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Abstract 

This thesis reports three works on experimental investigation into the autoignition behavior of 

bio-derived fuels. Understanding the autoignition behavior of current and future fuels is 

essential for their clean and efficient use in future energy system. Fuel sprays were injected into 

a quiescent, pressurized, and preheated air in a constant volume combustion chamber using the 

Waukesha Fuel Ignition Tester. Autoignition times were determined using the absolute pressure 

rise and rate of pressure rise within the combustion chamber. Data for potential biofuels has 

been obtained in the different temperature range of 680 K to 820K and at a pressure of 24 bar.  

The experimental results provided the Derived Cetane Number (DCN) of the fuel or blend. The 

DCN is a valuable metric in classifying the about ignition propensity of a fuel. A representative 

correlation for the DCN as a function of a fuel volumetric blending ratio has been provided 

where appropriate.  

Additionally, the exhaust emissions of the different biofuels have also been studied 

using non-dispersive infrared analyzers for species like CO, CO2, O2, & HC. A 

chemiluminescence detector was used to measure NOx emissions. A global equivalence ratio 

of the fuel or blend was derived from the exhaust gas analysis. Using the global equivalence 

ratio, the experiments were simulated using a zero-dimensional, constant volume, homogenous 

reactor model with detailed reaction mechanisms.  

The work focused on biofuels such as n-butanol, methyl decanoate, and biodiesel made 

at the University of Idaho’s biological engineering facility. n-Butanol was chosen for study 

because it is a potential second-generation biofuel that has certain benefits over ethanol. Methyl 

decanoate is a fatty acid methyl ester commonly used as a biodiesel surrogate. Biodiesel 

produced from corn, canola, and soy feedstocks were studied. The fatty acid profiles of the 
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aforementioned biodiesel fuels were known. This rendered an investigation into the influence 

of the degree of saturation on the autoignition results. 

This work has a significance to both the lab and field. Results like the DCN 

representative correlation will be useful in determining what mixture of bio-fuel one can use in 

a certain system. Moreover, the FIT data can be used as a tool to support the validation of 

chemical mechanisms. Accurate chemical mechanisms are essential for allowing predictive 

capability in computational models. A first step towards investigating under what conditions 

the FIT can support the validation of chemical mechanisms has been done via a rudimentary 0-

D , constant volume, reactor model that does not consider any physical effects. In general, the 

agreement between the experimental results and the simulated are results is fair, but could be 

improved upon. It has been concluded that the homogenous reactor assumption is not entirely 

accurate for experiments were the ignition delay is short; this is suspected to be because the 

physical effects of the fuel spray dominate the autoignition behavior. Comparisons between the 

experimental results and the 0-D computational model may be valid for results with long 

ignition delay times. Future work is needed in determining the spray parameters in the FIT and 

developing a full computational model of the reactor that includes all the effects. 
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Introduction 

Biomass derived fuels are becoming increasingly viable and economically feasible for use in 

the transportation and energy production sectors. In general, advances in biomass conversion 

technologies have allowed for more sustainable production of the various bio-fuels and also 

permit non-edible feed stocks to be used. This is important to recognize and take advantage of, 

because the adverse impacts of fossil fuel usage on economic well-being, energy security, as 

well as climate and human health are becoming increasingly apparent. Currently 80% of the 

world’s energy demand is met by petroleum based fuels, ~60% of that is exhausted by the 

transportation sector [1]. Additionally, the global energy demand is expected to grow by 37% 

by 2040 [1]. The adoption of renewable fuels to displace petroleum derived fuels in internal 

combustion engines should therefore be a high priority. These future fuels should be 

sustainable, economically viable, and environmentally friendly if they are to displace petroleum 

derived fuels.  

There are three classes of biofuels, or rather classes of feedstock biofuels are derived 

from: first generation, second generation, and third generation. First generation biofuels use 

starch, sugars, fats, and vegetable oils as a feedstock to produce biodiesel (fatty acid methyl 

esters from esterification) and other types of fuels. First generation feedstocks can also be for 

the production of biogas (methane rich gas from anaerobic digestion of organic materials), 

alcohols (ethanol, butanol, and propanol from fermentation of starches and cellulose), and 

syngas [1]. First generation biofuels are less sustainable than other classifications of biofuels 

because arable and fodder farm land is used to produce the fuel feedstocks, competing with 

food industry [2].  
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Second generation biofuels are derived from cellulosic biomass (cellulose, 

hemicellulose, and lignin) [1]. Cellulosic biomass consist of wood waste or the uneatable parts 

of a crop (corn stock instead of corn). Second generation biofuels are more economical than 

first because of the larger abundance of feedstock [3]. It is the second generation biofuels that 

are called carbon neutral or carbon negative with respect to their impact on the carbon footprint 

[3]. Second generation biofuel conversion technologies can be categorized as thermochemical 

or biochemical processes. Thermochemical conversion technologies include: gasification, 

direct combustion, liquefaction, and pyrolysis. The more common biochemical processes 

include anaerobic digestion and fermentation. Transesterification of non-edible plant oils into 

biodiesel can be considered biochemical conversion 

Third generation biofuels refer to algae based biofuels. A large variety of fuels and 

valuable chemicals can be produced with third generation technologies such as: bio-methane, 

biodiesel, bio-ethanol, bio-butanol, and bio-derived jet fuel [1]. Third generation biofuels have 

a much higher quality yield of biofuel, around 10 times more than the best traditional feedstock 

[1]. This is because algae lack the complex cell structures found in higher plants and can 

produce useful quantities of polysaccharides (sugars) and triacylglycerides (fats) that are the 

raw materials for biofuel [4]. The challenges associated with algae bio-stock is cultivation of 

microalgae on a large scale. They require ample amounts of water, phosphorus, potassium, and 

nitrogen [4]. The production of algae fertilizers is energy intensive and, in itself, can generate 

more greenhouse gasses than the product can contribute to mitigating [4]. Algae feedstock, can 

be converted into a fuel source through means of thermochemical and biochemical techniques. 

The biochemical techniques associated with algae feedstocks are anaerobic digestion, 

fermentation, and photocatalytic production of hydrogen [1].  
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Currently, the most sustainable and economical options in biofuel lie in second 

generation biofuels. The large challenges associated with the biofuel industry are the 

availability and quality of feedstocks. Also, efforts are needed with the sustainable development 

of bio-based refinery and biofuel production facilities [1]. The road to clean and sustainable 

energy does not stop at the fuel source and production method. Understanding combustion 

processes of petroleum and bioderived fuels is essential for efficient and clean utilization of 

fuels in IC engines and power generation systems. 

Designing these advanced engines and systems requires the use of intensive 

experimentation and modeling efforts that couple the flow/physical effects of the system with 

the fuels chemistry. This enables predictions of detailed performance parameters related to the 

design before it is built. Chemical kinetics and reaction mechanisms are what describes the rate 

and sequence of elementary reactions the fuel undergoes in its transformation from reactants to 

products. To better develop these reaction mechanisms, data from fundamental combustion 

experiments are needed. Fundamental combustion experiments are well characterized 

mathematically, and limit the influence of physical effects on the combustion process.  

The work herein focuses on adding to the availability of data on bioderived fuels and 

their blends with gasoline and diesel surrogate fuels. This work provided autoignition data for 

potential biofuels in the different temperature range of 680 K to 820K and at a pressure of 24 

bar. The fuel injection duration was held constant at 5.0 milliseconds. Besides the autoignition 

times, the Derived Cetane Number (DCN) of the fuel or blend was found. Moreover, exhaust 

gas emissions measurement from the tests have been evaluated.  

This thesis is divided into chapters that are categorized broadly on the basis of type of 

fuels investigated. Chapter 1 contains a detailed description of the experimental apparatus and 
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testing procedures. First, the Fuel Ignition Tester (FIT) is described and autoignition 

measurement methods are given. Additionally, the data processing procedures/equations are 

given and the averaged operating conditions are summarized. Second, the emissions 

measurement tools and methods are given and described. Next, the 0-D computational model 

that is used to provide the simulated comparisons is discussed. Finally, the error analysis 

methods are given and discussed.  

 Chapter 2 contains the experimental and computational results of a renewable fuel 

study focusing on gasoline like fuels. The renewable fuel, n-butanol, along with the primary 

reference fuels (PRFs) of gasoline, n-heptane and iso-octane, are studied. n-Butanol is a 4-

carbon alcohol with benefits over ethanol. The experimental results are compared to numerical 

results as well as others work from the literature. Note that this work was initiated by Dr. 

Quanhong Xu in 2012 at the University of Connecticut (Storrs). Dr. Xu set up the test matrix 

and did preliminary studies with the FIT. All of the experimental data reported in this thesis 

were collected by the author, at the University of Idaho from the summer of 2016 to the fall of 

2017. Additionally, the author wrote a manuscript that is under consideration for publication, 

and is the corresponding author.  

Chapter 3 details the experimental and computational results of a renewable fuel study 

focusing on diesel like fuels. The biodiesel ester, methyl decaonate, and diesel surrogate, n-

decane, are studied. Methyl Decanoate is a constituent of biodiesel and also commonly used as 

a surrogate for detailed chemical kinetic modeling for real biodiesel. The experimental results 

are compared to numerical results.  

Chapter 4 covers three biodiesel fuels that were produced in-house from canola, corn, 

and soybean. These biofuels were made through transesterification. The constituents differ in 
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terms of chain length and unsaturation, both molecular traits affect the ignition delays and 

DCNs of the fuels. The three biofuels produced for this study have similar chain lengths, but 

different degrees of unsaturation. A previous paper by Stuhlman et al. [5] , a member of this 

research group, presented initial work on the DCNs of the three biodiesel fuels at the WSSCI 

Fall Meeting, 2017. Since then, temperature dependence studies have been completed by the 

author. Also, a method is proposed of determining the average biodiesel chain length and degree 

of unsaturation, allowing for a quantitative comparison in the ignition delay times/ DCN to be 

made. This work provides insights into the autoignition behaviors of plant derived biodiesels at 

different temperatures. 

 

Conference presentation and journal publications related to this M.S. thesis are: 

1) Chapter 2: Q. Xu, R. Leathers, D. Savage, K. Kumar, and C.J. Sung. "Influence of Blending 

n-Butanol with iso-Octane and n-Heptane on Ignition Delay Times in a Fuel Ignition 

Tester", Energy and Fuels, (Submitted). 

2) Chapter 3: R. Leathers, S. Stuhlman, K. Kumar, S. Beyerlein and C.J. Sung "Influence of 

Blending Methyl Decanoate with n-Decane on Ignition Delay Times in a Fuel Ignition 

Tester", Paper 29KI-0008, Fall Technical Meeting of the Western States Section of the 

Combustion Institute, University of Wyoming, Laramie, October 2-3, 2017. 
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Chapter 1 : Methods 

1.1 Fuel Ignition Tester (FIT) 

A constant volume combustion chamber known as the Fuel Ignition Tester was used for the 

autoignition studies reported in this work. The Fuel Ignition Tester, manufactured by Waukesha 

Engine Dresser, Inc., is a bench-top, constant volume combustion chamber. It is an apparatus 

used to obtain the Derived Cetane Number (DCN) of a liquid fuel in conformance with the 

ASTM D7170 standard [6]. The DCN is a valuable metric that gives information on the 

autoignition propensity of a fuel. The combustion chamber consists of a cylindrical block with 

a volume of 0.60±0.03 L, with external heating elements, heat shield, and electrically actuated 

intake and exhaust valves. There is an opening at the top to accommodate a fuel injection nozzle 

assembly. The bottom of the combustion chamber is equipped with ports for various sensors, 

intake, and the exhaust connections.  

The injector is a standard one-hole nozzle injector conforming to DIN 73372 standard [7]. 

The DIN standard gives the dimensions of nozzles size T and U. Additionally, the standard is 

said to apply to long hole nozzles (type A), short hole nozzles (type C), and pin hole nozzles 

(type B). Unfortunately, the size and the type of the nozzle in the FIT is not known. The average 

temperature of the fuel injected from the tests reported here is 308.1 K with a standard deviation 

of 0.06 K. The system is microprocessor controlled and equipped with high speed in-cylinder 

pressure data acquisition system in addition to standard pressure and temperature 

instrumentation. 

A schematic of the setup is provided in Fig. 1.1. Combustion air is introduced into the 

chamber at 24 bar and heated to the desired temperature. The air temperature was measured 

using one probe in the approximate middle of the chamber on the center axis. Similarly, one 
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probe measured the wall temperature in the middle of the chamber. Typical operating 

temperatures are in the range of 695–860 K. Once the oxidizer pressure and temperature reach 

steady conditions, fuel is injected into the quiescent oxidizer, leading to an autoignition event. 

 

 

Figure 1.1: Schematic of the Fuel Ignition Tester (FIT).
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A plot of an ignition event for pure iso-octane fuel and the associated rate of pressure 

rise is shown in Fig. 1.2. Fig. 1.2 also serves to illustrate the definitions of various ignition 

delays used in this work. The ignition delay time, 𝜏𝑜𝑛𝑠𝑒𝑡, is the ASTM ignition criteria (time 

where the chamber pressure is 0.2 bar above the initial charge pressure). 𝜏1 is the first stage 

ignition delay time, based on the time consistent with the first rate of pressure rise maximum. 

Similarly, the 𝜏𝑜𝑣𝑒𝑟𝑎𝑙𝑙 ignition delay time measurement is based on the second rate of pressure 

rise maximum. Note that if two stage ignition behavior was not observed then the one and only 

pressure rise maximum was used for the ignition delay time; for these cases the ignition delay 

time is 𝜏𝑜𝑣𝑒𝑟𝑎𝑙𝑙. The time between the first and overall ignition delay time is called the induction 

time, or simply 𝜏2 for this work.  
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Figure 1.2: Definitions of ignition delays based on rate of, and absolute pressure rise.
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The fuels used in this study were attained from different sources. n-Butanol was obtained 

from Fisher Scientific (99.95% purity), n-heptane was obtained from OmniSolv (99% purity), 

and iso-octane (2,2,4-trimethylpentane) was obtained from Tokyo Chemical Industry (99.0% 

purity). n-Decane used in the experiments was obtained from Fisher Scientific (99.95% purity) 

and methyl decanoate was obtained from Tokyo Chemical Industry (98.0% purity). The fatty 

acid profiles of the biodiesel fuels are provided in Table 4.1 of Chapter 4.  

The FIT utilizes a unique way of determining the DCN of a fuel sample. A test comprises 

of 25 injections. Each fuel injection is analogous to a single shot, compression ignition, 

combustion event. The fuel auto-ignites when injected, and the time from the start of injection 

to the beginning of combustion defines the ignition delay time. For the FIT, the onset of ignition, 

or Ignition Delay (ID), in millisecond, is defined as the time from the start of injection to a point 

where the chamber pressure is 0.2 bar above the initial charge pressure. The recorded IDs from 

the 25 injections were averaged, and then correlated to a DCN value, using Equation 1.1 [6, 8]: 

Equation 1.1: ASTM D7170 Ignition Delay (ID) correlation to the derived cetane number (DCN). 

𝐷𝐶𝑁𝐹𝐼𝑇 =
171

𝐼𝐷
                                                                (1.1)  

This method of determining the DCN is in accordance with the ASTM D7170 method [6]. 

Additionally, to enable comparison with other work, the first and second maximum rates of 

pressure rise are also used to define the first stage ignition delay (τ1) and the overall ignition 

delay (τoverall), respectively, as demonstrated in Fig. 1.2. Note that the first and overall ignition 

delay times were attained from the maximums of the average rate of pressure rise trace. 

The FIT unit has two adjustable controls, the duration of the fuel injection period, and the 

wall temperature set point. The injection duration is controlled by slightly varying the injection 

pressure via the fuel pump rack position. The injection pressure and the amount it varies is 
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unknown. The injection duration is measured using a motion sensor mounted injector nozzle 

needle extension pin. Different fuels have different physical characteristics, the position of the 

fuel pump rack needs to be adjusted to enable the duration of the injection to remain constant 

(5 ms) for each fuel and blend. The wall set point temperature is the calibration control of the 

unit. By having a higher wall temperature set point, the chamber air will be hotter. Generally, 

greater the air temperature, the shorter the ignition delay. For this work the calibration wall set 

point temperature varied between 848.8 K and 849.6 K. 

The ASTM D7170 standard has outlined two calibration points for two different reference 

fuels for the FIT unit: n-heptane and methylcyclohexane. For n-heptane, the FIT is considered 

calibrated when the mean ignition delay is 3.15±0.04 ms over 3 tests (75 injections) with a mean 

injection period of 5 ms. Using the calibration wall set point temperature for n-heptane, the 

calibration is then validated using methylcyclohexane, for which the acceptable mean ignition 

delays are 10.1±0.6 ms. Methylcyclohexane, meeting the purification specification, was tested 

after the first calibration and gave a mean ignition delay of 8.03 ms. The methylcyclohexane 

test did not meet the accepted reference value. However, as mentioned by the D7170 standard, 

failure to meet the MCH specification is not a one off occurrence and for these cases, the 

ignition delay was typically 1 to 1.5 ms shorter [6]. For this work, the n-heptane calibration 

specification was the only specification used to consider the FIT calibrated. Calibration checks 

were done for every air cylinder change and at the start of every testing day. For the data 

reported here, a minimum of three sets of 25 injections were gathered for each blend. The set 

with the smallest difference from the average of all the sets was chosen for the characteristic 

data set of that blend. 
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1.2 Exhaust Gas Analysis 

To preform simulations that are representative of the experiments, the global equivalence ratio 

must be known. The FIT lacks certain equipment needed to determine this parameter 

gravimetrically. Also, it has been observed that the FIT has certain inherent fuel losses that 

cannot be accounted for; these losses are namely leaks around the fuel injection pump rack and 

vaporization upon purging the fuel lines. As such, a gravimetric analysis method of determining 

the equivalence ratio was not perused. Instead, the exhaust gas compositions were used to 

approximate the global equivalence ratios.  

 Exhaust species were determined using a ZRE model analyzer manufactured by 

California Analytical Instruments. The ZRE analyzer was used to measure 𝐶𝑂, 𝐶𝑂2, and 

hydrocarbons (HC) in the sample using non-dispersive infrared analyzers. Additionally, the 𝑁𝑂 

concentration in the FIT exhaust was also measured. The 𝑁𝑂 measurements were carried out 

with a model CLA-600 chemiluminescence detector. The emissions measurements were used 

to calculate the global equivalence ratio present in the FIT. Additional air-to-fuel ratio 

measurements were also carried out using a Horiba MEXA-584L automotive emissions 

analyzer as a validation. The air-to-fuel equivalence ratio, 𝜆, was derived from the exhaust gas 

composition using equation 1.2 [9] and converted to a fuel-to-air equivalence ratio value using 

equation 1.3.  

Equation 1.2: air-to-fuel equivalence ratio as a function of exhaust gas emissions 

𝜆 =

[𝐶𝑂2] +
[𝐶𝑂]

2 + [𝑂2] + {(
𝐻𝐶𝑉

4 ×
3.5

3.5 +
[𝐶𝑂]

[𝐶𝑂2]

−
𝑂𝐶𝑉

2 ) ×([𝐶𝑂2] + [𝐶𝑂])}

(1 +
𝐻𝐶𝑉

4 −
𝑂𝐶𝑉

2 ) ×{([𝐶𝑂2] + [𝐶𝑂]) + (𝐾1×[𝐻𝐶])}
             (1.2) 

 

Equation 1.3: air- to fuel equivalence ratio conversion to fuel-air equivalence ratio 
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𝜙 = 1 𝜆⁄                                                                            (1.3) 

It may be noted that the equivalence ratio calculation is dependent on the fuels’ hydrogen to 

carbon ratio (𝐻𝐶𝑉) as well as the oxygen to carbon ratio(𝑂𝐶𝑉); the ratios used are given in Table 

1.1. All concentration values in Equation 2 are given in % volume except for HC which is given 

in ppm-vol. The constant 𝐾1 (6×10−4) is used to convert hydrocarbons in ppm to an n-hexane, 

% volume, equivalent. 

Table 1.1: Hydrogen to carbon ratios and oxygen to carbon ratios of the various fuels/blends tested 

with the emissions analyzer. 

 Rcv Rov 

n-butanol 2.500 0.25 

n-heptane 2.875 0.000 

iso-octane 2.250 0.000 

𝑅𝐵=60 with n-heptane 2.437 0.177 

𝑅𝐵=60 with iso-octane 2.433 0.183 

methyl decanoate 2.000 0.182 

n-decane 2.200 0.000 

𝑅𝑀𝐷=60 with n-decane 2.085 0.105 

 

The method for collecting the samples from the FIT exhaust was straightforward. A vessel 

(lined with an inert silonite coating) was vacuumed out using a vacuum pump rated for an 

ultimate pressure of 1.1×10−3 Torr. With the inlet and outlet valves of the vessel closed, the 

FIT exhaust line was connected upstream of the vessel inlet valve. The fuel sample was run 

through the FIT, as in a normal test. After the injection period of the fuel was locked in, around 

5 milliseconds, the exhaust was ready for collection. The sample was gathered by opening the 

vessel inlet valve while exhaust products were flowing out of the FIT exhaust port line, the 
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exhaust was split into two streams. One filled the vessel and the other one vented to fume hood. 

Only a portion of the exhaust gas from one FIT injection was needed to fill the silonite vessel 

to a pressure of about 90 kPa. Typically, 7 samples were able to be collected for a given 25 run 

cycle. 

The exhaust products trapped in the vessel were then moved to the gas analyzers via an 

oil-free gas sampling pump. The sample line was connected directly to the CLA, which had its 

own flow regulator. The flow to the ZRE analyzer was regulated using a rotameter. The readings 

from the analyzers were monitored via a real time plot. After steady state readings were seen, 

the results were recorded at 10 Hz to a spreadsheet for the remainder of the qualifying flow 

time. It took approximately 1 minute for the analyzers to reach steady state, leaving 

approximately 45 seconds of logged values. The emissions values reported in this work are the 

averages of the injections that had an injection duration reading of 5 ms. 

A question arose of whether or not the FIT exhaust sample is diluted with air. It was 

suspected that dilution of the exhaust sample could come about if the FIT purged its chamber 

with air while the exhaust valve open. It was found that the FIT does not purge its chamber with 

air while exhausting. This was verified by setting up a test where the air supply to the chamber 

could be shut off and brought to atmospheric pressure when desired; an exhaust gas analysis 

test was set up, but instead of letting the FIT operate normally, the chamber air supply was shut 

off and brought to atmospheric pressure just before the exhaust cycle. The emissions were 

collected and were found to be consistent with the tests done while letting the FIT operate 

normally. This test showed that dilution of the exhaust is not an issue but pointed out that the 

FIT only exhausts to atmospheric pressure. This means that there is a portion exhaust in the 

chamber for the subsequent test. Only 4% of the chamber air is suspected to be exhaust gas. As 



14 

 

will be shown by the exhaust analyses, the exhaust gas is very fuel-lean: ~18% oxygen and 

~79%. Therefore, the implications of this behavior are assumed minimal and are not considered 

further. 

1.3 Zero-Dimensional Reactor Model  

An objective of this work is to compare the experimentally observed pressure-time evolution 

profiles to those obtained from numerical simulations. The simplest approach of carrying out 

homogeneous constant volume reactive simulations was adopted. The FIT experiments were 

simulated based on zero-dimensional homogeneous kinetics calculations using CHEMKIN® 

PRO [10]. The different mechanisms used are discussed in their relevant chapters. The reactor 

can be described by three governing equations. The simplified conservation energy equation of 

the model is given in equation 1.4.  

Equation 1.4: 0-D rector model constitutive energy equation. 

𝐶𝑣

𝑑𝑇

𝑑𝑡
+ 𝑣 ∑ 𝑒𝑘𝜔̇𝑘𝑊𝑘

𝐾

𝑘=1

= 0                                               (1.4) 

Where, 

 𝐶𝑣 = The specific heat at constant volume. 

 T = The temperature of the gas. 

 𝑣 = The specific volume of the gas.  

 K = The total number of chemical species.  

 𝑒𝑘 = The specific energy of the kth species.  

 𝜔̇𝑘 =  The production rate of the kth species.  

 𝑊𝑘 = The molecular weight of the kth species. 

The mass conservation equation is given in equation 1.5. 

Equation 1.5: 0-D reactor model species conservation equation.  
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𝑑𝑌𝑘

𝑑𝑡
= 𝑣𝜔̇𝑘𝑊𝑘                                                                 (1.5) 

Where, 

 𝑌𝑘 = The mass fraction of the kth species. 

The equation relating pressure to temperature takes the form: 
Equation 1.6: The ideal gas law. 

𝑃 =
𝜌𝑅𝑇

𝑊̅
                                                                       (1.6) 

The equations are simple and allow for large reaction mechanisms to be used with little 

consideration to the computational cost of the simulation. While beneficial in this sense, the 

simulation lacks all the detail related to the fuel spray, breakup, and vaporization relevant to the 

FIT experiments.  

 A previous study with direct-injection into a constant volume combustion chamber by 

Allen et al. [11] concluded that a homogenous combustion model was reasonably accurate for 

ignition delays greater than 5 ms. Similarly, Bogin et al. [12] reported that reasonable agreement 

between experimental data and 0-D simulations was achieved in an IQT for large n-alkanes 

with ignition delay times of ~40ms or greater [12].The minimum ignition delay time for 

assuming well mixed combustion differs in both works, likely due to differences in the CVCC 

apparatuses.  

 The FIT will therefore have its own homogenous mixing time for certain fuels and 

conditions. The characteristic mixing / homogenous time is unknown and requires further 

investigation. Full spray models were made to investigate this with limited success. It was 

concluded that basic experimentation with the FIT injection nozzle is needed to preform 

characteristic simulations of the FIT. The comparisons between the zero-dimensional model 
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and the experiments are left open to interpretation. However, relevant discussion is given where 

appropriate.  

1.4 Uncertainty / Error Analyses  

It is advantageous to know what uncertainties/errors may be associated with preforming these 

analyses. Uncertainties can come about from: the combustion air used, the volumetric blending 

of the fuel samples, the injection duration of the 25 injections that make up a test, and the initial 

air temperature preceding each injection. The statistical traits surrounding each of these 

parameters is discussed here. Moreover, the methods used to quantify the scatter for each data 

point is given.  

The combustion air used for the experiment is bottled breathing grade dry air and should 

have no other constituents beside oxygen and nitrogen. The oxygen mole fraction of the 

combustion air has been measured for the oxidizer. The average oxygen mole fraction and 

standard deviation was found to be 20.9% and 0.2% respectively.  

The volumetric blending of the fuels was performed using Fisherbrand pipettes. The largest 

uncertainty belongs to the 50 ml and 40 ml pipette at ±0.05 ml. The uncertainties of the smaller 

pipets are ±0.03 ml. The samples made were typically 100 ml. Usually three measurements 

using the pipettes were made per sample. Assuming two measurements were made with 40 ml 

pipette and one with the 20 ml pipette, the total uncertainty can be found as using the root-sum-

squares method. For this example, the total uncertainty is ±0.08 ml. This insinuates an error of 

~±0.1% of the total 100 ml sample.  

 As mentioned previously, multiple sets of 25 injections has been done for each test 

condition. The characteristic set (the one chosen to be reported) was chosen based off the 

relative quality of statistical parameters describing the test set. These are namely the average & 
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standard deviations of the injection duration and ignition delay time. The reported test with the 

largest average injection duration difference from 5ms is the 25% methyl decanoate / 75% n-

decane blend at 5.07ms (SDV=0.05ms). The reported test with the greatest injection duration 

standard deviation is the 40% butanol & 60 % iso-octane blend at 0.16 ms (AVG=4.97ms). The 

examples given, even though outliers, show that the injection duration is very well maintained 

around 5ms and typically has a small standard deviation. Some fuels/ tested temperatures 

exhibited more scatter than others. Therefore, when injection duration differences were 

miniscule between data sets, choices based of the ignition delay time standard deviation were 

relative to that set. 

 A lot of data has been obtained and processed throughout this work. To quantify the 

scatter seen in the tests, the standard deviation was calculated for all of the reported values. In 

the tables throughout this work, the standard deviation will be noted as SDV. For the ignition 

delay times and DCNs, the population standard deviation was used for the calculation. For 

exhaust gas analysis results, the sample standard deviation was used. The plots through this 

work display error bars where appropriate. Theses error bars are the length of one standard 

deviation.  
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Chapter 2 :  Influence of Blending n-Butanol with iso-Octane and n-

Heptane on Ignition Delay Times in a Fuel Ignition Tester 

Submitted to Energy and Fuels 

2.1  Introduction and n-Butanol Discussion 

Biomass derived butanol has been a topic of research. It has been shown that bio-butanol meets 

the requirements for transitioning into circulation with minimal changes to fuel handling 

infrastructure [13-16]. Also, bio-butanol production can utilize existing ethanol infrastructure 

[14]. An example of this is the BP and DuPont joint venture Butamax®. They are adding bio-

isobutanol production capability to an acquired ethanol facility in Scandia, Kansas [17]. Bio-

butanol can be produced via processes such as fermentation or the use of microbial strains using 

the same agricultural feedstocks as ethanol [14]. Butanol, compared to lower carbon number 

alcohols like ethanol, has been shown to tolerate water contamination, and is less corrosive 

[16]. Butanol (29.2 MJ L-1) has a higher energy density than ethanol (19.6 MJ L-1) or methanol 

[13, 14]. Production of butanol using second generation lignocellulosic feedstocks, such as 

wood chips, are becoming economically viable [15]. Butanol production using second 

generation feedstocks ensures that arable farm land is used for food rather than fuel production. 

Another benefit of using bio-butanol, as with any use of a fuel derived from biomass, is it would 

displace the CO2 emissions resulting from petroleum derived fuels (trapped within the earth) 

with that from biomass. Butanol, with proper blending, can be used in compression ignition and 

spark ignition combustion systems [14]. While the energy density of butanol is higher than 

ethanol or methanol, it is still lower than conventional petroleum based hydrocarbons. 

Therefore, the brake specific fuel consumption of a butanol-fueled Internal Combustion (IC) 

engine would be slightly higher than that of an engine running with petroleum derived fuels. 
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As with any potential alternative fuel, its efficient and clean utilization in IC engines is 

dependent on the ability to predict the global combustion properties and the detailed species 

evolution during oxidation. The development of predictive capabilities, like a detailed reaction 

mechanism, is dependent on experimental and computational efforts. The potential use of n-

butanol as an IC engine fuel, both in spark ignition and compression combustion systems, has 

spurred an increase in fundamental combustion research related to n-butanol combustion, on 

both experimental and computational fronts. The development and validation of comprehensive 

reaction mechanisms is supported by fundamental experimental data from diverse, well 

characterized experiments, which are complementary in nature and cover a wide range of 

thermophysical conditions. Such experiments that have been conducted with n-butanol include 

shock tubes [18-23], laminar non-premixed flames [24-30], outwardly propagating flames [31-

35], steady premixed flames [29, 36-38], jet stirred reactors [29, 39-43], rapid compression 

machines [44-47], and constant volume combustion chambers [11, 48-52] like the fuel ignition 

tester (FIT) [53] and ignition quality tester (IQT) [12, 54, 55]. Beside these fundamental 

experiments, theoretical studies concerning the chemical kinetics of n-butanol combustion have 

also been carried out. These include the thermochemistry of species relevant to n-butanol 

combustion [56], rate constants for hydrogen abstraction by radicals at different carbon atom 

sites [57, 58], and the decomposition kinetics of butanol derived radicals [59]. In addition to 

the fundamental combustion experiments and theoretical studies, there have also been applied 

studies investigating the effect of blending butanol with conventional petroleum derived fuels. 

The applied studies have been done in systems such as spark ignition [60-62], compression 

ignition [63-67], and homogenous charge compression ignition (HCCI) [68-72]. The work done 

on n-butanol has recently been reviewed by Trindade and dos Santos [16]. 
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Baumgardner et al. [53] have done a similar study to this work. The autoignition behavior 

of n-butanol and the primary reference fuels (PRFs), n-heptane and iso-octane, along with 

blends of n-heptane/n-butanol were studied in an FIT and an HCCI engine. Derived Cetane 

Number (DCN) values were determined from the FIT experimental work for the PRFs, n-

butanol, and blends. The work focused on determining if the FIT can be used to predict/explain 

differences in HCCI performance. A point corresponding to the fraction of low temperature 

heat release was used as a comparative ignition delay metric for the FIT and HCCI engine. It 

was shown that the fraction of low temperature heat release found from FIT experiments could 

be used to predict the crank angle at 50% heat release (CA50) [53]. This metric was developed 

to better characterize autoignition behavior of fuels where traditional metrics, such as the octane 

number and cetane number, are not directly applicable concerning homogeneous premixed or 

partially premixed conditions. It was found that the fraction of low temperature heat release 

correlated well with the crank angle of maximum heat release and showed promise of being 

used as an indicator of the CA50 location [53]. 

As discussed, various experiments have been done with pure n-butanol. While n-butanol 

could potentially be used as a complete replacement in conventional combustion systems, it is 

more likely that it will make its way into distribution by way of occurring as an additive. As a 

result of this, blend studies are important and are a focus of this work. Given that n-butanol is 

a possible substitute for gasoline, it is essential to acquire fundamental ignition data on n-

butanol and gasoline PRF constituent blends under conditions similar to IC engines. The two 

neat PRF’s chosen are n-heptane and iso-octane. They represent extremes on the octane index, 

which gives a measure of the knock resistance, and represent the n-alkane and iso-alkane 

chemical classes, respectively. 
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The FIT provides a means of studying combustion under high pressure, and low-to-

intermediate temperature conditions. The conditions within the FIT are most similar to direct-

injection compression ignition engines. The first aim of this work is to investigate the influence 

of blending ratio on DCN. The fuels tested here are primarily used in spark ignition engines, 

with the exception of n-heptane. For this reason, the octane index would be the ideal metric to 

test for. However, the FIT is designed to test for the cetane number. To remain true to the 

equipment’s purpose, the DCN was obtained instead of the octane number. In addition to 

obtaining the DCN, the first stage ignition delay and the total “hot” ignition delay events were 

investigated using the first and second maximums of the rate of combustion pressure rise as the 

delay time definitions respectively [73]. Furthermore, temperature dependence experiments 

were completed for the three pure fuels to further investigate the first stage and overall ignition 

delay characteristics as a function of temperature. 

The second focus of this work is to compare the experimental data to homogenous constant 

volume simulations using reaction mechanisms that have been previously validated. In order to 

make the simulations as representative of the FIT as possible, exhaust products from the FIT 

were used to determine the global equivalence ratios. The exhaust emissions data also provide 

some key insights into fuel oxidation. A 0-dimensional, constant volume, homogenous, and 

adiabatic reactor is used to provide a rudimentary model of the FIT. Obviously, the homogenous 

assumption is not true for experiments with short ignition delay times. However, for tests with 

long ignition delay times, the fuel spray has a longer mixing time and the homogenous 

assumption become more legitimate. The comparisons can be assumed reasonably valid since 

the global equivalence ratio used in the simulation is representative of the corresponding FIT 
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experiment. The chemical kinetic models used in this work have been previously validated with 

rapid compression machine data for low temperature homogeneous autoignition [73]. 

2.2 n-Butanol and PRF Reaction Mechanism 

The experimental results in this study were simulated using a detailed chemical kinetic scheme 

for n-butanol and the primary reference fuels for gasoline, namely, n-heptane and iso-octane. 

The mechanism was previously used for homogenous autoignition simulations in a rapid 

compression machine study [73]. This mechanism was derived from a systematic merger of 

previously reported schemes for n-butanol by Sarathy et al. [74], n-heptane by Karwat et al. 

[75], and iso-octane by Lawrence Livermore National Laboratory (Version 3) [76-79], and 

consists of 2385 species and 9515 reactions. For the 𝑅𝐵=60 blends and pure fuels, the initial 

conditions used for the simulations corresponded to the average pressure and temperature from 

the FIT experiments, namely 24.01 bar and 812 K, respectively. The equivalence ratios used 

for the 𝑅𝐵=60 blends and pure fuels were deduced using the exhaust gas composition 

measurements, discussed earlier. In addition, the temperature dependence studies were modeled 

with the initial conditions corresponding to the matching experimental air temperature. An 

average pressure of 24.01 bar was used. 
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2.3 n-Butanol Results and Discussion 

2.3-1  Ignition Delay Times 

The characteristic experimental pressure trace data of the pure fuels, along with the derived 

mean pressure traces and rates of pressure rise, are helpful in gaining an understanding of how 

each fuel behaves when subjected to a low temperature autoignition environment. Fig. 2.1 

shows the raw and processed data of each pure fuel. The post combustion chamber pressure of 

n-heptane, Fig. 2.1(a), and iso-octane, Fig. 2.1(b), are similar, each near 34 bar. This is most 

likely because the two fuels have a similar carbon number and therefore similar energy density. 

The energy density of: n-heptane is -32,690 MJ/m3, iso-octane is -33,433 MJ/m3, and n-butanol 

is  -29,107 MJ/m3 [80]. On the contrary, the post combustion chamber pressure for n-butanol, 

Fig. 2.1(c), is lesser than the primary reference fuels, around 32 bar; this is consistent with the 

fact that it has a lesser energy density than the PRFs. In addition, as seen from Fig. 2.1, n-

heptane shows the tightest grouping of individual test pressure traces, followed by n-butanol, 

and then iso-octane. 

 It is fitting that the raw pressure traces of iso-octane are shown in Fig.2 (b) since the 

pure iso-octane tests possess the most scatter compared to the rest of fuels and blends shown 

here. The inherent scatter associated with iso-octane was unavoidable and is unexplained. Even 

with the considerable scatter associated with the pure iso-octane tests, it can be seen that the 

averaged pressure trace is reasonably effective at capturing and characterizing the shape, slope, 

and locations of the individual pressure traces; this supports that this method of processing the 

FIT data is suitable. The scatter associated with a certain test is, to some extent, quantified by 

the overall ignition delay standard deviations given in Tables 2.1 & 2.2. 
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Figure 2.1: The 25 experimental pressure trace data for the pure fuels along with the averaged pressure 

traces and rates of pressure rise for (c) n-butanol. 



25 

 

At this temperature, the rate of pressure rise of n-heptane, Fig. 2(a), shows only one 

maximum, the overall ignition event. For iso-octane, Fig. 2(b), the first and second stage 

ignition points are easily discernable. On the other hand, the first stage ignition points of n-

butanol, Fig. 2(c), and some n-butanol/iso-octane blends (discussed later), are difficult to pick 

out. For these cases, the rate of pressure rise for n-butanol shows a region of preignition heat 

release where the rate of pressure rise is positive and increasing. However, the rate of pressure 

rise profile does not show a discernable maximum point to be deemed the first stage ignition; 

for cases like this, the first stage ignition delay was left unidentified. The fact that n-butanol 

exhibits significant preignition heat release in a semi-linear fashion suggests that the fuel air 

mixture is being consumed by flame propagation. 

The influence of n-butanol blending ratio on the autoignition characteristics of binary 

blends of n-butanol/n-heptane and n-butanol/iso-octane is shown in Figs. 2.2(a) and 2.2(b), 

respectively. Fig. 2.2(a) shows that addition of n-butanol (𝑅𝐵) into the straight chain alkane (n-

heptane) significantly slows down its reactivity, and also leads to an extended region of slow 

rate of pressure rise prior to the main ignition event. A similar variation in 𝑅𝐵 for iso-octane 

leads to a relatively moderate decrease in second-stage reactivity as shown in Fig. 2.2(b). For 

n-butanol/iso-octane blends, the strongest influence of blending appears at relatively low 𝑅𝐵 

with almost negligible variations in overall ignition delay times for 𝑅𝐵 > 20%. Note however, 

that an increasing 𝑅𝐵 continues to significantly impact the first-stage ignition delay times for 

n-butanol/iso-octane blends. The pressure traces in Figs. 2.2(a) and (b) also indicate that the 

addition of n-butanol reduces the pressure rise associated with the first stage ignition. The 

reduction in the maximum pressure with increasing 𝑅𝐵 is also consistent with the lower energy 

density of n-butanol (~3,900 MJ/m3 lower) [80].  
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Figure 2.2: (a) Averaged pressure traces for n-butanol/n-heptane blends. (b) Averaged pressure traces 

for n-butanol/iso-octane blends.  
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The first-stage and the overall ignition delay times based on the maximum rate of pressure 

rise locations for n-butanol/n-heptane and n-butanol/iso-octane blends are shown in Figs. 2.3(a) 

and 2.3(b), respectively. As noted earlier, the blending of n-butanol into n-heptane leads to a 

sharp increase for both first- and second-stage ignition delays, while the effect is not as 

pronounced for n-butanol addition to iso-octane. It can be seen from Fig. 2.3(a) that the first 

stage ignition delay increases with 𝑅𝐵 and roughly follows the exponential trend of the overall 

ignition delay. Conversely, in Fig. 2.3(b), the first stage ignition delay of the low 𝑅𝐵 n-

butanol/iso-octane blends show a linear increase. 

The derived cetane numbers using Equation 1.1 for the two binary blends as a function of 

the volumetric blending ratio (𝑅𝐵) are shown in Figs. 2.4(a) and 2.4(b). As shown, the DCN 

decreases in a monotonic, non-linear fashion for both the blends as a function of  𝑅𝐵. The extent 

of the absolute variation in DCN’s for n-butanol/n-heptane blends is considerably larger than 

that for n-butanol/iso-octane blends. Furthermore, the DCN variation trend can adequately be 

captured by a fitting function of the form: 

Equation 2.1: DCN trend as a function of volumetric blending ratio. 

𝐷𝐶𝑁 (𝑅𝐵 100⁄ ) = 𝐷𝐶𝑁𝑏𝑎𝑠𝑒 − (𝐷𝐶𝑁𝑏𝑎𝑠𝑒 − 𝐷𝐶𝑁𝑛−𝑏𝑢𝑡𝑎𝑛𝑜𝑙)× (
ln(1 + 𝑅𝐵 100⁄ )

ln(2)
)

𝑛

      (2.1) 

where the base fuel is either n-heptane or iso-octane and 𝑛 is a fitting parameter. The proposed 

fit forces the endpoints to match up with the experimentally observed DCN of the neat 

components. In addition, the R2 values are 0.9993 and 0.9968 for Figs. 2.4(a) and 2.4(b), 

respectively.  
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Figure 2.3: Ignition delay time as a function of volumetric blending ratio for (a) n-butanol/n-heptane 

blends and (b) n-butanol/iso-octane blends.  
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The present experimental DCNs and ignition delay times of pure fuels and binary blends are 

listed in Table 2.1. The variability in the set of 25 tests used to calculate the reported DCN is 

shown in Fig. 2.5. The center line represents the median of the data. The top and bottom of the 

boxes mark the limits of ± 25% of the DCN population. The lines extending from the top and 

bottom of each box marks the minimum and maximum values within the data set. Points whose 

value are either greater than the upper quartile plus 1.5 times the inner quartile distance or lower 

than lower quartile minus 1.5 times the inner quartile distance are outliers and displayed as 

individual points. 

A comparison of the DCN values obtained from the current experimental work with 

selected results reported in the literature is provided in Fig. 2.6. Both FIT [81] (ASTM D7170) 

and IQT [82] (ASTM D6890) results are shown. The results attained from this work correspond 

well with other FIT studies with the exception of the 𝑅𝐵 = 20 blend in n-heptane. In particular, 

IQT studies compare well with the current work for low 𝑅𝐵 n-butanol/n-heptane blends, but 

deviate significantly for volumetric mixture of and greater than 40%.  
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Figure 2.4: DCN as a function of volumetric blending ratio for (a) n-butanol/n-heptane blends and (b) 

n-butanol/iso-octane blends.
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Table 2.1 Experimental DCNs and ignition delay times of pure fuels and binary blends. 

Fuel RB DCN SDV 1 SDV overall SDV 
Air 

Temperature  

 (% 

Vol) 
  (ms) (ms) (ms) (ms) (K) 

n-butanol 
 

3.5 0.05  77.8 2.70 812.1 

n-heptane 54.6 2.58 3.9 0.26 812.3 

iso-octane 15.4 0.98 8.1 0.36 68.4 6.05 812.2 

n-butanol/n-heptane 

blends 

10 42.3 1.47 
 

4.8 0.24 812.1 

20 34.1 1.37 6.0 0.32 811.5 

40 22.2 0.53 9.4 0.35 811.8 

60 15.7 0.34 11.8 0.46 15.7 0.47 811.2 

75 11.4 0.25 14.4 0.79 25.4 1.42 811.3 

90 6.7 0.18 25.4 2.18 45.9 2.25 811.5 

n-butanol/iso-octane 

blends 

10 7.8 0.53 12.4 0.80 80.3 4.61 812.4 

20 6.2 0.31 17.0 0.89 79.2 5.79 811.5 

40 4.6 0.15 24.8 1.89 81.7 4.57 812.5 

60 4.0 0.24 
 

82.0 3.65 812.3 

75 3.7 0.08 81.0 3.83 812.6 

90 3.5 0.06 79.9 2.49 812.3 
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Figure 2.6: DCN comparison as a function of volumetric blending ratio for n-butanol/n-heptane 

blends. Comparative data was gathered from Baumgardner et al. [53], Hass et al. [55], and Bogin et al. 

[12] 



34 

 

2.3-2  Influence of Oxidizer Temperature 

The dependence of ignition delay time on the oxidizer temperature has also been obtained for 

the three pure fuels. While the data gathered for each fuel would ideally span the temperature 

range allowed by the FIT (693–864 K), the ignition event has to be within the FIT’s data 

acquisition window. Table 2.2 lists the experimental results obtained herein.  

 

Table 2.2: Dependence of ignition delay on oxidizer temperature. 

Air 

Temperature 
Pressure  

Estimated 

Equivalence 

Ratio () 

1 SDV overall SDV

(K) (bar) (-) (ms) (ms) (ms) (ms) 

n-heptane 

678.2 24.0 0.112 53.0 2.38 70.2 4.20 

690.4 24.0 0.114 24.8 1.37 31.1 1.87 

713.7 24.0 0.118 

 

17.9 0.61 

738.8 24.0 0.122 12.0 0.32 

762.2 24.0 0.126 7.6 0.50 

787.5 24.0 0.130 5.2 0.30 

812.3 24.0 0.134 3.9 0.26 

iso-octane 

796.5 24.0 0.123 9.6 0.46 86.1 8.58 

806.3 24.0 0.124 9.2 0.40 73.3 5.94 

812.2 24.0 0.125 8.1 0.36 68.4 6.05 

815.8 24.0 0.126 8.0 0.48 64.0 5.10 

826.0 24.0 0.127 7.4 0.46 56.2 3.84 

n-butanol 

808.6 24.0 0.104 

 

82.7 2.72 

812.1 24.0 0.104 77.8 2.71 

815.7 24.0 0.104 76.6 3.31 

820.2 24.0 0.105 68.9 2.08 

825.1 24.0 0.106 67.0 2.66 

 



35 

 

Figs. 2.7(a) and 2.7(b) show the pressure traces and ignition delay times of n-heptane at 

different temperatures, respectively. It can be seen from Fig. 2.7 that the ignition event of n-

heptane exhibits a monotonic decrease in ignition delay with increasing temperature. Negative 

temperature coefficient (NTC) behavior was not observed for the tested temperature range. Fig. 

2.7(b) also shows an exponential decrease in ignition delay with increasing temperature. 

Fig. 2.7(a) shows a couple more things of note. The post combustion peak pressure of the 

three hottest tests show an increasing trend with decreasing temperature. The maximum 

pressures are 35.37 bar, 34.93 bar, and 34.75 bar for test with average air temperatures of 762.2 

K, 787.5 K, and 812.3 K, respectively. It is also noted that the average fuel injection duration 

of the three tests are: 4.95 ms, 5.01 ms, and 4.96 ms. The small injection duration difference 

between the three tests does not fully explain the trend seen. Since the pressure and volume are 

held constant, the increase in air temperature should lead to a slightly larger global equivalence 

ratio as the number of moles of oxidizer is reduced on account of increasing the temperature. 

This should have resulted in increased post combustion pressure as the oxidizer temperature 

was increased. This anomaly is likely to have a chemical kinetic explanation related to the low-

temperature fuel chemistry. Moreover, it is seen from Fig. 2.7(a) that the post combustion peak 

pressure drops off drastically for temperatures of 678.2 K and 690.4 K, which have maximum 

pressure of 32.52 bar and 33.54 bar, respectively, most likely on account of incomplete 

combustion. 
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Figure 2.7: (a) Averaged pressure traces for n-heptane with varying initial air temperatures and (b) 

ignition delay times for n-heptane as a function of initial air temperature.  
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As shown in Fig 2.7(a), a two-stage ignition behavior is observed for n-heptane tests with 

the two lowest averaged air temperature: 678.2 K and 690.4 K. This two-stage ignition behavior 

at an average air temperature of 678.2 K is better viewed in Fig. 2.8. It can be seen that the 

average pressure trace captures the characteristics of the individual pressure traces 

characteristics’ well. Interestingly, one or two individual pressure traces do not exhibit two-

stage ignition behavior. The average rate of pressure rise curve shows two maximums, with the 

first being more pronounced than the second. For the two tests having average air temperatures 

of 678.2 K and 690.4 K, the largest and first rate of pressure rise maximum is identified as the 

first stage delay, 𝜏1. The second, less pronounced maximum, is used to identify the overall 

ignition delay, 𝜏𝑜𝑣𝑒𝑟𝑎𝑙𝑙. The first stage pressure rise is greater than the second stage. Typically, 

the opposite is observed as in Fig. 1(b). Optical diagnostics would be helpful in determining the 

cause of this behavior. 
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Figure 2.8: Experimental pressure traces, averaged pressure trace, and rate of pressure rise for n-

heptane with an initial air temperature of 678.2 K.  
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Figs. 2.9(a) and 2.9(b) show the pressure traces and ignition delay times of iso-octane at 

different temperatures. As seen in Fig. 2.9(a) the ignition delay time decreases in a monotonic 

fashion with increasing temperature. However, the location of the first-stage pressure rise 

(around 25 ms), changes very little. The peak pressures display a trend similar to the n-heptane 

cases. The ignition delay behavior is better understood from Fig. 2.9(b). Both the overall and 

first-stage ignition delays decrease with increasing temperature. However, the rate of change 

with temperature is significantly larger for the overall ignition delay as compared to the first-

stage ignition delay. The small decrease in the first stage ignition delay time, compared to the 

overall ignition delay time, with increasing temperature is consistent with RCM results [83]. 

Figs. 2.10(a) and 2.10(b) show the pressure traces and ignition delay times of n-butanol 

at different temperatures. Like the other two neat fuels, n-butanol shows a monotonic decrease 

in ignition delay with increasing temperature. No first stage ignition delay was observed over 

the range of temperatures covered in this work. It can be seen from Fig. 2.10(a) that the pressure 

traces are very similar up until around 25 ms. The point of deviation may be a good point of 

reference for the induction time since there is no obvious first-stage ignition delay to base a 

measurement on. The slopes of the pressure traces are very similar. In addition, the post 

combustion peak pressure indicates a decreasing trend with decreasing temperature. In Fig. 

2.10(b), the shape of the overall ignition delay temperature variation curve is not as smooth as 

the other two fuels. Moving from low temperature to high temperature initial conditions, the 

slope of the ignition delay curve is slightly reduced around the 815.7 K averaged air temperature 

test. Note that the 815.7 K air temperature test shown here is one of four sets of tests that were 

done, this one was chosen to be reported because of its smaller standard deviation of injection 

duration and charge pressure. For this reason, it is unlikely that this point is an outlier. 
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Figure 2.9: (a) Averaged pressure traces for iso-octane with varying initial air temperatures and (b) 

Ignition delay times for iso-octane as a function of initial air temperature.  
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Figure 2.10: (a) Averaged pressure traces for n-butanol with varying initial air temperatures and (b) 

Ignition delay times for n-butanol as a function of initial air temperature.  
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Additional comparison between the current experimental results and that from other 

constant volume combustion apparatus are shown in Fig. 2.11. The plots show the temperature 

dependence trend for n-heptane and n-butanol ignition delay times. Note that due to 

unavailability of data under identical pressure conditions the results from the literature sources 

have been scaled to 24 bar. The scaling assumes an inverse dependence of ignition delay time 

on pressure. The plots in Fig. 2.11(a) show that there is a good agreement between the FIT and 

IQT ignition delay times. However the results of Allen et al. [11] are in variance with both the 

FIT and IQT. This comparison suggests that the FIT behaves more like the IQT and not Allen 

et al.’s CVCC [11]. Similar comparative results for n-butanol fuel are presented in Fig. 2.11(b). 

The n-butanol results from the study of Hou et al. [84] are significantly faster than the current 

FIT data. This difference is to be expected as the apparatus of Hou et al. [84] has very different 

operating conditions in terms of the fuel temperature and injector parameters. 
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Figure 2.11: (a) Comparison of ignition delay times scaled to 24 bar as a function of varying oxidizer 

temperatures in various experimental configurations. for (a) n-heptane and (b) n-butanol.  
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2.3-3  Exhaust Emissions 

The results of the exhaust gas composition measurements are shown in Figs. 2.12(a) and 

2.12(b). The graphs represent the averaged volume % emissions results and the averaged 

volume ppm emissions results, respectively, for the 5 tested blends: pure n-butanol, pure n-

heptane, pure iso-octane, 60% n-butanol in n-butanol/n-heptane, and 60% n-butanol in n-

butanol/iso-octane. Only injections with a measured fuel injection duration of 5 ms are shown 

here. The results are somewhat expected but informative nonetheless. Regarding the neat n-

heptane, Figs. 2.12(a) and 2.12(b) show that it undergoes near complete combustion with little 

to no production of CO. n-Heptane combustion also produced the most nitric oxide. For iso-

octane, CO2 production was less than that of n-heptane. As expected, for iso-octane, a 

significant amount of CO was produced; this is consistent with incomplete combustion. A 

greater extent of incomplete combustion is expected for iso-octane and n-butanol because their 

ignition delay times are long compared to the experimental window of 100 ms, shortly after 

which the chamber is evacuated and the gas composition frozen. The neat n-butanol showed 

the largest residual O2 after combustion, likely due to its fuel bound oxygen atoms. 

Additionally, n-butanol produced the least amount of CO2 and the greatest amount CO; this 

could indicate a relatively greater extent of incomplete combustion for n-butanol than iso-

octane. Although the hydrocarbon readings are very similar for all fuels/blends, the residual 

hydrocarbon is greatest for iso-octane. 

The values for the estimated global equivalence ratio based on the exhaust gas composition 

measurements are shown in Table 2.3. It was found that the equivalence ratio is strongly 

dependent on the fuel injection duration. The results presented in Table 2.3 correspond to a 

fixed injection duration of 5 ms for each neat fuel or fuel blend. As expected, n-butanol was 
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found to have the lowest equivalence ratio. It is interesting to note that the 𝑅𝐵 = 60 blend with 

iso-octane has a slightly higher equivalence ratio than the 𝑅𝐵 = 60 blend with n-heptane. 

Baumgardner et al. [53] conducted equivalence ratio tests for n-butanol and the PRFs in an FIT. 

The equivalence ratios were obtained by gravimetrically weighing the fuel before and after each 

set of injections and using the ideal gas law to calculate the amount of air in the chamber. This 

method produced equivalence ratios of ~0.5 for the PRFs and ~0.2 for pure butanol. The exhaust 

gas composition measurement done here produced equivalence ratios smaller than when done 

by gravimetric analysis. 

 

Table 2.3: Exhaust gas composition measurements and estimated global equivalence ratios for various 

fuel blends. 

 
n-

heptane  

iso-

octane 

n-

butanol 

RB= 60 with n-

heptane 

RB= 60 with iso-

octane  

O2 (Vol-%) 18.12 18.46 18.83 18.62 18.51 

SDV 0.07 0.03 0.08 0.05 0.01 

CO2 (Vol-%) 1.78 1.53 1.20 1.42 1.48 

SDV 0.05 0.08 0.06 0.04 0.02 

CO (Vol-ppm) 5.28 1427.25 2370.61 891.92 1719.97 

SDV 8.94 372.52 34.22 133.17 355.29 

NOx (Vol-ppm) 345.67 6.73 0.00 0.21 0.00 

SDV 22.71 2.00 0.00 0.09 0.00 

HC (Vol-ppm) 25.20 44.92 29.40 24.23 22.02 

SDV 1.32 8.54 8.32 5.04 7.99 

Estimated 

Equivalence Ratio 
0.134 0.125 0.104 0.111 0.120 
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Figure 2.12: (a) Oxygen and carbon dioxide concentrations in the raw FIT exhaust at the calibration 

temperature of 𝑇 ≈ 812 𝐾. (b) Nitric oxide, hydrocarbons, and carbon monoxide concentrations in the 

raw FIT exhaust at the calibration temperature of 𝑇 ≈ 812 𝐾. 
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2.3-4  Ignition Delay Simulation Comparison 

Figs. 2.13(a) and 2.13(b) compare the experimental and simulated pressure traces for neat 

fuels and binary fuel blends of 𝑅𝐵 = 60, respectively. The agreement between the experimental 

and simulated pressure traces is reasonable considering that physical effects related to the spray, 

vaporization, and non-uniform fuel distributions are not included in the simulations. 

Additionally, the post-ignition rate of pressure rise and the locations of maximum rates of 

pressure rise also have a fair level of agreement. The above conclusions apply to both the neat 

components and the binary blends with the exception of pure iso-octane whose simulated 

ignition delay time is not within the window of the experimental test-duration. There is a 

noteworthy similarity in the post-combustion peak pressures in both the simulated and 

experimental pressure traces seen in Fig. 2.13(a) and 2.13(b). The comparison gives reason to 

believe that the estimated equivalence ratios are reliable.  

Regarding n-heptane in Fig. 13(a), the experiments show only a single ignition event while 

the simulations predict a two-stage ignition. The ignition delay time of n-heptane is short 

enough that mixing likely plays a key role in the ignition process. A recent study performed by 

Dahms et al. [85] establishes a conceptual model for turbulent ignition in high-pressure spray 

flames. After injection, first stage ignition occurs in localized lean mixture regions initiating a 

cool flame wave that propagates through the mixture [85]. Following this, high temperature 

ignition occurs in rich mixture regions which form steep gradients to initiate the propagation of 

a turbulent flame [85]. Because of this, the overall ignition delay time is shorter than for 

homogeneous ignition [85]. This behavior is likely occurring for experiments in the FIT where 

the ignition delay is short and may cause masking of the first stage ignition in the measured 

pressure history. 
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Figure 2.13: (a) Comparison of experimental and simulated pressure traces for n-heptane (𝜙 = 0.134), 

iso-octane (𝜙 = 0.125), and n-butanol (𝜙 =  0.104) all at  𝑇 ≈ 812 𝐾. (b) Comparison of 

experimental and simulated pressure traces for n-heptane/n-butanol (𝜙 =  0.111), iso-octane/n-butanol 

(𝜙 =  0.120) each with RB=60 and all at 𝑇 ≈ 812 𝐾.  
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Figs. 2.14(a), 2.14(b), and 2.14(c) compare the experimental and simulated overall ignition 

delay times at different temperatures for n-heptane, iso-octane, and n-butanol, respectively. 

From Fig. 2.14(a), it can be seen that, in general, the simulation under-predicts the first stage 

ignition delay and over-predicts the overall ignition delay results of n-heptane from the FIT, 

while the simulated results follow a very similar trend to the experiments. In addition, the 

experimental and simulated trends are seen to stay reasonably parallel. It is likely that the 

physical delay has something to do with the offset seen.  

For iso-octane, as seen in Fig. 2.14(b), the simulation over-predicts the overall ignition 

delay and does not predict a first stage ignition event. However, the simulations show a similar 

slope as the experimental trend. Furthermore, the simulated overall ignition delays of n-butanol 

closely match the experimental results in Fig. 2.14(c). Interestingly, the simulations slightly 

under-predict the overall ignition delay at the hottest tested temperature and over-predict the 

overall ignition delays slightly for tests at other temperatures. No first stage ignition events 

were observed from the experiments or simulations for pure n-butanol. Furthermore, similar to 

the experimental results, the simulations also show no NTC behavior.  
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Figure 2.14: Overall & first stage ignition delay comparison between experimental and simulated 

results for (c) n-butanol.  
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2.4 Concluding Remarks on n-butanol PRF study 

The autoignition characteristics of n-butanol, gasoline PRF constituents, and PRF/n-butanol 

binary blends have been obtained in a constant volume combustion chamber at a fixed fuel 

injection duration and oxidizer temperature. Addition of n-butanol to both n-heptane and iso-

octane was found to reduce reactivity when compared to pure PRF components. The inhibition 

effect of n-butanol was observed for both the first- and second-stage ignition delay times. A 

correlation for the DCN variation with the volumetric proportion of n-butanol blended with 

either n-heptane or iso-octane has also been obtained and demonstrated. The DCN 

representative correlation will be useful in determining what mixture of bio-fuel one can use in 

a certain system.  

The dependence of ignition delay on the oxidizer temperature was obtained for three 

pure fuels. Neither the experiments nor the simulation showed definitive NTC behavior. The 

lack of NTC behavior in the experiments (for n-heptane) is believed to be because of the 

relatively high initial chamber pressure and physical effects related to the spray. The lack of 

NTC behavior from the mechanism is believed to be because of the low global equivalence 

ratio. Simulations at an equivalence ratio of 0.5, for n-heptane, showed NTC behavior in the 

tested temperature region. Additionally, the dependence on oxidizer tests nicely showed 

chemically controlled two stage ignition for n-heptane at the lowest tested temperature 678 K. 

It was determined that physical effects from experiments with short ignition delay times might 

mask this two-stage ignition behavior.  

Exhaust gas composition measurements further validated the positive relationship 

between complete combustion and nitric oxide production. The extreme sensitivity of nitric 

oxide production to the extent of complete combustion was also shown. A greater extent of 
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incomplete combustion is expected for iso-octane and n-butanol because their ignition delay 

times are long compared to the experimental window of 100 ms, shortly after which the 

chamber is evacuated and the gas composition frozen. Using the results from the exhaust gas 

amylase, the global equivalence ratios were found. The equivalence ratios found using the 

exhaust gas composition method are smaller than those predicted by a gravimetric analysis of 

the fuel before and after the injections. This is believed to be because the gravimetric analysis 

does not account for inherent fuel losses in the system.  

A first step towards investigating under what conditions the FIT can support the 

validation of chemical mechanisms has been done via a rudimentary 0-D, constant volume, 

reactor model that does not consider any physical effects. In general, the agreement between 

the experimental results and the simulated are results is fair for the overall ignition delay times, 

rates of pressure rise, and absolute pressure rise, except for pure iso-octane. The case of the iso-

octane experiments poor agreement with eh simulation is believed to be due to the low 

equivalence ratio. It has been concluded that the homogenous reactor assumption is not entirely 

accurate for experiments were the ignition delay is short; this is suspected to be because the 

physical effects of the fuel spray dominate the autoignition behavior. 
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Chapter 3 : Ignition Delay Times of Methyl Decanote and n-Decane in a 

Constant Volume Combustion Chamber 

Presented at the WSSCI 2017 Fall Meeting in Laramie WY 

3.1 Introduction 

Biodiesel is a very attractive alternative for use in diesel engines considering the: 

reduction in CO2 emissions, biodegradability, and energy dependence. Biodiesel is a potentially 

renewable fuel and has advantageous fuel properties like lubricity and a high flash point [86]. 

The production of biodiesel has nearly quadrupled over the past decade from 250 million 

gallons in 2006 to 1,268 million gallons in 2016 [87]. The ASTM standard [88] defines 

biodiesel as, “a fuel comprised of mono-alkyl esters of long chain fatty acids derived from 

vegetable oils or animal fats, designated B100”. Biodiesel is most commonly produced with a 

lipid feedstock via transesterification with an alcohol, typically methanol [89]. Usually the local 

availability of feedstock determines the choice of raw materials that goes into producing 

biodiesel. The choice of feedstock in turn determines the fatty-acid composition of the biodiesel 

and it is the compositional profile that is influential in combustion and ignition performance 

[90, 91]. Typical mono-alkyl esters common in corn, canola, and soybean derived biodiesel are 

shown in Fig. 3.1.  

Biodiesel offers the possibility of significant CO2 emissions reduction; this possibility 

is due to the renewable nature of the feedstocks. Another environmental plus associated with 

biodiesel is that it is readily biodegradable in both soil and aquatic environments. Soil 

contaminated from a biodiesel fuel spill can restore itself in 4-6 weeks to a degree that can 

support plant germination [92]. There are however some drawbacks associated with biodiesel 

fuels. A study by the U.S. Environmental Protection Agency (EPA) showed that a 20 percent 

blend of soybean derived biodiesel in a base fuel led to a 2 percent increase in NOx emissions 
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while showing a 10 percent decrease in particulate matter [93]. In a different study, the emission 

of ultrafine particulate matter from Rapeseed Methyl Ester (RME) biodiesel was distinctly 

higher when compared to conventional diesel [94]. Biodiesel is ideal alternative for use in diesel 

engines considering the: reduction in CO2 emissions, biodegradability, and energy dependence. 

Biodiesel will be even more environmentally appealing when NOx and ultrafine particulate 

emissions resulting from biodiesel combustion are reduced.  

Methyl decanoate is one of the fatty acid methyl esters that occurs in biodiesel; its 

molecular structure is shown in Fig. 3.2. Methyl Decanoate is most commonly produced from 

transesterification of coconut and palm feedstocks [95]. It is a long alkyl chain with 11 carbon 

atoms. Since biodiesel contains a number of alkyl ester compounds, typically ranging in carbon 

numbers of 12 to 24, it has been common to use a single- or reduced- component surrogate to 

model biodiesel. Methyl decanoate is one such surrogate [86, 96]. It is advantageous to use a 

surrogate to model biodiesel since there are usually a large number of mono-alkyl esters present 

in biodiesel and the carbon numbers of the mono-alkyl esters have a large range. Given that 

methyl decanoate is a constituent of biodiesel and commonly used biodiesel surrogate, it is 

essential to acquire fundamental ignition data on blends of methyl decanoate and neat diesel 

constituent under conditions similar to compression ignition engines.   
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Figure 3.1: Different mono alkane fuel structures common in derived biodiesel.  
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Biodiesels’ efficient and clean utilization in engines is dependent on the ability to 

predict the global combustion properties and the detailed species evolution during oxidation. 

The development of predictive capabilities, like a detailed reaction mechanism, is dependent 

on experimental and computational efforts. An increase in fundamental combustion research 

related to methyl decanoate combustion has been seen, on both experimental and computational 

fronts. The development and validation of comprehensive reaction mechanisms is supported by 

fundamental experimental data from diverse, well characterized experiments, which are 

complementary in nature and cover a wide range of thermophysical conditions. Such 

experiments that have been conducted with methyl decanoate include shock tubes [86, 97-100], 

steady premixed flames [36, 101, 102], laminar non-premixed flames [103-107], jet stirred 

reactors [108], and  reduced gravity experiments [109, 110]. Surprisingly, no work was found 

concerning methyl decanoate and rapid compression machines (RCMs) or methyl decanoate 

and constant volume combustion chambers (CVCC) in the literature. In addition to the 

fundamental combustion experiments, there have also been applied studies investigating methyl 

decanoate and investigating the effect of blending methyl decanoate with conventional diesel 

fuels. The applied studies have been done in systems such as compression ignition [111-116] 

and homogenous charge compression ignition engines (HCCI) [117]. 

In general, pure biodiesel can be used as a fuel or it can be blended with petroleum 

derived fuels [89]. Consequently, it is important to develop a fundamental understanding of the 

autoignition characteristics of both petro and bio derived diesel fuels. The fuel, n-decane, is 

representative of a typical conventional diesel fuel constituent and is therefore chosen for this 

study, its molecular make up is shown in Fig. 3.2. This study focuses on broadening the 

experimental understanding of conventional and alternative diesel fuel constituent blends. 
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A Fuel Ignition Tester (FIT) apparatus is used to obtain the ignition delay times resulting 

from fuel injection at elevated pressure and low-to-intermediate temperature conditions. The 

thermodynamic conditions within the FIT are similar to direct-injection compression ignition 

engines. The objective of this work is to examine the influence of blending methyl decanoate 

to n-decane on the derived cetane number (DCN). In addition, the first stage ignition delay and 

the total “hot” ignition delay events were obtained using the first and second maximums of the 

rate of combustion pressure rise as the delay time definitions respectively [118]. The influence 

of oxidizer temperature on the ignition delay times was also investigated. This work also 

compares the experimental results to numerical calculations. Homogenous constant volume 

simulations were carried out using chemical kinetic mechanisms reported in the literature. The 

global equivalence ratios used in the simulations were deduced from measurements of exhaust 

products from the FIT. The validity of the zero dimensional simulations to model a constant 

volume combustion chamber autoignition, under certain conditions, with spray has been 

previously demonstrated by Allen et al. [11]. 

3.2 Computational Methods 

The experimental results in this study were simulated using detailed chemical kinetic schemes 

for the neat fuels and their blends. Pure fuels were simulated using the LLNL C8-C16 n-alkane 

[119] and LLNL methyl decanoate [96] mechanisms, respectively. The aforementioned 

mechanisms for the pure fuels include both low and high temperature sub-mechanisms. 

Mechanisms that can model binary mixtures of n-decane and methyl decanoate were scarce, 

and only one was found in the literature. This blend mechanism developed by Ranzi et al. [120] 

was used to model the 𝑅𝑀𝐷=60 conditions. 
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Numerical Simulations based on zero-dimensional homogeneous kinetics model were 

carried out using CHEMKIN® PRO [121]. The initial conditions used for the simulations 

corresponded to the average pressure and temperature from the FIT experiments, namely 24.0 

bar and 812.7 K, respectively. The equivalence ratios were deduced using the exhaust gas 

composition measurements, discussed earlier. In addition, the effect of oxidizer temperature 

was modeled using the same averaged pressure and the corresponding experimental air 

temperature. 

3.3 Results and Discussion 

3.3-1 Ignition Delay Times 

Experimental pressure traces for n-decane and methyl decanoate are shown in Fig. 3.3. This 

figure also shows the rate of pressure rise which was obtained from the average of the raw 

pressure traces. As seen from the figure, the ignition delay (both 𝜏𝑜𝑛𝑠𝑒𝑡 and 𝜏𝑜𝑣𝑒𝑟𝑎𝑙𝑙) of methyl 

decanoate is slightly longer than n-decane. The peak post-combustion pressure is higher for n-

decane when compared to methyl decanoate. This is consistent with the lower energy density 

of methyl decanoate as compared to n-decane. However, methyl decanoate exhibits a greater 

rate of combustion pressure rise (1.36 bar/ms larger) than n-decane. 

Both fuels show a tight grouping of individual test pressure traces, with the scatter in 

methyl decanoate traces being somewhat lesser after combustion. A representative pressure 

trace is derived based on the averaging of the 25 individual traces. The averaged pressure trace 

is an effective approach to characterize the shape, slopes, and locations of peak pressures for 

the fuels under test. Note, that the averaged trace is difficult to discern in Fig. 3.3 due to the 

overlap with the other 25 traces. A clearer representation of the averaged pressure traces can be 

seen in Fig. 3.4.   
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Figure 3.3: Experimental pressure trace data for the pure fuels along with the averaged pressure traces 

and rates of pressure rise for (a) n-decane and (b) methyl decanoate.  
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The influence of blending methyl decanoate in n-decane on the autoignition 

characteristics is shown in Figs. 3.4(a) and 3.4(b) on different time scales. Figure 3.4(a) shows 

that there is a decrease in the peak combustion pressure with increasing methyl decanoate 

content, consistent with its lower energy density. The energy density of methyl decanoate is       

-32,150 MJ/m3 [122]. The energy density of n-decane is -34,581 MJ/m3  [80]. Figure 3.4(b) 

shows that the addition of methyl decanoate into n-decane monotonically slows down its 

reactivity, although it is over the span of a millisecond. Figure 3.4(b) also shows another clear 

trend; the rate of pressure rise increases with 𝑅𝑀𝐷 causing crossover to occur among the 

averaged pressure traces around 3.5→5ms. This crossover occurs after the 𝜏𝑜𝑛𝑠𝑒𝑡 and 𝜏𝑜𝑣𝑒𝑟𝑎𝑙𝑙  

definitions of ignition delay.   
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Figure 3.4: (a) Averaged pressure traces for methyl decanoate/ n-decane blends. (b) First five 

milliseconds of averaged pressure traces for methyl decanoate / n-decane blends.   



61 

 

The overall ignition delay times based on the maximum rate of pressure rise and the 

DCN for methyl decanoate / n-decane blends are shown in Figs. 3.5(a); they are also given in 

Table 3.1. The ignition delay time of the blend (𝜏𝑜𝑣𝑒𝑟𝑎𝑙𝑙) increases as the methyl decanoate 

proportion (𝑅𝑀𝐷) is increased. A near linear relationship between the overall ignition delay and 

the proportion of methyl decanoate appears to hold, as seen from Fig. 3.5(a). The variability in 

the 25 tests used to obtain the DCN reported here is shown in Fig. 3.6. It is seen that the data 

sets follow a reasonably normal distribution with RMD=60 being the most skewed. The inter 

quartile range of the plots typically span 3 DCN units. 

 

 

Table 3.1: Experimental DCNs and ignition delay times of n-decane, methyl decanoate, and the n-

decane/ methyl decanoate blends 

Fuel RB DCN SDV overall SDV Pressure 
Air 

Temperature  

 (% 

Vol) 
  

(ms) 
(ms) 

(bar) (K) 

n-decane 
 

72.1 2.68 3.05 0.33 24.0 812.8 

Methyl decanoate 48.9 1.73 3.250 0.23 24.0 813.0 

n-decane/methyl 

decanoate blends 

10 66.9 2.87 3.350 0.24 24.0 812.7 

25 65.0 1.76 3.45 0.21 24.0 813.1 

40 62.0 1.96 3.650 0.33 24.0 812.1 

50 58.6 2.24 3.7 0.21 24.0 813.0 

60 57.3 2.02 3.900 0.29 24.0 812.3 

75 54.5 1.73 4.1 0.24 24.0 812.2 

90 51.2 2.13 4.25 0.26 24.0 812.8 
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Figure 3.5: (a) Overall ignition delay times and (b) DCN as a function of volumetric blending ratio.   
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Figure 3.6: Variability in the 25 tests used to obtain the DCN.  
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The derived cetane numbers for the binary blends, as a function of the volumetric 

blending ratio(𝑅𝑀𝐷) are shown in Fig 3.5(b). As shown, the DCN decreases monotonically as 

a function of 𝑅𝑀𝐷. Furthermore, the DCN variation trend can adequately be captured by a fitting 

function of the form the same as Equation 2.1, however the parameters are different. Equation 

3.1 shows the DCN function as a function of the volumetric blending ratio for methyl decanoate/ 

n-decane blends.  

Equation 3.1: DCN fit as a function of the blending ratio for methyl decanoate/ n-decane blends. 

𝐷𝐶𝑁 (𝑅𝑀𝐷 100⁄ ) = 72.1 − (72.1 − 48.9)× (
ln(1 + 𝑅𝑀𝐷 100⁄ )

ln(2)
)

1.064

             (3.1) 

The form of the fitting function ensures that the end points correspond to the experimentally 

observed DCN of the neat components. This property makes this functional form preferable 

over a simple inverse relationship that would appear to be valid based on Fig. 3.5(a). 

3.3-2 Influence of Oxidizer Temperature 

The dependence of ignition delay time on the oxidizer temperature has also been obtained for 

the two pure fuels. The results are presented in Table 3.2. Figs. 3.7(a) and 3.7(b) show the 

pressure traces and ignition delay times of n-decane at different temperatures, respectively. As 

shown in Fig. 3.7 the n-decane ignition delay time exhibits a monotonically decreasing trend as 

a function of the oxidizer temperature, for the conditions tested. No evidence of a prominent 

two-stage ignition is found in the pressure traces for the FIT tests for n-decane. However, it can 

be seen from Fig. 3.7(a) that the post combustion peak pressure of the four tests with the highest 

oxidizer temperature show a decreasing trend with an increase in temperature. The minimal 

difference in the duration of fuel injection alone cannot account for the observed trend. An 

increase in air temperature for a fixed volume and pressure should lead to a slightly larger global 
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equivalence ratio since the number of moles of oxidizer is reduced. Consequently, an increase 

in the post combustion pressure is expected since the system is globally lean. The contrary peak 

pressure trend may be related to the reduced reactivity on account of the low-temperature 

chemistry observed for n-alkanes in a similar temperature window. Additionally, it is seen from 

Fig. 3.7(a) that the post-combustion peak pressure drops off for the pressure trace with the 

lowest initial oxidizer temperature; most likely on account of incomplete combustion. 
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Figure 3.7: (a) Averaged pressure traces for n-decane with varying initial air temperature and (b) 

ignition delay times for n-decane as a function of initial air temperature.  

 

The dependence of ignition delay time on the oxidizer temperature for the pure fuel, 

methyl decanoate, is shown in Figs. 3.8(a) and 3.8(b) and given in Table 3.2. Fig. 3.8(a) shows 

that the ignition event of methyl decanoate exhibits a monotonic decrease in ignition delay with 

increasing temperature. Negative temperature coefficient (NTC) behavior was not observed for 

the tested temperature range. Fig. 3.8(b) also shows a sharp decrease in ignition delay with 

increasing temperature. Similar to n-decane, methyl decanoate shows an increasing trend in 

combustion peak pressure with decreasing temperature, for the three hottest tests. The 

combustion peak pressure falls off rapidly for the two pressure traces with the lowest initial 

oxidizer temperature.  
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Table 3.2: Experimental temperature dependence of ignition delays for n-decane and methyl decanoate 

Air Temperature Pressure  1 SDV overall SDV 

(K) (bar) (ms) (ms) (ms) (ms) 

n-Decane 

690.79 24.0 

 

23.4 0.75 

738.85 24.0 8.85 0.19 

777.63 24.0 4.5 0.13 

813.13 24.0 3.05 0.16 

827.0 24.0 2.75 0.13 

Methyl Decanoate 

690.82 24.0 23.4 1.28 39.7 4.53 

728.91 24.0 

 

15 0.46 

767.52 24.0 7.35 0.28 

812.83 24.0 4.25 0.23 

825.57 24.0 3.65 0.24 
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Figure 3.8: (a) Averaged pressure traces for methyl decanoate with varying initial air temperatures and 

(b) ignition delay times for methyl decanoate as a function of initial air temperature.   
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3.3-3 Pure Fuels and Blend (RMD=60) Exhaust Emissions 

The results of the exhaust gas composition measurements are shown in Figs. 3.9(a) and 

3.9(b). The graphs represent the averaged volume % emissions results and the averaged volume 

ppm emissions results, respectively, for the two neat fuels and their blend. Regarding the neat 

n-decane, Figs. 3.9(a) and 3.9(b) show that it undergoes near complete combustion with no 

production of CO. n-Decane combustion also produced the most nitric oxide (548 ppm, about 

130 ppm more than pure methyl decanoate). For methyl decanoate, CO2 production was less 

than that of n-decane but very similar to the 𝑅𝑀𝐷 = 60  blend. For pure methyl decanoate, a 

very small amount of CO was produced; this is consistent with complete combustion. 

Additionally, methyl decanoate showed the largest residual O2 after combustion (around 0.5% 

more than pure n-decane and 0.1 % more than the 𝑅𝑀𝐷 = 60  blend, likely due to its fuel bound 

oxygen atoms. The averaged exhaust gas composition measurements and the estimated global 

equivalence ratios based on the exhaust gas composition measurements, and calculated from 

Equations 1.1 & 1.2, are shown in Table 3.3. As expected, the pure methyl decanoate was found 

to have the lowest equivalence ratio likely because it has oxygen in its molecular makeup. 

Table 3.3: Exhaust gas composition measurements and estimated global equivalence ratios for n-

decane, methyl decanoate, and a volumetric blend of 60% methyl decanoate / 40% n-decane. 

 Pure MD Pure n-Decane 
60% MD 

 40% n-Decane 

O2 (Vol-%) 18.52 18.1 18.41 

SDV 0.12 0.11 0.08 

CO2 (Vol-%) 1.71 1.82 1.71 

SDV 0.09 0.07 0.07 

CO (Vol-ppm) 1.56 0 0 

SDV 2.32 0 0 

NOx (Vol-ppm) 415.7 548.39 451.83 

SDV 34.2 46.2 31.3 

HC (Vol-ppm) 3.03 14.94 4.99 

SDV 2.19 1.30 2.46 

Equivalence Ratio 0.115 0.136 0.120 
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Figure 3.9: (a) Oxygen and carbon dioxide concentrations in the raw FIT exhaust (b) Nitric oxide, 

hydrocarbons, and carbon monoxide concentrations in the raw FIT exhaust. All at   𝑇𝑎𝑖𝑟 ≈ 812.7 𝐾.   
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3.3-4 Methyl Decanoate, n-Decane, & Blend Ignition Delay Simulation Investigation 

Figs. 3.10(a) and 3.10(b) compare the experimental and simulated pressure traces for neat fuels 

and binary fuel blends of  𝑅𝐵 = 60, respectively. For the pure fuels and the LLNL mechanisms 

[96, 119], the agreement between the experimental and simulated pressure traces is reasonable 

considering that physical effects related to the spray, vaporization, and non-uniform fuel 

distributions are not included in the simulations. The mechanism of Ranzi et al. [120] is used 

for the blend simulations. As such, Fig. 3.10(b), shows an over prediction of ignition delay. It 

must be mentioned that this mechanism has been validated for high temperature conditions 

only. 
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Figure 3.10: (a) Comparison of experimental and simulated pressure traces for n-decane (ϕ =
0.136) [119] and methyl decanoate (ϕ = 0.115) [96] all at T ≈ 812.7 K. (b) Comparison of 

experimental and simulated pressure trace for n-decane/methyl decanoate (ϕ = 0.120) with RMD=60 

and all at T ≈ 812.7 K [120]. 

Figures 3.11(a) and 3.11(b) compare the experimental and simulated overall and first-

stage ignition delay times as a function of air temperature for n-decane and methyl decanoate 

respectively. The simulations exhibit both first and overall ignition delays. With exception of 

the lowest temperature test for methyl decanoate, only single stage ignition was observed for 

the experiments. For the n-decane fuel the overall ignition delay predictions using the LLNL 

mechanism [119] were generally higher a by a factor of eight. This could be a consequence of 

the non-homogeneity within the FIT, with the actual ignition occurring early in fuel rich pockets 

in the vicinity of the fuel spray. A similar trend holds for the methyl decanoate fuel for the 

overall ignition delay and also the single data point for the first-stage delay when compared to 

the simulations [96]. The slope of the Arrhenius plots of the overall ignition delays for both the 

fuels were however quite similar. 
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Figure 3.11: Overall ignition delay comparison between experimental and simulated results for (a) n-

decane and (b) methyl decanoate.  
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3.4 Concluding Remarks on n-decane / methyl decanoate study 

Autoignition characteristics of n-decane, methyl decanoate, and their binary blends have been 

obtained in a constant volume combustion chamber at a fixed fuel injection duration. Addition 

of methyl decanoate to n-decane was found to slightly reduce reactivity of the blend. A slight 

inhibition effect of methyl decanoate was observed for the overall ignition delay times. The fuel 

blend tests helped establish a working correlation for DCN as a function of volumetric blending 

ratio for methyl decanoate / n-decane blends. The DCN representative correlation will be useful 

in determining what mixture of bio-fuel one can use in a certain system.  

In addition, the dependence of ignition delay on the oxidizer temperature was obtained 

for the two pure fuels. No NTC behavior was observed for the temperature range tested. Two 

stage ignition was observed for both fuels at lower temperatures. It was determined that physical 

effects from experiments with short ignition delay times might mask this two stage ignition 

behavior. 

Exhaust gas composition measurements were conducted for the pure fuels and 60% 

methyl decanoate blend. Nitric oxide production was found to be sensitive to the extent of 

completion of combustion.  

The experimental results were also compared to homogeneous constant volume 

simulations. The simulated results over-predicted the experimental overall delays for both the 

fuels, but the slopes with respect to temperature variation were quite similar. Products of 

combustion were analyzed for the pure fuels as well as their blends. The mechanism used for 

the 60% methyl deaconate blend drastically over predicted the ignition delay time. This is likely 

because it hasn’t been validated for low temperature autoignition. This revels the need for a 

large n-alkane/ methyl ester mechanism for low temperature conditions.   
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Chapter 4 :  Temperature Dependence on Ignition Delay Times of Canola, 

Corn, and Soy Derived Bio-Diesel 

4.1 Biodiesel Study Foreword 

First generation plant based feedstocks are increasingly being used for biodiesel production 

[87]. Typical first generation feedstocks available in the United States are soybean and corn 

based. The United States produces 35.8% of the world’s corn and 33.3% of the world’s soybean 

crops [123]. The definitions, standards, advantages, and other information regarding biodiesel 

is given in the introduction of chapter 3. While autoignition parameters like DCN have been 

moderately investigated, there are limited-no studies on the effect of varying the initial 

thermodynamic conditions on the ignition delay times of theses fuels. This work fills in such a 

gap and provides the influence of oxidizer temperature on ignition delay. 

The work herein is an addition to the study carried out by Stuhlman et al. [5] which was 

presented at the 2017 WSSCI fall meeting. The study involved the autoignition response of 

canola, corn and soybean derived biodiesel. The study analyzed the autoignition trend of three 

different biodiesels at the FIT calibration temperature of ~812 K. A qualitative ranking in the 

ignition delay times and DCNs was seen. It was suspected that the ranking was due to the 

different degrees of unsaturation possessed by the biodiesels’ major components. This work 

expands upon the initial study by including three times more data at temperatures from 680 K 

-812 K. The initial results that are not amended are given in the Appendix.   
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4.2 Corn, Canola, and Soybean Biodiesel Properties 

The canola, corn, and soybean biodiesel fuels were produced in-house for the experimentation 

of this study. These biofuels were made through transesterification. Refer to the Appendix for 

additional information on the biodiesel production method. The chain length and degree of 

unsaturation are molecular traits that affect the ignition delays and DCNs of a fuel. The three 

biofuels produced for this study have almost identical chain lengths, but differ in terms of the 

degree of unsaturation.  

The five major Fatty Acid Methyl Esters (FAME’s) present in biodiesels tested in this 

work are shown in Fig. 4.1 and the compositional profile (vol-%) is given in in Table 4.1 . The 

last two rows in Table 4.1 gives the average degree of unsaturation (ADU) and average chain 

length (ACL) for one representative unit of the respective biofuel; this estimation was found 

using the following equations.  

Equation 4.1: Average degree of unsaturation (ADU) based on the biodiesel compositional profile. 

𝐴𝑉𝐺𝑑𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑢𝑛𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛(𝐴𝐷𝑈) = ∑ 𝑈𝑛𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑖

6

𝑖=1

 𝑥 (
𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑖

100
)          (4.1) 

Equation 4.2: Average chain length (ACL) based on the biodiesel compositional profile. 

𝐴𝑉𝐺𝐶ℎ𝑎𝑖𝑛 𝑙𝑒𝑛𝑔𝑡ℎ(𝐴𝐶𝐿) = ∑ 𝐿𝑒𝑛𝑔𝑡ℎ𝑖

6

𝑖=1

 𝑥 (
𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑖

100
)                        (4.2) 
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Table 4.1: Compositional profiles (vol-%) of the total methyl esters for the plant-derived biodiesels 

[5]. 

Fatty Acid Chain Length Unsaturation i Canola Corn Soybean 

C16:0 16 0 1 4.1 11.7 11.1 

C18:0 18 0 2 1.8 1.5 4.2 

C18:1 18 1 3 65.4 30.9 22.1 

C18:2 18 2 4 18.8 54.4 54.2 

C18:3 18 3 5 7.6 1 7.9 

C20:1 20 1 6 1 0 0 

ADU  1.27 1.43 1.54 

ACL 17.70 17.68 17.69 
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Figure 4.1: Chemical structures of the major neat components for the three plant-derived biofuels [5].  
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4.3 Results and Discussion 

4.3-1 Amended Initial Results of the Stuhlman et al. Study [5] 

Fig. 4.2(a) and 4.2(b) show the overall ignition delay times and DCNs of the biodiesels, 

respectively as a function of the average degree of unsaturation (ADU) found from Equation 

4.1 and given in Table 4.1. The x-axis of the graphs in Fig. 4.2 was considered to be suitable 

since the average chain length among the different biofuels changed very little. Note that the 

ignition delay times in Fig. 4.2(a) are the overall ignition delay times, not the onset of ignition 

delay times used for the DCN calculation. The overall ignition delay times show a monotonic 

non-linear increase in ignition delay time with increasing ADU. The calculated DCNs based on 

the 0.2 bar pressure rise criterion are shown in Fig. 4.2(b); this plot shows a near linear decrease 

in DCN with increasing ADU.  
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Figure 4.2: (a) Overall ignition delay times of the soybean, corn, and canola biodiesel. (b) Derived 

cetane numbers of the soybean, corn, and canola biodiesel. 

The DCN trend in Fig. 4.2(b) can be explained by examining the makeup of the three 

biodiesels shown in Table 4.2. Note that the CNs of the pure constituents were obtained from 

work of Yanowitz et al.[124], and represent the average for the ASTM D613 (CFR) values 

reported in the compendium. The fuel with the highest amount of unsaturation, in terms of the 

double bonds, exhibits the lowest DCN. Based on the composition profile in Table 4.2, the soy 

biodiesel has the highest C18:2 and C18:3 content, followed by corn and canola. It is the 

inhibiting effect of these multiple double bonds that leads to reduced reactivity and a lower 

DCN. Even if one were to include the C18:1 in the analysis, the ranking remains the same in 

terms of the weighted average of the number of ‘double bonds’ present in each biodiesel. To 

aid in the comparison between the current work and the work present in the literature, the 



80 

 

following equation is proposed. It is simply an average based on the CNs presented by Yanowitz 

et al.[124] and the biodiesel fatty acid composition.  

Equation 4.3: Averaged cetane number (ACN). 

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑒𝑡𝑎𝑛𝑒 𝑁𝑢𝑚𝑏𝑒𝑟 (𝐴𝐶𝑁) = ∑ 𝐶𝑁[120]𝑖

5

𝑖=1

 𝑥 (
𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑖

100
)              (4.3) 

Table 4.2 (b) shows that the ACN follows the same trend as the work presented here. 

However, the range of the ACNs (2.2 CN units) is much shorter compared to the DCNs (10.4 

DCN units).  

Table 4.2: (a) Cetane Numbers of the biodiesel components and compositions of the biodiesels. (b) 

The experimental DCN found here and the Average Cetane Number (CAN) based on (a) [5].  

(a) Yanowitz et al. CNs and Methyl Ester Composition 

Component CN Percent Methyl Ester in Biodiesel 

  Canola Corn Soybean 

Methyl Palmitate (C16:0) 74 4.1 11.7 11.1 

Methyl Stearate (C18:0) 81 1.8 1.5 4.2 

Methyl Oleate (C18:1) 56 65.4 30.9 22.1 

Methyl Linoleate (C18:2) 42 18.8 54.4 54.2 

Methyl Linolenate (C18:3) 46 7.6 1 7.9 

 

(b) Experimental DCN Comparison 

 Current Work (DCN) ACN 

Canola 54.3 52.5 

Corn 47.5 50.4 

Soy 43.9 50.3 
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4.3-2  Initial Oxidizer Temperature Effect on Biodiesels 

The biodiesels were tested at three additional initial oxidizer temperatures. This was done so 

that the ignition delay ranking of the biodiesels could be further investigated. The pressure 

traces of the soybean, corn, and canola biofuels are presented in Fig. 4.3(a), (b), & (c) 

respectively. In general, the different biofuels behave similarly when subjected to different 

temperatures; that is, a monotonic increasing trend in the ignition delay time with decreeing 

initial oxidizer temperatures. 

From Fig. 4.3 (a), (b), & (c), there is a general decreasing trend in the maximum chamber 

pressure with decreasing initial oxidizer temperature. This is suspected to be because of the 

decreasing equivalence ratio trend with decreasing initial temperature; this being based on the 

assumptions of the ideal gas law and a constant injected mass of fuel for a given biodiesel 

between initial air temperatures. However, the exception to this trend is for initial air 

temperatures of 767 ~K. Surprisingly, at this initial air temperature all the biodiesels had their 

chamber pressure maximums. The reason for this is unknown. Additionally, a similar finding 

was observed for the works given in Chapter 2 & 3. The normalness of this occurrence may 

indicate that the assumptions used to formulate the expected trend are not entirely valid or are 

incomplete. This needs further investigating. One interesting note is that the magnitude of the 

maximum chamber pressure, at an initial oxidizer temperature of 767 K, changes for the 

different biofuels. The soybean peak pressure was 33.5 bar, corn 33.7 bar, and canola 34.1 bar; 

surprisingly the maximum chamber pressure ranking (soybean <corn<canola), is consistent 

with the DCN ranking believed to be linked to effective degree of unsaturation of the biodiesel.  
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Figure 4.3: Averaged pressure traces with varying initial oxidizer temperatures for (a) soybean 

biodiesel, (b) corn biodiesel, and (c) canola biodiesel  
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Fig. 4.3 also showed that all the biodiesels exhibited a two-stage ignition behavior for 

the coldest initial air temperature experiments at ~680.7 K. Additionally, the soy and corn 

biodiesels showed two stage behavior at initial air temperatures of ~728 K. To better display 

the two-stage behavior, the individual & averaged pressure traces, along with the average rate 

of pressure rise is shown for Canola at 680.5 K and soybean at 728.2 K in Fig. 4.4(a) & (b) 

respectively. Note the distinct differences between in the two-stage ignition behavior resultant 

from the different oxidizer temperatures. The average rate of pressure rise in Fig. 4.4 (a) shows 

the first stage ignition event having a larger rate of pressure rise maximum than the overall 

ignition event. The opposite is seen for the higher temperature test shown in Fig. 4.4 (b); the 

first stage ignition event, consistent with first rate of pressure rise maximum, is smaller than the 

overall ignition delay. 
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Figure 4.4:Individual and averaged pressure traces, as well as the rate of pressure rise for (a) canola 

biodiesel at Tair=680 K, and (b) soybean biodiesel at Tair=728 K.  
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All the ignition delays form the biodiesel experiments are shown in Fig. 4.5. Note the 

inverse temperature x axis and the y axis log scale. Overall, the ignition delay time ranking of 

the different biofuels with respect to temperature is maintained, with the exception of the overall 

ignition delay time of the corn and soybean biodiesels at the lowest initial oxidizer temperature. 

Overall the trend is nonlinear, perhaps indicative of being near the NTC region. 
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Figure 4.5: First stage ignition and overall ignition events of the biodiesels at different temperatures.   
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4.4  Conclusions Regarding Biodiesel Study 

The autoignition characteristics of three biodiesels produced from three plant derived feedstock 

have been obtained in a constant volume combustion chamber at a fixed fuel injection duration 

and various oxidizer temperatures. It was found that the biodiesel derived from canola was the 

most reactive followed by corn and soy. Similar post combustion pressure rises were observed 

for the three biodiesels. However, there was a discernible difference in the burn rate for the 

three fuels with soy-derived biodiesel exhibiting the highest peak value for the rate of pressure 

rise, followed by corn and canola. These findings are significant because it gives some 

indication of what feedstock might hold a higher value, in the sense of auto ignition propensity.  

From the various oxidizer tests, two stage ignition behavior was seen for the lower 

temperature tests, ~680 K. The ignition delay time trend was found to be consistent with the 

amount and degree of unsaturated components present in a particular biodiesel; additionally, 

the ignition delay ranking was preserved throughout other initial air temperature tests.  

.
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