ethanol
concentration, flame development seem to be faster.

Consider in lean condition, more stable flame edge will be obtained by
high percentage of ethanol blend, especially in E100 and E85. From
Schlieren image, the results show that the percentage of ethanol affect to
the sensitivity of flame deterioration. As decrease percentage of ethanol
in blended fuel, flame shape will be less stability with reducing the
equivalence ratio.

As can be seen from the results of peak pressure, it can imply that the
swirl intensities can’t significantly affected to the peak pressure but the
ethanol concentration may increase the engine efficiency by increasing
the maximum combustion pressure. Furthermore, different in peak

pressure when changing the equivalence ratio may be discussed that the
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amount of fuel injected or equivalence ratio (¢) directly affect to the
energy release and also the peak pressure.

5.15.  Result of flame propagation and flame kernel development in fig 4.25-
4.27 demonstrate that the swirl intensity can improve stability of flame
development under lean condition by generating uniform grain and
spherical expanding flame shape. Furthermore, in lean operation, lower
ethanol fraction blended fuel such as EO and E20, flame propagation
speed was accelerated by increasing the swirl intensities. These
demonstrate that under lean condition swirl intensity can improve both of

flame stability and its speed.

For better understanding of stratified combustion phenomena, further studies
should include advanced method to identify the consistency of the swirl intensities
and mixture formation distribution, such as LIF method and flow field simulation as
well as optimized the injection-ignition timing for the proper equivalence ratios that

mixture form near the spark plug.
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Appendix A : Material specification

Steel for constant volume combustion chamber (CVCC)
ASTM A284 Steel, grade D

Carbon content increases with the thickness of the plate. Maximum thickness is 305 mm. Plates wider than 610 mm are tested in the transverse dirscfion and

the efongation requirement is reduced 20%

- E360B(FN), EN10025(90) Fe E 360 C, EN1D025(33) S2354R(G2), EN10025(93) S35 J0, IS 226, IS Fe 410-5, JIS 3101 SS 400, JIS 3106 SM 4004, JIS 3106
SM 4008, 1SO 830 Fe 360 B, 1S0 630 e 350 C, MNCB10E SS 13.11.00, MNCB10E SS 13.12.00, NEN21-101 AE235B, NBN21-101 AE235 C, UNI 7070 Fe
360 B, UNI 7070 Fe 360 C e %

Vemlon. NovendonmIisb:dturﬁ'n‘smamial.MMHWareasupph‘etal'ldmuldﬁeinfwmaricnonhowbaddywis&ngbmismateﬁal.

‘Words: AFNOR 35501 £24.2, AFNOR 35.501 E24.3, BS4380 40(A1B, BS4360 40C, CSAG40.21230 G, DIN 17100 RSt 37-2, DIN 17100 S37-30, EN10025(90) Fe

Physical Properties Metric English Comments

Density 7.85 glec 0.284 ibvin® Typical of ASTM Steel

Mechanical Properties _ Metric English Comments
415 MPa 80200 psi
230 MPa 33400 psi

210% 21.0% R in 200 mm

240% 240% 5 in 50 mm.

140 GPa 20300 ksi ) Typical for steel

200GPa 1600ksi Typical for steel

Component Elements Properties Metric English Comments
Carbon, © 0270-0.35% 0.270-0.35%
Iron, Fe - 980% 96.0%
Manganese, Mn «=0.30 % <= 0.90 %
Phosphorous, P «<=0040 % <= 0.040 %
Silicon, Si 0280 % 0280 %
Sulfur, 5 <= 8.050 % <= 0.050%

http.//www.matweb.com



Quartz glass specification

Specifications Unit Value
Specific gravity g/cm2 21
Hardness Mhos scale {7
Rapture strength Mpa 800-1000
Compressive stress Mpa 60-700
Young’s Modulus 20 °C Gpa 77.8
Young’s Modulus 50 °C Gpa 82
Young’s Modulus 900 °C Gpa 85
Possion ratio 0.17
Rigid index 900 C Gpa 36.9
Speed of longinal wave m/s 5.72x10°
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Graphite gasket detail

SealPack Style 300R
FLEXIBLE GRAPHITE ROLLS
Temperature Limits -200°C to + 1650°C
-200°C to + 850°C Non-Oxidizing atm.
+982°F (500°C) Oxidezing atm.
Chemical Resistance : pH 0-14 except oleum. fuming nitric acid & agua regia
Thickness (mm) 0.2. 0.35. 0.40, 0,50, 0.8, 1.0. 1.5
Width : 1000 - 1500 mm
Length : 50 - 100 m.
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Data acquisition system
Instrument facts:

= AC or DC powered

= High accuracy, 16, 22 or 24 bit resolution
= Fast sampling, 100 kS/s up to 1 MS/s per channel
= Transient recording up to 1 GS/s

= Powerful Intel® Core ™2 Duo PC inside
80 MB/s stream-to-disk rate

Bright 17" display

Spare panel for customization

5 available PClI slots

Input specifications DEWE-5000 DEWE-5001
Siots for DAQ or PAD modules 16 | 2
MDAQ input channels / - } Upto32
Main system * ‘

Total PCH slots s i 5
Hard disk 10CC 5B

Data throughput Typ. 70 MBls

Power supply . . » 95> 0280V,

Cisplay 17 TFT display, 1280 x 1824 pixet

Processor ntel® Core ™2 Buo 2.GHz

RAM 2GB

Ethemet 107 100/100C BaseT

USB interfaces 4

RS-232 interface 1

Storage drive Intemal DVD +/-RW bumer

Of}'erating system “MicrosoR® WINDOWS® 7

Dimensions (W x D x H) . P _ 460 x 351 % 192mm (181 x 12.8x7 Tin

Weight Typ. 17 kg {37 b)) Typ. 15.5 kg (36 b3
Environmental specifications

O?erat'mg temperature ! Ctoc +50 ”;v d_own 1o 72D *C with prewarmed unit
Storage temperature -20 o +70 ‘C .

Humidity 10 to 80 % non cond., 516 95 % rel. humidity
“ibration ¥ MIL-STD 810F 514.5, procedura |

Shock * MIL-STD 819F 518.5, procedure }




Pressure sensor
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Technical Data
bar 0..200

Calibrated partial range bar 0..50
Overload bar 250
Sensitivity at 200 °C. plibar =15
Natugal frequency kHz 130
MW g o g1 v % F0 2206
Acceleration sensitvity

Axial bar/g <0005

Radial bar/g <0005
Oper. temperature range C <350

200 £50 °C % <315
Thermal shock

At 1500 min «1.9 bar imep

Ap {short-time dnft) bar <208

Aimep % <24

APmax % <z
Insulalion resistance of sensor

At 208 0 »10%

At 2000 ¥ >0
Insulation resistance of spark plig

At anbient temperature

Between contal slectroge

and spark plug body 3t 1OV | M0 >4 00
Eipctrical final wst of spark plug

Spark discharge for 7 53204V
Break teough resistance KW <35
Tightening torque of sensor Nm 2 .. 08
Tightening torque of spark plog Nm 6.2
Tapaatance for sensor

with 1 m cable pF 110
Veight Gwith protection cartndge) g 130




Appendix B : Distillation curve for Ethanol and Gasoline
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Appendix C : Mixture stratification study (Tomita’s study)

Ignition timing after swirl valve closing fsv
Short - - long
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~ Swirling Flow — Weak

Ignition timing after end of injection i
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Figure above shows the. relation between equivalence ratio near the center
measured with the LIF method and the combustion period of initial stage for various
conditions in ty,=10, 100 and 300ms N @ene=0.3 with error bars that mean the
standard deviation of concentration fluctuation near the center of the combustion
chamber. In t,,=10ms, the standard deviation was small because the fuel near the
center diffused very much. In t,,=100ms, the standard deviation was large while in
ty=300ms, the fuel did not diffuse very much. Therefore, inhomogeneous mixture
includes stoichiometric one even if it is lean or rich on the average in t,=10 and

100ms and the averaged lean and rich limits of flammability became wide.

Source: Eiji Tomita and Nobuyuki Kawahara "Effects of Swirl Flow and Inhomogeneous
Concentration Fields on Combustion of Propane-Air Mixture in a Constant-Volume

Vessel" JSAE paper No.700-8530. 2000.
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Appendix D : Flame speed in alcohol fuel study (Takashi’s study)
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Laminar burning velocity of various iso-octane and ethanol blended.

Source: Takashi HARA et.al “Effect of the ethanol addition on the laminar flame

speeds of primary reference fuels” ', JSME 4725
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Appendix E : Ethanol promotion in Thailand

Alternative Energy Policy for Ethanol Fuel
Ministry of Energy had determined the energy strategies for a country
competitiveness, which had been approved by the cabinet on 2 September 2003.
One among these strategies is the sustainable alternative energy development that
had set the target on increasing the proportion of commercial renewable energy or
renewable power generation/industry from 0.5 percent in 2002 up to 8 percent by
2011. Biofuel development, as for ethanol and bio-diesel, is a goal under the Plan of
Increasing Proportion of Renewable Energy Use. Ministry of Energy, by DEDE, had
established a Gasohol Strategy to propose in the Joint Meeting between Ministers of
Energy, of Agricultural and Cooperatives and of Industry and then proposed to the

cabinet on 9 December 2003, which the summary is as shown below.
Objectives of Ethanol Strategy
® To create the sustainable energy security of a country and communities
® To enhance the potentials of communities to be energy production sources
* To support a domestic bio-chemical industry development
Target of Ethanol Strategy
Ministry of Energy had set the target on using an ‘ethanol for MTBE substitution in

gasoline 95 by 1 ml/d by 2006 and-on using an ethanol for 3 ml/d for MTBE

substitution in gasoline 95 and for oil substitution in gasoline 91 by 2011.
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Alternative energy for energy import reduction.

Development Strategy on Alternative Energy

fp e for 2008 - 2022
e T e

r\/ ESCO Fund

e

Target 5,608 MW
Existing 1,750 MW

Sl R

Power
Generation

Biofuel
Reduce GHGS 10.5 mton/yr
Substitute Energy of 19,800 ktoe/yr
Reduce Energy Import 461,800 mTHB/yr
Reduce GHGs 42 mton/yr NGV

— 2008 .22 2011

Projected with 2008 average crude oil price of $94 45/ barrel

Ethanol promotion strategy
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_ 'NEPC = National Energy Policy Council
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Cab. Res. 18 May 04

new vehicle procurement
-Requested governments
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Transportation tax for alternative fuel vehicles.

Thai Automobile Tax Structure

* Energy Saving and Environmental Tax Incentive -~ Municipal Tax calculate from Excise Tax
" E20 5% reduction from normal rate {ex. Normal rate of P-car 2,000 cc. is 30%, E20 5 305 = 25%)
Source: T. Boonyamam, Expert meeting on Survey Analysis of the Road Transport Sector for Reducing €Oz Emission. Bangkok, 15Feb 2011
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ABSTRACT

The increasing of global energy demand and- stringent
pollution regulations have promoted research on alternative
fuels. In Thailand, ethanol, can be produced from many
sources of national agriculture products as renewable fuel,
which was strongly promoted by government due to its
many merits for use in transportation field. In this study,
combustion characteristics of ethanol-gasoline blend (20%,
85%, and 100%) as well as pure gasoline (E0) were
investigated by using a swirl-generated constant volume
combustion chamber. Flame propagations of different fuel
blends were observed by high speed Schlieren photography
technique while pressure history data were recorded for
detailed  combustion analysis.  Combustion - behavior,
combustion duration and rate of pressure rise of all tested
fuels were investigated in various swirl intensities and
equivalence ratios. In addition; effect of swirl intensities and
ethanol concentration on lean misfire - limit~ were also
discussed. The results showed that the high concentration of
ethanol blend with the high swirl intensity can significantly
extended lean misfire limit while lowering combustion
variations. Furthermore, _combustion  duration can  be
accelerated by increasing the percentage of ethanol in fuel
blend. Through this study, a better understanding of
stratified charge combustion’ fuelled with. ethanol/gasoline
blends can be achieved.

INTRODUCTION

With the increasing concern on fossil fuel shortage and
environmental issues from continuously increasing global
energy demand, the development of alternative fuel engines
has attracted more attention. Alcohol, especially ethanol,
was the challenging candidate in altemnative fuel since it can
be produced from many sources of biomass, and is indeed
the renewable energy. In addition, the raw materials for
ethanol production, cassava and sugarcane, are also the main
economic crops in Thailand. Despite the lower heating value
of alcohols compared to that of gasoline, alcohols release a
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little more heat than gasoline under the same equivalence
ratio [1], [2]. Moreover, high octane number allows higher
compression ratio; thus, an engine fueled with ethanol can
run with higher power output and better thermal efficiency
than that of gasoline fueled engines[3].

For stratified charge engine, it is well known that lean,
stratified combustion can reduce fuel consumption and gain
some. merits in gasoline spark-ignited, direct injection
engines for several reasons. First, unthrottled operation
allows for a significant reduction in pumping loss, especially
at low loads. Second, the lean mixture being compressed has
a_higher ratio of 'specific heats. This allows for a more
efficient compression and expansion process [4]. In theory,
for an Otto-cycle engine, the efficiency 77, can be written
as1, =1=(1/7.7), where ,. is compression ratio and
K is specific heat ratio. As an engine operates leaner, the
specific heat ratio of combustion mixture becomes higher. I
the specific heat ratio ( K") can further be raised, the heat
efficiency and engine power output can be improved [2). In
addition, volumetric efficiency in stratified charge engine
could be increased by cooling effect from direct injection
process [2, 5]. As a result, using ethanol in stratified-charge,
spark-ignition. -~ direct-injection - engines is capable of
achieving significant gains in both volumetric and thermal
efficiencies [6].

Although this combustion can achieve many kinds of
advantage for combustion characteristics, it produces much
unburned hydrocarbon and soot because of inhomogeneous
charge mixture in the combustion chamber. The main
problem-is a nusfiring under lean operation even if whole
air-fuel mixture is very lean [7). In stratification, air-fuel
ratio tends to be over-rich in the middle of the mixture and
over-lean in the periphery bordering surrounding air. It is
essential to minimize the above mentioned air-fuel ratio
difference by enhancing the stratification degree, defined by
the ratio of fuel quantity involved in nearly stoichiometric
mixture zone to total fuel quantity. As the stratification
degree becomes low, unburmed fuel amount increases and
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fuel economy deteriorates. Therefore, it is necessary to
investigate the combustion characteristics in order to obtain
the stable lean combustion.

In this study, the effect of swirl ratio on the combustion
characteristics was investigated in the ethanol /gasoline
blends, which vary from pure gasoline (E0) to pure ethanol
(E100) in the swirl-generated constant volume combustion
chamber. With the pressure analysis data, rate of pressure
nse (dp/dt), combustion duration and mass fraction buned
rate were analyzed while high speed video camera was used
to observe flame propagation during combustion processes.

EXPERIMENTAL APPARATUS AND
PROCEDURE

EXPERIMENTAL APPARATUS

{Feed pump ~— Fuellank |

| Controller ! . .
o BoX | High pressure

"Driver circuit " Injecic Bapgeigpie—| Controlter |

lgnihor; (‘:‘&.I

| Pressure | Charge |
e I i transducer i ampliker |
Check vaive
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valve i regulator ' compressor |

Figure 1: Schematic diagram of experimental apparatus.

Figurel shows the schematic diagram of the experimental
apparatus used in this study. It consists of five major
systems. First, air - supply - system, contains with = air
compressor and intake swirl port with pressure regulator for
making a swirl flow and inducing fresh air charge into the
combustion chamber. Second is fuel system, where low
pressure fuels were delivered from. fuel tank with feed
pump. Then, the cam-dniven high pressure fuel pump from
Mitsubishi GD1 engine pressunized the fuel up to 4.5 MPa
before sending the fuel to the swirl nozzle injeetor. Third,
heating system, 1s composed of two band heaters (1300 W)
attached outside the chamber wall while initial temperature
(Ti) was controlled by the thermo-switching  controller.
Forth, control module was used to control the signal
sequence and to interface with a data acquisition system.
Last system was the data acquisition system, A piezo-
electromc pressure transducer (Kistler model 611BFDI16)
was used to measure the combustion pressure and the charge
amplified electrical signals including high speed data
acquisition system (Dewetron model DEWE-5000) were
used to record, filter and condition the signal from the
pressure sensor. Details of the measurement and actuator
devices of constant volume combustion chamber were
shown in fig 2. Figure 2 shows a schematic diagram of the
constant volume combustion chamber. The internal diameter
and width of this chamber are 70 mm. and 100 mm.,
respectively. The volume capacity is 385cc. Two quartz
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glasses windows with 35 mm. thickness are equipped at
both sides of the combustion chamber for optical access and
visualization of the flame propagation propose. Swirl port
allows an induced air to flow into the combustion chamber
in tangential direction to realize the swirl flow in the
chamber. Graphite gaskets are attached in both side of
quartz glasses to absorb impact load from combustion. The
spark plugs are located to the central of the combustion
chamber to generate the spherically expanding flame and
prevent heat transfer to the chamber wall.

Swirl nozzle
Injector

Thermocouple

Exhaust port
Pressure transducer

Spark plug
Swirl inlet port

Band heaters

Figure 2 : Actuator and measuring device of constant
volume combustion chamber.

Flame propagation during combustion process was
visualized by high speed video camera (Photron FASTCAM
SA3) with 50 mm. F1.2 lens at 6000 fps and 1/10,000 sec.
of shutter speed. For a clearly-defined flame edge, Schlieren
photography technique was used in this experimental study,
and the result of flame visualization images was analyzed
corresponding to pressure history data. Figure 3 shows the
arrangement of Schlieren system for flame visualization.

Pin hole
ce ) ‘
Concave mirror 1
Combustion chamw

Y= S

Knile edge

Concave mirror 2
Figure 3 : Schlieren photography setup.

EXPERIMENTAL PROCEDURE

Figure 4 shows the example of signal sequence from control
module. Fust, fresh air charge from the air compressor will
be regulated according to swirl intensity, and then the
solenoid valve was allowed to open and to close at certain
timing. Second, high pressure fuel was directly injected to
the constant volume combustion chamber. Amount of fuel
injected and also its durations were adjusted according to
each required air/fuel ratio. After that, ignition coil was
energized for supply spark energy at the tip of electrode to
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initiate the flame kernel. In addition, camera trigger signal
was used to control the shutter timing and marking the
starting point of ignition from high speed video camera.

Because of limitation of utilizing the constant volume vessel
thus the timing might be quite different from that in an
actual engine condition. However, criterias for setting each
timing use in this experiment study were based on the
results of Shadowgraph images. First, fresh air charge from
the air compressor will be regulated according to swirl
intensity, then the solenoid valve was allowed to open and
closed at 1.5 second for ensure that the air was filled in the
whole chamber. Afler the solenoid valve closed, the swirl
flows were deteriorated as shown in fig.7. In this experiment
strengths of swirl motion were varied by applying different
pressure between fresh air induced and combustion chamber
pressure. After the time around 100 msec.. values of swirl
velocities were consistent with the air velocity at 4.2 - 8.3
my/s. At this point. the author assume as the start of ignition
point. Second, high pressure fuel will be directly injected to
the constant volume combustion chamber. Amount of fuel
injected and also its durations were adjusted according to
each required air‘fuel ratio. Because of this experiment
study was conduct on constant volume combustion chamber.
Therefore. quantity of available air were fixed while
equivalence ration or air/fuel ratio were controlled by
amount of fuel injected. In addition. fuel pressure was fixed
at 4.5 MPa for avoiding thec compressible cffect of fuel mass
and this value was consistent with the real GDi eéngine
condition.

Voltage

d= 10 msor

1.5 sec
g

Sateamdvake sign

time

O msec 100 miset
Figure 4 : Signal Sequence from controller

Injection duration vs equivalence ratic

Figure 5 : Calibration chart for setting the injection
duration
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The relationship between injection duration and equivalence
ratio of each tested fuel ware prepared in form of injection
calibration charts before the testing as be illustrated in fig.5.
After that, ignition coil will be energized for spark energy at
the tip of clectrode to initiate the flame kernel. Ignition coil
charge time was set as constant at 3 msec. for avoid damage
from over-charged effect. For the injection and ignition
interval, defined as ““d” in the fig.4, it was fixed at 10 msec.
This timing came from observation of the mixture motion
phenomena. At 7 msec. after the end of injection, the
mixture vapour have just fully formed whole the combustion
chamber. After that, it has to be waited for a moment for
mixture development in swirl direction. The later 3 msec.
the mixture have been affected to the swirl motion. The
mixture motion images against the time after end of
injection time were shown in fig.6. All of signal sequences
timing were be controlled by using the interfacing software.
The value of “a”, “b™, “c”, “d"" and “¢” in fig. 4 can be set in
the software while parameter “x” and “y’ were automatically
calculated before sent to various actuator. As can be seen in
fig.4, swirl strength for a given different pressure can be
changed with setting the longer timing “b™ because the air
motion velocitics were deteriorated as the time left (shown
in fig.7) while the injection-ignition timing was controlled
by setting the timing “d”. The start of injection(x) was not
fixed. It depends on injection duration(c) and injection-
ignition interval (d). In addition, camera trigger signal was
used to control the shutter timing and marking the start of
ignition - point from high speed video camera. The
summarized of timing were also shown in the table 1.

Time after end of ijection
3 msec 5 meec 7 msec 10 msec 12 msec

0.1

02

0.3

G4

Swirl intensities ( AP ) MPa

05

Figure 6 : Mixture motion aguinst the time after end of
injection

Table 1 shows the experimental conditions used in this
study. Since ethanol-blended gasolime fuels are in the liquid
phase at the normal temperature, initial temperature in this
experiment was fixed at 450 K, which is higher than
evaporation temperature of all tested fuel to avoid a misfire
when the fuel was injected into the combustion chamber.
Imitial pressure in this experiment (P, ) was set at 0.5 MPa.
I'he phenomenon that occurs in this vessel experiment in
relation o an engine is o be limited. The initial pressure
also quite different from the real engine condition due to
lack of pressurized equipment. Thus, the combustion
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process will be limited to the early stage of compression
stroke. The total equivalence ratios of 1.0, 0.8, and 0.6 were
simulated in overall lean condition. Tested fuel in this
experiment study were varied from EO (0% by volume of
ethanol fuel), to E20, E85 and E100 (pure ethanol fuel) for
an investigation on the effect of ethanol concentration on
combustion characteristics.

Table 1 Experimental conditions

Experimental variables Conditions
Initial temperature (K) 450
Initial pressure (MPa) 05
Coil charge time (msec) “e” 3
Injection pressure (MPa) 4.5
Inj - Ign Interval (msec) “d” 10
Ignition start (msec) “b” 100
Solenoid valve duration (sec) “a” 15
Tested fuel EO,E20, E85, E100
Equivalent ratio 10,08, 06
Swirl intensities in AP (bar) 1.0, 2.0, F:;':.(()1',4.0 and
Swirl intensities in velocity (m/s) 42, 5-08. g~3. 6.3,

Swirl intensity setup

It is known that the mixture distribution and stratification
level in stratified engine are strongly related to the injection
timing, injector location and turbulence{1, 2. In this study,
Stratification levels were controlled by wvarying the
turbulence strength which was generated by the swirl flow.

Air velocity (m/sec)

© @ N W E G N® ©

0 20 40 60 80 100 120 140 150 180 200
Time after solenoid valve close (msec)

Figure 7 : Regression trace of air velocity against the time
after solenoid valve close.

Swirl intensities were varied by adjusting the different
pressure between pressurized air inlet and chamber pressure.
Low swirl conditions were obtained by less different
pressure adjustment while high swirl flows were generated
by regulating in more different pressure. Strength of air
swirl generated by air induction through tangential inlet port
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was calibrated by measuring moving speed of stripes
appeared in Shadowgraph image of air flow. Figure 7 shows
the regression traces of swirl speeds against the time after
solenoid valve closed. The timing after solenoid valve
closed was set at 100 msec. on each experimental condition
while different swirl speeds were changed by varying the
different pressure. The images of stratification mixture when
applying different pressures were shown in fig.6. In this
figure, it can be seen that vapor mixtures were distributed
more as the swirl flow increased.

Lean limit investigation

Lean limit is the leanest air-fuel mixture that will sustain
flame propagation. When relating air-fuel ratio to cylinder
pressure or exhaust gas content as the air-fuel ratio increases
from stoichiometric, a point is reached where variations
increase sharply, approximately the lean misfire limit.
Variation of peak pressure and area under the pressure
verses crank angle curve has been found to be the most
sensitive parameter which describes where combustion
changes occur. In this study, lean limit was defined as the
minimum- equivalence ratio that reached the maximum
acceptable value of coefficient of variations on peak
pressure. For better understanding, figure 8 shows the
definition of lean limit that use in this study. In this study,
the data of 20 cycle of each condition were collected for
investigate the lean limit and maximum acceptable value of
CoV was 20%.

Coeffient of variation on peak pressure { High swirl )
100 %

; k4! ¢
T 80 b t
"\—2 ; ‘I e 25k; +- E100
50 L) i s
& 2 § ) ] u--E85
ReCY - E20
\T Y 4 ‘
o (I 2 >~ EO
O 20 -» ~~~~~~~~~~ §‘“?!“" Ly T e
i\!&;}.&u st %, TN
o B -
0.25 0.34 03 | a0 0.48 0.50
& 1
: H
b 4 *
Lod st ol 8150 dwan hatid ot B
Figure 8 : Lean limit defindtion.

Rate of heat release, rate of pressure rise and mass
fraction bum

In this section, rate of heat release (ROHR) can be
calculated by applying the first law of thermodynamics
regardless of the heat transfer to the chamber wall. Then,
ROHR will be obtained from the following equations.

(iQ] =mc, “a Pﬂ m
dt dt dt

/ release

Apply the ideal gas law, equation (1) becomes [8], [12]
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Since the experiment was conducted in constant volume
combustion chamber, the following equation is obtained

I
dt )gewe \k=1)clt

Where V' is the volume of combustion chamber and A as
the specific heat ratio?

As for a qualitative analysis, by neglecting the heat transfer
during combustion, the deviation for turbulent combustion
by this treatment is small due to the short combustion
duration [8]. Thus, the rate of pressure rise is proportional to
the rate of heat release; and the information of heat release
rate can be reflected by the information of pressure rise rate.
Hence, heat release rate can be calculated directly with the
pressure history data [7, 9-11].

3 Ton, = on, Flame kernel developiment period
Tyen “ Toon,  COMbusticnduration period
10
e
[X] P£e
£ /=
3 /
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2 7
g /
&= /
»
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= /
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0.1 o 4
0.0 el
Time

Ly = Do ™ Lygmg o,

Figure 9 : Investigation of combustion duration using
mass fraction burn rate dara.

Mass burned fraction was calculated based on the pressure
data obtained from the experimental results as follows [9]

P()-F,
M,m=20=% @
[mu - Il
Where P (1) is the combustion pressure

P, 1s the initial mixture pressure, and

Pi 1s the maximum combustion pressure
If the mixture gas is fully burned when it reaches peak
combustion pressure, 1t can be calculated according to the
relative value of the combustion pressure. It is noted that
M10 stands for 10 percent combustion and M100 stands for
100 percent combustion [9]. Figure 9 shows the defimtion of
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combustion duration, which is expressed from 10% mass
fraction bum to 90% mass fraction burn [10].

RESULTS AND DISCUSSIONS

Effect of ethanol content on the rate of pressure
rise and mass fraction burn

Figure 10 shows the effect of the ethanol content on the
combustion pressure at  medium  swirl  intensity
(AP=03MPa). As indicated this figure, the maximum
pressure appears in pure ethanol (E100) at 3.05 MPa. The
peak value of combustion pressure decreases with
decreasing ethancl content in the mixture due to lack of
oxygen concentration of fuel. Also, the length of time
required to reach the maximum value of the combustion
pressure is retarded in accordance with the decrease of
ethanol percentage.

35
80,
& H
=25
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o' 20
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g 154
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Time after ignition start {sec)

Figure 10 : Pressure data (O=1.0, swirl = 0.3 MPa ).
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Figure 11 : Rate of pressure rise (0=1.0, swirl = 0.3 MPa).

The rate of pressure rise is a very important parameter
because this relates to heat release rate. as described in
previous section. The effects of ethanol content on the rate
of pressure nise were illustrated in fig. 11, The peak value
of the pressure rise rate was rapidly increased and its timing
was shortening at high percentage of ethanol. E20 had not
significantly changed in maximum pressure rise  rate
compared to pure gaschne (ED) However, it can release
heat earlier than that of the EO. Table 2 shows the [uel
properties table. from this table heating value of E20, E8S

139



and E100 are less than EO but the amount of fuel injected
need to be more for maintain the correctted equivalence
ratio. If consider at the same equivalence ratio, the heat
input was not significant changed when changing type of
fuel.

Table 2 Fuel properties table
Fuel EO E20 EBS E100
Formula (Cs2eHiss) - = (C;HOH)
molecular weight 11418 88.12 | 50.60 46.07
| Ethanol content
% vol) 00 199 789 100.0
Carbon content
ow) 849 7985 | 55.36 522
Hydrogen content
151 1288 | 1289 130
(Yowt)
Oxygen content
. 7 Y. .7
(% wl) (] 54 31.75 34
LHV (MJXg)} 440 406 295 269
Air/fuelratio 1463 13.51 9.87 9.03
Benzene content
{% Vol) - 214 0.24 -
Aromatic content
% Vol) - 303 6.2 -
Heatof
vaporization 305 - - 840
{kdikg)
RVP
4 590 444 s
*Pa) 58 16.0
Specificgravity | 072078 | 0.7604 | 0.7830 08
RON 920980 | 983 | 1016 |  107.0
MON 80.0-90.0 845 911 89.0

The companson of energy supply i term of energy required
per a kilogram of air was illustrated-in fig. 12- Hence, the
different ol maximum pressure and rate of pressure 1ise
when utihzing the ethanol blend fuel can be discussed that
oxygen conceniration of each fuel might be different and it
might be effect to the combustion process in term of
oxidizing performance, High oxvgenated fuels such as E100
and E85 have more capability 1o oxidize with oxygen more
than E20 or pure gasoline (EQ)
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5 #EGS
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b
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10 08 o8
Equivalence ratio (0)

Figure 12 : Comparison of energy input with different
equivalence ratio.

From quantitative analysis. combustion duration may be
taken mto account by using mass fraction burn rate data.
Figure 13 and figure 14 show the results of mass fraction
bum rate and combustion durations of various ethanol-
gasolne blended fuels at medium swirl condition. All fuels
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were tested with equivalence ratio equal to 1.0. As indicated
in fig. 13-14, the combustion periods were to be shortened
and accelerated by high concentration of ethanol in blend
fuel. The combustion duration were 3.6 msec, 5.2 msec, 6.4
msec, and 7.6 msec in case of E100 (pure ethanol), E8S, E20
and EO, respectively. This demonstrates that ethanol content
may accelerate the combustion period and reduce time of
heat Joss in early stage of the combustion.

Swit intensiy AP = 0.3 WP ¥
9% @=10
P.* 05 MPa
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£
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Figure 13 : Mass fraction burn of E100, E85, E20 and EO.
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Figure 14 : Combustion duration result (base on mass
Sfraction burn rate data).

Comparing to the inages of flame propagation that shown in
fig 15, This result were the Schlieren images of flame
propagation that taken with high speed video camera. All of
fuel were tested at stratified condition, swirl ntensity was
set-at 0.3 MPa of different. pressure and operate under
stoichiometrie condition (@+1.0). Flame propagation images
just show only flame kernel development process. It were
not cover whole combustion process. As shown in fig 15,
flame developwment of ethanol fuel showed the fastest rate
compare with lower ethanol concentration. These can be
discugsed that the fuel properties, especially the oxygen
content, can affect to the flame speed in term of increasing
performance of reaction rate. With increasing the ethanol
concentration in the fuel, oxygen content will be also
increased as shown in table 2. Due to the ethanol blended
fuel (E100, E85 and E20) have more oxygenated properties
than the pure gasoline. Thus, flame speeds that were
depended on oxidation rate were mcreased
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Figure 15 : Schlieren images of gasoline/ethanol blend
and ethanol firel during flame kernal development process.

Effect of ethanol content and swirl intensity on the
lean limit

According to definition of lean limit that were discussed in
previous section. As the coefficient of variation on peak
pressure reached 20% of vanation, that peint may be
assumed as the lean limit point. Figure 16 shows the lean
limit of each tested fuel in various swirl intensities. With
increasing ethanol concentration in blended fuels, the
mixtures have more capability to combust at. lower
minimum equivalence ratio. In low swirl condition (AP=0.1
MPa), E0, E20, E85 and E100 have the Jean limit at @ =
038, @ =0.37. @ =033 and ® = 0.31, respectively. These
can imply that ethanol concentration have an effectiveness
to improve stability of combustion, especially in overall lean
condition by extending the lean limit range. This behavior
can be discussed that ethanol can be ignited and combusted
at the lower equivalence ratio becanse an air/fuel ratio of
gasoline and ethanol/gasoline blends are different. Thus, if
ethanol/gasoline blends are subjected to the same
equivalence ratio as in the pure gasoline, additional amount
of the fuel is required for the same equivalence ratio.

For the effects of swirl intensity on lean misfire limit, they
have many parameters that can affect to the initial flame
kernel. Therefore, any effects of lemperature or ignition
energy were be neglected. The initial temperature was set at
450 K, spark gap was 5 mm for related to standard
conventional spark plug. Spark energy is controlled by
setting ignition coil charge time which is 3 msec. The results
in this study were focused only on the effects of
stratification degree, which were realized by the swirl flows,
to the lean limit range. From the results, it found that lean
limits tend to be lowered as increase swirl strength. EO has
the lean limit at @ = 0.38 in the lowest swirl condition while
high swirl condition, E0 has the lean limit at @ = 0.36. These
results show the same trend as E20 and E85. From the
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result, when apply the highest swirl flow, E0, E20, E85 and
E100 reached the minimum equivalence ratio at 0.36, 0.34,
031 and 0.30 respectively. In the lowest swid flow
condition, EO, E20, E85 and E100 have the lean limit at @ =
0.38, 9=0.37,0=10.33 and @ = 0.31, respectively.

However, E100, lean limit was not significant change when
applying the swirl intensities. As illustrated in fig 16, lean
limit of E100 were @ = 0.31, ® = 0.31, @ = 0.31¢ = 0.30 and
@ = 0.30 at swirl condition of AP = 0.1, AP = 0.2, AP =0.3,
AP =04 and AP = 0.5 MPa, respectively.

®mEQ #E20 =EBS

Swirl Intensity or AP ( MPa)
o
w

2.25 ‘ ‘ 030 0.35 0.40
Equivalence ratio (@)

Figure 16 : Effect of ethnaol concentration and swirl
intensity on lean limit.

These demonstrate that swirl intensity can support the
combustion stability in the lean condition by extending the
lean Jimit range. Even though, lean limit of pure ethanol
couldn’t change with swirl flow. These phenomena may be
discussed that atomization and vaporization of fuel were
accelerated by the increasing of turbulence intensity and
decreasing of the impinged fuel, both of which were caused
by the swirling flow. These can imply that swirl flow can
enhance the stratification level. Hence, lean limit of
gasoline(E0), E20 or E85 can be extended by swirl flow. In
other word, ethanol fuel, which is comprised of only one
component; has lower carbon atom than the gasoline or E20
and E85. Consequently, it may be diffused by swirl flow
easier than the gasoline, E20 or E85 which are comprised of
various higher carbon atoms [12]. ‘As ethanol can easily
diffuse, vaporization of ethanol fuel may be fully completed
since before the ignition start regardless of swirl generation.
The comparison result of E0 and E100 spray were shown in
fig. 17. From the shadowgraph images, the chamber
pressure was set al zero gauge pressure and temperature was
50 'C without swirl flow for clearly detail observation of
spray pattern and avoid temperature gradient effect, it can be
seen that EO has start to vaporize earlier than E100 but when
the time left, E100 fuel was fully evaporated into vapor
phase faster than that of the gasoline (E0). It can imply that
EO fuel has more light and heavy fraction than ethanol fuel.
Thus, the lighter components tend to be evaporated early in
the beginning stage while ethanol fuel wasn’t start. Afier the
time past, heavy fraction in gasoline (E0) still remained
while ethanol fuel which have only one component already
completely changed into the vapor phase.
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development

The result clfect of equivalence ratio on flame kemed
development was shown i fig 18 As decrease the
equivalence ratio or operate at leaner condition, flam kemel
edge shapes of all tested fuel were deferiorated In addition,
compare with E20 and ESS, higher cthanol content fuel, and
show more stable flame edge. H , emrcular expandi

CONCLUSIONS

The combustion characteristics of gasoline/cthanol des
were mvestigated by using Jume. comb
chamber. Following conclusions can be drawn.

L From the results of pressure rise rate, which were
corresponding 1o rate of heat release, blending in higher
combustion

ﬂamempctwwefomﬂmﬁlwmwwlmﬁxim
E20 blend, flame devel show the unpredictable and
non-uniform shape at all equivaknce ratio. However, rate of
flame development was ferated by increasing the
ethanol concentration in blended fuel. These may di

tag ofahamlmﬁn],mbcm
dmmtmb) 2 flame & and
mereasing mepakwlmalmmlmtw }‘nwmnmv.
higher cthanel concentration fuel such as E100 and ERS, the
combustion process occur more advance than that of pure
gasoline (E0) when compare with the same equivakmee

that mixture formation capability can be improved by using
ethanol fuel. Furthermore, although cthanol blend have an
higher octane number, oxygen content within fuel itself can
enhance oxidation rate and accelerate the iitial stage of
combustion regardless the octane rating. The rate of flame
development may be varied with the different equivalence
ratio. It can be told that rate of flame development may be
nfluenced by energy input.

Time after injsction start (msec)

G &3 m 50 s 3 1 o, 4.5 sae.

Bt WP T8 BT B n 4 S A

Figure 17 : Spray images of Gasoline (E4) and Ethanol
(E106) fuel

E100

E85

E20

Figure 18 : Effect of equivalence ratia on flame edge
stability

SETC2011

ratio. These may cause from the oxygen content within fuel
itsell can enh oxidation mate and ) the initial
stage of combustion regardless the octane rating.

2 In nlmckmmdn; condition, EO has the longest

bustion durati § with other blends. On the
other hand, E100 has th:: shortest duration, bum rate was
30%% faster than EO while E835 and E20, combustion duration
were shorten amount of 30% and 16% when compare with
pure gasoline (EOL 1 3 well known that the flame speed
was related to the air'fuc] ratio and mixture has the highest
flame speed ot equivakenee malio equal 1o one. From the
results of combustion duration, il can wmply that utilizing
<thano! blended fucl can make the stoichiomsatric in the
wider area compare with the pure gasoline (E0). Becouse
biended fuct such as £20, ESS and £ 100 required mors fuel
mjected and cen be completely vaporieed casier than
comventional gasoline. Conscquently, cthanol blended fuel
have merc change o jon the stoichiometa misture in
wider arca

3. Hagher sthanol porcantages i blepded fuel able 1o
extemd the lean misfire lunit range. Compared with pure
gasolme (E0) &t low swirl condition, mimmum cquivakmee
ratic will ‘be extended amount of 308%. 1201% and
18309 W case of E20. E83 and EID0 pespectively,
Cxuduang performance dug to oxyzen concentration in fuel
may b mpertant paraméter W cohapce s stability.
Furthermuore, 1w higher percentage cthanol bland  fuel,
additional of fucl that squired for maintain the same
cyuivaloncd  ratio can aercase  the chance W form
storchiometric musture i the chamber. Thus the lean himat
sange will be extinded

4. Because of swirl intensity can improve the mixture
distribution performance, Thus statification degree might
be moreasad with applving more swirl mtensity. These
phenomena may bhe discussed that atomwzation and
vaporization of fuel was acceerated by the increase of the
turhulence mtensity and the deercase of the impimged foed.
Under low swirl flow condation, hguid fuel was diffused and
mpinged to the chamber wall. These fuel droplats formed
hguid film on the oylmder wall sudface and weare not
completely vaporized. So. loss storchiometric maxture can
form i low swird condition, In vther word, swirl intensity
can enhance stratification degree that direetly affects the
fean hmit range by diffising amount of fuel W form
storchiometnie mixture m the wider area. As merease the
swil intenstty. coctlicient of vanations (CoV) on peak
pressure were decreased. Smee, vanations of peak pressure
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reflect to the combustion stabiity.  Consequently. high
cthanel concentration and high swul ntensitics ¢an be
enhanced the combustion stabihty by extending the lean
liroil range.

5. Consider i Jean condition, more stable flame edge will
be abtained by high percentage of ethana) blend, especially
in EJon and E8S. From Schlicren mage. he results show
that the percentage of cthanol alfeet 1 the sensitivity of
Name deterioration. As Jeerease pereentage ol <thanol in
blended fuel, Mame shupe will he less stahility with reducing
the equivalence ratio.

6. Even thought the Schlicren imaye of pure gasoline (E0)
shows more uniform shape than that of F83 and F210, the
Name kemnel development rate was slower than all tested
Tuel. Due o oxygen content of tested fuel can be increased
by blended mare ethanal traction in tuel. So. it can imply
that axygen concentration i fuel. especially m EIX) and
E$S ¢an cnhanced the reaction rate m term of higher [ame
speetl compare with pure gasoline

For better understanding of straufied  combustion
phenumena, further studies should include advanced muethod
to identify the consistency of the swirl intensities and
mixture formation distnbution. such as LIF method and {low
Teld simulation as well as optimized the injection-ignition
timing tor the proper equivalence ratios that mixture tormy
near the spark plug.
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ABSTRACT

Lean combustion in spark ignition engine has
been recognized as mean of both improving
engine efficiency and - lowering  exhaust
emissions. However, combustion stability of
this combustion  has been challenging.
Misfiring due to improper mixture strength in
lean operation may be occurred. There are
various parameters related to stability on lean
combustion such "as swirl or tumble flow
intensities, ignition timing, spark energy and
fuel properties. In this study, effect of ethanol
concentration, EO, E20, E85 and E100, on lean
limit were experimentally investigated in
various swirl intensities by using a constant
volume combustion chamber. Coefficient of
variation (CoV) and combustion pressure data
were observed and analyzed by using high
resolution pressure transducer. Experimental
results show that the lean limit of gasoline (EO)
can be extended by using higher percentage of
ethanol content and higher swirl intensity. In
addition, high swirl intensities direct injection
ethanol fuel combustion can achieve the stable
lean combustion along with low cyclic variation
due to the mixture stratification in the chamber.
The cyclic variation decreases with ethanol
concentration and swirl flow intensity.

INTRODUCTION

Due to global energy demand and stringent
poliution regulations have been continuously
increase, development of internal combustion
engine that can be improved both efficiency
and fuel economy are very challenge and
interesting while ability to reduce pollutant
emission should not be neglected.

Lean burn system concept, direct injection
stratified charge combustion, is the well known
technique for reduce fuel consumption and
correspondingly improve engine efficiency. In
theory, for an Otto-cycle engine, the efficiency

7, can be written asz,, =1-(1/7.*"), where

"r. is compression ratio and x is specific heat

[
ratio. As an engine operate leaner, the specific
heat ratio of combustion mixture become
higher. If the specific heat ratio (x) can be
further raised, the heat efficiency and engine
power output can be improved (1). In addition,
volumetric efficiency in stratified charge engine
could be increased by cooling effect form direct
injection process (1), (2). Furthermore, in this
concept, engine is operated under unthrottled
operation. Thus, engine load was controlled by
amount of fuel injected. Therefore, the engine
will  significant reduce the pumping loss,
especially at low load (3). Although this
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combustion technique can achieve many kinds
of advantage for combustion efficiency, it
produces much unburned hydrocarbon and
soot because of inhomogeneous charge
mixture in the combustion chamber. The main
problem is a misfiring under lean operation.
Consequently, unstable driving condition and
high unburned hydrocarbon emission will be
occurred (4).

To investigate this problem, there were many
parameters that influenced on combustion
characteristics such as ignition timing, ambient
temperature, ambient pressure (5) and spark
energy etc (6). Moreover, fuel effect should not
be neglected. Alcohol, especially ethanol, was
the new challenge candidate in alternative fuel
since it can be produced from many source of
biomass and is indeed the renewable energy.
In addition, the raw materials for ethanol
production, cassava and sugarcane, are also
the main economic vegetation in Thailand.
Although the lower heating value of ethanol is
lower than that of gasoline, ethanol release a
littte more heat than gasoline under the same
equivalence ratio. However, the high latent
heat will lead to a decrease in in-cylinder
temperature and hence result in low. NOx
emission. Moreover, a high octane number will
allow an increase in high compression ratio;
thus, an engine fueled with ethanol can have
higher power output and better thermal
efficiency. Furthermore, these are oxygenated
fuels which are beneficial to the reduction of
soot emission (7).

In this study, effect of ethanol content on the
lean misfire limit in  stratified charge
combustion, was investigated by means of
constant volume combustion chamber. In
addition, the effect of swirl intensities on
combustion characteristics has also  been
considered for improving combustion stability

purpose.

As mention in the early part, the consumption
of using fossil fuel, gasoline, can be reduced
by increased engine efficiency and by
expanded use of renewable fuels. The concept
could also facilitate expanded use of ethanol, a
renewable fuel whose wuse is growing
worldwide. Through this study, a better
understanding of stratified charge combustion

Challenger, Impact, Muang Thong Thani, Bangkok, Thailand

run on ethanol/gasoline blends can be
achieved.

EXPERIMENTAL APPARATUS AND
PROCEDURE

EXPERIMENTAL APPARATUS

Since, there are many parameters that affect to
the combustion behavior. Thus, the fuel effect
on combustion characteristics in this
experimental were studied and observed by
using a constant volume combustion chamber
to avoid the error variation from various part in
the real engine such as piston geometry, vaive
timing and ignition timing.

P Etlll { Feed pump — Fuellank |
| Controller | | Statciod condd 28 I B Rt ol
| P & p——K

g, | . High pressure"
l ¢t fuel pump

i Driver circuit =——,

f' Themocouple

Ignition Coil | =
“Pressure Cna;gé
transducer amplifier
Checkvalve : '

P h 4 Laplob

.+ Salenoid. Pressure | i Air

i valve teguiator compressor |

Figure 1 : Schematic diagram of
experimental apparatus

Figure 1 'shows the schematic diagram of
experimental apparatus. This experiment setup
comprise of four major systems. First, the air
supply system. Pressure regulator was used to
regulate the induced fresh air and check valve
was use to prevent the combust gas flow back
to air inlet system. Second, the fuel system.
Low pressure was use to feed the fuel in the
first step before sent to high pressure pump.
Third, the controller system, in this system,
they consist of controller box and injector and
also the ignition driver circuit. The last system
was the data acquisition system. In addition,
for control the initial air temperature, band
heater were used and controlled by separated
temperature controller box.

Detail of constant volume and combustion
chamber and theirs measurement device were
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shown in Fig. 2. The internal diameter and
width of the chamber are 70 mm and 100 mm,
respectively. The volume capacity is 385cc.
The quartz glass windows with 35 mm
thickness are equipped at both sides of the
combustion chamber for optical access and
visualization of the flame propagation. Swirl
port allows the induced air to flow into the
combustion chamber in the tangential direction
to realize the swirl flow in the chamber.
Graphite gaskets are attached in both side of
quartz glass to absorb impact load from
combustion. The spark plugs are located to the
central of the combustion chamber to generate
the spherically expanding flame and prevent
heat transfer to the chamber wiall.

Constantvolume
combustion chamber

Graphite gasket

Quatz giass

(@)

Swirl nozzle
Injector
Thermeocouple Exhaust port

Pressure transducer

Spark plug
Swirl inlet port

Band heaters

(b)

Figure2: Schematic diagram of the
constant volume combustion chamberin
{a) disassembly and (b) cross-section views

Ambient pressure (P) that is the initial

pressure inside the chamber is controlled by
adjusting the pressure regulator, which also

Challenger, Impact, Muang Thong Thani, Bangkok, Thailand

induces pressure corresponding to the swirl
intensities. A piezo-electronic  pressure
transducer (Kistler model B11BFD18) was
used to measure the combustion pressure and
the charge amplified electrical signals including
high speed data acquisition system (Dewetron
model DEWE-5000) were used to record the
signal from the pressure sensor Two band
heaters (1300 W) were attached to the
chamber wall to control the initial temperature (

T)
EXPERIMENTAL PROCEDURE

First, pressurized air induced from air
compressor tank was regulated according to
No. of swirl intensity by pressure regulator.
Then, flow though to the combustion chamber
by the swirl-inlet-port for realizing the swirl flow
with combustion_chamber. Then, tested fuel
were delivered from fuel tank to high pressure
pump by low pressure feed pump. After that,
the cam-driven high pressure fuel pump will
pressurize the fuel up to 40 MPa before deliver
to the direct injection injector.

Since ethanol-blended gasoline fuels are inthe
liquid phase at the normal termperature, initial
ternperature in this experiment was fixed at
450K, which s _higher than evaporation
ternperature of all tested fuel for avoid misfire
when the fuel was injected into the combustion
chamber (B). To observe combustion hehavior
in early stage of combustion, the initial
pressure (P) was set at 0.5 MPa. The total
equivalence ratio was varied from 1.0 to
minimum combustible value .

Table 1. Experiment condition

Experimental variables Conditions
Initial temperature (K) 450

Initial pressure (MPa) 05
Ignition time (msec) 10
Injection pressure (MPa) 45

Inj — Ign Interval (msec) 12
Equivalent ratio Lessthan 1.0
Swirl intensities or AP 0504030201
(MPa)
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According to table 1, the ignition duration was
set at 10 msec. Time duration from injection to
ignition in this experiment was fixed at 12 msec
to ensure that the fuel spray can be fully
developed.

In order to manage the air induction timing,
injection duration, injection — ignition interval
and also the camera triggering, The controller
box was use to interface with self-building
software via laptop or PC. As show in Fig. 3,
the signal sequences from controller command
to the air solenoid valve, injector and ignition
coil according to the given timing.

Finally, during the combustion process. The
combustion pressure signal that was recorded
by the pressure transducer will be conditioned
and sent to the charge amplifier. Then these
signals were analyzed by data acquisition
software in laptop or PC.

_____ Solenoid valve
ﬂ injector
)
©
:-5 ﬂ Ignition coil
>

Time
Figure 3: Signal sequence pattern

Setup of equivalent ratio (@)

For calculation of the equivalent ratio, the
following equation can be used (1).

_ (mj /rna )acmal
(m,/m,)

theory

Where (M ;/M,) 00 is real fuel /air ratio
and

m,/m
711, oy is theoretical fuel /air ratio

Challenger, Impact, Muang Thong Thani, Bangkok, Thailand

(mf /m, ),,my can be calculated by means of
chemical equilibrium of combustion. The fuel
properties and their air/fuel ratio are shown in

table 2 while actual air mass (ma )ac nat VETE

calculated base on ideal gas law using initial
pressure, initial temperature and combustion
chamber volume. Thus, equivalent ratio (&)

will be varied by changing in fuel mass injected
(M) the mass of the injected fuel was

calibrated with the injection duration time as
shown in Fig. 4

Table 2 Fuel properties (9), (10), (16), (17)

Fuel EO E20 |E85| E100
Formula {(Cs2sH1s5)| - - [(C2HsOH)
molecular
weight 114.18 | 88.12 [50.60[ 46.07
Ethanol
content 0.0 199 (789]| 100.0
(% vol)
Oxygen
content 0.0 7.54.131.75| 347
(% wi)

LHY (MJ/kg)|  44.0 N 26.9

Airffuel ratio| 14.63 | 1351 |9.87 9.03

Heat of

vaporization| - 305 - - 840
(kJ/kg)
RVP
(kPa) 58.4 59.0 1444| 16.0
Specific = 0.783
“gravity 0.72-0.78 |0.7604 0 0.8

RON 92.0-98.0| 983 [101.6] 107.0

MON 80.0-90.0| 846 [91.1 89.0

Lean limit investigation

As known, the important thing in stratified
charge combustion is the stability of the flame.
Misfire will occur if the mixture and condition
are not suitable to ignite. Overall lean mixtures
have an opportunity to deteriorate the
combustion stability. Due to differences in fuel
properties, lean limit of each fuel should be
investigated.
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Injector Flowrate Calibration Chart

035 pasormpe
B 030 Puresiee
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0.00 - e

0 10 20 30

Injection duration (msec)

Figure 4: Calibrated chart for injection
duration against the fuel mass

The statistic data analysis was chosen in this
experiment to investigate the proper lean limit
or minimum equivalence ratio that mixture can
be ignited at certain pressure and temperature.
From pressure data, 10 data from each
condition were collected for-each fuel If the
misfire occurs, it will increase the coefficient of
variation (CoV) .Therefore, if it exceeds the
acceptable value, which was set to 20% of
CoV (12) (13) in the current study. It implies
that mixture does not _ignite In this
experimental analysis, minimum equivalence
ratio at the maximum  acceptable CoV is
assumed as the lean limit (4). In addition, CoV
can be derived by following equation (1).

CoV, = 2= x 100%

¥
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RESULT AND DISCUSSION

EFFECT OF ETHANOL CONCENTRATION
ON LEAN MISFIRE LIMIT

According to lean limit investigation that be
described in experimental procedure part,
Coefficient of variation on peak pressure
(CoVemax) Of each tested fuel were plotted
against the equivalence ratio (&) as show in
Fig 5. In this graph, it was shown only in
medium swirl flow condition but the test fuel
were varied from zero ethanol content or pure
gasoline (EO) to hundred percentage of ethanol
blend or pure ethanol (E100).

Coefficient of variation on peak pressure ( Low swirl )

100 - . )
: § P,=0.5 MPa
80 I T, = 480 *C
2 ! Py = 45 MPa
< {
580 ! Ap =03 MPa
[« % i
- E1
T i QN £
2 \ + E20
O 20 e @ A - B0
B AR il K, Kv oo O
0 PR v ,
025 0.30 035 0.40 045 050
Equivalence ratio (@)

Figure 5: Coefficient of variation on peak
pressure in medium swirl condition

The ‘maximum set point of (CoVpma) that
assume as the lean misfire limit was 20% of
CoV (12), (13). At this point, the fuels reach the
minimum equivalence ratio that can be ignited.
The lean misfire limit of various blend in
deferent swirl condition were shown in Fig 6.

As indicated in Fig 6, for low swirl condition
(AP = 01 MPa), Gasoline or EO has the
highest value of equivalence ratio (&) equal to
0.38; whereas, those of E20, E85 and E100
are 0.365, 0.334 and 0.310, respectively. The
result shows little change in  minimum
equivalence ratio since higher percentage of
the ethanol has less effect to enhance lean
limit range than the lower ethanol content.

Pure ethanol (E100) has minimum lean limit in
all swirl intensities compared with other fuels.
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On the other hand, pure gasoline or EQ shows
the highest value of lean limit in every swirl
condition.

Lean misfire limit
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{a) Low swirl condition (AP=0.1 MPa)
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{b) Medium swirl condition (AP=0.3 MPa)
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(c) High swirl condition (AP=0.5 MPa)

Figure 8: Lean misfire limit of various
blends in deferent swirl condition

Challenger, Impact, Muang Thong Thani, Bangkok, Thailand

As the ethanol content increases, the mixtures
will combust in lower equivalence ratio. Pure
ethanol reaches lowest equivalence ratio of
0.30, in the highest swirl condition which
means that ethanol content can support the
combustion stability in the lean condition. This
behavior can be discussed that ethanol can be
ignited and combusted at the lower
equivalence ratio because an air/fuel ratio of
gasoline and ethanol/gasoline blends are
different. Thus, if ethanoligasoline blends are
subjected to the same equivalence ratio as in
the pure gasoline, additional amount of the fuel
is needed for the same equivalence ratio. For
example, at equivalence ratio equal to 1.0, the
stoichiometric air/ffuel ratio of each fuel in Table
2. Shows that AFRE0=14.6, AFRE20=13.5,
AFRE85=9.87 and AFRE100=9.0. When
compare to the same equivalence ratio as pure
gasoline (ED), additional amount 8.24%,
48.15% and 62.01% of fuels were required to
E20, E86 - and E100  respectively.
Consequently, the mixture which have the
higher percentage of ethanol in constant
volume chamber will have more chance to
form mixture near stoichiometric ratio than that
the pure gasoline (EQ). Furthermore, ethanol
fuel was the oxygenated fuel and also
comprised of only one component, while
gasoline is a mixture of many components with
various carbon atoms and structures. The
components with relatively Jow boiling points
evaporate easier and faster, while the
components  with -higher boiling points will
evaporate more slowly, Thus, the mixture
formation preparations in injection process of
ethanol blend were more effective than the
pure gasoline (EO) and allow the mixture to be
ighited at the lower equivalence ratio (14), (7).

EFFECT OF SWIRL INTENSITIES ON LEAN
MISFIRE LIMIT

Figure 7 shows the lean limit of each tested
fuel in various swirl intensities. As the swirl
intensities increase, the fuels tend to be ignited
at the lower equivalence ratio. For pure
gasoline (EOQ), the minimum equivalence ratio
or lean misfire limit was 0.38 at low swirl
condition (AP = 0.1 MPa), while in the highest
swirl condition (AP = 0.5 MPa), lean misfire
limit is 0.36. In higher ethanol content, the
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same trend as the pure gasoline (EO) was
obtained but the result was less than expected.

=E0 “E20 u E85 sE100

Swirl intensities (AP) MPa

0.28 0.30 0.35 0.40
Equivalence ratio (@)

Figure 7: Lean misfire limit of each tested
fuel in various swirl intensities

For pure ethanol (E100), equivalence ratio at
lean limit were 0.310, 0.310, 0.310, 0.304 and
0.300 at swirl intensity equal to AP = 0.1 MPa,
0.2 MPa, 0.3 MPa, 0.4 MPa and the highest
swirl flow (AP = 0.5-MPa), respectively. These
results demonstrate that the swirl intensities
can be improved the combustion stability by
means of extending the lean misfire limit of the
mixtures. From the result, when apply the
highest swirl flow, EO, E20, E85 and E100
reached the minimum equivalence ratio at
0.364, 0.340, 0.310 and 0.30 respectively.
From these results, we can discuss in that in
for stratified combustion; it was just some
amount of mixture, which can be ignited,
especially that of stoichiometric mixture. In
higher swirl intensity, stratification degree (8),
(15) which are characterized by a ratio of
stoichiometric mixture over the overall lean
mixture became higher, therefore, rich and
lean limit of the mixture become wider (15).

CONCLUSION

The lean misfire limit on gasoline/ethanol blend
was investigated by using constant volume
combustion chamber. Following conclusion
can be drawn.

Higher ethanol percentages in blended fuel
able to extend the lean misfire limit range.
Compare with pure gasoline (EO) at low swirl

Challenger, Impact, Muang Thong Thani, Bangkok, Thailand

condition, minimum equivalence ratio will be
extended amount of 3.95%, 12.01% and
18.30% in case of E20, E85 and E100
respectively. These demonstrate that ethanol
fuel able to improve combustion stability in
lean operation. These can be discussed that,
for operate at the same equivalence ratio,
additional fuel injected of ethanol blended fuel
may increase the chance of fuel to form near
stoichiometric.

In the same manner as increase the swirl
intensity, coefficient of variation (CoV) on peak
pressure will be decrease with increasing
ethanol percentage in fuel. Since, variations of
peak pressure reflect to the combustion
stability. Consequently, high ethanol
concentration and high swirl intensities can be
enhance the combustion stability by extending
the lean limit range.

As increase the swirl intensity, lean misfire limit
(minimum equivalence ratio which
corresponding to 20% of CoV) of all blended
fuel tend to be decreased. These may be
cause from the atomization and vaporization of
fuel 'was accelerated by the increase of the
turbulence intensity and the decrease of the
impinged fuel, both of which were caused by
the swirling flow. Under  low swirl flow
condition, liquid fuel was diffused and impinged
to the chamber wall. This fuel droplets formed
liquid film on the cylinder wall surface and was
not -~ ‘completely  vaporized. So, less
stoichiometric_mixture can form in low swirl
condition. In other word, swirl intensity can
enhance stratification degree that directly
affects the lean limit range by diffusing amount
of fuel to form stoichiometric mixture in the
wider area. However, high  ethanol
concentration fuel e.g. E100, Lean limit was
not significantly change with swirl intensities.
Compare between the lowest and the highest
swirl condition, lean limit of EO, E20, E85 and
E100 can be extended approximately 4.1%,
6.1 %, 6.3% and 3.4% respectively.
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Abstract

In this research, combustion characteristics of gasoline/ethanol blends in direct injection stratified
charge engine were carried out using a constant volume combustion chamber. To evaluate the influence
of blending on the combustion behavior .The flame propagation of different blends of ethanol-gasoline
blends (20%, 85% and 100% ethanol) as well as pure gasoline were investigated under various swirl
intensities and equivalence ratios. Pressure data taken during the testing allowed for detailed analysis.
The different blend of fuels were compared in terms of combustion characteristics , rate of pressure rise,
combustion. duration, flammability limit also stratification degree that demonstrate the - stability of

combustion in lean operation will be investigated and discussed.

Key words: Constant volume combustion chamber, direct injection, stratified eharge, Ethancl/gasoline

blends, Swirl intensities

1. Introduction

In the recent years, Trend of consumption
in energy was increasing continuously. Alcohols,
especially ethanol was the new  challenge
candidate in alternative fuel due to it can be
produced from many source of biomass and were
the renewable energy. In addition, the raw
material for produced ethanol, cassava or
sugarcane was the main economic vegetation in

Thailand. Although the lower heating value of

‘alcohols is lower than that of gasoline, alcohols

release a little more heat than gasoline under the
same equivalence ratio. Moreover, a high octane
number will allow an increase in high
compression ratio; thus, an engine fueled with
ethanol will have high power output and better
thermal efficiency.

For stratified charge engine, it is well
know that lean, stratified combustion can reduced

fuel consumption and gain some merits in
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gasoline spark-ignited, direct injection engines for

several reasons. First, unthrottled operation
allows for a significant pumping loss reduction,
especially at lower loads. Second, the lean
mixture being compressed has a higher ratio of
specific heats. This allows for a more efficient
compression and expansion process. Third, there
are lower wall heat losses in the cylinder because
of the centralization of the mixture away from the
walls [1].

This challenge to utilize ethanol and
ethanol-gasoline blends to direct injection
gasoline engines .it were very interested because
ethanol has an anti-knock properties also it has
higher heats of vaporization compared to pure
gasoline and it can combust with higher
compression ratic[2], follow to its consequences,
using ethanol in Stratified-charge, spark-ignition,
direct-injection engines are capable of achieving
significant gains in efficiency both volumetric
efficiency and thermal efficiency(3].

Although this combustion can achieve
many kinds of advantage to combustion
characteristics, it produces. much unburned
hydrocarbon and soot because of inhomogeneous
of the charge mixture in the combustion chamber
and the main problem is misfiing under lean
operation [4). Even if whole air-fuel mixture is
very lean. In stratification, air-fuel ratic tends to
be over-rich in the middle of the mixture and
over-ean in the periphery bordering surrounding
air. It is essential to minimize the above air-fuel
ratio difference by enhancing the stratification
degree which represents the ratio of fuel quantity
involved in nearly stoichiometric mixture zone to
total fuel quantity. As the stratification degree

becomes low, unburned fuel amount increases
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and fuel economy deteriorates. Therefore, it is

necessary to investigate the combustion
characteristics in order to obtain the stable lean
combustion.

In the combustion characteristics of
stratified charge combustion, they have much
kind of influences factors that effect to the
combustion process such as physical properties
of the fuel, swirl intensity, ignition timing,
equivalent ratio, ambient temperature and
pressure etc.

In this study, the effect of swirl ratio, on
the combustion characteristics are investigated to
the gasoline/ethanol blends which vary from pure
gasoline (EO) to pure ethanol (E100) in the
constant volume combustion chamber. With the
pressure analysis data, the rate of pressure rise
(dp/dt), combustion duration and mass fraction
bumed rate were analyzed. Through this study, a
better ~ understanding of  stratified  charge
combustion run on gascline/ethanol blends can
be achieved.

2. Experimental apparatus and procedure

2.1 Experimental apparatus

T
O e

Fig.1. Schematic diagram of experimental
apparatus
Fig.1 shows the schematic diagram of the
experimental apparatus used in this study. The
following equipments were used: a constant

volume combustion chamber, cam-driven pump
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provide the high pressure fuel to the injector, an
air compressor and a intake swirl port with
pressure regulator for making a swirl intensities
and inducing the fresh air charge into the
combustion chamber, a swirl nozzle injector,
heating system for controlling the air temperature
in combustion chamber, an conventional ignition
system of the CDI (capacitor discharge ignition)
type for generating ignition energy, pressure and
temperature measuring equipment, Controller box
was used to control the signal sequence and to
Interface with a data acquisition system.
2.1.1 Constant volume combustion chamber
Fig. 2 shows a schematic diagram of the
constant volume combustion chamber. The
internal diameter and width of the chamber were
70 mm and 100 mm, respectively. The volume
capacity was 385cc. The quartz glass windows
with 35 mm thickness are equipped at both end
sides of the combustion chamber for optical
access and visualize the flame propagation. Swirl
port is allowed the induced air to flow into the
combustion chamber in the tangential direction to
realize the swirl flow in the chamber .Graphite
gasket are attached in both side of quartz glass
to absorb impact load from combustion. The
spark plug are located to the central of the
combustion chamber for generate the spherically
expanding flame and prevent heat transfer to the

chamber wall.

Fig.2 (a) Disassembly of the constant volume
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Hand dewer

Fig.2 (b) Detail of measuring devices

Figure 2. Schematic diagram of the constant
volume combustion chamber.

Ambient pressure (Pa) that is the initial
pressure inside the chamber is controlled by
adjusting the pressure regulator, also the induced
pressure - which corresponding to the swirl
intensities. A piezo-electronic pressure transducer
(Kistler model 611BFD16) is used to measure the
combustion pressure and the charge amplified
electrical signals including high speed data
{Dewetron model DEWE-

5000) are used to record  the signal from the

acquisition system

pressure sensor .Two band heaters (1300 W)
were attached to the chamber wall to control the
initial temperature (Ta).

2.2 Experimental procedure

Table.1 is shown the experimental condition

Experimental variables Conditions
Ambient temperature (K) 450

Ambient pressure (MPa) 0.5

Ignition time (msec) 10

Injection pressure (MPa) 45

Ignition time (msec) 12

Equivalent ratio 1.0,08,06

Swirl intensities or AP (MPa) | 0.0,0.1,0.2,03,04

Because of gasoline and ethanol blends
fuel are in the liquid phase at the normal
temperature, initial temperature in this experiment

is fixed at 450K, which is higher than evaporation
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temperature of all tested fuel for avoid misfire

when injected the fuel
chamber. For observe combustion behavior in

into the combustion

early stage of combustion, the initial pressure
(Pa) is set at 0.5 MPa. The total equivalence ratio
was simulating in overall lean condition, since
they were adjust to 1.0, 0.8, and 0.6.
2.2.1 Setup of equivalent ratio (@)

The mass of the injected fuel will be
calibrated in additional chart that relate to the
time of injection as shown below in Fig.3

Injector Flowrate Calibration Chart

- A : CE05
“£100 4

Fuetmass pulse (g}
5 © o
g = %
=
&
5,
N

w > » 3

cton gt ipase)
Fig.3. Calibrated chart for injector
The injection duration can be controlled
by the controller according to the air mass which
is prior induced into the combustion chamber. Air
mass in this experiment can be calculated follow
these equations.
= Mg T Myiny (M

; Can be calculated from ideal gas

m( air total)

Where, m

G

law at initial pressure and m_, , can be directly

swirl

measured by anemometer
For calculate the equivalent ratio, this
equation can be use
B (mJ. M)

(mj / m, ):}wwy (2)

Where, (m,/m,) is real fuel /air ratio

a /actual
Lo
meim) s N
(s Lo Jieory 5 theory fuel /air ratio
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From equation (2) theory air/fuel ratio can be
calculated from the chemical equilibrium. And
following table is shown the fuel properties.
Table.2 is shown the fuel properties|6]

Fuel E0 | E20 |E8s| E100
Formula (CozsHiss) | - - |(C,HsOH)
olecular 11418 |88.12|506| 4607
weight

LAV (MJ/kg) 44 - [ 269
prffuel ratio |, cos 1351 o.872| 9027
$t01)

heat of

vaporization 305 - - 840
(kdikg)

[Specific gravity] 0.72-0.78 - - 0.8
RON 92-98 ~ | - [ 1070
MON 80-90 — |- [ e90

The ignition duration time is set at 10
msec. Duration time from injection to ignition in
this experiment is fixed at 12 msec for ensure
that the fuel spray can be fully developed. Swin
intensities were controlled by the different
pressure between the air induced pressure and
the chamber pressure. All of time parameters and
sequence of signal were controlled by the PC
interface program as show in Fig.4

et ot 203 .
o S e d Urge

4

ks

W Cctebuze s 100 B

T <

o

W Coemdew

W o cemplen

Fig.4 Interface window for controlling the signal
sequences
After induce the pressurized air into the
chamber for generate swirl flow, the swin nozzle
injector will injected the fuel directly in to the

combustion chamber, then, spark plug will be
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ignited the mixture as the same time as the data

acquisition record the pressure data. This signal
sequences are shown in Fig.5.

v
Lokroid vahe open

Schenid vadee ckne

Fig.5 Pattern of signal sequence

2.2.2 Lean limit investigation

As we know, the important  thing in
stratified charge combustion is the stability of the
flame. Misfire will be occur if the mixture and
condition aren’t suitable to ignite. Overall lean
mixture have an opportunity to deteriorate the
combustion stability and because of different in
fuel properties . Since , Lean limit of each fuel
should be investigated

The statistic data analysis is choose in
this experiment for investigale the proper lean
limit er minimum equivalence ratio that mixture
can be ignited at certain pressure and
temperature. From pressure data, we collect 10
data from each condition and each fuel. If the
misfire occurs it will increase the coefficient of
variation (CoV) .Therefore, if it exceed the
acceptable value, in this experment is set at 20%
of CoV[8], it means mixture does not ignite. In
this experimental analysis ,minimum equivalence
ratio at the maximum acceptable CoV is assumed
as the lean limit.
2.2.3ROHR and Mass fraction burn calculation

In this section, rate of heat release (ROHR)

can be calculated by applying the first law of

The First TSME Intemational Conference on Mechanical Engineering

20-22 Oclober, 2010, Ubon Ratchathani

thermodynamics and regardless the heat
transfers to the chamber wall. Then ROHR will be
obtained by following equations.

dﬁ) e 9T oAV 3
[d'mmmc,d‘+}’d @

Apply the ideal gas law , equation (3) will
rearrange and become([8],[12]

4\  _(aPdV) (cVdP) ,dV

B Jnsiia R dt R at dt
Relation between specific heat ,

c—’=k and ¢, =c,+R

P v
v

The experiment were conduct in constant volume
combustion chamber, Then, the following

equation is obtained

47) — [ VNR
[ dt )rdeax _(k_l) dt ©

Where V is the volume of combustion chamber
And k as the specific heat ratio.

As a qualitative analysis, by neglecting
the heat transfer during combustion is made. The
deviation for turbulent combustion by this
treatment is small due to the short combustion
duration [14]. Thus, the rate of pressure rise is
proportional to the rate of heat release and the
information of heat release rate can be reflected
by the information of pressure rise rate. Se , heat
release rate can be calculated directly with the
pressure history data[4-5],[8],[11]

Mass burned fraction is calculated based
on the pressure data obtained from the

experimental results as follow [5],(13].

P)-F,
Pmax_P:

Where P(t) is the combustion pressure

M) = ©)

P is the initial mixture pressure, and P, is the

maximum combustion pressure.
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If the mixture gas is fully bumed when il
reaches peak combustion pressure, it can be
calculated according to the relative value of the
combustion pressure, where M10 stands for 10
percent combustion and M100 stands for 100
percent combustion([5].

Fig.6(a) shows the definition of combustion
duration . It express from 10% mass fraction burn
to 90% mass fraction burn[8).

Indicated pressure

Fig.6 (@) Combustion duration

frynction ignition  Apfdt=) /

iadicated pressure

Fig.6 (b) ignition delay and ignition timing
Fig.6 Schematic behavior of indicated pressure

The traces of indicated pressure P was
schematically drawn in Fig. 6. where is expressed
exaggeratedly the pressure drop caused by latent
heat absorption by vaporized fuel just after fuel
injection start[4].

Spark gap is discharged at the aimed
injection-sparking interval time later from injection
start, and then ignition occurs at further later time
by ignition delay. Ignition timing determined by
combustion observation coincides with the timing
when dP/dt takes zero as shown in Fig.6 [4].

3. Result and discussion
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3.1 Lean limit according to the swirl intensities
and percentage ethanol content

Fig.7 shows the lean limit of each tested
fuel in various swirl intensities. Pure ethanol
(E100) has minimum lean limit in every swirl
intensities compare with other fuel. On the other
hand, pure gasoline or EQ is the highest lean limit
in every swirl conditions. In the low swirl flow
{2600 rpm), Gasoline or EO is the highest value at
@ equal to 0.38 and for E20,E85 and E100 are
0.365,0.334 and 0.310 respectively. In case of
higher swir intensities, each fuel trend to ignite in
ine iower equivalence ratio. At the highesi swiri
flow ( 8800 rpm), Pure ethanol (E100) can be
ignited at the lowest equivalence ratio at 0.300
which is Airffuel ratio equal to 30.0 while E20,E85
and EO can be igniled at 0.34.0.313 and 0.364
respectively.

Swiriistensities (RPM)

Equivatence ratio (9]

BIC %80 wigS R110
Fig.7. Lean limit in different swirl intensities

At the cerlain swirl value, medium swirl
(5700 rpm). Pure gasoline (E0) can combust in
the highest equivalence ratio compare with each
other. And as the ethanol content increase, the
mixture will combust in lower equivalence ratio at
0.375. Pure ethano! reach lowest equivalence
ralio at 0.3105 that mean ethanol content can be
support the combustion stability in the lean
condition. If we consider in each fuel, in higher

swirl intensity the minimum equivalence ratio at
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lean condition will become less compare with the
lower swirl flow. In case of EO, equivalence ratio
at lean limit were 0.380,0.375,0.374,0.369 and
0.364 at swirl intensity equal to 2600 4250,
,5700, 7280 rpm and the highest swirl flow was
8800 rpm, respectively. In higher ethanol content,
we obtain the same trend as the pure
gasoline(EQ) but the result less than expect. For
pure ethanol (E100), equivalence ratio at lean
limit were 0.310, 0.310, 0.310, 0.304 and 0.300 at
swirl intensity equal to 2600 ,4250, ,5700,7280
and the highest swirl flow 8800 rpm, respectively.
The result show rarely change in minimum
equivalence ratio. Since, Higher percentage of the
ethanol is less effect to enhance lean limit range
than the lower ethanol content. From these
results, we can discuss in two aspects, first , for
stratified combustion, The whole of mixture did
not combust completely, It just some amount of
mixture  which can  ignite, espedially one is
stoichiometric mixture. In higher swirl intensity
JStratification  degree[5,7] which characterized
ratio amount. of stoichiometric mixture over the
overall lean mixture became higher, Therefore
Jrich and lean limit of the mixture become wider{7]
or we can said that the swirl intensity can
enhance stratification degree that directly effect to
the lean limit range. Second aspect ,if we
consider only one swirl intensity, we will found
that the ethanol can ignite and combust at the
lower equivalence ratio. As we know. because of
airfiuel ratio of gasoline and ethanolgasoline
blends are different. So. if we need to test
ethanol/gasoline  blends fuel in the same
equivalence ratio as the pure gasoline, we must
add amount of the fuel to make it equal to same

equivalence ratio. For example, at equivalence
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ratio equal to 1.0, the stoichiometric air/ffuel ratio
of each fuel in table 2. are shown that
AFRgo=14.6 ., AFRg;=13.5, AFRge=9.87 and
AFRgc=9.0 that means if we need to test
gasoline/ethanol blends at the same equivalence
ratio as pure gasoline (EQ) we should add 8.24%
., 48.15% and 62.01% to E20, E85 and E100
respectively.  Consequently, the mixture of
ethanol/gasoline in constant volume chamber will
have more change to form mixture near
stoichiometric ratio than that the pure gasoline
(EQ).
3.2 Effect.of ethano! content and swirl intensity
on the ignition delay
In Fig.8, Pure gasoline (E0) have the
longest ignition delay in all swirl intensity and
ignition delay will be decrease if the ethanol
content are increase. At swirl intensity equal to
2600 rpm (or AP=0.1 MPa), ignition delay time of
E0 is 4.24 msec and it became as 3.45 3.28 and
252 msec. in case of E20, E85 and E100.
respectively.
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Fig.8 Effect of ethanol content and swirl
intensities on ignition delay
These - phenomena demonstrate that
higher ethanol content can vaporize easier than
lower ethanol content .
From table 2, Although ethanol has
higher octane number and has low rate of

vaporization , ethanol is comprised of only one
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component , while gasoline is a mixture of many

components with various carbon atoms and
structures.

The components with relatively low
boiling point which evaporate easier and faster,
while the components with higher boiling point will
evaporate more slowly. thus, gasoline has the
longest ignition delay regardless of the higher
vapor pressure of gasoline([9,10]

As show in the fig.8, ignition delay time of
the ethanol (E100) will be decrease in the higher
swirl flow. The result show that the ignition delay
time of E100 are 2.52 msec at 2800 rpm,1.82
msec at 4250 rpm,1.08 msec at 5700 rpm ,0.85
msec at 7280 rpm and reach the shortest at 0.50
msec at 8800 rpm. These result demonstrate that
swirl intensity can effect to the ignition delay by
diffuse the fuel injected lo the wider area. So, the
mixture near the stiochiometric ratio which can
easily combust will be greater than the case of
low swirl flow. In case of low swirl flow, the
amount of fuel injected will be form the very rich
mixture near the center of combustion chamber.
Therefore, the initial combustion also the ignition
delay became long[7]. In the lower ethanol
content such as EB5 and E20 also the EO, The
different of ignition delay time between each swirl
intensity step will decrease as the ethanol content
decrease excepl low swirl flow (2200 rpm ) case.
These may be discussed that ethanol comprised
of only one component and has lower carbon
atom than the gasoline or E20 and EB85,
Consequently, it may be diffused by swisl flow
easier than that the gasoline , E20 or E85 which
is comprised of various higher carbon atom[9]. As
it can easily diffused , it has more change to form

the stoichiometric mixture in broader area.
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3.3 Ethanol content according to rate of
pressure rise and mass fraction burn

Figures 9-11 shows the effect of the
ethanol content on the combustion pressure at
8800 rpm swirl intensity (AP = 0.3 MPa). As
indicated in Fig.9, the maximum pressure appears
in the pure ethanol (E100) at 3.05 MPa. the peak
value of combustion pressure decreases with a
decrease of the ethanol content in the mixture
because of lack of oxygen concentration of fuel.
Also, the length of time required to reach the
maximum value of the combustion pressure Is
retarded in accordance with the decrease of
ethanol percentage.

Pressure («0.1 MPa)

ar
Sucich it enatty @ 760 (om0 1P

> o ase 05 e3 * 20
Time atter ignition start seq)

Fig.9 Pressure data of EQ .E20 ,E85 and E100 at
equivalence ratio = 0.8

The rate of pressure rise is a very
important  parameter because this has a very
significant influence on heat release rate as
described in previous section. The effects of
ethanol content on the rate of pressure rise are
illustrated in Figure 10. As indicated in the figure,
the peak value of the pressure rise rate was
rapidly increase and its timing was shorten at
high percentage of ethanol. E20 has not
significantly change in maximum pressure rise
rate compare with pure gasoline (EQ). However, it
can release heat early than that of the EO. This

demonstrate that ethanol content may accelerate

161



162

The First TSME International Conference on Mechanical Engineering
20-22 October, 2010, Ubon Ratchathani

the combustion period and reduce time of heat
loss in early stage of the combustion.
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Fig.10 Rate of pressure rise of EO, E20, E85 and
E100
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Fig. 11 Effect of ethanol content on mss fraction
burn and combustion duration. Fig.11 (a) Mass
fraction bumn, Fig.11 (b) Combustion duration
Thermodynamic analysis of measured
cylinder pressure data is a very powerful fool
used for quantifying combustion parameters.[11]
The important one is often referred to as “burn-

rate analysis”. Burn-rate analysis is used mainly

to obtain the mass fraction bumed, which is a
normalized quantity with a scale of 0 to 1.
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Fig.12 Effect of equivalence ratio on combustion
pressure (at swirl = 8800 rpm)

Fig.11 shows the effect of ethanol content
on mass fraction burmed at the equivalence ratio
0.8 and 8800 rpm swirl flow. With an increase of

ethanol blend, the total combustion duration
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decreases, as shown in the comparison of mass

fraction bumed. Fig.11 (b), combustion duration of
E100 was 5.44 msec this value define as 10% to
90% of trace pressure data while E85, E20 and
EO were 6.41 msec, 8.39 msec and 9.17 msec
Jrespectively

Fig.12 shows the influence of equivalence
ratio and ethanol conceniration on combustion
pressure. As the equivalence ratio of mixture
decrease, peak pressure were decrease and
combustion duration were increase also. These
result were displayed the same trend in every
tested-fuel. However, Low alcohol fuel-blended
.especially in E20 and EO, the combustion
pressure  and  combustion duration  were
dramatically change at low equivalence ratio.

From the result in fig. 11 and fig.12, it can
be inferred that the decrease in ethanol fraction
and equivalence ratios plays an important role in
the decrease of maximum pressure in the
chamber.

4. Conclusion

1. She swirl intensity can enhance stratification
degree that directly effect to the lean limit range
by diffuse amount of fuel to form stoichiometric
mixture in the wider area.
2. Higher ethancl percentage in fuel will lead to
extend the lean limit range because additional
fuel injected may increase the change of fuel to
form near stoichiometric
3., Although ethanel has higher octane number
and has low rate of vaporization , ethanol is
comprised of only one component , while gascline
also the ethanol/gasoline blends are the mixture
of many components with various carbon atoms
and structures. The compeonents with relatively

low boiling point which evaporate easier and
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faster, while the components with higher boiling
point will evaporate more slowly. Thus , pure
ethanol trend to be evaporated faster than other
blends.

4. In case of low swid flow, the amount of fuel
injected did not diffused very much. Thus, the fuel
and air charge will be form the very rich mixture
near the center of combustion chamber.
Consequently, the initial combustion also the
ignition delay became long.

5. The decrease in ethanol fraction and
equivalence ratios plays an important role in the
decrease of maximum pressure in the chamber.
The combustion duration of pure ethanol (E100)
is less than that of E85, E20 and EO respectively.
In the other hand, peak pressure of pure ethanol
(E100) is higher than that of E85, E20 and EO
respectively.

Combination both high swirl flow and high
ethanol content can enhance stability of the
combustion in overall tean mixture.

Further studies will include advanced
method to identify the consistency of the swirl
intensities and mixture formation distribution, such
as LIF method and flow field simulation as well as
optimized the injection-ignition timing for the
proper equivalence ratios that mixture form near
the spark plug.
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