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ABSTRACT 

Natural gas has grown in popularity as a fuel for power generation gas turbines. 

However, changes in fuel composition are a topic of concern since fuel variability can have a 

great impact on the reliability and performance of the burner design. In particular, autoignition of 

the premixed fuel and air prior to entering the main burner is a potential concern when using 

exotic fuel blends. To obtain much-needed data in this area, autoignition experiments for a wide 

range of likely fuel blends containing CH4 mixed with combinations of C2H6, C3H8, C4H10, 

C5H12, and H2 were performed in  a high-pressure shock tube. However, testing every possible 

fuel blend combination and interaction was not feasible within a reasonable time and cost. 

Therefore, to predict the surface response over the complete mixture domain, a special 

experimental design was developed to significantly reduce the amount of ‘trials’ needed from 

243 to only 41 using the Box-Behnkin factorial design methodology. Kinetics modeling was 

used to obtain numerical results for this matrix of fuel blends, setting the conditions at a 

temperature of 800 K and pressure of 17 atm.  

A further and successful attempt was made to reduce the 41-test matrix to a 21-test 

matrix. This was done using special mixture experimental techniques. The kinetics model was 

used to compare the smaller matrix to the expected results of the larger one. The new 21-test 

matrix produced a numerical correlation that agreed well with the results from the 41-test matrix, 

indicating that the smaller matrix would provide the same statistical information as the larger one 

with acceptable precision.    
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After the experimental matrix was developed using the design of experiments approach, 

the physical experiments were performed in the shock tube. Long test times were created by 

“tailoring” the shock tube using a novel driver gas mixture, obtaining test times of 10 

millisecond or more, which made experiments at low temperatures possible. 

Large discrepancies were found between the predicted results by numerical models and 

the actual experimental results. The main conclusion from the experiments is that the methane-

based mixtures in this study enter a regime with a negative temperature coefficient when plotted 

in Arhennius form.  This means that these mixtures are far more likely to ignite under conditions 

frequently encountered in a premixer, potentially creating hazardous situations. The experimental 

results were correlated as a function of the different species. It was found that the effect of 

higher-order hydrocarbon addition to methane is not as profound as seen at higher temperatures 

(>1100 K). However, the ignition delay time could still be reduced by a factor two or more. It is 

therefore evident that potential autoignition could occur within the premixer, given the 

conditions as stated in this study.   
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CHAPTER 1: INTRODUCTION 

This Masters thesis concerns the autoignition of natural gas fuel blends used in the power 

generation gas turbine industry. Natural gas has increased in popularity as a fuel for electricity 

generation. While coal is still the main fuel used, it is estimated that 9 out of the next 10 power 

plants built will be using natural gas to fuel their power generation gas turbines [1]. A graphical 

presentation of the consumption for electricity generation by energy source can be found in Fig. 

1.  
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Figure 1: Energy used to generate electricity plotted by source 
over the last five decades [1].  

 

 

A description of the operation of pre-mixed gas turbines, particularly their combustors, is 

given by Levebre [2]. Gas turbine engines operating on different combinations of hydrocarbon 
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fuels have been employed in the power generation industry as well as in the aero propulsion 

industry [2]. In both fields, restrictions with regard to pollutant formation have tightened in 

recent times due to regulations imposed by national as well as international authorities [3]. These 

restrictions have caused the industry to look at a wider variety of fuel blends. However, in the 

example of methane, used predominantly in the power generation industry in the form of natural 

gas, a small amount of a higher-order hydrocarbon impurity can cause dramatic changes in the 

burning characteristics of the overall fuel [4]. For example, additives such as a few percent 

ethane or propane can reduce the ignition delay time by a factor of two or more [5, 6]. This has a 

great impact on flame holding, stability, and reliability of the burner design. The effects of H2 

and higher-order hydrocarbon addition to natural gas on the performance of the gas turbines 

itself is not well known. The exact impact of significant (> 10%) levels of higher-order 

hydrocarbons in methane-based blends, much greater than typical impurity levels seen in natural 

gas, is also not known. Potential problems include flashback, premature ignition, combustion 

instability, and increased pollutant formation [7]. For this reason, the power generation industry 

would greatly benefit from knowing the burning characteristics of every possible combination of 

hydrocarbon that could be a constituent in the fuel; that is, having fundamental parameters such 

as ignition delay time and flame speed explicitly expressed as functions of the different 

constituents that could possibly make up the fuel.  

Of particular concern to the study herein is the tendency of fuel blends to accelerate the 

ignition process relative to fuels containing predominantly methane. In the case of premixed 

combustors, the ignition delay time experienced with different fuel blends could actually be less 

than the residence time of the fuel-air mixtures inside the flame tubes feeding the combustor, 

causing premature ignition in the premixed circuits herein referred to as autoignition, or AI. The 

2 



conditions within the premixed circuit (upstream of the combustor) can be at temperatures 

between 600-800 K and pressures from 10 to 25 atm [8, 9]. For this reason, measurements of 

autoignition at typical operating conditions are needed over a wide range of possible fuel mixture 

compositions.  

A problem such as this where the response or characteristic of a mixture is needed can be 

looked upon as posing a typical mixture problem [10]. The response of the experiments in this 

case would be the ignition delay time, τign, which is a common measure of the oxidation kinetics. 

This characteristic time is a convenient parameter representing the chemical time scale and is 

often used to calibrate chemical kinetics models composed of the possible chemical reactions 

and their reaction rates [11]. However, testing the ignition delay time for every possible fuel 

combination would be very time consuming as well as costly in the sense that a lot of test gas 

and time would be needed to conduct all the experiments. Testing every possible combination 

would be the same as running a full factorial in which pq amount of trials are needed. Here, q 

stands for the integer number of different factors, and p expresses the different levels at which 

these factors are tested.  

Statistical Design of Experiments (DOE) techniques can possibly lead to smaller test 

matrices. These orthogonal, reduced matrices can generate outcomes similar to those of full 

factorial matrices [12]. The large number of factors involved in a thorough study on gas turbine 

fuel blend AI and oxidation chemistry make them ideal for utilizing DOE test matrices. There are 

many works in the literature that focus on experiments with mixtures [10, 13].   

Chapter 3 presents the way reduced test matrices were developed for low-temperature, high-

pressure autoignition experiments in shock tubes.  
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First, a 41-mixture matrix was developed using the DOE orthogonal matrix approach by 

Petersen and de Vries [7]. It ran in a numerical experiment with an improved chemistry model. 

Consecutively, the L41 matrix was reduced to an L21 assuming the response can be fitted with a 

second-order polynomial. Finally, a correlation of exponential form is derived from the L21 

matrix. Details on the factors selected, AI trends, and the choices of experimental design are 

presented in chapter 3 on design of experiments. 

 All experiments in this study are performed at Dr. Eric Petersen’s shock-tube facility 

located in El Segundo CA [14]. For several years, shock tubes have been utilized for the study of 

heterogeneous combustion processes. Shock tubes are useful for such measurements because a 

shock wave is capable of nearly instantaneously raising the temperature. A description of the 

shock tube is given in Chapter 4. 

 This thesis presents the results of a thorough investigation of the effect of fuel additives 

on the combustion of natural gas at low temperatures (800 K) and high pressures (20 atm). A 

background on the subject as well as similar studies performed in the past is given in Chapter 2. 

In this study, experimental design techniques are employed, minimizing the required number of 

experiments. A description of the methodology behind this experimental design is given in 

Chapter 3. Chapter 4 discusses the basic operation of a shock tube and the specific setup used in 

this study including an uncertainty estimate for the experimental results. Finally, a conclusion is 

given in Chapter 5, which also includes recommendations for future work. 
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CHAPTER 2: BACKGROUND 

2.1 Combustion for power generation gas turbines 

Developments in the art and science of gas turbine combustion have traditionally taken 

place gradually and continuously, and it is therefore hard to assign the success obtained over the 

years to one single person. A book frequently used by the author is “Gas Turbine Combustion” 

by Lefebvre [2]. This book focuses on the combustion of gas turbines used in the aviation as well 

as the power generation industry. It also takes into account the recent increase in public demand 

for more stringent regulations on pollutant emissions. The power generation gas turbines 

discussed here use lean-premixed combustion. Lean-premixed combustion is used because of its 

potential for ultra-low NOx emissions. However, potential problems with lean premixed or 

“LPM” is the possibility for acoustic resonance. Also, the finite time necessary to achieve 

thorough mixing can exceed the autoignition delay time, causing premature ignition, and 

therefore dangerous conditions. Several studies have been conducted in order to characterize the 

combustion behavior of different hydrocarbons at conditions relevant to gas turbine combustion, 

with temperatures from 700-1500 K and pressures ranging from 10-50 atm. The next paragraph 

summarizes the studies that were deemed relevant to the current author’s investigation. The 

reader should keep in mind that this is not intended as an all-inclusive background in 

hydrocarbon combustion, since this would exceed the scope of the current study. 
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2.2 Hydrocarbon combustion  

The literature on low-temperature (<1000K) shock-tube combustion is sparse. Conventional 

shock-tube operation allows test times in the order of one ms. Therefore testing the ignition 

behavior of fuel blends at lower temperature is usually not possible, since chemistry is slower 

and the reaction times fall outside the experimental range of the shock tube. The problem with 

test time limitation is overcome in this thesis by employing shock-tube tailoring, which is 

described in more detailed in Chapter 4. As explained in Chapter 1, the autoignition of 

combustible mixtures can cause hazardous or at least undesirable conditions in the pre-mix 

circuit of power-generation gas turbines. Similar to gas turbines, internal combustion engines 

also deal with ignition problems, commonly referred to as engine knock. It is for this reason that 

several studies have been conducted on autoignition behavior of hydrocarbons. In 1993, Ciezki 

and Adomeit [15] investigated the autoignition of n-heptane-air mixtures under engine-relevant 

conditions using a high-pressure shock tube. The pressures were between 3.2 and 42 bar, the 

temperature varied between 660 and 1350 K, and equivalence ratios, the ratio between fuel/air 

dived by the perfect ratio of fuel/air, were between 0.5-3.0. Two different modes of ignition were 

detected, referred to as “strong” ignition and “weak” ignition. What “strong” and “weak” 

ignition is will be discussed in Chapter 4 and 5.  

In 1997 Fieweger et al. [16] studied the self-ignition of several spark-ignition (SI) engine 

fuels (iso-octane, methanol, methyl ten-butyl ether and three different mixtures of iso-octane and 

n-heptane) mixed with air. This was done using the shock-tube technique under relevant engine 

conditions. NTC (negative temperature coefficient) behavior connected with a two-step (cool 
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flame) self-ignition at low temperatures was observed. This is an observation that agrees with the 

former study mentioned above and some of the current author’s findings.  

In 1998, Curran et al. developed a detailed chemical kinetics mechanism to be used for the study 

of oxidation of n-heptane in flow reactors, shock tubes, and rapid compression machines [17]. 

The validity range of the mechanism was for temperatures between 550-1700 K, pressure from 

0-42 atm and equivalence ratios from 0.3-1.5. Data for jet-stirred reactors were used to refine the 

low-temperature portion of the reaction mechanism. Note that this study does not necessarily 

focus on the ignition behavior of n-heptane. However, the interest in this study is for every 

hydrocarbon of lower order than C6, which is found to be included in the heptane mechanism.  

The most important component of natural gas studied herein is methane. An investigation 

on the ignition behavior of high-pressure methane was conducted by Petersen et al. in 1999 [18]. 

In this study, elevated pressures varied between 40-260 atm at low dilution levels. The 

temperature varied between 1040-1500 K. A new kinetic model was created based on the GRI-

Mech 1.2.  

The first study found by the author to mix natural gas with other fuel components was 

conducted in 2000 by Sierens and Rosseel [19]. In this study the effect of hydrogen addition to 

natural gas was investigated. The objective of this study was to lower the lean limit of 

combustion in order to get extremely low emission levels.  

Following the detailed mechanism for n-heptane, Curran et al. created a mechanism for 

the oxidation of iso-octane mainly using the same techniques [20]. The iso-octane mechanism 

was validated over the same conditions as the n-heptane mechanism, using flow reactors and jet-

stirred reactors to complement and refine the reactions at low and intermediate temperatures. 

This mechanism is of interest in this study because it exhibits phenomena like self-ignition, cool 
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flame, and negative temperature coefficient (NTC) behavior, similar to trends seen with the 

physical data in this study. For that reason, this mechanism was used to validate the experimental 

matrix as can be seen in Chapter 3. 

In 2003, Lamoureux and Paillard studied the ignition delay times behind reflected shock waves 

for natural gas [21]. Their study was aimed at modeling the combustion behavior and to 

guarantee safe operation conditions when dealing with different types of natural gas. 

lamoureux’e study emphasizes the point made in this study that the composition of natural gas 

can change drastically based upon its origin.  

A shock-tube study in the ignition behavior of methane under engine-relevant conditions 

was conducted by Huang et al. [22]. The temperatures ranged from 1000 to 1350 K, and the 

pressure varied between 16-40 atm. Although this study was most relevant to internal 

combustion engine conditions, similar conditions are being experienced in gas turbines. The 

analytical study of methane oxidation was conducted using the detailed chemical kinetic 

mechanism as proposed by Petersen et al. [18].  

Flores et al. investigated the impact of ethane and propane variation in natural gas on the 

performance of a model gas-turbine combustor [23]. In this study, an atmospherically fired 

model gas turbine combustor with a fuel flexible fuel/air premixer was employed to investigate 

the impact of significant amounts of ethane and propane addition into a baseline natural gas fuel 

supply. Similar to the current study, this study employed statistical experimental design methods, 

where mixture design methodology as described by Cornell [10] was combined with more 

traditional factorial designs. The response of interest in the study was the amount of NOx and CO 

created when changing the particular fuel make-up.  
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Figure 2: Mixture space as used by Flores et al. [23]. Similar 
statistical techniques are employed in this study and can be found 

in Chapter 3 

 

Figure 1 shows a typical ternary plot generated in the study by Flores et al. [23]. Similar 

techniques are employed in the current study as can be seen in Chapter 3. The ethnane/propane 

study was preceded by an investigation by Flores et al. in the combustor performance as a 

response to gaseous fuel variation [24].  

 In 2004 Bakali et al. conducted an experimental and modeling study of the oxidation of 

natural gas in premixed flames, shock tubes, and jet-stirred reactors [25]. This study discusses 

the fact that methane reactivity is significantly enhanced by higher hydrocarbons at low levels of 

concentration, resulting from the fact that heavy hydrocarbon radicals are more reactive than 

methyl (CH3) radicals. The objective of the work was to validate a detailed reaction mechanism 

for the oxidation of natural gas taking into account the major and the minor alkanes that are 

present in the natural gas. Although Bakali’s study does not cover the pressure range of this 

study (0.6 kPa), many similar conclusions are being drawn about the combustion characteristics 

of natural gas. 
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 Gauthier et al. published a study about shock-tube determination of ignition delay times 

in fuel-blend and surrogate fuel mixtures [26]. This study supports the observation of a 

pronounced, low-temperature, NTC region similar to that experienced by Fieweger et al. [16] 

and in the current study.  

 Zhukov et al. (2004) investigated the autoignition behavior of n-pentane and air mixtures 

at temperatures from 867 to 1534 K and pressures from 11 to 530 atm [27]. Again this study 

shows a significant variation of the slope of the curve when plotted in arhennius form.  

 An interesting study of the combustion characteristics of a lower-order hydrocarbon 

(propane) was conducted by Herzler et al [28]. This was done under similar conditions as the 

current study with temperatures ranging from 900 to 1300 K and pressures of 10 and 30 bar. It is 

Herzler’s observation that there is a shift in the activation energy around 1050 K making linear 

extrapolation not possible. In addition to the propane study, CCD pictures were made from the 

endwall location. These pictures show that the ignition takes place in the center of the shock 

tube. This is an important observation since the current study used light detection at the endwall 

to define the ignition delay time. 

Another study by Herzler et al. focused on the shock ignition of n-heptane/air mixtures 

[29]. These were done using a shock tube creating conditions from 720 to 1100 K and pressures 

of about 50 bar.  
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Figure 3: Typical NTC behavior as observed by Herzler et al. [29] 
for mixtures of n-heptane and air and pressures around 50 bar. 

 

In addition to the familiar NTC behavior, the study showed a two-stage ignition at temperatures 

below 900 K. The negative temperature coefficient as observed by Herzler et al. [29] can be seen 

in Fig 2. This study used the chemical kinetics mechanism created by Curran et al. [17], which 

reproduced the general trends as observed experimentally. This is important since the model by 

Curran et al. is used in the current study for predicting non-linearities in the ignition behavior of 

natural gas fuel blends as can be read in Chapter 3.  

 In 2005, Buda et al. proposed a unified model for modeling the autoignition delay times 

of a wide range of alkanes [30]. The investigation conditions were temperatures from 600-1200 

K and pressures from 1 to 50 bar. The model allows a satisfactorily reproduction of ignition 

delay times obtained in a rapid compression machine or in a shock tube for n-pentane, iso-

pentane, neo-pentane, 2-methylpentane, n-heptane, iso-octane, n-decane, and mixtures of n-

heptane and iso-octane.  
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 Finally, Huang and Bushe conducted an experimental and kinetic study of autoignition in 

methane/ethane/air and methane/propane/air mixtures under engine relevant conditions [31]. 

This was done using the reflected-shock technique at temperatures from 900 to 1400 K and 

pressures from 16 to 40 bar. A new model was developed showing reasonable agreement. 

It can be seen that there are several studies investigating the ignition behavior of fuel blends that 

are relevant in the current study. Most of these are tailored towards combustion in Internal 

Combustion (IC) engines or for Homogenously Charged Compression Ignition (HCCI) engines 

and focus on the pollutant formation such as NOx or CO. However, several trends observed in 

these studies are relevant herein. First, the combustion behavior of higher-order hydrocarbons at 

lower temperatures found in former studies show a lot of similarities with the current author’s 

findings, especially the NTC behavior at higher pressure and lower temperatures. Second, 

validation of a chemical kinetics mechanism as done in former studies under similar engine-

relevant conditions justifies the use of such a model in the current study.   
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CHAPTER 3: DESIGN OF EXPERIMENT 

3.1 Autoignition experiments 

Possible fuel combinations dictate the range of autoignition experiments that are needed. The 

five different fuel species to be added to the base methane fuel are: ethane, propane, butane, 

pentane, and hydrogen. To minimize the number of experiments required to fully explore every 

possible fuel combination, three levels of each species were defined. Table 1 presents the three 

levels for the 5 fuel additives in terms of percentage of the fuel blend. Hence, a pure methane 

fuel will have a methane concentration of 100%. Even after assigning only 3 levels to each 

species, the total number of autoignition experiments required to test each possible combination 

would be 35, or 243 different fuel blends. Reduced matrices that cover the same parameter space 

as the 243-blend full factorial matrix were considered and are discussed in Petersen and de Vries 

[7].  

Table 1: Fuel species with three levels each for auto ignition 
experiments. Petersen and de Vries [7]. 

Species Levels (% of fuel)

C2H6 0, 20, 40

C3H8 0, 15, 30

C4H10 0, 10, 20

C5H12 0, 5, 10

H2 0, 10, 20
es  
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Design Of Experiment, (DOE) matrices specifically tailored for 3-level factors were derived by 

Box and Behnkin [32,33], and the appropriate matrix for a 5-factor experiment involves the 46-

test matrix shown in Table 2. In the usual fashion, the three levels are assigned as 0, –1, and +1. 

When applying this nomenclature to the Table 1 concentration levels, the 0 value corresponds to 

the zero % level; the –1 corresponds to the middle level; and the +1 level corresponds to the 

largest concentration. The complete fuel-blend autoignition matrix is provided as Table 3. Each 

entry in the table contains the appropriate % level of that species, where the baseline 

combination has all zeros and corresponds to the fuel being pure methane. Provided in Table 3 as 

an extra column is the CH4 fraction; note that this is not actually one of the main 5 factors in the 

matrix. Rather, the CH4 concentration is a result of assigning levels to the other fuel species that 

are in the DOE matrix. 

 

Table 2: Box-Behnkin 5-factor matrix for 3-level experiments as 
employed in L41 matrix by Petersen and de Vries [7]. 

A B C D E
±1 ±1 0 0 0
0 0 ±1 ±1 0
0 ±1 0 0 ±1
±1 0 ±1 0 0
0 0 0 ±1 ±1
0 0 0 0 0 (x3)
0 ±1 ±1 0 0
±1 0 0 ±1 0
0 0 ±1 0 ±1
±1 0 0 0 ±1
0 ±1 0 ±1 0
0 0 0 0 0 (x3)

Factors
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A thermochemical equilibrium code (STANJAN) was employed for calculating the 

equivalence ratio to produce a typical burner adiabatic flame temperature. The results led to the 

fact that φ actually varies less than a few percent amongst all 41 blends to attain the same 

combustor adiabatic flame temperature for typical conditions (1400 K, 17 atm). Hence, for 

simplicity, the same φ was assigned to each fuel/air mixture using the fuel blends in Table 3, 

specifically φ = 0.5. A numerical exercise was performed using the Table 3 blends, and the 

autoignition conditions to reproduce the results as if they were performed in the laboratory. This 

exercise was undertaken to produce results from the 41-test matrix that could be correlated. The 

main purpose of the correlation was that it could then be used to represent the autoignition results 

over the parameter space defined by the five factors and the experimental constants (φ, P).  

As discussed in the next section, the correlation was used to determine whether or not a 

smaller matrix that has fewer fuel combinations produces the same autoignition results. This 

numerical experiment required a chemical kinetics model to obtain the predicted ignition times. 

The Lawrence Livermore Mechanism [20] with the heptane chemistry included was selected for 

the calculations mainly because it is based on a core methane oxidation model and has extensive 

chemistry for the higher-order hydrocarbons (for convenience in performing multiple 

calculations). The Chemkin suite of software was used to run the mechanism, utilizing the shock 

module to match what would happen in a shock-tube experiment [34]. The Lawrence Livermore 

mechanism was designed for the lower temperatures (800 – 1000 K) of the auto ignition study; 

reproducing the correct ignition delay times per se was secondary to obtaining results that were 

realistic and self-consistent from blend to blend. Shown in Table 3 in the last column are the 

numerical results for the autoignition case.  
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Table 3: Fractional factorial (41-test) matrix for the auto ignition 
experiments. Predictions by the model are provided 

 

M ix C H 4 C 2H 6 C 3H 8 C 4H 1 0 C 5H 1 2 H 2 τ ign  (s)
1 1 0 0 0 0 0 0 0 1 .7 1
2 6 5 2 0 1 5 0 0 0 0 .9 1
3 5 0 2 0 3 0 0 0 0 0 .7 1
4 4 5 4 0 1 5 0 0 0 1 .0 2
5 3 0 4 0 3 0 0 0 0 0 .8
6 8 5 0 0 1 0 5 0 0 .0 5 9
7 8 0 0 0 1 0 1 0 0 0 .0 3 8
8 7 5 0 0 2 0 5 0 0 .0 3 6
9 7 0 0 0 2 0 1 0 0 0 .0 2 8

1 0 7 5 0 1 5 0 0 1 0 0 .7 5
1 1 6 5 0 1 5 0 0 2 0 0 .7 6
1 2 6 0 0 3 0 0 0 1 0 0 .6
1 3 5 0 0 3 0 0 0 2 0 0 .6
1 4 7 0 2 0 0 1 0 0 0 0 .2 0 9
1 5 6 0 2 0 0 2 0 0 0 0 .0 8 7
1 6 5 0 4 0 0 1 0 0 0 0 .2 6 9
1 7 4 0 4 0 0 2 0 0 0 0 .1 1
1 8 8 5 0 0 0 5 1 0 0 .1 1 8
1 9 7 5 0 0 0 5 2 0 0 .1 1 4
2 0 8 0 0 0 0 1 0 1 0 0 .0 4 8
2 1 7 0 0 0 0 1 0 2 0 0 .0 4 6
2 2 7 5 0 1 5 1 0 0 0 0 .1 3 1
2 3 6 5 0 1 5 2 0 0 0 0 .0 6
2 4 6 0 0 3 0 1 0 0 0 0 .1 6 2
2 5 5 0 0 3 0 2 0 0 0 0 .0 7 9
2 6 7 5 2 0 0 0 5 0 0 .2 2 8
2 7 7 0 2 0 0 0 1 0 0 0 .0 9
2 8 5 5 4 0 0 0 5 0 0 .3 5
2 9 5 0 4 0 0 0 1 0 0 0 .1 4 7
3 0 8 0 0 0 1 0 0 1 0 0 .0 8 9
3 1 7 0 0 0 1 0 0 2 0 0 .0 8 7
3 2 7 0 0 0 2 0 0 1 0 0 .0 4
3 3 6 0 0 0 2 0 0 2 0 0 .0 3 8
3 4 7 0 2 0 0 0 0 1 0 1 .5 3
3 5 6 0 2 0 0 0 0 2 0 1 .6 1
3 6 5 0 4 0 0 0 0 1 0 1 .6
3 7 4 0 4 0 0 0 0 2 0 1 .6 3
3 8 8 0 0 1 5 0 5 0 0 .1 6 7
3 9 7 5 0 1 5 0 1 0 0 0 .0 7 5
4 0 6 5 0 3 0 0 5 0 0 .2 0 2
4 1 6 0 0 3 0 0 1 0 0 0 .1 0 3

F u el B len d  C om p on en ts (% )
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Autoignition times (τAI) at 800 K and 17 atm could be correlated by an expression of the form: 

 

∏ ⋅−=
i

n
iAI

ixA )101(τ         (1) 

 

where A is a constant, and xi is the mole fraction of fuel species i in the blend. A correlation 

involving species concentrations raised to an exponent was selected as the form of the 

autoignition time relation herein because similar forms have been employed by many 

investigators to correlate their ignition delay times [35]. The resulting correlation in comparison 

with the autoignition-time results of the 41-test matrix is presented on a parity plot in Fig. 1. The 

correlation has an r2 value of 0.978 and is assumed to adequately reproduce the trends from the 

autoignition numerical exercise.  
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Figure 4: Correlation of autoignition times from numerical 
experiment using the 41-test matrix in Table 3. The correlation is 

of the form of Eqn. 1. 
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3.2 Numerical model 

As discussed in the last section, a numerical model was employed to give a prediction of the 

possible ignition delay times for different mixtures. The chemical kinetics mechanism created by 

the Lawrence Livermore National Laboratory was used in this case since it includes all the 

chemistry necessary for these experiments. Shock-tube measurements at low temperatures (800 

K) and at gas turbine pressures (17 atm) are extremely rare. Therefore, the model is not expected 

to agree well with the data to be found. However, the model should predict chemical 

nonlinearities that are specific to combustion chemistry and fuel blending. Therefore, a good 

correlation through the modeling data would indicate that the same type of correlation would 

serve well with real physical data. The behavior of the chemical kinetics mechanism can be seen 

in Fig. 2, which shows the prediction from the Lawrence Livermore mechanism against data 

presented earlier by the authors [36], but at temperatures above 1000 K.   
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Figure 5: Chemical kinetics model prediction against experimental 
data [36]. 
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It can be seen in Fig. 2 that the model starts overpredicting the data when larger percentages of 

higher-order hydrocarbons are added. Yet, the slope of the model seems to agree well with the 

slope that is given by experiments. One can see that the model has the tendency to over predict 

the experimental data, especially when higher-order hydrocarbons are added.  
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 50/50    CH4/C5H12

 

Figure 6: NTC behavior predicted by model for low temperature 
Ignition. 

 

Figure 3 shows the model’s prediction at lower temperatures. Note that at these temperatures and 

pressures, there are no experimental data yet available. It can be clearly seen in Fig. 3 that the 

addition of higher-order hydrocarbons greatly accelerates the ignition process. The regime that is 

hatched in the lower right corner of Fig. 3 is the region where autoignition is likely to occur in 

the gas turbine’s premixer. The model shows that addition of pentane with methane gives 

ignition times that come dangerously close to this unwanted regime. This becomes particularly 

evident when one remembers from Fig. 2 that the model has the tendency to overpredict the 

experimental data. Another interesting observation is the negative temperature coefficient  
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(NTC) effect that the mixture with pentane shows between 800 and 900 K. This NTC behavior 

leads to ignition times that are much smaller at lower temperatures than what might be 

extrapolated from data and models based exclusively on higher-temperature (and lower-pressure) 

behavior. It would be helpful to know which fuel component has the strongest effect on the 

acceleration of ignition of methane-based fuel blends. To quantify this, a sensitivity analysis was 

conducted using the correlation obtained from the chemical kinetics model. The sensitivity can 

be obtained by taking the partial derivative of this correlation with respect to each of the 

additional fuel components, such that 

 

%1004

)(

=
∂

∂

CH
i

iign

χ
χ
χτ

    (2) 

 

where ‘i’ stands for methane, ethane…..hydrogen, i.e. the species that can be found in Table 1.  

The result of this sensitivity analysis can be found in Fig. 4. The numerical model predicts that 

the addition of Pentane has the strongest effect on the ignition delay time. It also shows that the 

effect reduces when the order of the additional hydrocarbon goes down. Surprisingly, the effect 

of the addition of hydrogen is marginal, as shown in Fig. 4. 
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Figure 7: Sensitivity analysis of the effect of hydrocarbon addition 
to methane on the ignition delay time. Sensitivity is as defined in 

Eqn. 2. 

 

3.3 Reduced matrix 

The large matrix design has proven to give a satisfactory fit of the numerical data. However, 

conducting experiments using 41 different mixtures is still a quite elaborate process and, if 

possible, further reduction of the matrix would be desirable. In the response surface obtained 

using the Box-Behnkin method such as the 41-test matrix obtained above, the levels chosen are 

independent of the levels chosen for the other factors. In a mixture experiment, the factors are the 

ingredients or components of the mixture, and the response is a function of the proportions of 

each ingredient, which are typically measured by weight, volume, or molar ratios. The 

summation of all the components has to reach unity, which causes the individual levels of the 

factors to be dependent. 
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Figure 8: Constrained factor space for mixtures with 3 
components [10]. 

 

This is what makes mixture experiments different from the usual response surface experiments 

[10,13]. Mixture compositions can be either pure, binary, tertiary, etc., depending upon how 

many different components are included. A mixture that includes all possible components is 

called a complete mixture. The proportion of a mixture can be graphically represented using a 

simplex coordinate system. An example is given in Fig. 5 for q = 3 components. Each of the 

three vertices in the equilateral triangle corresponds to a pure blend, and the sides are made up of 

binary blends. For more on mixture experiments, the reader is strongly advised to read Cornell 

[10]. Mixture problems are very common in the chemical or food industry. The two main designs 

using simplexes are the simplex lattice design and the simplex-centroid design. A simplex lattice 

design is just a uniformly spaced set of points on a simplex. The number of points on each side 

of the simplex is given by the order of the polynomial that one would like to fit. In a simplex-

centroid design, all levels are equal in value or 0 otherwise, (1,0,0,0), (1/2,1/2,0,0), 

(1/3,1/3,1/3,0), etc. Simplex-centroid designs are often used when it is expected that cubic terms 

might be necessary 
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Figure 9: Simplex Lattice design for 6 fuel components. 

 

Figure 6 shows a simplex lattice design for the current problem in 3-D designed to fit a 

second-order polynomial. Notice that all the corners (vertices) represent pure mixtures. However, 

when investigating methane-based fuel blends, it is very unlikely that the mole fraction of 

methane becomes less than 50%. In other words, there are constraints on the component 

proportions that prevent one from exploring the entire simplex region. Only a sub region of the 

simplex shown in Fig. 7 is relevant for the current study.  
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   Region of interest 

x e thane   

xmethane  

x propane  

 

 

xmethane  = 0.5 

 

Figure 10: Feasible mixture space with a lower bound on the 
methane mole fraction [10,13]. This is an example that employs 

only three mixture species. 

  

The general form of the constrained mixture problem is 

 

∑
=

≡
q

i
ix

1
1        (3) 

 

iii UxL ≤≤       (4) 

  

where Li stands for the lower bound and Ui for the upper bound. All the upper-bound limits for 

the fuels are given in Table 1. The effect of the upper and lower bound restrictions in Eqn. 4 is to 

limit the feasible space for the mixture experiment to a sub region of the simplex. For illustrative 

purposes, a triangular simplex is used to graphically represent the design process. (However, the 

reader should be aware that the simplex including all components (Hydrocarbons) actually takes 

the form of Fig. 8.) When one component has a lower limit Li, then the maximum value that any 

other components could reach would be Uj ≠ i = 1-Li. If only methane is bounded and the other 
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components simply have an upper bound of Ui = 1-Lmethane, then the feasible experimental region 

is as seen in Fig. 7, in which only ethane and propane are shown for illustrative purposes.  

In the case of Fig. 7, the experimental region is still a simplex, and it seems reasonable to 

define a new set of components that will take on the values 0 to 1 over the feasible region. The 

redefined components are called L-pseudo components, or just pseudo components. The pseudo 

components Xi are defined using the transformation 

 

L
LxX ii

i −
−

=
1

      (5) 

 

1
1

<=∑
=

q

i
iLL       (6) 

 

It is recommended that the pseudo components be used to fit the mixture model. This is because 

constrained design spaces usually have high levels of multicollinearity or ill conditioning [13]. 

The reduced simplex method described above assumes that the only constraint is the lower 

bound constraint on methane.  

In fact, as can be seen in Table 1, the additional proportions of the other hydrocarbons all have 

different upper bounds. This leads to an experimental region that is not a simplex as can be seen 

in Fig. 8 In such cases computer generated designs, such as the D-optimal algorithm are logical 

design alternatives.  
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   xmethane 

 x e thane   xpropane 

No longer a 
simplex 

 

Figure 11: Experimental region for current study with upper 
bound for ethane and propane. 

 

Table 4: The fuel compositions for the L21 (left) and converted 
pseudo components (right). 

Original Fuel blend components (%) Pseudo components
mix # xch4 xc2h6 xc3h8 xc4h10 xc5h12 xh2 tign (s) Xch4 Xc2h6 Xc3h8 Xc4h10 Xc5h12 Xh2

1 100 0 0 0 0 0 1.71 1 0 0 0 0 0
2 75 25 0 0 0 0 1.65 0.5 0.5 0 0 0 0
3 75 0 25 0 0 0 0.63 0.5 0 0.5 0 0 0
4 75 0 0 25 0 0 0.042 0.5 0 0 0.5 0 0
5 75 0 0 0 25 0 0.024 0.5 0 0 0 0.5 0
6 75 0 0 0 0 25 2.31 0.5 0 0 0 0 0.5
7 50 50 0 0 0 0 1.77 0 1 0 0 0 0
8 50 25 25 0 0 0 0.79 0 0.5 0.5 0 0 0
9 50 25 0 25 0 0 0.073 0 0.5 0 0.5 0 0
10 50 25 0 0 25 0 0.036 0 0.5 0 0 0.5 0
11 50 25 0 0 0 25 1.82 0 0.5 0 0 0 0.5
12 50 0 50 0 0 0 0.52 0 0 1 0 0 0
13 50 0 25 25 0 0 0.071 0 0 0.5 0.5 0 0
14 50 0 25 0 25 0 0.037 0 0 0.5 0 0.5 0
15 50 0 25 0 0 25 0.64 0 0 0.5 0 0 0.5
16 50 0 0 50 0 0 0.023 0 0 0 1 0 0
17 50 0 0 25 25 0 0.017 0 0 0 0.5 0.5 0
18 50 0 0 25 0 25 0.038 0 0 0 0.5 0 0.5
19 50 0 0 0 50 0 0.013 0 0 0 0 1 0
20 50 0 0 0 25 25 0.021 0 0 0 0 0.5 0.5
21 50 0 0 0 0 50 2.8 0 0 0 0 0 1

 

 

Another alternative is to have all non-methane fuel components vary between 0 and 40%. That 

way the only restriction is the lower limit of methane and a reduced simplex such as shown in 
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Fig. 7 can be employed using L-pseudo components. However, making all other fuel components 

divert from the original region of interest can cause larger errors in the final correlation. Table 4 

shows the design for a quadratic polynomial presented in the original component proportions and 

also in pseudo components.  The simplex lattice experimental design as seen in Table 4 is used to 

find a second-order polynomial. 

The dependence between the components, see Eqn. 3, can be used to simplify the polynomial 

model that can be fitted through the experimental data. One method is substituting Eqn. 7 in the 

polynomial.  
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This is just Eqn. 3 written in a different form. This approach is not widely accepted because it 

obscures the effect of the qth component. Another form is a method described in great detail by 

Cornell [10]. It produces the general second-order polynomial 
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Into the form 
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Figure 12: Data compared against the quadratic polynomial, Eqn 
8. This does not produce a good result. 

 

This form is also called canonical or Scheffé form. Note that here X is used instead of x which 

means that the polynomials will correlate the pseudo components. For the case here, q = 6, and 

Eqn. 7 will have 21 coefficients, just as many as there are trials in the matrix in Table 4. There 

are 21 equations and 21 unknowns. This means that every coefficient can uniquely be solved for 

this problem. The βijXiXj Terms present the excess response from the quadratic model over the 

linear model. This is often called synergism or antagonism due to nonlinear blending. The 

quadratic model such as Eqn. 9 has the advantage that the interaction between every component 

becomes evident. The model used for Eqn. 1 takes into account higher-order interactions. This 

can be clearly seen in the L41 matrix where several components are included per trial, and the 

matrix is less sparsely populated than the matrix in Table 4. 
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Figure 13: The exponential correlation obtained by the L21 matrix 
against data from L21. 
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Figure 14: The correlation obtained by the L41 matrix applied to 
L21 levels. 
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 3.4 Results  

 To test the result obtained using the simplex lattice method, the correlation was tested against 

the L41 matrix. An analysis of variance (ANOVA) was conducted going both ways. First, it is 

very likely that in practice mixtures will be used that are just binary blends. For that reason the 

correlation found using the Box-Behnkin method should give a good fit through the data that 

were obtained using the L21 in Fig 4. Vice versa, the second-order polynomial obtained with the 

simplex lattice method should be verified against the L41 matrix. It becomes clear from 

analyzing Fig. 9 that the quadratic correlation obtained from the simplex lattice design does not 

agree well with the numerical data obtained for the L41. Figure 11 shows the correlation 

obtained from the L41 to correlate the compositions from the L21 matrix. It is clear that the 

agreement is satisfactory and that the L41 can properly be used to create a suitable response 

surface, as expected. It also follows from the high r2 value from the correlation in the form of 

Eqn. 1 that an exponential correlation must come close to describing the real response surface. It 

is therefore a logical step to find a similar response using the L21 matrix. Thus, instead of trying 

to fit a second-order polynomial, a correlation of the form of Eqn. 1 was attempted. The result is 

shown in Fig. 12, which shows clearly that the natural response surface must come close to that 

in the form of Eqn. 1, which is what one would expect from the underlying physics.  

 The last question that needs to be asked is if the exponential correlation obtained from the 

L21 will predict a good agreement with the numerical results obtained from the L41. If so, the 

correlation is tested over a wide range of fuel blends, and a strong argument can be raised to 

further reduce the L41 test matrix to a L21. Such a comparison can be seen in Fig. 12. The r2 of 

the result in Fig. 12 turns out to be 0.96 when tested over the full factorial range. Therefore, it 
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appears that the L21 matrix can be used in lieu of the larger L41 matrix yet produce the same 

trend.  

It is always necessary to examine the predicted model to ensure that it provides an adequate 

approximation to the true system, also called ANalysis Of VAriance, or ANOVA. One check is 

the residual analysis where ei = yi - ŷi is the residual from the least squares fit. When ei (%) is 

plotted against ŷi, which can be seen in Fig. 13, a random distribution or scatter suggests that the 

variance of the original observation is constant for all values of yi, and that the correlation is 

unbiased. When analyzing Fig. 13 it can be concluded that the predicted response is unbiased 

with respect to the value of y. In Table 5 the results obtained from different correlations are 

summarized. All correlations are compared against the L41 test matrix. 
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Figure 15: Correlation from L21 against data from L41.  

3.5 Conclusions 

Performing a comprehensive set of shock-tube ignition experiments over a wide range of 

possible fuel blends can be a daunting task, particularly when the blend may contain a mixture of 
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methane with as many as five other species, each having volumetric mole fractions greater than 

5%. The mixture experimental matrix derived herein provides an alternative to performing 

ignition experiments for all possible fuel combinations. Since the data to be generated from the 

experiments serve a specific purpose—that is, the determination as to whether a given mixture 

will ignite within a time frame of 10 ms at 800 K and 17 atm—such a matrix provides an 

effective way to obtain such data in a limited time frame for immediate application by the gas 

turbine industry. 
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Figure 16: Plot of residuals against predicted values. The random 
scatter shows an unbiased or normal distribution of the residuals. 

From this one can conclude that a correlation of the form of Eqn. 1 
creates a close to true response surface. 

 

 

For some mixtures, as predicted by the chemical kinetics model in Table 3, the expected 

ignition time might be outside the 10-15 ms time frame of the shock-tube experiment itself. Even 

though such an experiment would not provide an actual ignition delay time, it still would provide 

useful information from a “safe” or “unsafe” standpoint with regard to premixing that fuel with 
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air prior to entering the burner of a power generation gas turbine engine. It is worth mentioning 

again that the τign predictions from the kinetics model in Tables 3 and 4 should be used only for 

comparing the L21 and L41 results and are not replacements for actual data due to the lack of 

validation for this (and other) kinetics mechanisms at gas turbine conditions at present. The 

trends from recent high-pressure data indicate that the model may overpredict τign.  

 

Table 5: Goodness of fit of different correlations all against data 
from L41. 

Correlation r2

Quadratic 0.48
Exponential 0.98
Exponential 0.96

Matrix used for correlation
L21
L41
L21

 

 

When performing the shock-tube experiments for the 21 fuel blends in Table 4, the authors 

anticipate conducting more experiments than the number implied by the matrix. For example, a 

given blend may not produce quantitative data within the time frame of the experiment, as 

previously mentioned, so additional tests at higher temperatures will be performed to determine 

what temperature is required for a given fuel/air mixture to ignite in less than 10 ms. Also of 

concern to the gas turbine industry are fuel/air mixtures with equivalence ratios of 1.0, which, 

according to kinetics models, should be more likely to ignite than the φ = 0.5 mixtures of interest 

herein. Stoichiometric mixtures can also be explored using the fuel-blend matrices in this paper. 

Additional experiments beyond those implied by the test matrices are also required to provide 

further insight into the complex chemical kinetics of CH4-based fuel blends. Other DOE-based 

matrices for such experiments are suggested by Petersen and de Vries [4]. 
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Finally, it should be noted that although the primary application is one concerning a set of 

shock-tube autoignition experiments at a specific temperature, pressure, and fuel/air equivalence 

ratio, the mixture matrix could also be employed in other experiments in need of combustion 

data for the same range of mixture combinations. For example, the L21 (or L41) matrix can be 

used to guide a series of flame speed experiments where the primary result is a measured flame 

speed for a given initial mixture of air and fuel blend. The matrix can also be used to study 

ignition for the same range of fuel combinations in apparatuses such as flow reactors and rapid 

compression devices. 
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CHAPTER 4: EXPERIMENTS 

4.1 Apparatus 

A significant aspect of the design of a gas turbine combustor is the time-dependent interaction of 

the species within the high temperature combustion zone, or as in the case in this thesis, a region 

outside the designed combustion zone where combustion could take place, whether intentionally 

or non-intentionally. Chemical kinetics is one of the fundamental topics of importance during the 

design phase of a combustor. Because of their highly repeatable test conditions and uniform flow 

fields, shock tubes have been used for several decades to study these topics [14]. Details about 

general shock tube usage for gas-phase combustion experiments can be found in Bowman and 

Hanson [37], Glass and Sislan [38], and Bhaskaran and Roth [39]. Shock tubes are useful for 

measurements of heterogeneous combustion processes because the shock wave can be used to 

heat the mixture nearly instantaneously to temperatures on the order of 700 to 4000 K in a 

controlled environment. In the present application, the shock-tube technique is utilized for the 

study of low-temperature reaction times of gas turbine fuel blends as well as time histories of 

CH* emissions. The emission together with the pressure profiles are useful to detect “strong” or 

“weak” ignition in addition to the ignition time itself. The facility used in the present study is 

located at the Aerospace Corporation in El Segundo CA, and a wide-ranging description of this 

shock tube is given by Petersen et al [14]. In addition to the main shock-tube hardware, this 

facility includes a vacuum system, a velocity detection system, an optical detection system, and a 
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data acquisition system. A schematic of the shock tube and its gas-handling system can be found 

in Fig. 17.  

 

 

Figure 17: Schematic of the shock-tube facilityused for the 
experiments. Only the lower shock tube was used herein [14]. 

 
 

Note that there are two identical tubes that are vertically aligned. In this study, only the lower 

tube was used for the experiments. Under normal circumstances, the shock tube is pressure-

driven using helium as the driver gas. However, as mentioned in Chapter 2, driver-gas tailoring 

was used to create longer test times. This is discussed in more detail in the next section. For 

high-pressure experiments, pre-scored aluminum diaphragms of thickness ranging from 2-10 mm 

are used. The driver section is 3.5 m long and has an internal diameter of 7.62 cm. The driven 

section is 10.7 m long with an internal diameter of 16.2 cm. The endwall flange can be removed 
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for cleaning purposes. Light emission from CH* chemiluminescense was collected through two 

CAF2 windows, one located in the endwall and one located at the sidewall location. A schematic 

of the light detection system for both the endwall end the sidewall can be found in Fig 18.  
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Figure 18: Schematic of the optical light detection system as 
employed in this study 

 

 Under low-pressure circumstances, three MKS baratron model PDR-C-1B pressure 

transducers with 0-10, 0-100, and 0-1000 Torr pressure ranges are used to measure the driven-

section fill pressure (P1). However, the fill pressures needed for high-pressure, low-temperature 

experiments, i.e., 1000-1200 Torr, fall outside the range of these pressure transducers. Therefore, 

a fourth pressure transducer is used with a range of 0-100 psi. Post-shock pressures cannot be 

measured using conventional, diaphragm-based pressure transducers. Therefore, a Kistler 603B1 

piezoelectric pressure transducer in combination with a 5010 amplifier/signal conditioner box is 

used. This Kistler pressure transducer is located at the bottom of the tube, 1.6 cm from the 

endwall. This transducer is used to determine the qualitative, transient pressure and to ascertain 

the timing of the experiment. Absolute pressure readings are not obtained from this Kistler 

pressure transducer but instead are calculated using the shock speed in conjunction with the 1-D 

shock relations and the species thermodynamics.  
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 The computer-based data acquisition consists of a desktop computer and two oscilloscope 

boards from Gage Applied Sciences. Four channels are available with a 12-bit resolution and a 

sampling rate of 5 MHz.  

The vacuum system uses a Leybold TMP1000C turbomolecular pump (1000 l min-1). A 

Leybold D16B (450 l min-1) roughing pump backs up the turbomolecular pump. Initial roughing 

is done using a Kinney roughing pump. The vacuum system allows for evacuation to pressures 

below 10-6 torr. Note that in this specific study, the need for ultra- low vacuums is reduced by the 

fact that high-pressure gases are used to fill the tube to its initial condition, so the relative 

impurities are smaller. This allowed for faster ‘turn-around’ times in between experimental runs.  

 In most experiments, it is necessary that the shock velocity be known as accurately as 

possible. This is because the wave speed, in addition to the familiar gas dynamic equations for 

normal shocks, is used to obtain the temperature. In fact, the conditions behind the reflected 

shock wave depend only on the speed of the incident wave, the initial fill pressure conditions, 

and the known gas properties. The normal shock assumption is specifically valid ‘far’ away from 

the diagram. Non-ideal effects such as viscosity, imperfect diagram rupture and shock 

acceleration due to energy release in the reacting mixture can contribute to an axially non-

uniform shock speed. To compensate for this natural attenuation of the shock, 5 individual piezo-

electric pressure transducers (PCB P113A), with a time response less then 1 µs were used for the 

velocity measurements, providing 4 axial (and hence time) intervals. Each transducer circuit 

includes a charge-to-voltage amplifier (PCB 402M148) connected to the sensor by a 1-m low-

noise, coaxial cable (PCB 003C03). Two PCB 482A18 exciter/output boxes accomplished the 

signal conditioning. Four Fluke PM6666/016 counters were used to measure the time intervals 
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between the pressure rise of the passing incident wave. A schematic of the velocity measuring 

setup can be seen in Fig. 19.      

 

Figure 19: velocity detection system. In this study only the last for 
velocity measurements were used [14].  

 

Note that only the last 4 counters (C1-C4) were used for the velocity measurements. The 

additional counters that can be seen in Fig 19 were used by Petersen et al. [14] to investigate the 

attenuation of the velocity through the whole shock tube.   

4.2 Mixtures 

 Twenty-one different mixtures where tested. These mixtures approach the mixtures that 

where initially set by Table 4 in Chapter 3. The mixture table with the mixtures created and used 

in this study can be found in Table 6. The right column shows the original mixture numbers from 

the L-21. Note that it was usually possible to reproduce the mixtures of the experimental design 

matrix within an accuracy of  < 1% for each mole fraction. The gases used were ultra high purity 

(UHP) argon (99.995%), UHP O2, and research grade H2, CH4, C2H6, C3H8, C4H10, and C5H12. 

Partial pressure laws were used to create the mixtures. The fuel blends were mixed in a test-gas 

mixing tank through injection with a stinger tube containing hundreds of small outlet holes. This 

ensured homogenous mixtures. The vapor pressure of pentane is lower than atmospheric (±0.5 
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atm at 293 K). Therefore, the pentane was allowed to vaporize into the evacuated mixing tank, 

after which the other fuel additives were added finishing with oxygen and argon. 

Table 6: Experimental mixture table. The mixture numbers from 
the L21 can be found in the right column.  

L21 T CH4 C2H6 C3H8 C4H10 C5H12 H2
1 849 1.000 0 0 0 0 0
1 1107 1.000 0 0 0 0 0
2 811 0.750 0.250 0 0 0 0
3 817 0.751 0 0.249 0 0 0
3 1100 0.751 0 0.249 0 0 0
4 881 0.750 0 0 0.250 0 0
4 976 0.750 0 0 0.250 0 0
5 876 0.750 0 0 0 0.250 0
5 925 0.750 0 0 0 0.250 0.000
6 816 0.750 0 0 0 0 0.250
7 827 0.500 0.500 0 0 0 0
8 815 0.500 0.250 0.250 0 0 0
9 792 0.493 0.257 0 0.250 0 0

10 794 0.497 0.255 0 0 0.248 0
11 802 0.500 0.251 0 0 0 0.249
13 797 0.498 0.000 0.251 0.251 0 0
14 791 0.497 0 0.256 0 0.248 0
15 786 0.489 0 0.252 0 0 0.259
16 914 0.500 0 0 0.500 0 0
17 807 0.500 0 0 0.251 0.250 0
18 797 0.501 0 0 0.245 0 0.254
19 934 0.500 0 0 0 0.500 0
19 803 0.500 0 0 0 0.500 0
20 798 0.505 0 0 0 0.248 0.248
21 803 0.503 0 0 0 0 0.497

 
.  

4.3 Uncertainty analysis  

To do an uncertainty analysis, one should first see which parameter one is interested in and 

secondly on which quantities this parameter depends. Ideally there is a known functional 

relationship between one and the others. In the case of the present experiments, the main 

parameter of interest is the post-reflected-shock temperature, usually referred to as T5. If one 
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assumes constant specific heat ratio and the fact that the one-dimensional shock relations are 

valid, the reflected-shock temperature is a function of initial temperature (T1), the gas specific 

heat ratio (γ), and the incident-shock Mach number (M) [40-43].  
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In the case of the experiments herein, it can be shown that the specific heat ratio for a typical gas 

mixture (CH4/O2/Ar) with an equivalence ration of φ = 0.5 is (γ = 1.61). Equation 1 can then be 

reduced to an explicit correlation for T5 (M): 

T5 = T1 (0.686 M2 + 0.563 – 0.249 M-2)    (2) 

 

Note that the Mach number (M) is itself a function of γ, T1 and the velocity shock-wave velocity 

Vw given by the functional relationship 

 

  
1

wVM
T Rγ

=       (3) 

 

The accuracy of the temperature T1 depends on the instrument resolution (1 °C), the 

accuracy of the thermocouple used, and the difference due to the spatial distribution. As said in 

4.1, the velocity is inferred from 5 pressure transducers and 4 timers. The velocity at the endwall 

is determined by extrapolating a linear fit through the 4 velocity measurements. An example of 

this can be seen in Fig. 20. Note that there appears to be some random scatter around the linear 
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fit. The exact reason for this is not yet known [14] but is probably due to non-ideal shock 

formation/propagation effects or vibration that perturbs the trigger signal(s). The fact that a linear 

fit through this data is still better than using a single velocity measurement at the endwall was 

proven by Petersen et al. [14]. In the work by Petersen et al. [14] it was shown that the 

correlation through the four velocity measurements agrees well with linear fits through 9 velocity 

measurements over a much larger section of the tube (as in Fig. 19). Therefore, it is the author’s 

belief that the standard error of estimate from the four-point correlation is better than that shown 

in Fig. 20 and is set to be 0.5 m/s in Table 5. 
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Figure 20: Linear fit through the four velocity measurements. Note 
that the distance z is the distance from the endwall and one is 

interested in the wave velocity at z = 0. 

  

Next to the random error that comes from the linear fit through the four velocity measurements, 

there are two systematic errors, one for the distance measurement between ports and one for the 

time measurements from the timers. The random error caused by the linear fit is quantified by 
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the standard error of fit multiplied by the student t-factor. The number of degrees of freedom is 

2, since there are four data point and 2 constants from the linear fit.   A schematic of the shock-

velocity measurement setup is given in Fig. 19. An organized presentation of the different 

elemental errors, both random and systematic, can be found in Table 7.    

 

Table 7: Systematic and random uncertainties for the temperature 
(T5) measurement. 

Systematic Random

Distance (cm) 0.013
Time (µs) 0.665
Interpolation (mm/µs) 0.0005

Intrumentation, C 0.5
Accuracy, C 0.5
Spatial, C 1

Velocity Vw

Temperature T1

 

 

The uncertainty is then given by. 

1

2 2

5 5
1

1 1 1
w

k k

T v
w

T TB w
V T

   ∂ ∂
= +  ∂ ∂  
∑ ∑ Tw     (4) 

For the systematic error and 

 

5
1 95,2 wT

w

TS t S
V V
∂

=
∂      (5) 

 

Note that the uncertainty is given with an accuracy of 95%. 
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The temperature T5 with respect to the velocity Vw has a higher sensitivity at the 

conditions set for these experiments than the derivative with respect to temperature T1. It is 

therefore important that the velocity measurement be done as accurately as possible. This 

justifies the extra effort of using four velocity measurements together with a linear fit as opposed 

to a single velocity measurement. During shock-tube experiments, one should always keep the 

velocity sensitivity in mind. The resulting uncertainty is ±8 K for experiments conducted at 800 

K.    

4.4 Shock-tube tailoring 

To study combustion chemistry at low-to-intermediate temperatures, it is of great importance to 

increase the shock-tube test times. This can be done by tailoring the interface between the driver 

and driven gases. Shock tubes are commonly employed to study chemical kinetics and other 

combustion phenomena at elevated temperatures. Usually, shock-tube test times are on the order 

of 1 ms.  

In a typical shock tube, the driven section is 3 times as long as the driver section, and the 

driver gas is usually helium. Helium, because of its low molecular weight, is a very efficient 

driver gas creating the highest pressure and temperatures with the lowest pressure differential 

across the diaphragm. A disadvantage of helium is its high sound speed. Large sound speeds lead 

to fast-propagating expansion waves, which ultimately end the test times. One way of decreasing 

the sound speed of the driver gas is to mix the helium with a heavier gas with the acceptance of 

the reduction in shock efficiency. The gas of choice for weighing down the driver gas depends 

on the geometry of the shock tube [44, 45]. The gas used for tailoring the shock tube depends 
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next to its molecular weight on the specific heat ratio. The tailoring section included in this thesis 

describes the tailoring method as developed by Amadio et al. [44, 45], and is employed in this 

study in order to create longer test times.  

The shock-tube test time is defined as the time between the passing of the reflected shock wave 

and the arrival of the next wave, usually the expansion wave coming from the driver section. As 

said, strong incident shock waves are desired for high test temperatures (T5), therefore helium is 

usually the gas of choice for the driver gas. Figure 21 shows an x-t diagram that explains what 

happens in a ‘tailored’ case.  

 

Figure 21: x-t diagram for  ‘tailored’ case. The contact surface 
remains stationary when P8 = P5. From Amadio et al. [44]. 

 

Tailored in this thesis means that there is no pressure discontinuity at point ‘p’ where the 

reflected shock collides with the contact surface, P8= P5. As a result, the contact surface appears 

stationary, and the test section becomes more or less isolated from wave interaction outside the 

experimental region until the delayed expansion head reaches the test location (Fig. 21).  

 After the rupture of the diaphragm, a series of expansion waves will move toward the end 

of the driver section, traveling at the local speed of sound (1016 m/s for helium). When they 

reach the endwall of the driver section, they will bounce back and move in the opposite direction 

at a lower velocity. Due to superposition of the bulk motion of the gas on top of the speed of the 
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expansion wave, the expansion wave will accelerate to velocities greater than their original 

velocities relative to the shock-tube fixed reference frame. For test temperature T5 between 700 

and 1400 K, the contact surface between the driver gas and driven gas travels at a velocity of 

240-470 m/s in Argon. The gas-dynamic behavior within a shock tube depends both on the 

thermodynamic properties of the gases as well as the shock-tube geometry. Fortunately, the 

experiments herein were performed ideally under the same operational conditions. Therefore, it 

was only necessary to find one ideal driver gas composition that would allow for the longest test 

time. In general, there is a tailored composition for each temperature, making true tailored 

conditions hard to achieve in practice.  

 Since the expansion waves travel at the local speed of sound of the gas they occupy, their 

speeds can be greatly reduced by reducing the speed of sound of the gas. The sound speed is a 

function of the gas constant, the specific heat ratio, and the temperature. Lowering the 

temperature of the driver gas is usually not a feasible option. Therefore a heavier gas must be 

used to lower the sound speed. This would post pone the arrival of the expansion wave at the 

shock-tube end wall. Amadio et al. developed a 1-D gas dynamic model of the shock tube. The 

assumptions were adiabatic flow, non-reacting, 1-D flow, perfect gas and no molecular diffusion. 
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Figure 22: Pressure trace for untailored and tailored conditions 
respectively. Note that test times of 14+ ms can be obtained by 

using a heavier driver gas. This case, He/Co2 70/30%  

 

 To create a reflected-shock test pressure of 22 atm, the driver-gas pressure P4 needed to 

be around 1400 psi. Therefore, a tailor gas was chosen that would remain a gas at high pressures, 

i.e. the vapor pressure needed to be high. For this reason, CO2 was chosen to accompany the 

helium in the driver section. The vapor pressure of CO2 at 293 K is about 1000 psi. Note that this 

is less than P4, however, it was estimated by Amadio et al. that only 30-35 % CO2 was needed to 

create tailored conditions, which results in partial pressures between 420 and 490 psi [44,45]. 

Figure 22 shows the pressure trace without and with shock-tube tailoring, respectively. It can be 

seen in Fig. 22 that is was possible to create test times on the order of 14 ms, as opposed to the 1-

ms test times under untailored conditions. The pressure traces from the experimental runs as 

shown in appendix A have all used similar driver-gas tailoring to create these long test times.   
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4.5 Results 

The intent of the experiments was to show the effect of higher-order hydrocarbons on the 

ignition behavior of methane base mixtures at 800 K and around 20 atm. Next to providing 

valuable data to those involved in combustor design, the data can be used to validate chemical 

kinetics mechanisms in this relatively unknown low-temperature, high-pressure regime. 

Table 6 shows the mixtures that were created for the experiments. Next to mixtures that 

were produced to test the best tailoring mixtures, a total of 21 mixtures were created and used for 

the actual autoignition experiments. The initial driven pressure P1 (1000-1100 Torr) required the 

gas of three separate mixing tanks out of a total of four. Since the initial fill pressure sets the 

temperature given a certain diaphragm thickness, the remainder of the mixture was sometimes 

used to create an extra run at higher temperature. Although this higher temperature falls outside 

the region of interest herein, it still provides valuable information in terms of temperature 

dependency.  
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Figure 23: Pressure and emission plot for a pure methane case 

(mix. 1) at 849 K. Note the gradual buildup of pressure and 
emission called ‘weak’ ignition.  
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Figure 24: Pressure and emission trace fro a methane and pentane 

mixture (mix. 19). The steep pressure and emission rise due to 
ignition is called ‘strong’ ignition. 

 

(For this reason the temperature is included in the final correlation as an independent variable, as 

described below.) Figure 23 shows an experimental run with a pure methane mixture. Note the 
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gradual buildup of pressure and emission. This can be compared against Fig. 24, which is a 

mixture of CH4 and C5H12. Note the almost step increase in pressure and emission in this case, 

referred to in the literature as strong ignition. Thus, a preliminary look at the experimental data 

shows that there is not only a difference in ignition delay, a quantity of most interest herein, but 

that there is also a fundamental difference in ignition behavior as can be seen in Fig 23 and Fig. 

24. The pressure and emission traces of all other experimental runs can be found in Appendix A.  

 

Table 8: Mixture table with experimental result in ms. The 
prediction by the chemical kinetics model at 800 K is also given. 
Note the large difference in experimental results and the model 

predictions Model was evaluated at 800 K.   
Model Exp

21 T CH4 C2H6 C3H8 C4H10 C5H12 H2 tign (ms) tign (ms)
1 849 1.000 0 0 0 0 0 1710 7.00
1 1107 1.000 0 0 0 0 0 2.35
2 811 0.750 0.250 0 0 0 0 1650 7.72
3 817 0.751 0 0.249 0 0 0 630 10.79
3 1100 0.751 0 0.249 0 0 0 1.45
4 881 0.750 0 0 0.250 0 0 42 5.07
4 976 0.750 0 0 0.250 0 0 4.24
5 876 0.750 0 0 0 0.250 0 24 5.42
5 925 0.750 0 0 0 0.250 0.000 4.58
6 816 0.750 0 0 0 0 0.250 2310 8.10
7 827 0.500 0.500 0 0 0 0 1770 9.69
8 815 0.500 0.250 790 6.92
9 792 0.493 0.257 73 11.96
10 794 0.497 0.255 0 0 0.248 0 36 7.90
11 802 0.500 0.251 0 0 0 0.249 1820 7.80
13 797 0.498 0.000 0.251 0.251 0 0 71 9.32
14 791 0.497 0 0.256 0 0.248 0 37 8.36
15 786 0.489 0 0.252 0 0 0.259 64 8.58
16 914 0.500 0 0 0.500 0 0 4.00
17 807 0.500 0 0 0.251 0.250 0 17 5.34
18 797 0.501 0 0 0.245 0 0.254 38 10.38
19 934 0.500 0 0 0 0.500 0 3.69
19 803 0.500 0 0 0 0.500 0 13 6.04
20 798 0.505 0 0 0 0.248 0.248 21 5.98
21 803 0.503 0 0 0 0 0.497 2800 7.70

 

L

0.250 0 0 0
0 0.250 0 0
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Table 8 shows all mixtures that were created plus the experimentally obtained ignition 

delay times. Note that the modeling result is at 800 K.. Note the significant difference between 

experimental result and the prediction by the model made earlier in most cases. This is 

particularly evident when higher-order hydrocarbons are not present. This is most likely due to 

the fact that the chemical kinetics model was calibrated against heptane and pentane mixtures at 

higher temperature and not with methane-based mixtures at lower temperatures, although it does 

contain higher-temperature methane chemistry as a subset. Hence, the Lawrence Livermore 

model shows poor agreement for pure methane or hydrogen mixtures at low temperature (< 1100 

K) this was expected since it was calibrated for mixtures in this regime.  

 A correlation has been obtained to correlate the data in much the same way as has been 

done for the modeling data in Chapter 3. The correlation is given by: 

 

( ) ( ) ( ) ( ) ( ) ( ) ( )4 2 6 3 8 4 10 5 12 2
4646ln 5.837 ln 3 ln 1 ln 1 ln 1 ln 1 ln 1ign CH C H C H C H C H H

T
τ = + − + − + − + − + − + − +   

(6) 

And the parity plot that comes with the correlation can be seen in Fig. 25.  
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Figure 25: Parity plot for the experimental result against the 
correlation. 

 

The correlation is in the typical Arrenius form similar to that used in Chapter 3. 

 

Table 9: Effect of amount of additive per species.  

Mix τign 75/25%, ms τign 50/50%, µs
CH4/C2H6 7722 9691
CH4/C3H8 10792 --
CH4/C4H10 -- --
CH4/C5H12 5424 6037

CH4/H2 8100 7698
 

It would be interesting to see the effect of the amount of additive on the ignition behavior. Table 

9 shows the difference between 75/25% and 50/50% mixtures. Note that the quantity of an 

additive does not seem to have a strong effect on the ignition delay time under these conditions. 
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Adding more C2H6 seems to slow the ignition down. This is the opposite of the ethane effect at 

higher temperatures [6].   

The difference between strong versus weak ignition has already been seen in Fig. 23 and 

Fig. 24. This is an effect that is hard to quantify by a correlations since it is a Boolean (yes/no) 

phenomenon.  There are only two mixtures that show ‘weak’ ignition behavior. These are the 

pure CH4 mixture and the 75/25% CH4/H2 mixture. It is interesting that when more H2 is added, 

there is a strong ignition as can be seen in Fig. 26 and Fig. 27. 
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Figure 26: CH4/H2 75/25% Mixture (mix. 6) at 816 K. Note the 

weak ignition.  

 
 

-2000 0 2000 4000 6000 8000 10000 12000 14000

τign = 7698

0.038H2 + 0.0385CH4 + 0.1936O2 + 0.7289Ar

Time, µs

Em
is

si
on

/P
re

ss
ur

e,
 a

rb
itr

ar
y 

un
its

 

 

 

Run # 1858
Mix # 290
P5 = 21.121 atm
T5 = 803

Mix 21 
T5 = 803 
τign = 7698 ms 

50/50% CH4/H2 

 

Figure 27: CH4/H2 50/50% Mixture (mix. 6) at 816 K. Note the 
strong ignition. 
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Since the values from the experiment are so close together, it makes sense to determine the 

sample mean of all the experiments around 800 K and see what the standard deviation will be. 

The sample mean of the experimental results from Table 7 is 7.90 ms with a standard deviation 

of 1.92 ms. This means that for any mixture of CH4 with C2H6/C3H8/C4H10/C5H12/H2 at 800 K 

and around 20 atm the ignition delay time will likely be 7.9 ± 3.84 ms, 95% of the time.  

 An interesting observation can be made when focusing on the pure methane blends, 

which are plotted in Fig. 28. It can be seen that the slope of the graph reduces when entering the 

low temperature regime. This indicates a reduction in activation energy. One very important 

observation is that the two new data points obtained in this study connected to previously 

obtained CH4 data [36], seem to form one continuous graph. This would indicate that the low 

temperature data were shock tube tailoring is employed can seamlessly be connected to other and 

previously obtained high temperature data.   
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Figure 28: CH4 Data from this study compared against CH4 data 
previously obtained. Note the shift in activation energy and the 

way the data connects. 
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Figure 29 shows the pure methane together with al the experimental result from Table 8. Two 

3rd order polynomials have been obtained to correlate the data for both pure CH4 mixtures as 

well as for mixtures that include higher order hydrocarbons. Since the effect of hydrocarbon 

addition on CH4 ignition was very similar, their was no attempt made to correlate the effect of 

each hydrocarbon addition individually. 
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Figure 29: Data for pure CH4 and mixtures both plotted against 
104/T. Two correlations are obtained for the two different cases. 

 

Thus in the case of fuel lean (φ = 0.5) combustion around 20 atm and at temperature between 

1450-800 K, the ignition delay time can be predicted by using the following correlations. 
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        (8) 

These correlations give a r2 value of 0.981 and 0.983 respectively. 
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusions 

After carefully designing an experimental matrix, dictating that 21 different mixtures 

were necessary, 21 mixtures were created for experimental usage. After reviewing the chemical 

kinetic models predictions, it was the author’s belief that the ignition delay time of many of the 

mixtures would fall outside the experimental range that could be obtained with the shock tube 

(10-14 ms), and would simply show no ignition at all. Fascinatingly, the experimental results 

show that all the mixtures ignited within the experimental time available, showing that methane-

based mixtures are far more reactive at high pressures (20 atm) and low temperature (800 K) 

than previously thought. The variation in ignition time between the different mixtures was far 

less than expected. All the experimental results centered on a mean of 7.9 ms with a standard 

deviation of 1.92 ms. The danger of these mixtures igniting within the residence time of a power 

generation gas turbine is greater than previously thought. However, individual hydrocarbon 

additives do not seem to increase this threat.   

Besides the ignition delay time, higher-order hydrocarbons tend to have an effect on the 

ignition behavior of the fuel-blend mixture, showing ‘weak’ ignition for pure methane blends 

and ‘strong ignition for all other blends that include higher order hydrocarbons.  

 

58 



5.2 Recommendations  

 Since even pure methane blends at low temperatures and high pressure tend to be far 

more reactive than previously thought, it is recommended that a further investigation will be 

conducted in the methane ignition behavior at low-to-intermediate temperatures. Since the effect 

of significant amounts of higher-order hydrocarbon additives seems marginal, it would be 

interesting to investigate every individual hydrocarbon at low-to-intermediate temperatures. In 

this way, it can be determined if the similarity in ignition delay time between the different 

mixtures is caused by the dominating methane chemistry in this regime or that all hydrocarbons 

tend to show similar behavior at low temperature and high pressures.  
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APPENDIX A: PRESSURE AND EMISSION PLOTS FROM 
EXPERIMENT 
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