
ABSTRACT 

ZHANG, JI. Biodiesel and Diesel Combustion in a Constant Volume Chamber. (Under the 

direction of Dr. Tiegang Fang). 

 

The combustion of renewable fuels in diesel engines has shown promise to reduce 

soot emission significantly. However, biodiesel combustion is often accompanied by the 

increased level of nitrogen oxides emission. The spray combustion characteristics and 

pollutant formation mechanism have yet to be well understood. This dissertation advances 

the knowledge that is important to utilize biofuel with higher combustion efficiency and 

environmental benefits.  

In this study, a constant volume combustion chamber was successfully established 

with validated safety and consistency to simulate the high pressure and high temperature 

environment in diesel engines. It provides optical accessibility and the ability to control the 

ambient temperature and ambient oxygen concentration. By integrating a common rail fuel 

system, it allows for the study of spray combustion with optical diagnostic techniques.  

In this constant volume combustion chamber, low temperature diesel combustion was 

investigated first. Imaging of CH* and OH* showed that a high temperature reaction region 

existed in the middle- and down-stream of the jet, but not in the near-wall region, because of 

the quenching effect. The CH* was found to be effective to identify the low temperature 

ignition regions, but could not be used to identify the flame area where soot incandescence 

dominated.  

Simultaneous imaging of the natural luminosity (NL) and OH* chemiluminescence 

was then applied to biodiesel and diesel fuels over a wide range of conditions. The results 

indicated a similar ignition delay for biodiesel and diesel under high temperature and high 

oxygen concentrations, but biodiesel showed a shorter ignition delay under low temperature 

and low oxygen concentration conditions. This was primarily resulted from the poorer 

atomization and better auto-ignition properties of biodiesel. 



The OH radical was not only involved in the high temperature reaction, as illustrated 

by the simultaneous appearance in the up and middle stream of the jet, but was also involved 

in the soot oxidation process. Biodiesel showed the tendency to reduce soot formation as well 

as to increase soot oxidation, which was believed due to the effect of oxygen component in 

the molecule.  

The two-color measurement was successfully implemented using a high speed CCD 

camera coupled with narrow-band filters. With correct calibration, quantitative results of 

temperature and soot concentration (KL factor) were obtained. The uncertainty analysis 

showed good confidence in the temperature result, while the uncertainty of KL factor was 

relatively large. 

From the simultaneous imaging of NL and OH* and the two color measurement, the 

effects of the ambient temperature and ambient oxygen concentration were systematically 

studied. Their impact on the combustion characteristics, flame structure, NL and OH* 

contour map, SINL and OH* intensity, two-color temperature and KL factor were discussed 

in detail.  

Finally the extra high temperature with low oxygen concentration combustion mode 

was investigated. The results showed the possibility to maintain a low soot level but enhance 

combustion efficiency compared to the low temperature combustion.  

In summary, the spray combustion of biodiesel and diesel in the constant volume 

combustion chamber was studied in this dissertation. The results provided us with invaluable 

insights into the fundaments of the involved physical and chemical processes. The 

combustion characteristics of different fuels under varied conditions can serve as a reference 

for the development of new generation engines with fuel flexibility, low emissions, and high 

fuel efficiency.  
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1. INTRODUCTION  

1.1. Motivation  

As one of the alternative energy sources, biodiesel is considered as a feasible 

candidate to substitute petroleum diesel fuel for its advantages in power delivery, regulated 

emissions and closed carbon cycle. Since the engine performance is the priority concern for 

both auto industry and end customers, this dissertation firstly reviews the effect of biodiesel 

in brake effective power, brake specific fuel consumption, thermal efficiency. Moreover, the 

engine emissions for biodiesel and diesel, including nitric oxides (NOx), particular matters 

(PM), carbon monoxide (CO) and unburned hydrocarbons (UHC), are compared with 

emphasis on the mechanisms. NOx slightly increases for many researches, but can be 

improved with new injection strategies or improvement of biodiesel fuel properties. PM is 

greatly reduced in overall mass concentration, while number concentration is yet to be 

determined. CO and UHC are greatly reduced in most cases. 

The shortage of petroleum fuel and the serious environment problems now present the 

world the challenges to search alternative renewable fuels. Two critical factors are 

considered during the exploration of new fuel: firstly, renewable and sustainable sources; 

secondly, low emission of pollutant and no increase of green house gas.  

For diesel engines, biodiesel stands out as a promising candidate to substitute diesel 

for the advantages in following aspects: the feasibility of fuel production, transportation and 

storage technology, the availability of the fuel source, the compatibility of the fuel to current 

engine hardware, the performance of engine using new fuel, and, the most important, the 

emission of engines.  

However, the diesel spray combustion is rather complicated because it involves 

multiple phase transition, fuel atomization and evaporation, auto-ignition, partial premixed 

combustion and diffusion combustion. The intensive interaction between fluid and chemistry 

further complicates the problem. Moreover it is a transient process in a very short duration, 
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usually a few milliseconds. The experimental study on the diesel spray combustion often 

requires the accurate control of the experimental conditions and the state-of-the-art 

diagnostic methods.  It is of great interest to gain a more thorough understanding on the 

diesel spray combustion, especially with the utilization of biofuels.   

1.2. Research objective and approaches 

This study is primarily focused on the experimental study on the diesel and biodiesel 

spray combustion. The document will be organized as follows: 

Chapter 2 reviews the basic physical process of diesel spray combustion and the 

current understanding of controlling parameters on the combustion characteristics. Biodiesel 

combustion and its effect on the engine performance and emission are discussed. The two-

color method for soot concentration and soot temperature is introduced. The principles, 

implementation and uncertainty of this method are presented.  

Chapter 3 describes the setup of the constant volume chamber experiment system. 

The chamber design is introduced with a discussion on the safety concern and the 

corresponding measures. The gas feeding system and fuel delivery system are described as 

well. It also discusses the protection mechanisms specially developed for the safe and 

continuous operation of the chamber system. The optical diagnostic methods are briefly 

presented.  

Chapter 4 studies the low temperature diesel combustion. The heat release 

characteristics are analyzed. The flame structure is investigated by studying the images of 

natural luminosity, CH* and OH* chemiluminescence. The intensity of different signals is 

compared as well.  

Chapter 5 employs the same approach as Chapter 4 and applies it to biodiesel 

combustion. A wide operation range is investigated to understand the effect of the ambient 

temperature and ambient oxygen concentration on the spray combustion process. The 

emphasis is to compare the different characteristics of biodiesel combustion. The spatial and 

temporal maps of the OH* and natural luminosity intensity signal are compared in detail.  
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Chapter 6 firstly develops a two-color measurement for soot temperature and 

concentration and demonstrates the validity. The method is then applied to diesel and 

biodiesel combustion over interesting operation conditions. The temporal and spatial maps of 

the two-color temperature and KL factor are discussed with respect to the fuel effect and 

operational condition effect.  

Chapter 7 summarizes the experimental studies and combines the understanding from 

different diagnostics to gain an insight into the spray combustion. Major conclusions are 

presented. Finally, future work is suggested.  
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2. LITERATURE REVIEW   

2.1. Diesel spray combustion  

The most important parameters used to describe the spray combustion include: lift-off 

length, equivalence ratio, jet velocity, ignition delay, soot volume fraction, OH and CH 

distribution, among other parameters. Due to the complexity and high turbulence of the spray 

combustion, most models are empirical.  

2.1.1.  Lif t-off length 

In a constant volume chamber, the lift-off length is determined via the following 

equation [1]: 

                                      Ὄ Ὄ Ȣ Ȣ                                                                (2.1) 

where Ὄ is the measured lift-off length for an ambient gas temperature and density 

during the image acquisition period of Ὕ and  ”determined by Equations (2-2, 2-3); ” and Ὕ 

are the selected ambient density and temperature, at which the fuel is injected.  

                                          Ὕ Ὕ                                                      (2.2) 

                                          ” ”                                                                          (2.3)  

In Equation (2.3), Ὕ , ”  and ὖ  are temperature, density and pressure of the 

ambient gas at the time of the start of fuel injection. Ὕ, ” and ὖare the average temperature, 

density and pressure of the ambient gas during the image acquisition period. In a constant 

volume chamber, ὖ can be obtained from pressure transducer, and Ὕ is then determined. ‎ 

is the ratio of specific heat, and can be assumed constant to be 1.31 in the above equations.  

2.1.2. Fuel air entrainment  

The fuel air entrainment is characterized by the equivalence ratio along the axis of jet 

and jet spreading half-angle.  
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The cross sectional average equivalence ratio, ‰, is determined by following equation 

[2], 

                                          ‰
Ͻ Ⱦ

Ͻ

                                                                        (2.4) 

In Equation (2-4), ὃȾὊ  is the stoichiometric air-fuel ratio by mass for a given 

fuel, x is the axial distance from the injector, and x
+
 is the characteristic length scale defined 

by the following equation: 

                                     ὼ Ͻ
Ͻ

Ͻ ϳ
Ͻ‍                                                                  (2.5) 

In the above equation, d is the orifice diameter, Ca is the orifice area contraction 

coefficient, ” is the ambient gas density, a is constant value of 0.75, —ςϳ  is the jet spreading 

half-angle, and ‍ is a parameter accounting for the air entrainment reduction in reaction zone 

downstream of the lift-off length, ‍ Ὕ Ὕϳ Ȣ, where Ὕ  is the adiabatic flame 

temperature and Ὕ is the ambient gas temperature. Upstream of the lift-off length, since 

there is no reaction, ‍ ρ.  

The jet spreading half-angle is given by [2]: 

                              ÔÁÎ—ςϳ πȢςχρϽ
Ȣ

πȢππτσ                                       (2.6) 

2.1.3. Jet velocity 

The jet velocity at the nozzle exit is determined using the pressure drop [3]: 

                              Ὗ Ͻ
ϽЎ

                                          (2.7) 

In the above equation, the discharge coefficient is experimentally determined.  

2.1.4. Ignition  delay 

A common expression for ignition delay in diesel combustion is the Arrhenius 

expression [3]: 

                              † ὃϽÅØÐὉὙὝϳ ”ὤ                                                                  (2.8) 
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In this equation, A is the pre-exponential constant, E is the global activation energy, R 

is the universal gas constant, ”represents the ambient density, and ὤ  is the stoichiometric 

mixture fraction. It is noticed that Equation (2.8) is a simple expression of a complex system. 

The actual ignition delay varies with the physical process of injection, which is not taken into 

account in Equation (2.8). For example, ignition delay decreases with the decrease of orifice 

diameter.  

2.1.5. Soot volume fraction 

Soot is highly concerned during spray combustion, but its natural radiation emission 

is broad in spectrum. Different researchers may use different bandwidth to quantify the soot 

level. For example, 550 - 700 nm was used in Ref. [4], 360 ï 440 nm in Ref. [5], among 

many other choices from different researchers. Numerous efforts have been done to measure 

the soot volume fraction, among which laser induced incandescence (LII) shows promising 

progress.  

The soot volume fraction, fv(z), at the  cross section of a spray combustion can be given by 

[6]: 

                   Ὢᾀ
Ͻ᷿

ὒὍὍ                                               (2.9) 

                              Ὁά ὰά                                                                    (2.10) 

In the above equations, KL(y=0) is the optical thickness at an axial location, ὒὍὍ is 

the LII intensity, ‗ is the induced laser wavelength, ᾀ  is the spray edge radius, ρ

‌ Ὁά  is estimated as 0.26 for spray combustion. The derived soot volume fraction has 

the unit of ppm.  

2.2. Effect of ambient oxygen on soot and NOx 

2.2.1. Soot  

The effect of ambient oxygen on soot emissions has not been clarified. It is expected 

that less oxygen reduces the flame temperature, therefore decreases the soot formation. On 

the other hand, less oxygen may reduce soot oxidation process, yielding more soot left after 
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combustion. The mechanisms are complicated and coupled; therefore they have not been 

validated.  

The oxygen concentration in ambient air is often interpreted as the EGR level in 

internal combustion engines. In the research of [6], ambient oxygen concentration was 

controlled from 21% to 8%, simulating different EGR levels. The results showed that with 

the decrease of oxygen concentration, the peak soot volume decreases. The total jet cross-

section soot increases initially with oxygen decreases, and then gradually reduces to zero as 

the oxygen concentration decreases to 8%. This is in agreement with the engine pipe-out 

particle matter measurement. The location of lift-off length, which was suggested by OH 

chemiluminescence, increases with the decrease of oxygen. It is interesting that the 

calculated equivalence ratios are same for the different oxygen levels, implying that ignition 

requirement for the fuel is same for different oxygen levels.  

In the same research [6], planar LII (PLII) imaging showed that the distance between 

the lift-off and first-soot location increases with the decrease of oxygen concentration, 

suggesting a longer residence time to accumulate soot formation. The Chemkin calculation 

showed a reduction of soot formation due to the lower combustion temperature as the oxygen 

concentration decreases. Therefore, there is a competition between residence time and lower 

combustion temperature, which will determine the net effect of oxygen concentration in the 

ambient air.  

Temperature is critical to soot formation. Even in the less oxygen environment, if the 

ambient temperature is high, the soot formation is greatly accelerated [6]. This makes the 

cooling of EGR as the necessity to meet the particulate matters regulation.  

2.2.2. Nitrogen oxides 

It has been widely accepted that in internal combustion engine, the thermal 

mechanism dominates the NOx formation [14]. There are three reactions, called extended 

Zelôdovich mechanism, as follows 

O + N2 = NO + N                                                                                     (2.11)
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N + O2 = NO + O
                                           (2.12)

 

N + OH = NO + H                                          (2.13) 

The large numbers in the reaction rate coefficient of above reactions (not shown here) 

imply that the Zelôdovich mechanism features strong temperature dependence. It mainly 

occurs at high temperature under slightly lean conditions within the burned products. For this 

reason, less oxygen, which reduces the flame temperature, is expected to reduce NO 

formation. The most impacting factor of ambient oxygen to the NOx emission should be 

through the temperature, as the NO formation starts at the temperature above 2000K, which 

is the temperature range of post combustion products.  

In fact, there is dramatic difference between the ideal prediction of equilibrium NO 

and actual NO formation in cylinder, indicating that the equilibrium of the above Equations 

(2.11)-(2.13) has not been reached in the in-cylinder combustion [14]. The difficult start of 

Equation (2.11) is resulted from the triple-bond of N2 molecule, making the generation of N 

atom slow. The rate coefficient of Equation (2.11) drags the production of NO far behind the 

equilibrium at the local temperature. After top dead center, when combustion proceeds, the 

temperature drops quickly because of the expansion stroke. The equilibrium calculation 

expects NO decomposed to nearly zero concentration, while in fact, the NO concentration is 

rather frozen at this stage even it is emitted to the exhaust. This is because of the drastic 

reduction of N, O, and H as the temperature reduces, which prevents the Equations (2.11-

2.13) proceed backward. This is also an implication that the engine-out NO measurement is 

close to the actual NO formation in-cylinder.  

2.2.3. A short summary 

The effect of oxygen on the emission of soot and NOx has been studied extensively. 

Ambient oxygen has a complicated effect on soot. Higher oxygen concentration level, 

depending on whether the temperature increase effect or less residence time for soot 

formation effect dominates, will overall increase or decrease soot emission. The ambient 

oxygen affects the NOx emission via temperature, since NOx is greatly dependent on high 
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temperature. Less ambient oxygen reduces flame temperature, thus reduces NOx emission. It 

is noted that engine-out NOx is close to the in-cylinder NOx formation.  

2.3. Biodiesel combustion 

2.3.1.  Biodiesel property 

Biodiesel is a mono-alkyl ester based oxygenated fuel made from natural, renewable 

sources like new or used vegetable oil and animal fats [15].  Biodiesel, despite of the original 

sources, is generally comparable to conventional diesel fuel, and can be blended in any 

portion with petroleum diesel. The current research indicated that blended or pure biodiesel 

can be used in current compression ignition (CI) engines without major modification of the 

engines.    

The properties of some biodiesel are listed in Table 1. It can be seen that the biodiesel 

properties are quite similar to those of conventional diesel. In general, biodiesel is more 

viscous than petroleum diesel. Since the fuel in commercial market is usually measured by 

volume, here we compare the heating value by volume. The lower heating value (in mass) of 

biodiesel is about 5% less than that of diesel. The cetane number of biodiesel is ~50, which is 

good for current compression ignited engines. Biodiesels have a higher flash point except the 

one from tallow source. The density of biodiesel is generally 5% more than petroleum diesel.  

2.3.2.  Engine performance 

2.3.2.1.  Brake effective power  

In most studies, the engine is tuned to cover the whole range of load (concentrating 

mainly on 25%, 50%, 75% and 100% of maximum torque) at various speeds to simulate the 

representative engine conditions. Most of the research indicates a slight power and torque 

loss with biodiesel, while this decrease is less than the heating value reduction of biodiesel 

with respect to that of diesel [16].   

It is inferred that only at full load condition, the power output delivered by biodiesel 

is reduced with respect to that delivered by diesel fuel. Despite of 8% reduction in heating 

value (volume base), many researchers found that the power loss is lower than expected.  The 
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potential reasons for the power recovery may include: 1) high viscosity of biodiesel reduces 

the back flow across the piston clearance of the injection pump, thus allow more fuel to be 

injected. Research indicates that both mass and volumetric flow rate increases 1.2~3.2% in 

biodiesel case [17]. The extra injected fuel serves a compensation for the smaller heating 

value of biodiesel; 2) the oxygenated biodiesel encourages the ignition and development of 

flame in engine cylinders, which advances the ignition and combustion process. This brings 

the combustion closer to TDC and thus increases the overall power output; 3) higher lubricity 

of biodiesel facilitates the reduction in friction which in theory contributes to the increase of 

brake power. However, few researches have claimed explicitly the power recovery within 

this reason, and yet the measurement has been implemented.   

Considering current engine is generally oversized and the accelerator is not fully 

pressed during the most time of engine operation, the power loss with biodiesel (only at full 

load cases) is acceptable, even unnoticeable.  At the partial load conditions, the power loss is 

partially or fully recovered by the advantages of biodiesel.  

2.3.2.2.  Brake specific fuel consumption (bsfc) 

Brake specific fuel consumption (bsfc) is defined to be the ratio of mass fuel 

consumption to the brake effective power, thus is a parameter to evaluate the fuel energy 

density. The bsfc is expected to increase about 14% for biodiesel with respect to diesel due to 

the lower heating value of biodiesel in mass base. Since the loss of the heating value derives 

the oxygen content in biodiesel, it may serve a good indicator to expected fuel consumption. 

A good relation has been found between oxygen content and bsfc for biodiesel from soybean 

oil in blends and pure [18]. It is noticed that the increase in bsfc is only observed when 

oxygen enrichment derives from the fuel, not from the intake air [19].  

US EPA conducted a statistical research into the bsfc of heavy duty vehicle without 

EGR and aftertreatment system in laboratory scale [11]. An empirical expression describing 

bsfc of biodiesel in function of biodiesel content in the blend of bio- and regular diesel is 

obtained as: 

bsfc/bsfcD=exp(0.0008189*B)                                                            (2.14) 
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where the subscript D represents diesel and B the percentage value of biodiesel content in the 

blend ( 0ÒBÒ100). By integrating the data from 39 papers, this equation provides a 

confidence level of 95%. Though the relation is exponential expression, it is nearly linear in 

the variable range (Figure 2.1). It is intriguing that the maximum value of bsfc (~9%) is less 

than expected value (~14%) from the heating value analysis. This may imply a certain 

improvement of thermal efficiency with biodiesel.  

Though there are a few researches indicating less increase or even decrease of bsfc 

for biodiesel fuel, a majority of researches has found that increase in biodiesel fuel 

consumption is proportional to the biodiesel contents in the blends and to the heating value. 

Moreover, there is no significant effect of origin of biodiesel on the bsfc.  

2.3.2.3.  Thermal Efficiency 

Thermal efficiency is the ratio of output power to energy introduced into engine. The 

actual thermal efficiency is defined as 

ɖ_(t-act)=P_bù((m →_f )*Q_LHV*ɖ_c  )                                                                  (2.15) 

where Pb is the brake power, m →_f is the fuel mass flow rate, QLHV the fuel lower heating 

value,  ɖ_c  combustion efficiency.   

In theoretical analysis, dual cycle is normally used to simulate the actual diesel engine 

operation. In Figure 3, under the same compression ratio, the efficiency of Otto cycle is the 

highest, while the Diesel cycle has the lowest one. Though this figure does not apply to the 

different engine operation since the pressure of diesel engine is much higher than gasoline 

engine, it can be used to analyze the same engine with the same compression ratio.  For the 

dual cycle with biodiesel, since the combustion is brought to the TDC and, in Figure 3, it is 

moving toward Otto cycle; therefore, ɖ_(t-act) for biodiesel is expected to increase. 

However, the advance is so little that may not produce significant effect on the overall 

thermal efficiency.   

In fact, most researches indicate no dramatic difference in thermal efficiency with 

biodiesel or blends in diesel engines. The experimental investigation proved that thermal 
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efficiency is not changed significantly with biodiesel [18]. It showed that origin of biodiesel, 

the length of the carbon chain, and the number of double bonds did not play a noticeable role 

in affecting thermal efficiency.    

2.3.3.  Emission  

The regulated emission includes nitric oxides, particulate matters, carbon monoxide 

and unburned hydrocarbons. Figure 4 shows a research conducted by US EPA into the effect 

of biodiesel on the heavy duty engine emissions [11]. This research collected data from the 

engines without EGR and aftertreatment in laboratory scale. It shows a slight increase of 

NOx and dramatic reduction of PM, CO and HC. Each pollutant is discussed below with the 

comparison of different research and the mechanisms are addressed.  

2.3.3.1.  Nitric oxides 

Most literatures indicate a slight increase of NOx emission within biodiesel, and 

modeling work also supports this observation. The latter obtained reduced auto-ignition time 

and higher extension of high temperature zones with biodiesel [9]. Since high temperature is 

normally considered as the promotion to the NOx formation, the modeling results have been 

used to explain the experimental observation of NOx increase with biodiesel.  

On the other hand, there are some other researches showing differences in the trend. 

There are researchers claiming that effect of biodiesel on NOx emission depends on the type 

of engine and operation conditions. For example, fully loaded condition exhibits an increase 

of 9.5%, while partially loaded (transient urban cycle) produces a reduction of 6.5% [10]. In 

EPA report [11], for B20 blends, a number of research results also indicated a reduction of 

NOx, though the percentage is small compared to the apparent reduction for other emissions.  

The reasons for NOx increase with biodiesel have been proposed. The advance of 

start of injection, caused by the properties of biodiesel (viscosity, density, compressibility, 

sound velocity), is used to explain the advance of the combustion, thus leads to higher mean 

effective pressure in cylinder and higher NOx emission. This is widely proved in 

conventional pump-line-nozzle system. However, in common rail system, where the injection 

pressure is held nearly constant and injection start is unchanged for biodiesel, a higher flame 
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temperature is proposed to contribute the higher NOx emission. This higher flame 

temperature may be caused by the characteristics of biodiesel as well as the less heat 

dissipation due to the reduced soot in the flame.  

There is a proven relation between NOx emission and molecular unsaturation [11]. It 

was observed that, soybean-oil provided a 15% increase NOx emission compared to that with 

diesel fuel, rapeseed provided a 12% increase, while animal fat only provided a 3%. It is then 

concluded that more saturated biodiesel produce less NOx emission in older injection system. 

However, when common rail system is used, this effect is less significant, even the older 

injection system provides the same high injection pressure [12].  

Other reasons are also proposed including: increased cetane number of biodiesel, and 

higher oxygen availability of biodiesel. However, these two reasons are questionable. Higher 

cetane number may cause not only the combustion advance, but also a decrease of premixed 

combustion. The latter is considered to soften the pressure and temperature gradients, and 

thus to lower NOx formation. The US EPA report [11] also concludes the negative relation 

between NOx and cetane number for biodiesel fuel. As to the oxygen availability 

explanation, it is argued that the internal oxygen content is not enough to compensate the 

difference at the flame region, where diffusion flame occurs at around stoichiometric ratio 

between fuel and air.  

Besides the reasons mentioned above, there are other potential ones. The more details 

of the injected fuel characteristics, especially the droplet size distribution, droplet size 

distribution, spray penetration, heat dissipation, etc, which might place an influence on the 

ignition delay, premixed/diffusion combustion ratio, and subsequently, affect NOx 

formation. Recalling the prompt mechanism of NOx formation is the major factor in rich 

flame, it is worthy of investigation into the important radicals in the biodiesel flame. 

Meanwhile, the correlation between reduced soot formation and NOx formation needs to be 

further researched.  

From the discussion above, two measures are usually considered in reducing NOx 

formation. One is tuning the engine design and operation, and the other is modification of the 
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fuel property. The former one involves the delay of the start of injection, combination of 

EGR, increase of injection pressure. To accommodate the versatility of biodiesel, a sensor is 

proposed to detect the biodiesel content in the fuel so as to adjust the injection timing 

controlled by ECU [17]. A simultaneous reduction in NOx and soot emission is achieved by 

using multi-injection strategy with a longer dwell time between two injections [13]. The 

latter measure involves the selection of more saturated biodiesel, hydrogenerating of 

biodiesel, the addition of certain compounds like cetane enhancer or anti-oxidant, and so on. 

These measures are mostly at the research stage and in need of further laboratory and on road 

verification.   

2.3.3.2.  Particular matter 

In general, the use of biodiesel or blends produces a reduction of particular matter 

(PM), while this effect depends on the engine type, load, and operation conditions.  Some 

major factors are listed together with their effects in Table 2.2. 

There are several explanations on the PM reduction for biodiesel, among which the 

following three reasons may be more important than others.  

Firstly, the oxygen content in biodiesel fuel enables a more complete combustion 

especially in rich diffusion flame and promotes the oxidation of formed soot. As the oxygen 

content in fuel increases, the larger fractions of fuel carbon are converted to CO in the rich 

premixed region, rather than soot precursors. This decarboxylation mechanism has been 

verified by an experiment using C-14 labeling technique, which confirmed that largest 

amount of CO2 is formed in the case of esters through decarboxylation.  

Secondly, the absence of aromatics in biodiesel fuels leads to less PM emission. 

Aromatic hydrocarbons are normally considered as precursors of soot. Due to the nature of 

production process of biodiesel, the aromatic component is much less compared to that in 

conventional and even ultra-low sulfur diesels. Therefore, the soot formation is not favored 

during the combustion processes.  
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Thirdly, more active structure of soot formed from biodiesel promotes the oxidation 

in the flame regions. Transmission electron microscopy (TEM) images show more 

amorphous and disordered arrangement of grapheme segments for biodiesel soot compared 

to diesel soot [20]. Moreover, the internal structures of primary particles tend to create 

hollow cavities probably caused by internal oxygen of biodiesel molecules [8]. It is then 

suggested that biodiesel soot is more reactive as opposed to diesel soot, thus it is easier to be 

oxidized in the following flame regions.  

Other factors like combustion advance, nil sulfur content, lower boiling point of 

biodiesel are also proposed by different authors. However, these are less important compared 

to the above three either because its minor effect in actual operation (eg. Combustion 

advance), or less applications in industry (eg. ULSD is widely used that sulfur is in minor 

consideration).  

Particle size distribution (PSD) is an important parameter to describe the harmfulness 

of particle and thus is specially focused. Currently it is difficult to precisely measure the 

effect of biodiesel on PSD because it is very sensitive to the dilution prior to sampling and 

engine operation conditions. However, the majority of researchers have reported the increase 

in number of smaller particles (<40 nm), a reduction in number of larger particles (>50 nm) 

and total particle numbers. The mean diameter of particles is then found to decrease from 

~80 nm (diesel) to ~60 nm (biodiesel). Some researchers also observed no significant 

increase or even decrease of smaller particle number. The effect of biodiesel on the PSD is 

yet to be determined and needs further research.  

2.3.3.3.  Unburned hydrocarbons 

Most researches have shown a sharp decrease in unburned hydrocarbons (UHC) 

within the increase of biodiesel content in blend [16]. The maximum reduction is ~70% for 

pure biodiesel compared to conventional diesel [11]. The engine operation modes and 

biodiesel origins seem to have negligible effect on the UHC emission. The presence of 

oxidative catalytic converter and the use of ULS diesel will soften the decrease the UHC 

reduction ratio since these two measures already lower the UHC emission level.  



 

 
16 

The potential reasons for the UHC reduction include: the oxygen content in biodiesel, 

which leads to a more complete combustion; the higher cetane number of biodiesel, which 

reduces the ignition delay and advances combustion timing, etc. The other issue is that the 

measurement of UHC by conventional methods, flame ionization detectors (FIDs) may not 

have enough sensitivity in detecting the lower level of UHC in the exhaust gas. The sampling 

procedures also need to be considered since UHC may condensate and deposit on the inner 

wall of sampling pipe line. Most researchers agree that biodiesel origin is not a factor 

affecting UHC emission.  

2.3.3.4.  Carbon monoxide 

Carbon monoxide (CO) reduction is observed in most experimental investigation 

when using biodiesels. The maximum reduction is ~50% for biodiesel with respect to 

conventional diesel [11].  

Among the factors that were researched, load condition has been proven to have a 

remarkable effect on CO emission. Most authors report CO emission does not change 

significantly or even increases when using biodiesel at low-load conditions. Meanwhile, 

biodiesel fuels might reduce CO when engines are not equipped with oxidation converter, 

which needs further research to reach a conclusion.  

As to the reasons of CO reduction for biodiesel, once again, it is believed the oxygen 

content in biodiesel fuel has played an important role. This is confirmed by an experiment 

that increases the oxygen concentration in combustion chamber by either oxygenated fuels or 

oxygen enriched air. When using animal fat originated biodiesel, CO emission is found to be 

less than that from vegetable oil based biodiesel [11]. This may imply that CO emission 

decrease as the saturation level increases. Another factor being considered is acid level. It is 

found that increased acid level of fuel produces increased level of CO emission [16]. This 

might be caused by a higher hydroperoxide concentration as the acid value is higher, since 

they participate in CHO, HCHO and CO formation reactions.  
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2.3.4.  A short summary 

The engine performance and emission when using biodiesel fuels are reviewed. Upon 

the discussion, the following results have been achieved: 

¶ Brake effective power for biodiesel is reduced only at fully load conditions. 

No significant difference has been observed for partial load conditions due to 

the power recovery from extra injected fuel and advance of the combustion.  

¶ Brake specific fuel consumption (bsfc) increases for biodiesels due to 

reduction in heating value. However, the increase of bsfc is less than reduction 

in heating value, which may be caused by the power recovery mentioned 

above. Thermal efficiency is not dramatically changed for biodiesel.  

¶ NOx emission is found to increase for biodiesels. The reason is partially 

because the advance of combustion timing and/or injection (negligible in 

common rail system). Adjustment of injection timing or improvement of 

biodiesel fuel may reduce the NOx and soot simultaneously.  

¶ PM has been greatly reduced for biodiesel due to the decrease of formation 

and increase of oxidation of soot.  Oxygen content in fuel, absence of 

aromatic hydrocarbons and more reactive of soot are the potential reasons to 

cause this reduction for biodiesel. It is noticeable that the reduction in PM for 

biodiesel could be eliminated or even reversed in cold start condition. The 

number of smaller PM is found to increase in most research. The effect of 

biodiesel on the particle size distribution is yet to be fully understood.  

¶ Unburned hydrocarbons and carbon monoxides usually decrease significantly 

in most researches. A more complete combustion, due to oxygenated biodiesel 

fuel, is considered as the primary reason for the reduction in both emissions.   
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2.4. Two color pyrometry  

2.4.1. Principles 

2.4.1.1. Two-color method 

Planckôs law describes the intensity of radiation from a black body in the function of 

wavelength and the temperature of the black body as follows [21]: 
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where C1 and C2 are the first and second Planckôs constants.  

The monochromatic emissivity of a non-black body is defined as 
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where Ὅ and Ὅ
Ȣ

 are the monochromatic emissive power from the non-black body and black 

body at the same temperature and the same wavelength.  

In the two-color method, an apparent temperature Ὕ is introduced and defined as the 

temperature of a block body which emits the same radiation intensity as a non-black body at 

temperature T. Ὕis named brightness temperature. It therefore follows 

 , ( ) ( )b aI T I Tl l=                                                                          
 (2.18) 

Substituting Eq. (2.18) into (2.17), the monochromatic emissivity can be expressed as 

 
,

,

( )

( )

b a

b

I T

I T

l
l

l

=¸                                                                                  (2.19) 

Combining Eq. (2.19) and (2.18), one can obtain that  
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In practice, Eq. (2.20) is approximated by the following empirical relation developed 

by Hottel and Broughton,  
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where K is an absorption coefficient and proportional to the number density of soot particles; 

L is geometric thickness of the flame along the optical axis of the detection system. The 

value of Ŭ depends on the optical and physical property of soot particles.  

An alternative way to approximate emissivity is to apply Rayleigh theory,  
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where 
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And Ὢis the soot volume fraction, n and k are the real and imaginary parts of soot 

refractive index, ὲ ὯὭ, which are dependent on wavelength.  

Combining Eq. (2.20) and (2.21) to yield  
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If the measurement is simultaneously conducted on two different wavelengths, KL in 

above equation can be eliminated and then we have  
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 (2.25) 

The reason to use Eq. (2.24) instead of Eq. (2.20) to determine temperature T is that 

KL is only reflection of soot particles while monochromatic emissivity צ depends on used 

wavelength.  

If the apparent temperature 4  and 4  are known, the temperature of soot particle 

can be obtained by solving Eq. (2.25).  
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It should be noted that: (1) the two-color method directly measures the temperature T 

of soot particles, which is different from the gas temperature; however, the difference is 

negligible (< 1K) when the ambient gas and soot particles have attained thermal equilibrium, 

which can be reached in about 10-50 ~ 10-6 s in the cylinder; (2) the parameter Ŭ actually 

depends on the wavelength among other factors; however, it is often selected as 1.39 in the 

visible range (πȢτ ‘ά ‗ πȢψ ‘ά), and 0.91~0.97 in the infrared range (‗ πȢψ ‘ά).  

The apparent temperature 4  and 4  are measured using a calibrated two-color 

pyrometer system. In fact, this is the core of the two-color measurement: to provide the 

instantaneous apparent temperature so as to derive the instantaneous soot particle 

temperature. If the spatial resolution is provided, then a time- and space-resolved temperature 

can be obtained. This can be done with the high speed multicolor image system, which will 

be discussed later.  

Upon obtaining the soot particle temperature T, the value of product KL can be 

estimated via Eq.(2.24), which is proportional to the soot concentration. In two-color method, 

the soot particle temperature T and KL factor are often obtained, however, with needed 

assumption, the volumetric density of soot can be achieved via  
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where m is the complex refractive index of the soot particle. Assuming the values of m, L 

and Ŭ, one could obtain the volumetric density CV. 

2.4.1.2. Multi -color methods 

In two-color method, the calibration is needed to derive the relation between apparent 

temperature Ta and the detected photo diode signal. The calibration requires the same 

geometry condition for the calibration and actual measurement, which may not be applicable 

in some cases. On the other hand, the full field view of temperature and KL factor is desired 

in the time domain. Therefore, a modified multicolor method taking advantage of the high 

speed solid state camera development has been proposed.  



 

 
21 

In a typical solid state camera, usually a charge coupled device (CCD), the intense of 

radiance can be outputted as a value in the range of 0-255 for an 8 bit sensor. The value Vi 

can be expressed as 

 
iiV Il lFÖ= Ö¸                                                                            (2.27) 

where ɮ is an instrument constant determined by calibration. By substituting equation (2.21) 

and the definition of Ὅ into Eq.(2.27), one could obtain  
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To eliminate the instrument constant ɮ, one can utilize the radiation intensity ratio of 

two wavelength ‗ and ‗ as the relative intensity ὓ   
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In principal, Mij is a function of (T, KL). To solve these two unknowns, at least two 

different values of Mij are needed, which requires three wavelength measurements.  

A simplification can be made by utilizing Wienôs law. For value of ‗Ὕ less than 3000 

‘άϽὑ, 
i

Ilcan be approximated by following expression with the error less than 1%.  
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Eq.(2.29) can be simplified as  
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In a multicolor high speed camera, each pixel in an image is composed by three 

component (R, G, B). Therefore two M ij values are available to determine the unknown (T, 

KL) in Eq. (2.31), namely M12 and M23.  

In practice, since the value from CCD camera only in the range of (0, 255) for an 8 bit 

sensor, it is more practical to establish a map between possible digital value and 

corresponding temperature [22]. In this way, a real-time derivation of apparent temperature 

could be available.  

2.4.1.3. Modulated absorption/emission (MAE) method 

The advantage of MAE is to avoid the uncertainty from the assumption of the 

parameter ɻ in Equation (2.21) or soot refractive index Í Î ÉË.  

In principal, MAE also starts from Plankôs law as Eq.(2.16) and (2.17). The 

difference from the conventional two-color pyrometer method is the emissivity צ. In MAE 

method, the emissivity is obtained from the measurement of transmittance ʐ and utilization 

of Kirchhoffôs law, which states that at the thermal equilibrium, the emissivity of an object 

equals the absorbance.  

 1absorbancel lt= = -¸
                                                         

 (2.32) 

Combining Eq. (2.32) and (2.17) to yield 
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Substituting Eq. (2.32) into (2.33) and solve to T to obtain  
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Now the temperature T can be obtained from Eq. (2.34) the measured % and ʐ. In a 

typical setup, a modulated light source with high frequency, usually a square wave pattern 

laser at a 10 Hz, is used for the measurement of emission and absorption together within one 
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cycle of modulation. During the laser-off interval, a measurement of emission intensity is 

made, while a consecutive measurement of laser transmission was made during the laser-on 

interval. This is called one-color MAE.  

Within the approximation of Wienôs law used for Eq. (2.30), it is possible to reduce 

the error of one-color MAE by taking two wavelength measurement. If two wavelength 

measurements are conducted simultaneously to have two equations from Eq. (2.33). By 

dividing these two equations to solve for T, one would obtain the temperature T as Eq. (2.35)

. This method is called two-color MAE.  
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Two-color MAE is better applied since only the ratio of emission intensities are 

needed, not the absolute magnitudes, so that errors incurred from any uncertainty in the solid 

angle of collection are avoided. This feature may be especially important if the solid angle is 

different for the calibration than for the actual flame measurement [23]. 

In Ref. [23], the two-color MAE was demonstrated to reduce the temperature error 

from υπ+ for conventional two-color pyrometer method to ςπ+ for two-color MAE, 

when measuring a premixed flat C2H2+air flame. This method does not need to be calibrated 

since it only deals the ratio of radiance. Like the conventional two-color pyrometer method, 

this method is restricted to cases where the soot particles are small enough to be in the 

Rayleigh regime.   

2.4.2. Implementation 

A conventional implementation of two-color method requires apertures, a bifurcation 

filter, band-pass filters, pyrometers and data acquisition system. The radiation emitted from 

the incandescence of soot particles is collected by aperture, and then split into two beams by 

the bifurcation. Each beam passes through a band-pass filter, which allows only a certain 
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wavelength with a narrow band width (5~20 nm). The beam is then collected by a photo 

diode, which transform the intensity of the radiation into voltage signal in the time domain. 

This signal is finally recorded by the data acquisition system.  

The selection of the two wavelengths is critical to the accuracy of the two-color 

method. It has been suggested that a combination of two visible wavelength with larger 

separation be used for the following reasons: (1) In the combustion temperature range of 

1000~2000 K within internal combustion engine, the change of radiance in function of 

temperature is more sensitive than that in the infrared wavelength range; (2) KL and 

temperature is less sensitive to the selection of Ŭ in visible range than that in infrared range; 

(3) There are many radicals and products such as CO2, H2O, N2O and so on during 

combustion which emit the infrared wavelength radiation, which may interfere the radiation 

from soot particles. However, it should be noted that in the visible range, there are also the 

radiation from the radicals like OH, HCO, CH, C2, etc. Their corresponding wavelengths 

need to be avoided.  

Before implement the two-color method in real tests, it has to be calibrated. The idea 

is to create a curve relating the detected voltage signal from photo diodes to the apparent 

temperature Ta. This is usually conducted with a calibrated tungsten lamp, which is usually 

calibrated at 650 nm only. It is sufficiently accurate at the near 650 nm range, but need to be 

re-calibrated at a wavelength too different from 650 nm. It needs to be noted that if optical 

lens are used in this calibration, the radiance from the lamp is larger than the radiance 

received by photo diode by a factor of ρ †, where Ű is the transmittance of the optical 

lens.  

2.4.3. Uncertainty analysis 

The uncertainty in the two-color method is derived from several aspects: principals 

and measuring limitations.  

In the principals of the two-color method, the wavelength selection is critical to the 

sensitivity and error range. In Ref. [21], it is suggested to select visible spectrum over 

infrared spectrum due to the higher sensitivity in the visible spectrum. In Ref. [22], the 
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different combinations of three wavelengths from 16 wavelengths ranging from 500 nm to 

690 nm are analyzed. It showed that among the 560 possible combinations, there are 36 

combinations satisfying the following requirements 
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In general, a wider separation between wavelengths in the visible spectrum is desired. 

It has also been shown that KL factor is more sensitive to the wavelength selection than 

temperature is. 

If Eq. (2.21) or (2.22) is involved in the calculation of T and KL, the soot properties 

are assumed. For example, the estimation of parameter ‌ or the soot refractive index ὲ ὯὭ 

would bring the uncertainty in the temperature calculation since the local soot property may 

vary from this estimation.  

For the conventional two-color pyrometer method, only the line-of-sight 

measurement is available, which assumes that temperature field is homogeneous in the 

investigated area. Apparently this is not the true case for diesel combustion, which normally 

involves a temperature gradient in a mixing controlled manner. Musculus [24] simulated the 

gradient effects on the two-color pyrometry in the cases of low temperature and high 

temperature combustion. It was shown that the conventional two-color pyrometer method is 

strongly biased toward the property of hot soot. The two-color measurement is 200 K higher 

than the soot mass averaged temperature at high temperature combustion condition, while the 

two-color volume fraction is 50% lower. By contrast, the low temperature combustion shows 

a smaller error for the two-color measurement at the level of less than 50 K in temperature 

and 20% in soot volume fraction.  

When measuring the soot particle size distribution, it is needed to keep in mind that 

only Rayleigh scattering is appropriate in this case, which requires that πȢχ ‘ά Ὠ σ ‘ά , 

where d is the soot diameter and soot particle is assumed to be spherical. However, in some 

highly sooty cases such as high load and heavy duty diesel engines, soot agglomeration is 
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normal and it may present as a potential error to reflect the emission not as a spherical 

particle.  

2.5. Summary 

By reviewing the literature, it can be seen that more understanding on the physical 

process is in need of further investigation. In this study, a constant volume chamber is 

established to simulate the in-cylinder diesel engine environments. The ambient temperature 

and mixture composition can be accurately controlled. The repeatability will be 

demonstrated.  

The biodiesel and diesel spray combustion characteristics will be studied in the 

aspects of OH* and CH* chemiluminescence, natural luminosity, heat release, soot 

concentration and soot temperature. A wide range of operation conditions will be 

investigated to gain a comprehensive understanding on the transient spray combustion. It is 

the goal to gain valuable insight into the complicated spray combustion process, which is 

essential to developing new diesel engine technology when using both diesel and biodiesel.  
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2.6. Tables and figures 

 

Table 2.1 Property of biodiesel prepared from vegetable oils [15] 

Properties Biodiesel  Diesel 

Peanut Soyabean Palm Sunflower Linseed Tallow 

Kinematic 

viscosity 

(37.8ºC) 

4.9 4.5 5.7 4.6 3.59 5.072 3.666 

Cetane number 54 45 62 49 52 58.8 47 

Lower Heating 

value (MJ/L) 

33.6 33.5 33.5 33.5 35.3 35.0 36.0 

Cloud point 5 1 13 1 - 12 - 

Pour point - -7 - - -15 9 - 

Flash point (ºF) 176 178 164 183 172 96 136 

Density (g/ml) 0.883 0.885 0.88 0.86 0.874 0.877 0.845 

Carbon residue 

(wt%) 

- 1.74 - - 1.83 -  

 

Table 2.2 Factors investigated in affecting PM emission with biodiesel [16] 

Factors Effect of biodiesel on PM emission 

Engine type Lower or no significant reduction in heavy duty engine compared 

to light duty engine (~40%)  

Biodiesel content 

in blend 

Lower concentration of biodiesel content provides a better 

reduction rate (20% for B20) than higher concentration (50% for 

B100)  

Load condition Larger decrease in high load condition compared to partial load 

Engine design  Lower reduction in modern engine (~35%) than that in older 

engine (~60%) ( For 1991-1993 year engine) 

Operation 

condition 

Lower or no significant reduction for cold start up condition 

compared to other transient operation conditions 
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Figure 2.1 Statistical trend of bsfc in function of biodiesel content in blend (heavy duty 

engines without any EGR and aftertreatment system) [11]. 

                     

Figure 2.2 Comparison of Otto cycle, Dual cycle and Diesel cycle within the same 

compression ratio 
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Figure 2.3 Effect of biodiesel on the emission of heavy duty engine without EGR and after-

treatment system, up to 2001 [11].  
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3. EXPERIMENTAL SETUP  

3.1. Experimental system design 

3.1.1. Chamber design 

Constant volume bomb is typical in chemical kinetics research. Recently, it has been 

used to study the diesel like combustion in several institutes, such as Sandia National 

Laboratory, University of Wisconsin at Madison, Brigham Young University, Eindhoven 

University of Technology, and so on. The high repeatability and a wide range of operation 

condition have made constant volume bomb an ideal tool to investigate the details of 

transient combustion process. 

In principal, the constant volume chamber uses a premixed combustion to generate a 

high pressure and high temperature environment that simulates the top dead center condition 

of real engine, it being followed by the regular fuel injection. The premixed combustion is 

tuned by adjusting the gas feeding pressures, so that the residual oxygen and pressure can be 

controlled to desired level, when the fuel is injected. In each experimental run, there are two 

combustion events. One is the premixed acetylene/air combustion, while the other is 

diffusive diesel combustion.  

The experimental process is described as follows: Premixed acetylene/air mixture is 

filled into the chamber. After the ignition by a spark plug, combustion occurs, which results 

in a high temperature (T1) and a high pressure (P1). The premixed combustion is lean (more 

oxygen than fuel) to reserve extra oxygen for the second combustion. Then the high 

temperature gas is cooled down to a certain temperature (T2), which is still high enough to 

trigger the followed combustion event. At this temperature, diesel fuel is injected into the 

chamber, and the second combustion occurs. Temperature and pressure increase again to T3 

and P3 respectively, but they are much lower than T1 and P1.  Both combustion events occur 

very rapidly and the whole combustion process last for at most a few seconds.  

This constant volume chamber (CVC) was made of alloy steel 4340 for better thermal 

stability (Figure 3.1).  There were six ports in the chamber body. A metal plug or an identical 
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quartz window was installed in each port to make up the six surfaces of inner combustion 

chamber. The material of metal plug and retainer was stainless steel 304. The material of 

quartz window was Dynasil 1100, which allows a transmission of 0.9~0.95 in the spectrums 

from ultraviolet to near infrared. The diameter of metal plug or quartz window was 100 mm 

and 130 mm at the inner and outer perimeters respectively. The thickness of the metal plug or 

the window was 60 mm. The effective observation diameter for quartz window is 100 mm. 

To seal the high pressure and high temperature mixture inside chamber, Silicon RTV 60 was 

used in the gap between the perimeter surface of metal plug or window and chamber body 

ports. To prevent the window crack from possible thermal expansion of surrounding metal 

surface, a slightly larger gap of 0.9 mm for the window port was used. Metal plug and quartz 

window are held by the retainer, and the retainer is threaded to be mounted on chamber. The 

chamber was installed on a metal table that can be leveled, while the vertical position of 

chamber can also be adjusted by the screw rods supporting the chamber.   

The inner chamber volume was calculated as 0.95 L due to the existence of corners 

(0.058 L) and some little volume in the intake and exhaust pipes. The typical density in 

chamber was about 15 kg/m3 in this study, similar to the actual density at top dead center in 

real naturally aspirated diesel engine cylinders. Several heaters were installed in the chamber 

to maintain the temperature of 110 ᴈ so that the water vapor did not condense on the 

windows and walls.   

3.1.2. Peak temperature and pressure  

The peak premixed flame temperature is reached when it is stoichiometric 

combustion. A typical density of mixture in a diesel cylinder is around 15 Kg/m
3
. The 

volume of the chamber is 0.95E
-3

 m
3
. For stoichiometric chemical reaction, the reaction 

equation is: 

    4C2H2 + 11O2 + 65N2            8CO2 + 4H2O + 65N2                (3.1) 

Using the engineering equilibrium calculator, the temperature and pressure after 

premixed combustion were calculated as 2095 K and 8.9 MPa respectively. According to the 

calculation, the residual C2H2 and O2 were negligible in the combustion production. The 
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major components in the combustion products included N2, CO2 and water. This agrees with 

the results in ref [1].    

Although the flame temperature was calculated as 2095 K, it was only a transient 

temperature.  The above calculations were based on the assumptions of adiabatic condition 

and no decomposition in the combustion product. With heat transfer and decomposition 

considered, the temperature and pressure will be less than the calculated values above. 

Furthermore, in experiments, the premixed combustion was kept as very lean so that a certain 

concentration of oxygen could be left for the subsequent spray combustion. The peak 

temperature and pressure were then shown smaller than the values at the stoichiometric 

condition. The temperature of the chamber wall was far below this value during experiments.  

3.1.3. Safety consideration 

Since the constant volume chamber deals with high temperature and high pressure 

operation condition, the safety concerns are taken into priority consideration. All the threads 

and connections on the chamber are calculated in engineering methods to ensure the enough 

safety factors. The results are list in Table 3.1. The quartz window is considered separately in 

Sec 3.1.4.  

 The engineering calculation is based on the following parameter setup: chamber 

material: 4340 alloy steel; steel plug and retainer: 304 stainless steel, with maximum 

allowable stress 13,200 psig; maximum possible pressure inside chamber (MAWP): 15 MPa 

= 2205 psig. MAWP is larger than actual maximum pressure of 8.9 MPa to account for 

possible mistaken operation resulting in higher pressure.   

3.1.4. Quartz window stress analysis 

The static stress of window at the highest pressure is analyzed with ANSYS. From 

the previous calculation of combustion pressure, we know that after combustion, the pressure 

is 8.9 MPa. However, to make it safe enough, we extend this value to 15 MPa in the ANSYS 

analysis.  
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Due to the symmetric characteristics of the quartz window, a 2-D model was used to 

simulate the deformation and stress distribution. On the top of the window, a Teflon gasket is 

used to buffer between window and steel retainer. In the side gap, there is silicon RTV.  The 

mesh size for the chamber is 2mm, while that for gasket and RTV is 1mm. The mesh and 

structure of the window are shown in Figure 3.3.  

The result is depicted in Figure 3.4. The maximum deformation is 2.02E-6 m, while 

the maximum stress is 3.69E7 Pa. Here we use von Mises stress, which is normally used as 

the criteria in structure analysis. The tensile strength for quartz is 5.8E7 Pa, so the safety 

factor is 

       Safety factor of window = 5.8E7 / 3.69E7 = 1.57                     (3.2) 

Considering the maximum pressure is greater than the actual peak pressure calculated 

in Section 3.1.2., the above safety factor is enough for window safety under the combustion 

conditions.  

3.1.5. Gas supply system 

A gas supply system was constructed to feed the required gas into chamber for 

premixed combustion (Figure 3.5). The valve control was realized by configuring the solid 

state relay array with the signal from timing board PCI-6602 and integrated in the system 

control programs.  

Acetylene, 0.5O2/0.5N2 mixture, and compressed air were chosen as the premixed 

reacting gases. Acetylene was selected mainly because of its high C/H ratio, which produces 

less water in the premixed combustion. 0.5O2/0.5N2 is selected because it provides oxygen 

that allows a wide range of stoichiometric condition while it is safer than pure oxygen. It is 

important to maintain a preset feeding pressure for each gas. Therefore, before a series of 

experiment runs, the feeding pressure of each gas was adjusted using control software 

(Figure 3.6). The pressure is controlled by regulator, while the pressure is monitored by a 

pressure transducer (Omega PXI-300).  
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Firstly, the reacting gas was fed in sequence into a gas accumulator (Parker ACP-

05AA100E1KTC). The gas feeding pressure was controlled by regulator and monitored by a 

pressure transducer (Omega PXI-300). Since the feeding pressure of acetylene was lower 

than atmospheric pressure, the acetylene regulator was a two stage regulator that allowed the 

absolute pressure control. A feeding time of 12 seconds provided enough time for gas to 

reach a stable pressure.  

When three gases were fed into accumulator, a mixing time of 15 seconds ensured the 

mixing in the accumulator. Then, the compressed nitrogen pushed the piston to the other end 

of the accumulator, pumping the mixture into chamber. It took about 15 seconds for the 

mixture in chamber to reach a stable pressure, which was monitored by a digital pressure 

gauge in non-combustion condition. The feeding process is then designed to be 15 seconds. 

The mixing time was critical for successful ignition. After the trial and error 

experiments, the mixing time in chamber was set to be 15 seconds. Further extending this 

time did not improve the mixing performance, but to some extent generated the stratified gas 

layers.  

3.1.6. Ignition system 

The ignition system consisted of a spark plug (Bosch Platinum 2++) and a plasma 

direct (Okada), which could generate the energy 4 times of that regular coil does according to 

the product specification from the manufacturer. The gap of spark plug and pulse width were 

both critical to the spark energy. In theory, the spark energy is the integral of spark power 

over time of discharge time, whereas spark power is the product of spark voltage times spark 

current. When the gap of spark plug is increased, the spark voltage is increased, while the 

discharge time is decreased. The resulting actual spark energy is maximized at a certain value 

for the plug gap. On the other hand, the pulse width increases the discharge time, but it is 

limited by the material performance. The plug gas and the pulse width were tuned to 1.6 mm 

and 5 ms respectively to obtain the best performance according to experiment observation.  

The position of spark plug is another important factor that affects very lean ignition. 

Initially, the plug was placed on the center of the bottom plug. The lowest equivalence ratio 
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(◖) of Acetylene/Air premixed combustion was reached at 0.48. The possible reasons for the 

failure of lower lean ignition may include: stratified gas layers in the chamber due to the 

large difference in gas density; too small ◖ locally near the spark plug. Several methods were 

tried to improve this lean ignition including: a small inlet jet that increase the turbulence of 

intake gas; vary gas mixing time; different gas feeding sequence, etc. The achieved non-high 

speed images indicated that the bottom part inside the chamber is characterized by lean 

combustion, while the top part by rich combustion. Though the overall ◖ is small to 

characterize an overall lean combustion, the local ◖ indicated the existence of stratified gas 

layers. Simply extending the gas mixing time did not provide any better mixing results. So 

the spark plug was then placed on the center of top steel plug, which resulted in a constant 

ignition performance even at equivalence ratio of 0.4.  

To solve the mixing difficulty, a mixing fan was used in Sandia and BYU experiment 

facilities, which was believed by the authors to be necessary. On the contrary, other authors 

(Wisconsin, and EUT) did not add this feature and claimed no significant effect in premixed 

combustion. UIUC facility had fan setup, but did not use it in actual experiments. One 

common feature of all these mentioned facilities is the position of spark plug is either on the 

top surface or side surface of chamber, where the local equivalence ratio might be higher 

than the bottom surface. For the sake to simplify the experiment apparatus, no moving part 

was favored in the chamber due to the difficulty of high-pressure and -temperature mixture 

sealing requirement. Therefore, no fan was used in this constant volume chamber system.  

3.1.7. Fuel delivery system 

The fuel system is illustrated in Figure 3.7. A first generation common rail fuel 

system is established to deliver fuel at a relatively constant pressure. The fuel is delivered 

from the fuel tank by a low pressure pump to high pressure pump. A fuel filter (Caterpillar 

1R-0751) is installed in the pipeline to remove any particles larger than 2 ‘ά in the fuel. The 

high pressure pump is controlled by the pressure signal feedback from rail with a PID loop. 

The high pressure pump is driven by a 3 Horsepower motor (Marathon G590) which runs at 

its maximum speed. The highest rail pressure is 1350 bar, however only 1000 bar was used in 
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the experiment for safety purpose. The injector nozzle was Bosch® DLLA 160 P 1308, 

which had six symmetric orifices with included angle of 160 degree. The diameter of the 

orifice was 0.152 mm. The PID loop control software interface is illustrated in Figure 3.8.  

3.2.  Data acquisition and control system 

3.2.1.  Hardware and software configuration 

To synchronize the event and control valves, NI PCI-6040E and PCI-6602 DAQ 

boards are used as the signal source. A control box is customized to accommodate all the 

electric parts including relays, power supply, protection circuits, DC power supply, injector 

and high pressure pump drivers and data communication interfaces. The power supplies to 

different parts are separated for safety consideration and emergency shut off: fuel pump; 

injector; spark plug.   

NI LabVIEW 8.5 was used to code and realize versatile functions of the system. The 

main control panel is illustrated in Figure 3.9.  

3.2.2.  Pressure measurement 

Several pressure transducers have been used to measure the chamber pressure change 

in the combustion events. The difficulty mainly arises when the flame propagates on the 

sensor diaphragm and fools the sensor, which is normally called thermal shock effect. The 

protection layer on the sensor diaphragm and installation ways are both critical to the right 

measurement.  

At first, a PCB 121A23 sensor was used, but a great thermal shock effect was 

observed in the premixed combustion event, which generated a negative value of pressure 

signal. Then a PCB 115A5 was used with flush mount method. The thermal shock effect was 

reduced but still existed. With recessed mount method and access hole of 2 mm in diameter, 

the sensor might be over-protected that pressure response is too slow to reflect the fast 

pressure evolvement. After the access hole increased to 3 mm in diameter, the transducer 

could resist most of the thermal effect except the peak flame pressure region, when the flame 

appears blast explosion. With a protection layer (RTV 60) and flame arrestor (100 mu metal 
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mesh) on top of sensor diaphragm, thermal effect was finally eliminated for 115A5. The 

layer and flame arrestor need to be regularly checked and replaced due to the harsh working 

environment inside chamber. Because the RTV layer may not be stable in the experimental 

process, the PCB 115A5 transducer is finally replaced by a Kistler 6041A transducer, which 

was coupled with a Kistler 5004 charge amplifier.  

This case also indicated that the thermal shock effect has not been fully considered in 

PCB 115A5 transducer; even it is designed to measure the in-cylinder pressure of engines. 

And because of this feature, when this PCB 115A5 combines the factory in-line charger 

amplifier, its discharge time constant is too fast for the premixed and subsequent fuel jet 

combustion. A Kistler 5004 Charger is then used to change this discharge time constant. The 

configuration is calibrated for 5004 charger amplifier.  

Figure 3.10 shows an example of two cases: no fuel injection and fuel injection. The 

no fuel injection case serves as the baseline from which the temperature trace can be 

obtained. Then the time delay can be set for the fuel injection case. In this particular case, the 

fuel was injected at the ambient temperature of 800 K. The repeatability of the two cases is 

well shown by the nearly identical curve development before the start of injection pulse. The 

second spike in the fuel injection case was caused by the auto-ignition and combustion of the 

injected fuel.  

3.2.3. Protection circuit  

It was possible to introduce excessive acetylene or liquid fuel into chamber to 

combustion due to failures of hardware parts. The extremely high pressure increase could 

crack or even break the window. Therefore, two protection circuits were designed to protect 

the window from excessive pressure increase. 

The first protection circuit was designed to limit the pulse width for ignition and 

injection. The ignition plasma and the injector could be damaged if the signal pulse was 

longer than 10 ms. The circuits worked to generate a fixed width pulse, when the ignition and 

injection was generated. The generated pulse was longer than normal signal but not harmful 
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for the hardware. The output signal to instruments was the logical AND result of this fixed 

signal and the DAQ generated signal.   

The second protection circuit was designed to prohibit the injection if the premixed 

combustion was misfired. This was important because the high pressure fuel injection into 

low back pressure ambient (no premixed combustion) could easily have the fuel impinge on 

the wall. If the fuel deposited on the wall and was not vacuumed successfully, it could 

introduce excessive heat in the subsequent experiment run, and then increase the chamber 

pressure that might crack window. This circuit only worked when the pressure reaches a 

certain level that indicated the success of the premixed combustion. It generated a pulse 

wider than the injection pulse, and emerged by a logical AND gate with the real injection 

pulse.  

These two protection circuits worked appropriately in the experiments and helped 

maintain a stable and safe system.    

3.3. Optical diagnostic system 

Three difference cameras are used for different purposes.  

The first one is a Phantom V4.3 non-intensified high speed camera. Its spectral 

response spans from 400 to 800 nm, covering the visible light spectrum. It can provide 

different resolution at different speed. For example, the highest speed is 4504 frame per 

second at the resolution of 448 280. It is used for the natural luminosity and two-color 

image experiments. 

The second one is a Kodak 4540 high speed motion analyzer coupled with a NAC 

ILS-3 Intensified Lens Camera. It provides with the capability to image the OH* 

chemiluminescence in a high speed way. The resolution is 256256 at the speed of 4500 

frame per second. It is used to image the OH* and CH* chemiluminescence.  

The third one is an ANDOR ICCD camera. It provides a resolution of 512 512, with 

gated exposure time. This one is used to image the time averaged OH* chemiluminescence.  
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The optical setup is different in different experiments and will be described in each 

chapter. 
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3.4. Tables and figures 

 

Table 3.1 Maximum allowable stress at different positions on chamber 

NO. Connection position/ Parameter Max allowable stress (psig) 

1 Steel Plug (Hoop stress) 10,559 

2 Retainer (Thread shear stress)  11,159 

3 Injector (Thread shear stress) 56,532 

4 Spark plug (Thread shear stress) 23,567 

5 Pressure sensor (Thread shear stress) 15,005 

6 Spark plug support (Thread shear stress) 14,952 

7 Intake/Exhaust (Thread shear stress) 15,005 

8 Cleaning hole (Thread shear stress) 15,360 
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Figure 3.1 Constant volume chamber. 1. Combustion chamber; 2. Fuel injector; 3. Pressure 

transducer; 4. Metal plug; 5. Spark plug; 6. Intake/Exhaust lines; 7. Chamber body; 8. Quartz 

window; 9. Plug/Window retainer.  

 
Figure 3.2 Photo of constant volume chamber, gas supply system, fuel delivery system.  
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Figure 3.3 Mesh of quartz window 

 
Figure 3.4 Stress distribution of quartz window under maximum pressure 
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Figure 3.5 Gas supply system: V-1 ~ V-4, V-10 ~ V-11: Low pressure solenoid valve (200 

psi); V-5, V8 ~ V-9: High pressure solenoid valve (1000 psi); V-6, V-7: Ball valve (6000 

psi); V-12, V-13: Relief valve; V-14: Check valve; I-1: Pressure transducer; I-2: Temperature 

transducer.   

 
Figure 3.6 Premixing gas pressure adjustment software interface 
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Figure 3.7 Fuel system: E-1: Chamber; E-2: Fuel tank; E-3: Low pressure pump; E-4: Fuel 

filter; E-5: High pressure pump; E-6: Motor; E-7: Common rail; E-8: Injector; E-9: Spark 

plug  

 
Figure 3.8 Common rail pressure control software interface 
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Figure 3.9 Main control software interface 
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Figure 3.10 An example of pressure curves of no fuel injection and fuel injection cases.  
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4. EXPERIMENTAL STUDY O N LOW TEMPERATURE 

DIESEL COMBUSTION  

4.1. Introduction  

To reduce the soot and nitrogen oxides emissions from diesel engines, the low 

temperature combustion mode has received much attention in recent years [25, 26]. Initially, 

it was desired to apply the Homogeneous Charge Compression Ignition (HCCI) concept to 

compression ignition (CI) engine for high efficiency and low emission; however, it is rather 

complicated to implement this strategy due to the low volatility of diesel fuel.  

Different injection strategies were investigated to achieve a good homogeneity of air-

fuel mixtures before ignition. The idea was to allow sufficiently long time for air-fuel mixing 

process to promote the fuel vaporization and mixing with air. Some significant developments 

included PREDIC (PREmixed lean DIesel Combustion)[27], UNIBUS (UNIform BUlky 

combustion System)[28], NADI (Narrow Angle Direct Injection) [29] and so on. Moreover, 

these strategies were often optimized by employing different injection events during one 

single cycle [27-30], variable valve actuation [31], heavy EGR [28, 32], variable 

compression ratio [28, 33], etc. The reduction of soot and NOx was demonstrated [13], 

however, the unburned hydrocarbon emission increased, largely because the early injection 

was easy to produce wall wetting. To reduce fuel wetting on the wall, a narrow angle early 

injection technique was also developed [34]. In the research of [33], by using two injector 

nozzles (spray cone angle of 150Ј and 60Ј), the authors showed the effectiveness to reduce 

NOx and particle emission whilst suppress the deterioration of combustion efficiency.  

Alternatively, the late injection strategy under the name of modulated kinetics (MK) 

combustion was developed. In the research of [35], the injection was retarded so that the fuel 

and air mixing occurred in the early stage of expansion stroke and therefore the auto-ignition 

was slowed. It had the advantages that: (1) no modification of the fuel delivery system was 

essentially needed; (2) the combustion phasing was mainly controlled by the injection and 

mixing process. Recently, Kawamoto suggested the use of higher cetane number fuel in the 

late injection strategy, which was recommended to implement MK combustion at cold start 
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condition [36]. The soot particle and NOx were reduced substantially; however, the retarded 

injection timing and lower compression ratio lead to a deterioration of cycle efficiency and 

higher unburned hydrocarbon emission. 

In the theoretical aspect, the low temperature combustion was proposed to avoid the 

high temperature region in the ‰-T map [37]. The temperature of the combustion was 

reduced by large amounts of EGR. The temperature reduction is sufficient enough to avoid 

the formation of NOx and soot even the equivalence ratio is stoichiometric or in the rich 

regime, because the reaction from PAH to soot particle is suppressed in the low temperature 

regime. Meanwhile, the temperature is low enough so that NOx formation remains ultra low 

in this combustion mode. In the research of Kong et al. [38], the detailed chemistry was 

applied to engine modeling and the results showed that the NOx and soot could be reduced 

while the unburned HC and CO increased.  

To reduce the temperature, cooled EGR was considered as one of the effective 

strategies. In the discussion of [39], it was pointed out that the soot particle formation could 

be minimized with high level of EGR. But it might reduce the overall combustion and cycle 

efficiency due to incomplete combustion. In a more recent research [40], an adaptive strategy 

was proposed as: low load used single injection with heavy EGR; medium load with two to 

five shots of late-early injection; high load with six to eight shots of early injection and EGR. 

The efficiency was shown to be close to the conventional diesel engine without in-cylinder 

control, but the soot and NOx were significantly reduced.   

Pickett investigated the spray combustion under different oxygen concentrations in a 

constant volume combustion chamber [41]. It was claimed that the combustion efficiency 

remained high as the ambient temperature was greater than 1000 K; even the flame 

temperature was kept at 1500-1600 K due to the dilution. In the research of Idicheria and 

Pickett [6], the soot formation under high EGR conditions was studied. The low temperature 

combustion was demonstrated and the soot formation was found to increase and then 

decrease as the oxygen concentration decreased from 21% to 8%.  
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On the other hand, in the research of Pickett [42], increasing the ambient temperature 

was shown to linearly increase the peak soot level in diesel jet, while it also decreased the 

soot level at the flame tip. Wu et al. also researched the effect of ambient temperature on the 

soot formation without EGR in simulated diesel engine conditions [43]. Their results showed 

that reduced ambient temperature reduces the soot formation significantly. Indeed, by 

reducing the ambient temperature, the soot formation and oxidation rate both decrease; vice 

versa. Moreover, the inception of particle occurs at about 1400 K and above, but the 

oxidation ceases at about 1300 K and below [44, 45].   

In the work of Singh [46], the low temperature combustion in a heavy-duty diesel 

engine was implemented by combining high dilution and dual-injection strategies. The OH 

signal was observed over a broad area cross the flame jet, indicating greater mixing and 

leaner mixtures than observed conventional diesel combustion. As a result, very little soot 

was formed in small pockets near the tip of the jet. The quenching of OH-PLIF calculation 

further validated that the equivalence ratio in the downstream of the jet for low temperature 

combustion spanned broader than that for conventional diesel combustion [47]. However, the 

imaging was implemented off-line from different engine cycles, which may introduce cycle-

to-cycle variations.  

It is therefore important to investigate the instantaneous process during low 

temperature diesel combustion. The objective of this paper was to study the transient flame 

structure by simultaneously imaging the natural luminosity and OH* chemiluminescence. 

The heat release characteristic was to be calculated and discussed as well.  

4.2. Measurements and diagnostics 

The experimental setup is shown in Figure 4.1. The chamber pressure was measured 

by a Kistler® 6041A sensor. Water cooling was provided to prevent the thermal shock effect. 

The sensor was coupled with a Kistler® 5004 charge amplifier. The OH* chemiluminescence 

and flame luminosity were simultaneously measured in a high speed manner. The incoming 

light from spray combustion was split by a short wave pass filter (CVI Melles Griot), which 

passed the ultraviolet light and reflected in 45 degree the visible and near infrared light. A 
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high speed camera (Phantom® 4.3) with a Nikon® 105-mm f/1.8 lens was used to capture 

the flame luminosity of the spray combustion. It provided a speed of 4504 frame per second 

at the resolution of 448 280 with the exposure time of 2 ʈs in this study. The digital 

resolution of the image was 8 bit for each pixel. Integrating the pixel value over an image 

provides the value of spatially integrated natural luminosity (SINL). Since the optical 

configurations for all operation conditions were the same, it is feasible to compare the SINL 

for different conditions. The OH* chemiluminescence was imaged by a Kodak 4540 high 

speed motion analyzer coupled with a NAC ILS-3 Intensified Lens Camera. A band-pass 

filter (310 nm centered, 10 nm FWHW) was used to isolate the emission from OH*. The 

camera provided intensified images at 4500 frame per second and the exposure time was 90 

ʈs. The resolution was 256256. While the intensifier gain was maintained the same for all 

conditions, a neutral density filter was used in some cases to prevent the camera from over 

exposure. The gain of the intensifier was set to be 90~98 out of 100 for OH* 

chemiluminescence.  

In order to gain more information of the low temperature combustion, the imaging of 

CH* chemiluminescence was conducted to compensate the weak signal of OH* 

chemiluminescence in certain cases. The ambient temperature was varied from 1000 K and 

800 K, while the oxygen concentration was kept as 21%, 15% and 10%. The gain of the 

intensifier was set to be 55 out of 100 for CH* chemiluminescence, which is much smaller 

than the gain value used for the OH* imaging.   

The experimental conditions are summarized in Table 4.2.  

4.3. Results and discussion 

4.3.1. Heat release analysis 

From the obtained pressure data, it is feasible to derive the apparent heat release rate 

(AHRR) and cumulative heat release (CHR). Figure 4.2 shows the comparison of AHRR and 

pressure increase between 15% and 10% oxygen concentrations under the ambient 

temperature of 1200K. In Figure 4.2, the dip after the start of injection (SOI) in the AHRR 

curves is caused by the evaporation of fuel. The evaporation process involves the effect from 
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many factors such as fuel property, injection pressure, injector nozzle, ambient conditions 

and so on. Among those, only the ambient pressures between the two cases were slightly 

different, however, this difference (~10 bar) is small compared to the injection pressure drop 

(950~960 bar). Therefore, the evaporation processes under two different oxygen 

concentrations should be very similar; however, the ignition delays of the two cases differ 

significantly. Under 15% O2 concentration, the earlier ignition makes the dip shallower. 

After evaporation and ignition, AHRR curve shows a very sharp increase, while the slope of 

15% O2 concentration case is larger than that of 10% O2 concentration case. Although the 

boundary between premixed and mixing-controlled combustion is not very apparent, the 

increase part of AHRR clearly represents the premixed combustion. The ignition delay is 

observed to be smaller for 15% O2 case than that for 10% case. This indicates that more 

excessive oxygen from the ambient does help shorten the ignition delay as well as increase 

the premixed burning rate. At 15% O2 concentration, AHRR reaches the peak value of about 

950 J/ms, which is higher than that at 10% O2 concentration case. Nonetheless, the peak 

positions of AHRR for both O2 concentrations are almost same. At the top part of the AHRR 

curve, diesel spray experiences the mixing-controlled combustion. After that, the AHRR 

curve drops quickly, while the 15% O2 concentration case shows a faster decrease than 10% 

O2 case.  

As the ambient temperature decreases to 1000K (Figure 4.3), the overall trend of 

AHRR and CHR is similar to that at 1200K. However, when the ambient temperature drops 

to 800K (Figure 4.4), the 10% O2 case shows a smaller part of premixed combustion, 

followed by dramatic increase resulted from the mixing-controlled combustion. It indicates 

lower oxygen concentration and ambient temperature actually slows the premixed reaction 

rate, while it increases the reaction rate at the mixing-controlled phase. This observation 

agrees with the result from the literature [48]. The peak position of AHRR is greatly retarded 

for the 10% O2 case.  Overall, the AHRR of 10% O2 concentration cases shows a slower 

reaction no matter in premixed stage or mixing-controlled stage, but a higher heat release rate 

in the burning out stage. The peak value of AHRR is smaller, and the profile is more spread 

out in the time domain.  
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The cumulative heat release (CHR) is re-illustrated in Figure 4.5 for different 

conditions. By the time of about 8 ms after start of injection (ASOI), 15% O2 concentration 

cases show significant larger value than 10% O2 concentration cases. This is mainly because 

higher oxygen concentration increases the burning rate and therefore the cumulative heat 

release. When the CHR curve begins to decay at about 7.5 ms for 15% O2 case, the 

combustion still goes on as indicated by the continuous increase of CHR. However, it is 

found that the CHR curve decays to very similar value for both oxygen concentrations at the 

same ambient temperature; while 10% O2 case shows a slightly higher value. This indicates 

the gross soot radiation loss is similar for the same ambient temperature.  

If considering the same oxygen concentration, the effect of different dilution on the 

pressure increase can be ruled out. Thus, the difference among different ambient 

temperatures is mainly derived from the soot radiation heat loss. At lower ambient 

temperature, as less soot is formed, the radiation heat loss is smaller. Therefore, more heat is 

reserved to increase the combustion product temperature, which results in a higher 

cumulative heat release.  

The ignition delay is also illustrated in the small insert of Figure 4.5. It can be shown 

that the ambient oxygen concentration has a larger effect on the ignition delay compared to 

ambient temperature. In general, lower oxygen concentration and lower ambient temperature 

increase the ignition delay, which is also found in other published works [49].  

4.3.2. Flame Structure and OH* chemiluminescence 

Flame natural luminosity (NL) and OH* chemiluminescence images were taken and 

processed for visualization purposes. NL images are straightforward to illustrate the global 

flame structure, while OH* chemiluminescence is widely considered as the indicator of high 

temperature reaction in the flame. Different image enhancements were applied to different 

ambient temperature cases, while for the same ambient temperature, they were maintained 

the same. Meanwhile, OH* chemiluminescence images were adjusted to match the view of 

natural luminosity images. The NL images used default red color to represent NL and black 

color for background. In the OH* images, background was represented by the blue color, and 
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OH* chemiluminescence was shown in default jet colormap from Matlab©. Due to weak 

signal in the OH* image, a while dot on the left border of the image was used to show the 

injector tip position, and a white arc was used to show the window view boundary. Though 

the frame rates of two cameras were slight different (4504 fps for NL and 4500 fps for OH*), 

the imaging of NL and OH* was still considered to be simultaneous and synchronized. As 

such, it is able to investigate the instantaneous flame structure in a single transient spray 

combustion event.  

Since it is generally feasible to capture the OH* image at the high ambient 

temperature 1200 K, only NL and OH* were captured in Case 1, 4 and 7. These three cases 

will be discussed first. In other cases, NL, OH* and CH* were imaged and the relevant 

discussion is following the 1200 K ambient temperature cases. Please note the image were 

post processed in different cases for only visualization purpose, while the comparison of the 

intensity of different signals will be discussed in next section.  

4.3.2.1. NL and OH* at 1200 K 

Figure 4.6 shows the NL and OH* images of the diesel combustion at the ambient 

temperature of 1200 K and oxygen concentrations of 21%. In this case, by the time of 0.44 

ms ASOI, the flame begins to penetrate in the NL image, while no detectable OH* 

chemiluminescence at the same time. By the time of 0.88 ms ASOI, the flame structure is 

established, and OH* chemiluminescence also appears. It is interesting to notice that the NL 

jet penetrates farther toward downstream than the OH* signal does. It implies that the tip of 

the NL flame mainly consists of formed soot particle, while the high temperature reaction 

occurs at the mid-stream area at this moment.  

By the time of 1.76 ms ASOI, the quasi-steady flame structure has been well 

established. The liquid jet is also observed by the scattered light from flame. The shadow 

near the downstream flame edge is caused by the reflection of the beamsplitter due to its 

thickness. When the jet impinges on the relatively cold wall, a very bright spot in the upright 

area is observed in the NL images, while in the same area of OH* image, not much signal 

was observed. It implies that the soot particles are present in this area, and their intensive 
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radiation contributes greatly to the natural luminosity signal. Meanwhile it is observed that 

the flame jet in NL image is narrower than the one at the time of 0.88 ms ASOI. OH* 

chemiluminescence signal becomes stronger in the mid-stream area, indicating the 

occurrence of substantial high temperature reaction.  

As time continues and injection ends, the flame jet begins to fall back at the time of 

2.42 ms ASOI. The OH* chemiluminescence stays strong at this moment, especially in the 

downstream, which may indicates that the soot oxidation process involves the high 

temperature reactions [50, 51]. After the end of the injection signal at the time of 3.08 ms 

ASOI, the injected fuel losses the momentum to penetrate, but burns in the upstream area. 

The OH* chemiluminescence also appears in the upstream region correspondingly.  

Figure 4.7 shows the NL and OH* images of the diesel combustion at the ambient 

temperature of 1200 K and oxygen concentration of 15%. The overall spray combustion 

development is very similar to Figure 4.6.  

At the same ambient temperature of 1200K, when the oxygen concentration decreases 

to 10%, the flame structure development and OH* chemiluminescence shows great 

difference in Figure 4.8. By the time of 0.44 ms ASOI, neither the flame luminosity nor OH* 

chemiluminescence is observed. The low temperature reaction may occur and no soot has 

been formed, but it does indicate a slower ignition process. This also agrees with the CHR 

curves in Figure 4.5.  

By the time of 0.88 ms ASOI, when the flame jet penetrates to the mid-stream area, 

there is still no detectable OH* chemiluminescence. Considering that flame luminosity is the 

combined result of flame temperature and soot particle radiation, this observation may imply 

either or both of the following: (1) the flame is mainly low temperature combustion; (2) soot 

is formed in the flame jet through a low temperature reaction way. The less availability of 

oxygen from the ambient at this low oxygen may promote the soot formation in the reaction 

region where the temperature is reached around 1400 K or above for the soot inception [44]. 

However, it is evident that the chemical reaction undergoes in the low temperature way.  
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When the jet impinges the wall and establishes the quasi-steady flame structure at the 

time of 1.76 ms ASOI, OH* chemiluminescence begins to appear only in the mid-stream 

area. The liquid jet can also be observed by the scattered light from the flame. The liquid 

length is longer than that at 15% O2 concentration, which agrees with the findings from [52]. 

In the near wall region where one could observe strong NL signal and almost no OH* 

chemiluminescence, considering the flame quenching in this area, it is speculated that the 

soot radiation mainly dominates the natural luminosity.  

By the time of 2.42 ms ASOI, the flame near the liquid jet tip appears to move toward 

upstream because of the end of injection, however, at this moment, it is still longer than that 

at 15% O2 concentration. The OH* chemiluminescence continues to develop to downstream, 

but there is still a certain distance from the wall. The relatively strong signal of both NL and 

OH* chemiluminescence appears in the up-right area of the images, indicating even at low 

oxygen concentration, the soot oxidation process still involves the high temperature reaction. 

4.3.2.2. NL, OH* and CH* at 1000K  

Figure 4.9 shows the NL, OH* and CH* under the condition of 1000 K and 21% O2 

concentration. The NL and CH* signals, but no OH* signal, appear in the view by the time 

0.88 ms ASOI, indicating a slower ignition compared to the 1200 K case. It is interesting to 

notice the difference in the appearance location of NL and CH*. NL appears in a middle 

stream of the jet, while CH* appears closer to the nozzle exit mostly upstream of the NL 

signal. In general CH radical is widely considered to be present in the rich flame and often 

used to show the ignition area in the flame. In a highly turbulent flame, the CH radical was 

found to exist in a thin layer, which separated the OH region and CH2O region [53]. Klein-

douwel et al [54] found the flame area averaged CH chemiluminescence is overlaid by the 

soot incandescence, while they did not further identify the difference between ignition region 

and soot region. The appearance location difference here between the NL and CH* agrees 

implies that in the upstream of the jet, there is combustion occurring. However, when the 

early soot begins to show up in the jet, the CH* is soon hidden by the soot radiation that is 3 

orders of magnitude stronger [55, 56].   
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At the time of 1.76 ms, the spray combustion appears to reach the quasi-steady stage. 

The liquid jet, reflected by the NL emission, appears longer than the 1200 K and 21% O2 

concentration case. At this moment, the spray already impinges on the all, as illustrated by 

the NL and CH* image. However, the OH* jet seems to continue to penetrate. It shows the 

lagged time appearance of OH* signal compared to NL and CH*, which implies that the 

spatial location of the high temperature reaction region is in the middle stream at this 

moment. The large quantity of soot particles emits high intensity of radiation, which buries 

the CH* chemiluminescence. This makes the similarity of the NL and CH* in the middle 

stream and near-wall area. However, the CH* appears much closer to the nozzle exit, 

showing its capability to mark the ignition region. The comparison shows that CH could 

appear either among the vapor region downstream of the leading portion of the jet or within 

eddy structures on the sides of the jet even before it reaches stabilized liquid penetration [57].  

By the time 2.42 ms, the liquid length is more visible in the NL image due to the 

more intensive soot incandescence. The wall impingement produces a cloud of soot that 

bounces up from the wall and the lost of the moment apparently reduces the entrained air for 

the soot oxidation. This prolongs the residence time for the soot oxidation.  

Figure 4.10 and Figure 4.11 show the NL, OH* and CH* images for condition 15% 

O2 and 10% concentration and both ambient temperatures were 1000 K. For both oxygen 

concentration cases, by the time of 0.44 ms ASOI, neither flame structure is shown in NL 

images nor OH* chemiluminescence is detected. This indicates that the auto-ignition of the 

spray is significantly slower at this lower ambient temperature.  

By the time of 0.88 ms ASOI, both oxygen concentration cases show the 

development of flame structure, while still no OH* chemiuminescence is detected. This 

implies that the low temperature combustion occurs for both cases.  

At the time of 2.42 ms ASOI, for 15% O2 case, the liquid jet is also illuminated by 

the scattered light from flame for both oxygen concentrations. The liquid length is longer 

than that under the ambient temperature of 1200 K. It is expected since lower ambient 

temperature prolongs the time for liquid fuel to be vaporized so that the liquid length is 
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increased. This trend can also be applied to the change between different ambient 

temperatures at 10% oxygen concentration cases. It is found that the near wall region is now 

predominantly occupied by soot radiation in the NL images, and no OH* chemiluminescence 

is detected in this area.  

The weak signal of OH* chemiluminescence in Figure 4.11 at the time of 2.42 ms 

and 3.08 ms ASOI indicates that, at the ambient temperature of 1000 K and 10% O2 

concentration, diesel spray mainly experiences a substantially low combustion temperature. It 

features a very late ignition and slow reaction rate. In the local area such as near wall and 

inside the jet pocket, soot can be formed due to the absence of available oxygen, however, it 

is maintained at a relatively low level.  

4.3.2.3. NL, OH* and CH* at 800K  

The NL and OH* images of 15% O2 concentration and ambient temperature of 800 K 

are shown in Figure 4.13.  The flame structure in NL image cannot be detected by the time of 

0.88 ms ASOI, which shows a longer ignition delay in this case. By the time of 1.76 ms 

ASOI, when the flame appears in the NL image, almost no OH* chemiluminescence is 

detected. Until the time of 2.42 ms ASOI, when there is a cloud of soot radiation in the 

downstream and near wall regions, very weak OH* chemiluminescence appears in the mid-

stream area. The illuminated liquid length becomes longer compared to other two higher 

ambient temperature cases. It is apparent that more time is required for fuel to be vaporized 

and mixed with ambient gas to reach the stoichiometry for ignition downstream. From Figure 

4.14, the diesel spray appears to experience low temperature combustion. At the time of 2.42 

ms and 3.08 ms ASOI, the OH* chemiluminescence is found in the mid-stream area, while, 

no significant flame structure is found in the same area of the NL image. It implies that some 

chemical reaction (probably premixed combustion) involving the OH radical occurs in this 

area. The high temperature reaction area in the 15% O2 and 800 K case becomes isolated 

small spots in the OH* chemiluminescence image. 

Overall, it is found that when ambient temperature drops to 1000 K or lower, the 

diesel spray begins to experience low temperature combustion process under low ambient 
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oxygen conditions. This process shows a relatively prolonged ignition delay, a longer liquid 

penetration length, low natural luminosity and low OH* chemiluminescence. The OH* 

chemiluminescence appears in the mid- and down-stream areas of flame, not near wall area. 

The natural luminosity shows the timing when soot particles appear in the area, which 

indicates the flame luminosity mainly comes from soot radiation at the current conditions.  

4.3.3. Intensity of OH* chemiluminescence and Natural luminosity 

The intensity of the OH* chemiluminescence and natural luminosity was calculated 

by integrating the pixel values in the image. The intensity was averaged over different runs at 

the same experimental condition. The intensity of OH* chemiluminescence under different 

conditions is shown in Figure 4.15. It is found that the intensity level generally decreases 

with the decrease of ambient oxygen concentration and ambient temperature. At the 

condition of 15% O2 concentration and 1200K, the OH* chemilumenescence increases very 

fast, and reaches the highest peak value among all the conditions. At the condition of 10% 

O2 and 1200K, the signal level is significantly lower, while the overall profile looks similar. 

It is interesting to point out that the intensity of OH* at the condition of 15% O2 and 1000K 

is still significantly higher than that at the condition of 10% O2 and 1200 K. It appears that 

oxygen concentration has a stronger effect on the OH* chemiluminescence intensity level 

than the ambient temperature does. This may imply that the reduction of oxygen availability 

is effective in slowing down the reaction rate and therefore limiting the combustion in the 

low temperature regime. Nonetheless, at the condition of 10% O2 and 800K, the OH* 

chemiluminescence reaches the lowest level among all conditions.  

Figure 4.16 shows the spatially integrated natural luminosity (SINL) of difference 

conditions. It should be noted that the SINL is the combination of temperature and soot 

radiation; therefore, care should be taken in comparing different conditions. The highest 

SINL is observed at the 15% O2 and 1200K case, while the lowest level occurs at the 

condition of 10% O2 and 800 K. This trend agrees with the trend of OH* chemiluminescence 

intensity.  
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If comparing the condition of 15% O2 and 1200K and the condition of 10% O2 and 

1200K, one may notice the difference in the SINL is smaller than the difference in OH* 

chemiluminescence. It is believed that a high level of soot is formed in the 10% O2 and 

1200K case, which contributes significantly to the SINL signal. Moreover, the decrease slope 

of SINL curve at 10% O2 is comparably slower than that at 15%, indicating a slower reaction 

rate and burning out process. This indicates that even the oxygen concentration is low, if the 

ambient temperature is high, the environment can still trigger the formation of soot, and the 

soot oxidation is slow due to low oxygen concentration in ambient. In this sense, simply 

implementation of EGR without changing the injection timing does not necessarily guarantee 

the realization of low temperature combustion. This is one reason that cooled EGR is more 

favored in diesel engine.  

However, when the ambient temperature also decreases, the SINL level dramatically 

decreases. One interesting comparison is between the conditions of 15% O2, 800K and 10% 

O2, 800 K. By looking at the SINL curve, it is found that the burning out process, 

represented by the decreasing slope of SINL, is faster at 15% O2. This makes one think of 

two strategies in controlling the soot generation from engines: (1) generate a certain 

concentration of soot but burns out quickly; (2) maintain a very low soot formation rate. 

Apparently strategy (1) has the advantage of higher reaction rate and higher efficiency; but it 

may require the timing control to be appropriate to ensure the burning out of the formed soot 

particles. Strategy (2) is the most renowned low temperature mode; however it suffers from 

the lower combustion efficiency and unburned hydrocarbon emission. Thus, it will be ideal, 

though not easy, to keep the balance between combustion efficiency and soot particle 

emission.   

4.4. Comments and summary 

The diesel spray combustion in a constant volume combustion chamber was studied. 

The ambient oxygen concentration was varied from 15% to 10% and the ambient 

temperature was 1200 K, 1000 K and 800 K. The apparent heat release rate (AHRR) and 

cumulative heat release were analyzed. Flame structure and spray combustion development 
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were discussed with the simultaneous visualization of transient natural luminosity and OH* 

chemiluminescence, while the intensity of both signals was also discussed. Through the 

discussion, the following conclusions can be reached.  

At the same ambient temperature, 15% O2 concentration shows a shorter ignition 

delay, faster heat release rate in the premixed and mixing-controlled phase. The soot is 

oxidized faster during the burn out phase. At the same time, the CHR decays to similar value, 

while 10% O2 cases show a slightly higher value.  

At the same ambient oxygen concentration, the difference of CHR mainly derives 

from the radiation heat loss. A lower oxygen concentration shows higher CHR values.  

Typical diesel spray flame structure is identified at the ambient temperature of 1200 

K for three oxygen concentrations. The low temperature combustion pathway is observed for 

lower oxygen concentration case. The high temperature reaction region inferred from OH* 

chemiluminesnescence is found to be in the mid-stream, downstream, but not too close to the 

near wall area. The different appearance of NL and OH* chemiluminescence in the same 

area indicates that the NL signal mainly comes from soot radiation. The CH* 

chemiluminescence in the upstream before the early soot can be used to identify the ignition 

location, while in the middle stream and downstream it is hidden by the soot incandescence.  

Low temperature combustion mode is observed as the ambient temperature drops to 

800K and the oxygen concentration decreases to 10%. Very weak OH* chemiluminescence 

was detected, indicating the absence of high temperature reaction.  

The manipulation of ambient temperature and oxygen concentration shows that 

simply reducing oxygen concentration without limiting the ambient temperature or vice does 

not help reducing the soot formation. It is important to control both parameters at the same 

time so that the combustion follows the low temperature combustion pathway.    
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4.5. Tables and figures 
 

Table 4.1 Specification of fuel injection system and conditions 

System Common rail 

Injector control unit Solenoid 

Injection pressure (MPa) 100 

Nozzle type Mini sac 

Number of orifice 6 

Included angle  160 

Orifice diameter (mm) 0.152 

Injection duration (ms) 1.6 

Injection quantity (mg) 86.17  

 

Table 4.2 Summary of the experimental conditions 

NO. Fuel O2 (%) Amb. T (K) Diagnostics 

1 Diesel 21 1200 NL, OH* 

2 Diesel 21 1000 NL, OH*, CH* 

3 Diesel 21 800 NL, OH*, CH* 

4 Diesel 15 1200 NL, OH* 

5 Diesel 15 1000 NL, OH*, CH* 

6 Diesel 15 800 NL, OH*, CH* 

7 Diesel 10 1200 NL, OH* 

8 Diesel 10 1000 NL, OH*, CH* 

9 Diesel 10 800 NL, OH*, CH* 
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Figure 4.1 The Experimental setup: 1. Combustion chamber; 2. Fuel injector; 3. Pressure 

transducer; 4. Metal plug; 5. Spark plug; 6. Intake/Exhaust lines; 7. Chamber body; 8. Quartz 

window; 9. Plug/Window retainer; 10. Low pass filter; 11. Neutral density filter; 12. Band 

pass filter (310 nm, 10 nm FWHW); 13. High speed camera with intensifier; 14. High speed 

camera. 

 

 
Figure 4.2 Apparent heat release rate (AHRR) and pressure change of diesel combustion. 

Ambient temperature: 1200 K 
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Figure 4.3 Apparent heat release rate (AHRR) and pressure change of diesel combustion. 

Ambient temperature: 1000 K 

 
(c) 

 

Figure 4.4 Apparent heat release rate (AHRR) and pressure change of diesel combustion. 

Ambient temperature: 800 K 
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Figure 4.5 Cumulative heat release of diesel spray combustion. Ambient temperature: 800, 

1000 and 1200 K. Ambient O2 concentration: 15% and 10%.  
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Figure 4.6 Natural Luminosity and OH* chemiluminescence images of diesel combustioin at 

ambient temperature of 1200 K and 21% O2 concentration 
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Figure 4.7 Natural Luminosity and OH* chemiluminescence images of diesel combustioin at 

ambient temperature of 1200 K and 15% O2 concentration 
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Figure 4.8 Natural Luminosity and OH* chemiluminescence images of diesel combustioin at 

ambient temperature of 1200 K and 10% O2 concentration 
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Figure 4.9 Natural Luminosity (left), OH* chemiluminescence (middle) and CH* 

chemiluminescence (right)  images of diesel combustioin at ambient temperature of 1000 K 

and 21% O2 concentration 
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Figure 4.10 Natural Luminosity (left), OH* chemiluminescence (middle) and CH* 

chemiluminescence (right)  images of diesel combustioin at ambient temperature of 1000 K 

and 15% O2 concentration 
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Figure 4.11 Natural Luminosity (left), OH* chemiluminescence (middle) and CH* 

chemiluminescence (right)  images of diesel combustioin at ambient temperature of 1000 K 

and 10% O2 concentration 
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Figure 4.12 Natural Luminosity (left), OH* chemiluminescence (middle) and CH* 

chemiluminescence (right) images of diesel combustioin at ambient temperature of 800 K 

and 21% O2 concentration 
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Figure 4.13 Natural Luminosity (left), OH* chemiluminescence (middle) and CH* 

chemiluminescence (right)  images of diesel combustioin at ambient temperature of 800 K 

and 15% O2 concentration 
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Figure 4.14 Natural Luminosity (left), OH* chemiluminescence (middle) and CH* 

chemiluminescence (right)  images of diesel combustioin at ambient temperature of 800 K 

and 10% O2 concentration 
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Figure 4.15 The intensity of OH* chemiluminescence of the diesel spray combustion under 

different conditions. 

 

 
Figure 4.16 The intensity of natural luminosity (NL) of the diesel spray combustion under 

different conditions. 
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Figure 4.17 Intensity of CH* chemiluminescence of diesel spray combustion. Ambient 

temperature: 1000 K and 800 K; ambient O2: 21%, 15% and 10%. 

 

Figure 4.18 Ignition area of diesel spray combustion. Ambient temperature: 1000 K and 800 

K; ambient O2: 21%, 15% and 10%.  
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5. EXPERIMENTAL STUDY O N BIODIESEL COMBUSTION 

UNDER DIFFERENT CONDITIONS  

5.1. Introduction  

To meet the particulate matter (PM) emission standard for compression ignition 

engines, researchers have worked in the fundamental aspects of spray combustion to 

understand the inception, development and elimination of soot [58]. Many important 

parameters have been studied, such as exhaust gas recirculation [39], molecular structure 

[45], fuel types [15] and so on.   

It is believed that soot formation starts shortly after ignition, and continues at the 

mixing controlled area of the spray reacting jets [42, 59]. The distance between the lift-off 

length and the location of first soot formation, representing the residence pathway for the 

soot precursors, was found to vary with fuel oxygen content and molecular structures [59]. 

The oxidation of soot is coupled with the formation process, but it cannot totally eliminate 

the generated soot due to the short residence time and limited local availability of oxidizer. 

As a result, soot aggregates and accumulates to PM, which is finally emitted out of engines. 

In the conceptual model of diesel spray combustion [58], it was proposed that the OH 

radical is formed in the high temperature reaction, thus can be used to identify the reaction 

regions. The conceptual model was further improved to identify the soot formation location 

for both diesel and oxygenated fuel [60]. It was found that the soot formation occurs in a 

mixture of combustion products originating from partial premixed reactions and diffusion 

flames. The formation of soot precursor strongly depends on the fuel types. Recently, the 

simultaneous measurement of formaldehyde, poly-aromatic hydrocarbons and hydroxides 

gave more insights on how the spray combustion evolves in the transient process [61]. Wall-

impingement was also found to strongly affect the combustion structure, since a higher 

mixing rate introduced by jet-wall vortex seemed to cause broader regions of OH in the near-

wall area. However, these findings are so far limited to some specific geometries.  

It is becoming more attractive recently to utilize biodiesel in compression ignition 

engines. The adoption of biofuels has been proved to effectively reduce the soot emissions by 
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extensive studies [15, 16, 59, 62, 63]. The existence of oxygen content in biofuels enables a 

more complete combustion especially in the rich diffusion flame and promotes the oxidation 

of soot [16]. As the oxygen content in fuel increases, a larger fraction of fuel carbon is 

converted to carbon monoxide (CO) in the fuel rich flame rather than soot precursors. 

Moreover, unlike conventional diesel, biofuel contains little content of aromatics, which is 

considered to be critical for the initial formation of benzene leading to soot [8, 16]; thus less 

soot formation is expected when other conditions are maintained the same for biodiesel. In 

the oxidation of soot, the hollow internal structure of biofuel soot, probably created by the 

internal oxygen in fuel molecules, enables a much faster oxidation rate compared to the soot 

generated by petro-diesel [8]. With the obvious reduction in soot, it should be remarked that 

the use of biodiesel may slightly increase nitrogen oxides (NOx), which is possibly due to the 

increased flame temperature. However, it is feasible to achieve the simultaneous reduction of 

soot and NOx via low temperature combustion mode [64]. While the fuel molecular 

composition plays an important role in soot formation, the molecular structure effect has not 

been fully understood and needs further study [45].   

In this chapter, by employing the OH* chemiluminescence and natural luminosity 

imaging, the temporal and spatial resolution will be obtained. The flame structure and the 

sooting propensity inferred from the image will be discussed under different conditions. It is 

the goal to gain a comprehensive understanding of the biodiesel and diesel combustion over a 

wide range of the controlling parameters.  

5.2. Experimental setup and diagnostics 

5.2.1. Experimental setup 

There are two sets of experiments in this chapter. The first one was to use an ICCD 

camera to image the time averaged OH* chemiluminescence (Figure 5.1). The second setup 

was to simultaneously image the OH* chemiluminescence and natural luminosity using two 

high speed camera (Figure 4.1). The second setup is described in Chapter 4 and will not be 

presented here.  
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In Figure 5.1Figure 6.1, the OH* chemiluminescence was captured by an intensified 

CCD (from ANDOR Technology, model DH712-18F-03) with a UV Nikkor 105-mm f/4.5 

and a band pass filter (310 nm, 10 nm FWHM from Edmund optics). The ICCD had a 

512 512 pixel resolution and was gated to provide an exposure time of 300~700 µs 

depending on the need to elucidate the spatial lift-off length. The derived spatial resolution 

was 0.207 mm/pixel. The Micro-Channel Plate (MCP) gain of the intensifier could be varied 

from 0 to 255 to acquire the clear images without over exposure. For each condition, the 

images were averaged result of 5 repeated runs.    

The experimental parameters used for the averaged OH* imaging are summarized in 

Table 5.1. The fuel injection pulse was set to be 0.8 ms and the fuel injection pressure was 

maintained as 100 MPa for all cases. The injected fuel quantities are 34.8 mg per injection 

for diesel and 33.2 mg per injection for biodiesel.  

The experimental conditions using different diagnostics are summarized in Table 5.2. 

The ambient O2 concentration was varied in 21%, 15% and 9%, while the ambient 

temperature was varied in 1200 K, 1000 K and 800 K.  

The experimental parameters used for the simultaneous imaging of OH* and NL 

experiment are summarized in Table 5.3. The fuel injection pulse was set to be 1.6 ms and 

the fuel injection pressure was maintained as 100 MPa for all cases. The injected fuel 

quantities are 86.17 mg per injection for diesel and 87.69 mg per injection for biodiesel.  

The experimental conditions using different diagnostics are summarized in Table 5.4. 

The ambient O2 concentration was varied in 21%, 18%, 15% 12% and 10%, while the 

ambient temperature was varied in 1400 K, 1200 K, 1000 K and 800 K.  

5.2.2. Image process 

5.2.2.1. Averaged OH* image process 

To analyze the lift-off length from the OH* chemiluminescence image, the jets in the 

image were firstly numbered as illustrated in Figure 5.2. Then the six jets were rotated to the 

horizontal direction so that a quantification of the lift-off length could be made. The lift-off 
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length in the unit of pixel was then obtained from the image by counting the near-center 

vicinity bin. The bin was set to be 10 pixels in width. It was converted to the lift-off length in 

the unit of mm by the following equation: 

( )
( )0.207 /

cos[ 180 2]

p

mm

LOL
LOL mm pixel

q
= ³

-  
  (5.1) 

5.2.2.2. NL and OH* image process for the contour map 

To get a temporal and spatial resolution of the NL and OH* intensity, the images are 

processed in the following way. The image is rotated to ensure a horizontal position of the 

jet. The vicinity of the jet center is cropped. This vicinity area has a width of 20 pixel for NL 

and 40 pixel for OH* in the raw images. The length of the vicinity area is from the nozzle tip 

to the view border. The intensity in the vicinity area is averaged over the width direction. 

Then a matrix is compounded by using the averaged intensity at each time point. This matrix 

is then contoured for a view of the intensity. In the contour map, the intensity is changing 

with the time and space. The space here means the radial distance from the nozzle tip. An 

example is illustrated in Figure 5.3. In the contour map, the two black straight lines represent 

the time locations when the two raw images were recorded. It essentially provides us with the 

temporal development and the axis-spatially resolved resolution of the signal. Moreover, it is 

averaged results of several experimental runs at the same condition. Thus it is useful to 

represent the combustion characteristics. However, it should be noted that this approach can 

only be valid in the comparison between different conditions with the same experimental 

setup. It may not be suitable for the comparison between the experimental and computation 

results; neither can it be applied to the comparison between results from different 

experimental apparatus.  

5.3. Time averaged imaging of OH*  

5.3.1. OH* images 

OH-chemiluminescence images for two fuels under three different temperatures and 

two EGR levels are shown in Figure 5.4 and Figure 5.6 respectively. To obtain the clear 
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images with sufficient signal levels, the ICCD gain had to be tuned to a proper value, which 

was labeled on the top right corner of images. Each image was an averaged result of 5 

experiments. The start of the ICCD gate was carefully chosen based on the high speed 

images. The start time was chosen when the spray combustion had reached quasi-steady 

stage. The gate was tuned for best image quality. For example, in the diesel 9% O2 800K 

case, the gate was tuned to be 0.55 ms, which was the longest gate among all conditions, 

because even the maximum ICCD gain did not provide enough signal input if a shorter gate 

was used; on the other hand in the diesel 21% O2 1200K case, the gate was 0.25 ms with gain 

of 170, which produced a clear image. The manipulation of gate and gain of ICCD partly 

illustrates the strength of the OH signal input. 

In Figure 5.4, diesel and biodiesel OH-chemiluminescence are plotted in top and 

bottom rows respectively for a better comparison. The jet-to-jet difference is illustrated by 

the top-right image, which is the diesel combustion at low ambient temperature without 

EGR. It is hard to directly compare the intensity of the images due to different configuration 

of gain and gate. However, in terms of qualitative analysis, lower temperature cases show 

less OH chemiluminescence, which is indicated by the dramatic increase of gain value. 

Lower temperature also increases the lift-off length for both fuels. The bottom-right of Figure 

5.4 clearly shows the lift-off length and indicated the flame spatial location, which is similar 

to the results in Ref. [65].  

In Figure 5.6, OH-chemiluminescence images are shown with high EGR at both high 

and low temperature for both fuels. Considering the left two images in Figure 5.6, with the 

same gain value, biodiesel at high ambient temperature shows a higher intensity of OH 

chemiluminescence signal, indicating a faster reaction may be present. Diesel and biodiesel 

both show very weak signal of OH chemiluminescence at low temperature, while biodiesel 

has a slightly stronger signal. This indicates the slow and low temperature reaction 

characteristic for these two cases. . The low temperature and high EGR level cases present 

the lowest peak SINL level as well as the OH chemiluminescence for both diesel and 

biodiesel, showing the possibility to operate engine in a soot-free mode.   
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By analyzing each jet in every image, a jet-to-jet averaged lift-off length can be 

obtained. This averaged lift-off lengths under different conditions for both fuels are 

illustrated in Figure 5.7. Under low ambient temperature, the lift-off lengths decrease with 

the increase of oxygen concentration; meanwhile, biodiesel shows a smaller value than diesel 

under the same condition. The reason that biodiesel is easier to ignite can be attributed to the 

oxygen content in the fuel molecules. Considering a fuel droplet being injected out of nozzle, 

the local equivalence ratio is close to positive infinity. When it is heated and mixed with 

ambient air (oxygen), the local equivalence ratio drops quickly, and when this ratio reaches 

the ignition limits, the fuel ignites. The oxygen content in fuel molecule helps to reduce the 

local equivalence ratio in a faster way; therefore, biodiesel shows a shorter lift-off length at 

low ambient temperature condition. On the other hand, the difference between biodiesel and 

diesel lift-off lengths is much smaller at high ambient temperature condition. The lift-off 

lengths seem to reach a limit when the ambient temperature increases, implying that the 

effect of oxygen content may be relieved by other factors such as the required evaporating 

and mixing time for liquid fuels.    

5.3.2. Air/fuel mixing analysis 

Figure 5.8 shows the cross section averaged oxygen equivalence ratio of the diesel 

and biodiesel under the investigated oxygen concentrations. The markers represent the 

corresponding measured lift-off length from the OH* chemiluminescence images. It can be 

seen from Figure 5.8 that diesel presents a larger equivalence ration than biodiesel. At the 

ambient temperature of 1200 K, diesel shows a similar lift-off length as biodiesel; however, 

the equivalence ratio of diesel at the lift-off length is much larger than biodiesel. As the 

ambient temperature decreases, the equivalence ratio at the lift-off length dramatically 

decreases, leading a less sooty combustion for diesel. On the other hand, the change of the 

equivalence ratio of biodiesel as the ambient temperature decreases is not as significant as the 

change of diesel.  

Figure 5.9 shows the equivalence ratio distribution of diesel and biodiesel spray. 

Though the stoichiometris positions for both fuels are very similar, the iso-value line inside 
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the diesel jet is apparently longer than biodiesel (if one looks at the iso-value line 5). This 

indicates that biodiesel is easier to reach a lower equivalence ratio which promotes the 

ignition.  

Figure 5.10 shows the equivalence ratio difference between diesel and biodiesel under 

the oxygen concentration of 15% and 10%. The stoichiometric lines for diesel (red) and 

biodiesel (blue) are also marked. It shows that diesel should present a wider flame edge than 

biodiesel, which agrees with the experimental observation. The difference between the two 

fuels is resulted from the oxygen component in the fuel. The less oxygen in the ambient, the 

larger difference is observed between the diesel and biodiesel equivalence ratio distribution.  

5.4. High speed simultaneous imaging of NL and OH*  

By the imaging of the time averaged OH* chemiluminescence, the different 

combustion characteristics for diesel and biodiesel were compared. However, we lack of the 

further understanding in terms of the temporal development as well as the spatial resolution. 

In reference, most of the researches were conducted either targeting at the high speed natural 

luminosity, or the time averaged OH* chemiluminescence, or the single-shot of the OH* 

chemiluminescence at a certain time point. In this work, the high speed simultaneous 

imaging of natural luminosity and OH* chemiluminescence can provide us with a unique 

view about the instantaneous development of the spray combustion.  

5.4.1. Effect of ambient temperature at 21% O2  

The effect to the ambient temperature at the 21% O2 concentration is discussed to 

establish a baseline for the following low oxygen concentration cases. Firstly, the heat 

release analysis will be conducted; followed by the combustion images of the two fuels. The 

intensity contour will be discussed and the spatially integrated intensity of the NL and OH* 

will be studied.   

5.4.1.1. Heat release analysis 

From the obtained pressure trace, it is straightforward to derive the net apparent heat 

release rate (AHRR) [66]. From Figure 5.11, the temporal AHRR clearly shows an 
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evaporation process for both fuels, illustrated by a small dip right after the start of injection 

signal. As a matter of fact, the evaporative spray involves effects from many fuel physical 

properties such as boiling point, evaporation heat, surface tension, viscosity, etc. In Figure 

5.12, biodiesel shows a shallower dip than diesel does, indicating that biodiesel evaporates 

slower than diesel. This is mainly because biodiesel produces a larger droplet size [67] and 

has a higher boiling point [68] than diesel, both of which make it harder to evaporate under 

the same condition. It should be noted that pressure change due to evaporation only accounts 

for 0.2~0.5% of the measured pressure range, therefore a further investigation by increasing 

the measurement accuracy will be needed to verify the phenomenon quantitatively. 

Nonetheless, biodiesel shows less evaporative property (low volatility) compared to diesel 

overall.  

When considering ignition delay, it is generally considered that biodiesel owns a 

shorter value than diesel because of its larger cetane number. A close observation of Figure 

5.11 and Figure 5.12 may lead one to reach this inference, especially when considering the 

1000K and 800K cases. The difference of ignition delays between biodiesel and diesel is 

very small in our study.  

The difference of the heating value is shown not only by the peak AHRR but also by 

the pressure increase in Figure 5.13. The diesel fuel shows a larger peak AHRR and a larger 

CHRR than biodiesel in all four cases. Ideally, the pressure increase of the fuel combustion 

should be very similar for the same fuel, because, in our experiment, the excessive available 

ambient oxygen would help the fuel be fully oxidized and release all the heat. However, due 

to the soot presence, the soot radiation dramatically changes the pressure increase [69]. As 

ambient temperature drops, less soot is formed in the spray combustion and the flame 

temperature also decreases, therefore less heat is lost via soot radiation; this ultimately 

increases the pressure. Nonetheless, the higher heating value of diesel fuel dominates over its 

higher soot radiation loss, resulting in a higher pressure increase compared to biodiesel.   

From the AHRR and pressure increase, it can be seen that when ambient temperature 

increase, the AHRR increases faster in the initial and developing phases, but the peak value 
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and the AHRR in the ending phases decreases. The main reason is that the increased ambient 

temperature boosts the formation of soot and increases the flame temperature at first, thus the 

soot radiation is enhanced, resulting in a smaller peak AHRR value and overall pressure 

increase. At the same time, because of the increased ambient temperature, the soot burns out 

quicker in the ending phase, resulting in a smaller AHRR value when combustion is about to 

finish. The effect of ambient temperature is very similar for diesel and biodiesel, while the 

pressure increase of diesel is always higher than biodiesel under the same ambient 

temperature condition because of its higher heating value.  

5.4.1.2. OH* and NL images 

To visualize the OH* and NL signal, the default color was used and the images were 

enhanced for a better view of the flame structure. It is important to keep in mind that the 

enhancement of the images is different for different conditions; therefore the direct 

comparison of the intensity from the images may not be appropriate. Instead, the intensity 

will be discussed in the next section. In the OH* images, there is a white arc representing the 

view boundary of the quartz window and a white dot on the left edge of the image 

representing the nozzle tip; while in NL images, the view boundary is clearly illuminated by 

the flame light.  

The natural luminosity and OH* chemiluminescence at 0.88 ms ASOI are shown in 

Figure 5.14 and Figure 5.15. At 800 K, biodiesel shows an ignited flame jet, while diesel 

does not, which implies that biodiesel is easier to auto-ignite especially under low ambient 

temperature condition. However, the OH* images of both fuels do not show meaningful 

signals. It indicates that the ignition first undergoes the low temperature region, where no 

significant amount of hydroxyl radicals is produced in the reaction region. When the ambient 

temperature increases to 1000 K, the biodiesel flame is well established as illustrated from 

the NL image, and it also shows the OH* signal. However, the diesel flame still does not 

show the significant level of OH* signal. When the ambient temperature further increases to 

1200 K, both fuels present a wide and well-established flame in the NL image, but the OH* 

at this moment still shows a very low signal level. It is interesting to notice that the flame 
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seems to be narrower in 1400 K case than that in 1200 K case. It may indicate that the high 

ambient temperature can both boost the formation of the soot and accelerate the oxidation of 

the soot.  

Figure 5.16 shows the natural luminosity of biodiesel and diesel combustion at the 

time of 1.76 ms ASOI. It mainly represents the quasi-steady stage, when the spray impinges 

on the wall and a quasi-steady flame jet appears in the image. At 800 K, the flame cloud 

bounces up from the wall. The fuel liquid jet is clearly shown in the NL images of 1000 K 

and above. The higher ambient temperature significantly reduces the liquid jet length and the 

flame cloud that bounces up from the wall. In the OH* images (Figure 5.17), it is interesting 

to notice that the near-wall area is exclusively occupied by the luminosity. It can be inferred 

that this area is filled with unburned soot, and the soot incandescence dominates the 

luminosity. A further development of the spray combustion process does change the 

luminosity pattern near the wall, however, in the upstream of the spray combustion, OH* 

chemiluminescence still covers the area of luminosity. One reason for this may be the 

unavailability of oxygen inside the spray pocket region, where the pocket refers to the area 

enclosed by wall and the diffusion flame. It is hard for surrounding oxygen to diffuse into the 

flame pocket, while the formed soot and unburned hydrocarbons radiate the heat. The other 

possible reason is that, when the spray impinges the wall, heat transfer to the wall actually 

quenches the flame. The wall impingement observation agrees with the conceptual model in 

ref [61].  

When the spray develops and the injection ends, the jet lost the moment and the flame 

traces upstream to burn out locally (Figure 5.18). However, the simultaneous images of OH* 

show the significant presence of OH* in the flame, as illustrated by the 1200 K and 1400 K 

cases for both fuels in Figure 5.19. It implies the involvement of the OH radical in the soot 

oxidation process. This observation agrees with the finding from [42].  

From the discussion above, it is interesting to notice that in the upstream and middle 

stream of the spray combustion area, the appearances of OH* chemiluminescence and flame 

luminosity are almost simultaneous. This implies that a substantial high temperature reaction 
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is undergoing in these areas. On the other hand, in the area near wall, when the hot products 

from the upstream combustion hit the wall, there is nearly none of the OH* 

chemiluminescence while the flame luminosity is very strong. This implies the exclusive 

contribution of soot incandescence to the flame luminosity in this area. Again, this leads us to 

carefully consider flame luminosity signal since it is the combined result of the reaction 

region temperature and soot incandescence.  

5.4.1.3. Temporal and spatial resolution of OH* and NL intensity 

To facilitate the discussion as follows, two lift-off lengths are defined. The first one is 

the NLL, which is defined as the distance from nozzle to the place where NL first appears. 

The second is OHL, which is defined as the distance from the nozzle to the place where OH 

first appears. Please note that the criteria to determine these two lengths may subject to 

change especially at the low intensity cases, but in most cases, NLL has the threshold value 

of 20, while OHL has the threshold of 10. It should be also noted that the intensity contour 

mainly describes the intensity in the vicinity of jet center line, and care should be taken when 

directly compare these results with the total integrated intensity values.  

The NL contour results of biodiesel and diesel at the different ambient temperatures 

are illustrated in Figure 5.20. At 1400 K, the biodiesel NL signal firstly appears at the place 8 

mm from the nozzle and 0.8 ms, indicating the auto-ignition of the fuel. Once ignition 

occurs, the spray combustion quickly develops, as illustrated by the sharp increase of the NL 

intensity for both fuels. Meanwhile, the NLL increases slightly after the ignition, which 

occurs mainly in the quasi-steady stage. During the quasi-steady stage, the NL intensity 

shows the peak value mainly in the range between 35 to 50 mm away from the nozzle, and it 

shows a very sharp decrease in the near-wall region. The island inside the NL contour in fact 

reflects the fine structure of the flame. Because the camera was operated using a very short 

exposure time (2 ‘ί, the shortest exposure time), it actually froze the flame motion. The 

turbulent flame shows some non-uniformity and even the flame hole in some cases. After 

that, the NLL decreases because the flame traces upstream when the injection ends. The NL 
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contours show a very sharp edge in the right, indicating that the NL signal disappears very 

quickly as the combustion ends. 

At 1400 K, the diesel NL contour shows the similarity as the biodiesel. The NLL of 

diesel at the ignition position is slightly longer than biodiesel. Meanwhile diesel shows 

somewhat higher intensity in the middle stream (25~45 mm) in the ending stage. The 

gradient of the intensity in the ending stage appears to be smaller for diesel compared to 

biodiesel. The observation indicates that diesel burns slower than biodiesel, especially when 

the strong entrainment of the ambient air is lost in the ending stage.  

When the ambient temperature decreases to 1200 K, the overall intensity of NL 

decreases for both fuels. The NLL at the quasi-steady stage increases as the mixing time 

required to ignite increases as the ambient temperature decreases. At this temperature, the 

NLL in the ending stage is similar to 1400 K cases. When the ambient temperature further 

decreases to 1000 K and 800 K, the NL contour seems to shrink. The NLL of both fuels 

increases further throughout the whole combustion duration.  

The OH* contours for biodiesel and diesel under the same conditions are shown in 

Figure 5.21. The OH* distribution is apparently broader than NL distribution. At 1400 K, 

when the OH* signal appears at the ignition place, the spatial location is about 14 mm from 

the nozzle while the temporal location is about 0.8 ms ASOI. Ideally, the OHL is shorter than 

the NLL because of the partial premixed combustion. In this case, the OHL is longer than 

NLL, which implies that the NLL in the upstream is from the reflection of the liquid jet 

rather than the combustion luminosity. The left edge of the OH* contour shows a sharp 

increase in intensity, indicating the accelerated presence of OH radical as the combustion 

quickly transits from ignition to high temperature reaction. Not like the NL contour, which 

shows the highest intensity in the near-wall region, the OH* contour shows the peak intensity 

in the spatial location 25-40 mm, while the temporal location is very similar to NL contour 

peak. The relatively weak intensity of OH* near the wall region indicates the dominant 

presence of soot particles near the wall area and the soot radiation is considered as the major 

contribution to the natural luminosity. When combustion ends at about 3.8 ms, as illustrated 
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by the sharp decrease of NL, the OH* signal begins to decrease, but in a much slower way. 

The contour of OH* in the ending stage extends beyond 8 ms ASOI. This is basically the 

burning out process of the soot particles, especially those soot particles bouncing up from the 

wall and slowly burns out in the chamber. The observation essentially shows the involvement 

of the OH radical in the soot oxidation process.  

As a comparison, diesel combustion shows very similar distribution of OH*, while 

the peak intensity is slightly higher than biodiesel. It should be noted that the intensity shown 

in the contour only accounts for the vicinity of jet center line. The peak value area of diesel is 

also larger than that of biodiesel. It is interesting to notice that diesel shows a smaller 

intensity during the soot oxidation process. It was found that the soot from biodiesel 

combustion is more reactive than the soot from diesel, because the oxygen atom(s) in 

biodiesel enables the formation of the porous structure of the soot, which helps the trap of the 

collided oxygen molecules for the oxidation process. The experimental observation is in 

consistent with the fundamental understanding of the soot formation and oxidation processes.  

When the ambient temperature decreases to 1200 K, the OH* contour distribution 

slightly changes for biodiesel; while the intensity of diesel dramatically decreases. The OHLs 

of both fuels are smaller than the NLLs; whereas the OHLs of biodiesel and diesel are very 

comparable at this ambient temperature. When the ambient temperature drops to 1000 K, the 

OHLs for both fuels are still similar, indicating that both fuels may experience a similar 

spatial and temporal location for premixed ignition. It is actually a balance between the auto-

ignition and atomization. Biodiesel presents a poor atomization due to its higher viscosity 

and larger density, but it shows a better auto-ignition property due to its oxygen component 

that helps to reduce the stoichiometry faster to an ignition level. The competition of these two 

effects results in a similar temporal and spatial OHL for both fuels under the same 

conditions. When the ambient temperature drops to 800 K, OH* intensity dramatically 

decreases. At this temperature, biodiesel shows a broader distribution than diesel.  

From the comparison, it is interesting to observe the broader distribution of OH* than 

NL. It is widely considered that OH radical is an indicator of the high temperature 
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combustion reaction; however, it is also involved in the relatively lower temperature reaction 

such as the soot oxidation. Therefore, it should be cautious to take OH radical as the high 

temperature indicator when it can be produced in a significant way from other possible 

sources such as fuel molecule decomposition. Barok and Sarofim [50] suggested that OH is 

most likely to dominate the soot oxidation in the fuel rich and stoichiometric conditions. The 

spray combustion in the chamber, dominated by the mixing-controlled combustion especially 

in the quasi-steady and ending stages, apparently satisfies this fuel rich or stoichiometry 

condition at the flame location locally. Therefore, it is a good agreement that OH* signal can 

be detected in the ending phase while the major combustion already finishes and only soot 

oxidation is undergoing.  

5.4.1.4. Integrated intensity of NL and OH* 

To gain a global view of the NL and OH* intensity in the temporal resolution, the 

integrated intensity of NL and OH* is discussed. The integration is conducted over the image 

by summing up all the pixel values. It essentially represents the global view of the image at a 

certain point, instead of the vicinity of jet center line in the contour results.  

The spatially integrated natural luminosity (SINL) of both fuels under different 

conditions is plotted in Figure 5.22. It is apparent that biodiesel shows a smaller SINL level 

than diesel if they are compared at the same condition. The increase of the SINL in the initial 

stage is faster for biodiesel, which is observed under all ambient temperatures, while the 

SINL of diesel out Since SINL can be used as a qualitative indicator for soot concentration 

level [70], the observed lower level of SINL of biodiesel shows the corresponding lower 

level of soot formation when compared to a similar case with diesel.  

Under four different ambient temperatures, the peak value of SINL for diesel is 

higher than biodiesel. This comparison further supports the general idea that biodiesel has a 

tendency to form less soot during the combustion. The sharp decrease of SINL after peak 

value indicates a fast burning out of the soot due to excess oxygen from ambient.   

From Figure 5.23, the combustion of diesel shows a smaller OH* level compared to 

that of biodiesel. At 1400 K and 1200K, biodiesel combustion experiences a significantly 
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faster increase of the OH* chemiluminescence and reaches the highest level among all the 

considered cases. The diesel combustion at the same ambient temperature features slower 

increase at the beginning and a smaller level. It may imply that biodiesel combustion 

involves more OH radicals in the combustion process than diesel does, but it may not infer 

that biodiesel presents a higher flame temperature than diesel. However, when the ambient 

temperature drops to 800K, the OH* chemiluminescence from biodiesel and diesel decreases 

to a small level. It implies a substantial development of low temperature flame for both fuels. 

Nonetheless, the biodiesel still has a higher intensity level than diesel.  

The difference of OH* chemiluminescence at high temperature between the two fuels 

may be caused by the effect of soot presence. From the temporal evolvement of SINL (Figure 

5.22), at the ambient temperature of 1200K and 1000K, soot formation is stronger than is the 

case of 800K. The times that SINL for diesel reaches peak value under different ambient 

temperatures are around 2.9~3.1 ms ASOI. At this time, the OH* chemiluminescence still 

increases, but this timing is close to the peak value in the whole evolvement for SINL signal. 

When SINL decrease rapidly, the OH* chemiluminescence still increases and decreases 

gradually due to the sufficient available oxygen from ambient. While the decrease of the 

SINL mainly indicates the soot oxidation process, this observation may lead to the 

speculation that the soot oxidation may be an important process to produce OH* 

chemiluminescence in the late stage reaction process.  

5.4.2. Effect of ambient oxygen concentration at 1000 K 

The 15% and above seems not to affect the efficiency too much. Thus, the 15% 

1200K, 15% 1400 K should be considered in the extra high temperature combustion section.  

The effect of the ambient oxygen concentration is discussed when the ambient 

temperature is 1000 K for both diesel and biodiesel. The ambient temperature of 1000 K is 

selected because of it is typical in the diesel engines.  

5.4.2.1. Heat release analysis 

Figure 5.24 shows the effect of the ambient oxygen concentration on the AHRR of 

diesel combustion. When the oxygen concentration decreases, the dip occurring right after 
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the start of injection signal does not change significantly for diesel. However, once the 

combustion begins, the AHRR at low oxygen concentration experiences a slower increase 

and shows a smaller peak value of the AHRR. The peak value of AHRR monotonically 

decreases with the oxygen concentration. However, in the ending stage, as illustrated by the 

decreasing slop of AHRR, the AHRR at the low oxygen concentration is higher than that at 

higher oxygen concentration, which indicates a slower burning out process. The effect of the 

ambient oxygen concentration on the biodiesel combustion is very similar to diesel except 

that biodiesel shows a smaller value compared to diesel, which is mainly resulted from the 

lower heating value (Figure 5.25).  

In terms of pressure increase, diesel combustion shows some similarity at the oxygen 

concentration of 21%, 18% and 15%. The pressure increases fast and decay at a similar level. 

The 12% and 10% cases show a slower increase of the pressure, indicating a significantly 

slower combustion, whereas 10% case shows highest final pressure and 12% case shows the 

dramatically smaller final pressure. From this observation, the 12% case apparently 

experiences a more intensive radiation heat transfer, and it is speculated that 12% case should 

present a significantly high level of soot concentration. This will be discussed further.  

Figure 5.26 shows the effect of ambient temperature on the pressure increase of 

biodiesel combustion. It can be seen that higher oxygen concentration features a faster 

increase of the pressure at first, but due to the higher soot concentration formed and higher 

radiation lost, it also presents the lowest final pressure. The low oxygen concentration shows 

a slower increase, but higher final pressure value. Nonetheless, the difference of the final 

pressure among different ambient oxygen concentrations for biodiesel is rather small, 

showing that biodiesel is consistent in the soot formation and oxidation.  

5.4.2.2. Temporal and spatial resolution of OH* and NL intensity 

Figure 5.28 shows the NL contour for biodiesel and diesel at different ambient 

oxygen concentrations. At 18% O2, biodiesel shows a smaller NL area and a rather long 

NLL compared to that at 21% cases. Considering that the lower oxygen concentration should 

increase the mixing time for fuel and air, but the 3% reduction of the ambient oxygen should 
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not have such a huge impact. Therefore, the 18% O2 case of biodiesel will be considered as 

an outlier in the discussion. At the same oxygen concentration, diesel shows a normal 

distribution of NL in the contour.  

When at 15% O2, biodiesel presents a very similar NLL for both fuels compared to 

the 21% cases. It may indicate a less effect of the ambient oxygen concentration on the NLL 

at the 15% O2 concentration. When the oxygen concentration further decreases to 12%, 

biodiesel shows a significantly smaller intensity and distribution, as opposed to the diesel 

case. It was firstly considered as an outlier for diesel combustion at 12% O2 case, but the 

pressure trace shows a good consistence with each other and with the baseline. Thus it is 

thought that the diesel combustion at this oxygen concentration and 1000 K ambient 

temperature may favor the soot formation but may not boost the soot oxidation as many other 

cases do. It may be considered as the critical condition for diesel combustion.  

As the oxygen concentration decreases to 10%, the NL contours for both fuels appear 

in a smaller area and late appearance in the temporal resolution. In this case, diesel shows a 

larger NL contour area, either because biodiesel has a very low level of soot concentration, 

which produces small natural luminosity from the soot radiation, or diesel shows its tendency 

to reach our further than biodiesel to obtain enough oxygen molecules for the combustion.  

Figure 5.29 shows the OH* contour of biodiesel and diesel under different oxygen 

concentrations. At 18% O2, diesel shows a significantly smaller intensity and distribution 

area than that at 21% O2. But the quasi-steady OHL is clearly established, and OHL 

decreases as the combustion ends. When the oxygen concentration decreases to 15%, 

biodiesel and diesel shows a similar distribution area and OHL value. The island in the 

ending stage is an indication of the slowly oxidation of the soot cloud bounced back from the 

chamber wall.  

As the oxygen concentration further decreases to 12%, biodiesel shows a smaller 

intensity level and distribution area, indicating the significantly reduced involvement of OH 

radicals. On the other hand, diesel shows a huge distribution of the OH* signal, which is 
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even bigger than the 18% case, while the intensity level is lower than higher oxygen 

concentration cases.  

When the oxygen concentration decreases to 10%, both fuels experiences a very low 

level of the OH* chemiluminescence. For the view purpose only, the low limit of the contour 

is set to be 2 instead of 10 for 15%, 18%, 21% O2 cases and 5 for 12% O2 case. The only 

detected OH* signal appear in the middle stream of ending stage for biodiesel, while there is 

a small amount of OH* signal in the middle stream of the quasi-steady stage for diesel. The 

low oxygen concentration cases (12% and 10%) indicate that diesel may involve more OH 

radical presence in the flame, while biodiesel may experience a lower temperature way so 

that no significant level of OH radical or soot particles is formed.  

5.4.2.3. Integrated intensity of NL and OH* 

Figure 5.30 shows the effect of the ambient oxygen concentration on the SINL of 

diesel combustion. The four cases (from 21% to 12%) show a similar increase of the SINL 

and peak value, while a close look at the increase slop will lead one find that the higher 

oxygen concentration presents a higher increasing slope. The decreasing slop of the SINL 

shows a monotonic dependence on the oxygen concentration. The dramatic difference 

between 12% O2 case and the other three higher oxygen concentration cases indicate that the 

slower soot oxidation process enhances the soot radiation, which makes the 12% O2 case 

present the smallest pressure increase. On the other hand, the 10% O2 case shows a very 

slow increase and decrease slop of SINL, which indicate that small amount of soot is formed 

and thus less soot radiation is present even when the soot burning out process is the slowest. 

This brings one to speculate that, in order to control the soot emission, either to accelerate the 

soot formation and oxidation, or to reduce the soot formation and oxidation, because these 

two processes are favored in the same way. It is worst to boost the soot formation but to 

reduce the soot oxidation, which is the 12% O2 case, while it is unlikely to have the soot 

formation reduced but the oxidation enhanced.  

Figure 5.31 shows the effect of the ambient oxygen concentration on the SINL of 

biodiesel combustion. Unlike the monotonic variation for diesel, biodiesel shows the highest 
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SINL peak value for 15% case. The 21% and 18% cases agree the expectation and the trend 

of diesel combustion under the same conditions. Then the 15% cases shows a similar 

increase slope as 21% and 18% cases, but increases to a peak. It is most likely to be the result 

of the competence between soot formation and oxidation again. The decreasing slop agrees 

with the same monotonic dependence of diesel combustion. Therefore, it is speculated that 

15% O2 and 1000 K may be a favorable condition for biodiesel to promote soot formation 

high enough but not be able to oxidize it efficiently. .  

In terms of the OH* intensity in function of time, diesel and biodiesel both show the 

tendency that the lower oxygen concentration reduces the OH* intensity throughout the 

entire combustion process (Figure 5.32 and Figure 5.33). But it is noted that, under the 15% 

O2 condition, both fuels show a rather flat development of the intensity in the ending 

process, which again shows the involvement of OH radical in the soot oxidation process.  

5.5. Comments and summary 

In this chapter, the OH* chemiluminescence and natural luminosity of biodiesel and 

diesel are experimentally studied. The simultaneous imaging of OH* and NL for both fuels 

provides us with valuable insight into the flame structure and development. The heat release 

characteristics are analyzed.  

The time averaged OH* imaging shows that the OHL of biodiesel is smaller than 

diesel under low temperature and low oxygen conditions, while the difference between the 

two fuels becomes less and even undistinguishable under high temperature and high oxygen 

conditions. Biodiesel shows a smaller stoichiometry than diesel at the OHL, which is resulted 

from the oxygen component in the fuel molecule. This also leads biodiesel to have a less 

tendency forming soot.  

The simultaneous high speed imaging of biodiesel and diesel combustion shows the 

different characteristics for these two fuels. Biodiesel shows a similar ignition delay as diesel 

under high temperature and high oxygen concentrations, but it shows a smaller ignition delay 

under low temperature and low oxygen concentration conditions. This is basically resulted 

from the poorer atomization and better auto-ignition property of biodiesel.  
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The OH radical is not only involved in the high temperature reaction, as illustrated by 

the simultaneous appearance in the up and middle stream of the jet, but also involved in the 

soot oxidation process. The near-wall region shows a smaller level of OH*, indicating the 

quenching effect of the wall on the flame.  

The ambient temperature dramatically affects the spray combustion in the aspects of: 

(1) heat release: higher ambient temperature helps fuel evaporate, ignite, burn out in a faster 

way, but reduces the peak AHRR and pressure increase because either higher flame 

temperature or higher soot concentration or both produces higher radiation lost; (2) flame 

structure: lower ambient temperature increases the OHL and NLL simultaneously while the 

flame area can also change; (3) NL and OH* contour: the reduced ambient temperature 

shrinks the NL contour distribution by reducing the spatial presence and slightly extending 

the ending stage in the temporal presence; the reduced ambient temperature dramatically 

reduces the OH* contour distribution area both in the spatial and temporal presence; (4) 

spatially integrated intensity: lower ambient temperature reduces SINL level and OH* 

intensity level significantly.  

The ambient oxygen concentration is proven to affect the spray combustion as well. 

The reduced ambient oxygen concentration can reduces the AHRR and pressure increase 

slope, but does not affect the final pressure increase unless the combustion is deteriorated 

significantly such as the 12% O2 case for diesel. The smaller ambient oxygen concentration 

also prolongs the NLL and OHL for both fuels. The NL and OH* contour distribution area 

and the intensity are both reduced. 

In order to reduce soot, it is feasible to either enhance or reduce the soot formation 

and oxidation at the same time by knobbing the ambient temperature and ambient oxygen 

concentrations. It is thought that a moderately reduced oxygen concentration with reasonable 

ambient temperature would be ideal for the spray combustion, since it provides essential 

combustion efficiency but reduces the soot formation. Even a certain amount of soot is 

formed, the flame temperature should be high enough to oxidize them efficiently. This will 

be investigated in next chapter.   



 

 
96 

5.6. Tables and figures 
 

Table 5.1 Experimental parameters used for the averaged OH* imaging experiment 

System Common rail 

Injector control unit Solenoid 

Injection pressure (MPa) 100 

Nozzle type Mini sac 

Number of orifice 6 

Included angle  160 

Orifice diameter (mm) 0.152 

Injection duration (ms) 0.8 

Injection quantity Diesel (mg) 34.8 

Injection quantity Biodiesel (mg) 32.2 

 

 

Table 5.2 Summary of the experimental conditions for the averaged OH* imaging 

experiment 

NO. Fuel O2 (%) Amb. T (K) NO. Fuel O2 (%) Amb. T (K) 

1 Diesel 21 800 10 Biodiesel 21 800 

2 Diesel 21 1000 11 Biodiesel 21 1000 

3 Diesel 21 1200 12 Biodiesel 21 1200 

4 Diesel 15 800 13 Biodiesel 15 800 

5 Diesel 15 1000 14 Biodiesel 15 1000 

6 Diesel 15 1200 15 Biodiesel 15 1200 

7 Diesel 9 800 16 Biodiesel 9 800 

8 Diesel 9 1000 17 Biodiesel 9 1000 

9 Diesel 9 1200 18 Biodiesel 9 1200 
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Table 5.3 Experimental parameters used for the simultaneous imaging of OH* and NL 

experiment 

System Common rail 

Injector control unit Solenoid 

Injection pressure (MPa) 100 

Nozzle type Mini sac 

Number of orifice 6 

Included angle  160 

Orifice diameter (mm) 0.152 

Injection duration (ms) 1.6 

Injection quantity Diesel (mg) 86.17 

Injection quantity Biodiesel (mg) 87.69 

 

Table 5.4 Summary of the experimental conditions for the simultaneous imaging of OH* and 

NL experiment 

NO. Fuel O2 (%) Amb. T (K) NO. Fuel O2 (%) Amb. T (K) 

1 Diesel 21 800 21 Biodiesel 21 800 

2 Diesel 21 1000 22 Biodiesel 21 1000 

3 Diesel 21 1200 23 Biodiesel 21 1200 

4 Diesel 21 1400 24 Biodiesel 21 1400 

5 Diesel 18 800 25 Biodiesel 18 800 

6 Diesel 18 1000 26 Biodiesel 18 1000 

7 Diesel 18 1200 27 Biodiesel 18 1200 

8 Diesel 18 1400 28 Biodiesel 18 1400 

9 Diesel 15 800 29 Biodiesel 15 800 

10 Diesel 15 1000 30 Biodiesel 15 1000 

11 Diesel 15 1200 31 Biodiesel 15 1200 

12 Diesel 15 1400 32 Biodiesel 15 1400 

13 Diesel 12 800 33 Biodiesel 12 800 

14 Diesel 12 1000 34 Biodiesel 12 1000 

15 Diesel 12 1200 35 Biodiesel 12 1200 

16 Diesel 12 1400 36 Biodiesel 12 1400 

17 Diesel 10 800 37 Biodiesel 10 800 

18 Diesel 10 1000 38 Biodiesel 10 1000 

19 Diesel 10 1200 39 Biodiesel 10 1200 

20 Diesel 10 1400 40 Biodiesel 10 1400 
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Figure 5.1 The experimental setup for the time averaged OH* imaging.  

 

 

                 
Figure 5.2 Imaging process for the lift-off length calculation 
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Figure 5.3 An example to process image for the OH* intensity contour.  
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Figure 5.4 OH-chemiluminescence images of diesel and biodiesel at 21% O2 concentration. 

Temperature: 800K, 1000K, 1200K. Gain value for each test is labeled at right top corner. 

Time after start of injection (ASOI) when the imaging starts: diesel, 1200K: 0.7 ms; diesel, 

1000K: 0.8 ms; diesel, 800K: 0.7 ms; biodiesel, 1200K: 0.8 ms; biodiesel, 1000K: 0.8 ms; 

biodiesel, 800K: 0.8 ms.  

 

 

 



 

 
101 

 
Figure 5.5 OH-chemiluminescence images of diesel and biodiesel at 15% O2 concentration. 

Temperature: 800K, 1000K, 1200K. Gain value for each test is labeled at right top corner. 

Time after start of injection (ASOI) when the imaging starts: diesel, 1200K: 0.7 ms; diesel, 

1000K: 0.8 ms; diesel, 800K: 0.7 ms; biodiesel, 1200K: 0.8 ms; biodiesel, 1000K: 0.8 ms; 

biodiesel, 800K: 0.8 ms.  
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Figure 5.6 OH-chemiluminescence images of diesel and biodiesel at 9% O2 concentration. 

Temperature: 800K, 1000K, 1200K. Gain value for each test is labeled at right top corner. 

Time after start of injection (ASOI) when the imaging starts: diesel, 1200K: 0.75 ms; diesel, 

1000K: 0.8 ms; diesel, 800K: 0.9 ms; biodiesel, 1200K: 0.8 ms; biodiesel 1000K: 0.85ms; 

biodiesel, 800K: 0.9 ms. 
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Figure 5.7 Lift -off length for diesel and biodiesel. Error bar stands for the standard deviation 

of the lift-off lengths measured for different jets.  

 

 
Figure 5.8 Cross section averaged oxygen equivalence ratio of diesel and biodiesel under 

different oxygen concentrations.  
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Figure 5.9 Oxygen equivalence ratio distribution for diesel (left) and biodiesel (right) at the 

ambient oxygen concentration of 21%.  
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(a) 

 
(b) 

Figure 5.10 The distribution of oxygen equivalence ratio difference between diesel and 

biodiesel  at the ambient oxygen concentration of 15% (a) and 9% (b). 
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Figure 5.11 Effect of ambient temperature on apparent heat release rate (AHRR) of diesel. 

Ambient O2: 21%.  

 
Figure 5.12 Effect of ambient temperature on apparent heat release rate (AHRR) of biodiesel. 

Ambient O2: 21%.  
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Figure 5.13 Effect of ambient temperature on pressure increase of diesel and biodiesel. 

Ambient O2: 21%.  
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Figure 5.14 NL images of biodiesel and diesel at different ambient temperatures in the initial 

stage. Ambient O2 concentration: 21%.  
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Figure 5.15 OH* images of biodiesel and diesel at different ambient temperatures in the 

initial stage. Ambient O2 concentration: 21%.  
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Figure 5.16 NL images of biodiesel and diesel at different ambient temperatures in the quasi-

steady stage. Ambient O2 concentration: 21%.  
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Figure 5.17 OH* images of biodiesel and diesel at different ambient temperatures in the 

quasi-steady stage. Ambient O2 concentration: 21%.  
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Figure 5.18 NL images of biodiesel and diesel at different ambient temperatures in the 

ending stage. Ambient O2 concentration: 21%.  
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Figure 5.19 OH* images of biodiesel and diesel at different ambient temperatures in the 

ending stage. Ambient O2 concentration: 21%.  
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Figure 5.20 Natural luminosity temporal and spatial resolution of diesel and biodiesel 

combustion at the oxygen concentration of 21%.  
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Figure 5.21 OH* chemiluminescence temporal and spatial resolution of diesel and biodiesel 

combustion at the oxygen concentration of 21%.  
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Figure 5.22 Effect of ambient temperature spatially integrated natural luminosity (SINL) of 

diesel and biodiesel at the oxygen concentration of 21%.  

 
Figure 5.23 Effect of ambient temperature concentration on OH* chemiluminescence 

intensity of diesel and biodiesel at the oxygen concentration of 21%.  
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Figure 5.24 Effect of ambient oxygen concentration on apparent heat release rate (AHRR) of 

diesel. Ambient temperature: 1000 K.  

 

 
Figure 5.25 Effect of ambient oxygen concentration on apparent heat release rate (AHRR) of 

biodiesel. Ambient temperature: 1000 K.  
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Figure 5.26 Effect of ambient oxygen concentration on pressure increase of diesel. Ambient 

temperature: 1000 K.  

 

 
Figure 5.27 Effect of ambient oxygen concentration on pressure increase of diesel. Ambient 

temperature: 1000 K.  
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Figure 5.28 Natural luminosity temporal and spatial resolution of diesel and biodiesel 

combustion at the ambient temperature of 1000 K.   
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Figure 5.29 OH* chemiluminescence temporal and spatial resolution of diesel and biodiesel 

combustion at the ambient temperature of 1000 K.   
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Figure 5.30 Effect of ambient oxygen concentration on spatially integrated natural luminosity 

(SINL) of diesel at the ambient temperature of 1000 K.   

 

 
Figure 5.31 Effect of ambient oxygen concentration on spatially integrated natural luminosity 

(SINL) of biodiesel at the ambient temperature of 1000 K.   
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Figure 5.32 Effect of ambient oxygen concentration on OH* chemiluminescence intensity of 

diesel at the ambient temperature of 1000 K.   

 

 
Figure 5.33 Effect of ambient oxygen concentration on OH* chemiluminescence intensity of 

biodiesel at the ambient temperature of 1000 K.    
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6. TWO-COLOR MEASUREMENT OF  DIESEL AND 

BIODIESEL SPRAY COMB USTION 

6.1. Introduction  

It is of great interest to quantify the flame temperature and soot level in the transient 

evolvement of the spray combustion. In this aspect, the two-color (2C) method offers the 

possibility to obtain these two important parameters simultaneously without intruding the 

combustion process.  

To realize the 2C measurement, the wavelengths of 550 nm and 650 nm were selected 

because the radiances from these two wavelengths are well separated in the interested 

temperature range. In Figure 6.1, the spectral radiance of a blackbody at different 

temperatures is plotted. It can be seen that the ratio of 650 nm radiance to 550 nm radiance 

decreases as the temperature increases, but they are well separated in the investigated 

temperature range of spray combustion.  

6.2. Two-color measurement  

6.2.1. Camera response calibration  

According to the previous review on the principles of the two color measurement, it is 

prerequisite to calibrate the optical instruments against a well defined reference object.  

In this study, a blackbody radiator (Figure 6.2) whose temperature could be 

accurately controlled was used as the reference object to verify the linear relation between 

exposure time/camera aperture and camera received signal. The radiator was made by 

Infrared System Development with the temperature accuracy of πȢρᴈ and the highest 

temperature of ρπυπ ᴈ. The distance between the camera and the radiator was kept as the 

same distance when the spray combustion was imaged. The camera was the same high speed 

camera used for the natural luminosity visualization and the coupling lens was Nikon 50 mm 

F/1.8. Firstly, the aperture was fixed at 8. It is found that the received camera signal has a 

linear relation with the exposure time (Figure 6.3). The exposure time is then used as the 

exposure time coefficient. Secondly, the exposure time was fixed at 5500 ‘ί. Theoretically, 
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one increment of the aperture (one decrement in F number) should double the received 

signal; however, it is shown that the camera does not follow this trend strictly (Figure 6.4). 

Instead of using the linear regression, the aperture coefficients (Cap) for all the four apertures 

used in this study are listed in Table 6.1.  

To take advantage of the full measurement range of the camera, it is necessary to 

adjust the aperture and exposure time. To take in account the different level of radiance at 

different optical configurations, a parameter called the effective camera signal is defined as 

follows: 

 / ( )eff rec exp apS S C C= Ö  (6.1) 

In this equation, Ssig is the camera received signal, Cexp is the exposure time coefficient and 

Cap is the aperture coefficient. 

To calibrate the camera in the typical diesel flame temperature range (1800~2800 K), 

a tungsten halogen light source (Ocean LS-1-LL, 2800 K lamp) with known power output 

coupled with different neutral density filters were used as the reference object. The camera 

effective signal was calibrated against the known radiance (Figure 6.5). To maintain a higher 

accuracy, different apertures used different regression coefficients. The R
2
 relation 

coefficients were between 0.980~0.998, showing a good regression between two variables. 

The regression coefficients with the 95% confidence intervals are listed in Table 6.1.  

6.2.2. Image match calibration 

In the two-color method, it is important to ensure that received camera signals from 

the two wavelengths are from the same location (i, j). In practice, there is always a certain 

discrepancy in the relative location of pixel in each of two images. Therefore, a calibration of 

image is necessary.  

An example of the raw image captured by the camera is shown in Figure 6.6. The 

right image, filtered by 650 nm filter, was selected as the reference image because of its 

higher signal level in real experiments. The images were cropped, rotated and translated to 
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match the pixels. The processed images were illustrated in Figure 6.7. The correlation 

coefficient of the two images was 0.95. 

6.2.3. Computation time 

To calculate the 2C temperature, the post-process image was solved at the pixel-by-

pixel level. It took a dual-core 3.0 GHz CPU about 3~5 minute to obtain one image. 

Depending on experimental conditions, there are 15~40 images in one experimental runs. 

The total experimental runs including the repeated ones are 150. Therefore the total 

computation time is about υ ςπρυπφπ ςυπ Ὤ. To implement this computation, 8 

dual-core work stations were employed to run different cases individually.  

An example of resolved 2C temperature and KL factor is shown in Figure 6.8. It is 

the result of Figure 6.7. The labeled values of 2C temperature and KL in the left-up corner of 

the image are the averaged results over the flame area. It is shown that the 2C temperature is 

2317 K and KL factor is 1.29 in this case.  

6.3. Sensitivity and uncertainty analysis 

In order to illustrate the sensitivity of the calculated soot temperature and KL factor, 

the theoretical radiance of gray body at the wavelengths of 550 and 650 nm are plotted in 

Figure 6.9. The iso-radiance lines are drawn in the map of temperature and KL factor. The 

temperature and KL ranges are selected to reflect the expected diesel flame characteristics. 

Essentially, when KL approaches to zeros, the flame is optically thin, while when KL 

approaches to 3, the flame becomes more and more optically thick. The gray body emissivity 

is 0.9990 and 0.9957 for 550 and 650 nm when KL factor is 3, which means it is very close 

to black body. For this reason, any KL value in the resolved image larger than 3 is replaced 

with 3. The radiance at 650 nm is larger than that at 550 nm, whereas the ratio of 650 nm to 

550 nm radiance at the same temperature and KL factor is between 1.2 and 5.  

From Figure 6.9, it can be seen that when KL approaches to zero (left side of the 

figure), the radiance becomes more sensitive to the temperature change, as illustrated by the 

steeper iso-radiance lines. It means, when flame is optically thin, a small change of 
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temperature will result in large variation of radiance. Reversely, a small variation of radiance 

may produce larger different temperatures. On the other hand, when KL becomes larger, the 

radiance becomes less sensitive to temperature, as illustrated by the relatively flat. It means 

with the small radiance, it may result in large different values of KL factor.  

The uncertainty in the calculated temperature and KL factor is mainly considered to 

be resulted from (1) camera digitalization; (2) camera calibration. These two factors are 

analyzed as follows. 

Due to the camera digital levels are discrete, an uncertainty of πȢυ gray pixel value 

can be used to estimate the resulted uncertainty. The regression radiance corresponding to 0.5 

gray pixel value is about 20~138 ὡȾ‘άȢά Ȣίὶ. From Figure 6.9, the low limit of 550 nm 

radiance is about ς ρπ ὡȾ‘άȢά Ȣίὶ. Then relative error can be calculated as 

0.1~0.5%. This relative error will further decrease when the radiance increases. The 

digitalization uncertainty is therefore considered as 0.5%.  

The second uncertainty is derived from the regression from the camera signal to 

radiance. Since the after the regression, the relation between the radiance and calculated 

temperature and KL factor is highly non-linear, an example calculation was conducted to 

show the uncertainty. The regular calculation result is shown in Figure 6.8. In this example, 

the aperture was 11, while the exposure time was 20 ‘ί. From Table 6.1, the 95% confidence 

interval for the regression coefficients at two wavelengths are [132.8 (L1), 157.9(H1)] and 

[165.4 (L2), 214.7 (H2)] respectively. Apparently, there are four possibilities to compute the 

regression radiance, namely (a) [L1, L2], (b) [L1, H2], (c) [H1, L2] and (d) [H1, H2].  

Figure 6.10 shows the resolved 2C temperature from the four combinations. It is 

shown that the averaged temperature is very close to the regularly calculated value (2317 K) 

with the uncertainty range of [-63, 121] K. This range corresponds to the relative uncertainty 

of [-2.72%, 5.22%]. The upper and lower predications were present in case (b) and (c) 

respectively. In fact, the cases (b) and (c) are unlikely to be in real because it means that the 

camera behaves in the opposite direction when it is exposed to the incoming light. If only 

consider the cases (a) and (d), which means that the camera either under-represent or over-
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represent the incoming light radiation, the relative uncertainty can be brought down to [-

0.26%, 0.26%]. However, the uncertainty in temperature due to camera calibration is still 

considered as 5%.  

Similarly, Figure 6.11 shows the resolved KL factor from the four combinations. If 

four cases are all considered, the relative uncertainty is in the range of [-41.9%, 74.4%]. If 

one only consider cases (a) and (d), the relative uncertainty is in the range of [-14.0%, 

20.9%]. Apparently, the KL factor shows a much larger uncertainty compared to 2C 

temperature. This is basically derived from the 2C principals, and this result agrees with 

other literatures [71]. In this study, the uncertainty of the KL factor is considered as 50%. 

Despite of its large uncertainty, it is still valid for the semi-quantitative comparison. 

6.4. Two-color temperature and KL factor results 

The experimental matrix is summarized in Table 6.2. Diesel and biodiesel were used. 

In this section, the diesel and biodiesel combustion at the condition of 21% O2 and 1000 K is 

first discussed as the baseline case. The effects of ambient temperature under different 

oxygen concentrations are discussed thereafter. The effect of ambient oxygen concentration 

under the ambient temperature of 1000 K is also discussed. The extra high temperature with 

low oxygen concentration case is specially studied as a potential combustion mode to 

increase the combustion efficiency and maintain low soot emission.  

In all experimental conditions, the fuel injection pressure was kept 1000 Bar and the 

injection signal pulse was 1.6 ms. The resulted fuel quantities for diesel and biodiesel were 

86.17 and 87.69 mg per injection respectively.  

6.4.1. Baseline for diesel and biodiesel 

6.4.1.1. Spatial resolution 

The cases 2 and 16 under the condition of 21% O2 concentration and 1000 K ambient 

temperature are selected as the baseline cases for both diesel and biodiesel. The two-color 

temperature distributions at different times are shown in Figure 6.12 and Figure 6.13; while 

the KL factor distributions are plotted in Figure 6.14 and Figure 6.15.  
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At the time of 0.666 and 0.888 ms, the spray already ignites and propagates toward 

downstream for both fuels. Diesel flame shows a farther penetration compared to biodiesel. 

In the initial development of the spray, the longer penetration of diesel is caused by its 

smaller density (0.85 kg/m
3
) compared to biodiesel (0.88 kg/m

3
). The less inertial property 

allows diesel liquid to be injected earlier than biodiesel and therefore diesel reaches a bigger 

penetration compared to biodiesel. On the other hand, it is clear that diesel shows a broader 

flame area compared to diesel. This is mainly caused by the different oxygen component in 

two fuels. Mueller et al [65] used a parameter called oxygen equivalence ratio to analyze the 

flame structure. The results showed that diesel fuel had to propagate further in the 

longitudinal direction to reach the required stoichiometry to ignite. In this sense, diesel flame 

is expected to look fatter than biodiesel flame. The flame temperature spatial distributions 

shown here have verified the theoretical analysis.  

With respect to the temperature distribution, diesel flames show a higher level inside 

the flame area and a lower level at the periphery. Musculus et al [24] analyzed the gradient 

effects on two-color measurement result. It showed that the two-color temperature is biased 

to hot soot particles in the line-of-sight direction. Therefore, it is understandable that the 

inner flame shows higher flame temperature. It essentially provides with some insights into 

the flame structure. It is noticed that at the tip of the flame the temperature shows a gradual 

decrease, while at the edges of the flame body area, the flame sharply decreases to 

surrounding temperature. The trend is very similar to the KL factor distribution in the first 

two images in Figure 6.14 and Figure 6.15, except that KL factor shows an increasing trend 

at the tip of the flame. The soot particles at the tip are likely to be formed during the spray 

combustion development and be pushed by the upstream hot gas mixture to downstream. In 

this process, these soot particles are unlikely to have enough mixing time with surrounding 

air; on the contrary, the soot particles moving out of flame middle streams have a bigger 

chance to interact with the entrained air by the spray jet. Because of this, the soot particles at 

the tip actually further impinge on the wall, bump up and move out of the flame area. That is 

why a high soot concentration is observed at the two wing edges of the flame area at the time 

of 1.776 ms. Nonetheless, from the first two images in Figure 6.15, it is observed that 
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biodiesel combustion shows a smaller KL factor. There is a smaller soot concentration 

distributed inside the middle stream of the flame area, while a high soot concentration also 

shows up at the tip for the same reason discussed above.  

When the spray impinges the chamber wall at the 1.776 ms, both diesel and biodiesel 

flames show a higher temperature in the near-wall region. Diesel flame shows a slightly 

higher number of high temperature spots; as the trend in the initial development, diesel flame 

shows an apparently larger area than biodiesel flame. If one looks at the distance (flame-L 

distance) between first flame and nozzle exit in the radial direction, one could find that diesel 

flame presents smaller value than biodiesel flame. It should be noted that this distance is 

different from the commonly used lift-off length, which is defined the first appearance 

location of OH* from nozzle exit toward downstream. At this moment, the spray combustion 

is considered to be in the quasi-steady stage, which is mainly mixing controlled. Normally, 

biodiesel has a larger cetane number than diesel, which means that biodiesel should present a 

short ignition delay. However a number of other factors should be considered, such as the 

spray atomization and the portion of the premixed combustion. In practice, biodiesel was 

found to produce a larger droplet size [67]; moreover, its boiling point is higher than diesel 

[68], both of which make it harder to evaporate under the same condition. The relative retard 

in atomization and evaporation essentially comprised the cetane number effect; thus biodiesel 

shows a large distant L in the quasi-steady stage. At this moment, both diesel and biodiesel 

shows a large KL factor at the two edge-wings of the flame, but biodiesel shows less high 

concentration spots inside the flame area.  

At 2.664 ms, the spray begins to propagate upstream due to the end of injection. The 

flame temperature distribution shows the similar trend as the quasi-steady stage at the 1.776 

ms. At 3.108 ms, when the spray fully lost the moment, the flame area falls apart into smaller 

areas. At 3.552 ms, the combustion continues until the left fuel burns out. During the burning 

out process, biodiesel clearly shows a smaller flame area and burns out quicker than diesel.  

With respect to the KL factor, at 2.664 ms, there are many high concentration spots 

inside the flame area, but the high concentration at the two edge-wings is greatly reduced 
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compared to the distribution at 1.776 ms. The reduction is also observed for biodiesel at 

2.664 ms. At 3.108 and 3.552 ms, diesel shows the high concentration spots inside the flame 

area, while biodiesel shows more high concentration spots at the flame edges.  

In Figure 6.16, the flame areas of diesel and biodiesel are plotted in the function of 

time, where the error bar represents the standard deviation of different runs. Diesel and 

biodiesel show the similar flame area at the beginning. Both fuels present a relative large 

error at this stage. As spray combustion develops, the flame areas for both fuels increase 

dramatically, while diesel shows a larger value than biodiesel after the initial stage. During 

the quasi-steady state, the flame area seems to grow further until the end of the injection at 

about 3 ms.  It might be caused by the impingement and bounce of the flame on the wall. 

During the burning out stage, biodiesel clearly shows a significantly quick drop in the flame 

area, implying its ability to burn out faster. When the spray is in the burning out stage, a 

relatively large variation is observed for both fuels. To count the meaningful image pixels, a 

threshold of 500 in the unit of pixel counts is set to remove the possible large error when only 

a very small area is considered. This threshold corresponds to about 1.5% of the image view 

area.  

Overall, the diesel shows an early development of the combustion mainly due to its 

smaller density and therefore earlier injection. The better atomization of diesel may 

contribute to its relative shorter flame-L distance. Diesel shows a larger flame area and a 

slower burning out process. 

6.4.1.2. Temporal resolution  

To further quantify the temperature and soot concentration in the time domain, the 

two-color temperature and KL factor in each image are averaged and then this image average 

is again averaged over the different experimental runs.  

The two-color temperature of diesel and biodiesel in function of time is plotted in 

Figure 6.17. The different time duration is adopted for meaningful values in the whole 

process. At the beginning, biodiesel shows a higher temperature, but it increases less quickly 

than diesel. There is relative larger error for diesel than biodiesel at the first few time steps. 
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The temperature then increases to a seemly steady state, illustrated by a relatively flat curve 

between the time of 1.8 and 3 ms. During this steady-state, both diesel and biodiesel shows a 

very small error among different runs; biodiesel shows about 50~80 K lower than diesel at 

this state. After the steady-state, the temperature begins to drop. In this process, biodiesel 

ends the combustion clearly quicker than diesel, but shows a very large variation of 

temperature when it is close to the end. Diesel shows a more consistent behavior in the 

burning out process. This is mainly because diesel combustion forms more soot particles, and 

these particles are essential to the two-color measurement and help to maintain the accuracy.  

The KL factor of diesel and biodiesel in function of time is plotted in Figure 6.18. 

The KL factor of diesel is higher than biodiesel at most of the time. Both diesel and biodiesel 

shows a larger variation at the beginning and the ending stages.  During the steady-state 

between 1.8 ms and 3 ms, the KL factor of diesel is about 0.2 higher than that of biodiesel. 

This agrees well with the results from work and provides a quantitative comparison between 

the two fuels. The large variation in the ending stage indicates that the importance of soot 

particle presence in the flame for the accuracy of the two-color measurement, and should be 

taken into consideration in the following discussion. For this reason, the last two time steps 

of biodiesel combustion are usually removed to keep the confidence of the discussion. 

To characterize the global soot formation, the total soot is plotted in Figure 6.19. The 

trend is very similar to the flame area trend. It needs to be pointed out that during the burning 

process, the total soot decreases sharply, on the contrary to the KL factor. This indicates that 

the small scattered flame spots present a high concentration of soot, which is mainly caused 

by the lost the injection moment and less entrained ambient air.  

6.4.2. Effect of ambient temperature at 21% O2 concentration 

6.4.2.1. Spatial resolution 

The Cases 1, 2, 3, 15, 16 and 17 are selected to show the effect of ambient 

temperature on the diesel and biodiesel combustion at the oxygen concentration of 21%. The 

typical temperature and KL factor distributions at different stages, namely the initial, quasi-

steady and ending stages, are selected.  
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The two-color temperature and KL factor distributions at 1.110 ms at different 

ambient temperatures are plotted for diesel (first row) and biodiesel (second row) in Figure 

6.20 and Figure 6.21. They are used to illustrate the temperature and KL factor distribution at 

the initial stage.   

When the ambient temperature is 800 K, the two-color temperature of diesel flame is 

apparently lower than that when the ambient temperature is 1000 and 1200 K. The spray is 

developing slower due to the lower ambient temperature. On the other hand, the KL factor 

distribution at 800 K shows extremely high soot concentration. The two images indicate that 

at 800 K, the soot is essentially formed in the flame area; however, the soot cannot be 

oxidized due to the low flame temperature. It may imply that the soot formation cannot be 

reduced by only decreasing the ambient temperature at the initial stage. On the contrary, 

biodiesel shows a higher two-color temperature and much lower KL factor. The comparison 

shows the capability of biodiesel to either reduce the soot formation or promote the soot 

oxidation or both.   

As the ambient temperature increases to 1000 K, diesel flame seems to reach further 

as shown in the images. There are two aspects to be considered in this process: fuel injection; 

fuel auto-ignition. At different ambient temperature, the back pressure is different. An 

increase of 200 K usually means approximately 10 bar increase in back pressure. That means, 

as ambient temperature increases, the pressure drop for the fuel injection decreases. 

However, the common rail pressure at the time of injection is 1000 bar. With the change in 

back pressure, the pressure drop for different ambient temperature changes about 1%, which 

is a real small change. Therefore, the difference in the flame tip at this moment cannot be 

accounted by the fuel injection process. Then the fuel auto-ignition may play a role. Pickett 

et al [49] summarized the relation between ignition and different parameters using the 

following equation:  

exp( / ) n m

ig a a stA E RTt rZ=                                                    (6.1) 

It showed that the ignition delay has an exponentially reverse relation with the ambient 

temperature. Though it cannot be directly applied the case here, it illustrates the great effect 
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of the ambient temperature on the ignition process. In Case 1, when the ambient temperature 

is 800 K, the fuel propagation should be similar to those at 1000 and 1200 K, while the fuel 

and air mixture at the tip of the jet fails to ignition because lower ambient temperature does 

not provide enough energy for the ignition. On the contrary, biodiesel shows a similar flame 

tip penetration at 800K case as that at higher ambient temperatures. It indicates that biodiesel 

is easier to auto-ignite especially at low ambient temperature. As the ambient temperature 

increases to 1000 K and 1200 K, the ambient temperature seems not to affect the flame tip 

penetration in a significant way, implying that as long as the chemical reaction takes place, 

the following reactions may not be affected by the ambient temperature much.  

As the ambient temperature increases, the hot spots in the diesel two-color 

temperature becomes more visible, while the high concentration spots in the KL factor 

distribution becomes more scattered. Biodiesel shows a similar change in the two-color 

temperature, while the KL factor distribution is less affected. However, the flame areas at 

800 K appear larger than those at 1000 and 1200 K, indicating the relative longer pathway in 

the longitudinal direction for the fuel to reach the required stoichometry for ignition.  

 The two-color temperature and KL factor distributions at 1.998 ms at different 

ambient temperatures are plotted for diesel (first row) and biodiesel (second row) in Figure 

6.22 and Figure 6.23.  They are used to illustrate the temperature and KL factor distribution 

at the quasi-steady stage.   

At the quasi-steady stage, the spray jet has fully developed. The hot mixture of 

partially burned product from upstream impinges on the wall and bounces up to form the 

large edge wings at 800 K for both fuels. Compared to the initial stage, diesel flame shows a 

smaller KL factor distribution in the near wall area because of the soot oxidation, although it 

still presents a very high level of soot concentration in the edge-wing and middle stream 

parts. Similar to the initial stage, biodiesel shows a much lower level of soot concentration 

than diesel at 800 K. As the ambient temperature increases, the spray jet becomes thinner in 

the middle stream. More spots of higher two-color temperature appear inside the flame area 

for both diesel and biodiesel fuels. The transition from flame area to surrounding 
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environments in the two-color map becomes steeper at 1200 K than that at 1000 and 800 K. 

The KL factor inside the middle stream of the spray jet does not change much as the ambient 

temperature increases; however, the KL factor at the edge wings is reduced as the 

temperature increases. Meanwhile, the flame-L distance seems to be reduced for both fuels; 

and biodiesel shows a slightly higher value of the flame-L distance.  The combination of the 

two-color temperature and KL factor maps indicates that the increase of the temperature 

helps to oxidize the formed soot from upstream and middle stream. For diesel fuel, the 

reduction of the ambient temperature without reducing the oxygen concentration does not 

reduce the soot formation, but prevents soot being effectively oxidized. For biodiesel, since 

the soot formation is greatly inhibited inside the flame even at the low temperature case, the 

increase of ambient temperature does not affect the soot formation much, but it does help to 

oxidize formed soot particles. Some other factors need to be taken into account such as the 

higher reactivity of the soot particle generated by biodiesel [reference?] .    

The two-color temperature and KL factor distributions at 3.330 ms at different 

ambient temperatures are plotted for diesel (first row) and biodiesel (second row) in Figure 

6.24 and Figure 6.25.  They are used to illustrate the temperature and KL factor distribution 

at the ending stage.   

When the fuel injection ends, the spray jet falls apart and the combustion propagates 

towards the upstream direction until it is completed. The diesel flame at 800 K shows an 

apparently large area compare to all other cases. The two-color temperature is significantly 

lower than other cases, while the KL factor shows the highest level. Considering there is 

more than enough oxygen available from surrounding (21% Oxygen and large volume of 

ambient gas), it is the low temperature that prevents the soot being oxidized. These soot 

particles will inevitably form the particle emission out of the chamber. As the ambient 

temperature increases, the burning out process becomes faster, which is illustrated by the 

visible flame area reduction.  Similar as the baseline case, biodiesel shows a faster burning 

process compared to diesel at the same condition.  
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6.4.2.2. Temporal resolution  

The two-color temperature and KL factor distributions at different ambient 

temperatures in the function of time are plotted for diesel (blue color) and biodiesel (red 

color) in Figure 6.26 and Figure 6.27.  

Under all ambient temperatures, the two-color temperature shows a relative lower 

value at the beginning, then increases to reach a relatively steady value, and finally decreases 

when the spray burns out. For both fuels, the increase of the ambient temperature also 

increases the two-color temperatures. The lowest two-color temperature level presents at 800 

K for diesel, which starts at 1950 K and reaches 2120 K at the quasi-steady stage. On the 

other hand, the KL factor of diesel 800K case shows much higher level than other cases. This 

time resolved two-color temperature and KL factor shows that a very high level of soot forms 

in diesel 800K case, while the low flame temperature does not effectively oxidize the formed 

soot particles, which forms the emission of particle matters.  

When the ambient temperature increases to 1000 K, the first meaningful two-color 

temperature appears about 0.4 ms earlier than 800 K for diesel. The time advance for 

biodiesel is about 0.2 ms. For diesel, the two-color temperature starts at 1980 K, which is 

slightly higher than the 800 K case; the quasi-steady stage two-color temperature is about 

2280 K, which is about 200 K higher than that in 800 K case. For biodiesel, the start 

temperature is very similar to that in 800 K case; however, the quasi-steady two-color 

temperature is only 50 K higher than 800 K case.  

When the ambient temperature further increases to 1200 K, the first meaningful two-

color temperature appearance time is same as the 1000 K case for both fuels. The two-color 

temperature begins at about 2200 K, which is 200 K higher than the 1000 K case for both 

fuels. The quasi-steady two-color temperature, on the other hand, is about 2350 K and 2200 

K for diesel and biodiesel respectively. It is interesting to notice that at the ambient 

temperature of 1000 and 1200 K, the diesel two-color temperature is higher than biodiesel, 

while at 800 K, the trend is reversed.  
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In terms of KL factor, the value at the initial and ending phases is larger than that at 

the quasi-steady stage, which is contrary to the two-color temperature development. The 

increase of ambient temperature dramatically decreases the overall KL factor for diesel. At 

800 K, the KL factor of diesel combustion is above 2.5 at beginning and maintains at about 

2.4 for the quasi-steady stage. The quasi-steady value drops to 1.3 for diesel, which is the 

most pronounced drop among all the cases, when the ambient temperature increases from 

800 K to 1000 K. As the ambient temperature further increases to 1200 K, the KL factor of 

diesel at the quasi-steady stage reduces to about 1.0. This is slightly different from the engine 

result because the constant volume chamber provides enough ambient air and oxygen for the 

combustion and the residence time for combustion in the chamber is much longer than that in 

real engine.  

For biodiesel, the highest level occurs at the ambient temperature of 1000 K, while 

the 1200 K and 800 K cases share very similar values at the quasi-steady stage. However, it 

needs to point out that 1200 K case presents a higher KL factor value than the 800 K case at 

the initial stage. Overall, biodiesel shows a much lower level in KL factor, indicating that 

biodiesel combustion has smaller soot concentration throughout the whole combustion 

process.  

The total soot development in function of time is plotted in Figure 6.28. In all cases, 

the total soot increases at first, maintains a relatively quasi-steady state (except diesel 800 K 

case) and decreases as the fuel burns out. The diesel 800 K case shows the highest total soot 

level, in which case the soot is formed but not effectively oxidized and results in the 

continuous increase of the total soot until it burns out. The total soot of diesel at 1000 K and 

1200 K is much lower than that at 800 K, while the biodiesel shows significant lower total 

soot compared to diesel.   

6.4.3. Effect of ambient temperature at reduced O2 concentrations 

The effect of the ambient temperature at 15% and 10% O2 concentrations is generally 

very similar to that at the 21% O2 concentrations. Thus only temporal resolution is discussed 

in this section. 
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The cases 6, 7, 8, 20, 21, 22 are selected to show the effect of ambient temperature at 

15% O2 concentration. Figure 6.29 and Figure 6.30 shows the two-color temperature and 

total soot of these six cases. Diesel 1200 K case shows highest quasi-steady two-color 

temperature, while diesel 800 K case shows the smallest one. The trend is same as the trend 

at 21% O2 concentration. It is noticed that at 800K, the combustion duration for both fuels is 

prolonged, indicating a slower reaction at the lower oxygen concentration. From Figure 6.30, 

it can be shown that the increased ambient temperature reduces the total soot for diesel, while 

for biodiesel, the highest level is 1000 K and the lowest level is reached at 800 K.  

The cases 11, 12, 13, 25, 26, 27 are selected to show the effect of ambient 

temperature at 10% O2 concentration. When the ambient temperature decreases, the two-

color temperature decreases for both fuels. The combustion duration is significantly 

prolonged for all the cases. The 1200 K cases of diesel and biodiesel show a sharp decrease 

during the burning out process, while 1000 K and 800 K cases of both fuels maintains a 

relatively stable values.  

In a short summary, the ambient temperature plays an important role in the 

combustion process. The decrease of the ambient temperature reduces the two-color 

temperatures for both fuels, while the reduction is more significant at the higher oxygen 

concentrations. The decrease of the ambient temperature may increase the soot concentration 

for diesel, mainly because the soot formation is not inhibited and the soot oxidation is greatly 

weakened. For biodiesel, the reduction of the ambient temperature also reduces the soot 

concentration.  

6.4.4. Effect of ambient oxygen concentration 

The cases 2, 5, 7, 10, 12 are selected to investigate the effect of the ambient oxygen 

concentration on the diesel combustion, while the cases 16, 19, 21, 24, 26 are selected to 

study biodiesel. Under all conditions, the ambient temperature is 1000 K. For diesel and 

biodiesel, the combustion process is discussed in the initial, quasi-steady and ending stage 

separately.  
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6.4.4.1. Spatial resolution  

Figure 6.33 shows the diesel combustion at the time of 1.110 ms at different oxygen 

concentrations. The two-color temperature shows the highest distribution at 21% O2 

concentration. As the O2 concentration decreases from 21% to 15%, the flame tip does not 

change much, while the number of high temperature spots in the flame area significantly 

drops. When the O2 concentration further decreases, the flame tip apparently becomes 

shorter, and the two-color temperature drops as well. If one looks at the KL factor with 

respect to the oxygen concentration decrease in Figure 6.34, it shows slight decrease at 18%, 

but increase at 15% and 12%, and finally decreases again at 10%. The down-up-down trend 

of KL factor is an illustration between the competition of the soot formation and oxidation: 

higher oxygen concentration promotes the combustion, increases the flame temperature, 

boosts the soot formation, but also increases the soot oxidation. In this case, the 10% O2 and 

1000 K environment seems a good condition to burn cleanly for diesel fuel.  

The two-color temperature and KL factor of biodiesel combustion in the initial stage 

are shown in Figure 6.35and Figure 6.36 respectively. As the oxygen concentration 

decreases, the flame area in the middle stream becomes wider, indicating a slower ignition. 

In the 15% and 12% O2 cases, it even shows some branches out of the regular spray jet area. 

This occurs when the mixture of the fuel and air does not auto-ignite until it moves out of the 

regular boundary. At the 10% O2 case, the two-color temperature drops significantly lower 

than 1800 K, while it does show the KL factor in a broader area in this case. When the 

oxygen concentration decreases, the KL factor distribution of biodiesel flame seems not to 

change much.  

When the diesel spray combustion develops to quasi-steady stage, as illustrated in 

Figure 6.37 and Figure 6.38, the spray shows a clear flame-L distance and this distance 

greatly increases when the oxygen concentration decreases. The overall two-color 

temperature also decreases. The spray flame are in the middle stream does not change too 

much until the O2 concentration drops to 12%. In the 10% O2 case, the spray combustion 

seems to not have fully developed, indicating a very slow reaction rate under the low oxygen 

condition. With respect to the KL factor distribution, the trend is similar to that in the initial 
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stage: 12% O2 case shows the highest value especially in the middle stream, indicating that 

the soot is massively formed but not effectively oxidized under this condition. The 10% O2 

case shows a very similar distribution as the 15%, 18% and 21% cases in the quasi-steady 

stage. It is interesting to notice that the wall impingement effect appears to play a more 

important role in the low oxygen concentration cases. The near-wall area shows a gradual 

decrease of the two-color temperature mainly due to the temperature drop in the upstream. It 

is important to affect the soot oxidation process because the relatively cold wall dramatically 

reduces the soot particle surface temperature as it impinges on the wall. When the particles 

bounce up and move away from the wall, if the surrounding environment does not provide 

the heat as it appears in the low oxygen concentration cases (12% and 10% O2), it is very 

likely that those soot particles will get away without being oxidized. Under the low oxygen 

conditions, unless the soot formation is reduced such as the 10% O2 case, the soot oxidation 

process is so weak that the formed soot cannot be burned out quickly. 

For biodiesel, the change of the two-color temperature is similar to diesel in the 

quasi-steady stage (Figure 6.39): the decrease of oxygen concentration decreases the two-

color temperature and slows down the combustion. As to KL factor, however, it does not 

change significantly until the oxygen concentration drops to 10%, when a higher KL factor 

distribution is observed.  

The ending process of the spray combustion shows enormous difference for different 

oxygen concentrations. Figure 6.41 shows the two-color temperature distribution of diesel 

combustion at 3.330 ms. At 21% O2 concentration, the combustion appears to finish earlier 

than other cases. As O2 concentration decrease, the flame area shows a gradual increase and 

the two-color temperature gradually decreases. At 12% O2 concentration, the flame area is 

extremely large, while the value is averaged around 2100 K with a more even distribution 

compared to other cases; on the other hand, the KL facto shows the highest level among all 

the cases for diesel. In the 10% O2 case, while the flame area is very similar, the two-color 

temperature is lower than that at 12% O2 concentration, and the KL factor is significantly 

lower.  
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The two-color temperature and KL factor in the ending process of biodiesel 

combustion are plotted in Figure 6.43 and Figure 6.44. The overall trend for diesel in the 

ending stage is very similar to diesel except that biodiesel does not show any extremely high 

KL factor even when the oxygen concentration is 12% or 10%.  

6.4.4.2. Temporal resolution  

To under the effect of oxygen concentration in the temporal domain, the two-color 

temperature, KL factor and total soot in the function of time are discussed as follows.  

Figure 6.45 shows the two-color temperature of diesel combustion under different 

oxygen concentrations. In terms of the combustion duration, 12% and 10% cases show 

significantly longer time. In all cases, the two-color temperature increase in the initial stage, 

maintains a relatively stable value in the quasi-steady stage, and decreases in the ending 

stage. The quasi-steady temperature in 21% case shows the highest value, followed by the 

18% and 15% cases. These three cases all present the quasi-steady temperature above 2200 

K. It sharply decreases to 2100 K as the oxygen concentration decreases to 12% and 10%. 

Considering that the extremely high value of KL factor distribution in the 12% case, it makes 

one speculate that 2100 K flame temperature may be the low limit for the soot oxidation, 

while the 12% O2 may be the low limit for the soot formation. 

The two-color temperature of biodiesel is shown in Figure 6.46. The two-color 

temperature generally decreases as the oxygen concentration decreases. The highest two-

color temperature, around 2250 K, is observed at 21% O2 concentration, while the lowest 

value, around 2050 K, is observed at 10% O2 concentration.   

Figure 6.47 shows the KL factor development of diesel combustion. Except the 10% 

O2 case, the KL factor starts with a relatively high value, decreases to a relatively low quasi-

steady value, and increases in the ending stage. The high level in the initial stage is mainly 

caused by the high soot concentration in the flame tip area. In the quasi-steady stage, 21%, 

18% and 15% O2 cases show smaller value than 12% O2 case, indicating that the soot can be 

effectively oxidized in the higher oxygen concentration cases. In the ending stage, the lost of 

the jet momentum makes it more difficult to entrain the surrounding air to oxidize formed 
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soot particles. Moreover, as the flame temperature gradually decreases, the soot particles 

begin to aggregate to form larger particles rather than to be oxidized by the surrounding air. 

On the hand, the 10% O2 case shows the smallest KL factor throughout the whole 

combustion process. These cases illustrate the balance between the soot formation and 

oxidation. To reduce the soot, it is necessary either to reduce the soot formation to the extent 

that no significant aggregation can occur, or to increase the soot oxidation so that it can be 

burned out quickly. Of course, it is influenced by the fuel property as well. In this case, diesel 

is apparently easier than biodiesel to form soot.  

Figure 6.48 shows the KL factor development of biodiesel combustion. Unlike diesel, 

it shows the highest KL factor value in the 18% O2 case and the lowest value in the 10% O2 

case. In all the cases, the KL factor development experiences an increase at about 3.5 ms, 

when the injection ends physically. The lost jet momentum reduces the entrained air for the 

fuel burning and soot oxidation. The middle stream of the flame jet breaks into small 

scattered flame areas, and in those small areas, the diffusion of the oxygen from surroundings 

is greatly reduced and higher concentration soot form and aggregate inside the small flame 

pockets. For 21%, 18% and 15% cases, these small pockets disappear sooner because of the 

availability of oxygen from surroundings. In 12% and 10% cases, it takes more time to 

oxidize the soot inside the small pockets and finally, the KL factor drops as the absolute 

oxygen moles is more than enough to fully oxidize all the soot particles and the smaller 

concentration makes this process slower.  

The KL factor development partly illustrates the soot density if the soot is form in the 

flame, while the total soot combines the KL factor and flame area, thus gives more meaning 

to the overall soot information. Figure 6.49 shows the total soot of diesel combustion under 

different oxygen concentrations. In all cases, the total soot increases in the initial stage but 

decreases in the ending stage. The 12% O2 case shows the highest level of the total soot, 

while the 10% case shows the lowest level. The 21%, 18% and 15% cases share some 

similarity in the total soot development.  
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Figure 6.50 shows the total soot of biodiesel combustion under the same five oxygen 

concentrations. First of all, the total soot level is lower than diesel in all cases. The highest 

level is observed in 18% O2 case, which agrees with the KL factor development. In the initial 

stage, 21%, 18% and 15% cases present very similar trend, while 12% and 10% cases present 

lower increase of the total soot. In the ending process, the burning out duration of the soot 

agrees with the oxygen decrease order.  

In a short summary, the reduction of the ambient oxygen concentration generally 

decreases the flame temperature for both fuels. On the other hand, it shows a complicated 

effect on the soot because of the change of oxygen concentration greatly affects the balance 

between the soot formation and oxidation. For diesel, 12% O2 case shows the highest KL 

factor and total soot; for biodiesel, 18% O2 cases shows the highest value in KL factor and 

total soot. The higher oxygen concentration cases shows smaller soot concentration because 

the higher flame temperature helps to boost the soot oxidation, whereas the lower oxygen 

concentration cases present lower flame temperature to essentially reduce the soot formation. 

Nonetheless, for both fuels, 10% O2 case shows the lowest KL factor and total soot.  

6.4.5. Extra high temperature combustion 

It is of great interest to investigate the possible extra high temperature combustion for 

the reason discussed in the literature review. Higher combustion generally means higher 

combustion efficiency and if the combustion occurs in the rich regime, it may also avoid the 

NOx formation region. In the matrix, three are three extra high temperature cases for each 

fuel, but only the two cases at 15% and 10% O2 concentrations are discussed here, because 

the high temperature with regular oxygen concentration is the favorite recipe for the NOx 

formation according to the ‰-T map [37, 72].  

6.4.5.1. Spatial resolution  

Figure 6.51 and Figure 6.52 show the two-color temperature and KL factor 

distribution of the diesel combustion at the conditions of 15% and 10% O2 concentration, 

1400 K ambient temperature. In each case, three images are selected to represent the initial, 

quasi-steady and ending stage of a spray combustion event. The high ambient temperature 
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apparently boosts the ignition for diesel, which are illustrated by the fully developed jet 

shape at 1.110 ms at both oxygen concentrations. The jet looks broader at the 10% O2 

concentration than that at the 15% O2 concentration. In the ending stage, the 10% O2 case 

shows a broad flame area a 4.218 m, while the 15% O2 shows a similar flame area at 3.552 

ms. It shows the slower reaction rate for diesel combustion at the low oxygen concentrations. 

With respect to the KL factor distribution, it shows a very low level at all the times. The KL 

factor level is comparably lower than the lower temperature cases especially in the edge-

wing areas.  

Figure 6.53 and Figure 6.54 show the two-color temperature and KL factor 

distribution of the biodiesel combustion at the conditions of 15% and 10% O2 concentration, 

1400 K ambient temperature. The two-color temperature show a smaller increase compared 

to that in diesel cases. Meanwhile, the KL factor distribution seems very similar to that in 

regular ambient temperature cases for biodiesel.  

6.4.5.2. Temporal resolution  

To have a better comparison between the extra high temperature and the low 

temperature cases for diesel, Cases 6, 9, 11, and 14 are plotted in Figure 6.55 to show the 

temporal two-color temperature development. The 15% O2 and 1400 K case shows the 

highest two-color temperature, which is over 2400 K at the quasi-steady stage. This 

temperature is higher than desired if the NOx formation is concerned. The 10% O2 and 1400 

K case shows a reasonably high two-high temperature, but not high enough to promote the 

significant NOx formation. The 15% O2 and 800 K case shows moderate two-color 

temperature while the 10% O2 and 800 K case presents the lowest two-color temperature. In 

terms of KL factor, the two 1400 K cases are very similar at the initial and quasi-steady 

stages; when 15% O2 case completes the combustion, the 10% O2 case shows an increased 

KL factor due to the scattered flame spots (Figure 6.56). On the other hand, the two low 

temperature cases both show a very high KL factor level. With respect to the total soot, the 

trend is same as the KL factor except that 15% O2 1400 K case shows a lightly smaller total 

soot level than 10% O2 1400 K case (Figure 6.57). By combining two-color temperature, KL 
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factor and total soot, it is proposed that 10% O2 1400 K may be a good candidate to 

implement the extra high temperature combustion mode for diesel, because it shows a 

moderate temperature but a pronounced low soot concentration. It should provide with a 

higher combustion efficiency compared to the low temperature combustion mode.  

The two-color temperature of the extra high temperature combustion of biodiesel is 

plotted in Figure 6.58. The trend is the same as that of diesel: 15% O2 1400 case shows the 

highest two-color temperature, followed by the 10% O2 1400 K case. The two low 

temperature cases show significantly lower two-color temperatures, and the lowest level is 

observed in the 10% O2 800 K case. On the other hand, the KL factor development shows 

some difference from diesel combustion (Figure 6.59). The lowest level is observed in the 

15% O2 and 800 K case, while the 15% O2 1400 K and 10% O2 1400 K cases show a small 

level of KL factor, and the 10% O2 800 K case shows the highest level of KL factor. With 

respect to the total soot, the peak and average value in the 15% O2 800 K case is the smallest, 

while the other three cases are very much similar. It implies that unless the oxygen from 

surrounding is extremely limited, such as 10% O2, the KL factor may not be affected by the 

ambient temperature in a significant way. A good way for biodiesel to reduce soot is to 

reduce the formation, because once the soot is formed, the ambient oxygen concentration or 

the ambient temperature may not be significant to oxidize the soot particles.  

In a short summary, two extra temperature combustion modes under the 15% and 

10% O2 concentrations are discussed. For diesel, the 10% O2 1400 K case shows the lowest 

soot concentration, while keeps a moderate two-color temperature. For biodiesel, the 15% O2 

800 shows some advantages in terms of reducing soot concentration. The more 

comprehensive discussion including all the cases with respect to the possible exploration on 

the extra high temperature with moderate reduced oxygen concentration will be presented in 

the next section.  

6.5. Comments and summary 

In this chapter, the validated and calibrated two-color technique is applied to the 

spray combustion in the constant volume chamber. The uncertainty is especially discussed. A 
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wide range of ambient temperatures and ambient oxygen concentrations has been 

investigated. The two-color temperature and KL factor for each case in the spatial and 

temporal domains have been successfully obtained. 

To gain a more comprehensive understanding on the controlling parameters on the 

two-color temperature and KL factor of the spray combustion, a map of two-color 

temperature and KL factor, shown in Figure 6.61, is generated using the average value 

throughout the combustion for each case. In Figure 6.61, the red marker represents diesel and 

the blue marker represents biodiesel.  

At high oxygen concentration (square markers), the trade-off relation between the KL 

factor and two-color temperature is shown for both fuels: increased two-color temperature 

reduces KL factor. When the oxygen decreases to 18% (hexagram markers), both fuel shows 

a moderate two-color temperature and KL factor. As the oxygen concentration decreases to 

15% (triangle markers), the trade-off relation still hold for diesel, while the biodiesel shows a 

slightly different trend. For biodiesel, the 800 K case shows the lowest KL factor while its 

two-color temperature is close to that in the 1000 K case. This change illustrates the 

competition between the soot formation and oxidation as the flame temperature changes. 

Further decrease of the oxygen concentration to 12% (diamond markers) presents quite 

different results for diesel and biodiesel. Diesel reaches the highest KL factor among all 

cases, while biodiesel gains a reduced two-color temperature and KL factor simultaneously 

compared to 15% O2, 1000 K case. When oxygen concentration decreases to 10% (circle 

markers), diesel and biodiesel again shows the similar trend. In the case of 10% O2 and 1000 

K, both fuels reach the lowest combination of two-color temperature and KL factor.  

In diesel jet flames, it is of the great interest to reduce the soot and NOx 

simultaneously. The NOx formation is usually considered directly to the flame temperature: 

higher flame temperature generally produces higher concentration of NOx. Therefore to 

simultaneously reduce soot and NOx, the low temperature combustion has been studied 

extensively. The normal measure was to decrease the oxygen concentration and ambient 

temperature at the same time so that neither soot nor NOx can be formed in a significant way. 
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It is successful to reach this goal, but at the sacrifice of combustion efficiency, which is often 

indicated by the high level of unburned hydrocarbon and carbon monoxide. In Figure 6.61, 

the low temperature combustion is best realized at 10% and 1000 K condition (Case 12 and 

26) for both fuels, which lies in the left-bottom corner of the map. For biodiesel, Case 19 and 

20 can also be considered as good candidates to implement the low temperature combustion.   

Alternatively, it may be a good trial to increase the flame temperature but not high 

enough to form NOx. With reduced oxygen concentration, the soot formation may be 

controlled as well. In this way, the combustion efficiency is greatly increased. According to 

the ‰-T map, NOx formation begins when the flame reaction is above 2300 K and the 

equivalence ratio is below 2. In this sense, it is desired to keep the temperature high to 

maintain the combustion efficiency but not higher than 2300 K to avoid NOx formation; 

meanwhile, the KL factor has to be kept as low as possible. In Figure 6.61, Case 22, 23 for 

biodiesel and Case 8, 14 for diesel should be considered as the category to implement this 

alternative combustion mode. Though Case 17 for biodiesel is very close to the above case, it 

should be excluded because higher oxygen concentration may increase NOx formation by 

making the reaction region less rich in equivalence ratio. For the reasons above, Cases 14, 

23, 8 and 22 should be able to deliver the higher combustion efficiency compared to the low 

temperature combustion while maintain a low level of soot and NOx.  
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6.6. Tables and Figures 
 

Table 6.1 The coefficients of different aperture 

Aperture (F number) 16 11 8 5.6 

Cap 1 2.108 4.552 8.706 

550nm     

Regression Coefficients   181.7 145.4 127.8 113.2 

95% confidence interval [176.1, 187.2] [132.8, 157.9] [120.3, 135.3] [104.2, 122.2] 

650nm     

Regression Coefficients   233.5 190.0 184.0 142.4 

95% confidence interval [221.8, 245.2] [165.4, 214.7] [169.2, 198.9] [130.7, 154.0] 

 

Table 6.2 Summary of the experimental conditions 

NO. Fuel O2 (%) Amb. T (K) NO. Fuel O2 (%) Amb. T (K) 

1 Diesel 21 800 15 Biodiesel 21 800 

2 Diesel 21 1000 16 Biodiesel 21 1000 

3 Diesel 21 1200 17 Biodiesel 21 1200 

4 Diesel 21 1400 18 Biodiesel 21 1400 

5 Diesel 18 1000 19 Biodiesel 18 1000 

6 Diesel 15 800 20 Biodiesel 15 800 

7 Diesel 15 1000 21 Biodiesel 15 1000 

8 Diesel 15 1200 22 Biodiesel 15 1200 

9 Diesel 15 1400 23 Biodiesel 15 1400 

10 Diesel 12 1000 24 Biodiesel 12 1000 

11 Diesel 10 800 25 Biodiesel 10 800 

12 Diesel 10 1000 26 Biodiesel 10 1000 

13 Diesel 10 1200 27 Biodiesel 10 1200 

14 Diesel 10 1400 28 Biodiesel 10 1400 
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Figure 6.1 The spectral blackbody radiance at different temperatures. 550 nm: green line; 650 

nm: red line.   

 
Figure 6.2 Blackbody radiator 
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Figure 6.3 Camera received signal in function of camera exposure time. Camera aperture: 

F/8; blackbody temperature: 1300K.  

 

 
Figure 6.4 Camera received signal in function of camera aperture. Camera exposure time: 

υȢυ ρπ ‘ί; blackbody temperature: 1323 K.  
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Figure 6.5 Camera effective signals in function of radiance of a tungsten halogen light source 

coupled with different neutral density filters. Blackbody temperature: 1100 K to 1300K; 

Aperture: 5.6 to 16; Exposure time varies.  
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Figure 6.6 An example raw image capture by the stereoscope coupled camera.   

 
Figure 6.7 Post processed image example.  

 

 
Figure 6.8 Calculated 2C temperature (left) and KL factor (right). Fuel: diesel; ambient 

oxygen concentration: 21%; ambient temperature: 1000 K. Labeled values of temperature 

and KL are the averaged value over the flame area.  

Reference image (650 nm) Registered image (550 nm) 
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Figure 6.9 Gray body radiance at 550 nm and 650 nm at different temperatures and KL 

factors.  

 

 

 

550 nm (W/(m
2
.mm.sr))

KL factor

T
e

m
p

e
ra

tu
re

 (
K

)

 

 

0.5 1 1.5 2 2.5 3
1800

2000

2200

2400

2600

2800

2

4

6

8

10
x 10

4

650 nm (W/(m
2
.mm.sr))

KL factor

T
e

m
p

e
ra

tu
re

 (
K

)

 

 

0.5 1 1.5 2 2.5 3
1800

2000

2200

2400

2600

2800

2

4

6

8

10

12

14

16

18
x 10

4



 

 
149 

  
(a) (b) 

  
(c) (d) 

Figure 6.10 2C temperatures of Figure 6.8 using the 95% confidence interval of the 

regression coefficients.  

 

 

  
(a) (b) 

  
(c) (d) 

Figure 6.11 2C KL factors of Figure 6.8 using the 95% confidence interval of the regression 

coefficients.  
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Figure 6.12 2C temperature of diesel combustion in Case 2 at the condition of 21% O2 and 

1000 K. The time after start of injection signal is labeled in the up-left corner.  

 

 

   

   
Figure 6.13 2C temperature of biodiesel combustion in Case 16 at the condition of 21% O2 

and 1000 K. The time after start of injection signal is labeled in the up-left corner.  
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Figure 6.14 KL factor of diesel combustion in Case 2 at the condition of 21% O2 and 1000 K. 

The time after start of injection signal is labeled in the up-left corner.  

 

 

   

   
Figure 6.15 KL factor of biodiesel combustion in Case 16 at the condition of 21% O2 and 

1000 K. The time after start of injection signal is labeled in the up-left corner.  
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Figure 6.16 Soot area of diesel and biodiesel combustion in Case 2 and 16.  

 

 

 
Figure 6.17 2C temperature of diesel and biodiesel in function of time (Case 2 and 16). Error 

bar represents the standard deviation of different runs.  
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Figure 6.18 KL factor of diesel and biodiesel in function of time (Case 2 and 16). Error bar 

represents the standard deviation of different runs. 

 

 

 
Figure 6.19 Total soot of diesel and biodiesel in function of time (Case 2 and 16). Error bar 

represents the standard deviation of different runs. 
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Figure 6.20 2C temperature of diesel and biodiesel combustion in Case 1, 2, 3, 15, 16, 17 at 

the time of 1.110 ms.  

 

 

   

   
Figure 6.21 KL factor of diesel and biodiesel combustion in Case 1, 2, 3, 15, 16, 17 at the 

time of 1.110 ms. 
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