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ABSTRACT 

Spray combustion has been used very widely as engine energy, especially 
in the worldwide development of transportation, providing high performance of 
aircrafts and diesel engines. Oil-fired furnaces also employ spray combustion. In 
the hydrocarbon spray combustion, there is a problem on exhaust emission: large 
amount of NOx is exhausted if the combustion is enhanced, but CO and THC 
emissions are increased if NOx emission is reduced by some method. Hydrogen is 
one of the promising alternative fuels. Hydrogen has no carbon content, faster flame 
speed and smaller quenching distance, thus incorporating hydrogen should improve 
the combustion performance without deterioration of the exhaust emission 
characteristics. Since the heating value of hydrogen is about three times as large as 
that of diesel fuel, the addition of small amount of hydrogen also has a possibility 
to improve hydrocarbon fuel spray combustion.

 In the present research, the experiments were carried out in three steps. The 
first step is to investigate basic characteristics of combustion and exhaust emission 
from spray combustion, the second step is to understand the influence of hydrogen 
addition method on the spray combustion, and the third step is to confirm the effect 
of hydrogen addition in the emulsion fuel. 

 As a preliminary test for hydrogen addition to rich-premixed spray-jet 
combustion, two hydrogen addition methods were compared using n-decane as a 
fuel; hydrogen addition to the spray jet and near the flame base. The method of 
hydrogen addition to the spray jet has a limitation in the amount of hydrogen. 
Beyond the threshold, the fire back occurs. The method of hydrogen addition near 
flame base allowed more hydrogen addition than the method of hydrogen addition 
to the spray jet. Thus, the effect of hydrogen on rich-premixed spray-jet combustion 
was investigated with hydrogen addition near flame base. The internal flame 
disappears by H2 addition in the most cases. The heat generated by H2 combustion 
enhances droplet vaporization and causes rich mixture over the rich flammability 
limit, resulting in the disappearance of the internal flame. Hydrogen addition also 
makes the flame higher. EICO and EITHC decrease by increasing hydrogen 
fraction. Since the internal flame produces much CO and dilution gases of CO2 and 
H2O, which slower the CO oxidation at the external flame, the disappearance of the 
internal flame leads to lower CO. The heat generated by H2 combustion also 
enhances vaporization of droplets passing through the external flame and leads to 
lower THC. The trends of emission indexes with diesel fuel as a practical fuel are 
similar to those with n-decane. 

In the first experiment, basic characteristics of spray combustion and 
exhaust emission were investigated by n-decane as fuel. Data of the flame height, 
and exhaust gas emission were taken for different equivalence ratios of the spray 
jet and different atomization conditions. The result shows that the spray flame 
consist of the internal flame and the external flame. The height of internal flame 
increase with decreasing spray jet equivalence ratio, while the height of external 
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flame decreases. When the portion of internal flame in the external flame is higher, 
i.e., at smaller spray-jet equivalence ratio, CO emission is higher at the same 
atomizing air flow rate if the combustion efficiency is high enough. Since the 
internal flame is a rich premixed flame, much CO is produced at the internal flame. 
CO2 and H2O are also produced at the internal flame. CO2 and H2O act as dilution 
gases and slow CO oxidation reaction at the external flame, resulting in much CO 
emission. This is more significant when the portion of the internal flame in the 
external flame is greater. CO oxidation and NO production at the external flame are 
enhanced by the combustion enhancement at higher atomizing air flow rate and/or 
higher spray-jet equivalence ratio. 

The second experiment was conducted with n-decane as a pure fuel and 
diesel fuel as a practical fuel to investigate the effect of hydrogen addition. As a 
preliminary test for hydrogen addition to rich-premixed spray-jet combustion, two 
hydrogen addition methods were compared using n-decane as a fuel; hydrogen 
addition to the spray jet and near the flame base. The method of hydrogen addition 
to the spray jet has a limitation in the amount of hydrogen. Beyond the threshold, 
the fire back occurs. The method of hydrogen addition near flame base allowed 
more hydrogen addition than to the spray jet method. Thus, the effect of hydrogen 
on rich-premixed spray-jet combustion was investigated with hydrogen addition 
near flame base. The internal flame disappears by H2 addition in most cases. The 
heat generated by H2 combustion also enhances vaporization of droplets passing 
through the external flame and leads to lower THC. The trends of emission index 
with diesel fuel as a practical fuel is similar to those with n-decane. 

The third experiment was done to investigate combustion and emission 
characteristics with hydrogen added to emulsion fuel spray combustion. The water 
percentage of 5 vol% in W/O emulsion fuel was used. The content of water in the 
emulsion fuel leads to the lower combustion temperature, resulting in low NO 
emission but high CO and THC. The dependencies of emission index with the 
emulsion fuel on hydrogen fraction are also similar to those with n-decane. By 
adding a small amount hydrogen, CO and THC emission decrease significantly, 
while NO emission is still less than that with diesel fuel. 
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CHAPTER 1. INTRODUCTION 

1.1. RESEARCH BACKGROUND 

Spray combustion has been used very widely as engine energy [1]. 

Especially in the worldwide development of transportation, providing high 

performance of aircrafts and diesel engines [2]. Oil-fired furnaces also employ 

spray combustion [3]. Combustion is mass and energy conversion processes during 

the chemical bond energy transformed into the thermal energy. The fuel reacts with 

an oxidizer to form products which have a lower formation enthalpy or reference 

enthalpy, than the reactants. Spray combustion is a complicated dynamic process 

that caused by interacting between chemical process and physical processes, such 

as liquid fuel atomization, droplet vaporization and mixing of fuel vapor and 

oxidizer.  

A problem of hydrocarbon utilization to the spray combustion is the exhaust 

gas emission. Beside CO2  emission, a large amount of NOx is exhausted when the 

combustion is enhanced. CO and THC (total unburned hydrocarbon) emissions are 

increased, however, if NOx emission is reduced by some methods. For example, if 

oil-water emulsion fuel is used, NOx and smoke are reduced but CO and THC are 

increased. NOx which mainly consists of NO and NO2 produced from the reaction 

of nitrogen and oxygen in air at high-temperature region over 1500 K. NO2 can 

produce ground-level ozone through photochemical reaction and therefore 

photochemical smog, giving a negative effects to the human body, such as damage 

the lung tissue, irritates the respiratory tract and eyes, NOx also reacts to form 

nitrate particle, and acid aerosols, which both cause respiratory problems. Nitric 

acid (HNO3), formed when NOx reacts with water, can cause acid rain and 

deterioration water quality, which effect to the agricultural production. Acidic gases 

along with airborne particles cause visibility impairment and lower air quality. 

Nonetheless, other emissions are also dangerous for the survival, such as CO2, CO 

and THC. CO2 is a greenhouse gas and contributes to the global warming. CO is 

poisonous to humans and severely limits of the blood ability to transport oxygen to 

the tissues. That is caused dizziness, headaches, impaired coordination and the fatal 
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risk. Unburned hydrocarbons also contributes to production of photochemical 

smog. 

Contrary to the hydrocarbon fuels, hydrogen combustion does not emit CO2, 

CO, THC and smoke but NOx. Therefore, hydrogen is a one of potential alternative 

fuels. Since the heating value of hydrogen is about three times as large as that of 

hydrocarbon fuels, such as diesel fuel, the addition of small amount hydrogen also 

has a possibility to improve hydrocarbon fuel spray combustion. Recently, 

Miyamoto et. al. [4] experimentally showed possibilities of improvement of the 

exhaust emission characteristics of a diesel engine with addition of small amount 

of hydrogen to the intake air. However, the effect of hydrogen on spray combustion 

has not been elucidated using spray-jet burners. 

The present research investigated combustion and exhaust emission 

characteristics of spray-jet combustion with small amount of hydrogen. The 

experiments were conducted at three steps. The first step is to investigate basic 

characteristics of combustion and exhaust gas emission from spray combustion 

without hydrogen addition, to examine the flame structure with internal flame and 

relationship between the flame structure and emission characteristics. The second 

step is to understand the influence of hydrogen addition method on the spray 

combustion, to show H2 addition limitation to the spray jet, to examine how the 

flame structure changes with H2 addition near flame base and to examine the 

exhaust emission changes with H2 addition near flame base. Third step is to confirm 

the effect of hydrogen addition in the emulsion fuel spray combustion. 

The next section surveys previous researches related to the present research. 

1.2. PREVIOUS RESEARCHES 

1.2.1. Spray-jet Combustion 

There have been many researches on spray combustion in relation with 

diesel engine and gas turbine. In such practical spray combustor, the liquid spray is 

naturally or artificially mixed with an oxidizer prior to combustion. However, there 

are not many basic researches on premixed-spray-jet combustion. 
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Tsushima et. al. [5] studied combustion characteristics of droplet clusters in 

a premixed-spray flame by simultaneous monitoring of planar spray images and 

local chemiluminescence. Multi-color Integrated Cassegrain Receiving Optics 

(MICRO) were applied to a premixed-spray flame. By observing the droplet cluster 

and local chemiluminescence simultaneously in the premixed-spray flame, it was 

confirmed that some portions of the spray stream disappear very rapidly due to 

preferential flame propagation, while other portions of the spray steam survived 

over a long period to form droplet clusters.  

Mikami et. al. [6] studied combustion of partially premixed spray jets. 

Liquid spray was mixed with an oxidizer prior to combustion and injected 

continuously

spray and an oxidizer, diluted with nitrogen, was injected into the air. In the present 

burner, the mean droplet diameter of the atomized liquid fuel could be varied 

without varying the overall equivalence ratio of the spray jet. Two combustion 

modes with and without an internal flame were observed. As the mean droplet 

diameter was increased or the overall equivalence ratio of the spray jet was 

decreased, the transition from spray combustion only with an external group flame 

to that with the internal premixed flame occurred. The results suggest that the 

internal flame was supported by flammable mixture through the vaporization of fine 

droplets, and the passage of droplet cluster deformed the internal flame and caused 

internal flame oscillation. The existence of the internal premixed flame enhanced 

the vaporization of droplets in the post-premixed-flame zone within the external 

diffusion flame. 

Nakamoto et. al. [7] studied burning behavior of rich premixed-spray jets 

with different fuel volatilities. n-Octane, n-decane, and n-tridecane were used as a 

liquid fuel, with the spray-jet equivalence ratio fixed to 12 and with almost the same 

atomization condition (about 100 µm in Sauter mean droplet diameter d32), burning 

behavior depended on the fuel type. An internal flame was observed for n-tridecane. 

When the spray-jet equivalence ratio and atomization condition were varied, an 

internal flame appeared for some conditions of the spray-jet equivalence ratio and 

atomization condition even for n-octane and n-decane. 
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Nakachi et. al. [8] studied the effect of atomization condition on flame 

structure and emission characteristics of burning rich-premixed spray jets. Two 

combustion modes with and without an internal flame were observed. As Sauter 

mean droplet diameter became larger than a specific value, the internal flame 

appeared inside the external group flame. The existence of the internal flame was 

affected by the equivalence ratio of premixed spray jet. Exhaust emission 

characteristics were also affected by Sauter mean droplet diameter and an 

equivalence ratio of premixed spray jet. As Sauter mean droplet diameter was 

increased, the emission index of CO (EICO) increased. EICO concentration showed 

low values without the internal flame. 

1.2.2. Effect of Hydrogen on Hydrocarbon-fuel Combustion 

Many researches have revealed the advantage of hydrogen assist the 

combustion. Hydrogen enrichment retards the combustion phasing and reduces the 

combustion duration, increase the power output and fuel conversion efficiency, and 

improves the combustion stability [9]. Hydrogen-enriched with the natural and 

landfill gas yields the particularly attractive characteristic of a monotonic decrease 

in combustion irreversibility. With an increasing hydrogen content of the fuel, the 

efficiency is increased [10]. Several researchers have applied hydrogen as a fuel to 

the engine. The acquired results show that a hydrogen fueled engine has a higher 

heat transfer rate than a methane fuel engine. This is because hydrogen fuel has a 

higher heating value, faster flame speed and a smaller quenching distance [11]. 

However, hydrogen enrichment may narrow the operational compression ratio 

range and increase the knocking tendency in the engine. There is also a problem in 

storage at large volume. To overcome the problems, a little amount of hydrogen is 

added into the spray combustion which gives an optimum effect. The flame 

behavior is expected more establish. 

Juste [12] studied injection of small quantities of hydrogen in a 

hydrocarbon-fueled gas turbine burner. Hydrogen was injected in the primary zone, 

where the fuel was premixed with air. The results showed that there were possible 

positive effects of additional hydrogen to the hydrocarbon combustion.
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Miyamoto et. al. [4] experimentally investigated the performance and 

emission characteristics of the diesel engine with hydrogen added to the intake air 

at late diesel-fuel injection timings. NO showed a minimum at specific hydrogen 

fraction. The maximum rate of in cylinder pressure rise also showed a minimum at 

10 vol % hydrogen fraction. Implemented EGR with 3.9 vol % hydrogen addition, 

the smoke emission value was 0%, NO emission was low, the cyclic variation was 

low, and the maximum rate of in cylinder pressure rise was accepted under a nearly 

stoichiometry condition without sacrificing indicated thermal efficiency. 

Nguyen et. al. [13] studied the effect of hydrogen added to intake air on 

combustion noise from a diesel engine. The dependences of engine noise on the 

diesel-fuel injection timing for different hydrogen fractions were discussed 

considering the characteristics of maximum combustion impact energy for each 

frequency. The main conclusions are that hydrogen addition of 10 vol % of the 

intake air contributed greatly to the decrease in combustion noise at late diesel-fuel 

injection timings. 

As explained above, there are some researches on combustion in practical 

combustors with hydrogen addition. However, the effect of hydrogen on spray 

combustion has not been elucidated well using laboratory-scale spray-jet burners. 

1.2.3. Emulsified-fuel Combustion 

The theme of Attia and Kulchitskiy [14] experiment is the influence of the 

structure, water-in-fuel emulsion on diesel engine performance. In this work the 

effect of the structure of Water-in-diesel Fuel Emulsion (WFE) on a three cylinder 

diesel engine performance was investigated. The results showed that emulsions 

with the large size of water droplets resulted in greater reduction in NOx emissions 

up to 25%. While, emulsions with finer droplets not only gave reductions in engine 

smoke and unburned hydrocarbons of values greater than 80% and 35% 

respectively, but also resulted in an increase of the engine effective efficiency up to 

20%. 

Yang et. al. [15] studied the impact of emulsion fuel with nano-organic 

additives on the performance of diesel engine. This work introduced a novel 

emulsion fuel with 82.4% diesel, 5% water and 12.6% nano-organic additives by 
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volume. NOx emissions were reduced because of the presence of water, which 

brought down the peak flame temperature. The emulsion fuel can increase the 

efficiency of the engine since the ignition delay of emulsion fuel is slightly longer 

than pure diesel, thus, the combustion duration is shorter. 

Although there are many researches on emulsion fuel combustion in 

addition to the above mentioned researches, there is no knowledge of hydrogen 

addition effect on emulsion fuel combustion. 

1.3. RESEARCH OBJECTIVES 

The objectives of this research are: 

1. To study spray flame structure with the internal flame, exhaust gas emission 

characteristic, and relationship between the flame structure and emission 

characteristics using a laboratory spray burner. 

2. To investigate the effect of hydrogen addition on the flame stabilization, 

flame structure and exhaust emission characteristics of spray combustion 

for different spray jet equivalence ratio and different atomization 

conditions.  

3. To study the application of a hydrogen addition method to emulsion fuel 

spray combustion. 
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CHAPTER 2. EXPERIMENTAL APPARATUS 
AND PROCEDURE 

2.1. EXPERIMENTAL OUTLINE 

The present research investigated flame and exhaust emission 

characteristics of spray-jet combustion with small amount of hydrogen. The 

experiments were conducted in three steps. The first is to investigate basic 

characteristics of spray-jet combustion and exhaust gas emission from the spray-jet 

combustion, the second step is to understand the influence of hydrogen addition on 

the spray-jet combustion, and the third step is to confirm the effect of hydrogen 

addition in the emulsion fuel spray-jet combustion. 

The experimental apparatus employed at a rich-premixed spray burner 

similar to the Bunsen burner which used for gaseous fuels. The liquid fuel was 

atomized by the atomizing air throughout a twin-fluid atomizer which was placed 

below the exit of the burner. The fuel spray, atomizing air and supplementary air 

was mixed to generate a rich-premixed spray jet which was issued from the burner 

exit. The atomization condition was varied by the atomizing air flow rate. The 

supplementary air was supplied to keep the equivalence ratio of the spray jet 

constant for different atomization conditions. The equivalence ratio of the spray jet 

was varied by the fuel flow rate. The ambient air was supplied to the outside of the 

flame to complete diffusion combustion. The spray flame was observed using a 

video camera. Exhaust gas components, CO, THC, NO and CO2 were measured 

using a motor exhaust gas analyzer. 

In the first experiment, basic characteristics of spray combustion and 

exhaust emission were investigated using n-decane. Data of the flame height, 

exhaust gas emissions, combustion efficiency, and exhaust gas temperature were 

taken for different equivalence ratios of the spray jet and different atomization 

conditions. The second experiment investigated the effect of hydrogen addition to 

the spray combustion. First, two hydrogen addition methods were compared for n-

decane spray; hydrogen addition to the spray jet and hydrogen addition near the 

flame base. Then the best method was applied to both n-decane and diesel fuel 
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experiments. The third experiment was done to investigate combustion and 

emission characteristics with hydrogen added to emulsion fuel spray-jet 

combustion. The water percentage of 5 vol% in W/O emulsion fuel was used. 

Hydrogen was supplied near the flame base. The hydrogen addition methods are 

explained in Chapter 4. 

2.2. EXPERIMENTAL APPARATUS 

Figure 2.1 show the general experimental apparatus. It consists of premixed 

spray-jet burner with a twin-fluid atomizer, combustion chamber, gas supply 

system and exhaust gas analyzer. 

2.2.1. Premixed Spray Burner Setup 

Figure 2.2 shows premixed spray-jet burner. There is a twin fluid atomizer 

(1/8 JJ type, Spraying System, Co., Ltd.) as shows in Figure 2.4. This atomizer 

device makes a liquid fuel into a small droplet. When the liquid fuel flow 

throughout the extended pipe, the supply of liquid fuel is driven by a gas jet entered. 

Because the pressure of gas jet to the liquid fuel is high, thus the fuel becomes 

atomized due to a shear force. 

Figure 2.3 shows the tail pipe of premixed spray burner. The outer diameter 

of spray nozzle extension pipe is ø 12.7 mm and the length is 300 mm. Solid cone 

sprays with angle formed 18° is used in this equipment. The twin-fluid atomizer is 

mounted to the burner with inner diameter and outer diameter of ø 16.7 mm and ø 

21.7 mm, respectively. The tip of the nozzle is placed 18 mm below the exit of the 

burner. The liquid fuel is atomized and sprayed from the nozzle at the end of the 

pipe. The ambient air is issued into the quiescent atmosphere to complete the 

diffusion combustion. The atomizing air flow rate (Qatom) was varied in order to 

vary the droplet size distribution. As the ambient air flow rate is increased, mean 

droplet diameters decrease [1-3]. Supplementary air (Qsupp) was issued to keep the 

total air flow rate in the premixed spray as a constant value (QSJ).  
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The atomizing air and supplementary air are supplied from compressed air 

cylinders. The flow rates are controlled by mass flow controllers (SEC-E40MK3, 

HORIBA) and controller units (PE-D20, HORIBA). The fuel tank is placed about 

5 meter above the spray nozzle and using drop method to supply fuel. The fuel flow 

rate is also controlled by a mass flow controller (SEC-E40MK3, HORIBA) and 

controller unit (PE-D20, HORIBA). The ambient air flow is supplied from an oil-

less air compressor (Handicon T08P6S03, Amadera Kuatsu Kogyo Co., Ltd.), and 

the air flow rate is controlled by a flow meter with precision needle valve (RK1250, 

KOFLOC).  

From the end of the combustion chamber stack, an exhaust analyzer 

sampling probe and thermocouple (Handy Thermoterminal AM-2001, Anritsu 

Meter Co., Ltd.) are inserted for the measurement of exhaust gas components and 

temperature. The remaining of exhaust gas is blown away. 

2.2.2. Combustion Chamber Setup 

Figure 2.5 shows combustion chamber. A silica glass tube is used as a lower 

part of combustion chamber. The extended of combustion chamber is a chimney 

made of stainless steel tube. Silica glass tube inner diameter is ø 144.4 mm and the 

glass thickness is 3.8 mm, the length is 320 mm. Stainless steel tube inner diameter 

is ø 160 mm and the thickness is 5 mm, the length is 830 mm. Chimney exit 

diameter is ø 81.1 mm and is equipped with a cap with opening diameter of ø 40 

mm. This cap is mounted for limiting the temperature and the composition effect 

from an outside system. 

2.2.3. Pilot Burner Setup 

Figure 2.2 shows propane and air line for the pilot burner in the premixed 

spray burner. In this research, the propane pilot flame is used only for the first 

ignition phase and to prevent flame extinction at the worming up processes. The 

flow rate of propane gas is set Qprop = 150 mL/min. Propane is issued from 16 pilot 

burner holes, with a diameter of each hole of ø 1.2 mm. The pilot burner outer 
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diameter is ø 42.7 mm and inner diameter is ø 16.7 mm. Stainless steel wool is 

installed inside the small slot air-propane mixing chamber of the pilot burner to 

prevent fire back into the propane and air line. 

2.3. EXPERIMENTAL PROCEDURE 

2.3.1. Spray Flame Observation 

For spray flame observation, single-lens reflex digital camera (EXILM EX-

F1, Casio) is used. As the photographing conditions for the experiment of n-decane 

without hydrogen addition, the camera shutter speed is set to 1/60 with ISO 800 and 

F-number = 2.7, and pictures are taken at 300 fps. For n-decane and diesel fuel with 

hydrogen addition, also emulsion fuel experiment, the camera shutter speed is set 

to 1/250 with ISO 400 and F-number = 3.3, and pictures are taken at 300 fps (frame 

per second).  

2.3.2. Exhaust Gas Component Measurement 

Exhaust gas components are measured using a motor exhaust gas analyzer 

(MEXA-1500D, HORIBA Co., Ltd.). The probe is placed on the vertical axis of z 

= 1150 mm from the burner exit. Before starting the measurement, the burner is 

warmed up for 30 minutes. At the warming up, atomizing air flow rate is setting 3.0 

L/min. The concentration of exhaust gas components, CO (carbon monoxide), THC 

(total unburned hydrocarbon), CO2 and NO (nitric oxide), are measured in volume 

fraction. Emission Index (EI) for 1 MJ total heating value of the fuels is calculated. 

If hydrogen is added, the heating value of hydrogen is also considered in calculation 

of the total heating value. 

2.4. GENERAL EXPERIMENTAL CONDITION 

There were three types of fuels used in this experiment, n-decane as a pure 

fuel, diesel fuel (JIS K2204 No.2) as a practical fuel and emulsion fuel consisting 
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of diesel fuel, rheodol and water. Furthermore, hydrogen was used to enhance the 

combustion performance.  

The atomizing air flow rate, Qatom was varied as 2.0 L/min, 2.5 L/min, 3.0 

and L/min. The supplementary air, Qsupp was supplied to keep the total air flow rate 

in the premixed spray jet as 5.0 L/min, QSJ = Qatom + Qsupp. The ambient air flow 

rate, Qambi was 35 L/min. 

The following formula is the general equation for calculating the 

equivalence ratio, 

 (2.9) 

where each symbol is defined as follows: 

  : equivalence ratio 

  : fuel mass flow rate [kg/s] 

  : air mass flow rate [kg/s] 

  : stoichiometric fuel-air ratio 

Since the fuel spray and air are premixed and are issued as a rich-premixed spray 

jet in the present burner, spray jet equivalence ratio can be defined at the exit of 

burner without ambient air as the following equation,  

 (2.10) 

where each nomenclature is defined as follows: 

 : spray jet equivalence ratio 

 : overall equivalence ratio 

  : liquid fuel flow rate [mL/min] 

  : atomizing air flow rate [L/min] 

  : supplementary air flow rate [L/min] 
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  : liquid fuel density  

  : n-decane density = 730 [kg/m3] 

  : diesel fuel density = 832 [kg/m3] 

  : air density = 1.2041 [kg/m3] 

  : fuel stoichiometric coefficient = 1 

  : oxygen stoichiometric coefficient at n-decane reaction = 15.5 

   : oxygen stoichiometric coefficient at diesel fuel reaction = 24.5 

  : fuel molecular mass 

  : n-decane molecular mass = 142 [kg/kmol] 

 : diesel fuel molecular mass = 226 [kg/kmol] 

  : oxygen molecular mass = 32 [kg/kmol] 

  : oxygen mass fraction in dry air = 0.232 

The internal flame characteristics are related to the spray-jet equivalence 

ratio. SJ was set higher than 5. 

Since the spray jet equivalence ratio is larger than unity, the ambient air is 

supplied to complete diffusion combustion. The overall equivalence ratio is the 

equivalence ratio in the whole combustion chamber, including ambient air, which 

is expressed as, 

 (2.11) 

where Qambi is the ambient air flow rate. all was set less than unity for complete 

combustion. 
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Fig. 2.1. General experimental apparatus 
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Fig 2.2. Premixed spray burner 
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Fig. 2.3. Premixed spray burner end 
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Fig. 2.4. Twin fluid atomizer

Spray nozzle 
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Fig. 2.5. Combustion chamber
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CHAPTER 3 

N-DECANE PREMIXED SPRAY JET COMBUSTION 

3.1. INTRODUCTION 

In order to introduce the basic understanding of spray-jet combustion 

phenomena before showing the effect of hydrogen addition on spray-jet 

combustion, the experiment in Chapter 3 conducted the premixed spray-jet 

combustion using a burner which is principally similar to the Bunsen burner with a 

gaseous fuel. The liquid fuel and atomizing air were premixed near the exit of twin 

fluid atomizer and further premixed with supplementary air to generate a rich-

premixed spray jet at the end of the spray nozzle. The ambient air was supplied to 

complete the diffusion combustion.  

The experiments were conducted using n-decane as a pure fuel. The data, 

including flame structure and exhaust gas emission index, were taken for different 

atomizing air flow rates and spray jet equivalence ratios. The double-flame structure 

with the internal flame is presented and roles of the internal flame in exhaust 

emission are discussed. 

3.2. EXPERIMENTAL CONDITION 

Table 3.1 shows the setting condition of n-decane spray-jet combustion the 

fuel flow rate, atomizing air flow rate, total air flow rate in the premixed spray jet 

and ambient air flow rate. The total air flow rate in the premixed spray jet (the 

summation of the atomizing air flow rate and supplementary air flow rate) was kept 

constant at 5.0 L/min. The atomization condition depends on the atomizing air flow 

rate Qatom and Mean droplet diameters decrease with increasing Qatom [1]. Nakachi 

et al. [2] performed the same type of experiments with n-decane flow rate of 4.7 

mL/min and showed Sauter mean droplet diameter, d32, was 94 µm at Qatom=2.0 

L/min, 79 µm at Qatom=2.5 L/min, and 71 µm at Qatom=3.0 L/min. Since the fuel 



22 

flow rate is close to that in Nakachi et al [2], Sauter mean droplet diameter for each 

Qatom would show a close value. 

Table 3.2 lists the values of spray jet equivalence ratio and overall 

equivalence ratio of n-decane spray-jet combustion. Since the spray jet equivalence 

ratio is larger than unity, this spray jet is a rich-premixed spray jet. The spray jet 

equivalence ratio was varied with the fuel flow rate under the constant total air flow 

rate in the premixed spray jet. While the ambient air flow rate was kept constant, 

the overall equivalence ratio was also varied with the fuel flow rate. 

3.3. FLAME STRUCTURE WITH INTERNAL FLAME 

Figure 3.1 show direct images of n-decane spray-jet combustion with spray 

jet equivalence ratio of 5.48 and atomizing air flow rates of 2.0 L/min, 2.5 L/min 

and 3.0 L/min. In order to visualize the flame structure clearly, the brightness and 

contrast of each raw image in this chapter were increased from the raw image. For 

the atomizing air flow rate of 2.0 L/min, a yellow luminous flame is observed. There 

is a small blue flame near the flame base. Therefore, the flame consists of the 

external flame and the internal flame. As the atomizing air flow rate is increased, 

the area of the yellow luminosity decreases. Only blue flames are observed for the 

atomizing air flow rate of 3.0 L/min. The yellow luminosity suggests that soot is 

generated inside the external flame. The external flame height decreases with 

increasing the atomizing air flow rate, meanwhile the internal flame height 

increases.  

Figure 3.2 show direct images of n-decane spray-jet combustion with spray 

jet equivalence ratio of 6.39 and atomizing air flow rates of 2.0 L/min, 2.5 L/min 

and 3.0 L/min. As can be seen in Fig. 3.1, the double flame structure is observed in 

Fig. 3.2. As the atomizing air flow rate is increased, the area of the yellow luminous 

flame decreases but yellow luminosity is still observed even at 3.0 L/min atomizing 

air flow rate. The external flame height decreases with increasing the atomizing air 

flow rate, meanwhile the internal flame height increases. 

Figure 3.3 show direct images of n-decane spray-jet combustion with spray 

jet equivalence ratio of 7.30 and atomizing air flow rates of 2.0 L/min, 2.5 L/min 
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and 3.0 L/min. The double flame structure is observed as can be seen in Figs. 3.1 

and 3.2. The external flame height decreases with increasing the atomizing air flow 

rate, meanwhile the internal flame height increases. 

Figures 3.4, 3.5 and 3.6 show the direct images of n-decane spray-jet 

combustion with different spray-jet equivalence ratio at atomizing air flow rates 2.0 

L/min, 2.5 L/min and 3.0 L/min respectively. The external flame height increases, 

otherwise the internal flame height decrease with increasing the spray jet 

equivalence ratio for a constant atomizing air flow rate. The area of the yellow 

luminosity, i.e., sooting region, increases with the spray-jet equivalence ratio for a 

constant atomizing air flow rate.  

 Figure 3.7 displays the enlarged images of flame near the flame base of 

spray-jet combustion for atomizing air flow rates of 2.0 L/min, 2.5 L/min and 3.0 

L/min and the spray-jet equivalence ratios of 5.48, 6.39 and 7.30. The pictures of 

flame have adjustment on the brightness and contrast to enhance the visualization 

of internal flame. Figure 3.7 shows that the internal flame height increases with 

increasing atomizing air flow rate with constant spray-jet equivalence ratios and 

decreases with increasing spray jet equivalence ratio with constant atomizing air 

flow rates. The luminosity of the internal flame is greater for higher atomizing air 

flow rate but does not vary very much with the spray-jet equivalence ratio.  

Figure 3.8 shows the dependencies of the external flame height and internal 

flame height on the atomizing air flow rate at SJ = 5.48, 6.39 and 7.30. As an overall 

trend, the external flame height decreases with increasing atomizing air flow rate, 

but the internal flame height increase a little.  

Figure 3.9 shows dependencies of the external flame height and internal 

flame height on the spray jet equivalence ratio at Qatom= 2.0, 2.5 and 3.0 L/min. The 

external flame height increases with increasing the spray jet equivalence ratio, but 

the internal flame decreases a little. 

Figure 3.10 depicts the structure of flame of rich-premixed spray jet and 

combustion mechanism. The present spray flame consists of the internal flame and 

external flame. Since n-decane is a low-volatility fuel, any flammable mixture is 

not formed in the premixed spray at room temperature. Droplet vaporization occurs 

in high-temperature region near the internal flame. At the internal flame, fuel vapor 
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is oxidized to a mixture of CO, CO2 and H2O by O2 in the premixed spray. The 

internal flame is a rich premixed flame and thus much CO is produced here. NO is 

also produced here through oxidation of N2 in the premixed spray. Since the internal 

flame generates heat in addition to the generation of CO, CO2 and H2O, droplet 

vaporization is enhanced in the post internal flame region. Since the mixture in the 

post internal flame region is a fuel rich mixture, some of NO is reduced to N2. 

Contrary to the internal flame, the external flame is a diffusion flame. At the 

external flame, the fuel vapor and CO are oxidized by O2 from the ambient air. NO 

is also produced at the external flame. As the internal flame generate CO2 and H2O, 

the fuel vapor and CO are diluted by CO2 and H2O in addition to the dilution by N2. 

The CO2 and H2O dilution slows fuel and CO oxidation and NO production 

reaction, resulting in much CO emission and low NO emission.

3.4. EXHAUST GAS EMISSION CHARACTERISTICS 

Figure 3.11 shows the emission index EICO of carbon monoxide (CO) from 

n-decane spray-jet combustion at atomizing air flow rates of 2.0 L/min, 2.5 L/min 

and 3.0 L/min. EICO decreases with increasing atomizing air flow rate at the spray-

jet equivalence ratios of 6.39 and 7.30 but attains maximum at the spray-jet 

equivalence ratios of 5.48. As explained in Fig. 3.10, CO is produced at the internal 

flame first and is oxidized to CO2 at the external flame. Although CO2 and H2O 

dilution slow CO oxidation at the external flame, enhanced vaporization with 

smaller droplet size and higher droplet velocity at higher atomizing air flow rate 

also enhances combustion at the external flame and thus causes less CO emission 

at higher atomizing air flow rate for the spray-jet equivalence ratios of 6.39 and 

7.30. As shown later in Fig. 3.13, the combustion efficiency is low due to generation 

of relatively large droplets at the atomizing air flow rate 2.0 L/min and penetration 

of such large droplets through the external flame, especially for the spray-jet 

equivalence ratio of 5.48 and therefore, CO also becomes a lower value. 

Figure 3.12 shows the emission index EITHC of total unburned 

hydrocarbon (THC) from n-decane spray-jet combustion at the atomizing air flow 

rates of 2.0 L/min, 2.5 L/min and 3.0 L/min. EITHC decreases with increasing the 
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atomizing air flow rate. If droplets penetrate the external flame, such droplets 

contribute to THC emission. As explained in Section 3.2, mean droplet diameters 

increases with decreasing the atomizing air flow rate and the number of large 

droplets penetrating the external flame also increases, resulting in larger value of 

EITHC.  

Figure 3.13 shows the emission index EICO2 of carbon dioxide (CO2) from 

n-decane spray-jet combustion at atomizing air flow rates of 2.0 L/min, 2.5 L/min 

and 3.0 L/min. EICO2 increases with increasing the atomizing air flow rate. As 

explained above, mean droplet diameters increases with decreasing the atomizing 

air flow rate and the number of large droplets penetrating the external flame also 

increases, resulting in larger value of EITHC shown in Fig. 3.12 and smaller value 

of EICO2 shown in Fig. 3.13.

Figure 3.14 shows the emission index EINO of nitric oxide (NO) from n-

decane spray-jet combustion at atomizing air flow rates of 2.0 L/min, 2.5 L/min and 

3.0 L/min. Three data points are plotted in the same conditions. EINO increases 

with increasing the atomizing air flow rate except for one data point at each of the 

atomizing air flow rates of 2.0 L/min and 3.0 L/min.  

Figure 3.15 shows EICO from n-decane spray-jet combustion at SJ = 5.48 

~ 7.30. EICO decreases with increasing spray-jet equivalence ratio for the 

atomizing air flow rate of 3.0 L/min. As can be seen in Fig. 3.13, the combustion 

efficiency becomes highest for the atomizing air flow rate of 3.0 L/min. In such a 

case, EICO decreases with increasing spray-jet equivalence ratio because the CO 

oxidation at the external flame is enhanced by the increase in flame temperature 

through the increase heat generation. As can be seen later in Fig. 3.17, the 

combustion efficiency becomes lower for smaller spray-jet equivalence ratio with 

the atomizing air flow rate of 2.0 L/min. In such a condition, the amount of fuel 

converted into CO also smaller. If the combustion efficiency were high enough for 

the atomizing air flow rate of 2.0 L/min, EICO would decrease from a higher value 

with increasing the spray-jet equivalence ratio.  

Figure 3.16 shows EITHC from n-decane spray-jet combustion at SJ = 5.48 

~ 7.30. EITHC decreases with increasing the spray jet equivalence ratio due to the 
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increase in flame temperature through the increase heat generation leading to the 

rapid of vaporization. 

Figure 3.17 shows EICO2 from n-decane spray-jet combustion at SJ = 5.48 

~ 7.30. EICO2 gradually increases with increasing SJ.  

Figure 3.18 shows EINO from n-decane spray-jet combustion at SJ = 5.48 

~ 7.30. EINO increases with increasing spray jet equivalence ratio due to the 

increase in flame temperature through the increase heat generation. As explain in 

Fig. 3.14, there were exceptions at one of three data points for each of the atomizing 

air flow rates of 2.0 L/min and 3.0 L/min. 
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Table 3.1. Experimental conditions for n-decane spray-jet combustion  

Description Conditions 

n-decane flow rate, QF [mL/min] 3.0, 3.5, 4.0 

Atomizing air flow rate, Qatom [L/min] 2.0, 2.5, 3.0 

Supplementary air flow rate, Qsupp [L/min] 3.0, 2.5, 2.0 

Total air flow rate in spray jet, QSJ [L/min] 5.0 

Ambient air flow rate, Qambi [L/min] 35 

Table 3.2. n-Decane spray jet equivalence ratio and overall equivalence ratio

n-decane, flow rate 
[mL/min] 

Spray jet 
equivalence ratio 

SJ

Overall 
equivalence ratio 

all

3.0 5.48 0.68 

3.5 6.39 0.80 

4.0 7.30 0.91 
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Fig. 3.1. n-decane spray-jet combustion without H2 addition at SJ = 5.48 

Fig. 3.2. n-decane spray-jet combustion without H2 addition at SJ = 6.39 

Fig. 3.3. n-decane spray-jet combustion without H2 addition at SJ = 7.30 

Qatom = 2.0 L/min Qatom = 2.5 L/min Qatom = 3.0 L/min 

Qatom = 2.0 L/min Qatom = 2.5 L/min Qatom = 3.0 L/min 

Qatom = 2.0 L/min Qatom = 2.5 L/min Qatom = 3.0 L/min 
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Fig. 3.4. n-decane spray-jet combustion without H2 addition at Qatom = 2.0 L/min 

Fig. 3.5. n-decane spray-jet combustion without H2 addition at Qatom = 2.5 L/min 

Fig. 3.6. n-decane spray-jet combustion without H2 addition at Qatom = 3.0 L/min 

SJ = 5.48 
all = 0.68 

SJ = 6.39 
all = 0.80 

SJ = 7.30 
all = 0.91 

SJ = 5.48 
all = 0.68 

SJ = 6.39 
all = 0.80 

SJ = 7.30 
all = 0.91 

SJ = 5.48 
all = 0.68 

SJ = 6.39 
all = 0.80 

SJ = 7.30 
all = 0.91 
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SJ Qatom = 2.0 L/min Qatom = 2.5 L/min Qatom = 3.0 L/min 

5.48

6.39

7.30

Fig. 3.7. The enlarged images around the internal flame region 
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Fig. 3.8. External and internal flame heights at different Qatom

Fig. 3.9. External and internal flame heights at different SJ
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Fig. 3.10. The structure of flame and combustion mechanism with internal flame 
in rich-premixed spray jet combustion 
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Fig. 3.11. The dependencies of EICO to the Qatom at different SJ 

Fig. 3.12. The dependencies of EITHC to the Qatom at different SJ
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Fig. 3.13. The dependencies of EICO2 to the Qatom at different SJ

Fig. 3.14. The dependencies of EINO to the Qatom at different SJ 
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Fig. 3.15. The dependencies of EICO to the SJ at different Qatom

Fig. 3.16. The dependencies of EITHC to the SJ at different Qatom
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Fig. 3.17. The dependencies of EICO2 to the SJ at different Qatom

Fig. 3.18. The dependencies of EINO to the SJ at different Qatom
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CHAPTER 4. SPRAY JET COMBUSTION WITH SMALL 

AMOUNT OF HYDROGEN  

4.1. INTRODUCTION 

Hydrogen is considered as a clean alternative fuel without carbon. Hydrogen 

has a potential to improve the combustion performance without deterioration of the 

exhaust emission characteristics. Since the heating value of hydrogen is about three 

times as large as that of diesel fuel, the addition of small amount of hydrogen also 

has a possibility to improve hydrocarbon fuel spray-jet combustion characteristics. 

In this chapter, combustion and exhaust emission characteristics of spray-jet 

combustion with small amount of hydrogen were investigated with n-decane as a 

pure fuel and diesel fuel as a practical fuel. First, two hydrogen addition methods 

were compared for n-decane spray jet combustion; hydrogen addition to the spray 

jet and hydrogen addition near the flame base. Then, the exhaust gas emissions 

characteristics were investigated with hydrogen additions near the flame base for n-

decane spray combustion. Lastly, the effect of hydrogen addition was confirmed for 

the diesel fuel spray-jet combustion.  

4.2. COMPARISON OF TWO DIFFERENT HYDROGEN ADDITION 
METHODS 

4.2.1. Hydrogen Addition Methods 

Figures 4.1 and 4.2 depict schematics showing two different hydrogen 

addition methods to the spray burner where rich-premixed spray are generated. One 

is a method of hydrogen addition to the spray jet as shown in Fig. 4.1. The other is 

a method of hydrogen addition near the flame base.  

In the first method shown in Fig. 4.1, hydrogen is premixed with the 

supplementary air first and then is mixed with the atomizing air and fuel spray in 

the post nozzle region. The experimental procedure is as follows: After the spray 

jet is ignited by the pilot flame of propane/air mixture, the ambient air flows into 

the combustion chamber, then the supplementary air is supplied. After the spray 
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flame is established, the propane/air mixture-line is closed, and then H2 supplied 

into the supplementary air. Since hydrogen is mixed with the supplementary air, the 

fire back may occurs, H2 line is closed immediately.  

In the second method shown in Fig. 4.2, hydrogen is supplied near the flame 

base through the 16 holes through which the propane/air mixture is supplied in the 

ignition phase. The sequence from the initial ignition to establish the rich-premixed 

spray burning is similar to the process in the first method. After the spray flame is 

established, the propane/air mixture line is closed, and then H2 is supplied to the 

some 16 holes. In this method, only H2 is issued, without air inside the line. This 

method should be safer because there is no oxidizer in the driveway of hydrogen. 

4.2.2. Experimental Condition 

The experimental conditions are described in Tables 4.1, 4.2, and 4.3. Table 

4.1 represents common experimental conditions of H2 addition to the spray jet and 

H2 addition near flame base, which consists of the fuel flow rate, atomizing air flow 

rate, supplementary air flow rate, total air flow rate in the premixed spray jet and 

ambient air flow rate. Tables 4.2 and 4.3 explain the spray jet equivalence ratio and 

overall equivalence ratio of n-decane spray-jet combustion for H2 addition to the 

spray jet and near flame base, respectively. 

This experiment is intended to reinforce the phenomena occurrence and 

hydrogen addition limit for H2 addition to the spray jets and H2 addition near flame 

base. 

4.2.3. Hydrogen Addition Limit 

Figure 4.3 shows the flames with H2 addition to the spray jet at Qatom = 2.5 

L/min. Over than the hydrogen fraction of 0.5 vol%, a back fire and then extinction 

occurred 

In the case of H2 premixed with supplementary air, the fire back occurred 

due to imbalance between the velocities of H2/supplementary air mixture with the 

burning velocity of H2/supplementary air mixture (SL). When the burning velocity 

becomes faster than the mixture velocity, the flame will show fire back. Since the 
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mixture of H2/supplementary air is in lean condition, the laminar burning velocity 

increases with increasing the fraction of H2. This condition results in the fire back 

occurrence over the limit of H2 addition. 

Another method is H2 addition near flame base. In this case, H2 is issued 

without being mixed with air. Figure 4.4 shows direct images of the flame with H2

addition near flame base from 0 ~ 8%. Flame height increases with addition of H2. 

Even at 8% H2 added near the flame base, the flame is established. Therefore, this 

method is better than the first method in view of safety and possible range of H2

fraction. In the following sections, the effect of hydrogen on rich-premixed spray-

jet combustion was investigated with the method of hydrogen addition near the 

flame base. 

4.3. FLAME STRUCTURE AND EMISSION CHARACTERISTICS FOR 
SPRAY-JET COMBUSTION WITH HYDROGEN ADDITION NEAR 
FLAME BASE 

Section 4.2 reveals that the method of H2 addition to the spray jet method 

has the limitation of H2 addition, meanwhile the addition of H2 near flame base 

shows the flame is established with a wider range of hydrogen fraction. The 

following experiment aims to observe the flame behavior and exhaust gas emissions 

with H2 addition near flame base at different atomizing air flow rates.  

4.3.1. Experimental Condition 

The experimental condition described on Tables 4.4 and 4.5. Table 4.4 lists 

the experimental condition of n-decane spray-jet combustion with H2 addition near 

flame base at different atomizing air flow rates, which consists of the fuel flow rate, 

atomizing air flow rate, supplementary air flow rate, total air flow rate in the 

premixed spray jet, ambient air flow rate and hydrogen fraction. Table 4.5 explains 

the spray jet equivalence ratio and overall equivalence ratio of n-decane spray-jet 

combustion or different H2 fraction. This experiment used n-decane as a pure fuel. 

The atomizing air flow rate was varied as 2.0 L/min, 2.5 L/min and 3.0 L/min.  
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4.3.2. Effect of Hydrogen Addition on Flame Structure 

Figure 4.5 show the direct images of the flame at different atomizing air 

flow rates and hydrogen fractions. The flame height and flame luminosity increase 

with increasing H2 addition. The heat generated by H2 combustion increases the 

flame temperature, enhances droplet vaporization and reduces the number of large 

droplets penetrating the external flame, resulting in the increase in the height of the 

external flame and luminosity. The flame height and flame luminosity decrease with 

increasing atomizing air flow rate. The effect of the atomizing air is similar to that 

without H2 explained in Chapter 3. 

The appearance of double-flame structure with the internal flame and the 

external flame for H2 of 0% as can be seen in Fig. 4.5. The characteristics of these 

flames are explained in Chapter 3. Figure 4.6 displays the enlargement part of the 

flame near the flame base to judge whether the internal flame exits or not. For H2

0%, there is a blue internal flame for each atomizing air flow rate. However, the 

internal flame disappears by H2 addition in most cases. Figure 4.7 shows the mode 

map in view of the flame structure.  

Figure 4.8 depicts the structure of flame of rich-premixed spray jet and 

combustion mechanism with and without hydrogen addition. The present spray 

flame consists of the internal flame and external flame without hydrogen addition. 

If hydrogen is added over a specific value, the internal flame disappears. As 

explained in Chapter 3, the internal flame is a rich-premixed flame. If hydrogen is 

added, the heat generated by H2 combustion enhances droplet vaporization and 

caused rich mixture over the rich flammability limit, resulting in the disappearance 

of the internal flame. As the internal flame also generate CO2 and H2O, the fuel 

vapor and CO are diluted by CO2 and H2O addition to the dilution by N2. The CO2

and H2O dilution slows fuel and CO oxidation, resulting in much CO emission. 

Therefore, the disappearance of the internal flame leads to lower CO. The increased 

flame temperature also enhances droplet vaporization and reduces the number of 

large droplets passing through the external flame, resulting in the decrease in THC 

emission and the increase in the height of the external flame. The effect of hydrogen 

addition on exhaust emissions shown in Fig. 4.8 is confirmed in Section 4.3.3. 
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4.3.3. Effect of Hydrogen Addition on Exhaust Gas Emission 

The dependencies of EICO, EITHC, EICO2 and EINO on the H2 fraction 

are shows in Figs 4.9, 4.10, 4.11 and 4.12 respectively. EICO and EITHC decrease 

with increasing hydrogen fraction, nevertheless EICO2 increases and also EINO 

increases but the value is insignificant. 

Figure 4.9 shows the EICO of n-decane spray-jet combustion with H2

addition near flame base from 0 ~ 6%. Without H2 addition, EICO is very high. As 

H2 fraction is increased, EICO decreases significantly until H2 addition 4% and 

slightly decreases until H2 addition 6%. As explained in the previous section, the 

disappearance of the internal flame leads to lower CO since the internal flame 

produces much CO and dilution gases of CO2 and H2O, which slower the CO 

oxidation at the external flame. EICO shows relatively high value for 2% H2 and 

the atomizing air flow rate of 2.0 L/min probably because there is the internal flame 

in this condition.  

Figure 4.10 shows the dependencies of EITHC on the H2 fraction at Qatom = 

2.0 L/min, 2.5 L/min and 3.0 L/min. EITHC for 0% H2 has larger value for smaller 

atomizing air flow rate because mean droplet diameters increases with decreasing 

the atomizing air flow rate and the number of large droplets passing through the 

external flame also increases, resulting in larger value of EITHC as explained in 

Chapter 3. As H2 fraction is increased, the increased flame temperature enhances 

droplet vaporization and reduces the number of large droplets passing through the 

external flame, resulting in the decrease in THC emission. 

Figure 4.11 shows the dependencies of EICO2 on the H2 fraction at 

Qatom=2.0 L/min, 2.5 L/min and 3.0 L/min. EICO2 increases with increasing H2

addition until H2 fraction 4% because the combustion efficiency is increased due to 

the decrease in THC and CO and the increase in the flame temperature. If the 

combustion efficiency is high enough, EICO2 will decrease with increasing H2

fraction since the combustion of H2 produces heat but does not produce CO2. This 

trend is unclear due to the experimental error.  
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Figure 4.12 shows the dependencies of EINO on the H2 fraction at Qatom = 

2.0 L/min, 2.5 L/min and 3.0 L/min. EINO increases with increasing H2 addition 

because the flame temperature is increased.  

4.4. EXHAUST EMISSION CHARACTERISTICS FOR DIESEL FUEL 
SPRAY-JET COMBUSTION WITH HYDROGEN ADDITION NEAR 
FLAME BASE 

4.4.1. Experimental Condition 

The effect of hydrogen addition investigated in Section 4.3 with n-decane 

as a fuel was confirmed for the diesel fuel spray-jet combustion in this section. 

Tables 4.6 and table 4.7 list the experimental condition of diesel fuel spray-jet 

combustion with H2 addition near flame base. The atomizing air flow rate varied at 

2.0 L/min, 2.5 L/min and 3.0 L/min. Table 4.6 shows the experimental conditions 

for hydrogen addition near flame base of diesel fuel spray-jet combustion at 

different atomizing air flow rates. Table 4.7 shows the spray jet equivalence ratio 

and overall equivalence ratio of diesel fuel spray-jet combustion with H2 addition 

near flame base. 

4.4.2. Exhaust Gas Emission 

Figures 4.13, 4.14, 4.15 and 4.16 show dependences of EICO, EITHC, 

EICO2 and EINO on the H2 fraction at the atomizing air flow rate of 2.0 L/min, 2.5 

L/min and 3.0 L/min. The trends of EICO, EITHC, EICO2 and EINO are basically 

the same as n-decane spray-jet combustion with H2 addition near flame base. 

EICO decreases with increasing H2 addition. EITHC also decreases with 

increasing H2 fraction. The effect of the atomizing air flow rate on EITHC is more 

significant than on EICO.  

Unlike n-decane spray-jet combustion, EICO2 decreases with increasing the 

hydrogen fraction. As expected in Section 4.3, if the combustion efficiency is high 

enough, EICO2 decreases with increasing H2 fraction since the combustion of H2

produces heat but does not produce CO2. 
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EINO increases with the hydrogen fraction until 5% except for an irregular 

point for H2 of 2% and shows relatively low value for 6% H2. A further investigation 

is required to figure out the reason why the EINO shows relatively low value for 

6% H2 in diesel fuel spray-jet combustion. 
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Table 4.1. Experimental condition for both H2 addition methods: H2 addition to 
the spray jet and H2 addition near flame base 

Description Values 

n-decane flow rate, QF [mL/min] 3.5 

Atomizing air flow rate, Qatom [L/min] 2.5 

Supplementary air flow rate, Qsupp [L/min] 2.5 
Total air flow rate in premixed spray jet, QSJ
[L/min] 5.0 

Ambient air flow rate, Qambi [L/min] 35 

Table 4.2. SJ and all for n-decane spray-jet combustion with H2 addition in the 
case of H2 addition to the spray jet 

n-decane flow rate 
[mL/min] 

H2 fraction 
[vol%] 

Spray Jet 
equivalence 

ratio SJ

Overall  
equivalence 

ratio all

3.5 0 6.39 0.80 

3.5 0.1 6.41 0.80 

3.5 0.2 6.43 0.80 

3.5 0.3 6.45 0.81 

3.5 0.4 6.47 0.81 

3.5 0.5 6.49 0.81 

Table 4.3. SJ and all for n-decane spray-jet combustion with H2 addition in the 
case of H2 addition near flame base 

n-decane, flow rate 
[mL/min] 

H2 fraction 
[vol%] 

Spray Jet 
equivalence 

ratio SJ

Overall  
equivalence 

ratio all

3.5 0 6.39 0.80 
3.5 1 6.39 0.82 
3.5 2 6.39 0.85 
3.5 3 6.39 0.87 
3.5 4 6.39 0.90 
3.5 5 6.39 0.92 
3.5 6 6.39 0.95 
3.5 7 6.39 0.98 
3.5 8 6.39 1.01 
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Table 4.4. The experimental conditions for hydrogen addition near flame base at 
different atomizing air flow rates 

Description H2 addition near flame base 

n-decane fuel flow rate, QF [mL/min] 3.5 

Atomizing air flow rate, Qatom [L/min] 2.0, 2.5, 3.0 

Supplementary air flow rate, Qsupp [L/min] 3.0, 2.5, 2.0 
Total air flow rate in premixed spray jet, 
QSJ [L/min] 5.0 

Ambient air flow rate, Qambi [L/min] 35 

H2 fraction [vol%] 2.0, 4.0, 6.0 

Table 4.5. Hydrogen fraction of n-decane spray-jet combustion 

Hydrogen addition near the flame base, vary Qatom

Hydrogen 
fraction [vol%] 

Hydrogen flow 
rate, QH2 [L/min] 

Spray Jet equivalence 
ratio SJ

Overall equivalence 
ratio all

0 0 6.39 0.80 

2 0.82 6.39 0.85 

4 1.67 6.39 0.90 

6 2.55 6.39 0.95 

Table 4.6. The experimental conditions for hydrogen addition near the flame base 
of diesel fuel spray-jet combustion at different atomizing air flow rates 

Description H2 addition near flame base 

Diesel fuel flow rate, QF [mL/min] 3.0 

Atomizing air flow rate, Qatom [L/min] 2.0, 2.5, 3.0 
Suplementary air flow rate, Qsupp
[L/min] 3.0, 2.5, 2.0 

Total air flow rate in premixed spray 
jet, QSJ [L/min] 5.0 

Ambient air flow rate, Qambi [L/min] 35 

H2 fraction [vol%] 0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0 
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Table 4.7. Hydrogen fraction for diesel fuel spray-jet combustion 

Hydrogen addition near the flame base 
Hydrogen fraction 

[vol%] 
Hydrogen flow rate, 

QH2 [L/min] 
Spray jet equivalence 

ratio SJ

Overall equivalence 
ratio all

0 0 6.19 0.77 

1 0.40 6.19 0.79 

2 0.82 6.19 0.82 

3 1.24 6.19 0.85 

4 1.58 6.19 0.88 

5 2.11 6.19 0.90 

6 2.55 6.19 0.93 
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Fig. 4.1. Schematic of spray burner with H2 addition to the spray jet 

Fig. 4.2. Schematic of spray burner with H2 addition near flame base 
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Figure 4.3. Direct images of n-decane spray-jet combustion with H2 addition to 

the spray jet at Qatom = 2.5 L/min. 

Figure 4.4. Direct images of n-decane spray-jet combustion with H2 addition near 

flame base at Qatom = 2.5 L/min 

Back fire 
extinction 

0% H2 1% H2 2% H2 3% H2 4% H2

5% H2 6% H2 7% H2 8% H2

Continue 

0% H2 0.1% H2 0.2% H2 0.3% H2

0.4% H2 0.5% H2
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Qatom

[L/min] 0% H2 2% H2 4% H2 6% H2

2 

2.5 

3 

Fig. 4.5. Direct images of n-decane spray-jet combustion with H2 addition near 

flame base at different Qatom and SJ = 6.39 
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Fig. 4.6. The enlarged images near the flame base for n-decane spray-jet 

combustion with H2 addition near flame base at different Qatom. 
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Fig. 4.7. Mode map of burning n-decane premixed spray-jet with hydrogen 

addition for SJ=6.39 
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Fig. 4.8. The influence of H2 addition on rich-premixed spray-jet combustion 

Heat generated by H2 

combustion enhances 
droplet vaporization 
and results in the 
disappearance of the 
internal flame.  

Heat generated by H2

combustion increases 
the flame temperature, 
enhances droplet 
vaporization and 
reduces the number of 
coarse droplets passing 
through the external 
flame, resulting in the 
decrease in THC 
emission and the 
increase in the height of 
the external flame.  

Fuel and CO diluted by CO2
and H2O are oxidized at the 
external flame by O2 from the 
ambient air. NO is also 
produced. Dilution by CO2
and H2O slows fuel and CO 
oxidation and NO production. 

Droplet vaporization 
is enhanced in post 
internal flame region. 
Coarse droplets pass 
through the external 
flame and cause 
THC. NO is reduced 
to N2 in fuel rich 
mixture. 

Much CO is produced 
at the internal flame, 
which is a rich-
premixed flame. CO2, 
H2O and NO are also 
produced. 

Droplet vaporization occurs near 
internal flame.  
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Fig. 4.9. The dependencies of EICO to hydrogen fraction at different atomizing air 
flow rates, for n-decane spray-jet combustion with SJ=6.39

Fig. 4.10. The dependencies of EITHC to hydrogen fraction at different atomizing 
air flow rates, for n-decane spray-jet combustion with SJ=6.39 
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Fig. 4.11. The dependencies of EICO2 to hydrogen fraction at different atomizing 
air flow rates, for n-decane spray-jet combustion with SJ=6.39 

Fig. 4.12. The dependencies of EINO to hydrogen fraction at different atomizing 
air flow rates, for n-decane spray-jet combustion with SJ=6.39 
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Fig. 4.13. The dependencies of EICO to hydrogen fraction at different atomizing 
air flow rates, for diesel fuel spray-jet combustion with SJ=6.19 

Fig. 4.14. The dependencies of EITHC to hydrogen fraction at different atomizing 
air flow rates, for diesel fuel spray-jet combustion with SJ=6.19
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Fig. 4.15. The dependencies of EICO2 to hydrogen fraction at different atomizing 
air flow rates, for diesel fuel spray-jet combustion with SJ=6.19

Fig. 4.16. The dependencies of EINO to hydrogen fraction at different atomizing 
air flow rates, for diesel fuel spray-jet combustion with SJ=6.19
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CHAPTER 5. APPLICATION OF HYDROGEN ADDITION 
TO EMULSION FUEL SPRAY-JET COMBUSTION 

5.1. INTRODUCTION 

The emulsion fuel utilization in spray combustion has benefits of potential 

control of the simultaneous lower NOx emission [1] and enhancement of 

combustion due to secondary atomization [2], which is produced as a consequence 

of the disruptive evaporation of the water droplets contained in oil droplets [3]. 

Even though low combustion temperature leads to a low NO emission but CO and 

THC emissions would be high. One of the ways to overcome this issue is supplying 

a small amount of hydrogen to the emulsion fuel spray-jet combustion. In this 

experiment, the effect of hydrogen fraction was investigated up to 6% H2 on spray-

jet combustion with W/O emulsion fuel. The hydrogen was added near the flame 

base as tested in Chapter 4. 

5.2. BURNING BEHAVIOR IN EMULSION FUEL SPRAY-JET 

COMBUSTION 

Diesel fuel (JIS K2204 No.2) was used as the main fuel, and Rheodol SP-

O10V HLB 4.3 (KAO Corporation) surfactant as an emulsifier. The water content 

was 5 vol%. The stirring speed of the homogenizer (T 10 basic, IKA) was sets at 

8000 RPM with the mixing time of 30 minutes. Table 5.1 shows the experimental 

condition of emulsion fuel spray-jet combustion with variation on the atomizing air 

flow rate. Table 5.2 shows the spray jet equivalence ratio and overall equivalence 

ratio of the emulsion fuel spray-jet combustion for the present experiment. 

Figure 5.1 displays direct images of the flame. The hydrogen fraction was 

varied at 0 ~ 6 vol% and spray jet equivalence ratio was set at 6.19. 

At the atomizing air flow rate of 3.0 L/min, the flame could not be ignited 

for 0% and 1% hydrogen because the higher Qatom makes higher droplet velocity 

and fuel spread wider. As H2 fraction is increased over 2%, the flame height and 

flame luminosity increase. At Qatom = 2.5 L/min, blow out occurred only with 1% 
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H2 possible due to increased droplet velocity with hydrogen addition. As H2 fraction 

is increased over 2%, the flame height and flame luminosity increase. Overall trends 

of the flame height and luminosity variation are similar to those with n-decane 

shown in Chapter 4. 

Soot formation occurs when the mixture is rich of fuel and high combustion 

temperature. The yellow luminosity of a flame is due to soot particles in the flame. 

Lower flame luminosity shows lower soot formation during spray combustion 

and/or lower flame temperature. There is water gas shift reactions occurring before 

the combustion reaction occurs.  

The first reaction reduces soot formation. The first reaction absorbs more 

energy. The phase change from liquid water to water gas absorbs latent heat from 

the surrounding. Both liquid water and water vapor need sensible heat during 

heating and vaporization. They cause the flame temperature lower than the case 

without water in fuel. The lower flame temperature affects not only the lower flame 

luminosity but also the lower flame height. Relatively large droplets penetrate the 

flame and the number of such coarse droplets becomes more with emulsion fuel 

due to lower flame temperature. As the hydrogen fraction is increased, the 

vaporization of coarse droplets is enhanced by increased flame temperature due to 

the heat of hydrogen combustion. Therefore the flame height is increased with 

increasing hydrogen fraction. 

5.3. EXHAUST GAS EMISSION 

Figures 5.2, 5.3, 5.4 and 5.5 respectively show dependences of EICO, 

EITHC, EICO2 and EINO on the H2 fraction at the atomizing air flow rates of 2.0 

L/min, 2.5 L/min and 3.0 L/min. The trends of EICO, EITHC, EICO2 and EINO 

are basically the same as n-decane spray-jet combustion with H2 addition near flame 

base shown in Chapter 4. 
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Figure 5.2 shows the dependencies of EICO of emulsion fuel spray-jet 

combustion on the hydrogen fraction. EICO decreases with increasing H2 fraction. 

The minimum value is at Qatom = 3.0 L/min. Water, gas shift reaction leads lower 

combustion temperature at the emulsion fuel. It leads to the high EICO on the by-

product. High EICO means too much fuel in the combustion system because cannot 

burn (not complete combustion). Hydrogen addition until 6% near flame base can 

reduce EICO significantly.  

Figure 5.3 shows the dependencies of EITHC on the hydrogen fraction for 

emulsion fuels at different atomizing air flow rates. Hydrogen addition up to 6% 

reduces EITHC significantly. As explained above, as the hydrogen fraction is 

increased, the vaporization of coarse droplets is enhanced by increased flame 

temperature due to the heat of hydrogen combustion. Therefore, EITHC decreases 

with increasing the hydrogen fraction. 

Figure 5.4 shows the dependencies of EICO2 on the hydrogen fraction for 

emulsion fuels at the atomizing air flow rates of 2.0 L/min, 2.5 L/min and 3.0 L/min. 

EICO2 increases with increasing the hydrogen fraction until 4% H2 and stays 

constant or decreases over 4% H2. This trend is similar to that with n-decane as 

shown in Fig. 4.10. If the combustion efficiency is high enough, EICO2 decreases 

with increasing hydrogen fraction, as explained in Chapter 4. Since the flame 

temperature is relatively low with the emulsion fuel, the combustion efficiency is 

also lower for smaller hydrogen fraction and thus EICO2 becomes lower. As the 

hydrogen fraction is increased, the flame temperature is increased and EICO2 is 

increased. Further increase in the hydrogen fraction will reduce EICO2 because 

hydrogen combustion supplies heat but no CO2.

Figure 5.5 shows the dependencies of EINO on the hydrogen fraction of 

emulsion fuel at the atomizing air flow rates of 2.0 L/min, 2.5 L/min and 3.0 L/min. 

For the emulsion fuel spray-jet combustion, EINO by product is lower than that 

with diesel fuel. Even though H2 addition up to 6% leads to EINO increase at the 

emulsion fuel spray-jet combustion due to the increased flame temperature, but the 

value is still low.
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Table 5.1. The experimental condition of emulsion fuel spray-jet combustion  

Emulsion Fuel 5 vol % water Value

Emulsion fuel flow rate, QF [mL/min] 3.2 

Water [vol% in emulsion fuel] 5 

Surfactant Rheodol SP-O10V, HLB 4.3 (Kao 
Corporation) [vol% in emulsion fuel] 2 

Atomizing air flow rate, Qatom [L/min] 2.0, 2.5, 3.0 

Supplementary air flow rate, Qsupp [L/min] 3.0, 2.5, 2.0 

Total air flow rate in premixed spray jet, QSJ [L/min] 5 

Ambient air flow rate, Qambi [L/min] 35 

Table 5.2. Spray jet equivalence ratio and overall equivalence ratio with H2
addition 

Hydrogen 
fraction [vol%]

Hydrogen flow 
rate, QH2
[L/min] 

Spray jet 
equivalence ratio, 

SJ

Overall equivalence 
ratio in combustion 

chamber, all

0 0 6.19 0.76 

1 0.4 6.19 0.78 

2 0.82 6.19 0.81 

3 1.24 6.19 0.83 

4 1.67 6.19 0.85 

5 2.11 6.19 0.88 

6 2.55 6.19 0.91 



62 

Emulsion fuel 5 vol %, with hydrogen addition near flame base 

Qatom

[L/min] 0% H2 1% H2 2% H2 3% H2 4% H2 5% H2 6% H2

2 

2.5 Blow 
out 

3 Blow 
out 

Blow 
out 

Fig. 5.1. Direct images of emulsion fuel spray-jet combustion with additional 
hydrogen from 0 to 6%, at SJ = 6.19 
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Fig. 5.2. Dependencies of EICO of emulsion fuel spray-jet combustion on the  
hydrogen fraction at SJ = 6.19 

Fig. 5.3. Dependencies of EITHC of emulsion fuel spray-jet combustion on the  
hydrogen fraction at SJ = 6.19 
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Fig. 5.4. Dependencies of EICO2 of emulsion fuel spray-jet combustion on the 
hydrogen fraction at SJ = 6.19 

Fig. 5.5. Dependencies of EINO of emulsion fuel spray-jet combustion on the 
hydrogen fraction at SJ = 6.19 
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CHAPTER 6 CONCLUSIONS 

The present research investigated combustion and exhaust emission 

characteristics of spray combustion with small amount of hydrogen. Hydrogen is 

considered as a clean alternative fuel without carbon and sulfur content with larger 

heating value, about three times as large as diesel fuel. The experiments were 

conducted in three steps. The first step is to investigate basic characteristics of 

combustion and exhaust emission from spray combustion, to examine the flame 

structure with internal flame and relationship between the flame structure and 

emission characteristics without H2 addition. The second step is to understand the 

influence of hydrogen addition method on the spray combustion, to show the 

limitation of hydrogen addition for two different hydrogen addition methods, to 

examine the structure of flame and exhaust gas characteristics by hydrogen addition 

near flame base. Third step is to confirm the effect of hydrogen addition on the 

emulsion fuel spray combustion. 

The flame of n-decane rich-premixed spray-jet combustion consists of 

internal flame and external flame. The height of internal flame increases with 

decreasing spray jet equivalence ratio, while the height of external flame decreases. 

When the portion of internal flame in the external flame is higher, i.e., smaller spray 

jet equivalence ratio, EICO is higher at the same Qatom if the combustion efficiency 

is high enough. Since the internal flame is a rich premixed flame, much CO is 

produced at the internal flame. CO2 and H2O are also produced at the internal flame. 

CO2 and H2O act as dilution gases and slow fuel and CO oxidation reaction at the 

external flame, resulting in much CO emission. This is more significant when the 

portion of the internal flame in the external flame is greater. NO is produced at the 

internal flame but is reduced to N2 in fuel-rich post internal flame region. NO 

production at the external flame is also slowed by the dilution effect. CO oxidation 

and NO production at the external flame are enhanced by the combustion 

enhancement at higher atomizing air flow rate and/or higher spray-jet equivalence 

ratio. 

As a preliminary test for hydrogen addition to rich-premixed spray-jet 

combustion, two hydrogen addition methods were compared using n-decane as a 
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fuel; hydrogen addition to the spray jet and near the flame base. The method of 

hydrogen addition to the spray jet has a limitation in the amount of hydrogen. 

Beyond the threshold, the fire back occurs. The method of hydrogen addition near 

flame base allowed more hydrogen addition than the method of hydrogen addition 

to the spray jet. Thus, the effect of hydrogen on rich-premixed spray-jet combustion 

was investigated with hydrogen addition near flame base. The internal flame 

disappears by H2 addition in the most cases. The heat generated by H2 combustion 

enhances droplet vaporization and causes rich mixture over the rich flammability 

limit, resulting in the disappearance of the internal flame. Hydrogen addition also 

makes the flame higher. EICO and EITHC decrease by increasing hydrogen 

fraction. Since the internal flame produces much CO and dilution gases of CO2 and 

H2O, which slower the CO oxidation at the external flame, the disappearance of the 

internal flame leads to lower CO. The heat generated by H2 combustion also 

enhances vaporization of droplets passing through the external flame and leads to 

lower THC. The trends of emission indexes with diesel fuel as a practical fuel are 

similar to those with n-decane. 

The hydrogen addition method was applied to emulsion fuel spray 

combustion. Hydrogen was supplied near the flame base. The content of water in 

the emulsion fuel leads to the combustion with low flame temperature, low EINO 

but high EICO and EITHC. The trends of emission indexes with the emulsion fuel 

are also similar to those with n-decane. By adding a small amount hydrogen, EICO 

and EITHC decrease significantly, while EINO is still less than that with diesel fuel.   
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NOMENCLATURE 

 Liquid fuel flow rate [mL/min] 

 Atomizing air flow rate [L/min] 

 Supplementary air flow rate [L/min] 

 Total air flow rate in premixed  

 spray jet (= Qatom+Qsupp) [L/min] 

 Ambient air flow rate [L/min] 

 Hydrogen flow rate [L/min] 

 Equivalence ratio [ - ] 

SJ Spray jet equivalence ratio [ - ] 

all Overall equivalence ratio [ - ] 

F Fuel mass flow rate [kg/s] 

A Air mass flow rate [kg/s] 

F/A Fuel-air ratio [ - ] 

(F/A)st Stoichiometric fuel-air ratio [ - ] 

  Density [kg/m3] 

 Liquid fuel density [kg/m3] 

  n-decane density = 730  [kg/m3] 

  Diesel fuel density = 832  [kg/m3] 

 Air density =1.2041  [kg/m3] 

 Stoichiometric coefficient [ - ] 

 Fuel stoichiometric coefficient = 1 [ - ] 

 Oxygen stoichiometric coefficient at n-decane 

 reaction = 15.5 [ - ] 
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  Oxygen stoichiometric coefficient at diesel fuel  

 reaction = 24.5 [ - ] 

W Molecular mass [kg/kmol] 

 Fuel molecular mass  [kg/kmol] 

 n-decane molecular mass = 142  [kg/kmol] 

 Diesel fuel molecular mass = 226  [kg/kmol] 

 Oxygen molecular mass = 32  [kg/kmol] 

Oxygen mass fraction in dry air = 0.232 [ - ] 

EI Emission index [g/MJ] 

EICO Emission index of Carbon Monoxide [g/MJ] 

EITHC Emission index of total unburned Hydrocarbon [g/MJ] 

EICO2 Emission index of Carbon Dioxide [g/MJ] 

EINO Emission index of Nitric Oxide [g/MJ] 
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