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Chapter 1. Introduction

Chapter 1.1 Current global situation and position of the diesel engines

After industrialization, a great technological development was made and an energy consumption began
to rapidly increase. In this trend, the internal combustion engines have been used in a various field such as
transportation and power generation. However, it has been recognized that it causes a problem such as
depletion of a fossil fuel, the climate change by greenhouse gases, and an air pollution by harmful
substances in globally. In order to respond this situation, an international effort such as the United Nations
Framework Convention on Climate Change (UNFCCC), the Kyoto Protocol, and the Paris Agreement are
continuously being made. Since the Paris Conference of Parties (COP21) in 2015, there has been an active
global movement towards decarbonization. Through this, about 70% of global carbon emissions are being
processed through the net-zero targets and pledges. In addition to these global movements, due to the impact
of COVID-19, the global energy consumption has shown a trend that has continued to rise until now and
then momentarily decreased as Figure 1.1 [1]. In particular, compared to the other resources, oil showed a
decrease of about 3 times or more in the existing demand forecast as Figure 1.2. However, this is only the
temporary specificity of COVID-19, and efforts to improve the thermal efficiency of internal combustion

engines and reduce the emission must be continued in the future.

Primary energy consumption CO, emissions from energy use
Annual change Annual change

15% 15%

10% 10%

5% 5%

0% 0%

5% ‘ 5%
10% 10%
15% 15%
-20% -20%

1940 50 60 70 80 90 00 10 2020 1940 50 60 70 80 90 00 10 2020
Figure 1.1. Global energy demand and carbon emissions 1,



Growth in oil demand Energy demand growth in 2020

Annual change Annual change

o N | Bl B
10% An l 2%

£%

8%

5%

0%
-10%

5%

v ‘ 12%
-10% Primary energy Oil Natural gas Coal Electricity

@® 2020
1940 1950 1960 1970 1980 1990 2000 2010 2020 Predicted

Figure 1.2. Global growth in oil demand and energy demand growth in 2020 [

In accordance with the recent toward an electrification of automobile, the battery electric vehicle is
increasing. However, the market share of the pure internal combustion engine vehicle and the hybrid vehicle
equipped with an internal combustion engine is still higher than the pure electric vehicle. In addition, the
life cycle assessment (LCA) method, which evaluates not only the carbon dioxide generated from the
driving conditions of the automobile, but also the entire automobile production and disposal process, is
being applied. When the LCA method is applied, the total CO, emission is judged to be similar to that of
the internal combustion engine vehicle and the electric vehicle because of all processes from production to
disposal are evaluated as Figure 1.3 [2]. For this reason, the studies are being conducted to improve the
sustainability of the internal combustion engine as an eco-friendly power device. The most necessary for

the purpose is to increase the efficiency of engine and reduce the emission of harmful exhaust gases.
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Figure 1.3. Life-cycle GHG emissions of global typical medium-size FCEVs powered by coal-, natural
gas, CCS natural gas-, or renewable electricity-based hydrogen, by the current mix of these pathways and
by the expected lifetime average mix for cars registered in Europe, the U.S., China, and India in 2021 and

in 2030, compared to global typical gasoline cars registered in 2021 [y
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Diesel engine plays an important role in the transportation sector, such as the light-duty (LD) and heavy-
duty (HD) vehicle. However, in order to solve the environmental problems which before mentioned, the
regulations on emission are becoming stricter. European emission regulation is a representative emission
regulation of the diesel engine. In the case of the Euro 7, which was recently announced, only very small
amounts of the emission are allowed due to very strict regulation. Although many researches have been
conducted to reduce the emission from the combustion process of a diesel engines. However, since the
emission and a thermal efficiency of a diesel engine have a trade-off relationship, so the research on ways
to increase the thermal efficiency of a diesel engine should be conducted. In order to increase a thermal
efficiency through combustion control of a diesel engine, it is necessary to reduce the exhaust loss and
cooling loss. To reduce the exhaust loss, it is necessary to improve the degree of constant volume (DCV)
by shortening the combustion duration and to increase the compression ratio [3-5]. In order to shortening
the combustion duration, it is necessary to shortening the injection duration, and for this purpose, a strategy
of increasing the injection pressure and increasing the number of multi-holes injector is being implemented.
To reduce the cooling loss, it is necessary to prevent a heat escaping from the combustion chamber to engine
block. For this, it is necessary to increase the thermal insulation of the combustion chamber wall surface or
reduce the area where the diesel spray impinge to the combustion chamber wall and the velocity near the

combustion chamber wall [6-12].

Chapter 1.2 Combustion analysis and visualization for improvement
of diesel combustion

In order to increase the thermal efficiency of a diesel engine, a method for improving the DCV to reduce
the exhaust loss or reducing the cooling loss generated from the combustion process is being discussed. In
order to improve the DCV, the combustion duration must be shortened. For this, it is necessary to know the
mechanisms of a diesel spray flame that occur during the mixing-controlled combustion. Therefore, in order
to shorten the combustion duration, it is considered effective to increase the local heat release rate in the
stoichiometric region where the fuel and air are mixed in a diesel spray flame and cause the main chemical
reaction. In order to increase the local heat release rate in the stoichiometric region, it is important to
increase the turbulence so that air and fuel can be mixed well. Therefore, it is necessary to clarify the heat
release mechanism through the turbulence intensity and the temperature distribution inside the diesel spray
flame.

As mentioned earlier, the structure of a diesel spray flame is helpful to understand the diesel combustion
process. Therefore, a study on the effect of the ambient combustion chamber condition on a diesel spray
flame was necessary. Experimental and numerical studies of the droplet distribution inside a diesel spray

were conducted using lasers to understand the structure of diesel spray flame [13]. In addition, the effect of
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ambient gas density and fuel vaporization on diesel spray penetration and dispersion was investigated [14].
As the ambient gas density increases, the diesel spray dispersion increases, allowing more air to be injected
into the diesel spray. And the total mass of the area entrained by the conservation of momentum becomes
large, which slow down the penetration velocity and causes a decrease in the penetration length of the diesel
spray. The ignition delay of a diesel combustion was shortened as the ambient density increased [15]. The
high heat capacity at the spray boundary due to the high ambient density mitigates the temperature drop in
the ambient gas and promotes premixture. When the injection pressure increases and the swirl-flow inside
the combustion chamber decreases, the spray tip penetration is increased and mixture formation is promoted
in the area of the spray tip near the combustion chamber wall. Therefore, when the fuel injection pressure
increases, the ignition delay is shortened because the mixture formation is promoted and a large amount of
the combustible mixture is formed. A constant volume combustion chamber was used to study how the
velocity distribution inside a diesel spray depends on the ambient gas density and injection pressure [16].
Regardless of the injection pressure, the spray width increased with increasing ambient gas density, and the
position of the maximum velocity gradient shifted from the periphery to the center of spray as the ambient
gas density increased. When the equivalence ratio was estimated from the velocity distribution inside the
diesel spray, a sufficient air was not entrained into the spray in the condition of a low ambient density.
However, at a high ambient density, a large amount of air is entrained into the spray and a sufficient mixture
of the fuel and air for combustion is also formed upstream of the spray. The result of studying the velocity
distribution and turbulence characteristic of a non-evaporative diesel spray using the particle image
velocimetry (PIV) are presented [17]. The modeling of a wide range of diesel spray combustion conditions
was conducted using the Eulerian-based probability density function (PDF) method and verified
experimentally [18, 19]. The above method was also used to study an ignition behavior and flame structure
according to the ambient pressure under the same conditions as a diesel engine. In addition, the ambient
temperature sweep phenomenon under non-combustion and combustion situation of a diesel spray was
modeled through the large eddy simulation (LES) [20].

As described above, it can be seen that the ambient condition has a great influence on the formation of a
diesel spray flame structure. However, since the diesel engine uses an injector to directly inject a fuel into
the combustion chamber, the diesel spray flame structure may vary due to a fuel injection condition in
addition to an ambient condition inside the combustion chamber. For this purpose, a study has been
conducted on how the diesel spray flame structure is affected when the fuel injection condition is changed.
A study was conducted to analyze the combustion characteristics that occur when the fuel injection amount
is the same and the injection pressure is high [21]. In the case of non-evaporative spray, as the injection
pressure increased, the sauter-mean-diameter (SMD) decreased and the air entrainment velocity increased.
When the injection pressure increased, the soot concentration in the flame decreased and also the
combustion duration has been shortened. When the injection pressure is high, the behavior of non-

evaporative diesel spray was compared with an experimental data and modeling results [22]. From this, it
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can be seen that the spray tip penetration and cone angle are significantly affected by the ambient gas density.

Through a various result from the research, it was found that the injection conditions and ambient
conditions affect the formation of a diesel spray flame structure. Based on these results, it can be seen that
the mixture fraction of the fuel and air varies depending on the turbulent flow characteristic of the diesel
spray depending on the fuel injection condition or the ambient condition of the combustion chamber, which
affects the combustion process. Therefore, a study was conducted on how the turbulent flow characteristics
inside the diesel spray appear under various conditions. The diesel spray mixes well with an air in high
turbulence intensity region and, as the injection pressure increases, the occurrence frequency of large eddy
increases. This increases the strength of turbulence and the spray tip penetration, which improves the mixing
of the fuel and air. The planar laser-induced fluorescence (PLIF) was used to analyze the instantaneous fuel
concentration distribution of a non-evaporative diesel spray under high-temperature conditions [23].
Although the injection pressure had no significant effect on the fuel concentration, a smaller nozzle orifice
resulted in a lower mixing concentration. When the injection pressure is high and the nozzle orifice diameter
is small, a mixing formation in the spray is promoted immediately after the start of injection, and the mixture
is rapidly diluted after the injection is ended. To understand the relationship between a local fuel-air mixing
process and a subsequent heat release of diesel spray, a react spray study was conducted with a one-
dimensional Eulerian spray model validated under inert conditions [24, 25]. This model is suitable for free
gas jets or single-hole injector sprays where there is no interaction with the wall or no surrounding gas flow.
The modeling was verified through the CFD calculation of gas jet and experiment with diesel spray. As an
effect on flame development, it was shown that heat release inside the spray increases the local temperature
and decreases the density. Also, by increasing the spray radius width, the local density of the react spray
decreased compared to that of the non-react spray. A study was conducted on the mechanism of the liquid
fuel spray and a turbulent flow in combustion situation through the LES [26, 27]. The velocity distribution
inside the non-combustion diesel spray of the high injection pressure was analyzed by applying the PIV
method [28]. The local droplet concentration was significantly lower in the center of the vortex motion, and
the tendency of droplets to accumulate in the region with a low vorticity was observed.

In order to improve the thermal efficiency, a study has been conducted on the structure and the velocity
distribution of the diesel spray flame. In addition, study was also conducted to suppress the soot formation
by analyzing the soot formation process through the structure of the diesel spray flame. For this purpose,
research using a various method to visualize the soot formation in the diesel spray flame was conducted.
The diesel combustion process was investigated using a various laser diagnostic, empirical measurement,
and chemical kinetic code [29-31]. From the laser induced incandescence (LII) image, it can be seen that
the soot concentration decreases as the injection pressure increases. Also, it appears that the shape of the
vapor region of diesel spray in the non-combustion condition is very similar to the shape of soot distribution
in the combustion condition. This suggests that the soot formed in the region where the fuel is vaporized

and the soot distribution expands and this phenomenon was imaged as shown in Figure 1.4.
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Figure 1.4 A schematic of the conceptual model with additional features (fuel-rich premixed flame,

soot formation, soot oxidation and NOx formation zones) [29-31]

Also, in the initial soot formation stage after ignition started, the soot precursor was mainly located in
the central region of diesel spray flame, and it can be seen that soot particles surround the soot precursor
and expand downstream as Figure 1.5 [32]. When the soot precursor was analyzed through the intensity of
the LIF, it was maximized immediately after combustion in the rich vapor of the fuel and air mixture region.
And, when the soot particle was analyzed through the intensity of the LI, it gradually increased and reached
a maximum after the injection was finished. The OH radical and the soot from the diesel spray flame were
visualized through the LIF and laser induced scattering (LIS) [33]. The OH radicals appear before the soot
formed in the diesel spray flame region. In the downstream of the diesel spray flame in quasi-steady period,
the soot mainly exists in the central region, and the OH radicals exist in the peripheral region. A study was
conducted to visualize the maximum axial distance of liquid fuel, which called the liquid length, during the

diesel spray injection using the Mie scattering method [34].
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Figure 1.5 Conceptual model of ignition, soot formation, and oxidation process in a diesel spray flame

[32]

The lift-off length and liquid length, which are used as the basis for analyzing the characteristics of the
soot formation in diesel spray flame, showed that it varied depending on the specification of the injector,
the injection condition, and the ambient condition in combustion chamber. Therefore, studies have been
conducted to investigate the structure of diesel spray flames by analyzing the lift-off length and liquid length
under various condition. The liquid length showed a linear dependence on the orifice diameter, and the
liquid length decreased with the increasing ambient gas density and temperature. For the diesel spray
generated by the high-pressure solenoid injection system, a database was presented by experimenting under
a various condition such as ambient temperature, density, and the injection pressure using a chamber which
has a high-temperature, high-pressure in constant volume [35]. When a diesel spray flame appears and
stabilizes at the downstream of the diesel spray, the distance between the injector tip and a firstly measuring
position of the high-temperature region is called the lift-off length [36]. How the lift-off length appears
according to the temperature and density of ambient gas, the injection pressure, and the orifice diameter of
injector was analyzed. Through these results, the how the lift-off length affected by the fuel and air mixing,
the soot formation, and the fuel vaporization and combustion on diesel sprat flame was studied. As the
ambient temperature and density increase and the orifice diameter decreases, the lift-off length decreases,
and as the injection pressure increases, the lift-off length increases. As the lift-off length increases, the ratio
of stoichiometric air entrained into the spray increases, which can lead a decreasing of soot formation due
to increase the amount of entrained air. In addition, a study on the lift-off length according to change in the

oxygen concentration of ambient gas was also conducted [37]. The lift-off length is inversely proportional
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to the oxygen concentration of ambient gas. As the ambient oxygen concentration decreased, the lift-off
length showed an increase compared to the liquid length. As the oxygen concentration decreases, the lift-
off length increases and the oxygen entrainment rate per unit length of the fuel jet decreases. It was
determined that the diesel spray increased the time required to complete the combustion process. And, as
the fuel with a shorter ignition delay was used, the lift-off length became shorter [38]. A study was
conducted on the effect of ignition delay on lift-off length and soot formation under various fuel condition
[39-42]. When using a low cetane number fuel, the lift-off length increased. Also, it was suggested that the
fuel effect was the difference in the amount of mixing with hot air required for auto ignition. Through this,
it can be judged that the soot formation is suppressed, but a further stud for improvement of the engine
performance and reduction of the NOx emission are needed. The effect of interaction between the diesel
spray and wall on the lift-off length was studied [43]. Due to the phenomenon of entrainment after the diesel
spray impinges to the wall, the lift-off length is shortened and the soot formation is increased. To improve
this, it is necessary to design a combustion chamber with a larger bowl diameter and a split injection strategy
of fuel. By controlling the fuel injection rate in reverse-delta shape, a more uniform combustion area
distribution and thermal efficiency of the diesel engine were improved, and studies on the liquid length,
lift-off length and soot formation were conducted [44, 45].

Although the studies mentioned above have clarified the structural characteristics of a diesel spray flame,
most have been experimented in a free spray of single-hole injectors. However, the injector used in an actual
diesel engine is a multi-hole injector, and the influence of the adjacent sprays is additionally existed [46].
Therefore, it is necessary to study the structure of diesel spray flame based on the effects that may appear
during fuel injection in a multi-hole injector situation. When the jet-jet angle was 45 degrees, the lift-off
length was shortened from the start of combustion until the end of injection. As the jet-jet angle decreased,
the hot burned gas generated from the adjacent spray was entrained into the lift-off region, showing that the
lift-off length has shortened. According to the single-hole injector and the multi-hole injector, a study was
conducted to analyze how the air flow around the diesel spray up to the lift-off length appears through the
particle tracking velocimetry (PTV) method [47]. As the injection pressure increased, the entrained velocity
around the lift-off region increased, and the entrained velocity in the multi-hole injector was larger than
that in the single-hole injector over the entire lift-off region. In addition, the lift-off length increased as the
injection pressure increased, and the amount of air entrained into the diesel spray increased due to the
increase in the entrained area and velocity. In the combustion situation on the actual diesel engine, the lift-
off length of multi-hole injector can be seen to greatly affect the backward flow of the hot burned gas
surrounding the diesel spray flame [48]. In the case of a single free spray, the backward velocity was
negligibly small, but in the presence of a spray adjacent to the combustion chamber wall, the magnitude of
the backward velocity becomes non-negligible. The lift-off length of the spray with the adjacent wall was
shorter than that of a single free spray due to the backward flow of the hot burned gas. This difference is

larger because a larger nozzle diameter increases the fuel injection rate and leads to a higher backward
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velocity. In addition to this difference, a backward flow increased because of a larger nozzle diameter
increased the fuel injection rate.

Considering the above studies, an injector with a large jet-jet angle should be used to suppress the soot
formation. However, in order to increase the aforementioned DCV, the combustion duration must be
shortened, and for this purpose, the same amount of fuel must be injected in a short time. Since there is a
technical limit to setting a very high injection pressure, an increase in the number of injector holes cannot
be avoided. Therefore, it is necessary to improve the relationship between soot and thermal efficiency by

clarifying the phenomenon in which the soot formation is formed in multi-hole injectors.

Chapter 1.3 After-treatment system for reducing the harmful emission
of diesel engine

For the sustainable use of internal combustion engines, as mentioned above, studies have been conducted
to improve the thermal efficiency of diesel engines. Another problem to be improved in internal combustion
engines is also related to harmful emissions. Internal combustion engines have been at a disadvantage in
the recent environmental challenges facing them. In particular, NOx and particle matter (PM) are the most
emphasized harmful emissions from diesel engines. For this reason, restrict regulations are enforced around
the world for harmful emissions from internal combustion engines [49-53]. In order to satisfy these
regulations, many studies have been conducted to reduce harmful emissions in the combustion process of
internal combustion engine. As a result, the amount of harmful emissions during the combustion process
has been significantly reduced, but an after-treatment system is required to achieve zero-emission. In the
next sub-chapters, the description of these after-treatment system and their current location will be

explained.

Chapter 1.3.1 Diesel oxidation catalyst (DOC) and diesel particle filter (DPF)

A diesel engine can achieve a high thermal efficiency through a higher compression ratio than a gasoline
engine, but NOx is generated due to the high combustion temperature in the stoichiometric area. Also, due
to the combustion method in which fuel is injected, a large amount of soot is generated in rich stoichiometric
area. The PM is after-treatment processed using a diesel particle filter (DPF). The DPF is effective in
capturing the PM physically containing the soot and black smoke. Basically, the DPF is a device that
captures the PM, so the exhaust gas back pressure can be negatively affects in engine operation. For this
reason, a regular regeneration of the filter is required, but the maintenance is difficult. So, the heat
regeneration method of the filter is used. For the heat regeneration of DPF, the filter must reach a sufficient
temperature, and this temperature called the balance point temperature (BPT). When the DPF reaches at

the BPT, it can promote the oxidation of carbon through two mechanisms. The first is the oxidation of the
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carbon by O, through catalyst and thermal mechanisms. The second is the mechanism of oxidation of
carbon by NO,. In order to reduce soot, the exhaust gas after combustion was completed was used as an
EGR system. This method is to keep the combustion temperature low by entraining a part of the exhaust
gas containing CO; and H,O, which has a large heat capacity, into the intake air to lower the O,
concentration in the intake air. Through this, the soot and NOx can be reduced, but it has the disadvantage
of increasing CO and HC emissions because of an incomplete combustion due to a low O concentration.
So, the diesel oxidation catalyst (DOC) is required to reduce the CO and HC generated in this way to CO»

and H,O through the following reaction. The reaction mechanism in the DOC is as follows.

[Hydrocarbons] + O, = CO, + H,O (1.1)
CoHam + (n + m/2)0, = nCO; + mH,0 (1.2)
2CO + 0, =2C0, (1.3)
2NO + 0, =2NO, (1.4)

Through the above reaction mechanism (Eq. 1.1~3), the CO and HC are converted to CO, and H,O by
the DOC. In this process, the NO is oxidized to NO, (Eq. 1.4), and the ratio of NO to NO; in NOx is an
important factor in the conversion performance of selective catalytic reduction (SCR) [54]. Therefore, the
DOC plays an important role in oxidizing NO to NO; as well as the oxidation reaction of HC and CO. A
performance of the DOC is affected by the conditions in which the catalyst is placed, particularly
temperature and exhaust conditions. Due to the characteristics of the catalyst, it can show high performance
within a specific range of conditions. However, out of this range, performance may drop sharply and the
catalyst may become inactive. Therefore, it is very important to make the activation temperature of the
DOC catalyst the same as the temperature at which the DPF is thermally regenerated. In order to improve
the potential of DOC as a post-treatment device, it is required to reduce the composition of precious metals
while increasing the reduction performance of HC and CO, and to maximize the reduction performance of

SCR by balancing the ratio of NO and NO; in NOx.

Chapter 1.3.2 Selective catalytic reduction (SCR)

The SCR is an after-treatment device that converts the NOx to N, and H,O which play a role in reducing
the NOx generated during combustion in a diesel engine. The SCR catalyst is supported by a porous ceramic
material such as TiO,, and the active catalyst component is usually a non-metal (such as vanadium,
molybdenum and tungsten) or a zeolite-based noble metal.

In addition, a research on a method for effective NOx reduction of urea through activated carbon materiel
such as activated carbon and activated carbon fiber has been conducted [55]. The non-metal catalysts such
as vanadium and tungsten have a low heat resistance, but show good performance at the temperature in

operating range of the general automotive and industrial boiler applications. In addition, even when a high
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sulfur fuel with high sulfur content is used, it shows a good durability and continues to improve a durability
against a high temperature [56-60]. The zeolite-based catalysts have a higher thermal durability than non-
metallic catalysts. The zeolite-based SCR also has a low risk of corrosion because of the possibility of SO
oxidation is low [61]. And, compared to the vanadium-based SCR, it was activated from a lower
temperature to alleviate the negative effect on the fast SCR reaction, and it showed a positive effect through
the storage capacity and activation of the ammonia oxidation reaction for ammonia and nitrate [62-65]. So,
the research has been conducted on how to combine these two types of catalysts [66, 67].

In SCR, the NH3 is used as a reactant to convert the NOx to N, and H,O. However, a pure anhydrous
ammonia is toxic and dangerous to use, and it requires a pressurized storage tanks and piping with thick-
shell due to a high vapor pressure. The urea water is easier and safer to store and transport than a pure
anhydrous ammonia. So, it is applied to SCR after thermal hydrolysis of the urea water into NHs. Recently,
the urea-SCR technology has been applied and various studies have been conducted to satisfy the
environmental regulation of automobile and non-road machinery using diesel engine [68, 69]. Inside the

SCR system, the NOx is reduced through several chemical reactions as follows.

6NO + 4NH; — 5N, + 6H,0 (1.5)
4NO + 4NH;3 + O, — 4N, + 6H,O “standard” SCR reaction (1.6)
6NO, + 8NH; — 7N, + 12H,0 (1.7)
2NO; + 4NH; + O — 3Nz + 6H,0 (1.8)
NO + NO; + 2NH3; — 2N, + 3H,0 “fast” SCR reaction (1.9)

The most dominant reaction is (1.6), and the pathway of reaction (1.9), which reacts with both NO and
NO,, occurs the fastest. Modeling for these reaction mechanisms were established and the appropriateness
of the modeling was verified by comparing them with the reaction mechanisms occurring in the actual
catalyst [70-72]. In general, the concentration of NO; is low in the exhaust gas component immediately
after combustion, but the NO, generated through DOC and DPF as described above helps to improve the
reduction performance of SCR [73]. A control method to improve the SCR performance was studied by
analyzing the ratio of NO and NO; in NOx through the NO and NO, sensors installed at the front and rear
of each post-treatment device [74, 75]. If the NHj is entrained excessively in the SCR system, the NH3 slip

may occur or the N,O and NO may be generated through the following reaction.
2NHj3; + 20, — N2O + 3H,0 (1.10)

4NH; + 30, — 2N, + 6H,0 (1.11)
4NH; + 50, — 4NO + 6H,0 (1.12)
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Therefore, it is necessary to precisely control the introduction of NH3 into the SCR. If the ratio of NH;
is insufficient compared to NOx, the reduction rate of NOx will be quite low, and if the ratio of NHj3 is too
high, there will be a lot of NH3 slip. According to the main reaction equation (1.6), the stoichiometric
NH3/NOx ratio (also called the ANR) is 1. Therefore, in general, the ANR is controlled to be between 0.9
and 1.0 for the best reduction performance of SCR, but there are cases where the ANR exceeds 1.0 for the
maximum NOx reduction performance. For this, an ammonia oxidation catalyst (AOC) is mounted at the
rear end of the SCR to control NH3 slip. Also, NH3 reacted with NO, produces NH4sNO3 as shown in the

following reaction equation.

2NH;3 + 2NO;, + H,O — NH4NO;5; + NH4NO» (113)

This causes a problem of lowering the reduction performance of SCR by containing in a solid or liquid
form at a low temperature of less than 200°C. Therefore, it is necessary to consider the reaction with NH;
after the temperature in the SCR reaches an appropriate level. In addition, the NH3 is strongly adsorbed to
SCR. In order to accurately simulate the SCR system, many studies have been conducted on the adsorption
and desorption mechanism of NH3 [76-79]. Modeling of the SCR reaction was performed considering the
adsorption and desorption mechanism of NHj. As the surface temperature of SCR increases, the amount of
NH; adsorbed decreases and the adsorption saturation of NHj3 is quickly reached. As the flow rate of the
exhaust gas increases, the NH3 adsorption saturation state is quickly reached, and when the entrained of
NH3 is stopped, the NH; desorption also occurs rapidly. A study to suppress the NHj; slip was conducted
through the analysis of the catalyst surface occupancy rate of NH3 inside the SCR [79]. As time elapsed,
the catalyst surface occupancy rate gradually increased in the direction from the inlet to the outlet of catalyst,
and from the point when the supply of NH3s was stopped, the catalyst surface occupancy rate decreased
from the inlet. And, as the amount of urea injection increased, the catalyst surface occupancy rate increased.
As a result, in order to maximize the reduction performance of SCR, it is important to consider the

temperature of the SCR, the flow rate of exhaust gas, and an appropriate injection amount of urea [80, 81].
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Chapter 1.4 Objective of this study

The main purpose of this study is to visualize the diesel spray flame under different fuel injection condition
and ambient combustion chamber condition, and to explore an efficient after-treatment method for exhaust
gases to improve a thermal efficiency of diesel engines and reduce the exhaust gases. Through the objective
of this study, a sustainable development possibility and the vision for internal combustion engines can be
presented.

In previous studies, there have been a various analyzes of diesel spray flame structure. However, most of
these experiments and analyzes were not in a real engine condition. Therefore, it is necessary to study the
diesel spay flame structure under the actual engine situation. In the case of a diesel spray injection, it can
divide in two main parts as follows. The first part is a diesel spray in the area where combustion does not
participate or combustion starts, and the second part is the area where the combustion starts and a flame is
formed due to the fuel and air mixture. Therefore, it is necessary to analyze the structural characteristic of
each diesel spray flame according to the fuel injection condition or ambient condition, and to clarify the
effect of adjacent diesel spray in the multi-hole injector. To find out these characteristic and relationship, a

research is the following specifics:

® Investigation of velocity distribution inside the diesel spray flame and relationship with high
temperature region under actual engine situation

® Investigation of the lift-off length and liquid length according to the jet-jet angle when injection
conditions or ambient conditions are different

® Investigate the backward flow between sprays and entrained into the spray according to the jet-jet
angle

® [nvestigation of the relationship between velocity distribution and heat flux near the combustion

chamber wall

Also, as mentioned in the previous section, the SCR is an after-treatment device that converts NOx through
the NH; hydrolyzed from urea water. In steady condition, the maximum effect of NOx reduction can be
easily achieved by injecting a certain amount of urea water. However, in the case of vehicles with transient
operating condition such as diesel passenger cars or heavy-duty vehicle, ammonia slip, which does not
participate in the NOx reduction reaction, occurs when an excessive urea water is injected. To prevent this,
NHj3 can be trapped through another after-treatment device called AOC, however, it makes diesel engines
less economically competitive. Therefore, a urea injection strategy is required for a high reduction
efficiency of SCR under various operating conditions of a diesel engine. For this, the following contents

were studied.
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® [nvestigation of ammonia adsorption and desorption characteristics inside SCR according to engine

speed and exhaust gas temperature

Chapter 1.5 Thesis framework

This thesis consists of three chapters.

In Chapter 2, the relationship between the velocity distribution and flame structure of a diesel spray was
studied through the PIV method during combustion situation. The velocity distribution inside the diesel
spray flame was measured by the PIV method in rapid compression expansion machine (RCEM) with a
single hole injector, and the local velocity fluctuation intensity was analyzed. In addition, by imaging the
high-temperature region with OH* chemiluminescence, this research tried to clarify the relationship

between the high-temperature region and the position with high local velocity fluctuation intensity.

In Chapter 3, it analyzed how the lift-off length and the liquid length different according to the injection
condition and ambient condition when the jet-jet angle was different. And, the flow characteristic between
the jets according to the jet-jet angle was studied through the PIV method. An asymmetric 6-hole injector
with jet-jet angles of 30 and 45 degrees was mounted on a visible RCEM to conduct an experiment. The
lift-off length and the liquid length according to the injection condition or ambient condition were measured
by applying the OH* chemiluminescence and Mie scattering imaging method, respectively. And using the
PIV method, when the jet-jet angle is different, how the flow characteristic appeared between jets, divided

into a non-combustion and combustion conditions.

In Chapter 4, to clarify the relationship between the near-wall flow and the heat flux through the wall,
the velocity distribution of the diesel spray flame and the heat flux on the combustion chamber wall were
measured in RCEM, which has a two-dimensional combustion chamber. The velocity distribution of the
diesel spray flame near the wall was measured by the particle image velocimetry (PIV), and the heat flux
through the wall where the diesel spray flame impinges was measured using a newly developed multi-point

heat flux sensor.

In Chapter 5, it conducted a research on establishing an appropriate urea injection strategy by analyzing
the mechanism of NH;3 adsorption and desorption inside the SCR according to the engine speed and exhaust
gas temperature. The NOx reduction performance of SCR according to the ratio of NO and NO; in NOx
generated through DOC and DPF as well as the SCR temperature and the exhaust flow rate according to
various engine speed and exhaust gas temperature was investigated. And, analyzing the amount and rate of
NHj3 adsorption and desorption inside the SCR, a suitable urea injection strategy that can maximize NOx

reduction efficiency while suppressing NHj slip was considered.
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Chapter 2. The Analyzing the Structure of the Diesel
Spray Flame by Time Resolved PIV with OH?*
Chemiluminescence

2.1 Introduction

To achieve a high thermal efficiency through combustion control of a diesel engine, it is necessary
to reduce the cooling loss and the exhaust loss by increasing the compression ratio (or expansion ratio)
and the degree of constant volume [1-3]. In order to increase the degree of constant volume, it is
important to shorten the combustion duration. According to numerical research by Kojima et al. [4],
the heat release in a diesel spray flame during mixing-controlled combustion is considered to come
mainly from the diffusion flame. Therefore, it is considered effective to increase the local heat release
rate by enhancing the turbulence in the region around the stoichiometric ratio where the chemical
reaction proceeds mainly in order to shorten the combustion duration.

Experimental and numerical studies on the fuel concentration and velocity distribution in diesel
sprays have been conducted. Khalid et al. [5] investigated the effect of injection pressure and
surrounding gas flow on mixture formation. When the injection pressure is high, the mixture formation
improves during the ignition delay period. Cao et al. [6] conducted the particle image velocimetry
(PIV) for the non-evaporating diesel spray and revealed that the local droplet concentration is
significantly low in the core of vortical motion and that the droplets tend to accumulate in the regions
of low vorticity of droplet field. Kobashi et al. [7] studied the velocity distribution and turbulent
characteristics of the non-evaporating diesel spray using PIV and showed that the highest turbulence
intensity corresponding to the mixing boundary [8] is located slightly away from the center of the
spray axis. Kojima et al. [9] demonstrated the instantaneous distribution of fuel concentration in non-
reacting diesel spray under a high temperature condition by planar laser induced fluorescence (PLIF)
technique. It was found that when the injection pressure increased and the nozzle diameter decreased,
the mixture formation enhanced immediately after injection starts, and the mixture became lean
quickly after the end of injection. Bruneaux [10,11] showed the mixing process of high-pressure diesel
jets by using laser induced exciplex fluorescence (LIEF). It was found that increasing the injection
pressure enhanced the atomization at the nozzle outlet, resulting in a more distributed vapor phase,
hence resulting in better mixing. Bottone et al. [12] studied the numerical analysis of diesel spray
combustion with large eddy simulation (LES) and conditional moment closure (CMC) method. It was
found that LES-CMC methodology can reproduce well the diesel spray combustion experiment results
like auto-ignition time and flame lift-off length. However, most experimental studies have focused on
non-evaporating or non-reacting sprays, and the relationship between velocity, fuel concentration, and
temperature in diesel spray flames has not been fully clarified.
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The aim of this study was to reveal the velocity distribution and the high-temperature region of the
diesel spray flame in actual engine combustion situation. PIV was applied to a diesel spray flame in a
rapid compression and expansion machine (RCEM) installed a single-hole injector to measure the
velocity distribution and determined the intensity of local velocity fluctuation. In addition, the location
of the high-temperature region was visualized by OH* chemiluminescence imaging, and the
relationship between the location of the high intensity of OH* radical and the location of the high

intensity of local velocity fluctuation was discussed.
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Figure 2.1 Schematic of the experimental setup

2.2 Experimental setup
2.2.1 Experimental Apparatus

The experimental equipment consists of an RCEM, which can be observed the inside of the
combustion chamber; a fuel injection system; a control unit; and an intake and exhaust system, which
are shown in Figure 2.1.

Table 2.1 Specification of the RCEM

Bore x Stroke 85 mm x 96 mm
Displacement 0.550 x 10 m?
Compression ratio 14.6
Injection system Common rail system
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The specification of the RCEM is shown in Table 2.1. The bore and stroke are 85 mm and 96.9 mm,
respectively, the compression ratio is 14.6, and the displacement is 0.55 L. The swirl ratio of this
RCEM is zero. For this study, a cylinder head was designed to enable visualization in both directions
of the combustion chamber specifically for simultaneous PIV and OH* chemiluminescence imaging.
In addition, an extension piston was used to put the laser sheet for PIV into the combustion chamber,
and a fixed mirror was used inside the extension piston so that the reflected laser sheet was incident

from the piston to the cylinder head.

| 45

‘ Laser sheet (532 nm)

‘ Diesel spray flame \

Image boundary
20 - (PIV analysis area)
" S B .
12 Nozzle
| Diesel spray 7

Direction of the laser sheet

Figure 2.2 Visualized area for PIV and OH* chemiluminescence in RCEM

Figure 2.2 shows the shape of the combustion chamber and the visualized area. In order to irradiate
the laser sheet into the spray axis and to take images for PIV and OH* chemiluminescence, the
combustion chamber and the spray injection direction are designed in an upside-down shape.

The combustion chamber has a quasi-two-dimensional (2D) cavity-shaped, which realize a single
spray part of piston cavity in an actual diesel engine, and a single-hole injector was installed. There
are windows on both sides of the combustion chamber, allowing for the PIV image and the OH*
chemiluminescence image to be captured simultaneously. The top of the piston is made of sapphire
glass, allowing the laser to pass through from the bottom. For this, the upper part of the piston shape
is flat. The height and width of the window are 20 mm and 45 mm, respectively. The distance from
the injector tip to the combustion chamber wall is 40.6 mm. When the laser sheet passes through a
high-density region of the fuel droplets, the scattered light intensity from the liquid appears too bright,
making it difficult to analyze the flow velocity. Therefore, the laser sheet was irradiated into the green

area which the liquid part doesn’t include as shown in Figure 2.2.
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The experimental conditions are shown in Table 2.2. The cranking speed was 900 rpm. A common-
rail injection system with a piezoelectric injector was used, and the nozzle hole diameter was 0.133
mm. The injection amount was 10.2 mg, and the start of injection timing was -6.4°’ATDC. The in-
cylinder pressure and the temperature inside the cylinder at the start of injection were set to 8 MPa
and 800 K, respectively. The injection pressure was set to 120 MPa, 90 MPa, and 60 MPa. A solvent
made of n-C11Ha4, n-C12Hzs, and iso-C12Hze was used as fuel, because a diesel fuel had a too much
soot formed which a soot cloud covers the scattering light making it impossible to analyze the velocity
distribution. The cetane number of the solvent was 57, which is comparable to that of a diesel fuel.
Although the soot cloud was also formed when using the solvent, the PIV analysis was possible in
most areas. And also, the oxygen concentration was set to 15% to reduce the effect of luminous flame
on the PIV and to simulate the exhaust gas recirculation (EGR) situation. The experimental process
proceeded as follows. First, the mixing reservoir and the inside of the combustion chamber are made
into a vacuum state, and the pressure and oxygen concentration suitable for the experimental
conditions are established. Then, with the intake valve open, the RCEM is driven at the cranking speed
that satisfies the experimental conditions using a motor. When the intake gas temperature reaches the
target, the intake valve is closed and the fuel is injected to conduct a one-cycle combustion experiment.
The tracer for the PIV analysis was introduced into the combustion chamber just before the intake
valve is closed.

Table 2.2. Experiment conditions

Cranking speed 900 rpm

Nozzle-hole diameter 0.133 mm

Injection quantity 10.2 mg (13.7 mm?)

Start of injection (SOI) -6.4° ATDC

In-cylinder pressure @ SOI 8 MPa

In-cylinder temperature @ SOI 800 K

Injection pressure 120, 90, 60 MPa

Fuel Solvent (Cetane number :.57),
n-C11Haz4, n-C12Hz6, and is0-Ci12Hoe

Composition of the intake gas 02: 15 mol%, Na: 85 mol%

The heat release rate was calculated using the following Equation (2.1);

aQ vy av 1 dp

“_r Ly 21
a0 y—1Pae Ty =1 ao @1

The variables dQ/d0, y, V, p, and @ are the heat release rate, the specific heat ratio, the in-cylinder

volume, the in-cylinder pressure, and the crank angle, respectively. The constant ywas set to 1.33.
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2.2.2 Imaging technique

The PIV and OH* chemiluminescence imaging techniques were applied. Imaging conditions are
shown in Table 2.3. The PIV was used to determine the velocity distribution. PIV is a method of
measuring the velocity through the moving distance and the time interval between the images by the
tracer particles into the fluid and capturing the tracers scattered by the laser. Set the grid of the captured
image, which is the interrogation window in table 2.3, and calculate the overall average movement
distance of the tracers in each grid. Since the flow vector within each grid can be calculated from this
result, the flow characteristics of the entire fluid can be analyzed through PIV. For the PIV, a second
harmonic generation Nd:YAG laser with a wave length of 532 nm was used, and two laser devices
were used to shoot the laser at very short time intervals. The images were obtained using a high-speed
camera, and only the scattered laser light could be captured in images by using a bandpass filter of
530 + 10 nm. The spatial resolution of the images is 53 pum/pixel. As a tracer for the PIV measurement,
a SiO; porous particle (Godd-ball) with an average diameter of 10 um was used. The interrogation
window and the overlap for the PIV analysis were 16x16 pixels and 50%, respectively, which was
suitable for the velocity range in the high-temperature region. The OH* chemiluminescence images
were taken using anther high-speed camera. The OH* Radical is one of the most intermediate in
combustion chemistry, so it is known for the stoichiometric region in diesel spray flame, which is the
location of high-temperature combustion. So, the OH chemiluminescence image was also clearly
known about the high-temperature region. A bandpass filter of 310 £ 10 nm was used with image

intensifier to an image of OH* chemiluminescence.

Table 2.3. Imaging condition of PIV and OH* chemiluminescence

PIV Spatial resolution 53 um/pixel
Frequency 20 kHz
Interval 15,274 6 us
Laser wavelength 532 nm
PIV tracer Godd ball (Si07): 10 pm
Analyzing algorithm Multi-pass interrogation
Interrogation window 16 x 16 pixels
Overlap 50 %
OH Spatial resolution 57 um/pixel
Frequency 20 kHz
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Figure 2.3 Signal sequence for PIV and OH* chemiluminescence for simultaneous imaging

Figure 2.3 shows the temporal sequence of the laser, imaging signal for the PIV camera, and imaging
signals for OH* chemiluminescence. The images for PIV were taken in separate frames. In addition,
the third frame captured only luminous flame. Attempts were made to determine how the luminous
flame had disturbed the PIV area. For the OH* chemiluminescence imaging, the exposure was set to
40 ps, and the gate opening duration of the image intensifier was set to 30 us. Figure 2.4 shows the
PIV and OH* chemiluminescence images taken at the same moment by the signal sequence. In the
PIV image, the velocity distribution between the diesel spray and the surrounding air was clearly
distinguished like a yellow boundary line. The boundary line of diesel spray flame in PIV was judged
through the points where the flow in the opposite direction to the diesel spray injection direction
appeared. The OH* chemiluminescence image also clearly shows the high-temperature region like the
red boundary line. The OH* radical boundary line representing the high-temperature region was
judged as the point where the luminous intensity began to appear in the vertical section with respect
to the diesel spray axis. By synthesizing these two images, the relationship between the velocity
distribution of the diesel spray flame and the high-temperature region was analyzed using the region

in which OH* radicals appear and the velocity distribution measured by PIV.
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Figure 2.4 Synthesis of the PIV image and the OH* chemiluminescence image

2.3 Results and discussions

2.3.1 Relationship between high-temperature region and velocity distribution in diesel

spray flame

First, the relationship between the high-temperature region and the velocity distribution was
investigated to analyze the effect of flow characteristic on local heat release. The injection pressure
was 120 MPa. Figure 2.5 indicates in-cylinder pressure p and heat release rate dQ/d6. Although the
oxygen concentration was low, the ignition delay was brief and the heat release rate of a typical diesel
combustion at high-pressure condition was shown. The mixing-controlled combustion phase started

at approximately -2°CA, and dQ/d @ gradually decays after the end of combustion.
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Figure 2.5 Heat release rate and in-cylinder pressure on experiment condition on 120 MPa

In order to confirm the high-temperature region in the PIV image, the PIV image was compared
with the OH* chemiluminescence image captured at the same time. Figure 2.6 shows luminous flame
images, a raw image for the PIV (first of the couple of images), the velocity distributions, and the OH*
chemiluminescence image taken from -3.18°CA to 1.14°CA. Looking at the bottom OH*
chemiluminescence images, the OH* chemiluminescence appears strongly at -2.64°CA, which
corresponds to the peak timing of the heat release rate of the premixed combustion phase. During the
mixing-controlled combustion phase, a high-intensity of OH* chemiluminescence region appears on
the spray. A high-temperature region probably exists within this region. As the top luminous flame
images demonstrate, the luminous flame began to appear at -1.56°CA and then intensified. Luminous
flame hinders the PIV analysis; therefore, the strong luminous flame areas are shown as areas enclosed
by red lines on the PIV raw images and in the results of the PIV analysis. Additionally, the high-
intensity regions of OH* chemiluminescence are shown surrounded by orange lines on the PIV raw
images and in the results of the PIV analysis. In the PIV raw images, a high-temperature region is
darker than the surrounding gas regions. This means that in the high-temperature region, the fuel in
the core starts to burn and the momentum to expand increases. This reduces the concentration of tracer
particles for PIV and reduces the amount of light scattered by the laser. That's why the inside of a
diesel spray flame appears relatively dark. Therefore, the high-temperature region can be estimated
even from the relatively dark areas of the PIV raw image. The third-row images of Figure 2.6 show
the results of velocity distribution. The direction of the velocity is represented by arrows, and the
magnitude of the velocity is represented by the color. Up to the time when the luminous flame appeared,
accurate PIV analysis was possible even in the dark region due to the high temperature. However, as
expected, the accuracy of the analysis diminished in the region where the intensity of luminous flame
was strong. As a result, the PIV analysis was possible in the middle of the observation area up to

1.14°CA but was difficult after that due to the strong luminous flame.
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Figure 2.6 Image of luminous flame, PIV, raw image, velocity distribution, and OH* image

from -3.18°CA to 1.14°CA of 120 MPa
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The OH* chemiluminescence imaging and the PIV analysis were combined to determine how the
high-temperature region and velocity distribution appeared in the mixing-controlled combustion
period. Figure 2.7 shows the velocity distribution of each cross-section from -1.56°CA to 1.14°CA,
which corresponds to the mixing-controlled combustion phase during the combustion process of one
case with an injection pressure of 120 MPa. The white border in Figure 2.7 represents the shape of
combustion chamber. The white clouds in the border show the OH* chemiluminescence, and the arrow
represents the velocity vector of the analysis point. The magnitude of the velocity vector is indicated
by color. In order to understand the velocity distribution result easily, the velocity distribution of the
diesel spray flame is shown by each cross-section at equal intervals with a yellow line. The distance
from the injector tip to the nearest analyzed cross-section is 20.5 mm, and the interval between each
cross-section is 2 mm.

The green long dash dot line in the x-axis direction represents the spray axis, and the red line in the
y-axis direction represents each cross-section that analyzed for the velocity distribution. Figure 2.7,
depicts the shape of typical diesel spray seen in previous research [7], including such characteristics
as the flow of the diesel spray and the surrounding air-entrained to the diesel spray. However, the
velocity on the spray axis seems lower than expected. The velocity near the center of the spray may
have been calculated as slower than the actual velocity because the interrogation window was
determined to be suitable for the velocity range in the high temperature region. The results of the PIV
analysis were compared with the pair of raw images, and any area with unreliable results is marked as
an “unreliable area” in Figure 2.7. Meanwhile, the velocity distribution within some of the unreliable
areas is not displayed, resulting in a discontinuous yellow line. The unreliable areas coincided well
with a part of the spray center region and with the area where the luminous flame was detected as
shown in Figure 2.6. Analysis of the relationship between the intensity of OH* chemiluminescence
and the velocity vector in the cross-section, demonstrates that the airflow outside the high intensity
region of OH* chemiluminescence is directed toward the inside of the spray. It was shown that the
velocity in the high-temperature region, where the intensity of the OH* chemiluminescence is greatest,
was about 20~40 m/s. Furthermore, inside the high-temperature region, the intensity of OH*
chemiluminescence decreased, and the velocity increased.

As mentioned earlier, the OH* radical refers to the high-temperature region seen in stoichiometric.
Therefore, through the cross section of the diesel spray flame in this study, it was found that the region
where the velocity of the central axis of the diesel spray is the highest and the velocity changes greatly
exists inside the high temperature region. Afterwards, it was necessary to analyze where the regions

with the greatest change in velocity exist in the high-temperature regions.
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Next, the relationship between the high-temperature region and the characteristics of mixing process
was investigated. For this purpose, the local turbulence intensity was calculated based on the
instantaneous velocity distribution and was then compared with the OH* chemiluminescence image.
In order to estimate the local turbulence intensity, the fluctuation intensity, o, of local velocity
distribution, was calculated within a certain circle area. The image on the lift in Figure 2.8 shows a
velocity distribution result around an example of an objective point (x = 24.5 mm, y = 0 mm). The
blue, green, and orange circle on the Figure 2.8, corresponding to radii » of 0.5 mm, 1.0 mm, and 2.0
mm at objective point, respectively. The graph on the right in Figure 2.8 indicates the distribution of
velocity component (u, v) within an area of each r. The u and v are the velocity vectors of the x- and
y- axis directions of the diesel spray, respectively. Blue symbols are results within the circle of = 0.5
mm. Green symbols are results in the region from » = 0.5 mm to 1 mm, and orange symbols in the
region from » = 1 mm to 2 mm. The distribution of the absolute value of each component becomes
larger as the radius increases. Based on these data, the local velocity fluctuation intensity is estimated
as shown in the following Equation (2.2) through the distribution map of velocity vectors in the

calculation radius.

o = \/(? +v2) — (U2 + 92) (2.2)
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Figure 2.8 Estimation of local velocity fluctuation intensity
(Left: velocity distribution of a cross-section (x = 24.5 mm) and an objective point,

Right: distribution of velocity vectors within a region)
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Using Equation (2.2), a change of the velocity fluctuation intensity compared to the radius around
a point (x = 24.5 mm, y = 0 mm) is shown in Figure 2.9. The x-axis of the graph represents the range
of the calculated radius, r, and the y-axis represents the calculation result of the local velocity
fluctuation intensity, o;. As the radius increases, the local velocity fluctuation intensity also increases.
However, the local velocity fluctuation intensity did not change significantly beyond a certain radius,

i.e., above r =0.75 mm.
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Figure 2.10 Velocity fluctuation intensity on cross-section x =24.5 mm
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The distribution of velocity fluctuation intensity in a cross-section (x = 24.5 mm) result with the
luminous intensity of OH* are shown in Figure 2.10. The x-axis shows the distance from the spray
axis. The left and right sides of the vertical axis represent the local velocity fluctuation intensity and
the OH* luminous intensity, respectively. For all conditions of radius, 7, the tendency of velocity
fluctuation intensity o of the cross section did not change significantly. However, o; reaches its local
maximum around y =+ 2 mm, which is located slightly inside the high-temperature region. Comparing
this result with the velocity distribution result, reveals that the local maximum of &; corresponds to
the place where the velocity changes rapidly at the highest value of the velocity fluctuation intensity.
The observed velocity fluctuation intensity was similar to the turbulence intensity in the diesel spray
discussed in the previous study of Kobashi et al. [7]. Here, the local fluctuation intensity of velocity
could represent the characteristics of the turbulence intensity. The maximum value of the luminous
intensity which is the boundary of the high-temperature region is located about 3~4 mm from the
center of the spray. A comparison between the velocity fluctuation intensity and the luminous intensity
in the graph, reveals that the maximum value of the velocity fluctuation intensity was located slightly
inside the boundary of the high-temperature region. In this experiment, the thickness of the strong
OH?* luminous intensity was about 2 mm. Thus, in order to investigate the relationship between the
boundary of the high-temperature region and the local velocity fluctuation intensity, the calculation
radius, 7, was set to 1 mm. The result made it possible to analyze the velocity distribution and the
turbulence intensity of the diesel spray flame along with the overlapped images of the PIV result and

OH* chemiluminescence in the RCEM, to simulate actual engine conditions.

2.3.2 Effect of injection pressure on velocity distribution and velocity fluctuation intensity

in diesel spray flame

In this section, the experiment results when the injection pressure was set at 60 MPa, 90 MPa, and
120 MPa are compared, in order to find out how the velocity distribution and the turbulence intensity
of the high-temperature region appeared according to the injection pressure. Figure 2.11 shows the
heat release rate when the injection pressure is at 60 MPa, 90 MPa, and 120 MPa. At 60 MPa and 90
MPa, the start of injection was equal to -6.4°CA, which is the same as when the injection pressure is
120 MPa. Therefore, to inject the same amount of fuel, the end of injection was 5.4°CA at 90 MPa and
8.2°CA at 60 MPa. The peak values of the heat release rate at 60 MPa and 90 MPa are both lower than
its peak value at 120 MPa.
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Figure 2.11 Comparing the heat release rate at 120 MPa, 90 MPa, and 60 MPa

To investigate the effect of injection pressure on velocity distribution and the high-temperature
region, the PIV and OH* chemiluminescence images at different injection pressure was analyzed.
Figure 2.12 shows the result of the velocity distribution at 60 MPa, 90 MPa, and 120 MPa. The image
was captured during the mixing-controlled combustion phase at a moment of 0.06°CA. The reason
why the moment of 0.06°CA selected was that the luminous flame spreads more widely in the
combustion chamber after 0.06°CA, which makes it difficult to analyze the PIV result. The velocity at
the center of the spray axis was the largest, and the velocity decreased away from the center of the
spray axis. This phenomenon appears in the velocity distribution of a typical diesel spray flame, where
the velocity of the spray decreases as the velocity field widens downstream of the diesel spray flame.
The difference in the velocity distribution of the diesel spray flame according to the injection pressure
was also appeared. When the injection pressure is lowered, the difference in velocity between cross-
sections decreases as its distance from the injector tip increases. However, the region where the
luminous intensity of OH* chemiluminescence is strong was not significantly affected by the injection
pressure.

Next, to find out how the high-temperature region and the turbulence intensity appear when the
injection pressure is different, the velocity fluctuation intensity was calculated from the result of the
velocity distribution of each cross-section at the same moment and was compared with the intensity
of the OH* chemiluminescence. Figure 2.13 shows the velocity distribution image and the velocity

fluctuation intensity at different injection pressure.
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Figure 2.12 Analyzing velocity distribution result of 120 MPa, 90 MPa and 60 MPa at

0.06°CA
Figure 2.13 shows the velocity distribution of the cross section that analyzed the local velocity

fluctuation intensity. The graph below shows the local velocity fluctuation intensity in the cross section.
The calculation radius is the same as » = 1 mm. The x-axis of the graph represents the distance from
the spray axis, and the left and right sides of the vertical axis represent the local velocity fluctuation
intensity and the OH* chemiluminescence intensity, respectively. Each cross-section shows the result
of x =24.5 mm when the injection pressure is 120 MPa and 90 MPa. At x = 24.5 mm of 60 MPa, since
the reliability of the PIV analysis result is so low, the cross-section where can measure the local
velocity fluctuation intensity (x = 20.5 mm) was analyzed. As a result, even though the injection
pressure was different, the position of maximum peak value of the velocity fluctuation intensity was
slightly inside the maximum value of the OH* chemiluminescence intensity, which corresponds to the
boundary of the high-temperature region. Furthermore, as the injection pressure decreases, the velocity

fluctuation intensity decreases. The velocity fluctuation intensity of the injection pressure at 60 MPa
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Figure 2.13 Analyzing velocity fluctuation intensity result of 120 MPa, 90 MPa, and 60 MPa
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is similar with 90 MPa because the cross-section of 60 MPa is located closer to the injector tip than
the cross-section of 90 MPa. Thus, when the injection pressure is low in the same cross-section, it is
possible to assume that the turbulent intensity is decreased by the decrease of the velocity fluctuation
intensity. Through the experimental results, the characteristic of velocity distribution, velocity
fluctuation intensity, and high-temperature region in a diesel spray flame as shown in Figure 2.14 can
be constructed. The shape of the diesel spray flame could be estimated from the OH*
chemiluminescence image and the PIV result. The surrounding air of the diesel spray flame showed a

like the black arrow flow in Figure 2.14. The overall flow direction of the surrounding air is backward
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flow. As can be shown from the image, the maximum value of the turbulence intensity slightly inside
the boundary of the high-temperature region and then decreased again at the center of the diesel spray
axis. And, it was found that as the injection pressure decreased, the maximum value of the turbulence
intensity decreased.

Based on these results, it was newly found that, after a strong mixture of fuel and air is formed in a
region with high turbulence intensity, the region where the stoichiometric is formed is slightly pushed
outward due to the diffusion phenomenon as combustion starts. And, through these research, it was
found that the injection pressure affects the turbulence intensity of the diesel spray flame, and it can
also affect the local heat release rate. This suggests that increasing the injection pressure can increase

the local heat release rate due to the high turbulence intensity inside the diesel spray flame.

High-temperature.region Velocity fluctuation intensity

Velocity distribution

Figure 2.14 Structure of the diesel spray flame through the velocity distribution, velocity fluctuation

intensity and high-temperature region

2.4 Summary

The aim of this study was to reveal the velocity distribution and the high-temperature region in the
diesel spray flame. For this purpose, an image taken simultaneously by the PIV and the OH*
chemiluminescence methods were compared in a visualization using an RCEM. The region where the
OH* chemiluminescence appears in the combustion process was overlapped with the PIV analysis
image in order to analyze the relationship between a high-temperature region and the velocity
distribution. In addition, the local velocity fluctuation intensity was calculated and analyzed for the
turbulence intensity characteristics inside the high-temperature region. Based on these results, the

following conclusions were reached.
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In the PIV analysis, the result shows that the flow of the diesel spray and the surrounding air
entrained to the diesel spray flame in the RCEM. Thus, it was found that the PIV result of the
RCEM can measure the velocity distribution of a diesel spray in a realistic engine situation.

To investigate the mixing process inside the high-temperature region of the diesel spray flame,
a method of calculating the velocity fluctuation intensity was used. When comparing the
velocity fluctuation intensity and the intensity of the OH* chemiluminescence, which shows
the high-temperature region, it was found that the maximum of the turbulence intensity appears

slightly inside of the high-temperature region.

As the injection pressure increased, the velocity of the diesel spray increased. However, the

high-temperature region was not strongly affected by the injection pressure.

Even if the injection pressure was changed, the position of the maximum velocity fluctuation
intensity was slightly inside of the high-temperature region. As the injection pressure decreased,
the maximum velocity fluctuation intensity decreased. It was found that the injection pressure

affects the turbulence intensity of the diesel spray flame.

Through these results, it was newly found that, after a strong mixture of fuel and air is formed in a

region with high turbulence intensity, the region where the stoichiometric is formed is slightly pushed

outward due to the diffusion phenomenon as combustion starts. So, the discrepancy between the high-

temperature region and the region with high intensity of velocity fluctuation was confirmed. Although,

it is well known that increasing the injection pressure is effective in shortening the combustion

duration by shortening the fuel injection duration, it got clear that the relationship between the high-

temperature region and the high turbulence region remains unchanged. For further understanding, it

would be necessary to investigate the effects of nozzle diameter, ambient pressure, and ambient

oxygen concentration. Also, to clarify the spray structure using oxygenated fuels and ducted fuel

injection in order to actively modify the relationship between velocity distributions and local

equivalent ratio in the spray flame.

Representative nomenclature

6: Crank angle
dQ/d A : Heat release rate

p: In-cylinder pressure

u: Velocity of parallel direction with diesel spray axis
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v: Velocity of vertical direction with diesel spray axis

r: Radius of velocity components

or: Fluctuation intensity

x: Position of parallel direction with diesel spray axial

y: Position of vertical direction with diesel spray axial
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Chapter 3. Characteristics of the diesel spray flame in
various condition with different jet-jet angle

3.1 Introduction

Diesel engine plays an important role in the transportation sector, especially in heavy-duty (HD)
vehicles. The thermal efficiency of the diesel engine has increased significantly, and the harmful
emissions have improved considerably, through the advancement of diesel engine technology [1].
Currently, alternative power sources for decarbonized society are being developed [2], but they are
still far from ready for HD vehicle application. Therefore, higher thermal efficiency is needed. In
particular, increased supercharging, high compression ratio, and high torque at low speed are
mainstream strategies used to increase thermal efficiency in HD diesel engines [3, 4]. To achieve
higher torque, the fuel injection amount per cycle needs to increase. However, when the fuel injection
duration lengthens to increase the injection amount, the combustion duration also lengthens, and the
degree of constant volume decreases, deteriorating thermal efficiency. To shorten the combustion
duration, the fuel injection duration must be shortened. This can be achieved by increasing the fuel
injection pressure and/or the fuel flow rate by increasing the number or diameter of the nozzle holes
[5]. However, since the maximum injection pressure of current commercial injection devices has
reached 250 MPa, increasing the injection pressure even more is a challenge. In addition, many studies
show that the large nozzle hole leads to the negative effects on smoke emissions [6-10]. Therefore,
increasing the number of nozzle holes is the remaining option to reduce the injection duration.
However, diesel engine developers have observed that smoke emissions increase when the number of
nozzle holes exceeds a certain limit. For example, Horibe et al. [11] showed the effect of the number
of' nozzle holes with the constant fuel flow rate on engine performance emissions. The smoke emission
decreased as the number of nozzle holes was changed from six to eight, while smoke emission
increased with a 10-hole nozzle. The cause is likely due to the interference between adjacent sprays.

There have been some studies on the effect of jet-jet interaction between adjacent sprays on the
combustion process. Chartier et al. [12] investigated the influence of jet-jet interaction on the “lift-off
length,” which was introduced by Higgins and Siebers [13], in a Bowditch-design optical engine using
symmetrical and asymmetrical nozzles with four nozzle holes. The angle between the objective spray
and the adjacent sprays was 45°, 90°, or 135°. The inter-jet spacing became smaller, and the lift-off
length was shortened, as the jet-jet angle decreased. Toda et al. [14] analyzed the surrounding airflow
of the diesel spray. The inter-jet air-flow with a multi-hole nozzle has a stronger backward velocity
component (toward the nozzle) compared to the single-hole nozzle. Also, Fuyuto et al. [15, 16]
clarified the mechanism of backward flow and investigated the effect of injection pressure and nozzle

hole diameter on lift-off length using a single-hole nozzle with a fan-shaped chamber, which restricted

- 44 -



the air entrainment without having adjacent sprays. Bazyn et al. [17] investigated the lift-off and liquid
length by a multi-hole nozzle in a high-pressure continuous flow chamber, in which the number of
nozzle holes was varied between 6 and 18. A significant shortening of the lift-off length was found as
the number of nozzle holes increased. However, few studies have been performed to investigate the
lift-off and liquid length with a multi-hole nozzle under engine condition with a realistic piston cavity.
When the number of nozzle holes is changed under such a condition, it is difficult to investigate only
the effect of the number of nozzle holes, because the difference in the injection rate causes the
difference in-cylinder pressure and heat release rate and affects the combustion.

Therefore, in this study, we aimed to isolate the effect of the number of nozzle hole on the diesel
combustion phenomena with narrow jet-jet angles and elucidate the relationship between lift-off
length and liquid length under realistic diesel engine conditions. For the purpose, a series of
experiments was carried out using an optical accessible rapid compression and expansion machine
(RCEM) equipped with a custom-made asymmetric six-hole nozzle having jet-jet angles a of 30°
and 45°.The RCEM has a realistic piston cavity and it is possible to investigate the influence of the
number of nozzle hole (jet-jet angle) in the same macroscopic in-cylinder pressure and heat release
histories. High-speed direct photo imaging with the Mie scattering method and high-speed OH*
chemiluminescence imaging were applied to capture the evolution of the spray flame, characterized
by lift-off length and liquid length. In addition, using the PIV method, when the jet-jet angle is 30°
and 45°, the flow velocity between the jets was measured, and the flow characteristics were
investigated in the backward direction of the spray and injected into the spray according to the jet-jet

angle.

3.2 Experimental setup
3.2.1 Experimental apparatus

The experimental apparatus consisted of an RCEM, a fuel injection system, a control unit, and an
intake and exhaust system as shown in Figure 3.1. The specification of RCEM is summarized in Table
3.1. The bore and stroke were 110 and 106 mm, respectively, the compression ratio was 12.3, and the
displacement was 1 L. The swirl ratio of this RCEM was almost 0, and this RCEM examined only the
single-injection case. The cylinder head has two optical windows. One pneumatic valve for intake and
exhaust was installed on the cylinder liner to secure window space on the cylinder head, which resulted

in a relatively low compression ratio.
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Figure 3.1 Schematic of the RCEM

Table 3.1 Specification of the RCEM

Bore x Stroke 85 mm x 96 mm

Displacement 1.007 x 103 m3
Compression ratio 12.3

Valve system Pneumatic 1 valve

L Common rail system with piezoelectric drive
Injection system .
injector

Figure 3.2 shows the piston shape, spray direction, and optical area. The piston cavity was a step-
lip type with an inner diameter of 61 mm and an outer diameter of 76 mm. The cylinder head had two
optical windows made of quartz. The diameter of the optical area was 42 mm, and the window field
limit was 3.5 mm away from the injector because of manufacturing limits. The asymmetric injector
had six holes with an included angle of 155°. Three holes had a jet-jet angle of 30°, corresponding to
a 12-hole nozzle, and the other side had a jet-jet angle of 45°, corresponding to an 8-hole nozzle. The
reason that this injector was specially manufactured for this study is to reduce the variables of the
temperature and pressure change characteristics inside the combustion chamber that can occur when
the jet-jet angle of the injector is changed during the combustion process.

Here dQ/d6, y, p, V, 0 are the apparent heat release rate, the ratio of specific heats, the in-cylinder
pressure, the in-cylinder volume, and the crank angle, respectively. A constant value of y = 1.33 was

used.
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Figure 3.2 Schematic of the injector and optical access

At the start of the experiment, the intake valve was closed, and the mixing chamber and its pipe-
line to the intake valve were evacuated by a vacuum pump. The mixing chamber was then filled with
high-pressure gas consisting of nitrogen and oxygen. The intake valve was opened, and the motor
started to drive the machine. Gases contained in the mixing chamber flowed in and out of the cylinder
through the intake valve, and the temperature increased. When the intake gas temperature reached a
particular level, the valve was closed, and one compression stroke began. The fuel was then injected

at the specified injection timing.

Table 3.2 Experimental condition

Cranking speed 1200 rpm

Fuel JIS No.2 Diesel fuel

Injection quantity 27.1 mg

Start of Injection (SOI) -5°ATDC

In-cylinder pressure @ SOI 6.1 MPa

In-cylinder temperature @ SOI 780 K

Injection pressure 120, 80 MPa

Jet-jet angle 30° (12-hole injector), 45° (8-hole injector)
Nozzle hole diameter 0.126 mm, 0.100 mm

Oxygen concentration 19%, 15%




The basic experimental conditions are shown in Table 3.2. The engine speed was 1200 rpm. The
fuel amount was 27.1 mg, which was 4.52 mg/hole in each hole. The injection timing was set to
—5°ATDC. The in-cylinder pressure and temperature at the injection timing were 6.1 MPa and 780 K,
respectively. This condition achieved a short ignition delay, although the temperature was lower than
that of a typical diesel engine owing to the low compression ratio. The standard conditions for injection
pressure, nozzle hole diameter, and oxygen concentration were 120 MPa, 0.126 mm, and 19%,
respectively. The injection pressure, injector nozzle hole diameter, and oxygen concentration were
varied during the tests. The nozzle hole was straight, with the nozzle sack diameter being a function
of the nozzle hole diameter. For nozzle hole diameter of 0.126 mm and 0.100 mm, the sac diameters
were 1.0 and 0.9 mm, respectively. Therefore, the injection hole length depends on the injection hole

diameter.

3.2.2 Imaging technique for OH* chemiluminescence and direct imaging

The schematic of the optical setup is shown in Figure 3.3 and the imaging condition is summarized
in Table 3.3. Two kinds of imaging techniques were applied. One was direct imaging to catch the spray
and the luminous flame. When performing direct imaging, a 532 nm laser expanded through a
cylindrical lens was irradiated to the middle of the three sprays, and a Mie scattering of droplets in the
spray was measured to determine the liquid length as shown in Figure 3.4. In this study, since an
asymmetric injector with different jet-jet angles was specially manufactured. So, the liquid length and
lift-off length of the central spray were measured to accurately analyze the influence of adjacent sprays
among the three spray jets. The other imaging technique was OH* chemiluminescence imaging used
to capture the high-temperature region near the combustion. The wavelength value of OH* was filtered
in flames using a band-pass filter of 310 = 10 nm. An image intensifier was used to increase the

intensity value. The lift-off length was measured based on the OH* chemiluminescence imaging.

Camera
Camera
Zoom lens Relay lens
A / " Image
. Laser . ~ intensifier
Injector Injector /
D UV lens
Intake and ylindrical Intake and i
Exhaust valve _ lens Exhaust valve Glass window
!
F—— Glass window QA2 /
e | i
155° Spacer 155° Spacer

Figure 3.3 Schematic of the optical set up for direct imaging (a) and OH* chemiluminescence (b)
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Table 3.3 Imaging condition

Target Luminous flame OH* chemiluminescence
Camera Photron Fastcam SA-Z

Optical filter - Bandpass filter 31010 nm
Image intensifier - Used (Gain: 650)
Frame rate 48,000 Hz

Image resolution 896 x 472 (43.3 um/pixel)

Exposure 0.16 us 0.6 ps

Objective spray for
lift-off & liquid length

Optical window _ - =~ . Mie scattering
- -~

- Imaging range

Figure 3.4 Image range of OH* chemiluminescence and direct imaging

The liquid length and lift-off length were measured for the middle of three sprays on the images. As
shown in Figure 3.5(a), the liquid length was determined based on the intensity of the green color of
the direct imaging. The liquid length is important to provide an insight on the relationship between the
fuel vaporization and combustion. To distinguish the spray from the flame, the area where the green
RGB value was sufficiently stronger than the red RGB value was defined as the spray area, and the
farthest part from the injector was determined as the liquid length. As shown in Figure 3.5(b), lift-off
length was analyzed by images measured through the OH* chemiluminescence method. The flame
lift-off affects in diesel combustion and emission processes where the fuel and air premix prior to
reaching the initial combustion zone. And, OH* radical is a known for marker of stoichiometric, which
the location of a high-temperature region. So, lift-off length is important to know where the
combustion and emission is initiated. After measuring the intensity in whole objective (middle) spray,
the distance to half of the first appearing peak was determined as the lift-off length, since the thick
flame impinging onto the piston wall emitted more intense chemiluminescence, thereby disturbing the
detection of lift-off length. The frame rates of both methods were 48,000 Hz. For each jet-jet angle of
30° and 45°, direct imaging and OH* chemiluminescence imaging were performed six times under all

conditions.
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Figure 3.5 Image analysis method of liquid length (a) and lift-off length (b)

3.2.3 Experimental setup for PIV

In this study, the particle image velocimetry (PIV) was performed to measure the flow velocity
inside the combustion chamber. The PIV is a technology that simultaneously analyzes the velocity and
direction of flow through a flow field visualized by tracer.

The measuring method of the PIV is as follows. The sheet form of a laser is incident on the flow
field mixed with the tracer, and the position change of the tracers existing in the two-dimensional flow
field within the cross-section of the laser sheet is continuously imaged through the high-speed camera.
Through this, a vector map of the flow field can be created by calculating the position change and time
interval of tracers through images take at short time intervals.

The experiment was conducted in the following order. The air, which include the tracer, was
introduced into the intake pipe at 1 MPa through the solenoid valve between the pipe from the
premixing tank to the combustion chamber. Through this, it was possible to introduce the tracer into
the combustion chamber without affecting the combustion experiment during the intake stroke of the

RCEM.

Camera
Laser
Injector
Cylindrical (@]

Bandpass
— filter

A\ A\ / /

lens ="

Prism

Figure 3.6 Schematic of the optical set up and position of the laser sheet for PIV
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A schematic diagram of the equipment for laser incidence inside the combustion chamber for PIV
is shown in Figure 3.6. For the laser, a green color high-power laser (Civil Laser PSU-W-LED 10 W)
with a wavelength of 532 nm was used, and a cylindrical lens was used to form a sheet. For this study,
a prism was attached to a window glass mounted on a cylinder head to penetrate the laser sheet between
the spray jets so that the laser sheet could be reflected inside the combustion chamber and penetrate
the diesel spray. As shown in the enlarged image of Figure 3.6, a prism is installed at the position
where the laser is incident from the window glass attached to the cylinder head. The laser sheet
reflected by the prism was made incident along the diesel spray axis. Scattering light from the tracer
by the laser sheet, and it was imaged with a high-speed camera equipped with a 532 nm bandpass filter.
However, the laser sheet could not completely penetrate the center of the diesel spray axis due to the
layout characteristics of the experimental device. So, as show in Figure 3.6, the laser sheet was incident
under 1.2 mm parallel to the diesel sprat axis. Assuming that the spray angle of the diesel spray is 12°,
the diesel spray first contacts the laser sheet at a distance of 11.4 mm from the injector tip.

The ambient flow field of a diesel spray is influenced not only by the adjacent diesel spray but also
by the piston wall [18]. Therefore, the positional relationship between the laser sheet and the adjacent
diesel spray and piston wall was evaluated in the following way, and it is shown in Figure 3.7. First,
make a drawing of the position of the laser sheet, diesel spray, and piston wall. Then, based on the
drawing, a plane was cut perpendicular to the spray axis of the target diesel spray at distance of 9, 13,
and 17 mm from the injector tip and a cross-section was made. The positional relationship between
the laser sheet, diesel spray, and piston wall can be obtained through the cross-section.

Figure 3.7 shows the results according to the distance and jet-jet angle of the section away from the

injector tip through the above process.
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Figure 3.7 Positional relationship between laser sheet and diesel spray
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Looking at the Figure 3.7, it can be seen that from the jet-jet angle of 45°, the distance between the
diesel spray and the laser sheet is sufficiently close from 9 mm from the tip of the injector to the
analysis of the flow field. Likewise, when the jet-jet angle is 30°, the distance between the diesel spray

and the laser sheet from around 9 mm from the injector tip is close that can be analyzed.

Table 3.4 Experiment condition for the PIV experiment

Cranking speed 1200 rpm

Injection quantity 27 mg

Injection pressure 120 MPa

Start of injection (SOI) -5°CA

In-cylinder pressure @ SOI 6.0 MPa

Intake temperature 393K

Jet-jet angle 30°, 45°

Injector nozzle diameter 0.100 mm
Combustion )

. . N> = 41mol% Non-combustion

Pre-mixture composition _ o
Ar =40 mol% N2 = 100 mol%
02 =19 mol%

PIV tracer Goddball E-90C (Si0O): 10 um

Table 3.4 shows the experimental conditions in the PIV experiment. Most of the experimental
conditions are the same as for lift-off length and liquid length. The cranking speed is 1200 rpm, the
fuel injection amount is 27 mg, the fuel injection timing is -5°CA, and the in-cylinder pressure at the
fuel injection is 6.0 MPa. The difference is that an injector with a diameter of 0.100 mm is used, and
the compression ratio of the premixed air during combustion is 41 mol% of N3, 40 mol% of Ar, and
19 mol% of O,. The reason for this is to increase the fuel injection duration when injecting the same
amount of the fuel and use Ar to decrease the ignition delay to increase the quasi-steady period of the

injection rate, thereby increasing the visible time period of the flow.

Table 3.5 PIV imaging conditions and analysis method

Camera Photoron Fastcam SA-Z
Frame rate 48,000 Hz

Image resolution 512 x 512 (48 um/pixel)
Exposure 19.23 ps

Analysis algorithm Multiple-pass interrogation
Number of iterations 10

Template size 16 x 16

Overlap 50%
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The image conditions are shown in the following Table 3.5. A high-speed camera (Photron Fastcam
SA-Z) was used for imaging. The frame rate is 48,000 Hz, the resolution is 512><X512, the spatial
resolution is 48 pum/pixel, and the exposure time is 19.23 ps. Table 3.5 shows the PIV analysis
conditions for images taken with a high-speed camera. Multiple-pass interrogation was selected as the
analysis algorithm, and the number of iterations was set to 10. The size of the template was 1616

pixels, and the overlap was 50%.

Figure 3.8 Velocity vector map and the calculated area from the captured PIV image

Figure 3.8 shows the velocity vector map of the flow using PIV from the captured image. The image
on the upper left is a velocity vector map made by the PIV method for the entire imaged part, and the
image in which the concentrated part is highlighted with a yellow rectangle to analyze the flow
phenomenon with the adjacent spray is shown as the lower right. Using the distance from the injector
tip, dn, and the angle f from the main diesel spray axis, the polar coordinates were used to calculate
the vector of the area between the sprays. The range of the cell to be distinguished was set at 2 mm
intervals of dv=9, 11, 13, 15, and, 17 mm and 6° intervals with angles =9, 15, and 21°. The average
value of the velocity vectors in the divided cells is calculated, and the calculated velocity vectors are
divided into the back-flow direction and the entrainment direction based on the target diesel spray. The
backward flow velocity and the entrainment velocity were calculated and analyzed based on the angle
y between the velocity vector of each cell and the target spray axis.

For PIV analysis, each condition was experimented with 15 times, and the results were analyzed.
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Figure 3.9 shows the angle, 7, between the velocity vector and the diesel spray axis in a cell with
distances from the injector tip of dy = 13 to 15 mm and 15 to 17 mm, and an angle =9 to 15°. The
horizontal axis of the graph on the left shows the time, and the vertical axis shows the angle, 7, between
the velocity vector and the diesel spray axis. The dotted line on the graph indicates when fuel injection
started. The points on the graph show the values calculated with the cell average vector, and the error
values are expressed as thin range lines. If you look at the error range, it shows that it is quite large at
the moment the injection starts, and then gradually decreases as the injection continues. It showed a
random flow of air inside of the combustion chamber before injection started. However, this is because
the flow between sprays flows in the direction of the injector tip after the injection starts. Therefore, it
was judged that it was possible to analyze the results of this PIV results by averaging data based on

the non-random observation of the flow direction after the start of injection.
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Figure 3.9 Average angle and margin of error between the diesel spray axis and the velocity vector over

time in the calculation domain.
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3.3 Results and discussions
3.3.1 Effect of jet-jet angle

First, the effect of the jet-jet angle on the combustion process was investigated under the standard
condition, i.e., the injection timing of -5°ATDC, pi,j= 120 MPa, dx= 0.126 mm, and ro> = 19%. The
experiments were performed 24 times, including the jet-jet angle a of 30° and 45° for both imaging
methods, with no significant difference in the heat release rates. Figure 3.10 indicates the
representative in-cylinder pressure p, heat release rate dQ/d6, and injection duration against crank

angle 6. The ignition occurs at around —2° ATDC, and the mixing-controlled combustion phase is

shown.
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Figure 3.10 Heat release rate and in-cylinder pressure under the standard condition

(ro2 = 19%, pinj = 120 MPa, and dn = 0.126 mm)

Figure 3.11 shows the sequence images of the direct imaging of & = 30° and 45°. The red arrow
indicates the injection direction. The two thin lines on the left side of each image correspond to the
edge of the piston cavity, and the thick line on the right side of each image corresponds to the window
edge. The bright green area shows the dense spray area by Mie scattering. The spray grew to the steady
condition at -1.5°ATDC, and then the spray shortened after 1.5°ATDC because when the ignition
occurred at around -2°ATDC, as shown in Figure 3.11. The luminous flame appeared at TDC,
impinged onto the piston wall, and then spread toward the nozzle. The smaller jet-jet angle narrowed
the inter-jet spacing.

Figure 3.12 shows the OH* chemiluminescence of & = 30° and 45°. The OH* area seems roughly
similar to the luminous flame area of Figure 3.12; however, the appearance of OH* occurs earlier than
that of the luminous flame. Also, the combustion area can be detected without being disturbed by the

scattered light from the spray.
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Figure 3.11 Image of direct imaging at different jet-jet angle (o = 30° and 45°) under the standard

condition (ro2 = 19%, pinj = 120 MPa, and dn = 0.126 mm)
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Figure 3.12 Image of OH* chemiluminescence at different jet-jet angle (o = 30° and 45°) under the

standard condition (702 = 19%, pinj = 120 MPa, and dx = 0.126 mm)
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To determine the effect of the jet-jet angle on the liquid and lift-off length, the direct imaging and OH*
imaging was analyzed. Figure 3.13 shows the liquid length, Li, and lift-off length, L1 0, according to the jet-
jetangle a. The plots are the average of six experimental results. Before the ignition at -2°ATDC, the liquid
length of each jet-jet angle was nearly equal. The lift-off length of each jet-jet angle at the ignition timing
of -2°ATDC were nearly equal as well. However, the behavior of the liquid and lift-off length after the
ignition differed between the different jet-jet angles. In the case of « = 45°, the initial liquid and lift-off
length were constant and then slowly decreased. However, the liquid and lift-off length of &= 30° leveled
off near TDC and then rapidly decreased. Subsequently, the liquid length decreased at the end of injection.
The liquid and lift-off length decrease similarly just after the ignition.

The main reason for this should be entrainment into the hot-burned gas, which the backward flow by the
adjacent diesel spray flame, was strong in small jet-jet angle case. And also, it seems that the lift-off length
changed according to the change of the liquid length. This indicates that a backflow approaching the nozzle
tip or thermal radiation from an adjacent spray flame enhanced the evaporation of the spray under analysis.

To determine why liquid and lift-off length shorten with the narrower jet-jet angle, the relationship
between them under various conditions was examined in more detail. The effects of injection pressure and
nozzle hole diameter, which influence the atomization of the spray, and oxygen concentration, which

influences the temperature of entrained gas, were investigated in the following sections.
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Figure 3.13 Lift-off length and liquid length at different jet-jet angle (a = 30° and 45°) under the

condition of ro2 = 19%, pinj = 120 MPa, and dn = 0.126 mm

3.3.2 Effect of injection conditions in different jet-jet angle

In this section, the effect of the jet-jet angle on the combustion process with an injection pressure of 80
MPa and then with a nozzle hole diameter of 0.100 mm. The results were compared to those under the

standard conditions in the previous section.
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First, the injection pressure piy of 80 MPa was applied to isolate the effect of injection pressure, with dn
= 0.126 mm and ro2 = 19%. Figure 3.14 indicates the representative in-cylinder pressure p, heat release
rate d0/d 6, and injection duration. The ignition delay was not significantly affected, but the maximum heat
release rate decreased, and the combustion duration lengthened, owing to the low injection pressure and

long injection duration.
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Figure 3.14 Heat release rate and in-cylinder pressure at different injection pressure (piyj = 120, 80 MPa)

under the condition of 702 = 19% and dx = 0.126 mm when the injection pressure is different

Figure 3.15 shows the direct imaging and OH* chemiluminescence in different jet-jet angle when the
injection was different. Similar with the case of pi,j = 120 MPa, the narrower jet-jet angle resulted in a
shorter liquid length and the luminous flame closer to the nozzle. In addition, the lower injection pressure,
which injection pressure was 80 MPa, spread the luminous flame more upstream of the fuel spray for both
jet-jet angles. However, in the OH*chemiluminescence image, there is no major effect of the different
injection pressures.

The effect of the jet-jet angle on the liquid length and the lift-off length under different injection pressures
was also analyzed. Figure 3.16 shows the lift-off length and the liquid length for each injection pressure pis;
and jet-jet angle . The liquid length at pi,j = 80 MPa for both « do not appear constant before —3°ATDC
because the rising of the injection rate at pi,j = 80 MPa is lower than that of pi,j = 120 MPa. Then, at the
ignition timing of -2°ATDC, the liquid length of all conditions was nearly equal. At pi,j = 80 MPa, the lift-
off length of a=45° slowly decreased, and the liquid and lift-off length of &= 30° rapidly decreased. These
tendencies were similar to the case of the higher injection pressure. In a study using a single-hole nozzle,
lower injection pressure shortened the lift-off length [ 18] but did not change the liquid length [19]. However,
the lift-off length of both jet-jet angles were not significantly affected by the injection pressure in this study,
which was similar to the case of Fuyuto’s experiments with a single-hole nozzle and a fan-shaped
combustion chamber [15]. The liquid length of o = 45° was also not affected by the injection pressure.

However, the falling timing of the liquid length of & = 30° with the lower injection pressure occurred late.
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Figure 3.15 Image of direct imaging and OH* chemiluminescence to observe ignition phenomenon at
different jet-jet angle (oo = 30°, 45°) and injection pressure (pinj = 80, 120 MPa) at 7o, = 19 % and dn =
0.126 mm

- 60 -



20 . a=30° e 20 o= 45°
£ I=-I.' Liquid £ -.'llll=l Liquid
5%  u"m _—p =80MPa o - p,,= 120MPa
151 n - - 151 ..I. - Liquid
- Liquid O "n pm p.=80MPa
LI p,;= 120MPa _—O0g e em o
9 o u s, 9 | Liftoff O Ao L
=10t ll.l.:--.. ~ 107 p, = 120MPa B A L X
iy O Liftoff '. . g Otom L
_ H_p,=120MPa "m - Lift-off HEGo 0T
5| Liftoff E]E 50 p, = 80MPa ugt
by= BOMPa___EEIEIDDnDD my, TL_____ N _____
I-nj_ec?io_n durafion Window Field I-_jn-'lit_ ______ Injection duration Window Field L-|m|t
L hd 4 b 4
0 L L L 1 L L 1 L 1 L ) 0 L L L L 1 L L H L )
4 3 -2 1 0 1 2 3 4 5 6 4 -3 2 -1 0 1 2 3 4 5 6
0 °CA a °CA

Figure 3.16 Lift-off length and Liquid length at different injection pressure (piyj = 80, 120 MPa)

In other words, in the case of o = 45°, both liquid and lift-off length were not affected by injection
pressure; however, in the case of a = 30°, the timing of shortening the liquid length was delayed with the
lower injection pressure, while the lift-off length was unaffected. In the case of a=45°, the effect of small-
scale recirculation [15] is relatively small; therefore, there was little difference in the histories of liquid and
lift-off length. In the case of &= 30°, the influence of small-scale recirculation is strong; however, lowering
injection pressure reduces the recirculation speed. Therefore, it should affect the lift-off length before
affecting the liquid length. Therefore, it should affect the lift-off length before affecting the liquid length.

Next, the injector nozzle hole diameter dn of 0.100 mm was applied to examine the effect of nozzle hole
diameter, with pi,j = 120 MPa and ro, = 19%. Figure 3.17 indicates the representative in-cylinder pressure
D, heat release rate dQ/d 6, and injection duration. The injection duration for dx = 0.100 mm was longer than
that of dy = 0.126 mm. The ignition of dx = 0.100 mm occurred earlier because of the evaporation ratio

increase with the smaller nozzle hole [20].
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Figure 3.17 Heat release rate and in-cylinder pressure when using different nozzle hole diameter (dx =

0.100, 0.126 mm) under the condition of ro, = 19% and piyj =120 MPa when the nozzle hole diameter is
different
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dy =0.126 mm

Figure 3.18 Image of direct imaging and OH* chemiluminescence to observe ignition phenomenon at
different jet-jet angle (o = 30°, 45°) using different nozzle hole diameter (dn = 0.100, 0.126 mm) at ro, =

19% and pi,j = 120 MPa
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Figure 3.19 Lift-off length and liquid length depending on nozzle hole diameter (dx = 0.100, 0.126 mm)

Figure 3.18 shows the direct imaging and OH* chemiluminescence of the combustion phenomena
according to jet-jet angle oz at dny =0.100 mm and 0.126 mm. The images on the left show the direct imaging
at 1.5°ATDC, and the images on the right show the OH* chemiluminescence at the 3°ATDC. The timings
for OH* chemiluminescence and direct imaging were different because the combustion phenomena
according to the nozzle hole diameter were clearly distinguished. The jet-jet spacing of the luminous flame
and OH* of dx = 0.100 mm appeared wider compared to that of dx = 0.126 mm. This phenomenon can be
considered to be due to the result that the spray angle decreases when the nozzle hole diameter becomes
small, which was found in previous studies.

The images were analyzed to measure the lift-off length and liquid length. Figure 3.19 shows the lift-off
length and liquid length for each nozzle hole diameter and jet-jet angle. In the case of using a single-hole
nozzle, a smaller nozzle shortened both liquid and lift-off length [19]. After the ignition, the liquid and lift-
off length of a = 45° with dn = 0.100 mm slowly decrease, while those of & = 30° with dy = 0.100 mm
rapidly decreased, although the falling timing of liquid length was later. These tendencies were similar to
the case of the lower injection pressure because lowering the injection pressure and reducing the nozzle
hole diameter both decrease the backward gas flow velocity, which lessens the influence of the recirculation
of hot-burned gas in inter-jet spacing.

In the case of dy = 0.100 mm, the decrease in lift-off and liquid length by narrowing the jet-jet angle was
smaller compared to dn = 0.126 mm. Also, with the smaller nozzle diameter, the lift-off length with o=
45° decreased similarly to the case of a single-hole nozzle [ 18], while the liquid and lift-off length increased
with &= 30°. From this result, it assumes that the smaller nozzle decreases the backward gas flow velocity,

therefore, weakening the effect of inter-jet gas, including burnt gas on the liquid and lift-off length.
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Summarizing the effect of injection condition, when the jet-jet angle was small, the liquid and lift-off
length decreased rapidly just after the ignition; however, when the backward gas flow velocity was low, the
moment of liquid length shortened was delayed. On the other hand, when the jet-jet angle was relatively
large, the liquid and lift-off length gradually decreased. A major reason for these phenomena is small-scale

recirculation which a backward flow from the burned gas [15].

3.3.3 Effect of oxygen concentration in different jet-jet angle

In this section, the effect of the oxygen concentration in the intake gas on the combustion process was
examined. With a lower oxygen concentration, the temperature of in-cylinder gas before ignition does not
change, but the burnt gas temperature and the thermal radiation of soot decrease, which could decrease the
evaporation rate of spray. In the experiments, an oxygen concentration of 15% was applied under the
conditions of injection timing of —5°ATDC, pinj = 120 MPa, and dx = 0.126 mm. Figure 3.20 indicates the
representative in-cylinder pressure p, heat release rate d0/d 6, and injection duration against crank angle &
with 7o values of 15% and 19%. The ignition timing did not change with ro2, but the timing of the
maximum heat release rate was delayed, and the combustion duration was lengthened, with decreasing

oxygen concentration.
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Figure 3.20 Heat release rate and in-cylinder pressure at different oxygen concentration (702 = 15, 19 %)
under the condition of dx = 0.126 mm and piyj = 120 MPa when the oxygen concentration is different

Figure 3.21 shows the direct imaging and OH* chemiluminescence as a function of the oxygen
concentration and jet-jet angle at 1.5°ATDC. Since the intensity of OH* for ro, = 15% was significantly
low, the contrast was adjusted so that the brightness was similar to the image of 70, = 19%. Looking at the
direct imaging, the luminous flame of 70, = 15% was dim because of the low flame temperature. The liquid
length of a=45° does not differ significantly with the oxygen concentration. Unlike the case of 7o, = 19%,
the spray length did not appear to change even if the jet-jet angle was smaller. The distance between the

nozzle and the luminous flame and OH* radical at 7o, = 15% was clearly larger than at ro, = 19%.
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Figure 3.21 Image of direct imaging and OH* chemiluminescence to observe ignition phenomenon
in different jet-jet angle (o = 30°, 45°) and oxygen concentration (70> = 15, 19 %) at dn = 0.126 mm
and pinj = 120 MPa
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Figure 3.22 Heat release rate and in-cylinder pressure at different oxygen concentration (o2 = 15, 19 %)

under the condition of dy = 0.126 mm and pj,j = 120 MPa when the oxygen concentration is different

Next, the liquid length and lift-off length were analyzed. Figure 3.22 shows the lift-off length and liquid
length with respect to oxygen concentration and jet-jet angle. The liquid length of both jet-jet angles at ro,
= 15% was similar to that of a = 45° at ro, = 19%, which means the effect of entrainment of hot-burned
gas was relatively small. The lift-off length of both jet-jet angles increased with less oxygen concentration,
as expected. However, in the case of o =45°, the lift-off length increased significantly, whereas, in the case
of a = 30°, the increase in lift-off length was small. At ro2 = 15%, the lift-off length of o =45° tended to
be longer than the liquid length, but the lift-off length of o =30° was shorter than the liquid length, similar
to the case of ro2 = 19%. As clarified in previous studies, soot formation is high in atmospheric conditions
with low oxygen concentration. Therefore, the thermal radiation effect of soot can be regarded as small.
And, it can be considered that the entrainment of the hot burned gas in the multi-hole injector situation is

the main cause of shortening the lift-off length.

3.3.4 Analysis of the velocity between sprays according to the jet-jet angle through the
PIV method

Figure 3.23 shows the in-cylinder pressure, heat release rate, and fuel injection rate in this experiment.
The red line shows the result under the combustion condition, and the black line shows the result under the
non-combustion condition. The composition ratio of the premixed air under combustion conditions was 41
mol% of N, 40 mol% of Ar, and 19 mol% of O,, which was selected to reduce the ignition delay in order
to extend the quasi-steady state after fuel injection as described above. Since the fuel injection start timing
was -5°CA and the ignition timing was -1.7°CA, the ignition delay was 3.3°CA. Looking at the heat release
rate results, it was judged that premixed combustion proceeded until 1.2°CA after ignition started, and then

diffusion combustion proceeded until fuel injection was finished.
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Figure 3.23 Heat release rate and in-cylinder pressure for PIV experiment
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(dn=0.100 mm under the condition of 70> = 19% and pi,; =120 MPa)

In this study, experiments were conducted not only under combustion conditions but also non-
combustion conditions. Because it was necessary to check whether the results differ depending on the
combustion and non-combustion conditions. So, we compared whether there is a difference between the
velocity in the backward flow velocity and the entrainment velocity in the combustion and non-combustion
conditions when the jet-jet angle was 45°.

Figure 3.24 shows the original image of PIV in the non-combustion situation where the jet-jet angle was
45°, and the analyzed image of the velocity vector map. At -4.8°CA before fuel injection started, the flow
inside the combustion chamber was very random. After that, the flow between the diesel sprays towards
the injector tip when the injection starts. Even after that, the flow direction between the diesel sprays was

toward the injector tip until the injection was completed in a quasi-steady state of fuel injection.
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Figure 3.24-1 Raw PIV image and PIV analysis result image from -4.8 to 8.7°CA
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Figure 3.24-2 Raw PIV image and PIV analysis result image from -4.8 to 8.7°CA
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Figure 3.25 shows the average backward flow velocity at each cell position between sprays. The
horizontal axis of the graph shows the time, and the dotted line on the graph shows the timing at which fuel
injection started. Looking at the graph, it showed that the backward flow velocity rapidly increased
immediately after fuel injection started, and the magnitude of the velocity was about 4 m/s. The occurrence
of backward flow field in the direction of the injector tip by an adjacent spray was also seen in a previous
study by Toda et.al [14]. According to the previous research results, when the injection pressure was 200
MPa and the angle between adjacent sprays was 45°, the backward flow velocity was about 2 m/s. In this
study, it is judged that the backward flow velocity was faster than in previous study because the spray
impinging to the wall of the piston as well as the adjacent spray affect the flow field between the sprays.
Also, from -3°CA, backward flow velocity was larger as it got closer to the injector tip. It was judged that
the closer the distance to the adjacent diesel spray, the greater the influence. Therefore, it was determined

that the closer to the injector tip, the faster the backward flow velocity.
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Figure 3.26 shows the entrainment velocity at each cell position. Looking at the graph, the black line

shows the result of the position closest to the target diesel spray. However, it can be seen that the entrainment

velocity increases rapidly after injection starts, and it was maintained at about 1.5 m/s after reaching a

quasi-steady state. And the larger the angle with the target diesel spray axis, the entrainment velocity was

negative. This means that as the position of the cell is further away from the target diesel spray, the position

with the adjacent diesel spray becomes closer. Therefore, the flow close to the adjacent spray is formed into

a flow field that is entrained into the adjacent spray.

As a result, it was shown that the flow between the diesel spray was entrained into the adjacent diesel

spray. And, it was shown that the closer to diesel spray, the entrainment velocity is faster.
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Figure 3.27 shows the velocity vector maps over time between the sprays under non-combustion and
combustion conditions. After 0.0°CA, the flame spread was shown in the spray shape of the image under
combustion conditions. PIV could not be carried out in this area because the light emitted from the flame
and scattered light from the tracer could not be captured in the liquid spray part. However, the trend of the
flow between the sprays toward the injector tip in both the combustion and non-combustion conditions
could be observed. Therefore, the results in the area where PIV was possible even in the combustion

situation were compared and analyzed with the results in the non-combustion situation.

Non-combustion Combustion

10

ABIAL LS L\ AR R
‘ ’ s ‘ (m/s)

(m/s)

;,,‘

Figure 3.27 Vector map comparing non-combustion and combustion condition from -4.8 to 4.8°CA on

a=45°
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Figure 3.28 shows the result of the backward flow in the cell at a distance of 9 to 15 mm from the injector
tip when the jet-jet angle is 45° and the angle with the target spray axis, £, was 9 to 15° under combustion
conditions. The long-dash line on the left on the graph shows the injection timing, and the next dash line
shows the ignition timing. After the injection starts, the backward flow velocity increased and then
constantly maintained even at different locations. After the ignition starts, the backward flow velocity at
the furthest position from the injector tip temporarily increase again. It was determined that this was because
the air in the combustion chamber was pushed toward the injector tip as the pre-mixture of air and fuel,
which was mainly formed downstream of the spray, was ignited and expanded.

Figure 3.29 shows the result of comparing the backward flow velocity under the combustion and non-
combustion condition. In the graph, the solid line shows the backward flow velocity in non-combustion
condition, and the dashed line shows the backward flow velocity in combustion condition. Looking at the
result of dy= 15~17 mm located farthest from the injector tip at 0.0°CA, which is the peak moment of the
premixed combustion, the backward flow velocity temporarily increased, exceeding the backward flow
velocity in the non-combustion condition. However, during the combustion period, the backward flow
velocity of the combustion condition was slightly reduced at any location. It can be judged that the average
backflow velocity is relatively decreased as the backward flow is neutralized with the expanded surrounding
air with the spray momentum due to combustion.

Figure 3.30 shows the result of comparing the entrainment velocity under combustion and non-
combustion situation. As a result, no big difference was found according to the difference between the
combustion condition and the non-combustion condition. Therefore, it was determined that the entrainment

flow to diesel spray was not significantly affected by combustion.
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Next, the effect of jet-jet angle difference on the flow between sprays was investigated. To compare the
effects of the flame, both non-combustion and combustion conditions were experimented and the results
were analyzed.

First, explain how the flow between the sprays appears when the jet-jet angles are 30° and 45° ,
respectively, in the combustion situation. Figure 3.31 shows the velocity vector map when the jet-jet angle
is a = 30° on the left and & = 45° on the right under non-combustion conditions. In both cases, the flow

inside the combustion chamber was random before fuel injection started. After the fuel injection has started,

the flow will appear moving towards the injector tip.

a = 30° a = 45°

10
(m/s)

Figure 3.31 Vector map comparing non-combustion from -4.8 to 4.8°CA on o = 30°, 45°
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Figure 3.32 is a graph of the backward flow velocity at each position according to the jet-jet angle. The
solid line in the graph shows the results of the backward flow velocity of &= 45°, and the dashed line shows
the result of the backward flow velocity of « = 30°. As a result, it was shown that the backward flow
velocity increases when the jet-jet angle was small. This can be explained based on the phenomenon that
the backward flow velocity increases when the spacing between spray is narrowed. As the jet-jet angle
decreases, the spacing between sprays become narrower, and it can be assumed that the backward flow

velocity increases as the jet-jet angle decreases.
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Figure 3.33 is a graph showing the entrainment velocity at each position according to the jet-jet angle.
Looking at the results, even if the jet-jet angle was changed, there was no significant difference at about
1.5 m/s in the quasi-steady state. In the previous results, as the spacing between sprays decreased, the
backward flow velocity was increased, but the entrainment velocity did not change significantly. Likewise,
even if the jet-jet angle was small, the change in entrainment velocity was not large. Considering that the
same amount of air moves from the downstream of the spray toward the injector tip as the spacing between
the sprays is smaller, it can be determined that the backward flow velocity is increased because there is no

big difference in the entrainment velocity.
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Figure 3.33 Average entrainment velocity in non-combustion over time in each calculation cell which the
same /3 position and each dy position on o = 30°, 45°
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Next is an analysis of the flow between the sprays according to the jet-jet angle under combustion
conditions. Figure 3.34 shows the vector map according to the jet-jet angle in combustion conditions.
Commonly, as the fuel injection started, the flow between the sprays was directed towards the injector tip.
In the combustion situation, flame is creating an areca where the tracer’s scattered light, so the tracer was
not visible in this area. In particular, at &= 30°, it can see that the flame spreads widely in the spacing
between the sprays as well. So, in the case of combustion conditions, the areas where PIV analysis

was possible were compared with each other.
a = 30° a =45°
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Figure 3.34 Vector map comparing combustion from -4.8 to 4.8°CA on « = 30°, 45°
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Figure 3.35 shows the result of the backward flow velocity according to the jet-jet angle under
combustion condition. Comparing with the result of the backward flow velocity in the non-combustion
condition, the variation in the backward flow velocity in the combustion condition was relatively large
according to the jet-jet angle. It can be assumed that the ignition timing in the combustion situation has an
effect as well as the effect of the limited area between the sprays. In addition, after 1.5°CA, which
corresponds to the diffusion combustion period, when a= 30°, the backward flow velocity decreased
sharply compared to &= 45°. This is because the smaller the jet-jet angle, the shorter the lift-off length, so
the area that interferes with the PIV analysis area expands as the air with the momentum of the spray

expands due to combustion.
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Figure 3.35 Average backward velocity in combustion over time in each calculation cell which the same
p position and each dy position on = 30°, 45°

- 80 -



Figure 3.36 shows the results of entrainment velocity results according to jet-jet angle under combustion
condition. As a result, similar to the results in the non-combustion condition, the entrainment velocity did
not change in the combustion condition drastically. Based on this, the jet-jet angle was smaller, the more
pre-mixture formed downstream of the spray. So, when it expands after ignition, the phenomenon of
pushing the air between the sprays into the injector tip becomes stronger. However, it was confirmed that
the entrainment velocity did not change significantly even under the combustion condition when compared
to the non-combustion condition. Therefore, it can be determined that under combustion condition,

especially at the start of ignition, the jet-jet angle was smaller, the backward flow velocity going faster.
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Figure 3.37 Structure of diesel spray and flame characteristic, and effect of a small-scale recirculation of

hot-burned gas in different jet-jet angle

Through this study, how the liquid length and lift-off length appear and factors that can affect them can be
summarized as shown in Figure 3.37 by the jet-jet angle that varies depending on the number of injector
nozzle hole. The smaller the jet-jet angle, the stronger the backflow from the upstream of the diesel spray
flame, which can be seen as the cause of the shortened liquid length and lift-off length. This strong effect
of backflow was more evident in atmospheric conditions such as oxygen concentration than in injection
conditions such as injection pressure or nozzle orifice diameter. Through this, if the jet-jet angle becomes
smaller than a certain level, a strong backflow occurs regardless of the surrounding atmospheric conditions.
Due to this, it is newly found that the diesel spray flame near the upstream can have a sufficient effect on

the liquid part to create the effect of shortening the lift-off length.

3.4 Summary

Aiming to reveal the diesel combustion phenomena with a narrow jet-jet angle and to elucidate the
relationship between lift-off length and liquid length under realistic diesel engine conditions, experiments
were conducted using an optical accessible RCEM equipped with a custom-made asymmetric six-hole
nozzle having jet-jet angles of 30° and 45°. High-speed direct photo imaging with a Mie scattering method
and high-speed OH* chemiluminescence imaging were applied to capture the evolution of the spray flame,
including lift-off length and liquid length. The effect of injection pressure, nozzle hole diameter, and oxygen

concentration were investigated. The following conclusions were reached:
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1. The liquid length before ignition is similar irrespective of the jet-jet angle. After ignition, in the
case of the larger jet-jet angle, the liquid and lift-off length slowly decrease. However, the liquid

and lift-off length of the narrower jet-jet angle rapidly and simultaneously decrease.

2. When lowering the injection pressure or decreasing the nozzle diameter, in the case of the
narrower jet-jet angle, the lift-off length decreases first, then the liquid length decreases. When
the oxygen concentration is lower, the liquid length does not change according to the jet-jet
angle. However, the narrower jet-jet angle significantly decreases the lift-off length. The
observed tendencies of the liquid and lift-off length are able to be interpreted by the entrainment

of hot-burned gas owing to small-scale recirculation.

3. The smaller jet-jet angle, the faster the backward flow velocity, and this phenomenon was larger
in the combustion condition. As the ignition of the pre-mixer formed in the downstream of the
diesel spray starts, the air in combustion chamber expands and the flow is momentarily directed
toward the injector tip. At this time, if the same amount of air is pushed between the sprays, the
smaller the gap between the sprays, the faster the pushing speed. Therefore, it can be determined

that the backward flow velocity changes significantly compared to the entrainment velocity.

From this research, it has been newly discovered that, when the jet-jet angle of the injector becomes
smaller than a certain level, a strong backflow occurs between the spray jets, and the diesel spray flame
near the upstream has a sufficient effect on the liquid part regardless of the ambient atmospheric
conditions, thereby shortening the lift-off length. Therefore, it is possible to maximize the thermal
efficiency while reducing the formation of a large amount of soot by designing the distance between
the number of holes in the injector and the diesel spray accordingly, and designing the flow inside the

combustion chamber not to occur centered on the injector.

Representative nomenclature
@: Crank angle

dQ/d & : Heat release rate

p: In-cylinder pressure

o Jet-jet angle

Pinj: Injection pressure

roz: Oxygen concentration

dn: Nozzle orifice diameter

dN: Distance from the nozzle

S angle from the main diesel spray axis
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Chapter 4. Analysis of the Relationship between Near-
wall Velocity Distribution and Wall Heat Flux by a
Diesel Spray Flame Impingement

4.1 Introduction

Nowadays, there are strong regulations on exhaust gas emitted from internal combustion engine
worldwide. In order to satisfy a strong regulation on a diesel engine, it is necessary to increase the
thermal efficiency of a diesel engine. To increase the thermal efficiency of a diesel engine, it is
necessary to reduce the exhaust loss and the cooling loss. To reduce the exhaust loss, the increasing
the compression ratio the shortening the combustion duration is necessary. In order to increase the
compression ratio, the size of the combustion chamber is reduced. In order to reduce the combustion
duration, it is necessary to inject a large amount of the fuel in a short time by increasing the fuel
injection pressure or by increasing the number of nozzle holes in the injector. In order to reduce the
cooling loss in the combustion process, it is necessary to reduce the contact area of the injected fuel
after it impinges to the combustion chamber wall and to reduce the velocity at the combustion chamber
wall. However, increasing the injection pressure or increasing the number of nozzle holes in the
injector, which has been introduced as a method to reduce the combustion duration, trade-off with the
method to reduce cooling loss. Therefore, to understand this trade-off relationship, it is necessary to
know the relationship between the diesel spray flow near the wall and the heat flux at the wall.

For this purpose, a various study has been conducted on the relationship between a flow
characteristic near the wall and the heat transfer at the wall. Katsura et al. [1] studied the flow
characteristics that appear after the diesel spray impinges to the flat wall. The closer the distance
between the injector tip and the wall of the combustion chamber, the greater the density of droplets
after the diesel spray impinges to the wall. In addition, as the injection pressure and the ambient density
increased, the droplet density decreased. Li et al. [2] analyzed the heat flux at a various point on the
wall when the diesel spray flame impinges to the combustion chamber wall. As the spray tip reached
the wall, the local heat flux at that location began to rise. Also, as the injection pressure increased, the
peak value of the local heat flux and the rate of rise increased. Zama et al. [3] analyzed the velocity
distribution near the wall after the diesel spray impinges to the wall. The average peak velocity of the
spray flow region near the wall decreased as the ambient gas density increased and the injection
pressure decreased. It was also found that the average peak velocity was correlated with the spray
center velocity. Rizal et al. [4] conducted a study on how the heat flux appears according to the
injection pressure and the impingement distance. High injection pressure activates high convection
from the spray motion, resulting in improved heat transfer when diesel spray impinges to the wall.

However, most of the studies were conducted in constant volume vessel. So, it is necessary to consider
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the actual engine situation which the volume and pressure change in time variation.

In this study, the velocity distribution of the diesel spray near the wall of the combustion chamber and
the heat flux at the wall of the combustion chamber were investigated to clarify the relationship between
the flow near the wall and the heat flux through the wall in actual engine situation. For this purpose, a real
engine situation was implemented using a rapid compression and expansion machine (RCEM). The velocity
distribution of the diesel spray appearing near the wall was measured through the particle image
velocimetry (PIV) method, and the heat flux was calculated by measuring the real-time wall temperature
by installing a multi-point temperature sensor at the location of the combustion chamber wall where the

diesel spray impingement.

4.2 Experimental setup
4.2.1 Experimental Apparatus

An experiment was conducted using a RCEM as Figure 4.1, which has a quasi-two-dimensional
cavity-shaped combustion chamber, in our previous study [5]. The specification of the RCEM is
shown in Table 4.1. The bore and stroke are 85 mm and 96.9 mm, respectively, and the compression
ratio is 14.6. A diesel-like solvent was injected from a single-hole injector with a nozzle diameter of
0.133 mm, because the diesel fuel had formed too bright luminous flame and the luminous flame had
covered the scattering light for the PIV.
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— % reservoir [HXi—02
! t' i i b
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Figure 4.1 Schematic diagram of the RCEM
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Table 4.1 Specification of the RCEM

Bore x Stroke 85 mm % 96 mm
Displacement 0.550 x 103 m?
Compression ratio 14.6
Injection system Common rail system

Position of heat flux sensor

Area of Surface
temperature
$0.13x9

20 mm

Figure 4.2 Multi-point temperature sensor and a schematic diagram of the combustion chamber

The multi-point temperature sensor was installed in the combustion chamber wall where the diesel
spray flame impinges. Figure 4.2 shows the shape of the combustion chamber, the imaging area for
the PIV, and the multi-point temperature sensor. The multi-point temperature sensor was composed
of aluminum alloy (AC8A) - constantan thermocouple, the body material was used AC8A same as a
general diesel engine piston material and 1 pum thickness aluminum alloy thin film was formed on the
surface of the body. The nine surface junctions of this sensor were arranged in cross-shape at 3 mm
intervals (junction size $130 pum) and one point of inside temperature with a depth of 4.5 mm can be
measured at the same time. The measurement point No.3 which the center position of the multi-point
temperature sensor was matching with the diesel spray axis. It was confirmed that the response speed
of this sensor had 10 kHz or higher. To analyze the heat flux at each surface junction, the heat
conduction equation in a two-dimensional cylindrical coordinate (4.1) and the heat flux calculation

equation (4.2) using the measured surface and internal temperature as boundary conditions were used.

aT A (19 aT a%r . L . .

Pyl ;{;E(r 5) + ﬁ} Heat conduction equation in 2-D cylinder coordinates (4.1)
aT 19 (0T aT .

q; = /’La - A;;(rg) +pc; Heat flux calculation (4.2)
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Experiments were conducted under following conditions as Table 4.2. The cranking speed was
900 rpm, the in-cylinder pressure and temperature at the injection timing of -6.5°ATDC were 8 MPa
and 800 K, the intake oxygen concentration was 15% and 0% for combustion and non-combustion
situation, the injection amount was 10.2 mg, and the injection pressures was 120, 90, and 60 MPa.

Table 4.2 Experiment conditions

Cranking speed 900 rpm
Nozzle-hole diameter 0.133 mm
Injection quantity 10.2 mg (13.7 mm?)
Start of injection (SOI) -5.9° ATDC
In-cylinder pressure @ SOI 8 MPa
In-cylinder temperature @ SOI 800 K
Injection pressure 120, 90, 60 MPa
Fuel Solvent (Cetane number:. 57,
n-C11Haz4, n-C12Hze, and is0-C12Hae
Composition of the intake gas I(\)Ij igomnig)ﬁ)%l?ﬁoiils-clgrolll(;/:lstcisgbus‘don)

4.2.2 Imaging condition

The distribution of diesel spray velocity near the wall was measured by PIV method. The imaging
conditions are shown in Table 4.3. For PIV, a 2" harmonic generation Nd:YAG laser with a wavelength
of 532 nm was used, and the interval between the lasers could be set as short as 4 us through a two
laser devices. A high-speed camera was used for imaging, and a bandpass filter of 530 £ 10 nm was
used to take an image of the scattered laser for PIV. The spatial resolution of the image was 33 um/pixel.
As a tracer for the PIV, a SiO; porous particle (Godd-ball) with an average diameter of 10 um was
used. When PIV analysis, the Multi-pass interrogation method algorithm was used. The interrogation
window and the overlap for PIV analysis were 16x16 pixels and 50%, respectively, which was suitable
for the velocity range in the high-temperature region. On the wall of the combustion chamber, the

closest measured position through the PIV was 0.4 mm from the wall.
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Table 4.3 Imaging condition of PIV and OH* chemiluminescence

Exposure time 13.571 ps
Bandpass filter 530 £ 10 nm
Spatial resolution 33 um/pixel
Frequency 20 kHz
Interval 15,27 6 us
P1V
Laser wavelength 532 nm
PIV tracer Godd ball (SiO2): 10 pm
Analyzing algorithm Multi-pass interrogation
Interrogation window | 16 x 16 pixels
Overlap 50 %
| 50us(20kHz) '
| |
| 4us :
| N l
112us ' L !
I 1
Laser | L :
I ) 1
1 ! ( 2 1
| ! 1
| 15us : :
! | Luminous '
flame check I
13.5u8 -
Camera . ~
- ) )
( J
Y ((
For PIV

Figure 4.3 shows the signal sequence of the laser and high-speed camera for the PIV. The shutter
of a high-speed camera opens three times per cycle. When the first and second shutter is opened, the
laser was incident at an interval of 4 us and image was taken for the PIV. When the third shutter was

opened, the laser was not incident, in order to observe the luminous flame generated when experiment

Figure 4.3. Signal sequence for the PTV

the combustion conditions and to discriminate the non-measurable area.
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4.3 Results and discussion

4.3.1 Analysis of the velocity distribution and heat flux on the combustion chamber wall

in non-combustion situation

First, to clarify the relationship between velocity distribution and heat flux near on the combustion
chamber wall, the non-combustion situation was experimented. Figure 4.4 (a) shows the in-cylinder
pressure, and the temperature and the heat flux on the combustion chamber wall in non-combustion
situation when the injection pressure was 90 MPa. The No.3 position of the temperature sensor was
matching with a center of the diesel spray and distance interval of each position was 3 mm. Figure 4.4
(b) shows the velocity distribution result by PIV in each moment of yellow line in Figure 4.4 (a). When
the crank angle was -1.87°CA, this moment shows when the diesel spray impinges to the wall. After

that moment, diesel spray has a quasi-steady state.
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Figure 4.4 In-cylinder pressure, and temperature and heat flux on the combustion chamber wall at

each position in non-combustion situation on piyj= 90 MPa (a) and the PIV result (b) in each moment

From the result in Figure 4.4 (a), it can be seen that the temperature in No.3 position on the wall,
which the center of the diesel spray, was increasing first, after that the temperature of the other position
was increasing. The heat flux result shows a same trend with the temperature result. Comparing this
result with the PIV result, it can be seen that the diesel spray imping to the wall affect to the
temperature trend on the combustion chamber wall. In PIV result, a moment when the diesel spray

impinging to the wall, the temperature of the combustion chamber wall increases, and the heat flux
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increased rapidly. Since the central part of the diesel spray impinges to the wall first, the temperature
of the wall of the combustion chamber at the same location also rises first. After that, the temperature
of the wall of the combustion chamber at No.2 and No.4 positions close to the center of the diesel
spray was shown to rise. This showed that the temperature of the wall of the combustion chamber
increased as the diesel spray impinged to the wall, as shown in the previous study. In order to analyze
the flow characteristic, which it can affect the heat transfer to the wall, the velocity distribution near
the wall was measured by the PIV. And, the velocity factor was divided into 2 directions, the
perpendicular direction to the wall and the direction parallel to the wall.

Figure 4.5 shows the velocity change over time at each position in different direction which the
perpendicular to the wall and the parallel to the wall, respectively. When the velocity direction near
the wall was parallel to the wall, the moment when the heat flux increases in No.1, No.2, and No.4
similar with the moment when the velocity increases. In addition, a fluctuation of the heat flux and a
fluctuation of the velocity were similarly shown. However, the velocity result at the No.3 position,
which is the diesel spray axis position, were randomly appeared. Because, after the diesel spray
impinges to the wall, the ambient air flow characteristics are affected by the tumble flow according to
the movement of the piston in an actual engine, unlike the condition of the constant volume vessel.
After all, since the flow of the diesel spray is affected by the tumble flow inside the combustion
chamber, it is difficult to maintain a steady flow characteristic in the central portion in an actual engine
situation. Therefore, it is not easy to explain the high heat flux at the center of the diesel spray with
the velocity distribution parallel to the wall. To this end, a comparison of the velocity factor in the
perpendicular direction to the wall and the heat flux results in the wall was also conducted. When
looking at the velocity factor results in the perpendicular direction, the velocity at the center of the
diesel spray was the highest, suggesting that this result was correlated with the result of high heat flux
at the center. In addition, the interesting result shows in the No.4 graph. When looking at the heat flux
result of No.4, a fluctuation of heat flux appeared like a valley shape. The fluctuation of velocity factor
also, which the perpendicular direction to the combustion chamber wall, showed a valley shape similar
with the heat flux shape. Based on these results, it is possible to explain the relationship between the
velocity distribution and the heat transfer near the wall by considering the velocity in the perpendicular

direction as well as the velocity in the parallel direction to the wall.
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As mentioned earlier, it is difficult to explain the relationship between the heat flux and the velocity
distribution only in the parallel direction of flow near the wall in an actual engine situation. Therefore,
in order to clarify the relationship between the heat flux and the flow characteristics of the combustion
chamber wall in an actual engine situation, it is necessary to consider not only the parallel direction of
the flow, but also the perpendicular direction of the flow. In this study, based on the fact that the heat
flux increases as the perpendicular direction velocity increases, it is assumed that a high transport
coefficient occurs due to the shear flow with a high vortex viscosity coefficient near the wall. In
addition, it was considered that the high transport coefficient formed near the wall causes a high heat
transfer to the combustion chamber wall. In order to explain the relationship between the heat flux and
the transport coefficient on the combustion chamber wall, the distribution of the absolute value of the
velocity gradient tensor, |S|, in a two-dimensional velocity field was obtained and compared with the
heat flux on the combustion chamber wall. A high transport coefficient is indicated by a high vortex
viscosity coefficient. The vortex viscosity coefficient can be calculated by the following Equation (4.3),
where the Cs is a constant and the A is the grid size. Therefore, the vortex viscosity coefficient can

be estimated with the velocity gradient tensor.
ve = (GA)*IS] (43)

And, to calculate the absolute value of the velocity gradient tensor, it was obtained through the

following calculation Equation (4.4).

1{0u;  ouj _ 1/2
Sij = E(E—Fa—xﬁ)’ S| = (Sij - i) (4.4)

From this calculation, the distribution of the velocity gradient tensor was analyzed and compare
with the heat flux on the combustion chamber wall. Figure 4.6 shows the velocity gradient tensor
distribution and the heat flux in each position of the combustion chamber wall when the injection
pressure was 90 MPa in non-combustion situation. The image above in Figure 4.6 shows the velocity
gradient tensor at each crank angle. The magnitude of the velocity gradient tensor can be known
through the color of the image. The graph below in Figure 4.6 shows the heat flux at each sensor
position. It can be seen that the position where the heat flux appears high in the heat flux graph is the
same as the position where the velocity gradient tensor near the wall is high in the image above. From
this result, it was found that the heat flux was high in the region where the velocity gradient tensor
distribution near the wall was high. This result supports the assumption that the high transport
coefficient of the flow affects the heat transfer phenomenon of the combustion chamber wall. This

means that the heat flux of the combustion chamber wall is high in the region where the shear flow
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characteristic is strong. After that, this study analyzed how this phenomenon appears when the

injection pressure is changed.
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Figure 4.6 Result of the velocity gradient tensor distribution and the heat flux in each position of the

combustion chamber wall on pi,j = 90 MPa over time in non-combustion situation

Figure 4.7 shows the velocity gradient tensor distribution and the heat flux in each position of the

combustion chamber wall when the injection pressure was 120, 90, 60 MPa, respectively, in non-

combustion situation. As shown in previous studies, it was shown that the higher the injection pressure,

the faster the diesel spray velocity and the higher the turbulence. As a result, as the injection pressure
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increased, the velocity gradient tensor distribution also appeared high. In addition, the phenomenon
of high heat flux when the injection pressure was high could be explained by the high velocity gradient
tensor of the corresponding region. Based on this, it was found that the shear flow characteristic
changed according to the injection pressure, and thus the heat flux of the combustion chamber wall

was also affected.
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Figure 4.7 Result of the velocity gradient tensor distribution and the heat flux in each position of the

combustion chamber wall on pinj = 120, 90, 60 MPa in non-combustion situation
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4.3.2 Analysis of the velocity distribution and heat flux on the combustion chamber wall

in combustion situation

Based on the results in the non-combustion situation, the relationship between the heat flux at the
combustion chamber wall and the flow characteristics near the wall was analyzed. A same experiment
was conducted in a combustion situation. Figure 4.8 shows the in-cylinder pressure, heat release rate,
temperature and heat flux on the combustion chamber wall, and the PIV result in different injection

pressure.
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As in the previous non-combustion situation, when the injection pressure was high, the diesel spray
velocity was also high. Accordingly, it can be seen that the moment when the temperature and heat
flux of the combustion chamber wall rise was advanced in high injection pressure condition. Also, in
the PIV result, when looking at the moment when the diesel spray impinges to the combustion chamber
wall in high injection pressure condition, the increasing of velocity distribution near on the wall
appears earlier. However, a luminous flame appears in the combustion situation. So, when the
luminous flame appeared, the PIV tracer was covered and the unreliable area where a measuring the
velocity is impossible region was appeared. Therefore, the velocity distribution up to the moment the
diesel spray impinges to the combustion chamber wall can be measured, but it is difficult to measure
after the quasi-steady state because of the luminous flame formed. For this reason, the velocity factor
and heat flux near the combustion chamber wall up to the moment when velocity measurement is
possible were compared and analyzed.

Figure 4.9 shows the velocity change over time at each position in different direction which
perpendicular to the wall and the parallel to the wall in combustion situation when the injection
pressure was 90 MPa. As in the case of non-combustion, the velocity in the parallel to the wall appears
randomly at the No.3 position corresponding to the center of the diesel spray. And, the velocity
distribution in the perpendicular direction also showed the highest in the center part of the diesel spray
in the non-combustion situation as well, and showed a downward trend toward the periphery. As a
result, it was not possible to accurately measure the velocity after the appearance of the luminous
flame in the combustion situation, but it was found that the velocity measurement results up to the
moment the diesel spray impinged to the wall were similar to the non-combustion situation. Based on
these results, it can be assumed that the shear flow characteristics near the wall affect the wall heat
flux in the combustion situation as in the non-combustion situation. However, since the diesel spray
flame, which does not exist in the non-combustion situation, can have an effect on the flow
characteristics, it is necessary to analyze and compare the velocity distribution and the heat flux near

the wall during combustion.
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4.4 Summary

This study focused on the flow velocity and heat flux near the wall depending on the wall position
when the diesel spray impinging to the wall of the combustion chamber under different injection
conditions. For this purpose, RCEM was used to simulate a realistic engine situation. And, measuring
the velocity distribution in the diesel spray near the wall by PIV result and simultaneously measuring
the wall heat flux using a multi-point temperature sensor. Based on the measured velocity distribution
results, the velocity gradient tensor was calculated and the effect that the shear flow characteristic
could have on the wall heat transfer was analyzed. From these results, the following conclusions were

reached.

1. The higher the injection pressure, the faster the diesel spray and the moment it impinges to the
wall advances. In addition, the higher the injection pressure, the higher the peak value of the heat

flux.

2. In the process of decreasing the heat flux, fluctuations were observed, which appeared in line
with the timing of fluctuations in the velocity magnitude. From this, it was found that the heat

flux at the wall of the combustion chamber is affected by the flow characteristic near the wall.

3. When the velocity gradient tensor and the wall heat flux were compared, it was found that the
high heat flux part appeared in high velocity gradient tensor region. This suggests that

characteristics of the shear flow near the wall can affect the heat flux.

In the previous study, they tried to analyze the heat transfer characteristics of the wall by focusing
on the flow parallel to the wall. In this study, the heat transfer characteristics that can be exhibited by
the diesel spray flame on the wall of the combustion chamber were revealed by considering the flow
characteristics in the vertical direction as well as the flow characteristics in the parallel direction to the
wall. Through this, it was newly found that the flow in the vertical direction sufficiently affects the
heat transfer characteristics at the wall, and overall, the shear flow characteristics near the wall have
an important influence on the wall heat transfer characteristics. Therefore, it is important to make the
diesel spray flame less shear flow characteristic near the wall in order to prevent the loss of cooling

due to heat escaping to the wall of the combustion chamber.
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Chapter 5. Optimizing Urea-Water-Solution Injection
Strategy for High Conversion Ratio in After-treatment
System

5.1 Introduction

As environmental regulations on internal combustion engines are strengthened worldwide, technologies
to reduce emissions are needed for the future of internal combustion engines. The main exhaust gases of
diesel engines are PM and nitrogen oxides. In order to reduce them, individual studies are being conducted
on methods to reduce them from the combustion stage to the emission stage as a whole. Among the methods
of after-treatment of emissions in the exhaust system, there is a method of oxidizing carbon monoxide and
hydrocarbons through diesel oxidation catalyst (DOC) and collecting particle matter (PM) through diesel
particle filter (DPF). DOC and DPF mostly comprise a Pt catalyst and a substrate of cordierite or SiC,
although there are some differences in catalyst composition or substrate characteristics depending on the
manufacturer of the automobile or the after-treatment device. The catalyst serves to oxidize THC and CO
emissions, and regenerate the trapped PM in DPF. Most of the NOx emitted from diesel engines is largely
NO, but it is converted to NO, through DOC and DPF [1, 2]. NO; would affect the regeneration process of
PM in DPF and NOx reduction performance of SCR [3, 4]. To reduce NOx efficiently, it is necessary to
control the NO, conversion in DOC and DPF. The most representative technologies for reducing NOx are
lean NOx trap (LNT) and selective reduction catalyst (SCR). The NH3-SCR system is the most widely used
in diesel engine, due to its high efficiency and wide operating temperature range [5]. The hydrocarbons are
the alternatives to overcome the disadvantages of the NH3-SCR reaction [6, 7]; by the adding the
hydrocarbon the post-treatment of exhaust gas in the NH3-SCR catalyst has a high concentration of oxygen
[8]. That chemical properties will assist the ammonia to decrease NOx from diesel engine and increase
generation of steam (H>0) and CO. In this study, the observation of SCR catalysts with vanadium and
zeolite material was needed for showed the NH3/NOx ratio, NO»/NOx ratio, hydrocarbon concentration and
NOx conversion efficiency and HSO (Hydrolysis + SCR + Oxidation catalyst). The experimental studies
on the conversion efficiency used to analyze the normal and abnormal NOx, depending on the gas hourly
space velocity (GHSV) and the monolith volume for the oxidation catalysts and VHSO (oxidation + HSO
catalysts) SCR systems [9-11]. The SCR system is effective solution for reducing NOx in a steady-state
engine; however still has problem to reduce NOx emission and produce NHj slip in the real operating state
[12-16]. Based on this condition, the improvement technologies for increase the Urea-SCR system
performance was explained in this study; the controlling amount of urea in the SCR system prevent the
NOx reduction performance, reduce NHj slip, and increase the NH3 adsorption and desorption process [17].
When the amount of UWS into the SCR system increases, the vapor pressure will decrease; the urea droplet

temperature suddenly decreases, this reaction produces low evaporation process in the system [18]. The
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hydrolysis phenomenon with the various physical models can validate the NH3 slip quantity in the system
based on the evaporation quality [19]. The NO and NO: ratio, the SCR temperature, and engine speed
condition can affect to the NH3 slip quantity and NOx reduction rate [20]. The ratio of NO and NO; in the
NOx concentration when entering the system have a direct effect on the SCR system performance; based
on that condition, the commercial aftertreatment system adding the DOC and DPF in front of the SCR
system [21]. Since the SCR system has highly affected by temperature condition, Pingen Chen et al. [22]
shows the studies to improve the NOx reduction rate by the analyzing the ratio of NO and NO; in the low
temperature. The SCR temperature is main factor to reduce NOx and produce fast chemical-SCR reaction
in the system [23].

In this study, the various engine operating conditions will show the performance of DOC, DPF, and SCR
system by the reduction of harmful emission such as PM and NOx from diesel engine. The DOC and DPF
are being developed as a natural regeneration DPF suitable for the retrofit market. The DOC and DPF
catalyst used in this study were intermediate developments, consisting of Pt and a promoter with a BPT of
285°C. The SCR catalyst is the main material to removes nitrogen oxides from diesel engines using gaseous
NH;. The UWS injection strategy is used to maximize the NOx reduction rate and minimize the amount of
NHs slip. The observation of NH3 adsorption and desorption mechanism is the important factor to control
NHs slip and optimizing the NOx reduction efficiency. The NH3 adsorption and desorption were analyzed
according to engine and catalyst conditions. Based on these results, cause of low NOx reduction efficiency
is analyzed, and the test results are intended for use as basic data for the control logic development of the

after-treatment system.

5.2 Experimental setup
5.2.1 Experimental apparatus

In this study, Ssang-yong's in-line 5-cylinder 2696 cc diesel engine was used. Table 5.1 shows the detailed
description of the engine's specifications. The valve type of the engine is double overhead camshaft
(DOHC). The bore and stroke of each cylinder are 86.2 and 92.4 mm, respectively, and the compression
ratio is 17.5. The maximum power of the engine is 191 PS at 4000 rpm, and the maximum torque is 410
N-m when the engine speed is 3000 rpm. The fuel injection system is a common rail, and the environmental
regulation that the engine meets is Euro 2. The experiment was carried out under load when the engine
speed was 1500, 2000, 2500, and 3000 rpm and the exhaust gas temperature was 250, 300, 350, and 400°C
respectively. The reason for setting these conditions is to realize the range of daily driving conditions of

diesel engines.
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Table 5.1 Test engine specification and target experiment condition

Type In-line 5

Displacement (cc) 2696

Valve type Double OverHead Camshaft (DOHC)
Bore X Stroke (mm) 86.2 X 924

Compression ratio 17.5

Maximum power (PS) 191/ 4000 rpm

Maximum Torque (N-m) 410/ 3000 rpm

Idle speed (rpm) 780

Injection system Common-rail injection system
Emission regulation Euro 2

Model year 2006

Target engine speed (rpm) 1500, 2000, 2500, 3000 rpm
Target exhaust gas temperature (°C) 250, 300, 350, 400°C

Temperature Exhaust gas
Measuring Measuring

Figure 5.1 Schematic of engine experiment system

An overview of the overall experimental setup is shown in Figure 5.1. The experimental equipment has
an engine, and the DOC, DPF, and SCR are installed in the after-treatment system in this order.
Specifications for each catalytic unit are given in the Table 5.2. The substrate of DOC and DPF is cordierite
and coated with Platinum The balance point temperature (BPT) of DOC and DPF is 285°C, and the cell
density of each catalyst is 400 cpsi and 300 cpsi. The diameter is the same at 5.66 inches, and the length is
4 inches with a DOC and 10 inches with a DPF. In this study, The DOC and DPF were contained in the
same case. The substrate of SCR is cordierite, coated with Vanadium base. The cell density of the SCR is
400 cpsi, and the diameter and length are 6.77 inches and 10 inches, respectively. In this study, AOC was
not installed because it was necessary to analyze the amount of NHj3 slip according to the urea water
injection strategy. The tubes were installed before and after each DOC and DPF and before and after SCR

to measure exhaust gas, and a thermocouple was used to measure the temperature. Each tube is connected
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to HORIBA's MEXA 1400 QL-NX, an exhaust gas analyzer, and NO, NO,, N,O, and NH; were measured

in real time through this equipment. When measuring exhaust gas, the sampling line was heated to 150°C

to prevent PM fouling and NH3 deposition.

The urea water was sprayed between DOC/DPF and SCR. A mixer is installed at the inlet of the SCR so

that the sprayed urea water is uniformly distributed in the SCR. The injection pressure of urea water was

maintained at 5 bar and repeated at a rate of 3.3 Hz.

Table 5.2 Specifications of DOC, DPF and SCR

Category DOC DPF SCR

Substrate Cordierite

Catalyst Pt + Promoter / TiO2 V-W / TiO2
BPT 285°C -

Cell density 400 cpsi 300 cpsi 400 cpsi
Diameter 5.66 inch 5.66 inch 6.77 inch
Length 4 inch 10 inch 10 inch

5.2.2 Experimental procedure and analysis

The chemical reaction process of general urea-SCR is as follows. The urea water is first decomposed

into NHj3 in two steps. As in reaction (5.1), first, HNCO and NHj3 are produced by thermolysis of urea water,

and NH3 and CO; are produced by isocyanic acid hydrolysis of HNCO in reaction (5.2). NH; produced in

this way reacts with nitrogen oxides inside SCR, and the representative reactions are called Standard SCR

(5.3), Fast SCR (5.4), and NO, SCR (5.5).

(NH2)2C0—>HNCO+NH3

HNCO+H,O—NH3+CO»

4NO+4NH3+0,—4N,+6H,0)

NO+NO;+2NH3—2N,>+3H,0

6NO,+8NH3;—7N>+12H,0

(5.1)

(5.2)

(5.3)

(5.4)

(5.5)

Based on this reaction process, the theoretical amount of urea required to reduce NOx emitted was

calculated assuming that the ratio of NH3 to NOx was 1:1. The ratio of NO and NHj3 in the standard SCR

reaction and the ratio of NOx and NH3 in the Fast SCR reaction is 1:1. However, in the NO,-SCR reaction,
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the reaction between NO, and NH3 was not 1:1. In general, in NOx emitted from diesel engines, the
proportion of NO is higher than that of NO», and most of the NO is reduced in the fast SCR reaction. If
NO is oxidized through DOC and DPF, the ratio of NO; should be higher than that of NO, but this was not
seen in the experimental results. And, it did not significantly affect the process of observing the adsorption
and slip of NH3 in the SCR, which is the focus of this study. Therefore, assuming that the reduction ratio of
NH; and NOx is 1:1, the injection amount of urea water was calculated as in Equation (5.6).
M = (Nip X 11/ Mo) / (duroa/ Murea X 2 X 10°) (5.6)

As shown in Table 5.1, the experiment was conducted under 16 different engine operating conditions,
respectively, when the engine speed was 1500, 2000, 2500, 3000 rpm, and the exhaust gas temperature was
250, 300, 350, and 400°C. After operating the engine and waiting until the fluctuation of emission gas is
reduced, urea-water-solution is injected to measure the change in NOx and NH3 according to the change of
time when the engine and catalyst conditions are different. The amount of urea-water-solution that NH3 can
react with NOx and create 100 ppm of NHj slip was injected. The reason for injecting the excess amount
of urea is to check the total amount of NH3 adsorbed to the SCR by intentionally making NHj3 slip and to
check the trend. So, in order to establish a urea-water-solution injection strategy, we investigated how the

amount of NH3 adsorbed in the SCR appears according to engine conditions and catalyst conditions.
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Figure 5.2 NHj; adsorption and desorption experiment method

Figure 5.2 shows the results of measuring the exhaust gas when the engine speed is 1500 rpm and the
exhaust gas temperature is 250°C by the above-mentioned method. In Phase M2, after injecting the urea
number with an excess amount of reduction, NOx tends to decrease and NHj3 slip tends to increase. Phase
M3 shows a tendency of NHj slip decreasing and a tendency of NOx increasing again after stopping the
urea water injection. Although the NOx reduction efficiency differs depending on the space velocity and

temperature of the exhaust gas depending on the engine conditions, NH3 slip occurs after a certain period
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of time has passed since the NOx reduction was performed in common. The amount of NH3 adsorbed in
the SCR until NH3 slip appears through the measured amount of NOx and NH3 change (M1), the amount
of NH3 adsorbed after the NH; slip (M2), and the amount of adsorption based on the reduced amount of
NOx (M3) were calculated, respectively.

In order to investigate the range that can be controlled so that the NH3 slip does not appear, the range for
measuring the amount of NH3 adsorbed in the SCR until the NH3 slip appears is M1. The amount of NH3
adsorbed per hour before the occurrence of NHj slip is considered to be equal to the amount of NHj slip
during the period in which NHj slip appears stably. Therefore, the value obtained by accumulating the
amount of NHj3 slip stabilized until the appearance of NHj3 slip for the M1 period can be regarded as the
amount of NH3 adsorbed on the SCR. Further, assuming that the reaction ratio of NH3; and NOx is 1:1, NOx
appears in NHj slip so that it cannot be reduced. Therefore, it is necessary to consider the NOx emissions
at the time when the NH3 slip stabilizes and the NOx emissions during the transient period together. Based

on this, the amount of adsorption until NHj3 slip appears can be calculated by the following formula.
t=T. .
M, = ft=Tl.s[{Amean — At + (Nimean — Ne)} X Vexn X pyns] (5.7)

The standard at the moment when NH3 slip started to appear was set at the moment when NH3 exceeded
1 ppm. After the appearance of NHj3 slip, a stabilization time of about 1500 to 1800 seconds passed.
Adsorption of NH3 in the SCR continues even when the NH3 slip occurs, but it can be seen that the amount
of NHj3 that can be adsorbed in the SCR is full when the NH3 slip stabilizes. This is because when NH; can
no longer be adsorbed on the SCR, the further charged NHj3 is discharged as it is. Therefore, the total amount
of NH3 adsorbed in the SCR can be calculated by the following equation, and the calculation range is set to

the time when the NH3 slip stabilizes.

t=T .
M, = ft=TiP2 [{Amean — A+ (Nmean - Nt)} X Vexn X pNH3] (5.8)

As mentioned above, the change in NOx emissions after the completion of urea water injection was
measured in Phase M2. When the urea water injection is completed, NOx emissions gradually increase even
though ammonia is no longer input. It can be assumed that the conventionally adsorbed NH3 reacted with
NOx if there was no further NH3 charged into the SCR. Therefore, by integrating the amount of NOx emitted
during this period, it is possible to estimate the amount of NH; that was conventionally adsorbed on the
SCR. However, since this method calculates the amount of NHj3; adsorbed based on the NOx reduction
reaction, if the existing NH3 does not react to the reduction of NOx, it may differ from the result of the
amount of NHj; adsorbed by the M2 calculation method. Therefore, in the case of M3, the following
equation can be used to estimate the percentage of how much NH3 adsorbed in the SCR can be used to

reduce NOx emissions.

t=Ten v,
M, = |, YU(N2mean — N2¢) - pNOZ/M } exh/l()()o (5.9)

t=T, NO2
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5.3 Results and discussions

5.3.1 NH3 Adsorption in SCR in different engine condition

Figure 5.3 shows NO and NO, measured immediately after engine combustion and after DOC and DPF.
As is generally known, in this experiment, most of the NOx generated during diesel combustion took the
form of NO, and the NO increased in proportion to the combustion temperature. When the exhaust gas
temperature was about 400°C, the reason why the NO was measured to be low is due to the activation of
the EGR. The EGR was activated when the engine speed and load are medium, and EGR activity was
stopped when the exhaust gas temperature is above 450°C to achieve a high engine output. As described
above, since the diesel engine used in the experiment satisfies EURO 2, the EGR operating area is relatively
narrow compared to the latest engine. After that, looking at the amount of NO and NO, through the DOC
and DPF, the amount of NO, gradually increased due to oxidation of NO as DOC and DPF were activated.

Figure 5.4 shows the results of changes in the amount of NO and NO; through the oxidation of NO in
the DOC and DPF. When the exhaust gas temperature was below 250 and 200°C, respectively, NO was
hardly oxidized due to the inactivation of DOC and DPF, but as the catalyst started to be activated, NO
began to be oxidized to NO,. When the exhaust gas temperature was 450°C, the oxidation rate of NO was
highest in DOC, and the oxidation rate of NO was highest at 350°C in DPF. Through this, the main
temperature range of this study was 250°C to 400°C which the temperature SCR was activated to the
oxidation of NO is maximum.

First, the relationship between the reduction efficiency of SCR according to the ratio of NO and NO; in
NOx was investigated through the experimental results. Figure 5.5 is a graph showing the SCR reduction
efficiency according to the NO and NO; ratio. Each color represents the engine rotation speed and the x-
axis represents the exhaust gas temperature. The solid square results show the NOx reduction ratio of SCR,
and the empty square shows the ratio of NO and NO; inside the exhaust gas entering the SCR. The right y-
axis shows the ratio of NO and NO, and the left y-axis shows the NOx reduction rate. The closer the ratio
of NO to NO; is to 1:1, the closer to 1, and the larger the ratio of NO, the larger the value. The NOx
reduction ratio is closer to 1.0 the closer the NOx reduction is to 100%. The solid square results show the
NOx reduction ratio of SCR, and the empty square shows the ratio of NO and NO; inside the exhaust gas
entering the SCR.
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Figure 5.3 NO and NO, emission characteristics after engine, DOC and DPF
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Figure 5.4 NO and NO, change in DOC and DPF

As the results, the ratio of NO and NO: in the exhaust gas that has passed through the DOC differs
depending on the exhaust gas temperature and the engine speed. When the engine cranking speeds were
1500 and 2000 rpm, it was found that NO, accounted for a larger proportion than NO in the range of the
exhaust gas temperature in the range of 300 to 350°C, which lowered the NOx reduction ratio inside the
SCR. When the engine speed was 2500 and 3000 rpm, the exhaust gas temperature was slightly 250°C or
less, but at this time the NO ratio was 300°C or more, which is significantly higher than NO,, and the NO
to NO; ratio was almost 1:1. The NOx reduction ratio inside the SCR was also the lowest when the exhaust
gas temperature was about 250°C, but the ratio of NO and NO, was 1:1 and the reduction efficiency was
considerably high. As a result, the exhaust gas was partially oxidized to NO, via the shear activation DOC
and DPF, and NO and NO; in a 1:1 ratio entered the SCR. At this time, the highest SCR efficiency was
achieved, and excessive conversion to NO; reduced the reduction efficiency. Based on the above NOx
reduction ratio, the amount of NHj that slip was predicted from the number of injected urea, and the NH3

adsorbed on the SCR was calculated.
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Figure 5.5 Ratio of the NO and NO, according to the experiment conditions

Figure 5.6 to 5.8 shows the amount of SCR adsorbed on the SCR in different ways via equation (5.7-
5.9). The amount of adsorption at each operating point was displayed, and the average value was displayed
on the trend line. As in other previous studies, as the exhaust gas temperature increased, the amount of NH;
adsorbed on the SCR decreased. Looking at Figure 5.6, which shows the amount of NH3 adsorbed on the
SCR until NH3s slip occurs, the amount of NH3 adsorbed is about 1.25 to 0.25 g in the exhaust gas

temperature range of 250 to 400°C.
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Figure 5.6 NHj; storage amount calculated in Phase M1 according to experimental conditions
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The following Figure 5.7 and 5.8 show the total amount of NH3 adsorbed on the SCR after the appearance
of the NHj3 slip and the total amount of NH3 adsorbed on the SCR after stopping the urea water injection.
From the above results, it can be seen that the total amount of NH3 adsorbed on the SCR is 1.8 to 0.4 g.
Here, the NH; adsorption amount substantially utilized for NOx reduction is the result of reversely
calculating the NOx amount reduced while desorbing NH; adsorbed on the SCR. Therefore, the result of
M3 can be estimated as the amount of NH3 adsorbed that can be utilized for actual NOx reduction. In fact,
it was found that the NH3 adsorption amount calculated by the M2 method was slightly higher than the NH;
adsorption amount calculated by the M3 method. It can be presumed that this is because NH3 is adsorbed
on the region where the catalyst is not applied and the low temperature portion, particularly on the outer

wall of the SCR.
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Figure 5.7 NH; storage amount calculated in Phase M2 according to experimental conditions

Based on this, the NH3 adsorption amount actually used for NOx reduction was regarded as the M3 result
value, and the useless NH3 adsorption amount was calculated by subtracting the M3 result value from the
M2 result value. The amount of useless NH; adsorption was in the range of 0.1 to 0.2 g over the entire
temperature range. Figure 5.9 shows a graph of the proportion of NH;3 adsorption and total adsorption that
are not necessary for NOx reduction. In general, the NH3 slip reduced the amount of NH3 adsorbed inside
the SCR in the operating region where the exhaust gas temperature was high. In addition, the amount of
unnecessary NH3 adsorption also increased in the operating region where the exhaust gas temperature was
higher. As a result, the amount of NH3 adsorbed unnecessary under the experimental operating conditions
was not large from 0.1 to 0.2 g. However, the proportion of total NH3; adsorbed increased to 60% at the
highest temperature. As a result, as the exhaust gas temperature increased, the amount of NH; adsorption

decreased and the buffer section was reduced, making it difficult to control NHj3 slip.
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5.3.2 NH3 Adsorption and desorption rate in SCR in different engine condition

The amount of NH3 adsorbed in the SCR varies depending on the engine operating conditions. Therefore,
if not only the adsorption amount but also the adsorption rate and the desorption rate are not taken into
consideration, a fine urea water injection strategy for controlling the NHj3 slip can be established. Figure

5.10 below shows how the NH;3 adsorption and desorption rates were calculated.

—NH3 slip |
6

Emissions, mg

y=0.0464x - 8.0714

I
o
100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500

Time, sec

Figure 5.10 Calculation of the NH3 adsorption rate and desorption rate

(@ 3000 rpm and Texn = 300°C)

The adsorption rate of NH3 was calculated by the slope in which the NH3 slip increases from the moment
when the NHj slip begins to appear after the urea number is injected. The desorption rate of NH3; was
calculated by the slope at which the NH3 slip decreased after the urea water injection was stopped. Therefore,

the adsorption rate and desorption rate of NH3 were calculated by the following equations inside the SCR.

mammonia,adsorb = amNHB,adsorb/at (5~10)

mammonia,desorp = amNH3,desorp/at (5-11)

Figure 5.11 shows the calculation results of the NH; adsorption rate and desorption rate inside the SCR

under experimental operating conditions.
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Figure 5.11 Adsorption (a) and desorption (b) rate of NH3 in SCR at various conditions

In Figure 5.11, the upper graph shows the NH; adsorption rate in the SCR depending on the operating
conditions, and the below graph shows the NH;3 desorption rate in the SCR. Looking at the adsorption rate,
the adsorption rate appeared relatively fast in the range of engine cranking speed of 2000 rpm and
temperature of 300 to 350°C. The proportion of NO, in NOx discharged in this range is high, the NOx
reduction efficiency is relatively low, and a large amount of NHj3 slip occurs, so the adsorption rate of SCR
seems to appear rapidly. Therefore, this result alone does not clearly show the relationship between the NH;
adsorption rate and the desorption rate depending on the operating conditions. The total amount of NH3
adsorbed in the SCR changes depending on the operating conditions, and the NHj3 slip also changes.
Therefore, the results of calculating and comparing the adsorption rate and desorption rate of NH; in

consideration of the NH; storage amount are shown in Figure 5.12.
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Looking at the results in Figure 5.12, the engine cranking speed does not significantly affect the
adsorption and desorption rates of NH3 in the SCR. However, it turned out to be greatly affected by the
exhaust gas temperature. This supports that the total occlusion of NH3 decreases as the temperature of the
exhaust gas rises, so that the rate at which NH3 is adsorbed inside the SCR and the desorption rate increase.
In addition, as the temperature of the exhaust gas rises, it affects the internal temperature distribution of the
entire SCR, and it can be expected that the degree of catalytic activation will also be affected. For this
reason, in later studies, it is necessary to analyze the NH;3 adsorption rate and desorption rate depending on
the temperature distribution inside the SCR and the degree of activation. Based on these results, if a urea
water injection strategy is established through experiments on the relationship between the temperature

distribution inside the SCR and the operating conditions of the engine, NHj slip can be reduced while
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maximizing the NOx reduction efficiency.
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5.4 Summary

The NH; desorption mechanism in SCR is one of the key factors in minimizing NH3 slip while
maximizing NOx reduction efficiency. In particular, the control strategy is more complicated and difficult
in the real-time operation method in which the temperature of the exhaust gas changes in real time. In this
study, we considered how to maximize NOx reduction efficiency and prevent NHj3 slip by analyzing the
NHj3; adsorption and desorption mechanism inside the SCR under various engine operating conditions.

The amount of NH; adsorbed inside the SCR under the engine operating conditions of this experiment
was 0.4 to 1.8 g. The amount of NH3 adsorbed inside the SCR decreased as the exhaust gas temperature
increased. Among the NHj3 adsorbed inside the SCR, the amount of NH3 that was not utilized to reduce
NOx was about 0.1 to 0.2 g. This ranged from 65 to 94% of the solubility, and similarly, the higher the
exhaust gas temperature, the lower the availability. Further, the range of the amount of NH3 adsorbed until
just before the appearance of NH3 slip is 0.25 to 1.25 g, and the availability calculated based on this is 47
to 63%.

In real-time operation conditions, it is necessary to analyze the adsorption rate and desorption rate in
addition to the total adsorption amount of SCR. As a result, the adsorption rate and desorption rate of NH3
in SCR were not significantly affected by the engine rotation speed. However, it was shown that the
adsorption rate and the desorption rate increase as the exhaust gas temperature rises. This is expected to
increase the adsorption rate and desorption rate as the total amount of NH3 adsorbed in the SCR decreases.
In addition, although not analyzed in this study, it is necessary to analyze the adsorption mechanism by
comparing the temperature distribution inside the SCR with the exhaust gas temperature and the degree of
activation. As a result, the decrease in the amount of NH3 adsorbed inside the SCR at a high exhaust gas
temperature suggests that NHs slip control is difficult in a transient situation where the exhaust gas is high
under actual operating conditions. However, if the urea water injection strategy is established by grasping
the temperature of the exhaust gas and the temperature change inside the SCR according to the engine

operating conditions, the urea water consumption efficiency can be improved while reducing the NHj slip.
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Chapter 6. Conclusion

6.1 Conclusion

The main purpose of this study has two main objectives. The first is to improve the thermal efficiency of
the diesel engine, and the second is to reduce the emission of harmful exhaust gas generated from the diesel

engine.

First, it is necessary to reduce the combustion time in order to improve the DCV as a way to increase the
thermal efficiency of the diesel engine. To this end, it is necessary to increase the turbulence in the diesel
spray flame to improve the premixing of fuel and air. In this study, velocity distribution was analyzed using
PIV to investigate the structure and characteristics of diesel spray flames. And, the high temperature region
of the diesel spray flame was measured by the OH* chemiluminescence method, and the relationship
between the velocity distribution and the high temperature region was analyzed. The results of velocity
distribution in diesel spray flame and high temperature region analysis through simultaneous measurement

of PIV and OH* chemiluminescence are as follows.

(1) Inthe PIV analysis, we can see that the flow of the diesel spray and the surrounding air entrained
to the diesel spray flame in the RCEM. Thus, it was found that the PIV result of the RCEM can

measure the velocity distribution of diesel spray in a realistic engine situation.

(2) To investigate the mixing process inside the high-temperature region of the diesel spray flame, a
method of calculating the velocity fluctuation intensity was used. When comparing the velocity
fluctuation intensity and the intensity of the OH* chemiluminescence, which shows the high-
temperature region, it was found that the maximum of the turbulence intensity appears slightly

inside of the high-temperature region.

(3) As the injection pressure increased, the velocity of the diesel spray increased. However, the high-

temperature region was not strongly affected by the injection pressure.

(4) Even if the injection pressure was changed, the maximum velocity fluctuation intensity fell
slightly inside of the high-temperature region. As the injection pressure decreased, the maximum
value of the velocity fluctuation intensity decreased. It was found that the injection pressure

affects the turbulence intensity of the diesel spray flame.
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From this, it was newly found that, after a strong mixture of fuel and air is formed in a region
with high turbulence intensity, the region where the stoichiometric is formed is slightly pushed

outward due to the diffusion phenomenon as combustion starts.

Next, in order to reduce the harmful exhaust gas emitted from the diesel engine, the overall combustion

and exhaust process should be considered. The main harmful exhaust substances emitted from diesel

engines are soot and NOx. In this study, in order to clarify the formation of soot under combustion

conditions, we tried to investigate the soot formation according to the jet-jet angle appearing in the multi-

hole injector. For this purpose, lift-off length and liquid length were measured, and the flow between jets

was analyzed through PIV method.

(1)

()

3)

(4)

The liquid length before ignition was similar irrespective of the jet-jet angle. After ignition, in the
case of the larger jet-jet angle, the liquid and lift-off length slowly decrease. However, the liquid

and lift-off length of the narrower jet-jet angle rapidly and simultaneously decrease.

When lowering the injection pressure or decreasing the nozzle diameter, in the case of the
narrower jet-jet angle, the lift-off length decreases first, then the liquid length decreases. When
the oxygen concentration is lower, the liquid length does not change according to the jet-jet angle.
However, the narrower jet-jet angle significantly decreases the lift-off length. The tendencies of
the liquid and lift-off length are able to be interpreted by the entrainment of hot-burned gas owing

to small-scale recirculation.

The smaller jet-jet angle, the faster the backward flow velocity, and this phenomenon was larger
in the combustion condition. As the ignition of the pre-mixer formed in the downstream of the
diesel spray starts, the air in combustion chamber expands and the flow is momentarily directed
toward the injector tip. At this time, if the same amount of air is pushed between the sprays, the
smaller the gap between the sprays, the faster the pushing speed. Therefore, it can be determined

that the backward flow velocity changes significantly compared to the entrainment velocity.

From this result, it has been newly discovered that, when the jet-jet angle of the injector becomes
smaller than a certain level, a strong backflow occurs between the spray jets, and the diesel spray
flame near the upstream has a sufficient effect on the liquid part regardless of the ambient
atmospheric conditions, thereby shortening the lift-off length. Therefore, it is possible to
maximize the thermal efficiency while reducing the formation of a large amount of soot by
designing the distance between the number of holes in the injector and the diesel spray accordingly,

and designing the flow inside the combustion chamber not to occur centered on the injector.
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And also, in order to improve thermal efficiency, exhaust loss and cooling loss should be reduced.
However, these methods how to reduce the losses are in a trade-off relationship. Therefore, to achieve both
simultaneously, it is necessary to understand the relationship between heat transfer characteristic and flow
characteristic near the wall. So, it is necessary to clarify the relationship between the heat flux to the wall
and velocity distribution of the diesel spray flame in actual engine situation. For this purpose, the velocity
distribution in the diesel spray near the wall was measured by PIV and simultaneously measuring the wall

heat flux using a multi-point temperature sensor. So, the results of this research as follows.

(1) The higher the injection pressure, the faster the diesel spray and the moment it impinges to the
wall advances. In addition, the higher the injection pressure, the higher the peak value of the heat

flux.

(2) In the process of decreasing the heat flux, fluctuations were observed, which appeared in line
with the timing of fluctuations in the velocity magnitude. From this, it was found that the heat

flux at the wall of the combustion chamber is affected by the flow characteristic near the wall.

(3) When the velocity gradient tensor and the wall heat flux were compared, it was found that the
high heat flux part appeared in high velocity gradient tensor region. This suggests that

characteristics of the shear flow near the wall can affect the heat flux.

(4) Through this, it was newly found that the flow in the vertical direction sufficiently affects the
heat transfer characteristics at the wall, and overall, the shear flow characteristics near the wall
have an important influence on the wall heat transfer characteristics. Therefore, it is important to
make the diesel spray flame less shear flow characteristic near the wall in order to prevent the

loss of cooling due to heat escaping to the wall of the combustion chamber.

As explained above, in order to reduce harmful exhaust substances generated from diesel engines, it is
necessary to treat harmful exhaust substances not only in the combustion process but also in the exhaust
process. Urea-SCR is used to reduce NOx, but if urea input is excessive, the NOx reduction performance
may deteriorate and excessive NHj3 slip may appear. In this study, in order to establish an optimal urea water
injection strategy in urea-SCR, NH3 adsorption and desorption characteristics inside SCR were investigated
according to various engine conditions and SCR conditions. The experimental results for this are shown

below.
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(1) The amount of NH3 adsorbed inside the SCR decreased as the exhaust gas temperature increased.
In addition, as the exhaust gas temperature increased, the ratio of NH3 adsorbed in the SCR to the

reduction used for NOx reduction decreased.

(2) In SCR, the adsorption and desorption rates of NH3 were not significantly affected by the engine
speed, but it was found that the adsorption and desorption rates increased as the exhaust gas
temperature increased. This is expected to increase the adsorption rate and desorption rate as the

total amount of NH3 adsorbed to the SCR decreases.

(3) From this result, it is necessary to analyze the adsorption mechanism by comparing the
temperature distribution inside the SCR with the exhaust gas temperature and the degree of
activation. So, the urea water injection strategy is established by grasping the temperature of the
exhaust gas and the temperature change inside the SCR according to the engine operating

conditions, the urea water consumption efficiency can be improved while reducing the NH3 slip.

6.2 Recommendations for future researches

In summary, several methods are presented for the thermal efficiency of diesel engines and
reduction of harmful emissions. Looking at the structure and velocity distribution results of diesel
spray flame, the region with high velocity fluctuation intensity and the high temperature region did
not match. As the injection pressure increased, the fuel injection duration was shortened, which had
the effect of reducing the combustion duration. However, the relationship between the high
temperature region and the strong turbulence region did not change. Therefore, it is necessary to study
the diesel spray flame structure and velocity distribution according to the conditions of the injector
and the ambient conditions of the combustion chamber. In addition, if we can make a modelling for
the diesel spray and flame formation according to jet-jet angle, it will be helpful in conducting the
research in various types and conditions of multi-hole injectors in the future. For the above-mentioned

purposes, the following studies are recommended in the future.

1. Previously, the relationship between the high-temperature region and the turbulent flow region
was investigated through the structure and velocity distribution of the diesel spray flame by the
injection pressure. To further understand this, we also need to investigate the influence of the
diameter of the injector nozzle, the ambient pressure in the combustion chamber, and the oxygen
concentration. In addition, it is necessary to investigate the mixing of the fuel and air according

to the injection conditions and combustion chamber conditions through the relationship between
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velocity distribution and local equivalent ratio in diesel spray flames. However, as shown in the
experimental results, it was not easy to measure a more specific velocity distribution in the
mixing-controlled combustion duration due to the soot cloud. If the measurement problem can
be solved, it will be possible to measure the velocity of the diesel spray flame inside the high

temperature region more clearly.

In order to improve the thermal efficiency of diesel engines, it is necessary not only to reduce
DCYV but also to reduce the cooling losses. For this, it needs to understand the mechanism between
the flow of diesel spray near the wall and the heat transfer at the wall of the combustion chamber.
The PIV method from this study can be used to analyze the diesel spray flow at the walls of the
combustion chamber. And, measuring the heat transfer at the walls of the combustion chamber
will help to investigate the correlation between the two. In addition, it will be possible to analyze
the heat transfer characteristics of the combustion chamber wall according to the change in the

flow characteristics of the diesel spray according to the injection conditions.

In a multi-hole injector, the flow and temperature between the jet-jet spray influence the
properties of each diesel spray flame. In this experiment, the characteristics that can affect
adjacent sprays in the upstream part of the flame, such as lift-off length and liquid-length, were
mainly analyzed. In an actual engine situation, not only the upstream part of the flame but also
the soot formation in the downstream part of the flame due to the interference with the adjacent
spray flame after impinging to the combustion chamber wall is also an important factor. Therefore,
it is necessary to study the soot formation characteristics in the flame downstream according to

the injection conditions and the jet-jet angle.
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