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ABSTRACT 

The history of the evolution of jet fuel, starting with JP-1 in the early 1950s and 

resulting in JP-8-100 is presented. The importance of fuel properties from a perspective 

of balancing availability, cost, and performance is illustrated with insight from the XB-

70, SR-71, and U-2. Current jet fuel advancements are discussed, and found to revolve 

around the need for increased heat capacity for high speed aircraft.  Benefits of increased 

thermal management, such as reduced emissions, engine weight, and increased 

performance are also discussed. Endothermic fuels, which undergo controlled pyrolysis 

at high temperatures reduce the formation of coke through hydrogen donation, and 

absorb energy in their pyrolysis reaction.  Due to the potential applications of tetralin, an 

endothermic hydrocarbon, as an additive or fuel to increase the capacity of aircraft fuels 

to absorb energy, the ignition delay characteristics of tetralin are experimentally 

investigated and compared with other fuels containing aromatic and naphthenic 

functionalities.  Future work should focus on developing a kinetic model to describe 

tetralin oxidation and ignition for use in combustion simulations.
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1. Introduction 

The evolution of air-breathing propulsion engines, from piston to jet engine, has 

resulted in the improved reliability, performance, and lowered operational costs of air 

transportation.  The jet engine’s initial development during WWII by both Allied and 

Axis engineers initially led most to believe jet engines were only useful for high altitude 

experimental aircraft.  At the end of WWII surplus American transport aircraft were sold 

for use in commercial aviation.  Furthermore the production infrastructure for these 

aircraft lent itself to conversion to production of commercial aircraft.  As a result of the 

1942 Lyttleton Agreement; America would produce transport aircraft, while Britain 

would focus on production of bombers and fighters (which required jet engines), British 

production and involvement in civilian transport was comparatively lacking.  In an 

attempt to re-enter the commercial market, British expertise in jet propulsion led to the 

introduction of the Comet, the first commercial jet airliner, in 1952.  Initially funded 

through the British government at a potential operational loss, the Comet was operated 

through the British Overseas Airways Corporation in an attempt to combat the American 

saturation of commercial aviation with a better product. Once in service, customer 

demand quickly forced rapid adoption of jet aircraft by airline companies, prompting 

production companies such as Boeing to produce dual designed military and commercial 

jet transport aircraft, such as the Boeing Dash-80 and 707 offered in 1955 [1]. 

Subsequent subsystem advancements, such as the high bypass turbofan, have improved 

the efficiency and range for jet operated aircraft.   

The current project, motivated by current military demand for high speed, high 

altitude aircraft, is based off of the desired continual improvement of aircraft thermal 

management.  One current limitation to the maximum speed of an aircraft comes from 

thermal heating of both engine and electronic components.  Current methods of thermal 

management on aircraft rely on the fuels’ sensible energy storage, which in turn is 

dependent on the temperature difference between the bulk fuel and the heat sink [2]. 

Current cooling technologies in rocket engines (and some aircraft engines) use 

regenerative cooling, where fuel is used to cool engine structures prior to the fuels 

combustion.  In some scenarios, where fuel burn rate is not large enough to account for 
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the volume flow of fuel required for cooling, fuel may be recycled and the bulk 

temperature increased. 

Peak loads on thermal management systems can occur at differing portions of 

flight, for different aircraft.  Long endurance aircraft, such as the U-2, require enhanced 

cooling systems for components due to the long duration of, and low fuel burn rate 

encountered in flight [2]. Fuel used as coolant is therefore recycled into the bulk fuel 

once heated, which reduces the efficiency of further fuel used as coolant.  A relatively 

small thermal mass of fuel results in eventual thermal saturation of the fuel even at low 

rates of heat transfer, and can become more of an issue when fuel burn rate is minimized 

as in the glider-like U2.  Once a high enough temperature is reached, hydrocarbon fuels 

begin to break down and form solid particles of carbon, a process known as ‘coking’, 

which results in increased soot emissions upon combustion, and clogging of liquid fuel 

lines. This creates a practical limit for the bulk temperature a fuel can reach, and 

therefore aircraft range and performance.  

As airspeeds approach sonic velocities, engine diffusers attempt to isentropically 

decelerate the flow, resulting in a transfer of energy to a thermal state.  At flight speeds 

approaching a Mach number of 3, such as with the SR-71 Blackbird, viscous and 

aerodynamic heating can also result in outer skin temperatures of approximately 500 

degrees Celsius [3].  These temperatures resulted in an increase in fuel storage 

temperature, and therefore reduce the ability for fuel-driven cooling, and increase the 

probability of coking.  As a result the SR-71 required a special fuel to be engineered and 

produced, JP-7 [2]. 

Any increased cooling capability could also result in reduced, and or more 

controlled emissions from aircraft engines. A half century of continuous aircraft engine 

emissions have had a significant effect on ozone levels in the upper atmosphere.  Even 

though aviation emission of nitrogen oxides (NO, NOx) accounts for only 3% of global 

NOx emissions they may account for a 10% change in ozone levels in the upper 

atmosphere, as reported by Schumann in [4].  It was concluded this was primarily due to 

the altitude of the emissions; at altitude the emissions absorb energy at a much larger 

rate than background gases.  Conventional control of NOx emissions in combustion 

processes rely upon reaction product temperature control. Thermal formation of nitrogen 
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oxides through the Zeldovich mechanism, as described by Turns in [5], occurs at 

temperatures of approximately 1800K and greater, from the reaction of diatomic 

nitrogen and atomic oxygen produced in combustion. Cooling of the combustion 

products quickly reduces the rate of NOx formation, and lowers NOx emissions.   

Demonstrated in the extreme by the SABRE engine being developed by Reaction 

Engines Limited, precooling of incoming air allows for the enhanced performance of an 

engine, as described by their website [6].  The SABRE engine uses liquid hydrogen fuel 

to cool isentropically compressed, and therefore hot, air.  Without this cooling of air, the 

combustion temperature, and pressure would have to be limited due to material melting 

temperatures, as commonly occurs in jet engines and is described by Turns in [5].  

Through the act of cooling the air, a higher pressure and change in temperature can be 

achieved in the combustor, which results in a higher efficiency and larger thrust.  

Compressed cooled air can also be used as cooling for turbine blades, allowing for a 

higher sustained temperature of combustion, i.e. even larger change in temperature, 

enhancing performance. Through the use of pre-cooling in the SABRE engine, less high 

temperature resistant material is required in the engine, resulting in a weight savings as 

well as the performance boost due to the combustion improvements [6]. To a lesser 

extent this same process can be used in conventional jet engines operating on 

hydrocarbon fuels, but relies on the liquid hydrocarbon fuel to absorb large amounts of 

energy from the hot compressed air. 

The experience gained in high speed and long endurance flight from the SR-71, 

and U-2 programs highlights the military need for fuels capable of absorbing large 

amounts of heat without coking.  Civilian advancements like the SABRE show the 

potential for civil aircraft to benefit as well. Current fuels use their sensible thermal mass 

to store energy, expressed as the specific heat capacity. However, sensible energy 

storage is limited by the maximum bulk temperature through coking of the fuel, as 

described previously [2,3].  Regardless of the thermal absorption method, increased 

cooling ability will allow for higher combustion temperatures, increased cycle 

efficiency, and reduced emissions (NOx) which correspondingly increase performance, 

economic operation, and improve public opinion of jet aircraft  [2,3,4,5,7].  In order to 

understand more fully the challenges faced with this thermal demand at high speed flight 



 

 4 

conditions, the estimated thermal heat sink required for flight at a range of Mach 

numbers is presented in Figure 1.1. 

 

Figure 1.1.   Fuel heat sink requirements with increasing Mach number, adapted from [2].  
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2. Evolution and Description of Aviation Fuels 

Initial efforts to power aviation relied on reciprocating engines until the invention 

and adoption of jet engines.  Reciprocating engine technology allowed for the use of 

commonly available petroleum derivatives, primarily in the form of aviation gasoline. 

However, as the jet engine was developed, certain fuels were used due to their 

availability and not because of their performance.  An example of this is the use of 

gasoline for Von Ohain’s first engine in wartime Germany [8].  Following this trend, 

Maurice [8] again reports that Whittle used the heavier hydrocarbons found in 

illuminating kerosene due to its availability in wartime England. During this time, the jet 

engine was considered to be for high altitude experimental aircraft, and therefore fuel 

standards were not needed [2,3]. Once the jet engine was established as a primary power 

source for a wide variety of flight regimes and aircraft in the early 1950s, a unified and 

widely available fuel standard was considered desirable by military personnel [2].  This 

desire led to a long process of trial and error, weighing the cost, performance, 

availability, and safety of various fuels for use in jet engines that finally produced widely 

accepted fuel standards (JP-8) in the 1980s.   

The quality and quantity of refined fuels is heavily dependent on its geological 

source, which determines the ratio of chemical compounds contained in the crude oil.  

The chemical compounds found in crude oil, of which the primarily concern is for 

alkanes, aromatics, naphthenes, alkenes, and sulfur in combination determine fuel 

properties such as octane rating, vapor pressure, and viscosity [8,9].  

Alkane hydrocarbons are characterized by a single bonded chain, or branched, 

string of carbon atoms surrounded, or saturated, by hydrogen atoms. Aromatics, such as 

benzene, are a ring of six carbon atoms each having a single hydrogen bonded to them or 

a longer functional grouping attached instead of a hydrogen.  Naphthenes are arbitrarily 

sized rings of single bonded carbon, each of which has two hydrogen atoms bonded to it.  

In crude oil most naphthenes are cyclohexane compounds with six carbons in the 

naphthenic ring because six-member rings contain the lowest strain energy (i.e. they are 

energetically preferred). Alkenes are hydrocarbons chains (straight or branched) that, 

dissimilar to alkanes, are not fully saturated; hence alkenes have at least two double 

bonded carbon atoms.  The amount of sulfur contained in a crude oil is often described 
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with the adjectives ‘sweet’ meaning low or ‘sour’ meaning high sulfur content.  Sulfur 

reduces the octane number, which generally degrades reciprocating engine performance.    

Low lead legislation in the 1970s forced refineries to chemically remove sulfur content 

in order to fix the issue.  Additionally, sulfur oxides found in combustion products react 

with and diminish the useful life of the metal compounds found in catalytic converters 

and cause acid rain [2,5]. 

Saturated hydrocarbons are beneficial for combustion due to their increased 

likelihood of complete oxidation to CO2, thus reducing soot, hydrocarbon, and CO 

emissions.  Among the compounds mentioned above, aromatics, and alkenes contain 

double bonded carbon which serves to inhibit the complete oxidation of the carbon in 

these compounds [5]. This increases the ignition temperature and soot emissions, which 

results in increased frequency of required engine maintenance [2]. However, the 

reduction in maintenance associated with burning highly saturated fuels is offset by the 

cost of refining such high-quality fuels [8]. 

Certain crude oils are preferable due to their hydrocarbon and sulfur content.  

Crude oils with fewer percent by volume of hydrogen sulfide require fewer processes 

and produce higher octane fuels.  Crude referred to as ‘heavy’ or ‘light’ refers to the size 

of the dominant hydrocarbon which is described by the American Petroleum Institute 

(API) Gravity of a crude oil, i.e. ‘light’ crude produces a greater percentage of gasoline 

than ‘heavy’.  Table 1 shows a variety of different crude oil characteristics depending on 

their geological origin. 

 

Table 1.   Comparison of crude oils by geographic origin. From OSHA Petroleum refining processes 

technical Manual [10]. 

Source of 

Crude Oil 

Paraffins  

(alkanes) 

(% Vol) 

Aromatic 

(benzene) 

(% Vol) 

Napthenes    

(% Vol) 

Sulfur  

(% wt) 

API Gravity 

Nigerian 

Light 
37 9 54 0.2 36 

Saudi 

Light/Heavy 
63/60 19/15 18/25 2/2.1 34/28 

Venezuela 52/35 14/12 34/53 1.5/2.3 24/30 
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Light/Heavy 

USA  

Mid 

Sweet/Texas 

Sour 

-/46 -/22 -/32 0.4/1.9 40/32 

 

Different oils will produce different yields and qualities of gasoline, kerosene, 

and other distillates, based on their initial volume fraction and the weights (measured 

through API Gravity) of alkanes, aromatics, and napthenes, as described by the OSHA 

Manual on Petroleum Refining [10].  Due to this wide variation in source composition, 

standards were used to dictate bulk fuel properties of importance and not exact chemical 

composition.  

Initial attempts to operate jet engines with traditional aviation gasoline (desired 

because of the existing gasoline supply infrastructure) lead to multiple problems.   The 

inherent large vapor pressure of gasoline, due to its low distillation temperature of less 

than 200 degrees Celsius, caused fuel to vaporize in flight at high altitude.  This vapor 

effectively cut off fuel supply to the engine by starving fuel pumps, in a process referred 

to as a ‘vapor lock’.  Additionally the high vapor pressure caused evaporative fuel losses 

at altitude.  The commonly used lead additives in aviation gas, which were needed to 

increase the auto-ignition temperature and pressure (which scale with the octane rating) 

caused issues with turbine maintenance and lifetime [2,8].  The high vapor pressure and 

inherently low auto-ignition properties of gasoline were avoided by the use of longer 

chain hydrocarbons found in kerosene. Distilled or straight-run kerosene, which uses the 

propensity of medium weight hydrocarbons to change phase at temperatures of 

approximately 200-300 Celsius in order to separate it from the bulk crude, has a range of 

hydrocarbon lengths from 6 to 16 [2,8]. This group of hydrocarbons has a lower vapor 

pressure than gasoline and does not have the high altitude vapor lock problem associated 

with aviation gas.  Additionally the higher octane rating did not require lead additives, 

thus decreasing required engine cycle maintenance frequency. 

In 1944 the first United States standard for jet fuel, known as JP-1, was enacted.  

This standard classified fuel which had a distillation fraction between 150 and 260 

degrees Celsius and dictated a freezing point of less than -60 degrees Celsius [8,9].  It 
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was quickly realized that few refineries could produce enough of this fuel due to the 

freezing point requirement, and as such a new fuel standard, JP-2 was introduced.  This 

new specification used a lighter distillation fraction in the hopes of increasing 

availability through the ability to meet the freeze point requirement, maintained at -60 

degrees Celsius. However, the slightly lower vapor pressure associated with this 

grouping of hydrocarbons also reduced the viscosity, making it difficult for refineries to 

meet viscosity levels set in place to ensure adequate engine lubrication [8,9].  Next, 

attempts to solve the issues encountered in JP-1 and JP-2 lead to JP-3, a fuel made 

through mixture of gasoline and kerosene, which met both the viscosity, and freeze point 

requirements of JP-1 and JP-2.  However, this mixture encountered evaporation losses at 

high altitudes due to the high vapor pressure of the gasoline component [8,9].  

The next iteration, JP-4, solved the evaporation problems associated with JP-3 by 

dictating a lower vapor pressure fraction during distillation.  JP-4 was also a mixture of 

gasoline and kerosene, but in ratios and qualities that allowed for adequate vapor 

pressure at altitude, viscosity for lubrication, and sufficiently low freezing temperature, 

justifying its continued use for many years.  A concurrent evolution in fuel was led by 

the Navy’s desire for fire protection.  Kerosene, with its higher ignition temperature, was 

preferred to gasoline for shipboard storage.  This resulted in the desire to abandon the 

mixing of gasoline and kerosene in JP-4 for a pure kerosene fuel.  However, this change 

to larger hydrocarbons would increase the freezing temperature of the fuel to above the 

JP-4 dictated -60 degrees Celsius.  Accounting for the lower expected operating altitude 

of naval airplanes, the Navy opt to increase the acceptable freeze point, and introduce 

JP-5 with a freeze point of -40 degrees [8,9]. 

During the early to mid-1950s engine manufacturers began to test engines at 

more flight like conditions.  This included the heating of fuels such as JP-4 and JP-5 as 

mock coolant, and resulted in the discovery of thermal cracking, or pyrolysis, which 

resulted in the coking (simply the formation of solid carbon based particles) of fuels 

[2,8].  Pyrolysis occurs at high temperatures, and is the anaerobic thermal separation of 

lighter hydrocarbons and hydrogen from the fuel, leaving behind a higher carbon content 

fuel, and/or pure carbon particles (coking). This increased carbon content fuel usually 

burns poorly, and leads to increased soot formation, and therefore increased maintenance 
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costs.  This discovery was replicated and a limiting temperature of 163 degree Celsius 

was found and assumed incorrectly to apply for all hydrocarbons [2].  The majority of 

aircraft operational conditions are able to avoid this fuel temperature range through 

design of heat exchangers, and the use of large quantities of fuel as a bulk heat sink.   

As planes continued to fly higher and faster, these fuel standards became lacking.  

The XB-70 supersonic bomber program, which flew at Mach 3 and with a service ceiling 

of 77,000 ft (23,600 m) required fuel which would not vaporize at altitude.  As a result 

of this requirement, JP-6 was introduced as a lower vapor pressure kerosene fraction for 

the XB-70 [8].  Due to the plane’s large fuel capacity the bulk temperature of the fuel 

was not expected to reach temperatures associated with coking.  Compared with the 

similar Mach and altitude SR-71, the SR-71 required both a lower vapor pressure, and 

higher heat capacity fuel.  As mentioned previously, this resulted in the design of yet 

another new fuel, JP-7, specifically for the SR-71.  JP-7 has a thermal stability limit of 

287 degrees Celsius, longer chain hydrocarbons, and therefore correspondingly low 

vapor pressure, and as a result is difficult to ignite [2,8]. However, this high-temperature 

stability required an anaerobic environment in order to stop oxidation with dissolved 

oxygen, which would occur prior to thermal degradation [2,3,8,11].  Shown in Figure 

2.1, the relative importance of temperature on the rate and mechanism of coke deposition 

is qualitatively reported by Huang in 2012 [11]. 
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Figure 2.1.   Coke deposition versus temperature, adapted from [11]. 

 

From Figure 2.1 it is obvious that the presence of oxygen greatly increases the 

rate of coke deposition before thermal breakdown occurs.  This was achieved 

operationally through the refueling of the SR-71 after takeoff at altitude, where the 

partial pressure of oxygen is less than at sea level. These stringent controls on the quality 

of the fuel resulted in a high cost and low availability; very few refineries could produce 

JP-7 [2,8].   

Current military standard jet fuel, JP-8 was developed due to observations of the 

number of aircraft shot down in the Vietnam War.  Aircraft fueled with the lower 

volatility JP-5 suffered fewer losses than those fueled with JP-4 [2].  A new fuel 

specification, JP-8 was developed with regards to this knowledge. First used in 1979, JP-

8 fuel had a specified bulk temperature limit of 163 degrees Celsius, and was made up of 

primarily the kerosene distillation fraction [2]. Advances in refining, distilling, and 

additive technology since the similar specification of JP-1 in 1953 allowed for the 

widespread ability for refineries to meet vapor pressure, viscosity, and freezing point 

requirements in JP-8.  By the mid-1990s widespread use of JP-8 was adopted by the US 

Air Force [2,8].  The low thermal stability limit caused issues with the increasingly 

modern aircraft, which required larger heat capacity in their fuels.  As a result, additional 
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additive packages were used to increase the thermal stability of JP-8. The fuel, JP-8 

+100, refers to the increase in thermal stability by 100 degrees Fahrenheit due to the 

additive package, and was developed in 1994 [2].  With comparable performance to 

earlier high cost fuels such as JP-7, JP-8 +100 cost cents more on a dollar per gallon 

conventional JP-8 fuel. 

Current development of high speed aircraft, and experimental supersonic 

combustion ram air jets, or SCRAM jets, will further increase the need for increased 

cooling capacity fuels [2,8,9]. One current methodology for enhancing the heat capture 

of fuels relies on the use of advantageous pyrolysis, termed as an endothermic fuel [3]. 

The process of pyrolysis, as shown in Figure 2.1, occurs in most fuels at high 

temperatures and leads to the formation of coke particles in the liquid fuels prior to 

combustion.  Certain fuels undergo this pyrolysis in a manner which in fact counter acts 

this formation of coke, usually through hydrogen donation, as described in 1993 by Song 

et al. [12].  The end result as shown in Figure 2.2, (for JP-7) allows for the enhanced 

heat capacity of the liquid fuel, due to the activation energy required for the controlled 

cracking of the hydrocarbon fuel, and made feasible by the reduction in coking through 

hydrogen donation.  
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Figure 2.2.   Endothermic nature of JP-7, adapted from [11]. 

 

One compound which undergoes this advantageous pyrolysis is tetralin.  Studied 

by Song et al. in 1993 [12], coal and crude oil derived JP-8 fuel was anaerobically 

heated to 450 degrees Celsius and maintained for 4-5 hours.  Comparisons between the 

thermal stability of the two resulted in the observation that the coal derived fuel 

remained more stable.  It was proposed that due to the process of liquidification of coal, 

compounds (tetralin, decalin) beneficial to the stability of the fuel were created, and 

therefore not found in the conventional oil distillate.  Hydrogen donation was proposed 

to be beneficial for stability due to the ability of free hydrogen to react with and negate 

the radicals used in the solid forming reactions [12]. It was further noted that although 

tetralin was able to donate more hydrogen, decalin occurred in coal derived JP-8 at a 

higher concentration, and therefore of more initial interest.  The current study will focus 
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on tetralin, shown in Figure 2.3, as there is no current data on its ignition behavior and 

no model found in the literature to describe its oxidation.   

 

Figure 2.3.   Tetralin (C10H12) structure and bond strengths.  These bond strengths indicate the most 

probable pathway of pyrolysis, and therefore H-donation [13]. 

 

 After the work of Song et al. in 1992, several papers on the liquid pyrolysis of 

tetralin have been published.  In 2002 Poutsma [14] published detailed chemical 

reactions and ranges of reaction for the pyrolytic decomposition of tetralin.  Several 

assumptions in reaction rates were used, and as a result additional experimental kinetic 

rates were requested in conclusion. Much more recently, in 2012 Li et al. [15] answered 

this call with experimental kinetic rates of tetralin pyrolysis at low pressures.  Li 

concluded that the pyrolysis of tetralin occurred, leaving 6 possible decomposition 

products, from which further decomposition occurred, and was modeled.   

 Stewart et al. [16] reported the chemical kinetics of liquid phase pyrolysis of 

decalin, tetralin and n-decane between 700 to 810 K.  The results of this experiment, 

shown in Figure 2.4, which show reduction in the coking rate by approximately 30% at 

all temperatures investigated for both tetralin and decalin mixtures in n-decane.  Figure 

2.5 reports on the same data Stewart et al. collected, plotting the normalized mole 

fraction of n-decane with temperature, which gives insight into the effectiveness of 

additives (tetralin and decalin).  This study concluded in the observation that the 

effectiveness of tetralin and decalin as a sole stability additive was minimal, but 
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suggested that as a package may be useful in deterring coking reactions through 

hydrogen donation. 

In order to design an engine specifically for use with these enhanced cooling 

fuels or additives, the combustion behavior must be known and available for use with 

design methods.  This thesis will report on the chemical kinetics of tetralin in an attempt 

to fill this void, and allow for the potential verification of any kinetic model for tetralin 

combustion created hereafter. 

 

 

Figure 2.4.   Experimental reaction rates and linear best fits for the pyrolysis of pure decane, 90% / 

10% molar ratio of decalin and decane, and 90% / 10% molar ratio of decane and  tetralin, adapted 

from [16]. 
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Figure 2.5.   Normalized mole fraction of decane as a function of temperature.  Mixture quantities 

are shown to delay the thermal breakdown in base fuel decane by approximately 30 degrees K, 

adapted from  [16]. 
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3. Basic Chemical Kinetics of Fuels 

In order to continually improve the design of internal combustion and jet engines 

the combustion reaction rate of fuel in air at operational temperatures and pressures is 

desired.  Once found, these reaction rates can be integrated into computational fluid 

dynamics calculations for the calculation of engine operation (e.g., temperature field) 

and engine performance (e.g., efficiency).  In addition to more accurate multi-physics 

calculations of cycle performance (e.g., power efficiency) accurate reaction rates also 

allow for increased insight into formation of unwanted combustion products, like NOx,  

CO, and soot, which are closely coupled to the temperature field and thereby the reaction 

rate. 

3.1 Reaction Types 

Typical global combustion reactions, such as the burning of hydrogen gas, are 

much more complicated than the global (overall) reaction would indicate.  The most 

basic combustion reaction,  

 
   

 

 
        

(1)  

is stoichiometrically correct, but practically infeasible [5].  It is not possible to have half 

a molecule of the diatomic oxygen.  Therefore the physically, and stoichiometrically 

correct reaction is, 

             (2)  

where two diatomic hydrogen molecules react with one diatomic oxygen molecule to 

form two water molecules [5].   However, if we were to now consider this reaction, we 

see that this requires the oxygen molecule to first break, and require the oxygen atoms to 

simultaneously react with hydrogen molecule. This type of molecular gymnastics is of 

low probability due to the large energy barriers associated with these bond 

rearrangements [5].  Instead a series of elementary reactions typically occur, as shown in 

equation set 3.  These reactions can be categorized into four types: initiation, branching, 

propagation and termination.  The first reaction shown below is an example of initiation, 

where two radicals (H and HO2 in this case) are formed from the reaction of stable 

molecules.  The second reaction is an example of radical branching, where reaction of a 
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radical produces more radicals.  Propagation, as shown in the third reaction, is simply a 

transfer from of one radical species to another.  Lastly termination, as shown by the 

fourth reaction, involves the formation of the stable product and the removal of radicals.  

Here M is an arbitrary third body (any molecule/atom in the system), which interacts 

solely by either absorbing or adding energy through collisions [5]. 

 

                                

                             

                                 

                                   (3)  

The number of elemental reactions in combustion processes required for 

sufficiently accurate modeling depends heavily on the application and choice of fuel.  It 

is not uncommon to have condensed (i.e. artificial) reactions over 100 in number, which 

represent thousands of actual reactions [5].  

3.2 Mass Action Analysis 

The law of mass action describes the formation or destruction rate of a species 

involved in a chemical reaction(s) as the product of a reaction rate coefficient, and the 

concentration of reactants involved.  A very basic example of this application is shown, 

 

   
 
     

    

  
          

    

  
          

    

  
         

    

  
         

(4)  

where brackets denote concentration of moles by volume, and A, B C and D are arbitrary 

species for the sake of example.  This set of differential equations can be solved 

numerically to determine the reaction rate towards the products, C and D. Additional 

reactions can be added to the set of differential equations in order to model more 

complex systems, eventually reaching our desired accuracy.  An example of this are the 
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279 reactions modeled for the combustion of methane, a simple hydrocarbon [5]. This 

method of determining the concentration of species in time is dependent on the reaction 

rate k, which can be estimated as the probability of both reactants A and B colliding, and 

that collision resulting in a reaction.  

3.3 Reaction Rate Theory 

The reaction rate, k, is most simply described using collision theory, which, 

although not quantitative, provides the approximate dependence of reaction rate on 

pressure and temperature.  Collision theory uses simple analysis, assuming a bimolecular 

collision where one species is stationary with respect to the movement of the other.  In 

this case our goal is the number of collisions per unit time, which will then be multiplied 

by the Arrhenius reaction rate (  , the probability of reaction upon collision), described 

later, yielding the probability of both collision and reaction occurring, as shown in 

equation 5 [5].  This is then compared to the mass action analysis, and the resulting 

similarity allows for the conclusion of the reaction rate k.  

     

  
  

               

           
 
                       

 

 
          

                
 

    

  
  

   

 
      

    
(5)  

3.3.1 Collision Theory 

Using the velocity of a particle of species A, assuming species B is stationary, 

and an estimate of  the sum of particle radius A and B as    , an estimate of the collision 

frequency can be made.  This distance and velocity will then be used to estimate the 

volume of a cylinder, which is the result of collisions with B swept through by particle 

A, as; 

                      
      (6)  

where    can be estimated from the average translational kinetic energy of a particle, 
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)

 
 
 (7)  
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and    is the Boltzmann constant,   is temperature in absolute units, and    is the mass 

of a particle of species A.  Next, evaluating the number of collisions per time and 

volume as Z, from Turns [5];  
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(8)  

where    is the number of particles, and   is an arbitrary volume.  Extrapolating this 

result of A striking B, as derived, to B striking A, we see the total number of collisions 

per volume and time as, again from Turns [5], 
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 (9)  

where   is the product of the particle masses divided by the sum of the masses.  

However, this can be further simplified through the use of Avogadro’s number; 

 
    

  
         √       

 (
    

  
)

 
 
    (10)  

where the quantity    is calculated from the Arrhenius reaction rate discussed in section 
3.3.2.  

3.3.2 Arrhenius Reaction Mechanics 

The probability of reaction is estimated as a function of the activation energy, EA, 

temperature, T, steric factor     and specific gas constant R, as the Arrhenius rate below, 

         ( 
  

  
) (11)  

and is based on the energy required to form a transition state from the two reactants, 

which will then proceed to product(s) at a lower energy level [5].  The factor    is used 

to estimate the probability that the correct relative orientation of the reactants is 

achieved.  This is graphically explained in figure 3.1. 
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Figure 3.1.   Energy diagram of a generic reaction.  Activation energy EA is measured in terms of the 

Gibbs Free Energy, seen as the energy needed for the initial reactants to reach a transition state, 

adapted from [17].  

From Figure 3.1 it is possible to see the effect of increased initial temperature on 

reaction rate.  As temperature is increased, the initial energy or ground state of the 

reactants is increased, resulting in the decreased effective activation energy required for 

the completion of the reaction.  The activation energy,   , is therefore globally 

temperature dependent and can be defined experimentally at specified temperature [5].  

The use of catalysts reduces the activation energy, and therefore increases the reaction 

rate at a given temperature.  

3.3.3 Theoretical Bimolecular Reaction Rate 

Finally, the instantaneous rate of change for the concentration of species A, for a 

specific reaction can be written as [5], 
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      ( 

  

  
)} (12)  

where comparing to the mass action analysis results in finding the reaction rate, k; 
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      ( 

  

  
)  (13)  

This theoretical reaction rate is valid for binary reactions, where only two reactants are 

used, and has units of [cm
3
/mol

2
s] [5].  The derivation of a termolecular reaction rate 

coefficient would follow the same theoretical setup, but would end in a different result. 

Unimolecular are equally likely to depend on similar reaction mechanics (resulting in 

similar rate derivation), and more complicated reaction rate theories which result in 

differing analysis.  However, the exact theoretical reaction rate is of little use here aside 

from the general dependence on state variables, and therefore only the simple 

bimolecular reaction rate is shown.   

3.4 Experimental Determination of Elemental Reaction Rates 

Through the use of individual reaction rates a set of elemental reactions it is 

possible to estimate the characteristics time required for the combustion of a fuel.  

However, in practice it is common to experimentally determine the reaction rate 

parameters, which allows for a more accurate estimation of reaction mechanics.  These 

experimental fits group the reaction rate as, 

 
           ( 

  

  
) (14)  

where the coefficients A, b and   are the experimentally determined coefficient [5].  

This fit of data is used independent of reaction type.  As such, catalogued data of 

Arrhenius reaction rates are very useful for the formulation of accurate chemical kinetic 

models of fuel combustion. 

3.5 Global Reaction Rates 

A common application of these reaction rates, and mass action models is in the 

fluid mechanic design of combustion chambers.  Here computational time, and CPU 

cycles are the limiting factor, and the biggest cost. Modeling combustion reactions inside 

of computational fluid dynamics (CFD) requires the calculation of these reaction rates 

multiple times per actual time-step, until convergence criteria are met.  The simplest 

global combustion reaction, that of diatomic hydrogen and oxygen, has 21 elemental 
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reactions [5].  This number quickly rises as the complexity of the fuels increase, as 

shown for methane previously.  Pure fuels, with only one species of hydrocarbon can 

have thousands of elemental reactions, each with their own reaction rate and mass action 

differential equation. Complex fuels, which are mixtures of different length, shape, and 

bonded hydrocarbons, would require the cross linking of these reactions leading to 

increased computational cost. Therefore it may be advantageous to sacrifice chemical 

kinetic accuracy for computational performance.  This can be done through yet another 

experimental and theoretical fit, or through an artificial grouping of similar speed 

reactions.    

Global reaction rates provide a simple tool for combustion engineering design.  

This method attempts to model the global reaction, from reactants to products as one 

differential equation, 

        

  
       ( 

  

  
)            

  (15)  

where the coefficients  ,      and   are experimentally determined.  This model is 

valid only under the specific experimental conditions, and most importantly fuel 

properties. As such, the usefulness of this model is diminished when compared to the 

understanding gained through the experimental calculation of elemental reactions, which 

can be used for any base fuel mixture, given that the additional elemental reactions for 

new fuel components are added to the model. 

3.6 Ignition Delay 

Reaction timescale, somewhat arbitrarily defined as when the reaction begins to 

exponentially increase in radical production is commonly referred to as ignition delay in 

combustion kinetics. This delay corresponds to the rise in concentration of free radicals 

in the system and is the time required for branching reactions to dwarf initiation and 

propagation reactions.  In this scenario, radicals produced continue to produce yet more 

radicals through branching, which results in more energy release, resulting in an 

explosion.  If the radicals formed terminate, or propagate more readily than they take 

part in branching reactions, then the reaction will tend towards a mild burn, and not an 

explosion. 
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3.6.1 Shell Model Ignition Delay 

A simple model of a generic reaction system provides insight into basic ignition 

delay behavior as a function of pressure and temperature. Using the simple model, where 

A are reactants, R radicals, P products, and M third bodies, as shown below, 

 

  
  
   

   
  
      

 
  
→   

     
  
→     (16)  

one can analytically solve for the ignition delay as defined by the concentration of 

radicals, R. In this model various real elemental reactions have been grouped together in 

artificial species due to their similar rate and type of reaction, resulting in an artificially 

simplified reaction, known as a shell model.  The terms, n and x refer to the number of 

moles, and can be decimals, due to the artificial grouping in the model’s derivation.  

Reaction rates ki, kb, kw, and kg refer to the initiation, branching, wall termination, and 

gas termination bulk reaction rates respectively.  Using mass action analysis it is 

possible to write the differential equation for the concentration of radicals and products, 

shown below. 

 

    

  
                                        

    

  
                             

(17)  

Furthermore defining, 

          

               

           

          (18)  

allows for the simplification of the system, shown below. 

     

  
                     

    

  
          (19)  
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This system has an analytic solution for the concentration of radicals,  

 
    

     

          
{                  } (20)  

the expression for the concentration of radicals as a function of time has a time constant 

of                .  This time constant determines the time required for the radicals 

to reach approximately 63 percent of the exponential coefficient asymptote, 
     

          
. 

This asymptote is determined by the reaction rate coefficients and the branching ratio x.  

if the value of     is greater than 1, the reaction proceeds to explode due to the 

exponential increase in the number of radicals.  However, if the value of    is less than 

1, radicals produced quickly become terminated in the gas, or at the wall, resulting in a 

mild burn.  The ignition time can be defined as proportional to the explosive time 

constant.   

 
     

 

          
  (21)  

Inserting the definition of      we are left with the ignition time corresponding to the 

branching, wall and gas termination reactions.  However, as we have already assumed 

that the reaction is explosive, branching reaction rates can be considered much greater 

than both termination rates, resulting in: 

                    (22)  

where   can be approximated using the Arrhenius experimental form of the reaction 

rate.  Finally, the ignition time as a proportionality of temperature, and pressure can be 

written [5]. 
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(23)  

3.6.2 Reported Ignition Delay 

As a consequence of these proportionalities it is desirable for experimentally 

gathered ignition delay data to be plotted as the log of ignition time against the inverse 

temperature.   The ignition delay of methanol in air is shown in Figure 3.2.   
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Figure 3.2.   Typical Arrhenius ignition delay data as gathered experimentally and computationally, 

adapted from [18]. 

 

Figure 3.2 shows that at an equivalence ratio of unity methanol air combustion 

produces characteristic linear behavior in the log space of t, and inverse temperature.  In 

this plot, higher temperatures occur on the left, while lower are on the right.  Values of 

0.8 on the x axis correspond to reaction temperatures of 1250K.  An almost linear offset 

can be observed though computed change in pressure.  A change in pressure of greater 

than a factor of 2, from 13 bar to 35 bar, results in less than an order of magnitude 

change in ignition delay, far less than the three orders of magnitude change with a factor 

of 2 in temperature.  The slope of this ignition delay plot is a function of fuel to air ratio 

and the rate of the limiting, or slowest elemental reaction.  If this reaction is the limiting 

rate during the entire temperature and pressure range of interest, the data will be a linear 

fit.  However, if a different reaction rate becomes limiting, then a changing slope will be 
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observed.   This can be seen in the below figure for the ignition delay of dimethyl ether 

(DME) as experimentally fit with a shell model by Chin et al. in [19]. 

 

Figure 3.3.   An example of non-Arrhenius reaction mechanics: Regions of non-linear ignition delay 

are referred to as the Negative Temperature Coefficient region, or NTC region, adapted from [19]. 

 

Again, the same characteristic offset from increased pressure can be observed.  

Changing the limiting reaction results in diminished ignition delay at lower 

temperatures, at even lower temperatures this new limiting reaction dominates and 

continues to follow the Arrhenius reaction model.  
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4. Experimental Description 

4.1 Experimental Setup 

In order to isolate data the the ignition delay of a fuel/air mixture without 

influence from the temperature, or pressure time history, an instantaneous change of 

state is required.  This instantaneous change should have a known start time, and tunable 

initial reaction conditions of pressure and temperature to match expected engine 

conditions.  Current methods for the gathering of ignition delay data include, rapid 

compression machine, or RCM, which uses fast compression of an initially fixed volume 

to simultaneously heat and pressurize a fluid sample to the desired conditions, and shock 

tubes.  Used here, shock tubes offer almost instantaneous heating of a fluid through the 

increase in pressure and temperature associated with travel across a shock wave.  On the 

order of 2 x 10
-10

 seconds pass during the transit across a shock wave, while typical 

ignition delay times are on the order of micro seconds to milliseconds; thus avoiding 

hysteresis issues. 

Described in detail by Vanderover in [20] and shown in Figure 4.1, the RPI high 

pressure shock tube has a 2.59 m long driver section, and a 4.11 m long driven section, 

separated by a burst disk.  Each section of the shock tube has a 5.7 cm diameter, and 

designed to withstand pressures greater than 200 atm.  In order to maintain precise 

control over the air to fuel ratio, vacuum pumps are used prior to loading of the mixture. 

The high pressure shock tube is reduced to a pressure of 1x10
-6

 Torr though the use of 

roughing, and turbomolecular Varian DS202 and V70 pumps.  Fuel/air mixture, 

previously mixed at a high enough temperature to ensure gas phase mixing is then 

vented into the driven tube and maintained at high (~380K) temperature to ensure no 

change of phase (condensation of fuel) occurs.  Helium gas is then used to slowly 

pressurize the driver section of tube, which typically bursts at pressures of helium 

between 75-800 psia.  Dictated by the strength of the burst disk, a shock wave is created 

once the disk ruptures due to the pressure differential across it.  This shock wave then 

travels down the length of the tube, heating and pressurizing the air/fuel mixture to 

almost auto-ignition temperatures.  The shock wave is then reflected, and as a result the 

second passing of the shock wave, the air/fuel mixture begins to auto-ignite.   
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Figure 4.1.   Photograph of the Rensselear Polytechnic Institute heated high-pressure shock tube, 

used with permission from [21]. 

 

A spatially uniform temperature must be present in the driven shock tube prior to 

disk burst to provide a uniform post-shock temperature field.  This is ensured using a 

number of thermocouples placed axially along the driven shock tube.  The temperature 

of the shock tube ranged from 383-390K during runs for this data, and is shown in 

Figure 4.2. 

 

 

Figure 4.2.   Example measurements of the internal wall temperature profile for the heated driven 

shock tube section as seen for this experiment. 



 

 29 

 

The varying shock speed is measured using five PCB pressure transducers 

connected to counter timers. This wave speed, measured as in Figure 4.3, is then linearly 

extrapolated, shown in Figure 4.4, and used to calculate the velocity of the incident 

shock at the end wall and therefore time at which the shock wave reflects, beginning the 

experimental time at the end wall.  

 

 

Figure 4.3.   Shock tube test section.  Five PCB pressure transducers at the top are used for incident 

shock velocity measurement.  Kistler pressure transducer (at the bottom) and filter photodetector 

are used for the measurement of ignition delay times. Figure used with permission from [21]. 
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Figure 4.4.   Example incident shock velocity measurement as seen in this experiment. 

 

With the measured incident shock velocity the experimental post shock 

conditions can be calculated. Pre-shock conditions are specified using the thermocouple 

measured initial temperature and a pressure transducer measured initial pressure. 

Thermodynamic properties for the reactant mixture, and the shock wave velocity are 

then used within the normal shock wave equations to calculate the expected post shock 

conditions.  Provided by Burcat and Ruscic [22] the thermodynamic properties were 

calculated using the NASA thermochemical polynomials.  These parameters are then 

used within the normal shock relations to calculate the post-shock conditions.  The 

uncertainty of the post-shock conditions was are estimated at 1% and 1.5% respectively 

for temperature and pressure, and a difference of less than 2% was found between the 

pressure transducer measured and calculated post shock wave conditions. 

Ignition was determined from the emission of OH* radicals around 300-310 nm.  

This emission was measured through the use of a filtered (UG-5 Schott glass filter) 

Thorlabs silicon photodetector.  Ignition time was measured as the intersection on the x 

(time) axis with the extrapolated maximum slope of the concentration of OH* radicals.  

Through comparison between the calculated incident shock wave and the ignition time 



 

 31 

the ignition delay,  , could be calculated as shown graphically in Figure 4.5.  A total 

experimental uncertainty of 20% in ignition delay is estimated based on the dependence 

of ignition delay times on temperature, pressure, and reactant fuel/air mixture 

composition and the uncertainties in these metrics and also the uncertainty in 

determining ignition delay from the measured OH* emission and pressure profiles. 

 

 

Figure 4.5.   Example ignition delay measurement, τ, for tetralin / air mixtures. 
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5. Results  

From the previous theoretical ignition delay analysis, and data from other similar 

hydrocarbon fuels, the data is expected to follow a linear trend on a plot of the log of 

ignition delay with inverse temperature.  As seen below in Figure 5.1, the data collected 

for tetralin are linear, with little experimental scatter.  This observation leads to the 

conclusion that Arrhenius reaction mechanics hold for tetralin in the range of 

temperatures and pressures studied. 

 

 

Figure 5.1.   Ignition delay time measurements for tetralin/air mixtures. 

 

Equivalence ratios of 0.5 result longer ignition time relative to stoichiometric 

mixtures on Figure 5.1.  This shift results from the reduced fuel available to generate 

radicals (decreased radical branching).  Ignition delay time is affected by pressure in the 

opposite manner.  Ignition delays at pressures of 13 atm were longer than the same 

temperature that 37 atm measurements. The effect of pressure is, within experimental 



 

 33 

resolution, the same at 13 and 37 atm, and the effect of equivalence ratio is also the same 

at the two pressures. 

This data was then used to fit the ignition delay of tetralin as a function of 

temperature, pressure, and equivalence ratio.  Linear regression analysis of the data 

collected resulted in the correlation: 

                           (
        

 
)       

The data can also be regressed to fit a global reaction rate law in terms of the 

concentration of fuel/tetralin and oxygen as follows: 

                       
        (

        

 
)       

Figure 5.2 shows the data all scaled to a common condition and the correlation at that 

condition. The scatter about the fit is very small (8.5% is the standard deviation in the 

correlation), less than the experimental uncertainty.  

 

 

Figure 5.2.   All tetralin/air ignition measurements correlated to a common condition: ϕ=1.0 and 13 

atm. 
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5.1 Comparison to Other Fuels 

The ignition delay data for tetralin are compared to three other fuels.  These 

fuels, chosen because they share some degree of structural similarity to tetralin, are 

toluene, cyclohexane, and decalin.  Toluene, contains the aromatic functionality also 

present in tetralin and has a research octane number (RON) of 111, which can be loosely 

correlated with the ignition delay.  Cyclohexane, contains the naphthene ring of six 

saturated carbons, comprising the non-aromatic part of tetralin, and has a moderate RON 

of 83. Decalin, a double naphthene ring structure, has the lowest RON of all at half of 

the RON of cyclohexane. Table 6.1 shows the structure, RON, and Motor Octane 

Number (MON) of fuels for comparison to tetralin. 

 

 

Figure 5.3.   Organic structures, research octane number [RON], and motor octane number [MON] 

of selected aromatic and naphthenic hydrocarbons [23]. 

 

The ignition delay times of these fuels are plotted at various temperatures and a 

common pressure and equivalence ratio in Figure 6.1.  The results show that all fuels 

behave as Arrhenius reactions in this temperature range, which confirms the choice of 

fuels as useful comparisons throughout the entire temperature range of interest.   Similar 

elemental chemical reactions are expected to occur with these four fuels, and as such 

difference ignition delay should be somewhat attributable to the structure of the 

molecules.   
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Figure 5.4.   Comparison of ignition time measurements for tetralin with literature data at common 

conditions for toluene [24], cyclohexane [25], and decalin [26].  

 

Of the four fuels compared, toluene ignition delay at a given temperature is the 

largest, by half an order of magnitude.  This difference with tetralin, the next largest 

ignition delay, can be in part attributed to the relative bond strengths of tetralin, as 

shown once again in Figure 6.2. The weak naphthenic ring in tetralin increases its 

reactivity relative to toluene substantially because it provides a lower energy source of 

radicals. 
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Figure 5.5.   Tetralin (C10H12) structure and bond strengths [13]. 

 

The bond energies labeled in Figure 6.2 denote those which are expected to break 

first. Aromatic bonded carbon, approximate energy of 146 kcal/mol, are expected to 

maintain their structure until after the weaker bonds have broken.  Due to this earlier 

reaction of the cyclohexane like carbon and hydrogen atoms in the ignition of tetralin, 

and therefore the earlier creation of an increased number of radicals, it has a lower 

ignition delay time than observed in toluene.  

Following tetralin, decalin is observed to have the second lowest ignition delay.  

In a structural comparison to tetralin, decalin does not have the aromatic ring, and 

therefore has significantly greater reactivity. The lack of aromatic ring provides faster 

radical production and shorter ignition delay.  Cyclohexane has the shortest ignition 

delay time of the group which is counter to the RON ordering. This suggests that 

cyclohexane should have a delay longer than decalin but shorter than tetralin. This 

contradiction is likely a breakdown in the relationship between RON and ignition delay 

at the conditions studied. Because RON is measured in a compression-ignition internal 

combustion engine the temperature range over which the reaction occurs in that RON 

measurement is variable and involves lower temperatures than investigated here. 
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6. Conclusion and Future Work 

The ignition delay data presented here for tetralin are the first to be reported. In 

order to make the data acquired here to be useful for design and analysis purposes a 

model needs to be developed to describe gas phase tetralin oxidation and ignition. A 

kinetic model for the oxidation of tetralin, detailed or reduced, does not exist in the 

literature at present.  In practice it would make sense to develop a detailed model for 

tetralin oxidation that can then be further reduced depending on user desire.  This model 

could be built upon previous models for aromatics and naphthenic hydrocarbons.  Other 

future work could include measurements of ignition delay at lower temperatures or in 

other oxidative and pyrolysis regimes important in engine combustor and in aircraft 

thermal management systems.  
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APPENDIX A. TABULATED EXPERIMENTAL DATA 

Table 2.   Measured ignition delay times. 

tetralin/air, φ = 0.5: 0.802% 

tetralin, 20.84% O2, 78.36% N2 by 

moles 

tetralin/air, φ = 1.0: 1.59% tetralin, 

20.67% O2, 77.74% N2 by moles 

P [atm] T [K] τ [μs] P [atm] T [K] τ [μs] 

14.6 1073 1099 13.6 1036 1327 

14.4 1092 918 13.9 1077 648 

12.8 1100 864 13.7 1125 387 

14.7 1111 579 12.4 1134 365 

13.9 1120 553 11.4 1178 246 

13.4 1121 552 13.5 1195 192 

13.5 1171 345 13.0 1202 166 

12.0 1206 233 13.0 1248 95 

12.1 1243 157 12.2 1277 75 

      

35.5 1019 1226 40.5 978 1176 

38.3 1058 785 40.1 993 1020 

36.2 1079 523 38.3 1036 647 

37.7 1083 499 36.4 1055 469 

37.6 1120 283 37.7 1102 236 

34.8 1142 238 38.1 1103 240 

34.4 1180 179 37.8 1125 162 

34.4 1184 163 37.5 1136 142 

34.5 1209 117    

 

 

 

 


