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ABSTRACT

Hydrotreated vegetable oil (HVO), a modem alternative fuels. HVO is a second
generation biofuiel that produce from vegetable oil by using hydrotreating process.
HVO is a mixture of normal paraffin and isomerized paraffin, which has superior
advantages such as low sulfur and aromatics, high cetane number, high heating value
and narrow distillation temperature range. From this reason, it offers significant
improvement in performance and exhaust gas emissions of diesel engines. The
objective of this research is to investigate effects diesel and HVO blending percentage
on characteristics of ignition and spray combustion in constant volume combustion
chamber (CVCC) under low ambient oxygen concentration and different ambient
temperature using heat release analysis and to visualize cornbustiqn process of diesel
and HVO blends in order to describe effects of fuel properties of HVO on spray
development and flame development using shadowgraph technique. The experiment
carried out using CVCC, four test fuels were tested: commercial diesel, two
commercial diesel-HVO blends by mass: 20% (H20), and 50% (H50) and 100% HVO
with single-hole injector, 0.2 mm in nozzle orifice diameter, 2.5 ms in energizing
time. The injection pressure was kept constant at 100 MPa. The ambient oxygen
concentration was varied between three discrete values from 21%, 15% and 10% to
simulate effect of EGR conditions. The ambient temperature was varied at 1100 K,
900 K and 700 K to study effect of ambient temperature. The results showed that at
low oxygen concentration 15% and 10%, the rate of combustion pressure decreased
9.08% and 29.58%, the integral heat release decreased 2.76% and 0.96% due to its
lower oxygen availability. At low ambient temperature 900 K and 700 K, the rate of

combustion pressure increases 6.77% and 6.46% because of longer ignition delay



promotes available time for mixing to obtain better mixture formation. A decrease of
oxygen concentration results in an insignificant effects on spray development due to
the same ambient air density and temperature, but the ignition delay is changed with
oxygen concentration as seen as the luminous flame. At the 10% oxygen
concentration, the flame luminosity is not observed due to the lack of oxygen, which
results in a slow chemical reaction. The HVO is easier to vaporize and distribute in
the chamber due to its lower density, viscosity and distillation temperature at T90. A
decrease of ambient temperature effects on fuel-air mixing by providing a longer
mixture formation time, resulting in later luminous flame with higher peak heat
release rate. At 700 K of ambient temperature, the flame luminosity of only HVO is
observed because of its higher cetane number provides high reactivity at low
temperature. As the results, The HVO can be recommended to use in the diesel engine
with EGR application as well, but it is necessary to optimize the engine when using in

low temperature combustion such as reducing the compression ratio
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CHAPTER 1

INTRODUCTION

1.1 Research Background

Nowadays, the renewable energy technologies are built, developed and distributed
worldwide because of the public climate change and global warming. Many countries
try to make abundant contribution of clean energy into building a clean environment
and protecting public health. As a result, many researchers have been developed a
new clean energy for the vehicles, for instance, fuel cell, battery electric, and also
plug-in electric. From this reason, in order to replace conventional vehicles by those
energy technologies, it is very difficult because of the production cost, well to wheel.
However, the internal combustion engines and hybrid engines still play a role of light-

duty vehicles at least 30 years (Council, 1994) .

25000 4
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2010 2015 2020 2025 2030 . 2035 2040 2045 2050
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Figure 1.1 Vehicle sales by vehicle technology for midrange technologies and

policies (Council, 1994)



Diesel engines provided higher thermal efficiency than spark ignifion engines.
However, diesel engines still have serious pollutant problems. Pollution is one of the

many environmental challenges facing the world today (Tatsuo et al., 2008). Many
i

researchers have been employed various techniques for reducing in !exhaust gas
emissions such as after-treatment systems (i.e. DOC, SCR, DPF, etc.) (Murtonen et
al., 2009), engine combustion control (i.e. common-rail, swirl mixinge EGR, etc.)
(Agarwal et al., 2013a, 2013b; Liu et al., 2013). On the other hand, researchers have

been researched, invented and introduced alternative fuels to use in the diesel engine.

|

An alternative fuels have not only sustainable but also friendly, resp]ect with the
environment. Therefore, a sustainable energy has been researched for af)plying into

i
-diesel engines such as biodiesel (i.e. FAME, SME, RME, etc.) and Hydrotreated
1

|
Biodiesel 1s a first generation biofuel that produce from vegetable ?il by using

Vegetable Oil (HVO).

transesterification process (Hoekman and Robbins, 2012). Biodiesel has :been widely
utilized and used, as it can be directly used or blending used with diesel ir; the engines
without no modification. However, it still has some disadvantages to the engines like
high density and viscosity that make larger droplet size distribution, Joor fuel-air
1
mixing processes and mixture formation in the combustion process (Gao et al., 2009;
.Mohan et al.,, 2014), with low heating value (Qi et al., 2010), whicl;a resulted a
decrease in engine power and increase fuel consumption due to loss of heating value
(Xue et al., 2011). In addition, the use of biodiesel and l?lends can reduce,exhaust gas
emissions such as Hydrocarbon (HC), Carbon monoxide (CO) due to its hjgher cetane
number and oxygen content, and Particulate matter (PM) due to lower arlpmatics and

sulfur content (Xue et al., 2011). While Nitrogen Oxides (NOy) emissions ;of biodiesel

showed increase due to higher oxygen content that making -a higher jcombustion




temperature and flame temperature (Hoekman and Robbins, 2012; Xue et al., 2011).

From these reason, Hydrotreated vegetable oil (HVO) is attended and contributed
into diesel engines from many researchers. HVO is the second generation biofuel,
which can produce from many kinds of vegetable oil by using hydrotreating process.
Due to HVO hds potential benefits so that HVO can be'promised alternative fuels as
one of a candidate to replace diesel due to its more advantages in comparison with
other alternative diesel fuels. The first one shows about' production. It has variety of
bio-feedstock, better oxidation stability. The second one is better fuel properties in the
term of physical and chemical properties, for instance, lovy density, viscosity, low
sulfur and aromatics, high cetane number, high heating value, and similar chemical
composition to diesel (Lapuerta et al., 2011; No, 2014). From this reason, it offers
significant improvement in engine performance and exhaust gas emissions and fuel
consumption. However, HVO still have limitation to use in diesel engines as it shows
very ligh cetane number and low lubricity, so researchers suggested that HVO would
not be blended over 50% (Lapuerta et al., 2011).

However, intorder to utilize HVO into diesel engines, it is necessary to understand
effects of fuel properties on mixture formation, ignition and combustion as illustrated
in Figure 1.2. From this figure shows the sub-processes in diesel engine mixture
formation and combustion. The particular sub-processes proceed largely
simultaneously and interact with each other. Generally, the conventional diesel engine
combustion, process is characterized by heterogeneous mixture formation and
combustion. In direct-injection diesel engines, the air is induced into the combustion
chamber and then compressed under compression stroke to generate high pressure and
temperature, fuel is directly injected under high pressure and temperature in the

combustion chamber. The liquid fuel entering the combustion chamber is atomized



into small droplets, evaporated and is mixed with hot air, resulting in a héterogeneous
1
mixture of fuel and air. Combustion is initiated by sufficient the high }emperatures

and pressures by an auto-ignition process. (Merker et al., 2012).

Air ‘_lE Fue]
* Flow in the nozzle hole

Injection ® Spray formation
Atomization * Spray atomization

* Drop formation
Spray development| ® Drop distribution spectrum
* Drop disintegration mechanisms

# Drop evaporation
Mixture formation| ® Drop collision and coalescence
Local air-fuel ratio

Leniti * Low-temperature reaction kinetics
grtiod & Jgnition delay

* Turbulent transport processes

) ¢ High-temperalure reaction kinetics
Combustion | o Time and length scales

* CyxHy - Oxidation

¢ OHC - Equilibrium

Soot and NO (ni: CH» COZ} HZQ’ CO, OH, 021 0)
formRiton s Zeldovich mechanism

¢ PAH and soot formation

Figure 1.2 Sub-processes of mixture formation and combustion in diesel engines
(Merker et al., 2012) I

The employment of exhaust gas recirculation (EGR) is able to 1!educe NOy
emission. EGR causes a lower combustion temperature and keeps a l:ower flame
temperature (Bedar and Kumar, 2016; Brijesh and Sreedhara, 2013; Sorathia et al.,

2012). On the other hand, EGR decreases heat release due to decreased icombustion

pressure and combustion reaction intensity (Zhang et al., 2013). i

In a moment, the low temperature combustion (LTC) strategies have ?een widely
influenced to engine performance and emission characteristics of diesel engines

because LTC is effective method to reduce flame temperature and combustion



pressure that related to NOy and soot emissions (Junjun et al., 2009; Zhang et al.,
2012, 2013). LTC is very important field research to meet future regulated emissions
of modern diesgl engines by applying large amount of EGR ratio, low compression
ratio as low ambient temperature. From previous research showed that LTC has
potentially simultaneous reduction of NOy and soot emissions under various low
temperature combustion conditions (Imtenan et al., 2014; Kook et al., 2005; Zhang et
al., 2012).

Previous re-search showed that the employment of HVO can improve engine
performance and exhaust gas emissions of diesel engiﬁes. HVO has better in
production and %fuel properties compare to diesel. However, few researches have been
performed the influence of diesel and HVO blend percentage on characteristics of the
ignition delay and spray combustion by using heat release analysis under low oxygen
concentration apd different ambient temperature. Especially, the discussion on effects
of diesel and HVO blend percentage on the combustion visualization by using
shadowgraph technique, for instance, spray development and flame development have

not clearly explained yet.

1.2 = Research objective

1.2.1 To investigate effects diesel and HVO blending percentage on characteristics
of ignition and spray combustion in constant volume combustion chamber under low
oxygen concentration and low temperature combustion.

1.2.2 To visualize combustion process of diesel and HVO blends in order to
describe effects of fuel properties of HVO on spray development and flame

development.



1.3  Scope of work
|

In this experiment investigated spray combustion characteristics under| low oxygen
concentration and different ambient temperature in constant volume' combustion
chamber (CVCC) using heat release analysis and shadowgraph techniq:ue. The heat
release analysis 1s applied to study the characteristics of ignition delay and
combustion such as heat release rate, cumulative heat release, ignitio? delay, and
integral heat release. The shadowgraph technique is used to vistalize spray

1
combustion process as spray development, flame development ﬂlmd capture
combustion process by using a high speed video camera. The oxygen concentration
was varied between three discrete values from 21%, 15% and 10% to ;imulate the

effect of EGR conditions in the combustion chamber. The ambient temf_Serature was

varied from 1100 K, 900 K and 700 K to simulate the effect of ambient tei’nperature.




CHAPTER 2

LITERATURE REVIEW

2.1 Conventional diesel engine

The conventional diesel engine combustion process is characterized by
heterogeneous mixture formation and combustion. In direct-injection diesel engines,
the air is induced into the combustion chamber and then is compressed under
compression stroke to generate high pressure and temperature, fuel is directly injected
under high pressure and temperature in the combustion chamber. The liquid fuel
entering the combustion chamber is atomized into small droplets, evaporated and
mhixed with hot air, resulting in a heterogeneous mixture of fuel and air. Combustion
is initiated by sufficient the high temperatures and pressures by an auto-ignition
process. Therefore, the physical and chemical properties of fuel are dominated factors
for the ignition process of diesel combustion (Heywood, 1988).

2.1.1 Diesel engine operation

There are four principle state of the diesel four-stroke engine operations;
firstly, the air is induced into combustion chamber during the intake stroke, then is
compressed under isentropic process to a higher pressure and temperature during the
compression stroke. The injector inject the liquid fuel, fuel evaporated and mixed with
hot compressed air, and burnt rapidly due to the auto-ignition process during the
power stroke. The exhaust gas is push out by piston movement during the exhaust
stroke.

The four-stroke diesel engine consists of, the intake stroke, the compression stroke,
the power stroke, and the exhaust stroke as illustrated in Figuré 2.1 (Heywood, 1988).

1. Intake stroke: The piston move down from top dead center (TDC) to bottom



!

|

dead canter (BDC) during intake valve open and exhaust valve close. The fresh air is

i
induced into cylinder due to the difference in the pressure. I
i

2. Compression stroke: The piston move up from BDC. The air is corélpressed, the

air temperature and pressure increase during intake valve and exhaust 'vahi'e are close.

2

3. Power stroke: Piston moves down from TDC due to the highi combustion

reaction of fuel injected. The liquid fuel is injected continuously into’ combustion
chamber during power stroke. The in-cylinder pressure increase frorﬁ combustion that
converting into mechanical energy through the piston to the crankshaft. T

4. Exhaust stroke: Piston move up from BDC to TDC during intake valive close and
exhaust valve open. The exhaust gas is flow out of combustion chamber due to the

different pressure between in-cylinder and ambient.

Intake Compression Power

Figure 2.1 Four-Stroke diesel engines operation (Bennett, 2012)



2.2 Combustion of diesel direct-injection

’

2.2.] Diesel combustion process

In diesel engine, the liquid fuel is injected directly into combustion chamber before
TDC. However the fuel will not immediately combustion. Mixing time of fuel and air
are required to be a mixture formation prior the ignition and combustion process as
" illustrated in Figure 2.3.

Ignition delay (a to b) is defined as the interval time between the start of injection
(SOI) to start of combustion (SOC) where the heat release rates recovers from
negative value due to heat absorption of fuel.

Premixed combustion (b to c) is defined as a rapid heat release rate. In this phase,
combustion of fuel has already mixed with air during the ignition delay period occurs
rapidly in a short time.

Mixing controlled combustion (c to d). When fuel and air are mixed during the
ignition delay have been consumed, the heat release rate is controlled by the rate at
which mixture becomes available for burning. While several processes are involved
liquid fuel atomization, vaporization, mixture formation, and chemical reaction the
rate of burning is controlled in this phase primarily by the mixture of fuel and air. The
heat release rate may or may not reach a second peak in this phase; it decrease as this
phase progresses.

Late combustion (d to e). Heat release continues at lower rate. There are several
reasons for this phenomena. A small fraction of the fuel may not yet have burned. A
fraction of the fuel energy present in soot and fuel rich combustion product. The
cylinder charge mixing in this period promotes more complete combustion and less
dissociated gases. The kinetics of the final Bumout process become slower as the

temperature of the cylinder gases fall.
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Figure 2.3 Combustion process of diesel direct-injection (Heywood, 1988)

2.3 Simulation of diesel engine combustion condition

In order to observe the combustion phenomena and to access diesel spray flame
inside the combustion chamber of diesel engine is very difficult because!combustion
of diesel engine is very complicated. However, researcher has used many approaches
and experimental equipment to access the combustion, for instance, |the optical

research engine (ORE), the rapid compression expansion machine (RCEM), constant

pressure flow rigs (CPFR), constant volume hot cells (CVHC) and constant volume
pre-combustion cell (CVPC) or constant volume combustion chamber (CVCC). As a

result, the operation rage of CVCC can cover full range of diesel ‘combustion
]

condition. The CVCC has been widely used to study diesel spray l:ombustion

(Fujimoto et al., 2005; Kitamura et al., 2005; Nguyen et al., 2010). The|CVCC can
1

simulated a wide range of ambient gas pressure and temperature ptior fu'pl injection.

The simulated ambient gas pressure and temperature of CVCC in this research are
1
linked to the pressure and temperature of diesel engine during the end of compression

i
H
10 i
i



stroke. The operation of the experimental equipment were summarized by Baert ef al.
(Baert et al., 2009) as shown in Figure 2.4.

Table 2.1 shows the comparison of different experimental equipment. Tt can
concluded that even though the ORE shows that most similarity to the real diesel
engine situation, the CVCC is more suited and contributed for studying basic research
of free spray combustion because it can give a wide operating range and large volume

for diesel spray.
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Figure 2.4 In-cylinder conditions prior injection of diesel engine compared to the
operating range of different experimental equipment (Baert et al., 2009)
Table 2.1 The comparison of different experimental equipment; ORE, RCEM,

CVFR and CVPC or CVCC (Baert et al., 2009).

Type of optical test rig

Optical accessibility 0

Similarity to the real engine situation 0 - - - - -
Free spray penetration distance 0 + + b ++ 4
Control on trapped gas p/ T 0 + 0 4 ++ ++
Contro! on trapped gas composition {i.e. EGR) 0 - 0 + T P
Flow field impact on combustion - -(-) - 0 - -
Test facility volume 0 + 0 0 ++ ++
Time to switch between operating conditions (i.e. T) 0 0 0 0 -~ ++
Time between tests [s] (*) 1 120-800 1 1-3 60 600

Note: mostly relative; 0 = neutral, + = better, - = worse
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2.4 Fuel injection system

The high injection pressure system or called “common rail system”

Figure 2.6 has been developed for the modern diesel engines in order

as shown in

mprove fuel

atomization, mixture formation, combustion efficiency, and also engine-out emissions

of diesel engines. There are nine main parts; (1) Supply pump is used to, supply high

]
pressure fuel into (2) the common rail, which is equipped with pressure sensors; (3)

Pressure sensor is used control fuel pressure inside the rail to suit wit

h the engine

operating conditions; (4) Electronic Control Unit (ECU) is used to cont{ol operating

the common rail system based on information from various sensors,

such as (5)

pressure limiter, the crankshaft positioning sensor, the throttle positionin'g sensor, the

intake temperature; (6) Electric Driver Unit (EDU) receive information i;rom ECU to

control injector suit with load and speed of the engine. ECU also controlb the suction

control valve (SCV) of supply pumps to match with engine operation; (/) Injector is

used to inject fuel; (8) Fuel filter and (9) Fuel tank.
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Figure 2.6 Main component of common rail system (Densoautoparts, n.d.)

2.5 Hydrotreated Vegetable Oil

Hydrotreated vegetable oil (HVO) is a second generation bicfuel that produce from
\_/egetable oil by using hydrotreating process, the triglyceride is hydrogenated in the
first step and broken down into various intermediates, mainly monoglycerides,
diglycerides, and carbonxylic acids. These intermediates are then converted into
alkanes by different pathways: decarboxylation, decarbonylation (both removing a
carbon atom), and hydrodeoxygenation (with no carbon remove) at the temperatures
above 300-360 °C and pressure at least 3 MPa. Propane, water, carbon monoxide and

carbon dioxide are produced as side-products (No, 2014).

Hydrotreating Isomerization

Figure 2.7 Schematic diagram of HVO production (No, 2014)

HVO is a mixture of normal and iso-paraffin with straight chain-length (Caprotti et
al., 2011; No, 2014). The properties of HVO are beneficial to use into the diesel
engine such as high cetane number, high heating value and narrow distillation
temperature range. However, there are some disadvantages that may limit to use HVO
from previous study such as poor low-temperature properties, as displayed by cloud
'point, pour point and cold filter plugging point (CFPP) (No, 2014). Therefore, an

improvement process as isomerization process is may be use to solve that problem

13



then HVO would be iso-HVO.

i
2.6 Effect of HVO on combustion and emissions charactej'istics

Sugiyama et al. (Sugiyama et al., 2011) carried out HVO on the enginl and chassis
dynamometer. The engine was 4-cylinders diesel direct-injection engine, 2.2 liter
turbocharged with common rail system. The results from the engine test!showed that
heat release rate of HVO exhibited more advance with shorten ignition Helay due to

the high cetane number for both single and pilot-injection cases. HVO is ¢arly start of

combustion for low, medium and high engine load at engine speed of 2000 rpm. The

exhaust gas emissions and fuel consumption of HVO can decrease 4.97% in nitrogen
oxide (NOy), 34.54% in hydrocarbon (HC), 37.79% in carbon monoxide (CO) and

3.21% in fuel consumption.
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Figure 2.8 Results of rate of heat release using HVO with low éngine load

(Sugiyama et al., 2011) |

i
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Figure 2.9 Results of exhaust gas emissions and fuel consumption using HVO in

the vehicle test (Sugiyama et al., 2011)

Jaroonjitsathian et al. (Jaroonjitsathian et al., 2014) studied effects of HVO, GTL,
HVO and GTL blend with diesel 50% on engine performance and emission
characteristics. The experiment conducted with 4-cylinders common-rail direct
injection engine, 2.5 liter. This study was performed using pilot and main injection at
engine speed of 1170 rpm. The results revealed that ignition delay of HVO was
shorter than diesel by 7.0% for pilot injectioﬁ condition, and 7.5% for without pilot
injection due to a high cetane number as shown in Figure 2.10, the shorter combustion
duration by 8.46% for pilot injection, and 4.96% for without pilot injection as shown
in Figure 2.11 due to narrow distillation range and lower distillation temperature at

T90, which provided better vaporization and good mixture formation.
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Figure 2.10 Comparison of the ignition delay (Jaroonjitsathian et al., 201;4)
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Figure 2.11 Comparison of combustion duration (Jaroonjitsathian et al., 2014)

DR b S ——

Liu et al. (Liu et al., 2013) studied effects of HVO blends on’combustion
characteristics by using 6-cylinders diesel engine, turbocharger 3.0 liter! The engine
was performed under EGR conditions with low and high engine load at 1500 rpm.
The results concluded that combustion pressure and heat release rate of HVO showed
slightly higher than diesel, moreover the shorter ignition delay and jcombustion

duration were observed with high EGR rate due to its higher cetane nutpber, higher

|

amount energy per unit volume, and the straight chain-length of HVOjis easier to
broken up than diesel fuel.
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Figure 2.12 Results of In-cylinder pressure and rate of heat release (Liu et al., 2013)

Millo et al. (Millo et al., 2015) investigated HVO blend by using 4-cyliders diesel
direct-injection engine, turbocharger 1.2 liter at 1500 RPM@ 2 bar BMEP This
experiment concluded that HVO blend with diesel 30% showed increase of engine
performance by increasing fuel conversion efficiency and lower brake specific fuel
consumption (BSFC) with various advance start of injection (SOI). In addition, HVO
blend can increase fuel conversion efficiency and reduce BSFC with using EGR

simultaneously at low engine load with SOI = 5.7 deg bTDC.
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Figure 2.13 In-cylinder pressure, heat release rate, mass fraction burned, and injector

signal (Millo et al., 2015)
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Figure 2.14 In-cylinder pressure, heat release rate, mass fraction burned, and injector
signal (Millo et al., 2015) '
t
Ammas et al. (Armas et al., 2015) carried out HVO on chassis dynaimometer to
performance, combustion and emission characteristics under New Europ;‘:an Driving
Cycle (NEDC) by using 4-cylinders diesel direct-injection engine. The res!plts showed
that HVO exhibited 9.74% lower specific fuel mass consumption, 9.21°1 lower heat
release rate, and shorter ignition delay due to its higher cetane number. hn addition,

exhaust gas emissions also decreased.

i
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Figure 2.16 Results of heat release rate and specific NO,, CO and HC emissions

(Armas et al., 2015)

From previous researches have been done on combustion and emission
characteristics, so these can be summarized that HVO provided a shorter ignition

delay, similar heat release rate trend (Jaroonjitsathian et al., 2014; Millo et al., 2015;
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Sugiyama et al., 2011), and lower exhaust gas emissions (Aatola ét al., 2008;
Jaroonjitsathian et al., 2014), for instance, HC and CO emissions becjuse HVO is

1
more complete combustion due to its better ignition quality then pfovide better

i

combustion efficiency. |
i
|

2,7 Exhaust gas recirculation l

Exhaust gas recirculation (EGR) is one of today’s most common enigine control
!

system that used to suppress NO, formation. The exhaust gas are introduced to mix
with fresh air into the combustion chamber, diluting oxygen concehtration and
increasing its heat capacity in combustion chamber (Bedar and Kumar, :2016; Zheng
et al., 2004). Therefore, the diluted oxygen availability caused the lower combustion
temperature and reduced flame temperature, then reduced NO formation.!
1
: Di?sel :
v |

- |
Air-s——=—== Diesel | Exhaust
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Figure 2.17 Exhaust gas recirculation (EGR) (Zheng et al., 2004) I
!

Kitamura et al. (Kitamura et al., 2005) experimentally investigated effects of
l

oxygen concentration on diesel combustion in constant volume combustion chamber

(CVCC) under simulated diesel combustion condition. The results shox%/ed that the

decreased oxygen concentration to 18% and 15% had not affected to heat yelease rate,

!
but it largely affected to NOx emission as shown in Figure 2.18.
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Figure 2.18 Effect of oxygen concentration on (a) heat release rate and (b) NOy
emission (Kitamura et al., 2005)

Zhang et al. (Zhang et al., 2013) investigated effect of oxygen concentration by
change oxygen concentration 21%, 18%, 15% 12% and 10% in CVCC. The results
showed that the lower oxygen coﬁcentration extended ignition delay and reduced heat
release rate due to decrease in combustion reaction intensity as shown in Figure 2.20.
Moreover, decreasing reaction intensity is explained in function of OH¥*

chemiluminescence as shown in Figure 2.21.
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Figure 2.21 Effects of oxygen concentration on OH* chemiluminescence (Zhang et

al., 2013)

Ewphun et al. (Ewphun et al., 2017) investigated effects of oxygen cloncentration
and supercharged conditions on the combustion characteristics of HVO-ciiesel blends
in Rapid Compression Expansion Machine (RCEM). The results showed that the
employment of HVO and blends decreased the ignition delay, the flame femperature,
the soot concentration and the NO, concentration simultaneously. In addition, heat
release rate at oxygen concentration of 10 % dramatically droppéd due to’a shortened
ignition delay. The heat release rate, flame temperature, and NO, concentration were

!

. ! .
decreased when the oxygen concentration was reduced due to decreas1ing reaction

intensity. The results of reducing in oxygen concentration conditions sho!wed that an
1
}
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increase in heat release rate, flame temperature, decrease in ignition delay and soot

concentration.
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Figure 2.23 Heat release rate under reduce oxygen concentration (Ewphun et al.,

2017)
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Figure 2.24 Flame temperature under reduce oxygen concentration (Ewphun et al.,

1
2017) i
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Figure 2.25 (a) Soot and (b) NOy concentration under reduce oxygen coni,entration

(Ewphun et al., 2017)

2.8 Low temperature combustion

A main benefits of using low temperature combustion (LTC) is to redtice NOy and
soot emissions simultaneously as lowering local temperature range (Imitenan et al.,
2014; Kook et al., 2005; Neely et al., 2005), From pre\'/ious research, tﬁere are two
categories of LTC (Imtenan et al., 2014; Kook et al., 2005). First, the' combustion
phasing is decoupled from injection timing and combustion is dominated by the
chemical reaction, the mixture is near homogenous like homoged:ous charge
compression ignition (HCCI) as an equivalence ratio is less than 1. In;the second
category, using the injection event, pre-mixing occurs between the fuel injection and
start of combustion event, but significant regions exist where the equival%nce ratio is
greater than unity at the start of the combustion like premixed charge q‘;ompression
ignition (PCCI). !

The main objective of these strategies is to keep a flame temperature low by using
i

low compression ratio, large amount of cooled EGR, and using retard‘pd injection
i
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timing (Kook et al., 2005). Therefore, LTC can achieved a lower flame temperature

that leaded to decrease simultaneously in NOy and soot emissions at expressed in

Figure 2.26.
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Figure 2.26 Local equivalence ratio and local temperature map (Neely et al., 2005)

Xu et al. (Xu and Lee, 2004) studied effects of ambient temperature and oxygen
concentration on soot evaluation in constant volume optical spray chamber. The
ambient temperature was 1200 K, 1000 K and 800 K. The oxygen concentration was
varied at 21% to 15%. The conclusions showed that a decrease of ambient
temperature caused longer ignition delay with higher heat release rate. The fuel burnt
is increased with portion of premixed combustion. In addition, decreasing ambient
temperature is beneficial to less soot form during combustion as shown by soot mass,
and reduced flame luminosity. Lower oxygen concentration caused lower flame
luminosity, while having the same soot level. In addition, the combustion process is
basically not changed with changing oxygen concentration, but longer combustion
duration and lower heat release rate. The lower heat release rate resulted lower flame

temperature, which might contribute to reduce NO, emission.

25



v T T Ty T 3
- wes 1200K L i
£\ —— 1000K
SN 160 =
8 R - R k4 g
80 o 2F -] @
2 £ 120} o
3 s €
® 2 a0 3
40 Bt E | 2
* & g 8
3 =
0 Ok : 0 T t v
¢ 1 6 7 3 1 2 3 4 5 6 7 0 1 5 7
Time(ms) Time (ms) Time (ms

Heat release rate Flame luminosity Total soot ma;xss
H
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Figure 2.28 Flame luminosity and soot distribution images under various :hmbient
temperature (Xu and Lee, 2004) i

Zhang et al. (Zhang et al., 2012) studied the transient flame structure by high speed
imaging of natural luminosity and OH* chemiluminescence of diesel under low
oxygen concentration and low temperature combustion in CVCC. The results showed
that at the same ambient temperature, 15% O, concentration providés a shorter
ignition delay with higher heat release rate compared to 10% O, concentration due to

i

a higher oxygen availability in the chamber. At the same O, concentrationl, decreasing
ambient temperature provides a longer ignition delay with higher heat rele!asc rate due
to improved mixture preparation, also resulting in higher burning rate. ‘ljﬁme intensity
of natural luminosity (NL) showed that decreasing O, concentration décreased the

level NL as decrease flame temperature. Decreasing ambient temperature decreased

OH* chemiluminescence as reduce combustion intensity. This lead to i‘educe soot
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Figure 2.30 OH* chemilumi. and natural intensity at 15%, 10% O, concentration and

ambient temperature of 1200 K, 1000 K, 800 K (Zhang et al., 2012)

2.9 Research gap

The advantages of properties of HVO, as displayed by low sulfur and aromatics,
narrow distillation temperature range, lower T90 distillation temperature, and higher

cetane number, which might contribute to improve combustion under low oxygen
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I
concentration and low temperature. In addition, to meet the furtlller stringent
emissions, the EGR method as decreasing oxygen concentration is the most effective
method to control NOy emissions. LTC strategy is beneficial technique to,suppress the
formation of NOy and soot particles simultaneously due to lower flame teinperature.
Currently, few researches have been concluded the influence of diesel and HVO
blend percentage on the characteristics of the ignition delay and spray cdmbustion by

1
using heat release analysis and shadowgraph technique. Especially, the discussions on

¥

effects of diesel and HVO blend percentage on the combustion visualization such as
]

spray development and flame development have very limited data. Therefore, the

fundamental data of ignition delay, combustion and the visualization of combustion

are helpful information to optimize and to develop the further design in diesel

operating combustion conditions by utilizing HVO.

o sl
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CHAPTER 3

RESEARCH METHODOLOGY

3.1 Heat release analysis in constant volume chamber

Heat release rate (Heywood, 1988) can be determined from pressure rise after
burning injected fuel based on the first law of thermodynamics of the system, as

shown in Equation (3.1).

40 S\ L, AR a1
dt  y-1 da  y-1 dt
Where,
Y Ratio of specific heat
av/dt Chamber volume change with time, m’/s
dP/dt In-chamber pressure change with time, Pa/s
P In-chamber pressure, Pa
A% Chamber volume, m>

In this study, the heat release analysis was studied in constant volume chamber
where the chamber volume is kept constant then the dV/dt term can be deleted (Mayo

and Boehman, 2015). Hence, heat release rate is expressed as follows:

@ __1 .V.dP (3.2)
dt y-1 dt
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3.2 Ignition delay determination '

’fhe ignition delay characterized into physical delay, which is associated with fuel
atomization, vaporization and mixing. This depend on the physical propeirties such as
fuel viscosity, density, and distillation temperature. While chemical delay is
associated with chemical composition and structure, temperature, pl'essure, and

oxygen mole fraction. In this study, the ignition delay is defined as the {nterval time

between start of injection (SOI) to start of combustion (SOC) where heat release rate

recover from the negative value due to heat absorption. This has been w&dely used to
i

determine ignition delay (Ewphun et al., 2017; Heywood, 1988; MUNSIN, 2014;

Nguyen et al., 2010; Srichai, 2016) as described in Figure 3.1.

40 M T T T T T T F T T T i

20 ]
Ignition delay

SOl sSoC

20 F 4

Heat release rate (J/ms)

-40 I ! n i 1 1 '
00 02 04 06 08 10 12 14

Time after injection (ms)

Figure 3.1 Definition of ignition delay (Nguyen et al., 2010)
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3.3 Experimental setup

Figure 3.3 shows the schematic diagram of spray combustion characteristics
experiment using CVCC. The schematic diagram in this experiment consists of three
parts: (1) the high pressure fuel injection system was used to generate high injection
pressure, the three-phase motor was used to drive a second generation common-rail
pump to generate high fuel pressure by the inverter controller; (2) the gas system was
used to allow to introduce into combustion chamber in order to simulate ambient gas
condition; (3) the CVCC, the heater, the ignition system, the data acquisition and
controller. The CVCC was a circular cylinder with 80 mm in diameter, 100 mm in
depth. The two quartz windows were equipped in this chamber for optical assessment.

There are six main parts of combustion chamber system as shown in Figure 3.4: (1)
an intake valve was used to control partial pressure of premixed gaseous mixture of
acetylene (C;H;), oxygen (O3) and nitrogen, (N); (2) an exhaust valve was used to
remove burnt-gas after combustion is ended; (3) the conventional spérk plug was used
to ignite gaseous mixture to generate high pressure and temperature; (4) the mixing
fan was used to run 25 second before spark-ignition for maintaining uniform gas
distribution throughout the combustion of fuel; (5) a dynamics pressure transducer
(Kistler 6053CC60) and charge amplifier (Kistler 5011) were used to measure
pressure rise of combustbn, and (6) a single-hole injector was installed at the top of
combustion chamber to inject tested fuel. The pressure rise of auto-ignition was

recorded by oscilloscope (RIGOL DS1052E) with sampling rate 5x10° S/s.

18
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Figure 3.4 Constant volume combustion chamber system
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3.4 Bulk gas temperature

The bulk gas tempefature is used to calculate the relationship of ambient gas
temperature and pressure as shown in Figure 3.5. From this figure, the ambignt
temperature is calculated based on the initial premixed gas of 1.5 MPa and the
percentage of oxygen concentration of 21%. The ambient gas terﬁperature and
pressure were assumed to be uniform at each steps of ignition in this chamber. The
ambient gas temperature data was used to precisely evaluate for cool down time, time
after ignition where is start of injection. The equation can be expressed as follows

(Mayo and Boehman, 2015; MUNSIN, 2014; Srichai, 2016):

P
Ttk =Tinid—2ulle (3:3)

init

Where,

Twux  Bulk gas temperature of combustion products, K

Tinit  Initial temperature of the premixed gas, K

Pou.  Bulk gas pressure of combustion products, N/m?

Pinit  Initial pressure of the premixed gas, N/m?®

M Ratio of molecular weights of the combustion products

and the premixed gas

To simulate ambient oxygen concentration of 21%, 15% and 10% and ambient
temperature of 1100 K, 900 K and 700 K, it is essential to control precisely the
percentages of oxygen concentration by controlling the initial pressure. The gas
composition in the chamber was evaluated prior spark-ignition and at start of fuel
injection. The ambient gas temperature was calculated and evaluated to obtain the

time of fuel injection in the combustion chamber. The ambient temperature was
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i
calculated by using Equation 3.3. The ambient temperature in this research is linked

to the top dead center of diesel engine at the end of compression stroke. The percent

This has been widely used to study combustion in constant volume chari-lber (Jing et

I
al., 2013; Zhang et al., 2012, 2013). i

of oxygen concentration remain as shown in Table 3.1.

Table 3.1 Percent of oxygen concentration at the time of fuel injection 4nd reactants

prior to spark ignition ,

Gas composition [mol%] | Gas composition [mol%]

!
Percentage of oxygen (Composition before spark | (Composition at start of
I

concentration ignition) injection)
1
C.H, 0O, N2 N, | H20 | CO,
|
21% 3.5 29.3 Gy 67.2 §3.5 7.1
¥
15% 3.5 23.4 74.4 744 | 135 | 7.1
1
10% 3.5 18.5 | 79.4 794 | 3.5 | 7.1
|
|
2400 [ T T T i nion ]|
2200 - ammmnme 1 5% 02 concentration - I
. 2000 F ——21% 02 concentration{ f
o 1800}
3 1600 F
o3 L
5 1400}
£ 1200} |
2 1000} !
o 800+t
= ! ]
< 400# 1]
[ JL PV NNV VRN N N SO S S ST R |

0 100 200 300 400 500 600 700 800 900 1000 -
Time after spark ignition (ms)

-
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Figure 3.5 Ambient gas temperature of initial premixed gas of 1.5 MPa and 21%

oxygen concentration

3.5 Experimental procedure

The spray combustion characteristics were investigated under simulated diesel
combustion conditions in CVCC by using two-step combustion as illustrated in Figure
3.6. The first step was using spark i)lug to generate high-pressure and high-
temperature ambient gas by burning the premixed gas of C;H,, O, and N, as premixed
burning period. Before the second step, in-chamber pressure and temperature were
decreased to reach diesel combustion condition due to the heat transfer as cool down
process. The second step was fuel injection into combustion chamber, then injected

fuel was continuously burnt as combustion of fuel.

12 R A ===\ P R LS N LA T L
| Premixed combustion Combustion of fuel |

_.l'-—— < -

10 ( It

Pressure (MPa)

Cool down . Fuel injection

Spark Ignition ,
N | 1 I 1 1 1 I L 1| 1 | 1 1 "

|
0 100 200 300 400 500 600 700 800

Time (ms)
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Figure 3.6 In-chamber pressure of two-step combustion

. |
3.6 Visualization of combustion I

Figure 3.7 shows schematics diagram of spray combustion expexiiment using
the shadowgraph technique. The shadowgraph technique was used to visualize spray
combustion in this research. The shadowgraph technique is a useful technique to
study the macroscopic of diesel flame (Pastor et al., 2013). The concave mirror
allowed to reflect the light from the Xenon lamp light source that passes;through the
combustion chamber. The high speed video camera (FASTCAM MINI Uf(—lOO) with
10,000 frame per second (fps) was used to capture high speed video com!austion, and
a resolution of 640 x 480 pixels, and shutter speed of 10.2 us (Photron, n.c%.).

Charge amplificr Light source

Concave mirror 1
Oscilloscope - ? -’<=dﬂ\

o o
- .. [=

gn°oo o
8= =3
800
¢ [-X-X-]

¥C

Intake valve

transducer

|
Static pressure l
1

Concave mirror 2 High speed video camera ;

Figure 3.7 Schematics diagram of spray combustion experiment using shadowgraph

technique ;
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3.7 Test fuels

Table 3.2 shows fuel properties of test fuels. In this study, four different fuels were
commercial diesel grade, commercial diesel blended HVO by mass: 20% (H20), 50%
(H50) and pure HVO. The properties of test fuels were determined prior to the study
of spray combustion. From this table, the viscosity of H20, H50 and HVO have lower
than diesel by 4.62%, 10.49% and 18.52%, with lower density than diesel by 1.21%,
2.91% and 5.58%. But higher heating values by 0.39%, 0.11% and 2.18%. In
addition, one of important property in this study is distillation temperature that
describes the évaporation characteristics of fuel. At T90 distillation temperature, H20,
H50 and HVO have lower than diesel by 0.21%, 0.70% and 16.77%, as shown in
Figure 3.8. If fuel has lower distillation temperature, it will show fast evaporation and
mixing with ambient air. The cetane index is used to estimate the cetane number of
fuel, which calculated from fuel density, T10, T50 and T90 distillation temperature.
According to the larger difference of density, TS50 and T90 of H20, H50 and HVO
compared to diesel so that the cetane index of H20, H50 and HVO are higher than
diesel by 4.86%, 13.05% and 27.23% due to its lower density, T50 and T90,

respectively.
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Table 3.2 Fuels properties

A e e

=T -
(=

Properties Standard Diesel H20 HVO
Density @ 30°C ASTMD4052 0824 0814 0800 0.778
(g/em’) I
Kinematic viscosity ‘ !
@ 40°C ASTM D445 324 309 250 264
(mm?*/s) .
i
Heating value j
ASTM D240 4586  46.04 4688 46.86
(MJ/kg) |
|
Carbon content (%) ASTM D5291 85.73 8543 84.:98 84.24
Hydrogen content (%) ASTMDS291 1322 1359  14i4 1505
s
Oxygen content (%) ASTM D5599 0.00 0.00 0.00 0.00
N § i
Dls“n(ité‘;n 0 ASTMDS86-11b 2077 210.7 21%.3 2274
i
D‘Stln(itg;n 150 ASTMD86-11b  287.9 2845 2814 2782
o ‘
b ‘St‘“(itg;“ 90 ASTMDS86-11b 3523 3452 32#1.4 293.2
i
|
1
Cetane index ASTMD4737 6043  63.37 6832 76.89
i
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Auto-ignition temperature

ASTM 659 288 - - 288
)

3.8 Experimental condition

Table 3.3 shows the experimental condition in this research. Four test fuels were
tested: commercial diesel, two commercial diesel-HVO blends by mass: 20% (H20),
and 50% (H50) and 100% HVO. The experiment was carried out using constant
volume combustion chamber (CVCC) with single-hole injector, 0.2 mm in nozzle
orifice diameter, 2.5 ms in energizing time. The injection pressure was kept constanti
at 100 MPa. The ambient temperature were varied at 1100 K, 900 K and 700 X to
study effects of ambient temperature. The oxygen concentration was varied at 21%,
15% and 10% to simulate effects of EGR conditions. All test were repeated 10 times
per each test conditions.

Table 3.3 Experimental condition

Parameters Conditions
Test fuels Diesel, H20, H50, HVO
Nozzle orifice diameter Single hole 0.2 mm
Energizing time 2.5 ms
Injection pressure 100 MPa

Ambient temperature
Oxygen concentration

Repeat

1100 K, 900 K, 700 K
21%, 15%,10%

10 Times / Condition
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CHAPTER 4

RESULTS AND DISCUSSION

e W

This research on the combustion characteristics of diesel and HVO blend

percentage under low oxygen concentration and low temperature combustion were

derived into two parts. In the first part, combustion pressure, combustion {emperature,
heat release rate, cumulative heat release, ignition delay and integral heat }'elease were
presented and discussed. In the second part, focusing on the shadowgr;tph images,
which used to describe effects of physical and chemical properties on the spray
development, ignition and the flame development. ;
;
4.1 Combustion characteristics !
The experimental results of combustion characteristics were Jresented in
terms of heat release rate, cumulative heat release and ignition delay.

I
t
|
I
|
1
1

4.1.1 Heat release rate

Figure 4.1 shows the effect of oxygen (O;) concentration on the heat release rate
into diesel and HVO as representative under constant injection pressure zand ambient
temperature. Heat release rate is determined from pressure rise by using Equation 3.2
as described in Chapter 3. The peak heat release rate of 21% and 15% O,
concentration of HVO is lower than diesel due to its higher cetane nu : ber, which

i
makes a shorter ignition delay (Ewphun et al.,, 2017). Both 21% and 15% O,
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concentration exhibit a single-stage ignition, which is hot flame (Heywood, 1988),
premixed combustion phase, and following by diffusive combustion phase,
respectively. Lower O, concentration produced the slowed combustion rate,
indicating by the change of heat release rate slope and lower peak heat release rate
(Nguyen et al., 2011). Heat release rate of 10% O, concentration shows the lowest
peak heat release due to the lower flame temperature caused by the diluted ambient
gas (Azimov et al., 2008; Ewphun et al., 2017). At 10% O, concentration exhibits the
two-stage ignition. The two-stage ignition is commonly observed in the diesel
combustion, the first-stage ignition is “low temperature heat release (LTHR)” and the
second stage is “high temperature heat release (HTHR)” due to a slow combustion
process (Heywood, 1988). The LTHR were relatively similar with different O,
concentration. On the other hand, The HTHR is shifted with different O,

concentration (Mayo and Boehman, 2015).

300 T T B i g I 7 T 1 T L) T T T T T T T T

. Diesel 021%, 900K |
2ol - -« -HVO 021%,900K _
7 _ Diesel 015%, 900K
& - - - <HVO 015%, 900K |
= 200 ~ Diesel 010%, 900K ]
o : - -+ -HVO 010%, 900K -
= 150} |
) L
q 100
g I .
8 S N . "v‘ . B
4(-“: 50 ~ .. '. y < -
q) L 5
T 9

[ L 1 /] 1 1 ] i j 3 J" - <~ ..:.

Time after injection (ms)

Figure 4.1 Effect of oxygen concentration on heat release rate of diesel and HVO as
representative

Figure 4.2 shows the effect of ambient temperature (Tayp) on the heat release rate
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into diesel and HVO as representative under constant injection pressure and oxygen
concentration. The heat release rate at T, = 1100 K exhibits the lowes;t heat release
rate because fuel and air are fast vaporized and mixed during the ignition: delay period
(Nguyen et al., 2010) as seen as the dip of heat absorption (Zhang et aI:., 2012). The
peak heat release rate decreases with increasing Tamp to 1100 K due to a less time of
fuel-air mixing. In addition, the shorter ignition delay is observed with Ty, = 1100 K,

resulting in suppress the premixed combustion period and lengthen the diffusive
)
i
combustion period (Junjun et al., 2009). At Tumy, = 700 K, the heat: rglease rate

increases rapidly in the premixed combustion phase because of fuel and air well

mixed and distributed during the ignition delay period (Azimov et al., lQOOS, 2009).

i
The heat release rate of HVO exhibits the highest heat release rate due to the

!
improved mixing of fuel and air (Azimov et al.,, 2009). From theg results, the

conclusion is that HVO promotes shorter ignition delay in the combusti01!1 chamber at
}

low ambient temperature and contributes to use in the diesel engine at low engine
1

load, cold engine conditions (Lapuerta et al., 2011; Millo et al,, 201:5) and low

compression ratio (Kook et al., 2005). !
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Figure 4.2 Effect of ambient temperature on heat release rate of diesel and HV® as

representative

4.1.2 Cumulati\"e heat release

Figure 4.3 shows the effect of oxygen (O,) concentration on the cumulative heat
release into diesel and HVO as representative under constant injection pressure and
ambient temperature. The 21% O, concentration shows the highest value of
cumulative heat release at 6 ms after injection because a higher oxygen availability
causes an increase in the burning rate (Zhang et al., 2012), indicating by the change of
cumulative heat release slope. The 21% and 15% O, concentration show similar
cumulative heat release and begin to decrease at 7 ms time after injection. On the
other hand, cumulative heat release of 10% O, concentration still slowly increases due
to slow burning rate.

Figure 4.4 shows the effect of ambient temperature (Tamp) on the cumulative heat
release into diesel and HVO as representative under constant injection pressure and
oxygen concentration. Tamp = 1100 K observed early increase in cumulative heat
release due to a shorter ignition delay. Burning rate of Tamp = 1100 K exhibits similar
trend to Tumy = 900 K, but at T,my = 700 K exhibits a higher burning rate due to
promoting long mixing time that makes better mixture formation at lower temperature

(Ewphun et al., 2017).
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Figure 4.3 Effect of oxygen concentration on cumulative heat release of d:iesel and
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Figure 4.4 Effect of ambient temperature on cumulative heat release of diesel and
HVO as representative

4.1.3 Ignition delay

Figure 4.5 shows the effect of oxygen (O,) concentration on the ignition delay into
diesel and HVO blend percentage under constant injection pressure and ambient
temperature. From this figure, the ignition delay of 21% and 15% O, concentration
exhibit similar trend for all test fuels. On the other hand, the 10% O, concentration
shows the longest ignition delay because of the slowed chemical kinetics due to the
less of oxygen availability (Azimov et al., 2009; Ewphun et al., 2017). The ignition
delay of H20, H50 and HVO exhibit 0.72%, 6.0% and 6.24% shorter than diesel at O,
concentration of 21% due to its higher cetane number (Jaroonjitsathian et al., 2014;
Liu et al., 2013; Millo et al., 2015; Nguyen et al., 2011; Sugiyama et al., 2011) and
lower T90% temperature (Nguyen et al., 2010; Oo et al., 2015). The ignition delay of
HVO exhibits shorter than diesel by 6.24%, 5.42% and 9.63% at O, concentration of
21%, 15% and 10%, respectively. The conclusion is that decreasing oxygen
concentration results in increasing ignition delay due to the less of oxygen
availability. Increasing HVO blend percentage leads to shortening ignition delay for
all test condition due to its higher cetane number.

Figure 4.6 shows the effects of ambient temperature (T,yp) on the ignition delay
into diesel and HVO blend percentage under constant injection pressure and oxygen
concentration. From this figure, the ignition delay of Tym, = 1100 K and 900 K exhibit
similar trend for all test fuels. On the other hand, T.my = 700 K ambient temperature
shows the longest ignition delay because fuel slowly evaporated, mixed with the
ambient air (Nguyen et al., 2011; Zhang et al., 2012, 2013). The ignition delay of

HVO exhibits shorter than diesel by 2.26%, 6.24% and 8.84% at Tam, = 1100 K, 900
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1
t

K and 700 K, respectively due to its higher cetane number (Jaroonjitsathian et al.,
2014; Liu et al., 2013; Millo et al., 2015; Nguyen et al., 2011; Sugiyamalet al., 2011).

The conclusion is that decreasing ambient temperature results in incredsing ignition
§

delay due to a lower fuel evaporation process. ;

3.0+ m 21%, 900K
A 15%, 900K |
2.5+ < 10%, 900K _l
—
7]
g 2.0
z |
Q
= 15F 1 ! 1
A T N V] o P
g 11 1 N 1
= 10} 1 T
= é:::::::A::::::::::l::::: """"""" !
’3‘0 | I T .T ............ % i
0.5 | 1]
L i 1 | | | WL 1
0 20 40 60 80 100
HVO blend percentage (%) i

33 ]



Figure 4.5 Effect of oxygen concentration on ignition delay of diesel and HVO blend

percentage
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Figure 4.6 Effect of ambient temperature on ignition delay of diesel and HVO blend

percentage
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4.2 Combustion visualization

In this part, focusing on the combustion visualization of fuel. Result of
combustion visualization were presented; first, the shadowgraph image of spray
development dg:scribes effect of ambient conditions and fuel properties on the mixture
formation and the ignition delay, second, the shadowgraph images of combustion
progress describe effect of ambient conditions on the flame development. The
sequence shadowgraph images of spray combustion in this research were captured by
using the high-speed video camera, and analyzed by using Photron Fastcam Viewer
program. Diesel and HVO were selected to present the combustion visualization as
representative.

4.2.1 Spray development
1. Effect of oxygen concentration

Figure 4.7 illustrates shadowgraiah images of spray development of diesel and
HVO as representative under effect of oxygen (O,) concentration. All tested fuel
continue to penetrate, evaporate and distribute with the ambient gas in the chamber.
The effect of O, concentration has an insignificant on spray penetration due to the
same of ambient gas density and temperature (Hulkkonen et al., 2011; Sugiyama et
al., 2011). The 21% O, concentration exhibits early ignition as seen as the luminous
flame at 0.9 ms after injection due to oxygen enhancement that caused a higher
combustion rate as displayed by larger slope increase in heat release rate curve. This
result is agreement with previous research (N guyen et al., 2010). The 15% O,
concentration exhibits similar spray penetration to 21% O, centration case, but it
required more time of mixing, distribution, and ignition because its oxygen
availability is lower than the O, concentration of 21% as observed during 0.7 ms to

0.9 ms after injection (Ewphun et al., 2017; Nguyen et al., 2011). However, the 10%
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O, concentration cannot obtain a luminous flame 0.1 ms to 2.1 ms after injection due
to the slowed combustion reaction rate (Nguyen et al., 2011). The evaporation of
HVO is quicker than diesel as it observed larger vaporized fuel around the tip of spray
during 0.5 ms to 0.9 ms after injection at 21% and 15% % O, concentration due to its
lower viscosity, density, and distillation temperature at T90, resulting in easier fuel
atomized, distributed and mixed with the ambient air (Jaroonjitsathian et al., 2014;
Nguyen et al., 2010; Oo et al., 2015). In addition, from previous research, HVO is a
mixture of paraffin and iso-paraffin with straight chain-length (Caprotti et al., 2011;
Koyama et al., 2007; Liu et al., 2013; No, 2014), which might contribute to easier

broken up and ignition compared to diesel.
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Figure 4.7 Shadowgraph images of spray development of diesel and HVO as

representative (a) O; =21% (b) O, = 15% and (c) O, = 10%

2. Effect of ambient temperature

Figure 4.8 illustrates shadowgraph images of spray development and ignition
process of diesel and HVO under effect of ambient temperature (Tamp). From this
figure, the effect of ambient temperature has largely impacted on spray penetration
due to different ambient gas density and temperature. The T,np = 1100 K exhibits
early ignition at 0.7 ms after injection due to a rapid fuel evaporation (Oo et al.,
2015), a less time of fuel-air mixing and higher combustion rate (Nguyen et al., 2010,
2011). Lower ambient temperature has more time for spray mixing, more ambient air
entrained into fuel spray, resulting in higher the peak heat release rate and later
luminous flame at 1.1 ms for Tamy = 900 K, and 2.1 ms after injection for Tymp = 700
K, respectively (Azimov et al., 2009; Nguyen et al., 2011; Xu and Lee, 2004). The
comparison between HVO and diesel on spray development and ignition process can
be explained that HVO exhibits faéter evaporate, distributed and mixed with ambient
air compare to diesel for all ambient temperature as observe larger fuel evaporated

around the tip of spray at 0.5 ms after injection for Tamp = 1100K, and 0.7 ms for Tamp
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Figure 4.8 Shadowgraph images of spray development of diesel and HVO as

representative (a) Tamp = 1100 K (b) Tamp = 900 K and (¢) Tamp = 700 K

4.2.2 Combustion progress
1. Effect of oxygen concentration

Figure 4.9 illustrates shadowgraph images of flame development of diesel and
HVO under effect of oxygen (O,) concentration. The 21% O, concentration exhibits
early the luminous flame at 1.1 ms after injection due to a higher oxygen availability
in the chamber (Nguyen et al., 2011) at the premixed combustion period. At 15% O,
concentration, the luminous flame is observed around 1.6 ms after injection at
premixed combustion phase. The brighter flame luminosity is observed during 2.6 ms
to 4.6 ms after injection for 21% O, concentration, and during 3.6 ms to 4.6 ms after
injection for 15% O3 concentration at the diffusive combustion period. The luminous
flame is not observed at 10% O, concentration due to the lack of oxygen, which
results in the slowed chemical reaction (Azimov et al., 2009) and decreasing
combustion reaction intensity (Zhang et al., 2012, 2013). The comparison of flame
luminosity between HVO and diesel can be explained that HVO exhibits faster flame
development compared to diesel due to smaller droplet size distribution (Chen et al.,
2013), which made fuel-air interaction very well during ignition delay through
combustion process as seen as the flame at 21% and 15% O, concentration. This

result is agreement with previous research (Xu and Lee, 2004).
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Figure 4.9 Heat release rate and shadowgraph images of flame development of diesel

and HVO as representative (a) O, = 21% (b) O, = 15% and (c) O, = 10%

2. Effect of ambient temperature

Figure 4.10 illustrates shadowgraph images of flame development of diesel
and HVO under effect of ambient temperature (Tamp). The Tamp = 1100 K is observed
the brighter flame compared to Tamp = 900 K and 700 K at 1.1 ms to 4.6 after injection
due to the rapid fuel evaporation and distribution in the chamber. The flame
luminosity of Tamy =900 K exhibits later than 1100 K due to lower temperature. The
comparison of flame luminosity between HVO and diesel can be explained that the
flame luminosity of ﬁVO is weaker than diesel during 1.6 ms to 4.6 ms after injection
for Tamp, = 1100 K and 900 K. On the other hand, at Tim = 700 K, the flame
luminosity appears ()‘ély in case of HVO because increasing cetane number provides
high reactivity at lov&{;temperature (Jaroonjitsathian et al., 2014; Mayo and Boehman,
2015). In addition, HVO exhibits the luminous flame of T,mn, = 700 K at downstream
spray because it has better mixture formation due to its higher cetane number and

lower distillation temperature at T90.
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700 K
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CHARPTER 5

CONCLUSIONS

5.1 Conclusions

This research investigated effect of Hydrotreated vegetable oil — diesel blend
percentage on spray combustion characteristics under low oxygen concentration and
low temperature condition. The conclusion were derived into two parts. In the first
part, heat release rate, cumulative heat release and ignition delay were presented. In
the second part, focusing on the shadowgraph images of spray development and flame
development.

5.1.1 Combustion characteristics

1. Decreasing oxygen concentration from 21% to 15% and 10% results in
9.08% and 29.58% decreasing the rate of combustion pressure due to the diluted
ambient gas, but decreasing ambient temperature from 1100 K to 900 K and 700 K
results in 6.77% and 6.46% increasing the rate of combustion pressure due to
improving fuel-air mixing.

2. Decreasing oxygen concentration from 21% to 15% does not significant
affect to the combustion process, but at 10% oxygen concentration, combustion
process exhibits two-stage ignition and dominates by large premixed combustion
period because of a lower oxygen availability, leading to a slow combustion rate. A
decrease of ambient temperature results in a higher peak heat release rate due to a
better fuel-air preparation during the ignition delay. HVO exhibits the higher heat
release rate at 700K due to its higher cetane number, which improves mixing of fuel
and air at low temperature.

3. Decreasing oxygen concentration causes a decrease in burning rate due to a

43



lower oxygen availability, indicating by the slope of cumulative heat release.
Decreasing ambient temperature exﬁibits a higher burning rate because the longer
ignition delay promotes available time for mixing that makes a better mixture
formation at low temperature.

4. Decreasing oxygen concentration results in a longer ignition delay due to a
slow chemical reaction. Decreasing ambient temperature results in a longer ignition
delay due to the slowed fuel evaporation and mixing with the ambient air in the
chamber. However, increasing HVO blend percentage provides a shorter ignition
delay as 6.24%, 5.42% and 9.63% at 21%, 15%, and 10% oxygen concentration, with
2.26% and 8.84% at 1100 K and 700 K ambient temperature due to its higher cetane
number.

5. Decreasing oxygen concentration results in the lower integral heat release
due to the lower combustion rate and a higher heat capacity in the chamber.
Decreasing ambient temperature results in an increase of integral heat release due to
improved mixing during a longer ignition delay. Increasing HVO blend percentage
provides a lower 2.38%, 2.76% and 0.94% at 21%, 15%, and 10% oxygen

concentration.

5.1.2 Combustion visualization

1. A decrease of oxygen concentration results in an insignificant effects on
spray development due to the same ambient air density and temperature, but the
ignition delay is changed with oxygen concentration as seen as the luminous flame. At
the 10% oxygen concentration, the flame luminosity is not observed due to the lack of
oxygen, which results in a slow chemical reaction. The HVO is easier to vaporize and

distribute in the chamber due to its lower density, viscosity and distillation
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temperature at T90. I
2. A decrease of ambient temperature effects on fuel-air mixing b)! providing a
longer mixture formation time, resulting in later luminous flame with high;er peak heat
release rate. At 700 K of ambient temperature, the flame luminosity of only HVO is
observed becaus¢ of its higher cetane number provides high reactivity at low
te‘mperafure. As the results, The HVO can be recommended to use in the diesel engine
with EGR application as well, but it is necessary to optimize the engine when using in

low temperature combustion such as reducing the compression ratio.

5.2 Recommendations and Future Studies |

1. Using needle lift sensor to clearly determine the needle lift ?pening and
closing of injector for evaluating the injection delay and the ignition delay.;

2 Investigatidn on effect of HVO to combustion characteristics by using High
speed imaging of OH* chemiluminescence and natural luminosity! to clearly
understand the chemical reaction, flame luminosity.

3. Investigation on effect of HVO to combustion characteristics by using two-

color method to measure flame temperature and KL factor to Tbtain soot

concentration. |

1
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Experimental Investigation on Spray Combustion Characteristics of
Hydrotreated Vegetable Oil (HVO)-Diesel Blends in Constant Volume
Combustion Chamber (CVCC)
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ABSTRACT: Hydrotreated vegetable oil (HVO) is one of candidate to replace diesel fuel due to its superior properties such as high
cetane number and heating value. The objective of this paper is to investigate effects of HVO and diesel blends on combustion
characteristics using heat release analysis and shadowgraph technique. Four test fuels were tested: diesel, four diesel-HVO blends by
mass: 20%(H20), and 50%(HS50) and 100% HVO(H100) in constant volume combustion chamber (CVCC) with single-hole injector. The
results show that increasing HVO fraction provide shorter ignition delay and slightly lower heat release rate.

KEY WORDS: Heat engine, Hydrotreated vegetable oil (HVO), Combustion characteristics, Heat release rate, Shadowgraph

technique. (A1)

1. INTRODUCTION

Diesel engines (DI) engines provide higher thermal
efficiency than spark ignition (SI) engines, however DI engines
still have serious pollutant problems. Many researchers have been
employed various techniques for reducing in exhaust gas
emissions such as after-treatment systems (i.e. DOC, SCR, DPF,
etc.) [1], engine combustion control (i.e. common-rail, swirl
mixing, EGR, etc.) [2,3]. On the other hand, research on the
alternative and renewable fuels are searching to employ for proper
way, which have not only sustainable, but also friendly, respect
with the environment. Therefore, alternative fuels as sustainable
energy have been researched for applying into diesel engines such
as biodiesel (i.e. FAME, SME, RME).

Biodiesel which is a first generation of biofuel can be
produced by transesterification process. Biodiesel have been
widely used, as it can be directly used or blending used with diesel
in the engines without no modification. However it still have some
disadvantages to the engines such as low heating value [4] and
high density and viscosity that make larger droplet size
distribution, poor fuel-air mixing processes and mixture formation

[5,6]. However, HVO is more advantage than biodiesel such as

high cetane number, similar density and viscosity to diesel that can
make small atomization, better mixture formation.

HVO is a second generation of biofuel that can be
produced from many kinds of vegetable oil by using hydrotreating
process. HVO is a mixture of normal paraffin and iso-paraffin [7).
HVO is promising alternative fuels as one of candidate to replace
diesel due to its more advantages in comparison with other
alternative diesel fuels. The first one shows about production.
HVO has variety of bio-feedstock, better oxidation stability. The
second one is better fuel properties such as low aromatics and
sulfur, high cetane number, high heating value, similar density,
viscosity, chemical structure to diesel [8]. From this reason, it
offers significant improvement in engine performance and exhaust
gas emissions. However, HVO still have limitation to use in diesel
engines as it shows very high cetane number and low lubricity, so
researchers suggested that HVO would not be blended over 50%
9.

Effects of HVO on combustion characteristics have
been performed by many researches in the diesel engines.
Sugiyama et al [10] carried out HVO on the engine and concluded
that heat release rate of HVO exhibited more advance with shorten

ignition delay to improve combustion which resulted decreasing



in fuel consumption, Hydrocarbon (HC) and Particulate Matter
(PM) emissions. Liu et al [11] concluded that combustion pressure
and heat release rate of HVO showed slightly higher than diesel,
moreover the shorter ignition delay and combustion duration were
observed with high EGR rate due to its higher cetane number,
higher amount energy per unit volume, and the long chain paraffin
is easier to broken up than diesel fuel. Jaroonjitsathian et al [12]
experimentally investigated HVO and HVO blended fuels on
combustion characteristics and engine performance, concluded
that HVO and blends provided shorter ignition delay, combustion
duration, and better combustion efficiency, consequently overall
engine efficiency and specific energy consumption can be
improved by HVO. Sugiyama et al {10] and Armas et al [13]
carried out HVO on chassis dynamometer to performance,
combustion and emission characteristics under New European
Driving Cycle (NEDC) and showed that HVO exhibited low fuel
consumption, higher heat release rate, shorter ignition delay due
to its higher cetane number. In addition, exhaust gas emissions
also decreased.

From previous researches have been done on
combustion so these can be summarized that HVO provided
shorter ignition delay, slightly higher heat release rate, and low
exhaust gas emissions due to its better ignition quality that provide
better combustion efficiency. Therefore, HVO showed the better
the evaporation characteristics, smaller droplet size distribution
that make its better mixture formation. However, a few work have
been performed the influence of diesel and HVO blend percentage
on characteristics of the ignition delay and spray combustion by
using heat release analysis. Especially, the discussions effects of
diesel and HVO blend percentage on the combustion visualization
such as spray evaporation and flame development have not clearly
explain yet.

The objective of this paper is to investigate effects diesel
and HVO blend percentage on the heat release rate, the ignition
delay and the integral heat release in constant volume combustion
chamber (CVCC) under simulated diesel combustion condition
using heat release analysis. Moreover, the shadowgraph technique
was to visualize combustion processes of fuel in order to describe
effects of fuel properties of diesel and HVO blend percentage to
fuel evaporation processes, and flame development. Therefore, the
fundamental data of ignition delay, combustion and the
visualization of combustion are helpful information to optimize

designing in diesel engines by HVO.

2. METHODS
2.1 Heat release analysis
Heat release rate can be determined from pressure rise
after buming injected fuel based on the first law of
thermodynamics of the system, as shown in Equation (1) [14].
_d_Q_ 4 P av 1 dp

. } Ve— )
dat  y-1 dt  y-l1 dt

Where 7 is ratio of specific heat, dV/dt is chamber
volume change with time, dP/dt is in-chamber pressure change
with time, P is in-chamber pressure, ¥ is chamber volume

In this paper, the heat release analysis was studied in
constant volume combustion chamber where the chamber volume
was kept constant then the d¥V/d! term could not be considered.

Hence, heat release rate for this study is express as follows:

Sy -yt @

The ignition delay is defined as the time from start of
injection (SOI) to the start of combustion (SOC) where heat
release rate recover from the negative value due to heat absorption
[14, 15] as illustrated in Figure 1. The total heat release can be
integrated from the heat release rate curve area from the start of
combustion to the end of combustion (EOC) where heat release
rate decrease to the negative value.
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Fig. 1 The definition of the ignition delay

3. EXPERIMENTAL SETUP AND PROCEDURES
3.1 Experimental setup
Figure 2 shows the schematic diagram of spray
combustion characteristics experiment using CVCC with
shadowgraph technique. The CVCC was a circular cylinder with
502.65 cm? in volume. The combustion chamber has 80 mm in

diameter, 100 mm in depth, the quartz window were equipped in



this chamber for optical assessment. There are six main parts of
combustion chamber: an intake valve was used to control partial
pressure of the premixed gaseous mixture of acetylene (C:Hz),
oxygen (O2) and nitrogen, (N2), an exhaust valve was used to
remove burned-gas, the spark plug was used to ignite gaseous
mixture to generate high pressure and temperature, the mixing fan
was used to run 25s gaseous mixture before spark-ignition for
maintaining uniform gaseous distribution throughout the
combustion of fuel, a dynamics pressure transducer (Kistler
6053CC60) and charge amplifier (Kistler 5011) were used to
measure pressure rise of combustion of fuel , and a single-hole
injector was installed at the top of combustion chamber to inject
tested fuel. The 3-phase motor was used to drive a second
generation common-rail pump to obtain high fuel injection
pressure by the inverter controller. The pressure rise of auto-
ignition was recorded by oscilloscope (RICOL DS1052E) with
sampling rate 5x10° S/s.

The shadowgraph technique was used to visualize spray
combustion. The concave mirror allowed to reflecting the light
from the Xenon lamp that passing through combustion chamber.
The high speed video camera (Phantom Miro 3al0 Camera) with
10,000 frame per second (fps) was used to capture high speed
video combustion, and a resotution of 512 x 464 pixels.

Fig. 2 Schematic diagram of spray combustion characteristics

experiment using CVCC with shadowgraph technique

3.2 Experimental condition

Table 1 shows the experimental condition in this
experiment. Four test fuels were tested: diesel, two HVO-diesel
blends by mass: 20%(H20), and 50%(H50) and 100% HVO in
constant volume combustion chamber (CVCC) with single-hole
injector, 0.2 mm in nozzle orifice diameter, 2.5 ms in energizing
time. The injection pressure was kept constant at 100 MPa. The
ambient pressure and temperature were controlled at 4.0 MPa and
900 K that refer to diesel combustion conditions at the end of

compression stroke.

Table 1. Experimental condition

Parameter Conditions
Test fuels Diesel, H20, H50, HVO
Nozzle orifice diameter Single hole 0.2 mm
Energizing time 2.5ms
Injection pressure 100 MPa
Ambient pressure 4 MPa
Ambient temperature 900K
Oxygen concentration 21%
Repeat 10 times / condition
3.3 Test fuels

Table 2 shows fuel properties. In this study, four
different fuel were diesel, H20, H50 and HVO. The properties of
test fuels were determined prior to the study of spray combustion
characteristics. From this table, H20, H50 and HVO have lower
viscosity by 4.62%, 10.49% and 18.52%, respectively, with lower
density than diesel by 1.21%, 2.91%a and 5.58%, respectively.
But higher heating values by 0.39%, 0.11% and 2.18%,
respectively. Moreover, one of important property in this study
was distillation temperature that describes the evaporation of fuel.
At T90, H20, H50 and HVO have lower distillation temperature
than diesel by 0.21%, 0.70% and 16.77%, respectively. If fuel has
lower distillation temperature that will be show fast evaporation
and well-mixed with surrounding air dramatically. The cetane
index is calculated from fuel density, T10, T50 and T90
distillation temperature that used to estimate the cetane number of
fuel. The cetane index of H20, H50 and HVO are higher than
diesel by 4.86%, 13.05% and 27.23% due to its lower T10, T50
and T90, respectively.

Table 2. Fuel properties

Properties Standard Diesel H20 H50 HVO
Kinematic
viscosity ASTM D445 324 3.09 290  2.64
(40°C, cSt)
Density
ASTM D4052 824 814 800 778
(30°C, kg/m®)
Heating value
ASTM D240  45.86 46.04 4638 46.86
(MJ/kg)
Distillation ASTM D§6-
207.7 2107 216.3 2274
T10 (°C) 11b
Distillation ASTM D86-
287.9 2845 2814 2782
T50 (°C) 1ib
Distillation ASTM D86-
3523 3452 3274 2932
T90 (°C) 11b

Cetaneindex ~ ASTM D4737 6043 63.37 6832 76.89




3.4 Experimental procedure

The spray combustion characteristics were investigated
under simulated diesel combustion conditions in CVCC by using
two-step combustion that can be illustrated in Figure 3. The first
step was using spark plug to generate high-pressure and high-
temperature ambient gas by burning the premixed gas of C2Hz, Oz
and N as premixed combustion period. Before the second step,
in-chamber pressure and temperature were decreased to reach
diesel combustion condition due to the heat transfer as cool down
process. The second step was fuel injection into combustion
chamber, then injected fuel was continuously burnt as combustion
of fuel.
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Fig. 3 Pressure history in combustion chamber

4. RESULTS AND DISCUSSIONS
The investigation on the spray combustion
characteristics of diesel and HVO blend percentage under
simulated diesel combustion were derived into two parts. In the
first part, the heat release rate, the ignition delay, and the integral
heat release were discussed. In the second part, we focused on the
shadowgraph images that describe effects of fuel properties on the

spray evaporation, ignition delay and flame development.

4.1 Heat release rate

Figure 4 show the effects of diesel and HVO blend
percentage on the heat release rate. This study calculated the heat
release rate in CVCC based on the first law of thermodynamics
[14]. HVO and blends show that it early observed SOC as early
observed heat release rate recover from SOI due to its high cetane
number that make its short ignition delay {11,12], In addition,
HVO and blends show stightly higher the peak of heat release rate
than diesel due to its higher heating value Therefore, the
employments of an increase in HVO blend percentage are to

improve ignitability of fuel and to increase heat release rate.
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Fig. 4 Heat release rate
4.2 Ignition delay

Figure 5 show the effects of diesel and HVO blend
percentage on the ignition delay. The ignition delay in this study
defined as the period from SOI to SOC where heat release rate
recover from the negative value due to heat absorption. The
ignition delay was significantly decreased with increasing HVO
percentage by 14.27%, 19.28% and 34.48%, respectively compare
to diesel due to its higher cetane number. Another reason for
shorter ignition delay of HVO and blends is the lower distillation
temperature which make its faster evaporation with surrounding
air in the chamber, and it might contribute to small droplet size
distribution [15,16], which is related to a better mixture formation.
The conclusion in effects of HVO and blends on the ignition delay
is that increasing HVO blend percentage lead to a.decrease in

ignition delay so that combustion can be improved.
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4.3 Integral heat release

Figure 6 shows the integral heat release as total amount
of heat release where emitted from combustion of fuel, which is
calculated from the integration under heat release rate curve area
from SOC to EOC. The integral heat release in this study describes



as the heat of combustion of injected fuel. The results showed that
increasing HVO blend percentage show insignificant effect on the
integral heat release due to similarity of energy input [17].
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Fig. 6 Integral heat release

4.4 Combustion visualization and shadowgraph images

The sequence shadowgraph images of spray combustion
of this study were capture by using the high speed video camera.
The discussion on the effects of diesel and HVO as a
representative on the fuel evaporation, the mixture formation and
the combustion progress, such as viscosity, density and distillation
temperature were illustrated in Figure 7.

In this figure, the first column indicated time after
energizing, the second and the third column indicated diesel and
HVO as a representative. At 0.5 ms, HVO observed slight long
spray penetration and wide spray angle than diesel. At the time of
0.7 ms, HVO observed shorter liquid phase as it shows small dark
spray, fast spray vaporization and well-mixing with surrounding
air compare diesel as it observed larger fuel evaporated around the
tip of spray due to its lower density, viscosity and distillation
temperature at T90% by 18.52%, 5.58% and 16.77%; respectively,
which might contribute to small droplet size distribution, lead to
reducing in fuel-air mixing time. At 0.9 ms, Both diesel and HVO
have already ignited as shown as flame luminosity. After 0.9 ms,
diesel and HVO have continuously burnt as seen as flame
development, and reach to chamber wall around 1.4 ms. The
combustion progress of diesel and HVO show similar due to
difference of flame luminosity area by 1.31%. But after the flame
reach to the wall at 1.4 ms, the flame luminosity area of HVO
show significant lower than diesel by 12.31%, 6.45%, 18.17% and
21.03%, respectively following the time after energizing of 1.9
ms, 2.9 ms 3.9 ms and 4.4 ms, respectively. This possibility is that
diesel has generated more soot form than HVO, as displayed by
larger flame luminosity area which emitted from the thermal
radiation of soot particles [18], that agreement with previous
research [7-8, 10, 12-13].
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Figure 7 Shadowgraph images of combustion processes of diesel
and HVO at ambient pressure of 4 MPa and ambient temperature
0f' 900 K

5. CONCLUSIONS

The effects of HVO-diesel blend fuels on the ignition
delay and spray combustion characteristics in CVCC under
simulated diesel combustion condition were investigated using
heat release analysis and shadowgraph images. The heat release
rate, the ignition delay, the integral heat release and shadowgraph
images were summarized as follows:
(1) The heat release rate of HVO and blends show similar results
to diesel under constant injection pressure, ambient pressure and

temperature.



(2) Increasing HVO blend percentage lead to decrease the ignition
delay due to its higher cetane number and lower distillation
temperature.

(3) Increasing HVO blend percentage shows insignificant
improvement in the integral heat release due to the same of energy
input.

(4) On the shadowgraph images of combustion processes, HVO
can reduce time of mixing processes that make better mixture
formation as more fuel vaporize, and fuel-air interaction inside
combustion chamber very well during combustion phase due to its
better evaporation characteristics.

(5) The combustion process of diesel and HVO show slight
difference as seen as flame development. In addition, diesel shows
larger flame luminosity area than HVO that might generate high

soot formation.
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