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ABSTRACT

Natural gas for direct-injection (DI) compression ignition (CI) engines is considered
to be the final optimized method due to its high volumetric efficiency, high thermal
efficiency and low emissions. However, CNG has the penalty of high auto-ignition
temperature and lower cetane number. An effective way to use CNG in CI engines is
to inject the CNG with a pilot of diesel fuel for ignition purposes. In order to
understand and control the injection and the jet characteristics, it is essential to
understand how the gas jets assist the atomization of the pilot diesel spray and

influence its characteristics as well as wall impingement-

This research is an experimental investigation of the direct injection of CNG jet,
diesel spray and combination of fuels (i.e. natural gas with pilot of diesel fuel) in a
constant volume chamber using an optical method. The jets were created using two
parallel injectors. A low pressure CNG injector (electronic) was used at different
injection pressures ranging from 14 bar to 18 bar, while a diesel sprayed injector was

used for a high pressure common rail injector ranging from 500 to 700 bar.

The Schlieren technique was used for flow visualization and a high speed video
camera was used for image acquisition. Series of images of a jet at different time
intervals from the beginning of the injection were taken to determine the macroscopic
characteristics such as jet penetration rate, jet cone angle and jet tip velocity. The jet
radial and height travel along the wall under different injection pressures and
temperatures were also measured. Image processing software was developed and used

for the analysis.

The optically observed macroscopic characteristics of the CNG jet were largely
affected by the ambient air at the start of injection in comparison with diesel spray.
The diesel-CNG dual-fuel macroscopic characteristics were compared to the pure

diesel spray at the same conditions and threshold values. The jet penetration rate was

Vil



observed to be higher in the diesel-CNG dual-fuel case than that of the pure diesel,
while the spray cone angle was found to be lower. The temperature effect on the
diesel-CNG dual-fuel was not significant as in the case of pure diesel spray. The
diesel spray characteristics were compared to existing calculations of spray
characteristics for validation purposes. The jet-wall impingement of the diesel fuel
was largely effected by the CNG jet which has resulted in a faster penetration along
the wall, while the temperature effect was observed to be higher in the pure diesel

spray as compared to the diesel-CNG dual-fuel.
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ABSTRAK

Gas asli untuk suntikan-terus (DI) pencucuhan mampatan (CI) enjin adalah dianggap
sebagai kaedah terakhir yang paling dioptimumkan kerana kecekapan isipadu yang
tinggi, kecckapan haba yang tinggi dan pengeluaran yang rendah. Walau
bagaimanapun, CNG mempunyai kelemahan pada suhu yang tinggi menyebabkan
penyalaan automatik dan bilangan setana lebih rendah. Satu cara yang berkesan untuk
menggunakan CNG dalam enjin CI adalah untuk menyuntik CNG dengan perintis
bahan api diesel untuk tujuan pencucuhan. Dalam usaha untuk memahami dan

mengawal suntikan dan ciri-ciri jet; adalah-amat-penting-untuk memahami bagaimana

jet gas membantu pengabusan semburan diesel perintis dan pengaruh ciri-ciri serta

hentaman dinding.

Kajian ini adalah satu siasatan ujikaji suntikan langsung jet CNG, semburan diesel
dan gabungan bahan api (iaitu gas asli dengan perintis bahan api diesel) dalam ruang
isipadu malar menggunakan kaedah optik. Jet dicipta dengan menggunakan dua
penyuntik selari. Penyuntik elektronik gas CNG dengan tekanan yang rendah telah
digunakan pada tekanan suntikan yang berbeza dari 14 bar hingga 18 bar, manakala
penyuntik diesel disembur penyuntik 'common rail' pada tekanan tinggi antara 500 bar

hingga 700 bar.

Teknik Schlieren telah digunakan untuk mengvisualisasikan aliran bahan api dan
kamera video kelajuan tinggi digunakan untuk mengambil beberapa set imej. Siri imej
jet pada selang masa yang berbeza dari permulaan suntikan telah diambil untuk
menentukan ciri-ciri makroskopik seperti kadar penembusan jet, sudut kon jet dan
halaju hujung jet. Jejarian jet dan jarak ketinggian perjalanan sepanjang dinding
dibawah tekanan suntikan yang berbeza dan suhu juga diukur. Perisian pemprosesan

imej telah dibangunkan dan digunakan untuk analisis.
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Ciri-ciri makroskopik jet CNG diperhatikan melalui optik dan didapati sebahagian
besarnya dipengaruhi oleh udara sekeliling pada permulaan suntikan berbanding
dengan semburan diesel. Ciri-ciri makroskopik Diesel-CNG dwi-bahan api
dibandingkan dengan semburan diesel tulen pada keadaan yang sama dan nilai-nilai
ambang. Kadar penembusan jet didapati lebih tinggi didalam kes dwi-bahan api
diesel-CNG berbanding diesel tulen, manakala sudut kon semburan didapati lebih
rendah. Kesan suhu ke atas diesel-CNG dwi-bahan api adalah tidak ketara jika
dibandingkan dengan kes semburan diesel tulen. Ciri-ciri semburan diesel
dibandingkan dengan pengiraan yang sedia ada untuk tujuan pengesahan. Hentaman
jet-dinding bahan api diesel yang sebahagian besarnya dipengaruhi oleh jet CNG telah
menyebabkan penembusan yang lebih cepat di sepanjang dinding, manakala kesan
suhu diperhatikan lebih tinggi pada semburan diesel tulen berbanding dengan diesel-

CNG dwi-bahan api.
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CHAPTER 1

INTRODUCTION

1.1 Research Background and Motivation

A shortage of crude oil is expected during the early decades of this century, while
at the same time the energy needs for the internal combustion engines are growing
rapidly. Liquid hydrocarbon fuels have become the main energy sources and the

primary fuel for transportation. In addition, air pollution is becoming-mere-serious

and tighter regulations for emissions from engines have widely become the focus of
manufactures and research centers all over the world. Therefore, researchers continue
to find new sources of crude oil while at the same time develop innovative

technologies to reduce the dependencies on conventional fuels.

Internal combustion engines have largely contributed to the global air pollution
leading to the deterioration of the environment. Correspondingly, interest is growing
to develop the internal combustion engines to reduce the exhaust emissions of the
regulated pollutants. In particular, the gases related the fossil fuel combustion engines
are hydrocarbon (HC), carbon monoxide (CO) and nitrogen oxide (NOx) which effect
human life [1]. Therefore, the development of alternative fuels for engines has been a
major concern of the researchers and manufactures since they are cleaner as compared
to conventional fuels. The improvement in the fuel economy of combustion engines is
quite important until new affordable alternative energy resources are found and
widely used. This resulted in an increased interest to use alternative fuels in internal

combustion engines.



1.1.1 Natural Gas as an Alternative Fuel

Interest in developing alternative fuel technologies for internal combustion
engines began in the 1970s in response to the energy crisis and emission regulations.
Natural gas (NG), and other gaseous fuels have been widely used as alternative fuels
in internal combustion engines because of their potential to maintain engine
performance and reduce the emissions of hydrocarbons [2]. Most of the research
interest has been focused on the use of NG as an alternative fuel, mainly due to its
wide availability, and low cost compared to other gaseous fuels. The high octane
number of CNG also allows the engine to operate at a higher compression ratio and
hence a higher thermal efficiencies. NG also has an excellent lean flammability limit
allowing for lean burn operation, which reduces the production of air pollutants in the

exhaust emissions and raises the thermal efficiency at part load [3].

Natural gas has been tested as an alternative fuel in a variety of engine
configurations. The main engine types include spark ignition, lean burn, dual-fuel
(pilot injection), and the direct compression ignition engines (DICIEs) as shown in
Fig.1.1. Successful studies have been carried out on these engines and have shown
higher thermal efficiency with lower emissions of hydrocarbon [3, 4]. However, there
remains many problems facing the researchers and manufactures in designing CNG
engines; these include low flame propagation speed, fuel evaporation rate, high
ignition temperature, losses in volumetric efficiency, and low power output of the
engine [5]. Due to these difficulties, many researchers have been considering the most
promising solution, namely the direct injection of natural gas with a diesel pilot
injection. However, this solution still requires further development in order to realize

the advantages of diesel engines and their full potential.

1.1.2 Natural Gas in Compression-Ignition Engines (diesel engines)

In recent years, natural gas is being used increasingly in internal combustion
diesel engines due to the lower costs compared to petroleum. There are different
principal methods for NG to be used in compression ignition engines: the first one,

the natural gas is injected into the inlet manifold, mixes naturally with the air and



forms a fully pre-mixed fuel-air mixture in the combustion chamber. Thus a mixture
of gas and air is compressed during the compression stroke and before the end of the
stroke; a pilot quantity of diesel fuel is injected to initiate combustion. This kind of
operating condition produces a none-uniform mixture distribution of the natural gas
resulting in an increase in the unburned hydrocarbon emissions at high loads [6].
While at low loads, the engine requires more fuel delivery (diesel fuel) to operate
efficiently. Another drawback of this system is that it does not favor the two-stroke

engine due to the escape of some of the natural gas fuel into the exhaust.

The second method of using natural gas in diesel engines is the direct injection of
natural gas near to the diesel fuel spray into the combustion chamber. Thus a full
stratification of the fuel-air mixture can be obtained with good flammability over the
entire load range. Recently, successful operation has been demonstrated by applying

this method using a prototype co-injector 7}, —resulting—tn—dicsel-gas—two phase

mixtures which were then injected into the chamber. The authors recommended that
the jet penetration should be imaged and characterized to further understand the

complex two-phase flow phenomena.
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Figure 1.1: Methods of Using Natural Gas in Engines

It appears that direct injection of natural gas with diesel pilot ignition is one of the
most promising ways of meeting the energy crises and emissions regulation,
analogous to the benefits provided by a common rail high pressure direct injection

engine.



However, a more in depth understanding of the interaction between the natural gas jet
and the diesel fuel spray and their wall interaction is required in order to realize the

full potential of this method.

1.2 Spray characteristics and spray-wall impingement

The fuel spray characteristics, spray—wall impingement and mixture preparation
inside the combustion chamber are generally accept as having a powerful effect on the
engine performance and the power output [8]. Based on the previous studies the spray
characteristics and spray-wall impingement of conventional fuels are largely
dependent upon the fuel atomization and evaporation [9, 10], hence, these
characteristics play a crucial role in the design process of an internal combustion
engine. In addition, these characteristics not only aim to improve the engine
efficiency, but also assist the understanding of parameters used to judge fuel spray
performance. For example, the spray penetration length must neither be too long nor
short in a combustion chamber. If too long, impingement could occur resulting in
wetting of cylinder walls and/or piston crown [11]. This would consequently lead to
the formation of soot and wastage of fuel. If too short, a reduction in the mixing

efficiency and hence good combustion will result.

Studies of the fuel spray characteristics can be classified into two basic categories:
macroscopic and microscopic. The first one, which involves spray tip penetration,
spray cone-angle, and their derivatives [10, 12] and the second involves droplet
velocity, droplet size, size distribution and air fuel ratio [12]. Macroscopic properties
of diesel and CNG can be measured by direct visualization methods such as
Shadowgraphy and Schlieren technique and analyzed using image processing systems
and cheaper laboratory equipment than the ones that microscopic measurements
require. Furthermore, macroscopic characteristics of CNG and diesel fuels are more

reliable, since they can be easily measured.



1.3 Problem statement

The main disadvantage of compressed natural gas as engine fuel is its low flame
propagation speed, narrow combustible range and high ignition energy, therefore the
implementation of natural gas (NG) in direct injection compression ignition engines
(DICIEs) is difficult because NG does not auto-ignite under compression ignition
engine conditions. A possible solution for this problem, is to inject natural gas with

diesel fuel (high-cetane number) directly into the combustion chamber [7].

Actually, the development of high performance NGDIEs is unclear as the
macroscopic characteristics of the diesel-CNG dual fuel jet which differs considerably
from that of diesel fueled compression ignition (CI) and spark ignition (SI) engines.
Based on the previous studies, it is well known that the injection strategy and the

atomization play an important role for the diesel spray, and the mixture formation is

Jargely dependent upon the droplet distribution and evaporation. In contrast with
diesel spray, natural gas does not have droplets and evaporation at all. Therefore, in
order to develop better understanding of the direct injection of natural gas combined
with diesel fuel, macroscopic characteristics of natural gas jet, diesel spray, and their
combination together with presentation of the jet radial travel along the wall were

experimentally investigated in this work.

1.4 Scope of the Research

This research is basically focused on the visualization of the gas jet propagation,
diesel spray, and their combination together with jets-wall impingement at different
injection pressures (Natural gas: 18, 16 and 14 bar and Diesel: 500, 600 and 700bar),
wall temperatures (300-500°K) and injector-wall distance (80, 60, 40 mm). The

research also involved a design of a test rig with optical access from two directions.

Macroscopic parameters such as spray tip penetration, spray cone angle, spray
velocity, spray impingement (spray travel along the wall : radial penetration and spray
height) of CNG, diesel and diesel-CNG dual-fuel jets were recorded with a high speed
camera using the Schlieren imaging technique and associated image processing

software (MATLAB).



1.5 Research Objective

The main objectives of this work are
e To investigate the jet characteristics of CNG and jet-wall
impingement at different injection pressures and injector-wall

distance.

e To investigate the spray characteristics of the diesel and diesel-CNG
dual-fuel jet and jet-wall impingement at different injection

pressures, injector to the wall distance and temperatures.

e To study the effect of the CNG jet on the diesel spray characteristics

and wall interaction at the same conditions.

1.6 Outline of the Thesis

This thesis is divided into five chapters. Chapter 1 introduces the background of
depletion of fossil fuels, the air pollution caused by conventional liquid fuel and
renewable clean burn alternative fuels. It also describes developments in the use of
naturél gas in engines, and provides preliminary indications of the potential benefits
of natural gas fuel, the importance of spray characteristics and its wall interaction in
internal combustion engines. In addition, the chapter illustrates the research problem,

objectives and scope of work.

Chapter 2 highlights the ground works related to the application of CNG and
diesel-CNG dual fuel in direct injection and compression ignition engines. It also
discusses the spray characteristics and spray-wall impingement of CNG and diesel
fuels, and presents the earlier research investigation of natural gas jets and diesel

spray relevant to the present study.

Chapter 3 describes the detailed methodology of the experimental work which
includes experimental setup, test rig design, gas supply systems, diesel injection
system, test calibration, data acquisition and triggering, Schlieren visualization system

and the image processing technique.



Chapter 4 presents the results and discussion of the study. The experimental

results are presented in graphical forms which elaborate the results in detail.

Finally, Chapter 5, which is the last chapter, shows the major conclusion and

recommendations for future work.




CHAPTER 2

LITERATURE SURVEY

2.1 Compressed Natural Gas as an Engine Fuel

The rapid depletion of the world oil reserves, high cost of oil refining, and the
harmful effects of air pollution linked to vehicular usage have led researchers and
designers over the world to carry out research in solving the problems. There is a
great effort in industry and engine research centers to propose alternative fuels for the
usage in internal combustion engines. Alternative fuels are any materials or
substances that can be used as fuels, other than conventional fuels (diesel and
gasoline). Some of these fuels are emitting less air pollutants and they are very

economical compared to conventional fuels [13].

Currently, natural gas is regarded as a promising alternative fuel in order to solve
both problems of the energy crisis and emission regulation. Natural gas can be
compressed; therefore it can be stored and used as compressed natural gas (CNG).
Most of the research interest is focused on the use of CNG as an alternative fuel,
mainly due to its wide availability in nature with low cost compared to other
alternative fuels. CNG as fuel is regarded as one of the most promising alternative
fuels because CNG has high octane number which allows the engine to be operated at
higher compression ratio and hence yielding higher thermal efficiency. CNG has a
low carbon/hydrogen ratio, meaning that it produces less hydrocarbon per unit of

energy realized [2, 14].

Despite the advantages of CNG as one of the most important alternative fuels,
there are many problems facing the use of CNG as fuel in internal combustion engines
because CNG has a low cetane rating and is not suitable for compression ignition due

to the high ignition temperature and losses in volumetric efficiency [13, 15]. The
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lower performance of engine combustion is basically caused by two main factors:
CNG fuel characteristics and the improper operation condition of the CNG engine.
Over the past decades, CNG has been tested as an engine fuel for different internal
combustion engines. The main types include the premixed charge spark ignition
engine, the lean burn engine, the dual fuel-pilot injection engine and the direct

injection engine [2-5].

2.2 Compressed Natural Gas in Spark Ignition Engine

The vast majority of natural gas engines are premixed charge Spark Ignition (SI)
engines. SI natural gas engine has been widely used in internal combustion engine and
it has shown significant advantages over diesel and gasoline engines in term of

emissions [2, 5, 16-17]. Jahirul et al. Investigated the engine operation with CNG and

compared with gasoline in full load condition. The following findings had been
obtained: the volumetric efficiency reduction by (10-14.4%), the torque and power
output reduction by (10.8-14%), while the thermal efficiency of CNG fuelled engine
increased by (22 and 33%) and the emissions of CO and CO, decreased. Premixed SI
engine suffers 30% lower power output than equivalence size diesel engine due to
knocking limitations [16]. In addition, SI engines suffer high pumping losses, due to
the need to throttle the intake air at part load conditions which leads to the reduction
in volumetric efficiency. For these reasons, many researchers have been proposing the
addition of a secondary fuel to the pure CNG in order to enhance combustion

performance.

The concept of using natural gas in dual-fuel engines (CIEs) is not new. This
technology combines the clean and flexible combustion attributes of natural gas with
the easily ignitable diesel fuel in order to obtain a high degree of diesel fuel
replacement [18, 19]. There are two main methods on how to use natural gas in dual
fuel engines: pre-mixed and direct-injection. The first one, the primary fuel (natural
gas) is induced into the cylinder and mixed with air before the compression stroke. A
mixture of gas and air is compressed and before the end of the stroke, a pilot quantity
of diesel fuel (depending on the operating conditions) is injected to initiate

combustion. The processes involved in dual-fuel engines lay between that of the
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compression ignition (CI) and SI engines. This type of operation has advantages in
reducing the emissions and increase the thermal efficiency [20]. On the other hands, it
has a drawback namely possessing lower power output in a high engine load, this due
to the engine suffering from knocking resulted from combustion of premixed natural

gas and air [21].

The superior efficiency of the direct injection compression ignition engines
(DICIEs) can be traced to two major factors: possess high compression ratio and does
not require air throttling to operate under part load operation [5]. To analogize with
these benefits provided by DICIEs, the direct injection of natural gas in compression

ignition engines is considered to be the final target.

2.2.1 Compressed Natural Gas in DICIEs

Direct injection approach seeks to satisfy the desire to achieve Diesel cycle
operation using natural gas as the fuel. Recently, the usage of direct injection of
diesel-CNG dual fuel system has been developed and its capability has been
demonstrated for the usage in diesel pilot-ignited high pressure direct injection
system. This system uses a small diesel pilot-injection in order to provide an ignition
source and a late cycle direct injection of natural gas. The system also allows diesel
cycle operation with over 90% replacement of diesel fuel [22, 23]. The concept
eliminates both part-load throttling and limits on torque due to the onset of knock.

Douville et al. [24] used a two stroke engine to compare an early direct injection
natural gas system with diesel engine. In case of the natural gas engine, both CO and
NOx emissions were reduced by 15-20% and 20-40% respectively, while the particle
matter (PM) emissions were almost unchanged. On the other hand, the thermal
efficiency were almost identical at medium and low load but were higher for NG
fuelling at maximum loads. The methane emissions were higher at low loads but can

be lowered with system refinement.

High pressure direct injection engines seem to be one of the most efficient ways to
tackle stringent emissions while enhancing the thermal efficiency of engines. The use
of high pressure common rail systems in recent years has become a very attractive
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way to illustrate the efficiency [9]. High pressure injection seems to induce a very
different spray characteristics structures than that of earlier low pressure sprays. Using
high pressure direct injection of diesel pilot and natural gas as effective fuelling
method has been confirmed by Munshi et al. [25]. Their results have shown that when
small quantity of diesel were injected with a direct injection pressure of natural gas,
diesel-like thermal efficiencies were achieved while substantially reducing of PM,

NOx and CO emissions were noticed.

The improvement in direct injection natural gas dual fuel engines can be obtained
by varying their injection pressures (natural gas and diesel pilot). For compression
ignition engines (diesel engine), increasing the fuel injection pressure improves fuel
atomization, evaporation as well as mixture formation inside the combustion chamber
[26, 27]. A similar effect occurs in direct injection of the natural gas in the dual fuel

engines. Increasing the injection pressure of diesel-pilet-fuel-from260-bar to 600 bar,

resulted in an increase in combustion chamber pressure by about 30% at 40 ms after
the injection. The higher injection pressure gave a faster combustion of the natural
gas, resulting in an increase in performance of dual fuel combustion [19]. Another
study by Brown et al. [23], used a single cylinder research engine to investigate the
direct injection of natural gas and diesel fuel using co-injector under different

conditions in terms of knock and emissions.

From the previous studies, it is clear that the performance of dual-fuel (diesel-
CNGQG) direct injection engines is influenced significantly by two factors: the diesel
spray (pilot-ignition for durability and ignition quality) and the CNG jet propagation.
But those factors are largely dependent upon the injector’s structure and injection
strategy such as fuel spray characteristics which is playing an important role in the
mixing processes inside the engine. The spray characteristics such as spray
penetration rate, spray cone angle, spray velocity, droplet size and droplet atomization
are largely dependent upon the injection pressure, chamber pressure and temperature

[12, 28].

Furthermore, the CNG jet propagation is very important because it determines the
quality of combustion which is completely different than that of diesel spray, for

example: there are no liquid sheets, droplets and evaporation at all with low jet
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momentum [18]. Hence, understanding of the diesel-pilot spray characteristics as well
as spray-wall impingement together with CNG jet propagation in dual-fuel injection
are essential and are the central goal for the diesel-CNG dual-fuel direct injection

improvement.

2.3 Diesel Spray Charactrestics and Spray-Wall Impingement

A detailed understanding of the fuel injection, spray characteristics, spray-wall
impingement and the mixing processes of the diesel-CNG dual fuel injection engines
is required in order to enhance the combustion within engine cylinders, while not
compromising the engine fuel economy. In recent years, comprehensive research
studies have been carried out in the field of diesel injection and diesel spray
characteristics [9, 12, 26, 29-31]. Based on the previous studies, the fuel spray
characteristics can be classified into two basic categories namely macroscopic and
microscopic. The former involves spray tip penetration, spray cone-angle, and the
derivatives of them such as spray tip velocity and spray volume; and the latter

involves droplet size, droplet distribution and air fuel ratio distribution.

Macroscopic properties of liquid sprays and gaseous jets can be measured with
direct-visualization technique and using image processing software for analysis,
which is a cheaper laboratory tool than the ones that microscopic properties require.
In addition, macroscopic characterization is more reliable since there larger in

dimensions and easily detectable.

Direct-visualization techniques such as photography, shadowgraphy and Schlieren
are common ways being used in the optical research. Direct photography is the least
complicated technique but only the liquid and flame propagation can be recorded.
Back illumination photography uses a diffused light source which is located behind
the target. This type of photography produces a dark object with a bright background.
Shadowgraphy produces similar output as the back photography where the target is
back illuminated and a dark objet shadow is recorded on a bright background [31].
Schlieren photography technique is the most commonly used for qualitative

investigations such as gaseous fuels and vapor fuel spray [32].
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The dependence of the spray penetration on injection pressure and the ambient
pressure differed significantly from one study to other. Kennaird et al. [26] used a
Schlieren technique to quantify both liquid and vapour distribution of a diesel fuel
injected through a single and multi-hole nozzles using a modern common rail fuel
injection system. The diesel spray images were processed using digital imaging
program. The authors concluded that the penetration rate from each hole was the same
for single and multi-hole nozzles once the nozzle was fully open. An increase in the

penetration rate was observed at higher injection pressures and lower gas densities.

Ghurri et al. [33] visualized diesel and biodiesel blends injected through a
common rail injection system to qualify and quantify their macroscopic
characteristics. The spray images showed that the spray tip penetration of diesel fuel
was slightly higher than that of biodiesel blends. At low injection pressure, they were

almost the same. Both fuels were TP]ﬂﬁvr—‘-]y similar-for-the same spray Cone angie_ The

spray tip velocity increased at the start of injection and it decreased after reaching the

maximum value.

Tagkiran and Ergeneman [10] designed a constant volume chamber which was
heated up to 825 K at 35 bar to visualize the diesel spray characteristics injected from
different nozzle geometries. Their results showed that the spray tip penetration
became longer as the injection pressure increased, while it shortened when the
ambient pressure and temperature increased. It was also noticed that both spray cone-
angle and spray tip velocity were higher at the initial regions and became lower after

the spray developed.

An investigation on the effect of injection pressure of diesel, biodiesel and jet fuel
under non evaporating conditions through a common rail system on the microscopic
spray characteristics was visualized by [30]. Their images showed that the spray tip
penetration increased as injection pressure increased. Biodiesel showed longer
penetration beyond others at low injection pressure but their differences became small
at higher injection pressures. On the other hand, the spray cone angle was influenced
by the injection pressure; the cone angle converged to its steady state as the injection

pressure was increased. The authors also evaluated the spray volume by combining
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the data of spray tip penetration and cone angle, and it was noticed that larger spray

volume could be observed under high injection pressure.

The macroscopic spray characteristics of diesel and liquefied petroleum gas under
different injection and ambient pressures were investigated numerically and
experimentally by [34]. The spray tip penetration derived from images showed that
diesel was the longest among others. The authors also noticed the effect of ambient
pressure on spray tip penetration: as ambient pressure increased, spray tip penetration

decreased.

De Risi, et al. [35] Investigated macroscopic characteristics of diesel sprays
injected through electronically controlled common rail single-hole injector in the 300
K, 623 K, 1085K temperature ranges corresponding respectively to 1, 6 and 12 bar
ambient pressures using measurement systems based on a high-speed digital camera.
They found that the spray tip penetration and spray cone angle reduced proportionally

with the temperature.

The effect of injection duration and the injection pressure on macroscopic spray
characteristics were studied by [36]. Their results showed that the spray tip
penetration increased proportionally with the injection duration and pressure, and the
spray diluted at the end of injection. They also noticed that as ambient temperature
increased the spray tip penetration decreased. On the other hand, the spray cone angle

was enhanced with higher ambient pressures.

2.4 Natural Gas Jet Characteristics and Jet-Wall Impingement

In the past decades, most of the research studies focused on the liquid fuel
atomization and realised great achievements. Based on their results, it was well
known that the injection characteristics and injector structure played an important role
in the liquid fuel spray characteristics such as spray penetration and spray cone angle.
In contrast to the liquid fuel spray, the gas jet propagation does not have droplets and
evaporation at all with low jet momentum [32]. On the other hand, the CNG injector
should be fully different from the diesel injector due to the tremendous difference
between gas and liquid physical properties.
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Despite the differences, many studies have been carried out on the high pressure
natural gas jet characteristics using different optical methods. For example, gas jet
characteristics at injection pressures of 50 to 80 bar in a constant volume chamber was
visualized using planar laser-induced fluorescence (PILF) technique were investigated
by [37]. Their results showed that the gas jet was generally narrow with cone angle:
23 degree and the maximum width of 25 mm. The jet penetration length was 90-100
mm at fully developed gas jet propagation. The authors concluded that the penetration
length was proportional to the square root of elapsed time, and inversely proportional

to the ambient pressure.

High injection pressures of the gas require high performance injectors which are
associated with high energy consumption to produce them. From this point of view,

low pressure gas jets are considered to be a new target.

One of the most recent experimental studies was by Mohammed and Iffa [38]
Who studied the gas jet characteristics of the CNG and H, under atmospheric pressure
and temperature. The authors used a low injection pressure gas injector (1.2 MPa
tol.8 MPa) and Schlieren photography technique for the jet visualization. The jet
images were analyzed using an image processing system which measured the
penetration and cone angle. Their results showed that, with an increase in the injection

pressure, both penetration length and cone angle increased.

Liu et al. [14] investigated the compressed natural gas jet development processes
under different injection pressures (1, 3, and 5 MPa) using the Schlieren photography
technique. They found out that the CNG spray penetrated axially and radially at the
start of injection, and as the injection continued, both tip penetration and cone angle
increased. The initial spray angle under higher injection pressure was smaller, but it

increased faster (approximately 2ms after the start of injection).

Natural gas jet/wall impingement is considered as a promising way to control and

enhance the mixing processes in the combustion chamber.

Senoo et al. [39] investigated the wall impingement of natural gas jet at high
injection pressure using direct-visualization images in a constant volume vessel under

different ambient conditions. The authors showed that the jet impingement was
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affected by the distance between the injector nozzle and the wall as well as the
injection pressure. Yu et al. [40] studied the wall-impinging gas jets and mixture
formations under low pressure (e.g. 3 and 7 bar) using the PLIF technique. Their
results showed that the interaction between the gas jet, wall impingement and
surrounding air had a good effect on the mixing process. A high injection pressure led
to higher mixing efficiency. The authors concluded that the low-pressure jet wall-

impingement was considered a promising approach to enhance the mixing process.

2.5 CNG Jet and diesel spray dual injection Characteristics and Jet-Wall

Impingement

The technology of using gas-assisted atomization of liquid fuel was considered to
be the final target for using CNG in CIEs. In the previous work, Chepakovich [18]
used co-injector to assist diesel atomization in a pre-chamber. Their study was
focused on the effect of gas to the chamber pressure ratio in a diesel engine. Their
main results have shown that the penetration of the gas and gas-diesel jets depended
strongly on the pressure ratio, while the chamber pressure was not significant. Yang
[41] used a separate mixing chamber to assist the diesel atomization by a gas
injection. In their system, low injection pressures were used. In a more recent study in
this area, Birger [7] used co-injector to study the gas (high pressure) assisted
atomization of the diesel spray in an optical constant volume chamber. The jets were
visualized using a high speed camera while the images were processed using the
MATLAB software. The authors compared the images of two-phase co-injector jets
and the pure diesel injection jets. They noticed that the co-injector was better for
diesel atomization. However, when the co-injector was operated at high injection

pressure, low gas flow rate per quantity of diesel injected was observed.

2.6 Summary

The previous researchers advocated that using the CNG in DICIEs was the best
option to supplement diesel engine operation. In the past few decades, most of the

researchers focused on the visualization of the diesel and diesel blends spray
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characteristics, while others visualized the natural gas jet propagation. It is well
known from the previous studies that the macroscopic characteristics such as: spray
tip penetration, spray cone angle and their derivatives together with the spray wall-
impingement play an important role in the mixture formation inside the engine. In
addition, a few workers built their chambers to visualize the diesel-CNG dual-fuel
using co-injector (high injection pressure). However, the co-injector needs too much
energy consumption with high injection pressure. In addition, the mixing process of
the dual-fuel needs high gas pressure to be supplied by a high energy-compressor.
Also, with a high injection pressure, low gas flow rate per quantity of injected diesel

will be produced.

It is therefore concluded that there are potentials for further improvement of the

atomization characteristics of the dual-fuel direct-injection, using a low injection

pressure of CNG jets assisted-by-high-injecttonpressure of diesel spray. 1his method

might be the preferred one for the future direct-injection engines.

The present work investigates the propagation of CNG jets, a diesel spray and
their combination created by CNG and diesel electronic injectors. This is done with
the aid of flow visualization. The results of this work suggest that using two parallel
injectors (diesel injector associated with low gas injector) system is expected to

improve the macroscopic characteristics of the dual-fuel direct injection.
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CHAPTER 3

EXPERIMENTAL WORK

This chapter describes the special experimental test rig design and the procedure
for image acquisition used in the present work. Visualization of the CNG jet, diesel
spray, and their combinations (diesel-CNG) has been done using two electronic
injectors (CNG and diesel) and with a Schlieren system for flow visualization. The
image acquisition was made by using a high speed video camera (Phorton,
FASTCAM-APX). A computer software package based on MATLAB was built and

used for the image processing and the calculation of the quantitative data.

3.1 The Experimental Setup

There were three major objectives in setting up the experimental rig, to capture
the fuel spray in a constant-volume chamber as far as the fuel supply, injection
duration, injectors-wall distance and injection pressures are concerned. This allowed
the use of two injectors (diesel and CNG) as those (co-injectors) which are employed
in the performance testing in the engines. The rig was also developed to facilitate the
use of the Schlieren technique, as well as using a light-source to be able to visualize
the gas jet propagation and to satisfy the requirements of safety, reliability, and ease

of operation.

3.1.1 Test Rig Design

Generally, Spray research has been performed in a number of different test rigs:
special research engines, high pressure and high temperature bombs, flow rigs and
constant volume chambers. A constant volume test rig was considered as the best

option for fundamental research as it combined good optical access, large observation
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areas and good control of scavenging before injection. A chamber, 100 mm high and
86 mm wide (similar to the stork & bore of a CNG engine in the UTP automotive
lab), was designed and built to allow for optical analysis of both the jets and wall
impingement as shown in Figure 3.1. The bottom plate of the test rig was made from
aluminum (piston material) with a k-type thermocouple inserted in it for temperature

measurement.

From previous work [7] the author noticed that, after about 10 injections, it was
difficult to see the subsequent injection (the diesel spray droplets contaminated the
windows which obscured the view). To avoid this problem, the optical access into the
chamber was provided by two removable glass windows, shown in Figure 3.1, giving
an optical access 76 mm wide and 80 mm high. The design was optimized to allow

visualization of the gas and liquid propagation using the Schieren technique. The

glass plates were easily removable foreleaning-or replacement:

Injectors Holder

..... Tempered Galss

Electric Heater

Figure 3.1: Experimental Test Rig

Different methods were used in previous studies for achieving representative
temperature conditions in the rig e.g. some used direct heating of the walls (bottom)

of the test rig [42], while others used an electric heater [19] inside the plate. In this
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study, a controlled electric heater was used to heat the bottom plate. In previous
studies, different researchers measured the temperature variation inside engines [43,
44]. In this study, the choices of the wall temperature was based on the pervious study
[44], who used thermocouples to measure the temperature variation at different piston
points and different diesel engine operating conditions. The maximum temperature
recorded in the piston head was reached at a near-full-load engine condition. A holder
of the diesel and CNG injectors was mounted in the center of the test rig’s top plate
(both of them adjusted to be in the axial direction) which was moved up and down to
vary the injector-wall distance in the range 80-40mm.The experimental test conditions

are given in table 3.1.

3.1.2 CNG Injection System

Fig. 3.2 shows a schematic diagram of the CNG injection system which consisted
of a CNG cylinder (the pressure inside the cylinder was up to 200 bar), two pressure
regulators (double stage), CNG pressure gauge, a pressure regulating valve, and a
solenoid-type CNG injector with a maximum pressure of 20 bar as shown in Fig
3.3. A National Instrument deriver and a power supply (12V) were used to drive the
injector through a program built on Lab View version software to control the

injection duration.
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Figure 3.2: CNG Fuel Injection System.

Figure 3.3: Natural gas injector

3.1.2.1 CNG Composition and Properties

Compressed natural gas supplied by Gas Malaysia Snd. Bhd. was used in the
study of the jet characteristics and propagation. The specifications of the CNG are
given in Table 3.2 and the properties are in Table 3.3.
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Table 3.1: Experimental condition

FUEL

CNG DIESEL
Injection pressure (bar) 14,16 and 18 500, 600 and 700
Injection duration (ms) 5 5
Ambient pressure (bar) 1 1
Injector wall distance | 80, 60 and 40 80, 60 and 40
(mm)
Wall temperature (K) 300, 400, 500 300, 400, 500

3.1.2.2 CNG Injection Measturement

The positive displacement method described by [45] was used to calibrate the gas
flow meter. This required a simple setup and a laboratory procedure. The gas flow
was sent to a reservoir with rigid walls and full of water. As gas entered the
reservoir, the water flowed out and the amount of water exiting the reservoir in a
given time interval could be collected with the container in the same time interval,
the mass flow rate of water leaving the reservoir was equal to the gas volume flow
rate entering it (The volume was calculated with the density to be unity).This was
considered to measure the volume of CNG as shown in Figure 3.4. Their mass flow

rate versus injection duration with different injection pressures are shown in Fig.

3.5.
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Table 3.2: Typical Composition of the CNG in Malaysia [16]

COMPONENT SYMBOL VOLUMETRIC%
Methane CH,4 94.42

Ethane CHg 2.29

Propane C;H;g 0.03

Butane CsHio 0.25

Nitrogen N, 0.44

Carbon dioxide CO, 0.57

Others H,O+ 2.00

Table 3.3: Fuel Properties of CNG [46]

FDUEL PROPERTIES NATURAL GAS
Density at 1 atm, at 300 K (kg/m’) 0.754
Stoichiometric air to fuel ratio (vol%) 9.396
Stoichiometric air to fuel ratio (Wt%) 0.062
Laminar flame speed (m/s) 0.380
Quenching distance (mm) 1.900

Mass lower heating value (MJ/kg) 43.726
Vglumetric heating value (MJ/Nm3) 32.970
Octane number 120

C/H ratio 0.251
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Figure 3.4: The set up for the injector flow calibration
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Figure 3.5: Mass Flow rate versus injection duration for different injection pressures
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In order to get the mass flow rate from the injection duration for different

injection pressures (i.e. 18 bar, 16 bar and 14 bar) the following cured equations were

used:
m =1.6639x +0.6265 for 18 bar, (3.1)
m=1.4406x+.1914  for 16 bar, (3.2)
m=1.298x—0.2052 for 14 bar. (3.3)

Where m = mass flow rate and x = injection duration.

3.1.3 Diesel Injection System

A common rail, electronically controlled injection system was used to generate
and induce the high injection pressure sprays into the chamber. This injection
system provided flexibility in controlling the injection timing, injection duration and
the rail pressure. The fuel injection equipment included: an electric motor, a control
unit, a high pressure fuel pump, a high pressure delivery pipe, a common rail, a

regulator valve, a pressure gage, an injector and an injector driver.

The fuel injector used was a modern electro-magnetic actuated common rail
injector as shown in Fig. 3.7. In order to study a single fuel spray, different
researchers modified their injectors from different numbers of holes to study a
single-hole nozzle. Kennaird et al. [26] in their study of multi-hole and single hole
injectors sprays penetration characteristics found that, the single-hole injector was
valid to characterize the spray. Therefore, the injector used in this study was
modified from 6 to a single-hole (0.3 mm diameter) to characterize the axial spray

penetration.
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Figure 3.6: Common rail injector used for diesel spray study.

The fuel pump (high pressure) was powered by an electric motor (2 horsepower
with a maximum the speed of 1420 rev/min) through timing belt pulleys. The AC
motor was controlled by an electronic control unit (ECU). To ensure stable set rail
pressure, a pressure regulator valve and pressure gauge were used. An injector
driver circuit was built and used to control the opening and closing of the injector
valve by which we were able to control the injection timing and injection duration
which was built in a lab VIEW program. Figure 3.7 shows a schematic of the

connections between these components.

Infector driver

* f**@ oA prlise
&®
= % presgure genrator
: & gage g
* .
ol
Computer :
s |Common Rail
lnjector

3 BEEBHEER
Fref hose  Wire

Figure 3.7: Diesel Fuel Injection System
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3.1.3.1 Diesel Injection Measturement

The quantity diesel fuel emerging from a single hole injector was calculated based
on the pressure difference between the fuel supplied pressure and the ambient
pressure in the chamber. As the injected fuel quantity per unit time is a linear function

of pressure [47], a quantitative estimate of a single fuel injection as given by Eq. 3-1.

Where: Q is the injected fuel (g/s),

P = injection pressure (bar),

A = cross sectional area of the nozzle in (m®)
a= is velocity of sound in the fuel (m/s),

p = density of the fuel (kg/m>),
t, = time at start of injection (ms) and

¢t = time at the end of injection (ms).

In this study, the mass measurements were carried out at 500, 600 and 700 bar
injection pressures with 5 ms injection duration. The measured fuel quantity against
time from the start of injection is shown in Fig. 3.8.The tested fuel was a conventional

diesel fuel supplied by Malaysian Petroleum Company (PETRONAS) [48]. Its

properties are given in table 3.4.
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Figure 3.8: Effect of injection pressure on time-resolved injection rate (energizing

time of the solenoid is Sms).

Table 3.4: Properties of Diesel Fuel tested

FUEL PROPERTIES SPECIFICATION
Density - 15°C (g/em?) 0.827

Viscosity - 40°C (mm?/s) 4.15

Flash point- °C >140

Calorific value MJ/ kg 42.5

3.1.4 Control System, Data acquisition, and Triggering

The injection control system is shown in Figure 3.9, all fuels and the test rig
supply parameters were manually controlled by the use of hand valves and pressure
regulators. The injector pulse parameters were controlled by a computer running on
National Instruments Lab View software Version. This software was written to
allow the synchronization of both injectors (diesel and CNG) with different

injection durations. The PID loop program is illustrated in Fig. 3.10.
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Figure 3.9: Injection control system

The Lab View then output this onto a National Instruments driver Model (NI
cDAQ-9174) which in turn generated pulses as specified (boosts the current and
voltages of signal), finally sent it to the injectors. A high speed camera (Phorton,
FASTCAM-APX) was connected to the computer for capturing and recording
through the trigger. As soon as the trigger for capturing started, it was followed by
the injection trigger, and the signals sent to both injectors. This allowed us to

capture the shape of the jet emerging from the nozzles.
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Figure 3.10: Lab VIEW PID loop interface and block diagram

3.1.5 Schlieren Technique

Figure 3.11shows the general arrangement of the Schlieren system used for flow
visualization in the present work. It consisted of a light source, two concave mirrors,

a Knife edge, and a high speed camera.

The Schlieren method of flow visualization is based on the phenomenon of
deflection of a parallel beam of light passing through a region having a gradient of
reflective index in the direction perpendicular to the direction of the beam. To create
a parallel beam of light and later focus it onto the camera, two concave mirrors were
used. The light source was placed at the focal point of one transmitting mirror and
the knife edge was placed at that of the collecting mirror. The light source, the two
concave mirrors, and the camera were assembled in a Z-configuration where the
two mirrors were positioned at opposite sides and at the same angles to the parallel

beam of light. The knife-edge was setup to crop some of the light at the focal plane,
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the whole image darkened uniformly and the density gradients became observable
as scales of grey (the light let past the knife-edge will be affected by density
changes, and interference with the rest of the disturbed light will be prevented by
inserting the knife-edge) [49].

High speed camenz f‘x&x

Diens! Infectyy
NG Injector

Concave Mirror Concave Marror

Light Sowee

Figure 3.11: Experimental set-up for Schlieren technique.

3.1.6 Image Processing

A high speed video camera (Photron, FASTCAM-APX) operated at a speed of
8,000 frames per second with effective pixel size of 640x128 with a Nikon 60mm
/2.8D Micro-Nikkor lens was used to capture the images of the spray. The captured
images were processed in order to calculate a number of spray characteristics such
as the spray tip penetration, spray cone angle together with spray radial and height

(thickness) travelling along the wall foot-print. The spray edges were detected by
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using a digital imaging program using a specified threshold level to distinguish the
spray edges from background. A typical unprocessed image is shown in Fig. 3.12.
The threshold was applied to the images to detect the outline from the background.
The chosen threshold level was selected from one image from a batch of images by
varying the threshold to obtain optimum results. This threshold value was used for

all the images in the same batch.

{a) Raw Image {b} Gray image {c) Threshold Image

Figure 3.12: unprocessed digital spray image (a & b) and image after applying the
threshold (c).

In order to compare the characteristics of the diesel single fuel to the diesel-CNG
dual-fuel, the threshold value was kept constant for both batches of images since the
condition of the experiments remained the same during a test run. In the literature
there are many definitions for spray tip penetration, in the present work, the spray
tip penetration was measured along the centerline axis of the spray as the distance
between the injector nozzle tip and the furthest spray point, which was determined

by a chosen threshold level and spray axis.

No consensus was found in the literature on the definition of a spray (cone),
equivalent spray angle or standard angle. The spray angles were measured by
drawing a horizontal line at 20mm from the nozzle tip and the angle between the
edges of the spray was measured [30]. Fig.3.13 shows how the spray tip penetration

and spray cone angle were defined. Spray impingement was defined as the travel of
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the spray along the wall in terms of radial penetration and spray height [50] as
shown in Fig. 3.14.

The spray tip velocity was estimated from two consecutive spray images using
the tip penetration difference divided by the time difference between the two images

[51] as shown in the following equation:

U = (3.5)

Where Us is spray tip velocity (m/s), S is the spray tip penetration (mm) and t is

time (s).

To convert pixel measurements to SI unit a calibration image of a graduated scale

was taken. In this study, the value of one pixel was found to be equivalent to 0.27

mm.

Spray tip penetration

Figure 3.13: Definitions of spray tip penetration and cone angle.
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Figure 3.14: Definitions of spray radial penetration and spray height [50]
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CHAPTER 4

RESULTS AND DISCUSSIONS

This chapter presents the results of an experimental investigation on the propagation
of fuel jets created by combined injectors i.e. the CNG injector (low-injection
pressure) and a common rail diesel injector (high-injection pressure) using the

Schlieren technique for flow visualization of the jets.

In the experiment, the parameters such as the different injection pressures,

.. . . . .
injectors to wall distance and wall temperaturesfor-the-CNG—et,—dieselsprayand

diesel-CNG dual fuel jet were varied to study their effect on the rate of penetration,

cone angle, tip velocity and the jet-wall impingement.

In order to present the effect of the CNG jet on the diesel spray, a CNG jet was
visualized and the development of its macroscopic jet characteristics were measured
together with temporal presentation of the jet wall interaction. In the second section,
a diesel spray was visualized and compared to the diesel-CNG dual fuel jet under
the same conditions. All acquired images were processed using to obtain the spray
tip penetration, spray cone angle and spray velocity together with temporal

presentation of the radial travel of the impinged jets along the wall.

4.1 Development of the Comperssed Natural Gas Jet

Figure 4.1 shows the development of the CNG jet created using CNG injector at 18
bar injection pressure and 80 mm injector to wall distance. The images were
obtained using a high speed video camera trigged at the start of injection. The start
of injection (SOI) is defined as the moment of the solenoid valve closure in the

electronic diesel injector as in a common rail diesel injection system. It is different
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from the starting of the jet (SOJ), which is defined here as the first visible

appearance of the jet emerging from the nozzle.

Injectiom pressure: 18bar, Injector tip te the wall distance: 80w
0.125ms 0.25ms 0.375ms  0.5ms 0.625mz 0.75ms  0875ms 1lims 1.125ms 1.25ms

Figure 4.1: Schlieren images of spray pattern of CNG at 18 bar injection pressure and 80

mm injector to the wall distance.

At the initial stages the CNG jet (from 0.125~0.625ms) the development of the
gas jet structure a wider jet cone angle which was thought to be due to low
momentum of the gas jet as the injectors opened. This matter will be discussed in
the following section. This lower gas jet momentum also lead to a lower initial rate
of jet tip penetration. As time elapsed, the rate of jet tip penetration increased. It was
also noticed that the concentration distribution of the gas at the upstream region
became lower in the last images as compared to the first images. The main
mechanism for a free jet movement was explained by [52] who divided the jet into
two main regions, namely the development region which is continued with a
constant mean velocity up to the end of the jet potential core; and the fully
developed region which began from the end of the core region. The edge of the jet
was not straight because of a turbulent mixing process and entrainment of the flow

from the still ambient air.

However, a high fluctuation region was observed at the initial stages of the jet tip
as it could be easily influenced by the surrounding air. This phenomenon is quite
different than the diesel fuel spray which is not easily influenced by the surrounding

air at the initial stages. The reason is that the flow rate of the diesel fuels is high,
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and their higher viscosity leads to liquid core having high momentum at start of the

injection. This matter will be presented in the following section.

4.1.1 Effect of injection pressure on the CNG jet penetration

Figure 4.2 shows the Schlieren images of the CNG jet under both ambient
conditions and different injection pressures (18, 16, and 14 bar), the time intervals
from 0.25ms to 1.25ms at increments of 0.25ms. As shown in the jet images, the
injection pressure had a large influence on the jet structure as expected [38, 40, 53].
However, with increased of the injection pressures, the delivery time was reduced.
It can be said that the high injection pressure had a strong influence on the fuel
delivery time as shown in the Fig 4.2 (at 0.75ms). At the initial jet stages, the

discrepancy of the pene‘rmﬁnn was qnih:' small between their different injection

pressures (18, 16, and 14 bar), but this differences became more significant as time
elapsed. This phenomenon was thought to be caused by the high flow rate leading to
a high momentum of the CNG jet. In other words, the CNG jet became strong
enough to overcome the resistance of ambient air. Furthermore, it was also noticed
that the difference in the jet tip penetration between 18 bar and 16 bar were small in
comparison with the differences between 16 bar and 14 bar as shown in Fig. 4.3.
Based on this trend, it can be reasoned that, at 18 bar and 16 bar the jet momentum
became strong to overcome the resistance of air medium than that of 14 bar. It was
also noticed that the lower injection pressure (14 bar) not only lead to short tip
penetration, but also resulted in higher concentration region in the center of the jet.
The main reason was thought to be again the lower injection pressure leads to lower
air-entrainment between the CNG fuel and the air. This is resulted in less mixing.

The main mechanism for air-entrainment into the flow can be seen in reference [52].
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Figure 4.3: The effect of injection pressure on the CNG jet tip penetration at injection

1 h |

pressures: 18, T6and 14 bar, and injector wall distance: 80 mm.

4.1.2 Effects of injection pressure on the CNG jet Cone Angle

Fig. 4.4 shows the measured spray cone angle against time after the start of
injection. The jet cone angle was measured at a distance of 20 mm from injector
nozzle. The jet cone angle generally started with a wider cone angle, before
reaching a constant value as the jet develops in which was in agreement with most
results presented in the literature. It can be seen that at the initial stages (Fig. 4.2)
the CNG jet showed an intensely turbulent flow as evident at the sides and the jet
tip. This was thought to be the reason for a wider cone angle at start of injection.
The reason again were that the jet could be easily influenced by the surrounding air
and the high momentum exchange. As time elapsed, the flow rate increased and
resulted in a less turbulent flow, hence, the cone angle decreased and reached a
constant value. This type of behavior was also seen in the diesel fuel spray which

have lower cone angles compared to gaseous jets.
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Figure 4.4: the effect of injection pressure on the CNG jet cone angle at inj ection

pressures: 18, 16 and 14bar.

4.1.3 Effect of injector-wall distance on the jet tip penetration

Figure 4.5 shows the effect of the wall distance from the injector on the jet tip
penetration. It can be seen that the tip penetration rate decreased in the axial
direction as the jet travelled with the increase of the injector to the wall distance.
This phenomenon is thought to be by the effect of the aerodynamic resistance which
increased with an increase of the jet cone angle and a loss of the jet momentum due

to air entrainment by the jet.
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Figure 4.5: The effect of the injector-wall distance on the jet tip penetration against

time.

4.1.4 Effects of Wall impingement on the CNG jet development

The jet wall impingement is the most important characteristic influencing the jet
mixing process. Fig. 4.6 shows the CNG jet impingement at 40 mm injector tip to
wall distance and 18 bar injection pressure. It can be seen that the free jet tip arrived
at the impingement wall 1ms after the start of injection. Also it can be seen that, at
the initial stages of the development of the gas jet on the wall, both the jet tip
velocity and momentum considerably decreased. Thus, the CNG was observed to
accumulate on the wall. As time elapsed, the accumulated CNG was pushed by the
following CNG flow resulting in a radial and axial spread along the wall from the
impingement point. The spreads of the impinged jet on the wall was found to form a
vortex core as a result of air resistance in front of the spreading jet tip which formed
into a large scale jet structure increasing with the elapsed time as a result of the air-

entrainment in the wall.

The CNG jet-wall impingement can be explained based on the development of the
radial spread on the wall and the jet height. The radial penetration here was defined as

the radial distance from the jet axis at the impingement wall to the end of the gas jet tip,
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while the jet height (thickness) was defined as the furthest jet points (in the axial direction)

after the jet impingement as shown in Fig. 4.7.

At the initial stages, the CNG jet was highly turbulent at the sides of the jet
resulting in a lower penetration rate along the wall. The phenomenon was thought to be
caused by the instabilities of the shear layer because the mixing of the CNG and the
entrained by rolling up the CNG vortices. However, the shear layer thickness (height) grew
with downstream distance. In this region the concentration field was broken resulting into

lower jet height and secondary vortices with high concentration in the region [54].

Injection pressure: 18 bar

Injector tip to the wall distance: 40min
g .- : s

1 ms

15ms |

1.75ms

Figure 4.6: CNG jet-wall impingement at injection pressure: 18bar and injector to the

wall distance: 40mm.
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Generally, the formation of vortex structure in the CNG jet can be analyzed as the
jet tip (vortex core) radial penetration along the wall and their heights (thickness) as
explained by Ding et al. [55] who defined the concentration core based on the

normalized concentration versus radial direction from the impingement point.

Jut
Foasipht

Figure 4.7: Concentration field of CNG jet

Fig. 4.8 shows the development of the CNG jet on the radial penetration and the
jet height at injection pressure 18 bar and injector to the wall distance 40 mm. It can
be seen that the impinged jets were initially focused on the radial wall penetration
rather than the jet height (before the deflection of the mixing layer which resulted in a
secondary vortex). This could be explained as follows: The mixing layer spread to the
both potential core and the ambient fluid flow, hence, leading to more uniform
concentration profiles. With elapsed time, the tip vortex roll up increased with the
large scale motion resulting in a higher radial wall penetration and the jet height.
These resulted in a dominant mechanism for air entrainment and a large-scale
engulfment of the surrounding air by the vortical structures, and both the jet and the

entrained air mixed rapidly [52].

This phenomenon is completely different in the diesel fuel sprays for non-
evaporating conditions i.e. high momentum, large droplets and evaporation; hence,
the air resistance becomes lower resulting in the similar heights of the impinged spray

[50].
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Figure 4.8: Development of the CNG jet impingement (radial penetration and jet

height) along the wall versus time

4.1.5 Effect of injection pressure of CNG jet on the Wall-impingement

To investigate the effect of injection pressure on the concentration and the
distribution along the wall, three injection pressures (18, 16 and 14 bar) were used in
this study. Fig. 4.9 shows the effect of injection pressure of the CNG jet along the
impingement wall (radial penetration). As expected, it can be seen that the injection
pressure increased, the radial penetration of the jet tip along the wall was increased.
The phenomenon was thought to be caused by the effect of the higher momentum of
at the moment of impingement. It is generally accepted that the jet radial penetration
motion is vitally important for the jet mixing process as it enhances the lower
penetration of the jet by creating turbulent energy. The friction resistance of the wall
and the pressure resistance from the surrounding are considered as the main reasons.
This is necessary for molecular mixing with small-scale motion in the subsequent
mixing process [56]. On the other hand, the CNG jet height development on the wall
is shown in Fig. 4.10. It can be seen that the jet height can be increased very quickly
at the moment of impingement, and the higher injection pressure has a higher

impingement height. Also it can be seen that after the jet height grew before reaching
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an almost constant value. At this stage initial vortex was vortex broken and followed

by secondary vortices.
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Figure 4.9: Effects of different injection pressures (18, 16 and 14bar) along the Wall-

impingement at 40mm injector to the wall distance.
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Figure 4.10: Effects of different injection pressures (18, 16 and 14bar) on the height

along the Wall-impingement at 40mm injector to the wall distance.
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4.2 Spray Characteristics of Diesel and Diesel-CNG Dual Fuel Jet

4.2.1 Spray Tip Penetration Measurments

Fig.4.11 represents the spray evaluation process of the diesel and the diesel-CNG
dual-fuel ranging from 0.125ms to 0.75ms after the start of injection. In order to
compare the images of the diesel spray (single fuel) and diesel-CNG dual fuel jets, the
process of the same threshold levels were used to distinguish the spray edges from the
background, since the quality of images remained the same during the test runs. The
spray tip penetration rate for both fuels increased with elapsed time. It can be seen
that, most of the upstream region of the spray did not reach its fully developed shape
which was in agreement with previous study [10]. The rate of penetration of the diesel
spray in the dual-fuel case was relatively longer in the upstream part than that of the
diesel single fuel. This probably due to the low CNG jet momentum, having a
minimal effect on the high momentum diesel spray (see section 4.1). This phenomena
was also observed by [57] who suggested that the exchange of energy was higher at
the beginning of the injection when the air began to be entrained. As time elapsed,
the rate of penetration of the dual-fuel was higher than that of the diesel éingle fuel as
a result of energy transfer between the sprays. These results agree with recent findings
[57-58] in which their conclusions were that, the droplets located in the spray tip were
influenced by both shear force (shear between the surrounding gas) and the spray
envelope. Following these influences, the particle trajectories were entrained towards
the spray periphery. In other words, the small size droplets approached the same
velocity which was the velocity of the carrier phase rather than the uncorrelated

motion produced by shear or compression.
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Figure 4.11: Schlieren images for diesel and diesel-CNG dual fuel at injection
pressure: 600, 18 bar for diesel and CNG respectively and the injector wall distance:

80 mm.

4.2.2 Spray tip velocity measurements

The jet velocities of the diesel and diesel-CNG dual-fuel are shown in Fig. 4.12. It
can be seen that, in the first phase, both spray tip velocities were slower as expected,
due to the effect of the drag force produced by the ambient gas. As time elapsed, the
diesel-CNG dual jet showed a higher tip velocity (138 m/s), compared to the pure
diesel spray (120 m/s). The reason for this phenomenon can be explained by a
reduction in the aerodynamic interaction with the ambient gas. In other words, the
diesel spray droplets momentum was enhanced by the CNG axial velocity as their
kinetic energy increased, where the CNG jet has caused the breakage of larger size
spray droplets of diesel fuel and this caused a higher velocity as well as higher
momentum and lower resistance due to the fact that the higher momentum is
transferred into higher kinetic energy. The phenomena of diesel velocity profile was
studied by [60] who noticed that, both the droplets velocities and diameters were

largely influenced by the flow momentum, where the droplets diameter were small
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with the high momentum. At the downstream region, both the spray tip velocities
again lost their momentum and became slower, while the diesel spray in the dual fuel
was higher. The reason was probably the same as described before. The study also

found that the injection velocity was higher than the spray tip velocity.

= liesel-CNG, inj.P: 600bar wdpon cliesel, inj. P: 600bar
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Figure 4.12: Spray tip velocity of diesel and diesel-CNG dual fuel jet at injection
pressure: 600 and 18 bar for diesel and CNG respectively and the injector to the wall

distance: 80 mm.

In order to better understand the difference between the spray tip velocity of
diesel single fuel and diesel-CNG dual-fuel, the diesel injection pressure was changed
to different injection pressures (500, 600 and 700 bar) while the CNG pressuie
remained constant as shown in Fig. 4.13. It can be seen that, as expected, the spray tip
velocities increased as the injection pressure increased, in agreement with most of the
results presented in the literature [10, 60] where the higher injection pressure was
transferred to higher kinetic energy. Also it can be seen that the divergence of the
curves are all similar, but the differences between the injection pressures 700 and 600
bar for diesel-CNG dual-fuel was less than that of the 600 and 500 bar cases. Based
on this trend, it can be reasoned that the CNG jet became less effective with

increasing the diesel injection pressure.
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CNG jet and injector wall distance: 80 mm.

4.2.3 Spray cone angle measurements

The development of the spray cone angle with time for both the diesel and the
diesel-CNG dual-fuel are shown in Fig.4.14. In agreement with results in the
literature, the diesel spray cone angle decreased at the initial stages before reaching a
constant fully developed value. Actual values of the spray cone angle were in the
range between 8° to 40° depending on the fuel specification, nozzle geometry and the
ambient gas density and temperature [31], this was similar to the values found in this
study. The results also showed that the spray cone angle of the pure diesel was
greater than that for diesel-CNG jet at the initial stages, later, this difference became
very small. This was thought be due to the effect of the CNG jet on the diesel spray,
where the diesel flow rate was lower at the initial stages resulting in the CNG jet
becoming more effective in the axial direction. Also the reason was probably again
produced by the compression of the CNG jet on the diesel spray which resulted in a
lower spray cone angle with higher spray tip velocity and penetration as shown in Fig.
4.10 and 4.11.
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Figure 4.14: Spray cone angle of diesel and diesel-CNG at injection pressure: 600, 18

bar for diesel and CNG respectively and injector wall distance: 80 mm.

4.2.4 Temperature effects

Before the experiment started, the temperature distribution inside the rig was
measured and showed that there was a moderate gradient from bottom to top. When
the bottom plate was heated up to 500°K, the temperature variations were 72, 64, 60
and 54°K at 20, 40, 60 and 80 mm from the bottom plate respectively. The ambient
temperature inside the chamber was calculated from the average values of the

temperature variation.

4.2.4.1 Spray Tip Penetration Measurment

The spray tip penetrations under different temperatures (300, 400 and 500°K) are
presented in Fig.4.15 for both diesel and diesel-CNG dual fuel. The rate of spray tip
penetration was reduced in both cases as the ambient temperature increased which
was in agreement with the findings of Tagkiran and Ergenman [10]. This was caused
by the loss of momentum of the jet due to the liquid evaporation. The temperature
effect on the diesel spray tip penetration was relatively more significant than that on

the diesel-CNG dual-fuel jets as a result of the higher evaporation rate of the diesel jet

in the
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absence of the CNG. Furthermore, it can be seen that, in the case of diesel spray
(single fuel), the profiles for both charge-temperature (400°K and 500°K) diverged
after 0.5ms from the start of injection. The rate of diversion increased as the
temperature increased. While in the case of dual fuel, the effect of charge temperature
on the spray rate of penetration was not as significant. This may be due to the
temperature gradient in the direction of the jet penetration having a greater effect in
the absence of CNG. This was due to the fact that the effect of temperature became
lower as the mass quantity (diesel+ CNG) increased. The findings of this work on
penetration rate (liquid phase under evaporation) with time agree with both Kennaird
et al. [26] and Sazhin et al. [61] who found that the penetration was linear with time.
The main reasons for the vapour jet transport was the losses of the momentum of the

jet by the surrounding air motion as suggested by [10, 62].
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Figure 4.15: Effect of different temperatures (500, 400 and 300 °K) on the diesel and
diesel-CNG dual fuel at injection pressure: 600 and 18 bar for diesel and CNG

respectively.

To go further in the comparison between sprays of single diesel fuel and diesel-
CNG dual fuel, the diesel injection pressure was changed to 500, 600 and 700 bar at
500°K temperature as depicted in Fig.4.16. As expected, the results showed that the

highest rate of penetration was found to occur with the highest injection pressures.
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The results also showed that the diesel spray (single fuel) started to diverge earlier
than that of the diesel-CNG dual-fuel. This was probably caused by the effect of the
CNG jet velocity in the axial direction which was higher than the effect of the
temperature profiles. Also it can be noticed that the differences in the tip penetration
between injection pressure 500, 600 and 700 bar in diesel spray (single fuel) were
greater in comparison with the differences between same pressures in the diesel-CNG
dual fuel case. Based on this trend, the main reason was probably again related to both
quantity and the axial velocity of the diesel spray influenced by the relative velocity
of the CNG jet more than that of ambient air as in single diesel spray , Hence, the
droplet penetrated faster. This mechanism was studied by Martinez and Benkenida
[57] who observed that the droplets velocities gradually approached that of the carrier
phase. They suggested that, in evaporating sprays, the characteristics time of
evaporation is so small compared to the follow through time. Furthermore, the effects
of profile temperature on the droplets in both cases are greater at low injection
pressure. This is can be reasoned by the diesel spray being less dense at high injection
pressures [28], in addition, the higher injection pressures generate small droplets and
increase the rate of fuel delivery time. Hence, resulted in a reduction in the rate of

evaporation and heat transfer.
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Figure 4.16: Effect of different injection pressures (500, 600 and 700 bar) on the
diesel and diesel-CNG dual fuel at 500 K wall temperatures.
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4.2.4.2 Spray cone angle measturement

Fig. 4.17 shows the effect of different wall temperatures (300, 400 and 500°K) on
the spray cone angle of the diesel (single fuel) and the diesel-CNG dual fuel. The
diesel and the CNG injection pressures were 600 bar and 18 respectively with time
after start of injection. The effect of temperatures on the spray cone angles for both
diesel and diesel-CNG dual fuel were found to increase with the increase of
temperature. It can be seen that, the diesel-CNG dual fuel had a lower spray cone
angle with a lower temperature in comparison to the absence of CNG, and this
difference become small with increasing the temperature (at temperature: 500°K, their
spray cone angle became approximately equal). The reason of the lower cone angle of

the dual fuel at low temperature was probably due to the effect of the CNG jet in the

axial direction resulting in a high spray tip penetration rather than spray cone angle.

become wider probably due to the momentum exchange between the fuel droplets and

the CNG jet becoming high at higher temperature.
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Figure 4.17: Spray cone angle of diesel and diesel-CNG dual-fuel at different wall
temperatures (500, 400 and 300°K) and the injection pressure: 600bar and 18 bar
diesel and the CNG respectively.
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4.2.4.3 Spray tip velocity measturmen

Fig. 4.18 shows the spray tip velocity for diesel and diesel-CNG dual fuel at
different wall temperatures (500 and 300°K), injection pressure 600 and 18 bar for
diesel and CNG respectively and injector to the wall distance 80 mm. It can be seen
that, for an increase in the temperature, an increase in the spray tip velocity was
observed for both causes. As expected, the velocities increased due to the high
temperature leading to an decrease in the droplet diameter which reduces the
aerodynamic drag [12]. The results also showed that the jet tip velocity of the diesel-
CNG dual fuel was higher than that of pure diesel. This trend can be easily observed
by looking at diesel-CNG tip velocity at 300°K at 0.625ms after the start of injection,
it was 145 m/s compared with 125 m/s under the same temperature as shown in Fig.
4.18. This may be attributed to the fact that the relative velocity between the diesel
spray and the CNG jet was higher compared to the relative velocity between the diesel
spray (single fuel) to the surrounding gas. In other words, the diesel spray transfers
their momentum to the entrained air and decreases rapidly their relative velocities,
and at the same time receives heat from the entrained air. While in the case of diesel-
CNG dual fuel, the diesel spray gained momentum from the CNG jet while receiving
heat from the entrained air. This is resulted in a higher spray tip velocity of the diesel-

CNG dual fuel jet.
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Figure 4.18: Spray tip velocity of diesel and diesel-CNG dual-fuel jet at different wall
temperatures (500 and 300K), injection pressure: 600, 18bar for diesel and CNG

respectively and injector wall distance: 80 mm.
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Figure 4.18: Spray tip velocity of diesel and diesel-CNG dual-fuel jet at different wall
temperatures (500 and 300K), injection pressure: 600, 18bar for diesel and CNG

TPQpP(‘ﬁVP]Y and inje(“rm‘ wall distance: 80 mm

4.2.5 Calculations of the diesel jet characteristics

Beside the experimental studies, many theoretical and empirical correlations were
recommended for the prediction of the diesel spray penetration and the spray velocity.
Several correlations have been suggested to determine the spray penetration. When
the spray is first injected into the chamber, the initial velocity of the spray tip is much
larger than the surrounding air. According to Hiroyasu and Arai [63] at this zone the

penetration is described by an expression proportional to time.

0<z<t, S(1)=0.39 /%—Z (4.1)
Pr

0.5
t>t, S=2.95(£] (td,)” (4.2)
_ Py

. . 28.65p ,.d
Where 7, = break up time given by ¢, = T_p%
p,AP)
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S = Spray penetration,
AP = pressure drop across the nozzle,

p,= fuel density,

P, = gas density,
1= time,

1= break up time and

do=nozzle diameter.

Fig. 4.19 shows the comparison between the experimentally observed and the

calculated spray tip penetration of the diesel fuel under 600 bar injection pressure.

s EXpEIiMENt
« =g Calculated (befor break up)

90 « o = Calculated (after braek up)

: =
7 O S

60
50
40
30
20
10

SPRAY TIP PENETRATION (MM)

TIME (MS)

Figure 4.19: Comparison between the experimental and the calculated spray tip

penetration of diesel fuel at injection pressure 600bar and ambient temperature.

While Dent [64] developed a formula based on the gas jets theory, where spray

penetration depends on the gas density and temperature as following:
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Figure 4.20: Comparison between the experimental and the calculated spray tip

penetration of the diesel fuel at injection pressure 600 bar and the wall temperature

500°K.

Spray tip velocities are considered to be dependent upon the injection pressure and the

ambient pressure according to Hiroyasu et al. [65] as follows:

0.25 % 05
U0 =2 L] TEZ| 05 0<t<ty, @.4)
2 pa) | 120
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Us(r)=2.95(£] (Q—J £ 2l (.5)
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d

o

And Z is the power of conicity parameter, equals to (-1) for convergent nozzles, (+1)

for divergent nozzles and (0) for straight nozzles.
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Figure 4.21: Comparison between the experimental and the calculated spray tip

velocity of diesel fuel at injection pressure 600 bar at ambient temperature.

It can be seen that the experimental results are in agreement with the Hiroyasu’s
equation, however, there is also some dissimilarity. This may be caused by the nature

of the diesel properties used.

4.2.6 Effects of Wall impingement on the diesel-CNG dual fuel jet development

The jet-wall impingement characteristics seem to be one of the most effective ways
to tackle stringent emissions of the diesel engines. In this section, the jet-wall
impingement was identified based on the radial penetration and jet height (see

section 4.1.3).

Fig. 4.20 shows the comparison between the development of the CNG jet and the
diesel spray on the wall. It can be seen that the CNG jet was largely affected by the

ambient air due to its low density and momentum.
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Fig. 4.20 shows the comparison between the development of the CNG jet and the
diesel spray on the wall. It can be seen that the CNG jet was largely affected by the

ambient air due to its low density and momentum.

CNG Jet impingement Diesel spray mpimngement

Figure 4.22: The effects of injection pressure on the characteristics of diesel spray and

diesel-CNG dual fuel impingement.

The development of the diesel and diesel-CNG dual fuel jet on the radial
penetration along the wall and the jet height are presented in Fig. 4.22. The injection
pressures of diesel and CNG were 600 bar and 18 bar respectively at ambient wall
temperature. It can be seen that the diesel-CNG dual fuel had a higher radial
penetration than that of pure diesel. This phenomenon can be reasoned as following:
as the pure diesel spray approaches the wall, it losses axial velocity caused by the
interaction between the liquid and the wall, while in incase of diesel-CNG dual fuel,
the axial velocity was enhanced by the CNG jet resulting in a higher radial

penetration on the wall. On the other hand, for the jet height, the pure diesel spray
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showed higher height than that of diesel-CNG dual fuel. This was probably due to

the CNG jet having a lower density and thus easily mixed with ambient air while

the diesel focused on the wall. The findings of this work are consistent with other

results sets reported in literature [50].
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Figure 4.23: The radial penetration and height of diesel and diesel-CNG dual fuel jet

impinged on the wall (inj. P= 600 bar for diesel and 18 bar for CNG, 60mm inj. to

the wall distance and the wall temperature 400K).

4.2.6.1 Effect of injection pressure on the radial penetration.

The effect of injection pressure on the jet radial penetration along the wall of the

diesel and diesel-CNG dual fuel are shown in Fig. 4. 23. In this figure, only the

injection pressure for the diesel fuel was varied (500, 600 and 700 bar) because the

CNG pressure variation was found to have very small effect in comparison to the

diesel pressure. As shown in the figure, both the diesel and diesel-CNG dual fuel

showed higher radial penetration with high injection pressure which is a well-known

phenomenon. But in comparison between the single and dual fuel, the pure diesel

radial penetration was largely affected by increasing the injection pressure rather than

that of diesel-CNG. This trend indicates that the diesel fuel loses its momentum by
vortices of CNG [55].

60



< |nj. P = 700bar (diesel) = e« INj. P = 700bar (diesel-CNG)

s« |Nj. P = 600bar (diesel) = o=« |nj. P = 600bar (diesel-CNG)
== |nj. P = 500bar {diesel) s« « INj. P = 500bar (diesel-CNG)

60

50

40

30

20

DISTANCE (MM)

10

0 0.2 0.4 0.6 0.8 1 1.2

TIME (MS)

Figure 4.24: Effect of injection pressure on the radial penetration of diesel and diesel-
di

CN G -Anal fizal ed-on-the wall a
ca-on-taewWahat

iesel and CNG injection pressures 600 bar

ERaatatha¥ad
wIVOTuuarIaor Tapiite €t

and 18 bar respectively.

4.2.6.2 The effect of wall distance from the injector on the jet radial penetration

Fig. 4.25 and fig 4.26 show the effect of distance from the injector to the wall (80,
60 and 40 mm) on the diesel and diesel-CNG dual fuel radial penetration along the
wall respectively. It can be seen that both the diesel (single fuel) and the diesel-CNG
dual fuel have a smaller radial penetration at a longer wall distance. This is because
the jet velocity becomes lower as it moves downstream. In comparison to the diesel
and the diesel-CNG dual-fuel, the wall distance had a higher effect on the pure diesel
spray than that of the dual fuel. This is probably caused by the effect of the CNG in
the axial direction which enhanced the diesel spray. Also, it can be seen that the
differences in the radial penetration between the wall distance of 80 mm and 60 mm is
small in comparison to the differences between wall distance of 60 mm and 40 mm.
The reason is because the impinging velocities of the jet decreased rapidly in the axial
direction until it reached 40 mm in comparison to the decrease in the velocity beyond
this distance. These results were found to be in agreement with both findings of Park

and Lee [50] and Lee and Lee [66].
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Figure 4.25: Effect of injector-wall distance on the radial penetration of the diesel

spray at injection pressure 600 bar.
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Figure 4.26: Effect of injector-wall distance on the radial penetration of the diesel-

CNG dual fuel jet at injection pressure 600 bar and 18 bar respectively.
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4.2.6.3 The effect of wall temperature on the diesel and diesel-CNG dual fuel radial

penetration

The spray radial penetration along the wall of the diesel and diesel-CNG dual fuel
under different wall temperatures (300, 400 and 500° K) are given in Fig. 2.24 and
Fig. 2.25. As shown in these figures, as expected, both single and dual fuel radial
penetrations were slightly longer at higher wall temperature because the ambient gas
density decreased with an increase in the ambient temperature [66]. As time elapsed,
the temperature effects were higher in pure diesel spray than that of the dual fuel. This
is due to the larger mass of the diesel-CNG dual fuel which resulted in lower

temperature effect.
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Figure 4.27: Effect of wall temperature on the radial penetration of diesel-CNG dual
fuel impinged on the wall at diesel and CNG injection pressures 600 bar and 18 bar

respectively.
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Figure 4.28: Effect of wall temperature on the radial penetration of diesel fuel

impinged on the wall at injection pressure 600 bar.
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CHAPTER 5

CONCLUSIONS AND RECOMENDATIONS

5.1.1 CONCLUSIONS

Two types of injectors have been used to characterize the propagations of CNG jets
and Diesel-CNG dual-fuel jets namely a CNG electronic injector and a high pressure

common rail diesel injector. Both fuels were injected into a constant volume chamber

at-ambient pressure—and-the-Sehlieren—technique-was used to visualize the gas jet

CHIICT Ot oo g oe

propagation, diesel spray and the combination of them. The captured images were
processed in order to calculate a number of spray characteristics such as the spray tip
penetration, spray cone angle, and spray tip velocity. The spray along the wall which
included the radial and its height (thickness) was also measured. The first experiment
was to investigate the CNG jet characteristics and its jet wall impingement. The
second experiment was to visualize the characteristics of diesel and diesel-CNG dual-
fuel and to investigate the effect of CNG on diesel pilot spray. The chosen threshold
level was kept to be constant for both cases of diesel single fuel and diesel-CNG dual-
fuel while the experimental condition remained constant. Finally, the following

conclusions were obtained based on the investigation.

»> The CNG jet penetration rate was found to be largely affected by the ambient
pressure at the beginning of injection for low injection pressure and short

injector-wall distance.

» The CNG jet travel along the wall in both radial and height directions were

found to be significantly affected by injection and ambient pressure.

> The penetration rate of the diesel spray was largely influenced by the CNG jet

in the axial direction rather than the radial direction. The effect resulted in
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higher penetration rate with lower jet cone angle than that of the pure diesel

spray.

The effect of diesel injection pressure on the dual fuel injection was not as

significant as compared to the pure diesel spray.

The penetration rate of diesel-CNG dual-fuel jet was influenced slightly by the
ambient temperature as compared to the pure diesel spray. On the other hands,
the spray cone angles of the single and dual-fuel did not show significant

differences.

The spray tip velocity of diesel was largely enhanced by the effect of CNG jet
and this resulted in higher velocity as compared to the pure diesel spray. While
for the case of different ambient temperatures, the spray tip velocity of two
injection phases were found to be almost independent on the temperature as

compared to the diesel spray.

For the jet wall-impingement, the diesel-CNG dual-fuel was observed to be
higher penetration as compared to pure diesel fuel. On the other hands, the
diesel spray was observed to be largely affected by the wall temperature in

comparison to the diesel-CNG dual fuel.
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5.2 RECOMMENDATIONS

The present research has contributed towards the visualization of CNG jet and
diesel-CNG dual fuel jet propagation characteristics as well as the prediction of
injection pressure and wall temperatures. However, there is still a need to continue the

experimental works in order to achieve further improvements in their characteristics.

Based on the image analysis of Schlieren visualization technique, the CNG
propagation cannot be detected while being injected with diesel spray. On the other
hand, the diesel pilot characteristics could be enhanced when injected with CNG fuel.
However, the jet penetration rate of diesel-CNG dual fuel was found to increase,
while the spray cone angle decreased and this was not desirable. Based on these
findings, the following recommendations are brought forward for the improvement in

the future work:

> It is necessary to investigate the initial development of the CNG jet on the
two-phase transit jets. The visualization can be done using planar laser-
induced fluorescence (PILF) technique, because it can be accurately used

to determine the CNG propagation in the two-phase fuel (diesel-CNG).

» Diesel-CNG dual fuel direct-injection should be investigated in the
conditions where it is possible to vary their injectors’ angle, thus having
opportunity to increase their jets cone angle while determining the mixture

formation.

» Diesel-CNG dual-fuel jets should be investigated in a pressurized
chamber, in order to have an opportunity to characterize the effects of

ambient pressure on their macroscopic characteristics.
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APPENDIX A

MATLAB IMAGING CODE

1. Image Processing Code

oe

% Define External parameters
Boundary detection
% Read the Image

oe

Image = imread('.jpg'):

% split the display into 3 raws and one clomun
subplot (221) ;

% display the image in the first raw
imshow (Image(:, :,:));
title('Origional Tmage') ;

% convert the image to gray scale
ImageGray = rgbZgray(Image(:,:end,:));

% display the gray image in the second raw
subplot (222) ;

imshow (ImageGray, []):

title('Grayscale Image'):;

%% Post processing step

% split the image into two regions at column 345 and crop
it from the left

% at column 300 and from the right at column 400
Imageleft = im2bw (ImageGray(:,:),0.);

subplot (223)

imshow (Imageleft),

title('left image');

ImageRight = im2bw (ImageGray(:,:), 0.);

subplot (224)

imshow (ImageRight),

title('Right image');

% Merge the left and right images into one image
NewImage = cat (2, ImageRight, Imageleft):

% display the combined image

subplot (221);

imshow (NewImage) ;

title('Binary Image'):;

%% Computing angle
edge contour for right side
Search for all raws

oe

oe
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RightContour = [];

for

one

end

i = l:size(NewImage, 1)

% Extract raw(i) data

= NewlImage (i, :end);

find the 1lst derivative of a

= diff(a);

find the nonzero derivative

idx = find(b ~= 0);

% if there is more than one point take the furthest

(o]

o0 O o0 W

if length(idx) > 1
idx = max(idx);

end

if ~isempty (idx)
RightContour (i)

else
RightContour (1)

end

idx;

Il
o

% plot the edge contour

figure(2);

subplot (221) ;

plot (1l:size (Newlmage, 1), RightContour);
title('Right edge contour');

% smoothing the edge contour

RightContourSmoothed =

filter (ones(1,WindowSize) /WindowSize, 1, RightContour);
subplot (223) ;

plot(l:size (NewImage, 1), RightContourSmoothed) ;

title {'Smoothed right side edge contour'):

o

edge contour for left side

% Search for all raws
LeftContour = [1;

for

one

i = l:size(NewImage,1l)

Extract raw(i) data

= NewImage (i, :);

find the 1lst derivative of a

= diff (a);

find the nonzero derivative

idx = 33- find(b ~= 0);

% if there is more than one point take the furthest

oe

o T oo O

if length(idx) > 1
idx = max(idx);

end

if ~isempty (idx)
LeftContour (i) = idx;
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else
LeftContour (i) = 0;

end
end
% plot the edge contour
subplot (222} ;
plot(l:size(NewImage, 1), LeftContour);
title('Left edge contour');
% smoothing the edge contour
LeftContourSmoothed =
filter (ones (1,WindowSize) /WindowSize, 1, LeftContour):;
subplot (224);
plot (l:size(NewImage, 1), LeftContourSmoothed):;
title ('Smoothed left side edge contour');

%% Plot the cone

figure(3);

% plot the cone before smoothing

subplot (121);

plot (l:size(NewImage, 1), RightContour, 'b');

hold on;

plot(l:size (NewImage, 1), =-LeftContour, 'r
plot ([, ], [RightContour (), RightContour ()
plot ([, ], [-LeftContour (), -LeftContour /()
hold off;

title ('Edge contour before smooting');

")
]r '_—g');
]r '__g');

% plot the cone after smoothing

subplot (122) ;

plot(l:size (NewImage, 1), RightContourSmoothed, 'b'):;
hold on;

plot (l:size(NewlImage, 1), -LeftContourSmoothed, 'r');
plot ([, ], [RightContourSmoothed(),

RightContourSmoothed ()], '--g');

plot ([, 1, [-LeftContourSmoothed(), -
LeftContourSmoothed ()], '--g');

held off;

title ('Edge contour before smooting');

%% compute the angles

ptr = [+RightContourSmoothed (), 1

ptl = [-LeftContourSmoothed (), 1:

pbr [+RightContourSmoothed (), ]:

pbl = [-LeftContourSmoothed (), ]:

AngleRight = 90 - abs(atand((pbr(2)-ptr(2))/(pbr(l)-

ptr(l)))); '
AngleLeft = 90 - abs(atand((pbl(2)-ptl(2))/(pbl(1l)-
ptl(1)))):

ConeAngle = AngleRight + Angleleft
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%$% Compute Vertical distance

DepthRightSide = find(RightContourSmoothed > , , 'last'
)7

DepthlLeftSide = find(LeftContourSmoothed > , , 'last' );
FlameDepth = mean ([DepthRightSide, DepthLeftSide])

%% Radial distance
RadialDistance = abs(RightContourSmoothed(end) +
LeftContourSmoothed (end) )

%% Height distance
if RadialDistance > 10
HeightRight = size(RightContour,2) -
find(RightContourSmoothed >
RightContourSmoothed(end), 1, 'last' );
HeightlLeft = size(LeftContour, 2) - '
find (LeftContourSmoothed >
LeftContourSmoothed (end), 1, 'last' );
Height = max ([HeightRight, HeightLeft])
End.
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