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ABSTRACT

This research investigates effect of Hydrotreated vegetable oil —
diesel blend to combustion characteristics under EGR and supercharged
conditions. Hydrotreated vegetable oil (HVO) is a second generation
biofuel that can be a candidate to replace diesel. It can produced from
various feedstocks and has a similar viscosity, density and heating value as
diesel. However, HVO still has limitations in the CI engine due to its low
lubricity and poor low-temperature flow properties. These must be
improved by blending it with commercial diesel. The combination of high
ambient pressure and high EGR rate is an effective method of reducing
emissions of both of NOx and soot. Injection and spray characteristic are
require in order to clearly explain combustion characteristics. A single hole
injector was tested with five different fuels commercial diesel, HVO -
diesel blends by mass: 20%, 50%, 80% and pure HVO under constant
injection pressure and injection duration to investigate the effects of HVO
percentage on injection, spray and combustion characteristics under
simulate CI engine condition.

Injection characteristic were investigated using Zeuch’s method.
The experiments were carried out on constant volume chamber. Test fuel
is injected into a constant volume chamber filled with test fuel at certain
pressure. Chamber pressure was generated by filling test fuel into the
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chamber by hand pump until back pressure setting point to simulate the
ambient pressure of a CI engine at TDC. As the mass of the fuel in the
chamber increases due to injected fuel, the chamber pressure increases
proportionally. The results showed that increasing HVO blending
percentages not only decreased bulk modulus and injection delay, but also
increase injection rate, discharge coefficient, Reynolds number and input
energy.

Spray characteristic were investigated using shadowgraph
technique. The experiments were carried out on constant volume
combustion chamber. Series of spray image were captured by high speed
VDO camera then analyzed by image processing. Ambient pressure was
generated by filling nitrogen gas into the chamber until back pressure
setting point to simulate the ambient pressure of a CI engine at TDC. The
results showed that increasing HVO blending percentages not only slightly
decreased spray penetration and spray velocity, but also increase spray
cone angle.

Combustion characteristics were investigated using heat release rate
analysis, two color method, soot concentration measurement and NOx
concentration measurement. The experiments were carried out on a rapid
compression expansion machine to simulate the ambient condition of a CI
engine at TDC. Synthetic gas with oxygen concentrations of 21%, 15% and
10% were used to simulate EGR conditions. Ambient pressure were varied
to supercharged conditions. The results showed that increasing HVO
blending percentages decreased ignition delay, flame temperature, soot
concentration and NOy concentration. Heat release at oxygen concentration
of 10% dramatically dropped due to a shortened ignition delay, which
resulted in less combustion. A decreased oxygen concentration from
applied EGR conditions not only increased ignition delay, heat release,
flame temperature and NOx concentration, but also increased soot
concentration. A combination of EGR and supercharged conditions by
increasing ambient pressure and decreasing oxygen concentrations resulted
in increased heat release, decreased flame temperature, ignition delay and
soot concentration, compared to EGR conditions.

Keywords: Hydrotreated vegetable oil, Injection characteristic, Isothermal
spray visualization, Combustion characteristic, Two-color method
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CHAPTER 1

Introduction

1.1 Background

Currently, the world is faced with fossil fuel depletion and numerous
environmental problems. Many researchers are trying to develop new,
clean energy sources for vehicles such as electricity, fuel cell, etc.
Unfortunately, it is difficult to replace conventional vehicles due to cost,
energy sources, distance between refueling and vehicle performance.
Internal combustion and hybrid engines will likely play a role in powering
light-duty vehicles at least until 2050 [1].

Fig. 1.1 Life cycle of technology light-duty vehicle [1]

Compression ignition (CI) engines provide higher thermal efficiency
compared to other internal combustion engines [2]. However, large
amounts of NOx and soot are produced during combustion [3]. Soot and
NOx emission can be reduced by using Hydrotreated vegetable oil (HVO)
without the need of engine and control modification [4].

HVO is a second generation biofuel that produce from vegetable oil
by using hydrotreating process to remove oxygen from structure. HVO can
be a candidate to replace diesel. It can produced from various many kind
of vegetable oil without compromising fuel quality, difference form FAME
(fatty acid methyl ester) that can produce from limit feedstocks [4]. HVO



has a similar physical and chemical fuel property such as viscosity, density
and heating value as diesel [5].

The high cetane number of HVO decreases HC emissions and fuel
consumption by increasing the advanced heat release rate and shortening
ignition delay [6]. Other advantages of using HVO include advanced
combustion phase, shortened combustion duration, and improved thermal
efficiency [7].

Moreover NOx emission in using HVO were almost same level as
using commercial diesel but in case of using FAME show significantly
higher NOyx emission [8]. Increasing NOx emission from using FAME
cause from the higher fuel injection volume when comparing with diesel
due to the lower heating value and higher bulk modulus of elasticity, thus
the higher NOx emission. HVO has almost same heating value with diesel
fuel, while its H/C ratio is higher due to the molecular structure of
paraffinic hydrocarbon, the higher H/C ratio of BHD could suppress the
NOx emission [9]. However, HVO still has limitations in the CI engine due
to its low lubricity and poor low-temperature flow properties. These
problems must be improved by blending it with commercial diesel [10, 11].

Another importance issued for CI engine research is thermal efficiency
improvement. Thermal efficiency can be improve applying a supercharged
condition simulating the operation of a turbo charger in a CI engine, the
result is an increased ambient pressure and thermal efficiency. Increased
ambient pressure and density also increase heat release from promoted
oxygen enhancement. Further, it increases NOx emission [12].

By applying exhaust gas recirculation (EGR) NOyx emission can be
reduce. EGR is a simple, effective method to reduce NOx emission [13].
This results from decreased oxygen concentration and flame temperatures
[14]. On the other hand, EGR decreases heat release due to decreased
combustion reaction intensity [15]. It also increases the heat capacity of
ambient gas [16].

The combination of high ambient pressure and high EGR rate is an
effective method of reducing emissions of both of NOx and soot [17].
Increasing ambient pressure can extend the limit of the EGR ratio by
shortening ignition delay and reducing misfiring by enhanced air fuel
mixing [18]. At high boost pressure and EGR up to 30%, no significant
effects on performance or thermal efficiency reduction is observed [19].

To date, no study has been performed on the effect of HVO as an
alternative fuel with regard to flame temperature under simulated EGR and
supercharged conditions. Flame temperature is useful information to
explain combustion phenomena, especially for NOx and soot emissions.

However, Injection and spray characteristic have strongly effect on
combustion characteristics [20]. For that reason Injection and spray



characteristic are require in order to clearly perform combustion

characteristics as show in Fig. 1.2.
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1.2 Objectives

To investigate effect of HVO - diesel blends 20%, 50%, 80% and HVO
on injection, spray and combustion characteristic of diesel spray flame
under low oxygen concentration and high density surround gas.

1.3 Scope of work
1.3.1 Fuel property test

These fuel samples will be tested fuel properties such as density,
surface tension, viscosity, cetane number, heating value.

1.3.2 Injection characteristic experiment

In this experiment was investigated injection characteristic by Zuech
method. Injection characteristic was analysis terms of bulk modulus,
injection delay, injection duration, injection quantity, injection rate,
discharge coefficient, discharge coefficient compare to Reynolds number
and input energy.

1.3.3 Spray characteristic experiment

In this experiment was investigated spray characteristic by high speed
photography from shadow graph technic. Spray characteristic was analysis
terms of spray penetration, spray velocity, spray cone angle and spray
volume.

1.3.4 Combustion characteristic experiment

In this experiment was investigated combustion characteristics under
EGR and supercharged conditions using heat release rate analysis, two
color method, soot concentration measurement and NOx concentration
measurement. Oxygen concentrations were varied to simulate the effect of
EGR wunder naturally aspirated conditions. EGR and supercharged
simulated by varying oxygen concentrations at ambient pressure under a
constant total equivalent ratio.



CHAPTER 2

Literature review

2.1 Diesel engine

Diesel engine is internal combustion engine that use the heat of
compression to start combustion process. Fuel was injected into the
combustion chamber during the final steps of compression stroke. It was
developed by Rudolf Diesel in 1897 based on Carnot's cycle, which was
invented by Sardis Sardi Carnot. Diesel engine is different from the
gasoline engine that used spark plug to ignite. Diesel engine ignite by
compressed of air and fuel under high pressure and temperature [21].

2.1.1 Diesel engine operation

Principle of the diesel engine is compress air to a higher temperature
then inject fuel. Rapidly compression made pressure and temperature
increased without heat loss (Adiabatic compression). The fuel is inject in
to combustion chamber then vaporizes and the mixture ignites by itself.
Pressure rise from combustion transfer to piston and connecting rod made
crack shaft rotated.

Diesel engine is a compression ignition engine of a two or four stroke
type. However, in automotive application, diesel engines are four stroke
type. The 4 cycle consists of, intake, compression, power, and exhaust as
show in Fig. 2.1.

1. Intake stroke: Piston move down from top dead canter (TDC) to
bottom dead canter (BDC) during intake valve open and exhaust valve
close. The fresh air is drawn in to cylinder.

2. Compression stroke: Piston move up from BDC. In this timing both
intake valve and exhaust valve are close. The cylinder pressure and
temperature increase corresponding to compression.

3. Power stroke: Piston moves up almost TDC. At the end of the
compression stroke fuel is injected into the combustion chamber. In this
timing both intake valve and exhaust valve are close. The cylinder pressure
increased from combustion is converted into mechanical energy through
the piston to the crankshaft.

4. Exhaust stroke: Piston move up from BDC to TDC during intake
valve close and exhaust valve open. The exhaust is push out of cylinder.



Intake Compression

Power Exhaust

Fig. 2.1 4 Stroke operating cycle [21]

2.1.2 Diesel engine characteristic

Diesel engines provide higher thermal efficiency compared to other
internal combustion engines. Moreover, there is no any controversy for
diesel engine in heavy duty applications. Another advantageous of diesel
engine is operability to use with variety fuels. However, configuration of
general diesel engines are manufactured considering using of diesel fuel
produced from crude oil. To develop the new fuel technology compatible
for diesel engine it is essential to understand the features of common diesel
engine. Those features are roughly classified into six groups as Fuel
injection  characteristic, Fuel spray characteristic, Combustion



characteristic, Engine performance characteristic, Ecology characteristic
and Economy characteristic [22].

Fig 2.2 show the relationship of diesel engine characteristics with each
other. It is show that injection and fuel spray characteristics relate to
combustion, engine performance, ecology and economy. All these
characteristics depend on basic parameters such as fuel type or injection
system type and on various process characteristics such as the injection
process, fuel spray development, atomization, mixture formation, ignition
and combustion. The diesel engine characteristics may be influenced by
various geometrical and setup parameters either mechanically or
electronically controlled fuel injection system.

Fig. 2.2 Relationship of diesel engine characteristics [22]

Injection characteristics, spray characteristics and combustion likely
play an importance role on engine combustion performance, emission and
economy characteristic

2.2 Diesel combustion
2.2.1 Diesel combustion process

In diesel engine, fuel is injected directly into combustion chamber at
TDC. However the fuel will not immediately combustion. Mixing time of
fuel and air mixture is require. Fig. 2.3 shows the relationship between heat
release rate from start of injection (SOI) to end of combustion.

Ignition delay (a to b) is the period between the start of fuel injection
into the combustion chamber and start of combustion. Specifically, the



point that heat release rates curves recovers from negative value due to
evaporation of fuel into the hot environment.

Premixed combustion (b to c¢). In this phase combustion of the fuel
which already mixed with air during the ignition delay period occurs
rapidly in a short time. The burning mixture is added to fuel that ready for
burning and burns during this phase, the high heat release rate
characteristic of this phase result.

Mixing controlled combustion (¢ to d). When fuel and air that 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, 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 burnout process become slower as the temperature of
the cylinder gases fall.

| i | 1 | | 1 I 1

Ignition Premixed combustion phase
— delay

Mixing-controlled combustion phase

Rgze of heat rclease

[ sor J) EOI
I | ] ] i l | 1 €
160 4 p 170 180 150 200 210
Crank angle, deg

Fig. 2.3 Diesel combustion process [23]
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2.3 Fuel injection system
2.3.1 Common rail system

Common rail system as show in Fig. 2.4 [24] has been developed for
the modern diesel engines. Supply Pump supply high pressure fuel into the
common rail, which is equipped with pressure sensors. Pressure sensor
control fuel pressure inside common rail to suit with the engine operating
condition.

Electronic Control Unit (ECU) control operating of common rail
system based on information from various sensors such as the crankshaft
positioning sensor, throttle positioning sensor, intake temperature. Electric
Driver Unit (EDU) receive information from ECU to control injector suit
with load and speed. ECU also controls the Suction Control Valve of
supply pumps to match with engine operation. Resulting the engine is able
to unequal inject fuel in each cylinder. From that reason improved engine
performance, less vibration, long life time, low maintenance costs and low
exhaust emissions.

Fig. 2.4 Main component of common rail system [24]

2.4 Hydrotreated vegetable oil

Hydrotreated vegetable o1l (HVO) is the second generation biofuel that
can be produced from many kinds of vegetable 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



11

carbon atom from the initial intermediate), and hydrodeoxygenation (with
no carbon removal) at the temperatures at temperature above 300-360 °C
and pressure at least 3 MPa. Propane, water, carbon monoxide and carbon
dioxide are produced as side-products. HVO is a mixture of normal
paraffin and iso-paraffin with shorter chain-length. 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) [11]. Therefore, an improvement
process as isomerization process is can be used to solve that problem then
HVO would be iso-HVO.

Propane
Water

O, CO,
(side-product)

Fig. 2.5 HVO production process

HVO can be a candidate to replace diesel. It can produced from various
many kind of vegetable oil without compromising fuel quality, difference
form FAME (fatty acid methyl ester) that can produce from limit
feedstocks as show in Table 2.1 [4].

Table 2.1 Comparison between FAME and HVO production [3]
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HVO has a similar viscosity, density and heating value as diesel as show
in Table 2.2 [5].

Table 2.2 HVO (NEx BTL) properties in comparison with different
fuel [5]

FUEL NExBTL GTL FAME | EN590
PROPERTIES *) biodiesel diesel (RME) | /2005
Density @15°C | 775,785 | 770..785 | =885 | =835
[kg/m3]

Viscosity @40°C ~ -
[mm2/s] 29..35 3.2.45 =45 =35
Cetane number 84...99 *¥) 73...81 =5 =53
Distillation - - -

10 vol% [°C] 260...270 =260 =340 | =200
Distillation

90 vol% [°C] 295...300 325...330 =355 | =350
Cloud point [*C] -5..-30 0..-25 =-5 =-5
Lower heating - - - -
value [MJ/kg] =44 =43 =38 | =43
Lower heating - - - -
value [MJ/litres] =34 =34 =34 | =36
Polyaromatics -
[Wt%] 0 0 0 =4
Oxygen [wt%] 0 0 =11 0
Sulfur [mg/kg] =0 <10 <10 <10

Sugiyama et al. [6] Study on combustion characteristic and emission
of HVO compare to diesel by using 2.2 liter common rail, turbo charger CI
engine on engine and chassis dynamometer. This experiment showed that
high cetane number of HVO decreases emissions and fuel consumption by
increasing the advanced heat release rate and shortening ignition delay as
show in Fig. 2.6.

Fig. 2.6 Result of using HVO in vehicle [6]
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Jaroonjitsathian et al. [7] Study effect of HVO, GTL, HVO and GTL
blend with diesel 50% on engine performance and emission characteristic
by using 2.5 liter common rail, turbo charge CI engine without any
modification on engine dynamometer. The study, conducted on pilot and
main injection at 1170 RPM. HVO and GTL, showed shorter ignition
delays as show in Fig. 2.7, advanced combustion phase and shortened
combustion duration as show in Fig. 2.8 due to a higher cetane number and
a higher thermal efficiency compared to diesel.

Fig. 2.7 Comparison of ignition delay [7]

Fig. 2.8 Comparison of combustion duration [7]

Mizushima et al. [8] Study effect of FAME, HVO, BTL, HVO and
BTL blend with diesel on NOyx emission by using 6.0 liter common rail,
turbo charge CI vehicle equipped with portable emission measurement
system. The study, conducted by using real road driving test. HVO show
almost same NOyx emission level as using commercial diesel but in case of
using FAME show significantly higher NOx emission as show in Fig. 2.9.



14

Fig. 2.9 Comparison of NOx emission [8]

Increasing NOx emission from using FAME cause from the higher fuel
injection volume when comparing with diesel due to the lower heating
value and higher bulk modulus of elasticity, thus the higher NOx emission.
HVO has almost the same heating value with diesel fuel, while its H/C ratio
is higher due to the molecular structure of paraffinic hydrocarbon, the
higher H/C ratio of HVO could suppress the NOyx emission [9].

However, HVO still has limitations in the CI engine due to its low
lubricity and poor low-temperature flow properties. These must be
improved by blending it with commercial diesel [10, 11].

2.5 Exhaust gas recirculation

Exhaust gas recirculation (EGR) is a simple, effective method to
reduce NOx emission [13]. The exhaust gases mainly consist of nitrogen,
carbon dioxide and the mixture has higher specific heat ratio compared to
air in atmosphere. Re-circulated exhaust gas mixed with fresh air entering
the combustion chamber with carbon dioxide and water vapor present in
engine exhaust. As a consequence of this air displacement, lower oxygen
concentration in the intake mixture is prepare for combustion. Reduced
oxygen concentration for combustion lowers the effective air—fuel ratio.
This effective reduction in air—fuel ratio affects exhaust emissions
substantially. In addition, mixing of exhaust gases with intake air increases
specific heat of intake mixture, which results in the reduction of flame
temperature.

Kitamura et al. [12] Investigate effect of oxygen concentration by
change oxygen concentration in Constant volume combustion chamber
(CVCC). The result show that decreased oxygen concentration effect to
NOx emission reduction as show in Fig. 2.10.
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Fig. 2.10 Effect of oxygen concentration on heat release rate and NOx
[12]

Jing et al. [25] Investigate effect of oxygen concentration by change
oxygen concentration on flame temperature in CVCC. The result show that
decreased oxygen concentration effect to flame temperatures reduction as
show in Fig. 2.11.

Fig. 2.11 Effect of oxygen concentration on flame temperature [25]

EGR is effective method to reduce NOx emission from decreased
oxygen concentration and flame temperatures. However EGR also
decreases heat release due to decreased combustion reaction intensity.

Zhang et al. [15] Investigate effect of oxygen concentration by change
oxygen concentration 21%, 18%, 15% 12% and 10% in CVCC. The result
show that lower oxygen concentration extend ignition delay and reduce
heat release rate due to decreased combustion reaction intensity as show in
Fig. 2.12. Decreasing reaction intensity with can be explain in function of
OH chem-iluminescence as show in Fig. 2.13.
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Fig. 2.12 Effect of oxygen concentration on heat release rate [15]

Fig. 2.13 Effect of oxygen concentration on OH* chemiluminescence
[15]

2.6 Supercharged condition

By applying a supercharged condition simulating the operation of a
turbo charger in a CI engine, the result is an increased ambient pressure
and thermal efficiency. Increased ambient pressure and density also
increase heat release from promoted oxygen enhancement. Further, it
increases NOx emission.

Kitamura et al. [12] Investigate effect of ambient pressure on heat
release rate and NOx emission in CVCC. The result show that increased
ambient pressure and thermal efficiency. Increasing ambient pressure
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increased heat release rate and also NOx emission from promoted oxygen
enhancement as show in Fig. 2.14.

Fig. 2.14 Effect of ambient pressure on heat release rate and NOx [12]

Adachi et al. [17] Study effect of high boost and high EGR on NOx
reduction. The experimental was done one heavy duty diesel engine equip
with high-pressure loop EGR system (HP-EGR), low-pressure loop EGR
system (LP-EGR) and back pressure control valve (BPCV) as shown in
Fig. 2.15. HP-EGR is the EGR gas returns to intake pipe after passage
through the compressor of a turbocharger from the exhaust manifold before
the turbocharger turbine. LP-EGR is the EGR gas returns from the exhaust
pipe after the turbocharger to the atmospheric intake pipe before the
turbocharger compressor. BPCV which controls the exhaust pressure. The
result show that combination of high ambient pressure and high EGR rate
is an effective method of reducing emissions of both of NOx and soot as
show in Fig. 2.16.
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Fig. 2.15 Diagram of engine equip HP-EGR and LP-EGR [17]

Fig. 2.16 Effect of high boost and high EGR on emission [17]

Uchida et al. [18] Study effect of EGR application method to
combustion pressure and heat release rate by using 1.3 liter single cylinder
CI engine. The study, conducted on replace EGR method and additional
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EGR method. For replace EGR method intake pressure was kept at
constant and varying EGR ratio. For additional EGR method intake
pressure increase proportional to EGR ratio. Fig. 2.17 shows the
combustion pressure and heat release for replaced EGR. Ignition delay
increasing proportionally with EGR ratio. At retarded injection timings
misfires occurred at high EGR conditions due to the increased inert gas and
reduced mixing time. On the other hand, for Additional EGR the effect of
EGR ratio on combustion was different from replaced EGR. Ignition delay
was decreased and the heat release rate was improved as much as the
without EGR condition. Ignition delay was increased at a very low EGR
ratio. Moreover, heat release rates during the diffusion combustion period
were slightly increased compared with the without EGR condition as show
in Fig. 2.18.

Replaced EGR . EGR Ratio

Intake Temperature : 35°C : 0%
Boost Prassure : 39.2 kPa gage ——— 0%
Na : 1500 rpm, fc @ 50 mgicycle —_——— 20%
Exparimental Pump —_—— 33n
Injection  Timing
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Fig. 2.17 Effect of replaced EGR on combustion pressure and heat
release rate [18]
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Additional EGR . EGR Ratio
Intake Tempardture : 35°C 0%
Ma : 1500 rpm, fc : 50 mp/cycla ——— 10%
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Fig. 2.18 Effect of additional EGR on combustion pressure and heat
release rate [18]
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Aoyagi et al. [19] Study effect of EGR percentage under high boost
condition to heat release rate by using 2.0 liter common rail, turbo charge
single cylinder CI engine on engine dynamometer. The study, conducted
on full load with varies EGR percentage at 1200 RPM. No significant heat
release rate reduction was observed in this experiment at EGR up to 30%

as show in Fig. 2.19.
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Fig. 2.19 Effect of oxygen concentration on heat release rate under
high boost condition [19]

2.7 Research gap

From high cetane of HVO might be beneficial at high EGR ratio. The
combination of EGR and supercharged condition made simultaneously
reduce exhaust emissions and improve thermal efficiency is possible.

To date, no study has been performed on the effect of HVO as an
alternative fuel on injection, spray and combustion characteristic of diesel
spray flame under low oxygen concentration and high density surround
gas.



CHAPTER 3

Experimental procedure
3.1 Test fuels

The experiment was conducted using five different fuels- commercial
diesel, HVO - diesel blends by mass: 20% (H20), 50% (H50), 80% (H80)
and pure HVO. In this research density were tested by density meter.
Kinematic viscosity were tested by viscometer. Heating value were tested
by bomb calorimeter. Surface tension were tested by tensiometer. Carbon,
Hydrogen and Oxygen content were tested by gas chromatography.
Distillation temperature were tested by distillation tower.

Table 3.1 Fuels properties

Properties Standard Diesel H20 H50 H80 HVO
Density @ 30°C (g/cm3) ASTM 0.824 0.814 0.800 0.787 0.778
D4052
Kinematic viscosity ASTM
@ 40°C (mm2/s) D445 3.24 309 290 274 264
Heating value (MJ/Kg) ?)S;}XI 4586 46.04 4638 46.55 46.86
Surface tension (mN/m) ASTM 2638 25.89 2556 2491 2484
D1590
Carbon content (%) ASTM 85.73 8543 8498 84.53 84.24
D5291
Hydrogen content (%) ASTM 13.22 13,59 14.14 14.68 15.05
D5291
ASTM
0
Oxygen content (%) D5599 0.00 0.00 0.00 0.00 0.00
e o ASTM
Distillation T10 (°C) DR6-11b 207.7 210.7 2163 223.1 2274
et o ASTM
Distillation T50 (°C) D86-11b 2879 2845 2814 2792 2782
e o ASTM
Distillation T90 (°C) DR6-11b 3523 3452 3274 3035 2932
Derived cetane index ASTM 60.43 63.37 68.32 7344 76.89

D4737
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Comparison of diesel densities at 303 K to H20, H50, H80 and HVO
showed decreases of 1.15%, 2.87%, 4.49% and 5.53%, respectively.
Viscosity decreases at 40°C were recorded at 4.54%, 10.34%, 15.30% and
18.49%, respectively. Heating value increases were recorded at 0.39%,
1.12%, 1.15% and 2.18%, respectively. Surface tension decreases were
recorded at 1.86%, 3.11%, 5.57% and 5.84%, respectively. Distillation T10
increases were recorded at 1.44%, 4.14%, 7.45% and 9.49%, respectively.
Distillation T50 decreases were recorded at 1.18%, 2.26%, 3.02% and
3.37%, respectively. Distillation T90 decreases were recorded at 2.02%,
7.07%, 13.86% and 16.76%, respectively. Derived cetane index increases
were recorded at 4.87%, 13.06%, 21.53% and 27.24%, respectively. Mean
increasing HVO blend percentage, density decrease, viscosity decrease,
heating value increase, distillation T10 increase, distillation T50 decrease,
distillation T90 decrease and derived cetane index increases as are shown
in Table 3.1. From the physical and chemical property of HVO and HVO
blend fuel tend to be good candidate to replace diesel.

3.2 Injection characteristics
3.2.1 Methods of injection experiment

Using the Zeuch method [26] to determine amount of fuel injection.
Principle of Zeuch’s injection rate, the test fuel is injected into a constant
volume chamber filled with test fuel at certain pressure. As the mass of the
fuel in the chamber increases due to injected fuel, the chamber pressure
increases proportionally. Bulk modulus is defined as the fuel’s resistance
to compression as shown in Equation (1)

K—VdP 1

Where K is bulk modulus, dV is change of chamber volume and dP is
pressure rise from compression of the plunger. Bulk modulus and pressure
increase from injected fuel rate can be determined using Equation (2)

dm V dP

me= @ Prac P

Fig. 3.1 shows measurement method from injection rate profile
calculated using Equation (2). Injection delay is the period from the start
of energizing (SOE) to the start of injection (SOI). Specifically, the point
that injection rate recovers from negative value due to the volume change
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from needle lift. Injection duration is the period from SOI to the end of
injection (EOI), or the point that injection rate decreases to negative value.
Injection quantity 1s calculated by integration under curve area from SOI
to EOI. Measured mass flow is calculated by averaging injection rates from
1 ms to 3 ms due to avoid the effect of transient opening and closing of
injector.

| ! | ! | ! | ! | ! | ! |
121 /\/\ /\ i
10+ g Injection rate i ]
@ (Average from 1 — 3 ms)
E gt .
N
E
2 4L 4
& Injection quantity
_5 (Integration under curve area)
o 4F .
0o
g
2Im_j ectio i
0 '(}ela}z j Injection duration .
‘\—.’q | 2 | 2 | 2 | 2 | 2 | 2 V

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Time (ms)

Fig. 3.1 Measurement method of injection experiment

Discharge coefficient (Cd) is the ratio of measured injection rate to
theoretical injection rate from the Bernoulli equation, where 7 is measured
injection rate, nn is theoretical injection rate, n is number of orifice, S is
nozzle outlet cross section area and AP is pressure difference between
injection pressure and back pressure, as shown in Equation (3) [27].

myg My

Ccd = 3)

Men n X S,/2AP X p

The fuel exit effective velocity is calculated using Equation (4) where
it 1s measured injection rate, N 1s number of orifice and S is nozzle outlet
cross section area [28].
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my

Vef:n'S'p C))

Reynolds number is calculated using Equation (5) where Veris the fuel
effective velocity at the orifice outlet, Do 1s the nozzle outlet diameter and
v 1s the kinematic viscosity.

Vef * DO
v

Re =

()

Input energy under constant energizing time is determined as injection
quantity multiplied by heating value as shown in Equation (6)

Input energy = Injection quantity - Heating value (6)

3.2.2 Experimental setup of injection experiment

A schematic diagram of the experiment is show in Fig. 3.2. In this
experiment, the Zeuch chamber with volume capacity 40 cm? was selected
to clearly determine pressure signal and electric noise [18]. A single hole
0.2 mm cylindrical nozzle was equipped with solenoid injector and
installed in the chamber to inject test fuel. Back pressure was generated by
compress test fuel into the chamber by hand pump until back pressure
setting point. A static pressure transducer was installed to measure back
pressure. Pressure increase from the injected fuel was measured by a
piezoelectric dynamic pressure tranducer (Kistler 6053CC60) and
amplified by charge amplifier (Kistler 5011). The pressure increase from
the injected fuel was recorded by oscilloscope (RIGOL DS1052E) with
sampling rate 2x10® sampling / sec. 2"! generation common rail pump drive
by three phase motor controlled by inverter. Injection pressure was kept
constant by motor revolution and the suction control valve. Injection
duration and trigger was controlled by micro controller which actuated
Electric Drive Unit (EDU) to inject fuel.

Fuel bulk modulus was measured by filling the chamber with test fuel
using a hand pump until reaching the back pressure setting point, and then
supplying nitrogen gas to the pneumatic cylinder to push the plunger. The
movement of the plunger caused chamber volume reduction which led to a
pressure increase. All experiments were conducted at room temperature.
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Fig. 3.2 Schematic diagram of injection experiment
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Fig. 3.3 Injection characteristic experimental equipment

This experiment was conducted using five different fuels- commercial
diesel, HVO - diesel blends by mass: 20% (H20), 50% (H50), 80% (H80)
and pure HVO. Further, the testing was done at ambient temperature with
single hole diameter 0.2 mm, 0.8 mm orifice length solenoid injector, 2.0
ms energizing time, 100 MPa injection pressure, 4 MPa back pressure (to
simulate pressure inside the combustion chamber) at TDC of compression
ignition engine. Bulk modulus measurement was done with 7.0 mm
plunger diameter and 2.0 mm plunger displacement . All tests were repeated
10 times, as shown in Table 3.2.



Table 3.2 Test conditions of injection experiment
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Parameter

Conditions

Test fuel

Nozzle orifice diameter
Energizing time
Injection pressure

Back pressure

Plunger diameter
Plunger displacement

Repeat

Diesel, H20, H50, H80, HVO

Single hole 0.2mm
2.0 ms
100 MPa
4.0 MPa
7.0 mm
2.0 mm

10 Times / Condition
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3.3 Spray characteristics

3.3.1 Methods of spray experiment.

Image processing was used to determine the boundary of spray image
as show in Fig. 3.4. The image processing method start from binarization
of the images from a threshold of intensity, by the Otsu’s method. Spray
penetration (S) is defined as 80% intensity from tip of spray image to avoid
evaporate of liquid spray. Spray velocity is calculated from spray
penetration a in each frame divided by time. Spray cone angle is defined as
maximum angle each side of spray at S/2 from injector tip [29]

Fig. 3.4 Image processing method

Spray volume (V) described by Equation (7) [30]. The spray volume
calculate by using basic geometry, Spray penetration (S) and spray cone
angle (o).

1+ 2tan(6/2)
[1+ 2tan(6/2)]3

V = (m/3)S*[tan®(0/2)] (7)
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3.4.2 Experimental setup spray experiment

A schematic diagram of the experiment is show in Fig. 3.5. In this
experiment, the cylindrical constant volume combustion chamber (CVCC)
with 80 mm diameter quart windows. A single hole 0.2 mm cylindrical
nozzle was equipped with solenoid injector and installed in the chamber to
inject test fuel. Ambient pressure was generated by filling nitrogen gas into
the chamber until back pressure setting point. A static pressure transducer
was installed to measure ambient pressure. A 2™ generation common rail
pump drive by three phase motor controlled by inverter. Injection pressure
was kept constant by motor revolution and the suction control valve.
Injection duration and trigger was controlled by micro controller which
actuated Electric Drive Unit (EDU) to inject fuel. Series of spray image
were captured by high speed VDO camera (Photron UX100) with lens at
10,000 frame per second (fps) and 640x480 pixels then analyzed by image
processing. High speed VDO camera was triggered with injector
command. All experiments were conducted at room temperature.

Regulator

Fig. 3.5 Schematic diagram of spray experiment
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Fig. 3.6 Spray characteristic experimental equipment

This experiment was conducted using five different fuels- commercial
diesel, HVO - diesel blends by mass: 20% (H20), 50% (H50), 80% (H80)
and pure HVO. Further, the testing was done at ambient temperature with
single hole diameter 0.2 mm, 0.8 mm orifice length solenoid injector, 2.0
ms energizing time, 100 MPa injection pressure, 4 MPa back pressure (to
simulate pressure inside the combustion chamber) at TDC of compression
ignition engine. All tests were repeated 10 times, as shown in Table 3.3.

Table 3.3 Test conditions of spray experiment

Parameter Conditions
Test fuel Diesel, H20, H50, H80, HVO
Nozzle orifice diameter Single hole 0.2mm
Energizing time 2.0 ms
Injection pressure 100 MPa
Back pressure 4.0 MPa

Repeat 10 Times / Condition
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3.4 Combustion characteristics
3.4.1 Methods of combustion experiment

Ignition delay is defined as the interval between the start of injection
(SOI) and the start of combustion (SOC). Specifically, the point that heat
release rate curves recovers from negative value due to evaporation of fuel
into the hot environment [23] as show in Fig. 3.7.

Fig. 3.7 Definition of ignition delay by combustion pressure and
injection signal [31]

Heat release rate was calculated from combustion pressure rise after
fuel injection by applying the first law of thermodynamics [23], as shown
in Equation (8) where y is the specific heat ratio, P is the chamber pressure,
dV/dt is the rate of volume change in chamber and dP/dt is the rate of
pressure change in chamber.

dQ vy av 1 dP

bt 2 p—y_— y.—
a 1t wty Ve ®

Heat release is calculated by integration under the curve area of heat
release rate from the start of combustion to the point at which the heat
release rate decreases to a negative value.
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Flame temperatures were measured by the two color method based on
thermal radiation of soot particle in two different wave lengths [32].
Monochromatic radiation from non-black body, explained by Equation (9)
where ¢ is the emissivity, 4 is the wavelength, Ci is the first Planck
constant, C, is the second Planck constant and T flame is the flame
temperature.

Cy _
Iam = 5/1%9?5?( C2/AT) 9

The monochromatic radiant intensity can also be explained in terms
of the apparent temperature (Ta), as shown in Equation (10).

G
lon = —sexp@/Ma) (10)

Monochromatic radiant intensity in Equation (9) and (10) are equal.
By replacing ¢4 from Equation (9) with Equation (10), Equation (11) is
obtained.

g =1— expKL/AD (11)

The measurement of soot particle radiations in two wavelengths
enables solution for KL and T, based on Equation (12) where K is the
absorption coefficient and L is the path.

KL =—-A%In [1 —exp {% <Tla — %)}] (12)

Before the two color method can be applied to measure flame
temperature, it is necessary to calibrate high speed camera for flame
brightness measurement. Black body furnace and pyrometer are used to
accurately determine the reference temperature. Distance between black
body furnace and high speed camera was set same as measurement distance
used in the experiment. The visible light can be converted by CCD detector
in the high speed camera into three color bands, red, green and blue. Any
two of the three color bands can be used for the calculation of temperature
and KL factor. Two wavelengths that used in this experiment are blue (501
nm) and red (612 nm). Then flame temperature can be calculated by using
MATLAB base on Equation (12).
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Soot concentration is determined by passing exhaust gas from a
combustion unit chamber to filter paper to collect soot emissions. It is then
measured with a smoke meter.

NOx concentration is investigated by passing exhaust gas from a
combustion unit chamber through a pressure reduction tube then supplying
it to a NOx analyzer.

3.4.2 Experimental setup of combustion experiment

Combustion characteristics experimental were done on a rapid
compression expansion machine (RCEM) [33], shown in Fig. 3.8 The
RCEM combustion chamber has 86.0 mm bore with a 151.5 mm diameter.
Ambient pressure was arrived at by mixing Oz and N; in a mixing tank at
453K, then filling synthetic gas into the combustion chamber until the
setting pressure. It was then compressed by piston from BDC to TDC
within 30 ms and kept at TDC for 150 ms to provide a constant volume
condition. A single hole 0.2 mm diameter exit orifice was equipped with
solenoid injector to injected test fuel with 100 MPa into the combustion
chamber. A static pressure transducer was installed to measure ambient
pressure at BDC. Pressure increase from combustion was measured by a
piezoelectric dynamic pressure tranducer (AVL GU22CK) and amplified
by charge amplifier (Kistler 5011B). The pressure increase from the
injected fuel was recorded by oscilloscope (YOKOGAWA DL750) with a
sampling rate of 1x10° sampling/sec. The flame image was captured by
high speed camera (NAC GX-1) with lens (Nikkor 55 mm {/2.8) at 10,000
frame per second (fps) and 464x464 pixels. Soot concentration was
measured by passing through exhaust gas from combustion to filter paper
in order to collect soot emissions. It was then measured by smoke meter
(SOKKEN GSM-3). NOx concentration was measured by passing through
exhaust gas after smoke filter through a pressure reduction pipe then
supplying normal pressure chemiluminescence to a NOx analyzer
(SHIMADZU NOA7000).
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Fig. 3.8 Schematic diagram of combustion experiment
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Fig. 3.9 Combustion characteristic experimental equipment

Table 3.4 shows test conditions in this experiment. The experiment
was conducted using five different fuels- commercial diesel, HVO - diesel
blends by mass: 20% (H20), 50% (H50), 80% (H80) and pure HVO. Other
conditions were a nozzle exit orifice diameter of 0.2mm; solenoid injector
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2.0 ms energizing time, to reduce the effect of transient opening condition
and closing; 100 MPa injection pressure, to avoid cavitation from high
pressure; and 800K ambient gas temperature. Oxygen concentrations of
21%, 15% and 10% at 4.0 MPa were used to simulate the effect of EGR
under naturally aspirated conditions by varying oxygen concentrations
under constant total gas amount. For oxygen concentrations of 15% at 5.6
MPa and 10% at 8.4 MPa, the effect was investigated of EGR and
supercharged by varying oxygen concentrations at ambient pressure under
a constant equivalent ratio. All tests were repeated 10 times for each test
condition.

Table 3.4 Test conditions of combustion experiment

Parameter Conditions
Test fuel Diesel, H20, H50, H80, HVO
Nozzle orifice diameter Single hole 0.2mm
Energizing time 2.0 ms
Injection pressure 100 MPa
Ambient gas temperature 800 K
Oxygen concentration 21, 15 and 10%

Naturally aspirated: 4.0MPa
Ambient pressure
Supercharged :5.6and 8.4MPa

Repeat 10 Times / Condition




CHAPTER 4

Results and Discussions

4.1 Injection characteristics

In this experiment, injection characteristics were conducted using five
different fuels- commercial diesel, H20, H50, H80 and HVO. Other
conditions were a nozzle exit orifice diameter of 0.2mm, solenoid injector
2.0 ms energizing time, 100 MPa injection pressure and 4.0 MPa back
pressure. Result of injection characteristics experimental are present in
terms of bulk modulus, injection rate profile, injection delay, injection
duration, injection quantity, injection rate, discharge coefficient, discharge
coefficient compared to Reynolds number and input energy.

4.1.1 Bulk modulus

Fig. 4.1 shows the effects of blending percentages of HVO into diesel
fuel on bulk modulus under constant chamber pressure and volume. The
bulk modulus was calculated using Equation (1). Diesel shows the highest
bulk modulus compared to HVO blend fuels and HVO. Bulk modulus of
H20, H50, H80 and HVO were lower at 1.10%, 3.75%, 6.40% and 7.19%,
respectively compared to diesel. Bulk modulus is proportional to the
density of each fuel [34]. Lowered densities resulting from increased HVO
blend percentages had the effect of decreasing bulk modulus.
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Fig. 4.1 Bulk modulus
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4.1.2 Injection rate profile

Fig. 4.2 shows the effects of blending percentage of HVO into diesel
fuel on injection rate profile under constant injection pressure. The
injection rate profile is presented in several stages. The injection delay
stage from start of energizing to 0.4 ms after energizing. Injection delay
including with injector electric delay and mechanical delay. The needle
rising stage from 0.4 to 0.7 ms after energizing largely depends on fuel
viscosity [35]. Injection rate during 0.7 to 1.0 ms after energizing was dip
due to the bounce-back of the needle in command chamber of injector. The
next stage is the fully open stage form 1.0 to 3.0 ms after energizing. The
last stage is the closing stage from 3.0 to 3.4 ms after energizing. In closing
stage a small amount of fuel is injected after the closing due to the needle
bounce back. However the effects of blending percentage of HVO into
diesel fuel still not clearly observe in this figure.
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4.1.3 Injection delay

Fig. 4.3 shows the effects of blending percentage of HVO into diesel
fuel on injection delay under constant injection pressure. The injection
delay was determined as shown in Fig. 3.1. Diesel showed the highest
injection delay compared to HVO blend fuels and HVO. Injection delays
of H20, H50, H80 and HVO were lower by 0.42%, 1.31%, 1.60% and
2.48%, respectively compared to diesel. Injection delay differences were
caused by differing fuel viscosities. Lower viscosity from increasing HVO
blend percentages resulted in lower resistance force to needle lift, making

injection delay shorter [36].
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4.1.4 Injection duration

Fig. 4.4 shows effects of blending percentages of HVO into diesel fuel
on injection duration under constant injection pressure. The injection
duration was determined as shown in Fig. 3.1. Injection duration of H20,
H50, H80 and HVO varied from diesel by less than 0.1% leading to the
conclusion that injection duration of HVO blended fuels and HVO had the
same trends with diesel.

3.06 T y T y T y T y T y T

3.04;} ; } ; y-

3.02 - -

g

o

S
T

L

Injection duration (ms)

0 20 40 60 80 100
HVO Percentage (%)

2.98

Fig. 4.4 Injection duration



4.1.5 Injection quantity

Fig. 4.5 shows the effects of different blend percentages of HVO into
diesel fuel on injection quantity under constant injection pressure. The
injection quantity was calculated by integration under injection rate curve
area, as shown in Fig. 3.1. Injection quantity of H20, H50, H80 and HVO
were lower by 0.07%, 0.74%, 0.79% and 0.81%, respectively compared to
diesel. The conclusion is that injection quantity of HVO blend fuels had

the same trend with diesel.
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4.1.6 Injection rate

Fig. 4.6 shows the effects of blending percentage of HVO into diesel
fuel on injection rate under constant injection pressure. The injection rate
was calculated using Equation (2). HVO shows the highest injection rate
compared to HVO blend fuels and diesel. Injection rates of H20, H50, H80
and HVO were higher by 0.25%, 0.79%, 0.84% and 1.43%, respectively
compared to diesel. Increasing HVO blend percentages decreased viscosity
reducing friction loss [37]. However decreasing viscosity also increased
cavitation but the experimental were done on Non-cavitation condition.
The effect of friction loss from decreasing viscosity is greater than
cavitation making slightly increase in injection rate.
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4.1.7 Discharge coefficient

Fig. 4.7 shows the effects of blending percentage of HVO into diesel
fuel on discharge coefficient under constant injection pressure. The
discharge coefficient was calculated from Equation (3). HVO shows the
highest discharge coefficient compared to HVO blend fuel and diesel.
Discharge coefficient of H20, H50, H80 and HVO were higher by 0.83%,
2.27%, 3.18% and 4.45%, respectively compared to diesel. With increasing
HVO blend percentage decreasing density, this resulted in a theoretical
injection rate decrease. It also lead to decreased viscosity making friction
loss lower and an increasing discharge coefficient with increased HVO
blend percentage.
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4.1.8 Discharge coefficient and Reynolds number

Fig. 4.8 shows the relationship between discharge coefficient and
Reynolds number of blending percentages of HVO into diesel fuel on
discharge coefficient and Reynolds number under constant injection
pressure. The Reynolds number was calculated using Equation (5). HVO
shows the highest Reynolds number compared to HVO blend fuels and
diesel. Reynolds number of H20, H50, H80 and HVO were higher by
6.25%, 15.71%, 24.66% and 31.94%, respectively compared to diesel.
Increasing HVO blend percentage increased Reynolds number due to
decreasing density and viscosity. An increasing Reynolds number means
increased mass flow rate. For this reason the effect is an increased
discharge coefficient.
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4.1.9 Energy input

Fig. 4.9 shows the effects of blending percentage of HVO into diesel
fuel on input energy under constant injection pressure. The input energy
was calculated using Equation (6). HVO shows highest input energy
compared to HVO blend fuels and diesel. Input energy of H20, H50, H80
and HVO were higher by 0.32%, 0.37%, 0.70% and 1.35% respectively
compared to diesel. Even though injection quantity of HVO blended fuels
were similar to diesel, higher heating values due to increasing HVO blend
percentages made input energy higher. The higher energy input possibility
to make higher heat release from combustion.
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4.2 Spray characteristics

In this experiment, spray characteristics were conducted using
five different fuels- commercial diesel, H20, H50, H80 and HVO. Other
conditions were a nozzle exit orifice diameter of 0.2mm, solenoid injector
2.0 ms energizing time, 100 MPa injection pressure and 4.0 MPa ambient
pressure. Result of spray characteristics experimental are present in terms
of spray image, spray penetration, spray velocity, spray cone angle and
spray volume.

4.2.1 Spray image

Fig. 4.10 shows the effects of blending percentage of HVO into diesel
fuel on spray penetration under constant ambient pressure and injection
pressure. At 0.5 ms after energizing Diesel, H20 and H50 have a similar
spray penetration but the penetration length with HVO and H80 are shorter
than the other fuels at the start of injection. From 1.0 to 3.0 ms after
energizing HVO and HVO blended fuel have a similar spray penetration
with diesel. From 2.5 to 3.0 ms after energizing HVO and H80 show better
air entrainment around tip of spray comparison to diesel, H20 and H50.
Spray cone angle during 1.0 to 3.0 ms after energizing HVO and HVO
blended fuel have a same trend with diesel.



46

%
I}

[

)

el D D (D o (D |
Fig. 4.10 Development of spray image

Diesel

H20

SO
SROIN

HVO




47

4.2.2 Spray penetration

Fig. 4.11 shows spray penetration of diesel and HVO as representative.
HVO shows slightly lowest spray penetration compared to diesel.
Increasing HVO blend percentage decreasing density and viscosity this
resulted in a Sauter mean diameter (SMD) decrease [29]. Decreasing SMD
had the effect of decreasing spray penetration due to less fuel dropped
momentum.
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4.2.3 Spray velocity

Fig. 4.12 shows the effects of blending percentage of HVO into diesel
fuel on spray velocity under constant injection pressure. Spray velocity
results are presented as function of spray penetration. Spray tip accelerates
at start of injection. After spray velocity reaches to highest value then spray
velocity decrease. HVO shows lowest spray velocity compared to HVO
blend fuels and diesel. Increasing HVO blend percentage decreases spray
velocity due to spray penetration.
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4.2.4 Spray cone angle

Fig. 4.13 shows spray cone angle of diesel and HVO as representative.
There are transient phase and constant phase over 1.0ms. During the
transient phase, HVO shows higher spray cone angle compared to diesel.
For the constant phase the spray angles of HVO slightly higher than diesel.
Increasing HVO blend percentage increases slightly spray cone angle due
to decreased viscosity. Decreasing viscosity had the effect to increasing
spray cone angle due to increases turbulence at the nozzle exit making a
wider spray angle [29]. This coincides with results from previous work
[38].
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4.2.5 Spray volume

Fig. 4.14 shows spray volume of diesel and HVO as representative.
HVO shows similar to diesel. Increasing HVO effect to slightly increasing
spray cone angle. It also led to decreased density, this resulted in spray
penetration slightly decrease. However the difference in spray penetration
of HVO is less than spray cone angle that increased. For this reason made
spray volume of diesel and HVO are similar.
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4.3 Combustion characteristics

In this experiment, combustion characteristics were conducted using
five different fuels- commercial diesel, H20, H50, H80 and HVO. Other
conditions were a nozzle exit orifice diameter of 0.2mm, solenoid injector
2.0 ms energizing time, 100 MPa injection pressure and 800K ambient gas
temperature. Oxygen concentrations of 21%, 15% and 10% at 4.0 MPa
were used to simulate the effect of EGR under naturally aspirated
conditions. For oxygen concentrations of 15% at 5.6 MPa and 10% at 8.4
MPa to investigated the effect of EGR and supercharged. Result of
combustion characteristics experimental are present in terms of heat
release rate, ignition delay, heat release, flame temperature, soot
concentration and NOx concentration.

4.3.1 Heat release rate

Fig. 4.15 and 4.16 show heat release rates of diesel and HVO as
representative. Heat release rates are calculated from pressure rise after
injected fuel by using Equation (8). In both after injection the evaporation
of fuel into the hot environment causes a dramatically reduce to negative
value in the heat release rates curves [23].

Fig. 4.15 shows heat release rates of EGR under naturally aspirated
condition. HVO shows a lower peak heat release rate curve compared to
diesel in all test conditions due to a higher cetane number making ignition
delay shorter [6]. Lower oxygen concentrations resulted in lower increase
and lower peak value. They also resulted in a longer ignition delay.
Consequently, more premixed combustion occurred in the chamber [15].
Lower oxygen concentrations also had the effect of making the heat release
rate more gradual [39]. Two stage ignition were observed in both diesel
and HVO at O; 21% at 4.0MPa. Two stage ignition profile is commonly
observed in diesel combustion system [3]. Two stage ignition process were
low temperature heat release (LTHR) and High temperature heat release
(HTHR). The timing of the LTHR profile was similar under different
ambient oxygen concentration. However, the HTHR shifted largely depend
on ambient oxygen concentration [40].

Fig. 4.16 shows the heat release rate of the EGR and supercharged
conditions. HVO also shows a shorter ignition delay and lower peak heat
release rate curve during the EGR condition. During the diffusion
combustion phase, heat release rate increased compared with the naturally
aspirated condition [18].
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4.3.2 Ignition delay

Fig 4.17 and 4.18 show ignition delay. Ignition delay is mainly
dependent on the fuel cetane number [41].

Fig 4.17 show the effects of oxygen concentration on ignition delay.
HVO shows shorter ignition delays of 12.24%, 9.44% and 10.54%,
respectively, compared to diesel at ambient O> conditions of 21%, 15% and
10%, at 4.0MPa. Increasing HVO blend percentage decreases ignition
delay due to an increased cetane number. This coincides with results from
previous work [7]. Decreasing oxygen concentrations had the effect of
increasing ignition delay due to less oxygen availability during the air
entrainment process [42].

Fig 4.18 shows the effects of ambient pressure under constant
equivalent ratio on ignition delay. HVO also shows shorter ignition delays
of 8.03% and 12.19% compared to diesel at an ambient condition of O;
15% at 5.6MPa and O210% at 8.4MPa. EGR and supercharged conditions
show shorter ignition delays, 20.49% and 19.90%, compared to EGR
conditions at oxygen concentration 15% and 10%. At ambient condition,
0 15% at 5.6MPa shows the shortest ignition delay compared to other
cases. Increasing ambient pressure and density increases the spray volume
[43] and improves mixture formation. High ambient pressure also
decreases ignition delay from oxygen entrainment due to increasing
ambient density [12]. However, at constant oxygen amount and the highest
ambient pressure compared to other cases, O> 10% at 8.4MPa showed
longer ignition delay compared to Oz 21% at 4.0MPa. There is a point at
which ignition delay is not affected by increasing the ambient pressure.
This is due to the fact that the O> condition becomes too lean [44].
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4.3.3 Integral heat release

Fig 4.19 shows the effects of oxygen concentration on heat release.
Significant differences between the integral heat release rate of diesel and
HVO were not found under ambient conditions of O2 21%, 15% at 4.0MPa.
On the other hand, at ambient condition, O2 10% at 4.0MPa, HVO showed
a lower integral heat release of 8.93% compared to diesel. The primary
reason for a decrease in integral heat release is the changing fuel cetane
number, which shortens the ignition delay. That results in the formation of
a less combustible mixture, and the extra reactions do not have a chance to
occur- especially at low oxygen concentrations [45, 46]. Decreasing the
oxygen concentration had the effect of a decrease in integral heat release
due to decreased reaction intensity [15]. Another effect of increasing the
EGR rate was an increased heat capacity of ambient gas making a lower
integral heat release [16].

Fig. 4.20 shows the effects of ambient pressure under constant
equivalent ratio on heat release. Significant differences between integral
heat release rate of diesel and HVO also were not found at ambient
condition of O, 15% at 5.6MPa. At ambient condition O2 10% at 8.4MPa,
HVO showed a lower heat release of 12.34% compared to diesel. EGR with
supercharged showed a higher integral heat release of 7.58% and 4.86%
compared to EGR condition under oxygen concentration 15% and 10%,
respectively. Increasing ambient pressure increased mixture formation and
oxygen entrainment, but heat release was still proportional to oxygen
concentration.
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4.3.4 Flame temperature
Fig. 4.21 and 4.22 show flame temperature image calculated by the

two color method of diesel and HVO as representative.

Fig. 4.21 shows the effects of oxygen concentration on flame
temperature. HVO shows slightly lower flame temperature compared to
diesel. This is due to a higher cetane number. HVO shows slightly wider
flame image under ambient condition O> 21% at 4.0MPa during 2.5 to
3.5ms after energizing. This is due to a wider spray angle [38]. The lower
viscosity of HVO increases turbulence at the nozzle exit making a wider
spray angle [29]. Also contributing to making the flame image of HVO
wider than diesel, is a lower distillation temperature which results in better
vaporization and mixture formation at the flame border. Both diesel and
HVO at O; 21% at 4.0MPa were the first conditions that show flame
temperature image at 1.5 ms after energizing, followed by O2 15% at 2.0
ms after energizing, and 10% at 7.0 ms after energizing. At ambient
condition, Oz 21% at 4.0MPa shows the highest flame temperature among
other ambient conditions from 1.5 to 7.0 ms after energizing. At ambient
condition, O2 15% at 4.0MPa shows significantly lower flame temperature
compared to Oz 21%, from 2.0 to 7.0 ms after energizing. Late combustion
flame area during 5.0 to 7.0 ms after energizing were wider in this
condition. At ambient condition, O2 10% at 4.0MPa, no diffusion flame
image appeared during 1.5 to 5.0 ms after energizing. Only late combustion
flame image with the lowest flame temperature was captured at 7.0 ms after
energizing, in this condition. Flame image of HVO under O, 10% at
4.0MPa during 1.5 to 7.0 ms after energizing were not obtained in this
experiment. This due to combustion reaction at O> 10% were very weak
[47]

Fig. 4.22 shows the effects of ambient pressure under constant
equivalent ratio on flame temperature. HVO also shows slightly lower
flame temperature compared to diesel. At ambient condition O2 15% at
5.6MPa shows the same trend as Oz 15% at 4.0MPa. However, in this
condition the start of flame image was obtained earlier at 1.5 ms after
energizing. Flame temperature during 1.5 to 7.0 ms after energizing also
was slightly higher in this condition. At ambient condition, O, 10% at
8.4MPa shows the same trend with O, 10% at 4.0MPa, but in this condition
flame image also was obtained earlier at 5.0 ms after energizing and flame
temperature during 5.0 to 7.0 ms after energizing were slightly higher.
Increasing ambient pressure promoted oxygen enhancement in spray
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volume improve mixture formation, thus better combustion, result flame
temperature was increased.
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Fig. 4.23 and 4.24 show average flame of diesel and HVO as
representative. Average flame temperature is calculated by summarizing
the flame temperature of each pixel in the flame area and dividing by the
total pixels [27].

Fig. 4.23 shows the effects of oxygen concentration on average flame
temperature. HVO shows slightly lower average flame temperature under
ambient condition Oz 21%, 15% and 10% at 4.0MPa due to a higher
cetane number of HVO which shortens the ignition delay. The short
ignition delay makes a less combustible mixture and the extra reactions
did not occur. Decreasing oxygen concentration resulted in less
combustion reaction intensity.

Fig. 4.24 shows effects of ambient pressure under constant
equivalent ratio on average flame temperature. HVO also showed slightly
lower average flame temperature under ambient conditions of Oz 15% at
5.6 MPa and 10% at 8.4MPa. Increasing ambient pressure promoted
oxygen enhancement making a better mixture formation and increasing
flame temperature.
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4.3.5 Soot concentration

Fig. 4.25 shows the effects of oxygen concentration on soot
concentration. HVO shows lower soot concentration 16.57%, 14.07%
and 14.78%, respectively, compared to diesel, with ambient condition O>
21%, 15% and 10% at 4.0MPa. Increasing HVO blend percentage also
increased the cetane number resulting in a reduction of the unburned
fractions. Low distillation temperature of HVO improved fuel
evaporation and mixing with surrounding gas. In addition the aromatic
compounds which represent to the soot precursor are absent in HVO [7].
Decreasing oxygen concentration makes less oxygen available during the
air entrainment process. The O2 15% at 4.0MPa shows higher soot
concentration than Oz 10% at 4.0MPa. This is caused by an EGR rate that
exceeds the threshold point, resulting in incomplete combustion [48].

Fig. 4.26 shows the effects of ambient pressure under constant
equivalent ratio on soot concentrations. HVO also show lower soot
concentrations of 10.49% and 11.24% compared to diesel at ambient
condition 15% at 5.6MPa and 10% at 8.4MPa. EGR with supercharged
shows lower soot concentrations, 20.59% and 2.50%, compared to EGR
conditions under oxygen concentrations of 15% and 10%, respectively.
Increasing ambient pressure improves mixture formation and also
promotes oxygen enhancement leading to soot reduction.
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4.3.6 NOx concentration

Fig. 4.27 shows that using HVO shows lower NOx concentrations of
17.46%, 32.65% and 54.29% compared to diesel at ambient conditions
of O, 21% at 4.0MPa, 15%at 4.0MPa, and 15% at 5.6MPa. However, at
ambient conditions O; 10% at 4.0MPa and 8.4MPa did not show a
significant difference between diesel and HVO due to a NOx
concentration value of only 2-4ppm. EGR with supercharged showed a
higher NOx concentration of 14.42% compared to EGR condition at
oxygen concentration of 15%. Increasing HVO blend percentage led to
decreased NOx concentration due to decreased flame temperature.
Decreasing oxygen concentration resulted in a decrease in flame
temperature making NOx emissions decrease [49, 50] as shown in Fig.
4.23 and 4.24.
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Fig. 4.27 NOx concentration under EGR and EGR with
supercharged condition



CHAPTER 5

Conclusions

5.1 Conclusions

This research investigates effect of Hydrotreated vegetable oil —
diesel blend to combustion characteristics under EGR and supercharged
conditions. However injection and spray characteristic are require in order
to clearly explain combustion characteristics. A single hole injector was
tested with five different fuels commercial diesel, HVO - diesel blends by
mass: 20%, 50%, 80% and pure HVO under constant injection pressure
and injection duration to investigate the effects of HVO percentage on
injection, spray and combustion characteristics under simulate CI engine
condition.

5.1.1 Injection characteristic conclusions

(1) Injection delay differences were caused by differing fuel
viscosities. Lower viscosity from increasing HVO blend percentages
resulted in shorten injection delay.

(2) Injection duration of HVO blended fuels and HVO had the same
trends with diesel.

(3) Injection quantity of HVO blended fuels and HVO had the same
trend with diesel.

(4) Injection rate slightly increased by decreasing the viscosity due to
an increased HVO blend percentage. Decreasing viscosity had the effect of
increasing injection rate.

(5) Discharge coefficient increased due to increased HVO blending
percentage that decreased density, this resulted in a theoretical injection
rate decrease. It also led to decreased viscosity making friction loss lower.

(6) Reynolds number increased due to increased HVO blending
percentage that decreased density and viscosity.

(7) Injection quantity of HVO blended fuels were similar to diesel,
higher heating values due to increasing HVO blend percentages made input
energy higher.
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5.1.2 Spray characteristic conclusions

(1) Spray penetration slightly decreased by decreasing the density due
to an increased HVO blend percentage. Decreasing density had the effect
of decreasing spray penetration due to less fuel dropped momentum.

(2) Spray velocity slightly decreased by decreasing the density due to
an increased HVO blend percentage. Decreasing density had the effect of
decreasing spray velocity due to less fuel dropped momentum.

(3) Spray cone angle slightly increased by decreasing the viscosity
due to an increased HVO blend percentage. Decreasing viscosity had the
effect of decreasing spray penetration due to increases turbulence at the
nozzle exit making a wider spray angle.

(4) Spray volume of HVO is similar to diesel. Increasing HVO effect
to slightly increasing spray cone angle. It also led to decreased density, this
resulted in spray penetration slightly decrease. However the difference in
spray penetration of HVO is less than spray cone angle that increased.

5.1.3 Combustion characteristic conclusions

(1) Peak HVO heat release rate was lower than diesel in all test
conditions due to a higher cetane number which shortened ignition delay.
Decreasing oxygen concentration resulted in an extended ignition delay
and more premixed combustion. Increasing ambient pressure resulted in
increasing the heat release rate during the diffusion combustion phase.

(2) Ignition delay decreased by increasing the cetane number due to
an increased HVO blend percentage. Decreasing the oxygen concentration
had the effect of increasing ignition delay due to less oxygen availability.
Increasing ambient pressure decreased ignition delay from oxygen
entrainment due to increasing ambient density. However, at one point
ignition delay is not affected by increasing the ambient pressure as the
ambient condition becomes too lean.

(3) Heat release decrease due to increased HVO blending percentage
that increased cetane number made shortens the ignition delay. This results
in less combustible mixture formation, which means that the extra
reactions do not have a chance to occur. Decreasing the oxygen
concentration had the effect of decreasing heat release due to a decreased
reaction intensity. This also increased the heat capacity of the ambient gas.
Increasing ambient pressure increased heat release, but the effect was less
than from varying oxygen concentration.

(4) Flame temperatures of HVO are lower than diesel in every
condition due to higher cetane numbers. HVO showed a slightly wider
flame image caused by lower distillation temperature resulted in better
vaporization and mixture formation. Increasing ambient pressure, slightly,
resulted in an increase in flame temperature.
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(5) Soot concentration decreased with increasing HVO blend
percentage due to an increased cetane number. This lead to a reduction in
the unburned fractions. A low distillation range of HVO improved fuel
evaporation and mixing with the surrounding gas. In addition the aromatic
compounds which represent to the soot precursor are absent in HVO
Decreasing oxygen concentration made less oxygen available during the
air entrainment process. When the EGR rate exceeds the threshold point,
incomplete combustion occurs which decreases soot concentration.

(6) NOy concentration decreased with increasing cetane number. This
showed a decrease in flame temperature due to increasing HVO blending
percentage. Decreasing oxygen concentration correlated with a decrease in
flame temperature and NOy emission.

5.2 Suggestions

(1) Investigate on effect of HVO to needle lift in side injector by using
needle lift sensor.

(2) Investigate on effect of HVO to SMD by using laser measurement
techniques.

(3) Investigate on effect of HVO to combustion characteristic under
low temperature condition.
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Spray experimental high speed VDO camera specification

For use with a wide range of general scientific and industrial applications the Photron FASTCAM Mini UX
high-speed camera provides outstanding imaging performance at a very attractive price performance ratio.

Two Mini UX camera models provide 1 3-megapixel (1280 x 1024 pixels) image resolution with frame rates
up fo 2,000fps from the Mini UX50 and 4,000fps from the Mini UX100. Both models are available with
recording memory options up to 32GB providing exiended recording times and triggering flexibility

Using innovative proprietary CMOS image sensor technology, the FASTCAM Mini UX achieves high light
sensitivity from a small image sensor (10um pixel pitch) through the utilization of microlenses to increase
effective Fill Factor. At maximum image resolution the image sensor is fully compatible with readily
available 1-inch C-mount lenses offering a wide choice of small, light weight, rugged and high aperture
objective lenses

The FASTCAM Mini UX features a rugged design suitable for operation in high shock and vibration
environments and a compact camera body (120mm x 120mm x 83mm) weighing just 1.5kg This small and
rugged camera design makes the FASTCAM Mini UX ideally suited to on-board and off-board automotive
safely testing and many other applications where a compact size and compatibility with standard optical
systems is required

Standard operational features of the FASTCAM Mini UX include a Gigabit Ethemet Interface for reliable
system control with high-speed data transfer to PC, and the ability to remotely switch off cooling fans to
eliminate vibrations when recording at high magnifications.

Minimum Shutter speed 3.9ps (fo 1ps
dependent on frame rate selection)

Dynamic Range (ADC):
12-bit monochrome, 36-bit color

Compact and Lightweight:

120mm (H) x 120mm (W) x 93mm (D)
472" (H) x 472" (W) x 3.66” (D)
Weight 1.5Kg (3.13 Ibs)

Internal Recording Memory:
4GB, 8GB, 16GB, or 32GB

Fast Gigabit Ethernet Interface:
Provides high-speed image download to a standard
notebook/PC

Flexible Frame Synchronization:
Frame rate may be synchronized to external
unstable frequencies

1-Inch C-mount Compatible Sensor Size:
Also supplied with integrated Nikon G-type lens
mounis.

High-G Rated:
Suitable for application in high-G environments;
operation tested to 100G, 10ms, 6-axes



Light Sensitivity:

Expressions of light sensitivity in high-speed cameras
can be confusing as a variety of differing measurement
techniques are used Photron publishes light
sensitivity figures for its products using the 1ISO 12232
Ssat Standard

FASTCAM MINI UX 1S0 12232 Ssat
Monochrome models 1SO 10,000
Color models 180 5,000

ISO 12232 Ssat values published by Photron for both
monochrome and color cameras are measured
excluding infrared sensitivity as defined by the ISO
standard measurement procedure 1SO 14524
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Sensor Type Proprietary Design Advanced CMOS
Maximum Reolution (pixels) 1280 x 1024 pixels
Sensor Size / Diagonal 12.80 (H) x 10.24mm (V) / 16.39mm (D)
Pixel Size (microns) 10pm x 10gm
Quantum Efficiency 62.6% at 630nm
Fill Factor 80%
Color Matrix Bayer CFA (single sensor)
IS0 10,000 monachrome
B S S ‘(iocn%gr?za:fsrensor equivalent 1SO 25,000
including near IR response)
Shutter Global Electronic Shutter 3.9us up to 1.01ps at

maximum frame rates
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