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Abstract 
Synthesis Gas Production through Partial Oxidation and Autothermal Reforming of Heavy 

Hydrocarbon Fuels with Non-Equilibrium Gliding Arc Plasma Reactors for Fuel Cell 
Applications 

Michael J. Gallagher, Jr. 
Advisor: Dr. Alexander Fridman 

 

Non-thermal plasma fuel reforming technology has several advantages over traditional 

catalytic or thermal processes including fast start time, high productivity, relatively low electrical 

energy costs to operate.  Several novel gliding arc plasma reformers were developed and 

investigated for the partial oxidation of several fuels including n-Tetradecane, Diesel, and JP-8 in 

the partial oxidation and autothermal reforming regimes.  High conversion was achieved with 

efficiencies greater than 80 percent.  The results show that gliding arc systems are capable of 

reforming heavy hydrocarbon fuels with high conversion efficiency and are an important piece of 

technology for on-board vehicular reforming systems that should be further developed and 

optimized.   
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1.  Introduction to Plasma-assisted Synthesis Gas Production for Fuel Cell 
Applications 

 

1.1 Introduction 
 

In the search for cleaner, more efficient energy-producing technologies, the fuel cell 

stands out as one that has the potential to revolutionize how energy is produced throughout the 

world.  In the transportation industry, some researchers and engineers are seeking ways to 

combine fuel cells with electric motors on-board vehicles in hopes of replacing the internal 

combustion engine and significantly reducing local carbon and nitrogen oxide emissions.  There 

are several technological barriers to incorporating fuel cells onto vehicles; currently there is no 

refueling infrastructure where consumers can readily purchase hydrogen, and storage of pure 

hydrogen gas in a tank on a vehicle is possible, but very expensive due to the extremely high 

pressures required to achieve an energy density that is comparable to petroleum fuels.  As an 

intermediate step to avoid these problems, some researchers have developed on-board fuel 

reformers that can convert widely available petroleum fuels (gasoline, diesel, natural gas) into 

hydrogen rich synthesis gas (H2 + CO), which can then be utilized in a fuel cell to generate the 

required electrical power.    

The types of fuel reformers that are available for onboard syngas production include 

catalytic [1-3], non-catalytic (superadiabatic) [4-6], and plasma reformers [7-9].  Each type of 

reformer has its advantages and disadvantages with regard to performance, capital cost, lifetime, 

and feasibility for integration into a vehicular system.  Catalytic reformers have shown the best 

results thus far in terms of hydrogen selectivity; however, they have several drawbacks that 

include high capital costs to construct (because of expensive rare metals employed) and a limited 

lifetime due to poisoning from sulfur and soot produced as byproducts during reforming.  
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Catalytic reformers also have a high metal capacity and equipment size that requires long pre-

heating times and low specific productivity as the product gas stream must have good contact 

with the densely packed catalyst metal surfaces.  Non-catalytic reformers use a dense, flow-

restricting packed bed or monolith structure made from inert materials to provide efficient heat 

recuperation and minimize heat losses in the reaction zone.  By using this scheme, researchers 

claim that it is possible to achieve superadiabatic temperature conditions that can accelerate 

reforming reaction kinetics [6].  Using such structures, however, can create large pressure drops 

within the system, reduce the overall productivity, and make integration into a vehicular onboard 

unit more challenging.  Alternatively, non-thermal plasma systems are typically small and 

compact with relatively simple power supplies, which make them ideal for integration onto a 

vehicle.  In addition, plasma reformers can have a wide dynamic range of operation that allows 

for high productivity of syngas at low electrical energy cost, and they have low capital costs to 

build and have a very long operational lifetime.  Plasmas have been involved in fuel conversion 

and combustion systems over a century and were originally used as a convenient thermal energy 

source to ignite/initiate combustion reactions.  Recently, plasmas have been investigated for their 

potential to exhibit catalytic effects primarily because of complex interactions of their excited 

species (electrons, ions, radicals) in fuel conversion reactions.  Some evidence has been found for 

the plasma catalysis effect in lowering the required ignition temperatures for combustion systems; 

however more work is needed to elucidate the catalytic effects in fuel-rich syngas production 

systems.   

Over the past two decades, plasma researchers have investigated the reforming capability of 

nearly all types of plasma, from thermal to non-thermal ones, in fuel conversion systems with 

many types of hydrocarbon fuels.  In addition, plasma researchers have utilized various reforming 

schemes such as partial oxidation, dry (CO2) reforming, steam reforming, and steam-oxidative 

reforming to test the limits of plasma’s capabilities to act as a catalyst and even possibly replace 
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traditional metal catalysis-based systems.  The focus of this plasma fuel reforming research has 

largely been on finding the best plasma discharge for fuel reforming and improving the energy 

efficiency of those systems, namely keeping the electrical energy cost to produce the plasma as 

low as possible (1-5% of the heating values of the product stream) while still achieving good 

conversion.  The two best plasma discharges that have produced the best results for conversion to 

syngas with acceptable energy efficiency are gliding arc (transitional arcs) and microwave 

plasmas.  The reasons why these discharges are the most suitable for syngas production will be 

discussed in later sections including an explanation of why the simpler to organize gliding arc 

discharge was chosen as the focus of this thesis.  Gliding arc plasma systems for syngas 

production were first developed with a simple 2D-planar geometry and reforming results 

produced by these systems were good [10].  However, it was later discovered that organizing 

gliding arc in a 3D cylindrical geometry within a vortex chamber provided for better mixing and 

contact of reactants with the plasma discharge [11].  Such an installation was first designed at 

Drexel University for investigating methane conversion to syngas using a partial oxidation 

reforming scheme which was stabilized in reverse vortex flow [12].   

In this thesis, the focus was on designing smaller and compact vortex-based reformers for 

use on-board vehicles.  In addition, a new type of plasma-based auxiliary power system was 

developed to generate electrical power from hydrocarbon fuels onboard military tanks.  Several 

design challenges were overcome including incorporating exhaust gas recirculation from a solid 

oxide fuel cell as reactants in an autothermal reforming scheme.  The results presented here show 

that vortex-based gliding arc systems are capable of reforming heavy hydrocarbon fuels with high 

conversion efficiency and are an important piece of technology for on-board vehicular reforming 

systems that should be further developed and optimized.   
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1.2 What is Plasma?   

 

Plasma is often described as the fourth state of matter and this refers to the chemical, 

thermal, or electrical breakdown of a gas, often forming a luminous ionized state comprised of a 

mix of particles: positive ions, negatively charged electrons, radicals, and neutral gas atoms and 

molecules [13].  The act of ionization, when an electron is separated from an atom or molecule 

leaving a positive ion behind (or attached, thereby creating a negative ion), can be created by 

means of chemical and/or thermal energy or the electro-dynamic forces from an electric field.  A 

flame is a well-known type of weakly-ionized, low-temperature plasma consisting primarily of a 

heated pool of radicals and molecules and small amounts of electrons and ions created from 

chemical and thermal ionization processes [14].  Other types of man-made and some naturally 

occurring plasmas are created by a strong electric field generated by high potential from the 

accumulation of charge (e.g. lightning in clouds) or a high voltage source.  The electrons within 

the background gas near the electric field absorb energy from the field, ionize, and then establish 

a flow of current within channels of the electrically conductive ions and electrons.   

Plasmas are categorized as thermal or non-thermal, with the primary difference being 

how energy is deposited into the plasma gas stream.  In thermal plasmas, energy is spent to heat 

the entire gas stream, and temperatures often range from 10,000-100,000K (10-100 electron volts 

(eV)).  The joule heating effect is responsible for high gas temperatures in thermal plasmas where 

power is initially transferred from the electric field to electrons and then to the background 

neutral gas species by way of a large number of electron-neutral collisions [15].  In thermal 

plasmas, the temperatures of all of the plasma components approach thermal equilibrium, which 

is why these plasmas are often referred to as equilibrium plasmas.  In non-thermal plasmas, also 

referred to as non-equilibrium plasmas, the temperatures of the plasma components are not the 

same, and electrons often have greater temperatures than the other gas components.  The 
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background gas molecules in non-thermal plasmas are often at or near room temperature; 

however, they can become excited and/or store energy in their thermodynamic energy modes 

(rotational, vibrational, and electronic).  In addition, high energy electrons produced in non-

thermal plasma can influence processes such as molecular dissociation and can lead to the 

formation of active chemical species that act as aggressive oxidizing and reducing agents.  

Radicals, such as atomic oxygen (O) and hydroxyl (OH), and electronically excited oxygen 

(O1∆G) are among the many species that are known to influence the kinetics of fuel conversion 

reactions.  Plasma-generated radicals and ions behave very much like catalysts, as they can 

participate in chain reactions that promote or accelerate reaction pathways. 

Both thermal and non-thermal plasmas have many commercial and industrial 

applications, and measurements of their effectiveness and efficiency are often based on the 

energy cost to include them in a process.  For example, thermal plasmas have useful applications 

in metallurgy where high temperatures are needed to separate aluminum from the naturally 

occurring mineral bauxite (aluminum oxide).  However, such high temperatures can be unsuitable 

for hydrocarbon conversion and hydrogen production processes because the electrical power that 

is spent to create the plasma is comparable to the energy value of the obtained products.  Also 

since non-thermal plasmas are considered as weakly ionized plasmas, that is, they produce very 

small amounts of high-energy ionized species, the price to generate one radical or ion can be very 

high (3-30 eV or 30-3000 kJ/mol).  It is often beneficial for the plasma active species to 

participate in multiple reactions or chain reactions, thereby increasing their effectiveness and 

reducing their specific energy cost to produce the desired products.  The specific energy cost, 

which is defined as the ratio of plasma power to the number of syngas molecules produced, 

should be comparable to, if not much less than, the thermodynamic enthalpy of the process.  Non-

thermal plasmas, in general, are very suitable for fuel conversion applications with high 
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productivity because they have low power levels (30-300W) that usually comprise only a small 

fraction (2-5%) of the power of the syngas product stream.   

1.3 Types and Classifications of Plasmas  
 

There are a variety of thermal and non-thermal plasma discharges that have been used for 

fuel conversion applications.  The most well-known thermal plasma used for this purpose is the 

arc plasma, followed by the lesser known radio frequency inductively-coupled plasma (RF ICP), 

and thermal microwave plasma.  Among the non-thermal plasmas investigated for fuel 

conversion, most researchers have focused on using the gliding arc discharge, pulsed corona, 

dielectric barrier discharge (DBD), spark discharges, and the RF capacitively-coupled plasma 

(CCP) discharge.  In the section that follows, a brief introduction of each type of discharge will 

be presented to highlight its characteristics and demonstrate the benefits for fuel conversion 

applications.    

1.3.1 Arc Plasmas 
 

Thermal arc plasmas have been used in many industrial and commercial applications 

throughout history including metallurgy, waste disposal, lighting applications, and ignition 

systems in vehicles.  Arc plasmas are high-current (30A – 30kA), low-voltage (10 – 100V) 

discharges that attain very high gas temperatures (10,000 – 100,000K or 10 - 100 eV) due to the 

high degree of joule heating from the discharge current.  Their initial high temperature also 

contributes to sustaining high current by influencing the mechanism by which electrons are 

supplied to the discharge, namely the thermionic field emission mechanism.  Essentially, the 

thermionic mechanism relies on the synergistic combination of high metal electrode temperature 

and help from the external electric field which allows a large number of electrons to escape the 

electrode metal surface and provides a high flux of current into the discharge [13].  The high 
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temperatures of thermal plasmas can lead to problems such as, evaporation and erosion of 

electrodes that can only be prevented by employing cooling systems.  Thermal plasmas are 

favorable for certain fuel conversion applications, such as gasification of solid fuels like coal or 

biomass, because they can rapidly accelerate reactions. But they have the significant drawback of 

high electrical energy cost to operate them and therefore have limited applications in syngas and 

hydrogen production systems.     

1.3.2 Non-Thermal Gliding Arc Plasmas 
 

An alternative to high power thermal arc systems is a type of transitional non-equilibrium 

plasma called gliding arc.  This is an auto-oscillating discharge that begins as a thermal arc 

plasma, and through the force of convective air flow or a magnetic field it is elongated and cooled 

until it transitions into a non-thermal plasma.  Gliding arc plasmas are sometimes referred to as 

warm plasmas because they have translational gas temperatures in the range of 1000-3000K, 

which are in between the gas temperatures of cold plasmas (300K) and thermal plasmas 

(≥10,000K) [16].  A non-equilibrium temperature distribution between the other degrees of 

freedom was demonstrated [17] with vibrational temperatures of approximately 4500K, and 

average electron energies in the range of 1.4-2.1 eV [18].  Figure 1a shows a schematic of a 

planar gliding arc discharge configuration, and Figure 1b depicts an image of several arcs at 

various lengths between two diverging electrodes.  

Gliding arc plasmas are often arranged in cylindrical geometry in which the discharge is 

rotated using a vortex flow scheme (Figure 2).  These vortex-based gliding arc reformers have the 

advantage of providing good mixing and contact of reactants with the plasma discharge.  Figure 3 

shows a schematic of a typical vortex-based gliding arc plasma reactor [19].  Gliding arc plasmas 

have shown some of the best reforming results in terms of syngas conversion and low electrical 

energy cost for syngas production [9].   
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1.3.3 Microwave and Radio-Frequency Plasma Discharges  

 

Plasma discharges that are sustained with high frequency electromagnetic fields have 

been employed in various syngas production systems [16].  Radio frequency (RF) and microwave 

discharges are the two major types used for this purpose and they have the unique advantage that 

the plasma does not need to be in direct contact with the electrodes.  Electrode-less operation is 

often preferred for extremely high temperature reforming applications because it can eliminate 

the need for complicated electrode cooling.  Initiating high frequency plasmas is more 

challenging than DC plasmas because they require complex and somewhat more expensive power 

supplies that include a high frequency generator, and more importantly, the plasma must be 

coupled as a load in the power circuit.  In RF plasmas, the electromagnetic fields generated by the 

power supply interacts with the plasma through processes known as inductive or capacitive 

coupling, with the former used to generate thermal discharges and the latter primarily used for 

generating non-thermal plasmas.  The idea of coupling the electromagnetic field to the plasma 

discharge is very important because the plasma is sustained by the energy absorbed by the field, 

and poor coupling means that the efficiency of the power supply and the overall circuit is low.  

The frequencies used to generate RF plasmas are typically in the range between 0.1 to 100 MHz.   

In microwave plasmas, the wavelengths are very small, on the order of centimeters, and 

approach the dimensions of the reactor itself.  Often, waveguides are used to collect and 

concentrate the electromagnetic waves within the reactor, and the waves are then are able to 

transfer power within the discharge.  Not all of the wave power is dissipated in the discharge 

however; typically about half is absorbed, a quarter of it is transmitted through the discharge, and 

another quarter is reflected.  The benefit of using complex discharges such as microwave plasmas 

is that the high degree of coupling between the electromagnetic field and the discharge creates 

conditions of strong non-equilibrium with a high degree of ionization.  This is much better than 
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the previously described non-thermal plasmas, where energy density is low and ionization is 

weak, with only a small fraction of high energy electrons created.  In microwave plasmas, 

increased energy input is used very efficiently in producing a larger fraction of high energy 

electrons along with higher amounts of vibrationally excited species as compared to other non-

thermal plasmas.   High power microwave discharges with 95% efficiency have been developed 

[20] and the increased amount of energetic species can boost the plasma catalysis effect, although 

the cost of such improvements is a more complex design and more expensive power generation 

equipment.  Figure 4 shows microwave plasma configurations in low, moderate, and high 

pressure as well as a photograph of a low pressure microwave discharge 

1.3.4 Dielectric Barrier Discharge Plasmas 
 

The dielectric barrier discharge (DBD) is a well-known commonly used non-thermal 

plasma discharge that is employed in many industrial processes related to surface treatments of 

materials such as polymers and textiles [21-22], ozone generation [23-24], and air sterilization in 

heating, ventilation, and air conditioning (HVAC) systems [25].  DBD plasmas have a layered 

electrode structure in which two metal electrodes are separated by a thin layer of dielectric 

material, often made from ceramic, quartz, or glass (Figure 5).  The dielectric barrier acts to limit 

current flow once the plasma discharge is ignited and prevents the discharge from transitioning 

into a plasma spark, which can result in local overheating, shock waves, and noise.  DBD plasmas 

typically operate with either an AC frequency (0.5 to 500 kHz) or in a pulsed DC mode and most 

often have a non-uniform, filamentary structure consisting of a series of microdischarges.   

DBD plasmas are non-equilibrium and can generate a significant fraction of active 

chemical species that are beneficial in fuel ignition and conversion reactions; however they have 

had limited success in fuel conversion applications.  The oxygen dissociation mechanism in DBD 

plasmas can be quite efficient (up to 85%) [26] and can result in relatively high atomic oxygen 
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and ozone production levels.  These aggressive oxidizers tend to act quickly and combust fuels to 

CO2 and H2O, rather than promoting direct partial oxidation with formation of CO and H2.    

Another limitation of DBDs in fuel conversion applications is their low power density due to their 

limited current and low gas temperatures.  Since partial oxidation (POX) and steam reforming 

reactions require an elevated initial temperature to proceed (800-1100K), non-thermal DBD 

systems usually require additional energy to be spent for pre-heating.   

1.3.5 Continuous & Pulsed Corona Discharges 
 

The corona discharge is a weak plasma typically found in regions of high electric field 

strength near sharp edges, points, or thin wires.  A corona discharge can be created with a strong, 

continuous DC electric field and often requires only one electrode.  The space surrounding the 

high voltage electrode can itself function as a sink for charged particles, thus completing the 

circuit.  Figure 6 shows an example of a corona plasma discharge.  Man-made corona discharges 

are typically arranged with a point-to-plane geometry or as a concentric annulus (thin wire inside 

of a tube).  The strong non-uniformity of the electric field between the two electrodes is the 

driving force that makes a corona discharge ignite; to achieve such non-uniformity, the 

characteristic size of the high voltage electrode should be much less than the distance between 

electrodes.  The corona discharge can become unstable if additional voltage or current is applied 

causing breakdown between electrodes forming a strong plasma channel, known as a spark.  

Spark formation should be avoided because it causes local overheating of the gas and non-

uniformity of treatment, which is undesirable for many applications.  Continuous coronas are then 

limited in terms of power input; however, they are strongly non-equilibrium and can provide high 

concentrations of active chemical species and radicals that are useful in a variety of chemical and 

industrial processes.  One way to increase the power of corona discharges while avoiding spark 

formation is to use a pulsed power supply to deliver high amplitude voltage (steep wave front) 
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with short rise times.  Pulsed-periodic voltage delivers fast and effective power transfer into the 

discharge, but stops short of spark formation as long as the pulse width is shorter than the 

transition time (on the order of 100-300 nanoseconds with electrode distances at 1-3 cm) [15].  

Corona discharges are attractive for fundamental studies of the plasma catalysis effect in 

combustion and fuel conversion due to their high degree of non-equilibrium and good spatial 

uniformity.  Researchers in this area have had success integrating pulsed-corona discharges in 

shock tubes to study the effect of plasma active species on ignition delay times [27].   

1.4 Chemical Reactions in Fuel Processing 
 

The following section highlights the important chemical reactions that are utilized in fuel 

processing systems.  The stoichiometric equations involving combustion, partial oxidation, steam 

reforming, steam-oxidative reforming, and dry (CO2) reforming are explained as well as basic 

definitions of parameters such as the oxygen-to-carbon and steam-to-carbon ratios.  Examples of 

specific chemical reactions along with their reaction enthalpies are listed in Table 1 below.   

1.4.1 Combustion of Hydrocarbons 
 

 Combustion is a well-known phenomenon where a hydrocarbon fuel is completely 

oxidized to the products of CO2 and H2O in an exothermic reaction.  The general stoichiometric 

equation for hydrocarbon oxidation in air is as follows: 

  
4

 3.76
2 4

3.76  (1-1) 

  

1.4.2 Partial Oxidation of Hydrocarbons 
 

 The partial oxidation of hydrocarbons occurs when a sub-stoichiometric amount of 

oxygen is supplied to the reaction thus causing partial combustion to occur.  Similar to 
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combustion, partial oxidation is also an exothermic reaction, however; the amount of heat 

released is considerably less than the heat release caused during complete combustion of the fuel.  

The primary products are hydrogen and carbon monoxide (also known as synthesis gas).  The 

general relation of the partial oxidation of hydrocarbons is as follows [28]: 

  
2

3.76
2 2

3.76  (1-2) 

 

Partial oxidation reactions are thought to proceed in two distinct phases; a rapid, highly 

exothermic combustion phase where all free oxygen is consumed to form heat and the products of 

CO2 and H2O; and a much slower endothermic reforming phase where residual unconverted fuel 

reacts with the CO2 and H2O plus the reaction heat to form syngas products H2 and CO [29-32].   

1.4.3 Steam Reforming of Hydrocarbons 
 

 Steam reforming of hydrocarbons occurs when H2O is used as an oxidizer to produce 

hydrogen and carbon monoxide as products.  This reaction is endothermic and requires a source 

of heat energy to drive the reaction.   

2
 (1-3) 

 

1.4.4 Oxidative Steam Reforming of Hydrocarbons 
 

 Oxidative steam reforming combines traditional steam reforming with some additional 

amount of air or oxygen to provide a supplementary source of exothermic reaction heat to assist 

in the completion of the steam conversion reactions.  It is possible to balance the amount of heat 

released by exothermic partial oxidation with the endothermic energy consumption from the 
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steam reforming reactions such that the reaction is theoretically self-sustaining [28].  This process 

is known at Autothermal reforming and the net enthalpy change for the process is zero (∆H = 0).   

   3.76 2 2
2

 3.7  (1-4) 

 

1.4.5 Dry (CO2) Reforming of Hydrocarbons 
 

 Dry reforming is a process that utilizes carbon dioxide as an oxidant to convert 

hydrocarbon fuels into syngas.  The process is similar to steam reforming in that it is 

endothermic; however it usually requires greater energy input for the reaction to proceed.  The 

general reaction scheme for dry (CO2) reforming is as follows:  

2
2

 (1-5) 

 

1.4.6 Water gas shift reaction 
 

 The water gas shift (WGS) reaction is an important part of the fuel conversion process 

because it is possible that a portion of the syngas produced may react with residual CO2 or H2O 

causing a shift in the concentrations of CO and H2 through the following: 

 (1-6) 

 The WGS reaction is often used to purify syngas streams to eliminate CO and produce 

additional hydrogen.  The reaction is slightly exothermic (∆H =  -41 kj/mol) and typically occurs 

at low temperatures (T ≈ 400°C).  The WGS reaction is reversible at very high temperatures 

(T>1000C). 
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1.4.7 Oxygen-to-Carbon Ratio  

 

 The oxygen-to-carbon (O/C) ratio is the ratio of twice the molar oxygen flow rate versus 

the molar flow rate of the fuel carbon within a hydrocarbon oxidation reaction scheme.  It is also 

an important parameter used to identify the regime of the hydrocarbon oxidation system (i.e. 

combustion versus partial oxidation regimes).  For example, an O/C ratio of 1 denotes the 

stoichiometric partial oxidation point of a fuel conversion process where exactly one mole of 

carbon is combined with one mole of atomic oxygen to from CO as a product.   

2 O  (1-7) 

 

1.4.8 Steam-to-Carbon Ratio  
 

 Similar to the O/C ratio, the steam-to-carbon ratio (S/C) is the ratio of the molar flow rate 

of H2O to the molar flow rate of the fuel carbon:   

 (1-8) 
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Table 1.  List of reaction enthalpies involving methane in various fuel conversion systems 

Conversion Process  Reaction Enthalpy (eV/mol) 

Direct Decomposition:   24 2)( HsCCH +→   moleVH /7.0=Δ  

Dry reforming:   224 22 HCOCOCH +→+   moleVH /6.2=Δ  

Steam reforming:   224 3HCOOHCH +→+   moleVH /2.2=Δ  

Partial Oxidation:   224 22/1 HCOOCH +→+   moleVH /2.0−=Δ  

Water‐gas shift reaction:   222 HCOOHCO +→+   moleVH /4.0−=Δ  

 

1.5  Important Equations to Measure Reforming Performance 

1.5.1  Specific Energy Requirement  

  
One important parameter to measure the effectiveness heat utilization during fuel 

reforming is the specific energy requirement.  For plasma systems, this calculation includes the 

energy input as electrical power from the plasma discharge plus any additional heating supplied 

to sustain the process.  The specific energy requirement is often described in terms of electron 

volts per molecule of hydrogen produced (eV/mol H2) for plasma systems, but others use more 

familiar units such as kWh/m3 and kJ/mol (for reference: 1 eV/molecule ≈ 1.2 kWh/m3 and 100 

kJ/mol ≈ 1 eV/molecule).  Since the specific energy required to produce syngas is dependent on 

the amount of syngas produced, it is inherently tied to the physical conversion for each set of 

conditions for each system.  In other words, if the specific energy requirement for a particular 

system is high, the system may have had poor physical conversion of fuel to syngas, and therefore 

the energy cost per mole of syngas produced is high.  The specific energy requirement can be 

used to compare the costs of plasma with other technologies such as thermal or catalytic 

reformers.   
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1.5.2  Product yield 
 

The product yield is defined as the amount of desired reagent produced divided by the 

maximum possible amount of reagent that could be yielded by the input fuel.  Using hydrogen as 

an example:   

2 % 100          (1-9)

1.5.3  Product Selectivity 
 

Product selectivity is a measure of how much of one particular reagent is produced as 

compared to all of the reagents.  Hydrogen selectivity is then:   

% 100          (1-10)

 

1.5.4  Energy conversion efficiency 
 

The energy conversion efficiency is an important parameter to estimate conversion of 

fuel to products in terms of energy by using the lower heating values (LHV) of each component.     

  % 100 (1-11) 
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1.6  Plasma as an alternative to traditional catalyst in fuel reforming 

 

The kinetic limitations of fuel conversion processes often require higher reaction 

temperatures than what is necessary to produce the same results when the system is at 

thermodynamic equilibrium.  Lower reaction temperatures are desired, not only from the obvious 

viewpoint of improving energy efficiency, but because higher temperatures can open reaction 

pathways that may ultimately lead to undesirable soot formation in hydrocarbon reforming 

systems.  Therefore, many modern fuel conversion systems incorporate a catalyst of some kind in 

order to lower activation energy barriers and thus lower the required reaction temperatures and 

avoid unwanted by-product formation.   

Researchers that incorporate plasma into fuel reforming systems claim that plasma 

behaves like a catalyst. The effect of plasma catalysis, in essence, is caused by the interaction of 

charged and excited particles generated by plasma that allow for the reduction or removal of 

activation energy barriers in fuel conversion reactions.  It was demonstrated long ago that most 

exothermic ion-molecule reactions have no activation energy requirement and therefore proceed 

without barrier [33].  This is because the charge-dipole attraction in plasma-induced ion-

molecular reactions is stronger than the quantum-mechanical repulsion between molecules, and 

thus overrules most barriers for exothermic reactions to proceed [15].   

The major drawback of using plasma for its catalytic properties is that it requires a 

constant (electrical) energy source in order to sustain it.  Some plasma active species have long 

lifetimes once they are generated, for example nitrogen oxide (NO) and ozone (O3) can survive 

for several minutes and travel long distances from the plasma source.  But most of the highly 

reactive plasma species have very short lifetimes and recombination occurs in short distances 

within the plasma itself or near the plasma boundaries and reactor walls.  One could even 

describe plasma as a catalyst that needs constant regeneration from the continuous loss of 
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electrons, ions, and radicals through recombination processes.  The need for constant energy input 

to sustain the plasma raises questions about the economics and the energy cost of using plasma in 

fuel conversion systems.  The cost of using plasma as a catalyst in fuel conversion systems is 

dependent on how well its active species, particularly ions, participate in fuel conversion 

reactions.  The energy cost to create one ion is high, around 10-30eV, and therefore the ion 

should participate in multiple chain reactions to be cost effective.  It is possible to organize such 

chain reactions in fuel conversion systems; however, many of the kinetic mechanisms involving 

plasma active species in fuel-rich hydrocarbon conversion reactions are still unknown.  Much of 

the plasma fuel conversion and syngas production research over the past decade has been focused 

on designing engineering systems that are capable of producing more syngas at higher conversion 

rates while operating with lower plasma energy cost.  In order to maximize the catalytic effect of 

plasma, more focus is needed to identify the key reaction mechanisms and pathways for product 

formation in plasma-assisted fuel conversion processes.   

Alternatively, there has been a greater emphasis on identifying plasma mechanisms for 

the enhancement of ignition and combustion, where reaction mechanisms involving plasma active 

species and fuels, such as hydrogen and methane, have been identified [34-36].   In the field of 

plasma-assisted combustion, researchers have discovered that plasma-induced gas excitation can 

significantly reduce ignition temperature by as much as 600K and increase a flame’s blow off 

velocity with very high energy efficiency (less than 1% of burner power is input as plasma 

power) [14].  Such breakthroughs were made possible through support from the aerospace 

industry and large contributions from the U.S. and foreign government military research 

institutions for projects related to jet engine ignition at high altitudes.  In addition, plasma 

combustion researchers have investigated the effects of non-thermal plasma on ignition and 

stabilization of flames [37-38] and combustion in supersonic flows [39-40], moderate pressures, 

and lean mixtures [41].  These researchers employed experimental installations such as shock 
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tubes with advanced diagnostics, to specifically isolate and prove the plasma effect for ignition 

enhancement.  The plasma-assisted fuel conversion community should follow the example of the 

plasma combustion/aerospace industry in order to answer the most important questions related to 

the plasma influenced mechanisms of syngas production and the overall significance of plasma 

for fuel conversion.   

1.6.1 Thermal versus non-thermal mechanisms of plasma catalysis 
 

As stated in the previous section, most of what is known about the plasma catalysis effect 

is related to mechanisms for fuel-lean (or oxygen-rich) ignition/combustion of hydrocarbons.  

These mechanisms, however, overlap fuel-rich conversion processes such as partial oxidation 

(POX), since POX is known to begin with a short combustion phase where nearly all oxidizers 

are consumed to form a small amount of combustion products (H2O, CO2) and higher 

temperatures [31].  In this section, we discuss the specific mechanisms of plasma catalysis related 

to ignition/combustion and review the postulated mechanisms related to plasma-assisted fuel 

reforming processes such as POX and steam (H2O) and dry (CO2) reforming.   

Plasma-assisted ignition and combustion systems are driven by two types of kinetic 

mechanisms, thermal and non-thermal.  The thermal mechanism, in which plasma’s contribution 

is through gas heating alone, results in a local temperature increase, exponential acceleration of 

elementary combustion reactions, chain propagation of fuel oxidation, and ultimately stable 

combustion [16].  This mechanism is well known and one of its earliest applications was the 

spark ignition in internal combustion engines [42].  The thermal ignition mechanism is not very 

relevant for applications because, although it is the easiest to organize, it has a high energy cost 

since electrical energy from the plasma is spent non-selectively and is distributed into many 

degrees of freedom that are irrelevant for ignition and combustion (i.e. heating of inert nitrogen).  

Alternatively, non-thermal plasma mechanisms for ignition and combustion have been shown to 
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induce oxidation reactions as a result of interactions between active species, such as excited 

particles and ions.  Often, significant fractions of neutral chemical species acquire and store 

energy internally (through vibrational or electronic excitation) resulting from collisions between 

ions and electrons in plasma.  This stored energy may be used to overcome activation energy 

barriers for reactants otherwise in their ground states [43].  Additionally, the non-thermal ignition 

mechanism allows plasma energy to be used selectively in the creation of these useful active 

species.   

1.6.2 Non-thermal plasma-induced mechanisms of ignition and stabilization of flames 
 

There are several known reaction pathways in which the various active particles 

generated by non-equilibrium plasmas can participate in the stimulation of ignition and 

combustion of hydrocarbon fuels [16].  Amongst these options, there are three primary groups of 

important plasma species, namely excited species, radicals, and ions.  The effect generated by the 

plasma active species in ignition systems is related to shifting the ignition limit, where chain 

branching and terminating reactions are balanced.  The classical results demonstrating the effect 

of electrical discharges on the explosion limits for an H2-O2 mixture [42, 44-45] is shown in 

Figure 4.  The effect of increasing plasma current is shown, including the case of “0A” (i.e. no 

current), which is the conventional H2-O2 explosion limit (typically referred to as the S-shaped 

curve).  In the area to the right of the curves, corresponding to higher temperatures, the chain-

branching reactions dominate and this is known as the explosive region.  As demonstrated from 

Figure 7, plasma lowers the threshold temperature required for autoignition, an effect otherwise 

known as sub-threshold ignition.  In essence, plasma active species are able to accelerate chain 

branching reactions faster than chain terminating reactions at temperatures below the predicted 

autoignition temperature, where traditional chemical kinetics predicts that ignition is impossible.    
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1.6.3 Effect of excited species on subthreshold ignition in H2-O2 mixtures 
 

Chain branching and terminating reactions for H2-O2 mixtures can be controlled by 

suppressing the formation of the relatively stable chain-terminating hydroperoxy radical (HO2), or 

by accelerating chain-branching radical formation (H, OH).  The most important chain-

propagating reactions are described in Table 1.   

Stimulation of chain branching reactions can occur by means of employing vibrationally 

or electronically excited particles to destroy the metastable HO2
* complex, thereby recovering the 

chain-branching radicals O and OH:  

               H + O2  HO2
* (1-12)

               HO2
* + P*  OH + O + P (1-13)

whereas P* represents an excited plasma particle [46].  An additional mechanism to avoid the 

formation of the HO2 radical involving vibrationally excited nitrogen (N2
*) is accomplished 

through the reaction [47]:  

               H + O2 + N2
*  OH + O + N2 (1-14)

In addition to suppressing formation of the HO2 radical, it is possible to stimulate the dissociation 

of HO2 through vibrational excitation in the following plasma-induced mechanism:  

               HO2 + N2
* OH + O + N2 (1-15)

It should be noted that vibrationally excited nitrogen is included in the above mechanisms 

because it is considered as one of the most stable of the vibrational species produced by plasma.     
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Table 2.  Chain propagating reactions in H2-O2 ignition processes 

Chain-branching H + O2  OH + O (1-16)

 O + H2  H + OH (1-17)

Chain-terminating H + O2 + M  HO2 + M (1-18)

 

1.6.4 Effect of ions on subthreshold ignition in H2-O2 mixtures 
 

The role of plasma-generated ions in fuel conversion and combustion reactions was 

previously discussed and relates to charge attractive forces that can overcome quantum-

mechanical reaction barriers resulting in the plasma-catalysis effect.  Kosarev et al. [48] proposed 

a low-temperature hydrogen oxidation mechanism involving negative ions from plasma: 

               e + O2 + M  O2
- + M (1-19)

               O2
- + H2  OH- + OH (1-20)

               OH + H2  H2O + H (1-21)

               H + O2 + M  HO2 + M (1-22)

               OH- + H  H2O + e (1-23)

               OH- + HO2  H2O + O2 + e (1-24)

The effectiveness of this mechanism is limited by competition between electron detachment and 

the fast recombination processes of reactions (8-12) and (8-13) [16].  Other ionic mechanisms 

similar to this one may be responsible for the effects related to sub-threshold ignition and can be 

applied to ignition and combustion of hydrocarbons.  More investigation is needed in this area to 

further understand the effects of ions and to apply these principles to fuel conversion and 

hydrogen production systems.   
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1.6.5 Effect of radicals and other long-lived species on subthreshold ignition 

 

Plasma-generated oxidizing radicals such as atomic oxygen (O), ozone (O3), nitrogen 

oxide (NO), and other hydrocarbon radicals like CH2, CH3, and CH have been investigated to 

provide insight into their influence on the kinetic pathways of ignition and combustion [41, 49].  

Starikovskaia et al. [34] performed an efficiency analysis of the effects of atomic oxygen on 

ignition of H2-O2 mixtures at various initial temperatures and found that, at lower temperatures, 

the main effect of ignition acceleration was caused by fast local gas heating upon recombination 

of atomic oxygen to O2.  Following on this concept, a plasma-related variant of the thermal 

ignition mechanism known as the radical-thermal bootstrap mechanism was developed to explain 

some of the subthreshold ignition results.  Again, the idea is that instantaneous thermalization of 

plasma energy caused by heating upon recombination and relaxation of plasma radicals can boost 

temperatures from subthreshold to above-threshold conditions.  The radical-thermal bootstrap 

mechanism is considered a thermal mechanism for ignition; however, it is possible to accelerate 

the bootstrap effect by using non-thermal plasmas through short oxidation chains below the 

autoignition limit, thereby increasing the energy efficiency over the thermal ignition mechanism 

alone [16].   

An additional mechanism involving the long-lived NO radical has also been shown to 

improve subthreshold ignition by suppressing chain-terminating processes through the following 

mechanism: 

               NO + HO2  NO2 + OH (1-25)

               H + NO2  NO + OH (1-26)

The above mechanism can be effective for stimulating ignition, not only because NO has a long 

lifetime, but also because it is produced with relatively high concentrations in combustion 
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systems.  Furthermore, this mechanism has been shown to occur in ignition systems utilizing 

hydrogen, ethylene, and other hydrocarbon fuel sources.   

1.6.6 Effect of plasma active species on hydrogen-rich syngas production systems 
 

All of the previously described mechanisms explained the effect of some of the plasma 

active species on ignition and combustion of primarily hydrogen-oxygen systems.  Less is known 

about the effect of plasma active species on conversion of hydrocarbon fuels to hydrogen-rich 

synthesis gas (H2, CO); however, there are a few research groups that are making progress in 

identifying plasma’s role in these reactions [50-51].  Many investigations have focused on 

methane conversion in plasma-assisted processes such as direct decomposition (pyrolysis) [52-

57];  methane oxidative conversion using air and pure O2 [58-61], H2O and CO2 [62]; and steam-

oxidative reforming [63-65].  The following sections provide an overview of the mechanisms of 

plasma catalysis as they relate to these syngas production processes.   

1.6.7 Plasma catalysis of direct decomposition (pyrolysis) of methane 
 

Direct non-oxidative conversion of methane with the plasma-catalysis effect can occur 

with the production of hydrogen and soot:   

              CH4  C(s) + 2H2 (1-27)

This process has the potential to produce CO2-free hydrogen although it is endothermic and 

requires thermal energy input (∆H = 0.7 eV/mol) to sustain the process.  Experimental work using 

non-thermal plasmas for pyrolysis was performed by Givotov et al. [66] using microwave 

plasmas with some preheating of reactants.  It was found that the addition of plasma energy 

caused a decrease in the reaction temperature, and it is believed that a fraction of the input plasma 

energy (<20%) is spent in catalytic stimulation of reaction 8-16.  Givotov et. al. postulated 

several possible mechanisms of plasma-stimulated pyrolysis including process stimulation from 
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non-uniform temperature distribution in the discharge, effect of plasma radicals and excited 

species, CH4 decomposition on the surface of carbon clusters, and the ion-Winchester 

mechanism.  The methyl ion radical CH3
+ was found to provide the most effective chain 

stimulation for the production of hydrogen and multiple carbon cluster growth to sizes up to C20.  

The ion-Winchester mechanism is thought to have the strongest effect in CH4 decomposition and 

it begins with dissociative ionization by electron impact:  

              e + CH4  CH3
+ + H + e + e (1-28)

 

Carbon cluster formation with hydrogen production then proceeds through the following:  

              CH3
+ + CH4  C2H5

+ + H2 (1-29)

Increasing growth of carbon clusters occurs through the attachment of CH2 groups, with 

additional hydrogen production occurring through two pathways:  

              CnH+
2n+1 + CH4  Cn+1H+

2n+3 + H2     (for n>1) (1-30)

              CnH+
2n+1 + CH4  [Cn+1H+

2n+5]* (1-31)

Chain termination of this process occurs due to recombination of charged particles:  

              e + Cn+1H+
2n+3  Cn+1H+

2n+2 + H (1-32)

              e + CH3
+  CH2 + H (1-33)

The experimental results of plasma-assisted pyrolysis are described in section 8.X.   

1.6.8 Plasma Catalysis of Partial Oxidation (POX) of methane 
 

There have been fewer studies on the mechanisms of the plasma catalysis effect for the 

partial oxidation of methane and other hydrocarbon fuels as compared to pyrolysis and 

ignition/combustion studies.  This may be due to the fact that several of the reaction mechanisms 
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for plasma stimulation of pyrolysis (non-oxidative) and ignition/combustion (highly-oxidative) 

overlap within the partial oxidation (moderately-oxidative) processes.  Partial oxidation begins 

with a rapid-oxidation phase in which nearly all free oxygen is consumed to form the combustion 

products H2O and CO2 [31-32].  Because of this rapid combustion phase, regions of fuel-rich 

mixtures are created in which almost no oxidizers are present, and pyrolysis reactions can occur 

almost simultaneously.  Nair et al. suggested that the mechanisms of plasma stimulated partial 

oxidation of methane begin with the following four reactions [65]:  

               e + CH4  CH3 + H + e (1-34)

               e + CH4  CH2 + H2 + e (1-35)

               e + CH4  CH + 3H + e (1-36)

               e + O2  2O + e (1-37)

In this mechanism, electrons from the plasma are postulated to play an important role in non-

oxidative CH4 decomposition, while free oxygen is converted into aggressive oxygen radicals.   

Nair et. al. combined experimental investigation of methane partial oxidation in DBD 

plasma at low temperatures (<200C) with a kinetic model, which included over 180 reactions 

with 29 species.  Their investigation showed that at low temperatures, C1 oxygenated species 

(such as, CH2O, CH3O) are formed as intermediate products, and are then further oxidized to 

syngas products CO and H2.  They also noted that the greatest limitation of plasma-assisted POX 

is low selectivity toward H2 because of the plasma’s affinity to oxidize H2 to H2O; however, this 

may be improved by moving to a combined steam-oxidative reforming process [65].   

Rusanov et. al. described a short-chain mechanism for the non-thermal plasma 

conversion of methane that includes intermediate products acetylene and ethylene [67].  This 

process is described in the framework of several conversion zones within a plasma reformer: the 

zone ahead of the combustion wave front, the high temperature zone immediately behind the 
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combustion front, and the zone beyond (far behind) the combustion front.  The zone beyond the 

combustion front includes some amount of combustion products from the rapid oxidation phase 

(CO2, H2O), some partial oxidation products (CO, H2) and some amount of pyrolysis products 

(C2H2, C2H4).  The process also includes a short chain mechanism that describes the creation and 

destruction of the intermediate residual hydrocarbons by the following: 

               H2O + H  OH + H2
* (1-38)

               2C2H2 + 2OH  2CO + 2CH3 (1-39)

               2CH3  C2H4 + H2 (1-40)

               C2H4 + M  C2H3 + H + M (1-41)

               C2H3 + M  C2H2 + H + M (1-42)

This process can also be used to describe acetylene conversion to syngas.   

 Researchers are currently continuing efforts to indentify and understand the underlying 

mechanisms related to plasma-assisted partial oxidation, steam, and CO2 reforming.  Greater 

knowledge of these mechanisms will ultimately help scientists and engineers to optimize future 

plasma-assisted reforming systems.  In the meantime, the existing experimental plasma reforming 

systems can provide valuable information about the effects such as temperature, plasma energy 

input, and other factors, which are known to have a direct impact on the efficiency of plasma 

reformers.        

1.7 Other Advantages of Plasma Catalysis in Fuel Reforming Systems 
 

There are several other important factors that contribute to the advantages of using 

plasma for fuel-cell-based conversion systems.  These factors are particularly important for 

transportation applications where plasma reformers are combined with vehicles.  The following 

sections highlight these important factors.  
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1.7.1 No Inertia (Preheating) Required 

 

Traditional thermal catalytic systems require long preheating times in order to reach the 

required activation temperatures for the metal catalysts to become effective.  These temperatures 

are in the range of 900-1300K [68], and given the typical high density of packed-bed and 

monolith-structured catalyst systems, this can require preheating times on the order of tens of 

minutes to hours in duration.  The principle advantage of plasma reformer systems is that the 

plasma has a near-instantaneous response and requires no preheating to initiate fuel conversion 

reactions.  This is especially important for on-board reformers for vehicles where plasma 

reformers generate hydrogen or hydrogen-rich syngas for fuel cells.   

1.7.2 No Sensitivity to Sulfur or Other Contaminates 
 

Most metal-based catalyst systems suffer from deactivation problems due to impurities in 

the fuel feedstock stream which can bind with active sites on the catalyst surface [69].  

Deactivation by sulfur, which is commonly found in liquid hydrocarbon fuels such as Diesel and 

JP-8, is often irreversible and can render the catalyst useless.  Catalyst deactivation can also occur 

from coke and carbonaceous deposits on catalyst surfaces that can occur during reforming 

reactions; however it is possible to regenerate by increasing oxygen and temperature and burning 

off the coke/soot [70].  Plasma-based fuel conversion systems do not suffer from these limitations 

because it is a gaseous-phase, volumetric catalyst with no surfaces with which these compounds 

can bind.   

1.7.3 No Soot Formation 
 

Many researchers report observations of little or no soot formation in rich and ultra-rich 

plasma-assisted fuel conversion systems [11, 19, 58].  One explanation of this observed effect is 

that plasma is strongly oxidative and can provide fast oxidation of soot precursors.  The strong 
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oxidative effect is due in part to the acidic nature of air-driven plasmas.  The acidic nature of 

plasma begins with the ionization of air (21% O2-79% N2) and leads to a large production of N2
+ 

ions, which can then easily react with water due through the following: 

               N2
+ + H2O  N2 + H2O+ (1-43)

Although water is only present in small quantities in air, the presence of water ions leads to 

interactions with neutral water molecules forming hydronium ions and hydroxyl radicals: 

               H2O+ + H2O  H3O+ + OH (1-44)

The efficiency of production of H3O+ and OH from these reaction mechanisms determines the 

level of acidity of air plasmas and defines plasma’s overall oxidative nature.   

As previously mentioned, the surfaces of metal catalysts can induce soot formation 

because they can act as deposition sites where carbon products and soot prefer to condense.  

Some researchers have combined plasma and metal catalysts, in so-called plasma-catalytic 

reformers, in order to eliminate soot formation while still realizing the benefits of catalyst 

reforming.  In this way, plasma acts as an initiator of reforming reactions, preventing soot 

formation on the catalyst surface, while the catalyst itself acts to improve heat transfer in the post-

plasma region and complete the reforming reactions.  Plasma-catalytic reforming is described in 

more detail in the following sections.     

1.7.4 Plasma Reformers are Small and Compact 
 

The characteristic size of atmospheric pressure plasma reformers for syngas production 

can be quite small and compact.  An example of such a reformer is the Gliding-Arc Plasmatron 

device from Drexel University [19], which has a total volume of less than 1-liter and is capable of 

producing up to 20kW of syngas from heavy hydrocarbons such as diesel.  Such a compact 
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design is again important for vehicular-based on-board reforming systems and portable auxiliary 

power units [71].   

1.7.5 Possibility of Combining Desulfurization and Reforming 
 

Another advantage of the plasma catalytic effect in fuel conversion systems is the 

possibility of combining syngas production and desulfurization in one process.  When sulfur-

containing fuels are reformed into syngas, the sulfur is typically converted into hydrogen sulfide 

(H2S) gas, which can then react with active sites on metal catalyst surfaces causing solid sulfur to 

bind with the catalyst and deactivate it.  Non-thermal plasma has the capability to dissociate H2S 

with low energy input (1.2 eV/mol) and create solid sulfur and H2 as products [72-73].  In 

addition, some researchers have investigated the effectiveness of non-thermal plasma in 

converting H2S within syngas streams with varying degrees of success [74].   

1.8 Plasma Reforming of C1-C6 Hydrocarbons 
 

Plasma-assisted conversion of light, gaseous hydrocarbons has been widely investigated 

and the research areas have focused on pyrolysis, steam or CO2 (dry) reforming, and partial 

oxidation (POX) to synthesis gas.  Conversion of methane has drawn the most attention due to its 

high content within abundant natural gas sources and also the large database of kinetic 

information that describes the details of methane combustion and partial oxidation reactions, 

which some researchers have utilized for modeling and simulation of plasma-assisted conversion 

[75-76].  In this section, the most relevant results related to plasma-assisted conversion will be 

presented.  The focus will be on results which provide the lowest plasma energy cost with good 

conversion, such as those from microwave and gliding arc plasma systems, which are among the 

best.   
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1.8.1 Non-thermal plasma-assisted partial oxidation of methane 

 

Many non-thermal atmospheric pressure plasmas have been used to investigate methane 

partial oxidation, such as microwave discharges [67, 77-78], pulsed corona [79-80], and gliding 

arc [11, 58, 60].  Gliding arc plasmas are ideal for conversion of hydrocarbons because of their 

proven non-equilibrium effects [81] and relative high power density, which is desirable for high-

productivity industrial systems.  In addition, gliding arc plasmas have demonstrated some of the 

highest yields and energy efficiencies of all plasma fuel conversion systems thus far [9].  Kalra et. 

al. [11] investigated methane conversion using a gliding arc in tornado (GAT) system where a 

rotating gliding arc discharge was elongated to a fixed length between two ring electrodes inside 

a vortex chamber.  This configuration included an internal heat exchanger to provide heat 

recuperation and allowed for preheating of reactants to temperatures around 700K.  Experimental 

results for conversion efficiency are shown in figure 8, where approximately 85% conversion of 

methane was observed at an O/C ratio of 1.3.  A kinetic model was developed to simulate the 

expected methane conversions with and without plasma, which are shown as the solid and dotted 

lines, respectively in figure 8.  The experimental results of plasma-assisted conversion matched 

reasonably well with model predictions and were higher than the predicted conversion by thermal 

energy alone.   

The electrical energy cost to produce syngas was approximately 0.09 kWh/m3, which is a 

small fraction (3%) of the total chemical power of the system.  In addition, there was no soot 

formation observed in the range of O/C ratios investigated when the plasma discharge was 

present; however, soot formation was observed in trials without the presence of the plasma.  The 

gliding arc discharge in this system stimulates the partial oxidation process kinetically by acting 

as a catalyst.   
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 Additional work on methane partial oxidation using microwave plasma discharges was 

performed by Babaritskii et. al. with the goal of separating the effect of thermal heating from the 

plasma energy input for stimulating methane conversion [77].  In these trials, a continuous, 

atmospheric-pressure microwave discharge (2.45 GHz, power: 0.5-3 kW) was used to generate 

the non-equilibrium plasma, and thermal energy was varied by controlling the pre-heat 

temperatures of the fuel/air mixture and the O/C ratio.  The results in figure 9 show that when 

plasma power (εdish) is kept constant at 1.7 J/cm3 (curve 1) and 3 J/cm3 (curve 2) there is an 

increase in conversion (α*) with increasing thermal energy input (reflected in increasing εtot).  

However, a larger rate of conversion occurs when thermal energy is kept constant at 1.7 J/cm3 

and plasma power is varied, which is apparent by the steeper slope of curve 3.     

These results demonstrate that the effect of non-thermal plasma in stimulating partial 

oxidation processes is greater than the effect of adding the equivalent amount of thermal energy 

alone.  The reported conversion in these results is low (~60%) compared to results obtained in 

gliding arc systems (~85%); however, this experiment highlights that the plasma catalytic effect 

is not necessarily a result of plasma-induced thermal deposition of energy into the reaction.  

Better reforming results using microwave plasmas were obtained by Rusanov et. al. who 

demonstrated methane conversions of 70% and 100% at plasma energy consumptions of 0.25 and 

0.5 eV/molecule, respectively [82].  They attributed these results to plasma-induced initiation of 

chain processes.  Further investigations are needed to elucidate the detailed mechanisms of the 

plasma catalytic effect in plasma-assisted partial oxidation systems.   

1.8.2 Non-Thermal Plasma-Assisted Steam-Reforming of Methane 
 

Plasma-assisted conversion of hydrocarbons with water vapor is a method that holds 

great promise because it can be organized effectively and has the potential to produce very high 

hydrogen selectivity and yields [62].  The methane steam-reforming process is endothermic and it 
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requires thermal energy input of approximately 2.2 eV/molecule to produce syngas at a ratio of 

H2:CO of 3:1 under thermodynamic equilibrium conditions [16].  Deminsky et. al. [78] described 

results of methane steam reforming using a pulsed microwave plasma (9 GHz frequency, up to 

100kW power per pulse, pulse frequency of 1 kHz, and pulse duration 0.3-1 µs) with reactant 

preheating from 500-570°C and CH4:H2O ratios of 1:1 and 1:2.  With plasma energy input of 

approximately 5% of the total thermal energy of the process, methane conversion increased from 

10% to 16%.  Results showing the increase in conversion with and without plasma are shown in 

Figure 10.Total conversion in this case was low (only 16% H2 in exhaust), but the presence of 

plasma boosts conversion and decreases energy costs by 30-60%, corresponding to a specific 

energy cost of approximately 2.1 eV/molecule H2 produced [62].    

Sekine et. al. investigated steam-methane reforming at a steam/carbon ratio of 1 using a 

pulsed spark discharge (30kV, 0-10mA, pulse frequency 0-300 Hz) [83].  The experiments were 

performed at low reaction temperatures of 393K, which are significantly lower than typical 

catalytic reforming systems (800K).  The results indicated that the maximum methane conversion 

achieved was only 55%; however, selectivity to hydrogen was high (85%) and a high H2/CO ratio 

of 4 was observed.  There were some small amounts of C2 hydrocarbons present, with acetylene 

predominant, but it was discovered that the selectivity to compounds other than hydrogen can be 

controlled by changing the partial pressure of steam.  The energy cost to produce hydrogen was 

reported to be 2.7-3 eV/molecule at the highest conversion levels.  

1.8.3 Non-Thermal Plasma-Assisted Carbon Dioxide (Dry) Reforming of Methane 
 

The process of methane conversion to syngas using carbon dioxide can provide the 

possibility to utilize a major greenhouse gas pollutant and provide for better carbon resource 

management.  This is especially desirable if the syngas produced by CO2 is not burned but used 

for chemical synthesis processes.  Similar to steam reforming, CO2 (dry) reforming of methane is 
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an endothermic process that requires a slightly higher energy input of 2.6 eV/molecule.  Many 

types of non-thermal plasmas have been investigated using this process: DBD [84-87]; pulsed 

corona [88]; and gliding arc [89-91].  The plasma catalysis effect for this process was best 

demonstrated by Mutaf-Yardimci et. al. when they investigated the effect of preheating on 

conversion both with and without a pulsed corona discharge.  Hydrogen generation nearly 

doubled when the discharge was switched on (from 3.8% to 7.2% in exhaust), and power 

consumption of the discharge was less than 5% of the required reaction enthalpy.  These results 

are attributed to a plasma-induced chain mechanism involving methanol and formaldehyde 

thermal decomposition for methane-carbon dioxide mixtures [88].   

1.8.4 Non-thermal Plasma-Assisted Pyrolysis of Methane 
 

Pyrolysis is an important fuel conversion scheme for acetylene production and is 

involved in the process of methane decomposition into hydrogen and solid carbon.  Thermal arc 

plasmas have been used in the industrial production of acetylene, ethylene, and hydrogen for 

more than 50 years in a process also termed electric cracking, and the mechanisms by which this 

occurs are well known.  The thermal plasma arcs used in pyrolysis can have power levels as high 

as 10 megawatts with arc lengths reaching as long as one meter [16].  Givotov et al. investigated 

microwave plasma-assisted pyrolysis of ethane to hydrogen gas and solid carbon (soot) with zero 

CO2 emissions.  The pulsed microwave discharge was operated at a frequency of 9 GHz with 

average power of 30-100 W, pulse duration 0.3-1 µs, pulse frequency of 1 kHz, and power per 

pulse near 100 kW [66].  It was found that the addition of plasma energy caused a decrease in the 

reaction temperature, and it is believed that a fraction of the input plasma energy (<20%) is spent 

in catalytic stimulation of the reaction.   
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1.9 Plasma Reforming of Liquid Hydrocarbons 
 

Non-thermal plasmas have been used in a variety of transportation applications related to 

the conversion of refined liquid hydrocarbon fuels, such as gasoline, diesel, and JP-8.  There are 

four major applications where plasma systems have been specifically developed for use onboard 

vehicles, including development of vehicular auxiliary power units that convert fuel-to-electricity 

using plasma reformers combined with fuel cells [92-93], hydrogen-enriched combustion for 

improved engine performance and reduced toxic emissions [94-95], plasma after-treatment and 

reduction of exhaust pollutants such as nitrogen oxides (NOX) and solid particulates [96-99], and 

regeneration of NOX absorbers and diesel particulate filters [100-102].  Plasma reformers, in 

general, have several advantages over catalytic systems that make then attractive for the 

automotive industry including near instantaneous start-up time, no pre-heating requirements, and 

small and compact design.   

Plasma researchers face several challenges when reforming liquid hydrocarbon fuels such 

as diesel, because they contain a mixture of variable-length hydrocarbon chains and include some 

fractions of polycyclic aromatic compounds.  Reforming aromatic compounds can be difficult 

due to the multiple kinetic pathways that can lead to solid carbon and soot formation.  Many 

plasma researchers, however, have reported no soot or solid carbon formation even in regimes in 

which it is thermodynamically favorable [19, 58].  It is believed that plasma is acting to oxidize 

carbon-forming precursor molecules and thus soot and coke formation is avoided.   

Another challenge for the plasma reforming community is to find ways to improve 

hydrogen selectivity.  Many of the plasma reforming results presented in the literature show good 

conversion of fuel to syngas products, but hydrogen selectivity is lower than equilibrium 

predictions because a portion of the hydrogen is either oxidized to H2O or preserved in the form 

of light hydrocarbons (LHCs).  Oxidation of H2 is inevitable even in fuel-rich conditions, such as 
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partial oxidation, because of the oxidative nature of plasma, which is due in part to the multiple 

oxidative radicals that it produces and the fast rate of the H2-O2 reaction.  When hydrogen 

selectivity is decreased because of the production of light hydrocarbons (LHCs), this is typically 

the result of some amount of fuel pyrolysis that may have occurred in the vicinity of the plasma 

discharge - an effect which is more prevalent in higher temperature plasmas, such as gliding arc.  

The fact that the LHCs are preserved in the exhaust also points to incomplete reforming that is 

most likely caused by heat losses in the post plasma treatment zone or insufficient residence time 

to allow the reactions to complete.  Such problems are related to system optimization and can be 

avoided.  The LHCs preserved in the product stream are mostly comprised of methane in the 

range of a few percent of the absolute volume concentration, with smaller amounts of ethylene, 

acetylene, and ethane (usually less than 1-2 percent).  Although the concentrations of the light 

hydrocarbons are typically low, in some cases they can account for as much as 40% of the heating 

value of the syngas product stream [19].  Nevertheless, the presence of the LHCs may not a pose 

a problem when the syngas stream is being fed to solid oxide fuel cells (SOFCs), especially when 

methane is the major component.  SOFCs can reform methane internally even at high 

concentrations (up to 25% of the molar concentration) [103].  Additionally, methane in the syngas 

product stream was also shown to be beneficial to the thermal management characteristics of a 

solid oxide fuel cell because it can be endothermically reformed in the high temperatures of the 

anode side of the fuel cell, where abundant H2O is present.   

A large amount of research on liquid hydrocarbon reforming has been performed using 

gliding arc and microwave plasmas, which have demonstrated the best results thus far.  Therefore 

the focus of this section will be to describe the major results from plasma-assisted conversion 

from these discharges.   
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1.9.1 Plasma-Assisted Partial Oxidation of Diesel Fuel and its Surrogates into Synthesis 

Gas  
 

Some of the best conversion results for POX of diesel fuel to syngas have been obtained 

with vortex-based gliding arc plasma reformers.  Bromberg et al. achieved good conversion of 

atomized liquid diesel in a vortex based gliding arc plasmatron at high flow rates (fuel flow rates 

up to 2 g/s) without the use of a catalyst [104].  Atomized fuel was injected into the reactor in the 

axial direction with a curtain of air that flowed along the walls to prevent the fuel droplets from 

making contact, thus preventing conditions for pyrolysis.  A series of vortex nozzles generated a 

swirling flow that pushed and elongated the gliding arc discharge and provided good mixing of 

the reactants with the discharge.  The plasmatron reformer has the capability to operate in a wide 

dynamic range while using limited electrical power of 200W.    At an O/C ratio of 1.1, diesel fuel 

flow rate of 0.8 g/s and plasma power of 250W, the energy conversion efficiency was 

approximately 70%.  The gas composition of the exhaust is shown in Table 1.  An opacity meter 

was also used to detect the presence of soot, and none was observed under these conditions.  

However, some light hydrocarbons were produced and included equal parts of CH4 and C2H4.   

Table 3.  Exhaust gas composition from the gliding arc plasmatron for partial oxidation of diesel 
fuel [104]. 

Concentration (volume %) 

H2 8.2 

O2 1.4 

N2 68.7 

CH4 2.6 

CO 14.3 

CO2 4.7 

C2H4 2.4 

C2H2 0.0 
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1.9.2 Plasma-Assisted Steam-Oxidative Reforming (SOR) of Various Hydrocarbons Fuels 

into Synthesis Gas 
 

In steam-oxidative reforming, also known as auto-thermal reforming, both partial 

oxidation and steam reforming processes are combined and air and H2O are used together as fuel 

oxidizers.  The advantage of steam-oxidative reforming is found in the energy balance of the 

process, where it is possible to achieve thermo-neutral conditions with a zero net enthalpy change 

(∆H=0) in the process due to equal contributions between exothermic and endothermic reactions.  

It is also possible to achieve increased hydrogen yields and improved hydrogen selectivity under 

SOR conditions because syngas can be derived from the oxidizers themselves (i.e. H2 from H2O).     

Paulmier et al. used a steam-oxidative reforming scheme to convert gasoline into syngas 

with a flat gliding arc reformer that contained two sets of electrodes that could provide two 

independent plasma discharges [93].  This system was also capable of operating at elevated 

pressures (up to 300 kPa) and at temperatures up to 773K.  Experiments were performed near 

auto-thermal reforming conditions: H2O/C ratio: 2.5, variable air ratio: 0.1-0.4.  The results 

showed a maximum output composition of syngas at atmospheric pressure of H2: 7% and CO: 4% 

with an additional large amount of CH4: 9%.  Reforming improved at higher pressures (250 kPa) 

where a maximum efficiency of 27% was achieved at an air ratio of 0.4, H2O/C ratio of 2.5, inlet 

temperature of 773K, and fuel power of 10kW.  It should be noted that while increasing pressure 

caused an increase in conversion, it also lengthened the delay between extinction/ignition cycles 

of the gliding arc discharge.  Gliding arc discharges are auto-oscillating and they normally 

extinguish and re-ignite periodically; higher pressures make breakdown more difficult and can 

increase the delay between breakdowns making large gaps where there is no discharge.  The low 

conversion efficiency observed in these experiments was most likely a result of both the increased 

discharge extinction time and the flat geometry of the discharge, which is known to have poor 

mixing with reactants.   
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The experimental results of plasma-assisted liquid hydrocarbon conversion show good 

conversion, in general, especially those using transitional (warm) non-equilibrium plasma 

discharges like gliding arc [9].  One possible reason for the improved reforming with gliding arc 

plasmas compared to DBDs or corona discharges, is because the higher translational gas 

temperatures accelerate the kinetics of the reforming reactions while the plasma radicals act 

simultaneously to reduce energy barriers and prevent unwanted by-product (soot) formation.  

This hypothesis has not been proven however, and some researchers believe that low-current 

transitional arcs like gliding arc contribute energy through gas heating alone with no catalytic 

effects from plasma active species [75].  Further work is needed to elucidate the plasma catalysis 

effect in plasma-assisted reforming systems and understand the underlying mechanisms so that 

future fuel conversion systems may be improved and optimized.   

 

1.10 Combined plasma-catalytic reforming of hydrocarbons fuels into hydrogen-rich 
synthesis gas 
 

There is a distinction between reforming hydrocarbon fuels using plasma independently 

for its own catalytic properties, which is referred to as plasma catalysis, and reforming using the 

plasma-catalytic approach that combines plasma with traditional metal catalysts [16].  

Investigations involving the plasma-catalytic approach have grown significantly over the past 

decade and the results have demonstrated a positive synergistic effect, with improved reforming 

results that are often better than the results produced by either technology alone.  Researchers 

have applied the plasma-catalytic approach for hydrocarbon reforming using various schemes that 

include CO2 (dry) reforming [105-106], steam reforming [107-108], partial oxidation reforming 

[109-112], and non-oxidative reforming [53, 113].  Both plasma and traditional catalyst 

technologies have their own drawbacks with regard to hydrocarbon conversion, namely energy 



40 
 
spent on gas heating in plasmas can be expensive and energy inefficient and catalysts have flow 

restrictions due to their high density and deactivation problems from sulfur and soot formation 

that can occur on their surfaces.  However, combining these technologies into plasma-catalytic 

hybrid reactors can work to eliminate the weaknesses of both technologies by providing increased 

conversion at lower reaction temperatures, avoiding soot and unwanted byproduct formation, and 

improving energy costs and efficiency.   

Plasma-catalytic reforming systems are most commonly arranged in either a single-stage 

and two-stage configuration [114].  In the single stage configuration, the plasma and catalyst 

regions can completely or partially overlap and the plasma discharge is ignited within the catalyst 

bed or on electrodes that are coated with catalyst material.  The single stage configuration is 

somewhat more complex because the overlapping catalyst and plasma discharge are known to 

have strong interactions which can affect the properties of both.  For instance, the electrical 

conductivity and the sharp edges of pelletized metal catalyst material can affect the reduced 

electric field of the plasma thereby altering the types and concentrations of the active species it 

produces [114].  In addition, the behavior of the catalyst can be influenced by plasma-induced 

surface heating [110] and possibly by other unknown effects caused by current flowing across the 

catalyst surface.  The plasma and catalyst regions are separated in the two-stage configuration, 

with plasma placed upstream from the catalyst bed to provide pre-processing or downstream for 

post-processing of the catalyst-treated effluent.  Pre-processing of reactants is more commonly 

used and has also yielded the best results [114] in terms of conversion because it is believed that 

the plasma can excite hydrocarbon molecules in such a way that they are more easily converted 

by the catalyst material.  Regardless of their differences, researchers have shown that both the 

single-stage and two-stage plasma-catalytic systems are capable of providing improved reforming 

with greater results compared to either plasma or catalyst alone.   
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1.10.1 Plasma-catalytic two-stage configuration for hydrocarbon reforming 

 

Sobacchi et al. used a two-stage plasma-catalytic reformer to compare the effects of pre-

processing and post-processing for the steam-oxidative reforming of isooctane (trimethylpentane, 

C8H18) into synthesis gas [112].  In this system, a pulsed corona discharge was developed using a 

wire-into-cylinder coaxial electrode configuration and combined with a separate catalyst bed 

reformer in such a way that it could be placed either upstream (pre-processing) or downstream 

(post-processing) from the catalyst.  The plasma-catalytic system was placed inside a tube furnace 

in order to control the catalyst bed temperature, which was varied from 630-800°C.  The catalyst 

used in these trials was specially developed by Argonne National Laboratory, and the details of 

its composition were not provided.  The system was operated using a simulated air mixture of 

50% O2-50% N2, which was held constant at an air-to-fuel O/C ratio of approximately 1.  Steam 

was introduced at an H2O/C ratio of 1.1 and the fuel flow rate was low (0.04 ml/min) with a 

heating value of 22W.  Figure 11 shows a comparison of hydrogen yields between pre-

processing, post-processing, and the pure catalyst case.  It is clear that at low temperatures (near 

640°C), hydrogen yields increased nearly 2.5 times for both the plasma pre- and post-processed 

cases compared to the pure catalyst case.  Despite the increase in yield, the plasma-catalytic 

system cannot obtain maximum hydrogen yields (denoted by the straight dashed line in Figure 

11) at these low temperatures; however, the authors noted that a significant fraction of isooctane 

remains unconverted in this regime.  In addition, some heavy organic acids produced by partial 

oxidation were detected in the exhaust.  The maximum H2 yield occurred at higher reaction 

temperatures, near 800°C, where the synergistic effect between plasma and catalyst seems to 

wane and become indistinguishable from the pure catalyst case.  Figure 11 also shows that the 

pre-processed reactant stream had slightly better conversion and product yields over the post-

processed stream.  The authors observed slight changes in power input to the corona discharge 

between the pre- and post-processed cases, which can occur because of the dissimilar reactant 
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compositions, and a slight pressure increase located upstream of the catalyst bed caused by the 

dense packing of the catalyst material.  The authors attribute the improved reforming in the 

plasma pre-processed case to plasma stimulation of the kinetically-suppressed and slower initial 

stages of isooctane oxidation which allows the catalyst to act more effectively on the intermediate 

oxidized components and ultimately move the reforming reaction along further.  The plasma 

power was kept below 8 W in all trials and was varied slightly to examine its effect on hydrogen 

yield.  It was found that increasing plasma power had little positive effect on conversion of 

isooctane to hydrogen and eventually caused a decrease in hydrogen yield.  Experiments were 

performed intermittently for more than 100 hours and the catalyst showed stable performance 

throughout with no signs of deactivation or plugging.  The results presented here show that low 

power non-thermal plasma combined with metal catalyst has a positive synergistic effect that 

promotes greater fuel conversion and higher hydrogen yields at low overall reaction temperatures. 

1.10.2 Plasma-catalytic single-stage configuration for hydrocarbon reforming 
 

A single stage setup using a dielectric barrier discharge (DBD) plasma-catalytic hybrid 

reactor for methane steam-reforming was demonstrated by Nozaki et al. [115].  A strong 

synergistic effect between plasma and catalyst was observed in the temperature range between 

400-600°C, with almost no effect observed below 200°C.  Figure 12 shows the methane 

conversion curve as a function of  temperature for three cases: DBD only, Ni/SiO2 catalyst only, 

and DBD + Ni/SiO2.  The results show that the methane conversion curve is shifted 200°C 

towards the low-temperature region for the case of DBD + Ni/SiO2, which exceeds the expected 

conversion at equilibrium (dashed line).  At higher reaction temperatures (approaching 700°C) 

the plasma-catalytic effect seems to diminish and conversion approaches the equilibrium and 

catalyst only case.  Energy cost and energy efficiency were reported to be 134 MJ/kg H2 and 

69%, respectively.  The authors noted that while conversion was higher than equilibrium in the 
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low temperature case, product selectivity mainly followed the equilibrium predictions.  The 

authors suggest that the reason for higher than predicted conversion of methane may be the result 

of plasma-induced electron impact excitation, which can further induce vibrational excitation of 

methane.  Vibrationally excited methane is known to have a sticking probability of one to two 

orders of magnitude higher than ground state methane, thus promoting dissociative 

chemisorptions on catalyst surfaces [116].   

The plasma-catalytic synergistic effect has shown promise in its ability to promote 

greater conversion and product yields than stand-alone plasma or catalyst technologies.  Single-

stage systems have demonstrated better reforming results thus far, but determining which 

configuration is best for reforming is not possible at this time.  Studies of plasma-catalytic 

systems are still in progress and a comprehensive comparison between single-stage or two-stage 

systems is not yet available.  In general, the consensus among researchers seems to be that plasma 

is effective at increasing the internal energy of reactants and specifically stimulating vibrational 

excitation which can be effectively utilized in thermal catalysis reactions.  More research is 

needed to identify the roles of plasma and catalysts in combined systems and to investigate the 

detailed kinetic mechanisms responsible for the synergy that provides improved conversion and 

product selectivity.   
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Figure 1.  Schematic of the planar Gliding Arc (a); An image of several snapshots of the 
discharge at various lengths along the diverging electrode (b). 
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Figure 2.  Gliding arc plasma discharge in reverse vortex flow configuration (top view). 
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Figure 7.  Demonstration of the effect of plasma in lowering the autoignition temperature of a 
H2-O2 mixture.  The “0A” curve corresponds to the conventional limit (no plasma). 
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Figure 8.  Methane conversion for the Gliding Arc in Tornado (GAT) system.  Kinetic simulation 
results w/ plasma (solid line with dots); plasma experimental results (solid bars); kinetic 
simulation w/o plasma (dotted line); and results w/o plasma (dotted bar). 
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Figure 9.  Relative conversion of methane into synthesis gas as a function of the total specific 
energy input in a coaxial microwave plasmatron.  Variation in thermal energy input at (1) εdish = 
1.7 J/cm3 = const, (2) εdish = 3 J/cm3 = const, and (3) change in the discharge energy input at εthermal 
= 1.7 J/cm3 = const. 
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Figure 10.  Hydrogen concentration (%) as a function of specific energy input (J/cm3) for 
microwave plasma-assisted methane-steam reforming.  Curve 1 represents reforming with 
thermal energy input only (no plasma); Points 2, 4, 6, and 8 represent experimental results with 
microwave plasma discharge.   
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Figure 11.  Hydrogen yield as a function of Temperature for system configurations that include: 
plasma pre-processing, post-processing, and catalyst only.  The maximum possible H2 yield from 
isooctane is represented by the straight dashed line.   
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2.  Design, Testing, and Evaluation of Gliding Arc Plasma Reformers for Partial 
Oxidation of n-Tetradecane and Diesel Fuel to Synthesis Gas 

 

2.1  Introduction 
 

This chapter describes the design, evaluation, and testing of a new type of gliding arc 

plasma reformer that is based on a reverse vortex flow configuration and was designed for the 

specific purpose of reforming heavy hydrocarbon fuels such as n-Tetradecane and commercial-

grade low-sulfur Diesel fuel into synthesis gas.  As previously described, vortex-based gliding arc 

reformers have shown considerable promise as being among the most efficient plasma reformers 

due to their high level of mixing and contact of the reactant stream with the plasma discharge 

itself.  This new reverse vortex flow gliding arc (RVF-GA) reformer will be introduced along 

with design details, experimental results, and a comparison of those results with the predicted 

results from thermodynamic equilibrium simulations.  In addition, a second reactor known as the 

Gliding Arc Plasmatron (GA-Plasmatron) device was used to investigate syngas conversion using 

a slightly different forward-vortex mixing scheme.  The reforming results from this device will be 

presented and compared against the results from the RVF-GA system.  Specifically, a comparison 

of the performance of each device is made with regard to the hydrogen yield, energy conversion 

efficiency, and specific energy requirements.   

2.2 Materials and Methods 
 

2.2.1  General System Scheme 
 

The plasma reformers are connected to a larger system with several important 

components for pre-heating fuel and air and post-treatment gas analysis.  A schematic of the 

overall system is shown in Figure 13.  A fuel evaporation system was constructed from stainless 
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steel tubing coils that were heated by temperature controlled resistive heating elements.  Both 

reactors were connected to a heat exchanger to condense water vapor and cool exhaust gases 

before sampling.  Gas sampling always occurred at steady state temperature conditions and the 

syringe method was used, sometimes in conjunction with a particulate filter to remove any solid 

contaminants such as soot or coke.  Mass flow controllers were used to control and monitor flows 

and a fuel pump was used to deliver liquid fuel to the fuel vaporization system.  Two different  

DC power supplies were used to generate the plasma:  BRC 10000 Universal Voltronics 

combined with an external ballast resistor box, and a custom-made power supply (Quinta, Ltd.) 

that uses the reactive capacitance resistance to control current.   

2.2.2  Gas Chromatography and Detection of Products 
 

A dry-basis analysis of the gas composition was made using a Gas Chromatograph 

(Agilent 3000 Micro-GC) using the thermal conductivity detection method.  Two separate 

columns were used; the Agilent HP-PLOT Molsieve column for detection of H2, CO, CH4, O2 

and N2; and the Agilent GS-GasPro column for detection of CO, CO2, N2, CH4, C2H2, C2H4, 

C2H6.  The atomic mass balances for carbon, hydrogen, nitrogen, and oxygen were used to 

provide for an estimate of the conversion of tetradecane and the production of H2O in the product 

stream.  As nitrogen is inert in this system, it is used as a linking substance to calculate the total 

exhaust flow rate of products and subsequently the molar flow rate of each substance detected by 

the GC.  In regimes where no visible soot was formed in the exhaust, the atomic carbon balance 

provided a means to qualitatively estimate the physical conversion of fuel to products.  It was not 

possible to quantify unreacted tetradecane because the GC used in these trials did not have the 

ability to detect higher hydrocarbons above C2.  Condensed water vapor could also not be directly 

measured; however, estimations of H2O produced during each experiment were made based on 

oxygen mass balance of the system.  The mass flow rate of known oxygen that was input into the 
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system (as air) was compared to the sum of the oxygen that was contained in the detectable 

product stream as indicated by the GC (CO, CO2, and O2).  The difference between these values 

(O2in – O2out) was assumed to be in the form of H2O, since there is little chance that the oxygen 

could have formed other species, including oxygenated hydrocarbon species.  The following 

equation demonstrates the estimated H2O in the product stream.   

   (2-1) 

The oxygen mass balance, when compared to the hydrogen balance, was typically close to 1:2 for 

O:H for most experiments.   

2.2.3  Plasma power supplies 
 

As many as three different power supplies were used to conduct fuel reforming 

experiments in both gliding arc reformers.  A direct current (DC) power supply (BRC 10000 

Universal Voltronics) connected to a ballast resistor box, and two custom DC power supplies 

(manufactured by Quinta, Ltd.) were used to generate the plasma and the high voltage electrode 

acted as the negative polarity cathode.  The power supplies were capable of delivering 10 kV 

open circuit voltage and a maximum current of 400 mA.  During reforming experiments on both 

systems, the average voltage of the discharge was approximately 1 kV and average current was 

fixed at approximately 250 mA.  Average power was kept constant in all trials at a value of 

approximately 250 W, which is about 3.5 percent of the lower heating value of the tetradecane 

flow (also kept constant at a flow rate of 0.15 g/s).  It should be noted that there was no detectable 

difference in reforming results when using these various power supplies.   
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2.3  Concept and design of the Reverse Vortex Gliding Arc Reformer  
 

 The first generation reverse vortex gliding arc (RVF-GA) reformer reactor was developed 

by Kalra et. al. at Drexel University for the partial oxidation (POX) of methane to syngas [12].  

The system contained movable electrodes and quartz reactor walls for observation of the 

discharge during reforming experiments (see figure 14).  The system successfully demonstrated 

the concept of transitional plasma-assisted reforming and the results are among the best of those 

reported in the literature as of today for POX of methane with non-thermal plasma [9].  The 

system, however, had several design issues that severely limited its capability, which included 

poor temperature stability of the movable electrode system, which ultimately warped and 

interfered with discharge elongation and stability.  Also, the quartz reactor walls were not 

sealable and caused leaking of product gases and the flexibility and range of the system was 

limited as it was strictly designed to work with gaseous fuels in a narrow flow regime.  Shortly 

after the conclusion of this work, another interesting application of this technology was developed 

and called for the creation of a plasma reformer that could convert heavy hydrocarbon fuels, such 

as Diesel, to syngas with the ultimate goal of producing electricity on-board vehicles.  The 

plasma reformer would be combined with a solid-oxide fuel cell and could potentially have a 

fuel-to-electricity conversion efficiency of nearly 45%.  This transportation-related application 

was supported by the U.S. Department of Energy and eventually spurred the interest of the U.S. 

Army.  Hence, a RVF-GA plasma reformer was developed as a laboratory-scale prototype for 

reforming Diesel (initially n-tetradecane) and JP-8 fuels, for use on-board long-haul trucks and 

military vehicles such as tanks.   

2.3.1  The Concept of Reverse Vortex Flow 

  
The RVF-GA reactor, as its name implies, uses a reverse vortex flow scheme that has an 

outer swirling rotation along with a low pressure area at its center, which is very similar to a 
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natural tornado.  The advantage of using RVF inside a chemical reactor is the high degree of 

mixing and contact of the reactant stream with the plasma discharge.  The vortex flow pushes the 

plasma arc and elongates it while simultaneously the reactants (fuel and air) interact with the 

discharge allowing plasma heat and active species to initiate partial oxidation of the fuel.  RVF is 

also similar to forward vortex flow, which the distinction being in the size of the exhaust 

diaphragm and the location of the swirl-generating jets.  In a RVF device, the diameter of the 

exhaust diaphragm is much smaller than the internal diameter of the vortex chamber and this acts 

as a barrier that causes vortex flow to reverse direction and flow backwards into the cylindrical 

vessel.  In addition, the swirl jets in a RVF device are located on the same plane as the exhaust 

diaphragm.  Figure 15 shows the axial and rotational streamlines of flow inside a reverse vortex 

flow chamber as well as a photograph that visualizes an ink stream acting under the influence of 

the rotating flow.  Another advantage of the RVF scheme is a thermal insulation effect that keeps 

reaction heat focused in the center of the chamber, as cold incoming air circulates near the 

internal vessel walls.  Investigations into the thermal efficiency of reverse vortex flow 

demonstrated the low heat losses near the reactor walls in [117-118].   

2.3.2  System Design Constraints for the RVF-GA Reformer 
 

The RVF-GA reformer was designed according to specifications designated by the 

National Energy Technology Laboratory (NETL) under the U.S. Department of Energy, who 

provided partial funding for the project.  NETL dictated reactant flow rate ranges for fuel and air, 

and certain safety restrictions including a pressure vessel shell capable of containing an 

explosion, coaxially shielded high voltage lines, and optical windows for observation of the 

plasma discharge.  A report containing calculations of pressure vessel safety is included in 

Appendix A.  Additional design constraints included size restrictions on the diameter (to be no 
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larger than 3 inches), requirements for a built-in heat exchanger to recuperate heat for pre-heating 

of the reactants, and an internal fuel vaporization system.   

2.3.3  RVF-GA Reactor Design Scheme 
 

A schematic of the RVF-GA reactor is shown in Figure 16.  Heat from the exhaust pipe 

(1) is exchanged with incoming air (2) to temperatures up to 600C.  The preheated air flows into a 

mixing chamber (3) where it is combined with vaporized fuel and steam (steam line was optional, 

not shown in Figure 16).  The fuel and water injected into the mixing chamber originated from 

stainless steel vaporization coils (4), which were heated with an external resistance heater (not 

shown).  The temperature and O/C ratio of the premixed reactants in the mixing chamber was 

carefully monitored to minimize the possibility of ignition outside of the reaction zone.  It was 

discovered during testing that the O/C ratio of the reactants in the pre-mixing chamber cannot 

exceed 1.1 or fuel ignition can occur resulting in coking due to the high-temperature oxygen 

deficient environment.  Because of this limitation, an axial air input port (5) was added to the top 

of the reaction vessel to allow for more air to be introduced into the reaction zone, thus allowing 

investigation of a slightly wider range of O/C ratios.  A dielectric ring made from boron nitride 

(6) separates the high voltage electrode (7) and the grounded exhaust nozzle (8).  The premixed 

reactants enter the cylindrical reaction zone through tangential jets that were machined within the 

dielectric ring.  The gliding arc discharge (9) is initiated at the pointed tip of the high voltage 

electrode located just in front of the tangential swirl jets.  This allows the incoming reactant 

stream to have maximum interaction with the plasma discharge and also to be the driving force 

which causes discharge rotation and elongation.  The reaction vessel has internal volume of 

approximately 0.4 L (inner diameter of 4.3 cm) and there is a relatively small post-plasma 

treatment volume, which is essentially a 0.5 inch diameter stainless steel exhaust tube that is 

approximately 30 inches in length.  The dotted arrows in figure 16 show the stream-lines of flow 
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on the axial plane (10).  A quartz tube lining (11) was inserted into the reactor to protect the 

grounded outer pressure shell (12) from arcing due to the high voltage electrode which is in very 

close proximity.  Quartz windows (13) were installed in the both the top flange and the top of the 

high voltage reaction vessel in order to view the stability of the discharge and observe the 

plasma/flame interaction.  A special high voltage feed-through (14) was developed that allows the 

high voltage line to pass through grounded pressure shell while still maintaining pressure in the 

system.   

2.4  Thermodynamic Analysis of Partial Oxidation of n-Tetradecane 
 

Thermodynamic equilibrium simulations were performed (using HSC Chemistry, version 

6.0) in order to understand the maximum theoretical energy conversion efficiency and syngas 

yields for the partial oxidation of n-Tetradecane.  Figure 17 shows the predicted energy 

conversion efficiency versus O/C ratio for POX of n-tetradecane.  The simulations were 

performed at the adiabatic flame temperature for each corresponding O/C ratio with a reactant 

pre-heat temperature of 400C.  The maximum energy conversion efficiency from figure 17 is 

approximately 87%, which occurs at the stoichiometric POX point (O/C ratio = 1) where there is 

exactly enough oxygen to oxidize all fuel carbon to carbon monoxide and hydrogen.  This system 

cannot reach 100% energy conversion efficiency because the POX reaction is exothermic and 

therefore some energy is lost during the conversion process from n-Tetradecane to syngas.  The 

solid and dashed lines in Figure 17 show the energy conversion efficiency for two cases: the 

production of H2 + CO + light hydrocarbons (dashed line), and H2 and CO only (solid line).  

There is very little difference between these two cases until low O/C ratios near 0.5, where 

methane formation is predicted to occur.  The solid black dots in Figure 17 indicate solid carbon 

(coke, soot) formation, which is thermodynamically favorable at O/C ratios < 1.  In addition, the 

amount of carbon formed steadily increases with decreasing oxygen.  Figure 18 shows a slightly 
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different case where solid carbon is not included as a product, therefore even at conditions where 

solid carbon formation is thermodynamically favorable (figure 17) it is not allowed to form.  As a 

result of this slight change in allowable products, the unreacted carbon at O/C ratios < 1 in Figure 

18 is preserved in the form of light hydrocarbons (mostly methane).     

2.5  Experimental investigation of Partial Oxidation of n-Tetradecane using the RVF-GA 
Reformer 
 

 This section describes the experimental results for the POX of n-Tetradecane with the 

RVF-GA reformer.  The main parameters investigated included: the effect of the oxygen-to-

carbon (O/C) ratio on the hydrogen and carbon monoxide yields and the energy conversion 

efficiency; the effect of increasing plasma power on the hydrogen yield; and the effect of 5% 

unsaturated hydrocarbon additives (methylnaphthalene) on reforming and syngas yields.  When 

the RVF-GA reactor was initially designed, the devised test plan called for variation of the O/C 

ratio between 0.8-1.5; however later it was discovered that the system has a limited range of O/C 

ratio variance between 0.8 and 1.1.  The system becomes unstable at O/C ratios greater than 1.1 

due to overheating that can occur in the air-fuel premixing chamber.  As per the original design of 

the reactor, air and fuel are pre-heated and mixed to promote a more uniform conversion and the 

reactor recuperates heat from the exhaust stream.  There is no way to control the amount of heat 

given to the premixing zone and at O/C ratios greater than 1.1, the fuel/air mixture can ignite in 

the premixing chamber causing coking and soot formation in the region where the high voltage 

and grounded electrodes meet.  The carbon-rich soot can create a path for the plasma to arc to 

ground, much like a short circuit, outside of the reaction vessel.  Such conditions require an 

immediate shutdown of the system to protect the power supply from overloading and to prevent 

damage to the ceramic dielectric ring and metal electrodes.    
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2.5.1  Effect of Increasing O/C Ratio on the H2 and CO Yields 
 

 The conversion of evaporated n-tetradecane to the syn gas products of hydrogen and 

carbon monoxide as a function of the O/C ratio is shown in Figure 19.  The solid and dashed lines 

in figure 19 show the expected yields at thermodynamic equilibrium and were calculated at the  

adiabatic flame temperature at each corresponding O/C ratio with a preheat temperature of 400C.  

The experimental yields show a slight linearly increasing trend of with the O/C ratio, which 

follows the general trend of the equilibrium simulation.  The experimental yields are less than 

what can be expected from thermodynamics under adiabatic conditions; however, there is a 

significant fraction of light hydrocarbons (HCs) in the product stream amounting to as much as 

11% (by volume) of the total exhaust at O/C ratios less than one.   

2.5.2  Effect of Increasing O/C ratio on Energy Conversion Efficiency 
 

Figure 20 shows the experimental values of the energy conversion efficiency as a 

function of the O/C ratio.  The energy conversion efficiency, previously defined in section 1.5.4, 

compares the ratio of the lower heating value (LHV) of n-Tetradecane fuel to the syngas products 

and is a measure of how well the energy value of the fuel was transformed into useful syngas 

products.  The solid and dashed lines on Figure 20 show the predicted thermodynamic 

equilibrium energy conversion efficiency for two cases: H2, CO, and light HCs; and H2 and CO 

only. The thermodynamic equilibrium energy conversion values were calculated using the 

product compositions at the adiabatic flame temperature at each O/C ratio. The simulation 

follows the conditions described in section 2.4 where solid carbon formation was not allowed in 

the product stream.  As a result, the formation of light HCs becomes thermodynamically 

favorable at O/C ratios < 1.  The experimental energy conversion points for H2 and CO only are 

much lower than the equilibrium predictions; however, when the additional fractions of light 

hydrocarbons are included, the trends are nearly identical.  This points to a kinetic limitation in 
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the system where too short residence time may have prevented the light hydrocarbons from fully 

converting to syngas (H2 and CO only).  In addition, the experimental results suggest that the 

plasma may be acting to prevent soot formation because, although solid carbon is a 

thermodynamically favorable product at low O/C ratios (from figure 17), experimentally the 

carbon is preserved in the form of light hydrocarbons.   

2.5.3  Effect of Increasing Plasma Power on H2 Yield 
 

The effect of increasing plasma power on the hydrogen yield was investigated for various 

O/C ratios.  Figure 21 shows that increased plasma power generates a greater yield of H2 (& CO, 

not shown).  The reason for higher syngas yields with greater power is because as power 

increases, current increases, and so does the local gas temperatures within the discharge.  High 

gas temperatures are kinetically favorable to accelerating partial oxidation reactions and facilitate 

further completion of conversion reactions within the residence time of the system.  As 

previously described, partial oxidation often occurs in a two-stage process: a portion of the fuel is 

combusted and releases heat, CO2, and H2O; the second stage is the endothermic conversion of 

fuel with steam and CO2 released in the first stage.  The additional heat from the increased plasma 

power can promote and support these slower second stage reactions.  It is important that the 

plasma power is limited to only a fraction of the total chemical power of the system (less than 

5%) in order for plasma to be competitive as an economically viable catalyst.  In these trials, the 

total chemical power of the system is approximately 6.3 kW, the plasma power range of 100-

400W is equivalent to 1.5-6.3% of the total power of the system.   

2.5.4  Effect of Aromatic Compound Additives on Syngas Yields  
 

In these trials, a mixture of 95% n-Tetradecane and 5% Methylnaphthalene (by wt.) were 

reformed under POX conditions in the plasma reformer reactor.  Unsaturated polyaromatic 
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compounds, such as methylnaphthalene, are typically present in commercial fuels like Diesel and 

it was included as a fuel constituent in these trials to evaluate plasma-assisted reforming with a 

more realistic composition of fuel.  Aromatic compounds have double-bonded partial carbon ring 

structures that make reforming more challenging due to the additional energy needed to destroy 

these rigidly bonded carbon structures.  Also, aromatic compounds are prone to coking during 

reforming, especially at higher temperatures, due to the multiple kinetic pathways that favor 

condensation of their carbon structure.  Figure 22 shows the H2 & CO yields versus O/C ratio for 

the Tetradecane only trials and the Tetradecane/Methylnaphthalene mixture.  Both H2 and CO 

yields are lower in the mixed fuel trials and the increasing O/C ratio does not increase yields by 

much.  Figures 23 and 24 show the absolute composition (mol %) of the products for partial 

oxidation of 100% n-Tetradecane and 95% n-Tetradecane with 5% methylnaphthalene, 

respectively.  In the trials with the aromatic compounds (figure 24), there tended to be less light 

hydrocarbons in the product stream and slightly higher amounts of CO2 and H2O.  This indicates 

incomplete conversion of the fuel: the additional CO2 and H2O are present because they did not 

have enough residence time (or energy) to endothermically react with the aromatic compounds in 

the fuel during the second stage of partial oxidation.  Furthermore, the carbon balance in the 

aromatic compound trials tended to be worse; as much as 12% of the carbon introduced as fuel 

into the system remained unaccounted for in the detectable product stream, which is further proof 

of incomplete fuel conversion.  Soot production was not measured in these trials; however, very 

little, if any, soot was visually observed in the exhaust stream.   

2.6 Concept and Design of the Gliding Arc Plasmatron Reformer 
 

The Gliding Arc Plasmatron (GA-Plasmatron) device is a vortex-based fuel reformer that 

can convert both vaporized and liquid hydrocarbon fuels into syngas.  The GA-Plasmatron uses a 

forward-vortex flow scheme and is much smaller and compact as compared to the RVF-GA 
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reformer.  The GA-Plasmatron does not have a pre-mixing chamber for fuel and air, instead it has 

a fuel atomization nozzle built into the device that can introduce fuel axially within the reaction 

chamber.  The GA-Plasmatron was optimized to work in cold start-up mode and heat 

recuperation from the exhaust products was not included in the design of the system.  The GA-

Plasmatron was originally designed by Rabinovich et. al [104], but has since been modified and 

optimized at Drexel University.   

There are two sets of experiments described in this section; one in which fuel was 

vaporized and pre-mixed with pre-heated air external to the reformer (fuel atomization nozzle not 

utilized); and experiments where spray-liquid fuel was introduced into the GA-Plasmatron device 

via an atomization nozzle and mixed with ambient temperature air (and plasma) within the 

reaction chamber.  The results of the vaporized fuel experiments are described in the context of 

comparing the performance between the GA-Plasmatron and the RVF-GA reformer.   

2.6.1  Reactor Design Scheme for the GA-Plasmatron Device 
 

A schematic of the GA-Plasmatron is shown in Figure 25.  The GA-Plasmatron consists 

of two main pieces: a small compact plasma head unit which contains swirl-generating jets (1) 

that create vortex flow and a high voltage electrode (with inner diameter of approximately 2.2 

cm) (2) that is separated from the ground by a Macor© dielectric ring (3); and a post-plasma 

treatment zone (4) that is surrounded by a layer of inert ceramic thermal insulation (5).  Air is 

injected through the tangential jets, which are placed near a small gap (~3 mm) where the plasma 

discharge (6) is ignited.  The fuel atomization nozzle (7), when utilized, requires a small amount 

of axial flow to assist in atomization process.  The cross-sectional streamlines of flow on the axial 

plane (8) are indicated in figure 25 and there is a slight amount of reverse flow inside the vortex 

chamber, which was verified through computational fluid dynamic simulations [119].   
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2.7  Evaluation and Comparison of the Partial Oxidation of evaporated n-Tetradecane for 
the RVF-GA and GA-Plasmatron Reformers 
 

Efforts were made to evaluate the performance of the GA-Plasmatron device and 

compare its performance to the RVF-GA reformer, given the inherent similarities of these 

systems.  The experimental conditions for partial oxidation reforming of n-Tetradecane reported 

in the following sections were exactly the same as the conditions used in trials with the RVF-GA 

reformer.  In addition, each reactor has a similar total residence time in the range of 

approximately 0.16-0.19 seconds.  The total residence time considers the volumes of both the 

plasma reaction zone and the post plasma zone, which is provided to allow for completion of 

secondary reactions.   

2.7.1  Comparison of the H2 and CO yields as a function of the O/C ratio for the RVF-GA 
and GA-Plasmatron Reformers 
 

 Figure 26 shows the H2 and CO yields as a function of the O/C ratio for both the GA-

Plasmatron and RVF-GA reformers.  A comparison of the experimental yields from both 

reformers shows that they nearly identical when operated under the same experimental 

conditions.  As shown in Figure 26, there is a slight linearly increasing trend of yields with 

increasing O/C ratios.  The experimental results follow the trends of the predicted yields at 

thermodynamic equilibrium, which are indicated by the solid and dashed lines in Figure 26; with 

the exception that they do not reach a maximum at the O/C ratio of 1.  Instead, the experimental 

yields continue to increase with the O/C ratio.  The thermodynamic equilibrium simulation 

maximum yields occur at the O/C ratio of 1 because this is the stoichiometric partial oxidation 

point, where there is exactly enough oxygen to allow for complete conversion of the fuel to 

syngas.  The experimental system does not follow this trend exactly, however, because of kinetic 

limitations within the system.  These kinetic limitations include too short residence time or heat 

losses downstream of the reaction zone that prematurely quench the partial oxidation reactions.  
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The experimental yields continue to increase above the O/C ratio of 1 and this is due to the excess 

heat released at higher O/C ratios which accelerates the POX reactions and allows the reactions to 

progress further in the limited residence time of the system.  At progressively higher O/C ratios 

(greater than 1), this effect should diminish as there will be enough oxygen to combust the fuel 

and oxidize the syngas further into H2O and CO2.  

 

2.7.2  Comparison of the Energy Conversion Efficiency as a Function of the O/C Ratio for 
the RVF-GA and GA-Plasmatron Reformers   
 

 Figure 27 shows the energy conversion efficiency as a function of the O/C ratio for both 

the RVF-GA and GA-Plasmatron reformers.  The solid and dashed lines in Figure 27 show the 

predicted energy conversion efficiency for two cases: H2 and CO only (dashed); H2, CO, and 

residual light HCs (solid).  The solid line also shows the expected energy conversion efficiency 

when solid carbon is not included as a product, even though it is thermodynamically favorable to 

be produced.  The experimental energy efficiency points are again nearly identical between both 

reformers, and they also follow the predicted trend at equilibrium.  The energy efficiency for the 

production of H2 and CO only is significantly less than the equilibrium predictions, however 

when the light hydrocarbons are included, the experimental and predicted efficiencies match very 

well.  The results here suggest that the plasma may be acting as a soot suppressant.  Solid carbon 

is typically a thermodynamically favorable product (see figure 17); however, instead there is a 

large fraction of light hydrocarbons preserved in the product stream and this is in very good 

agreement with simulations that do not allow solid carbon to form as a product.   
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2.7.3  Experimentally Measured Absolute Composition of Products as a Function of the O/C 
Ratio for Both the RVF-GA and GA-Plasmatron Reformers 
 

 Both the experimental and equilibrium product compositions of H2, CO, CO2, and light 

HCs are shown in Figure 28.  The experimental light HCs, shown in Figure 28 as a lumped 

category, include mostly CH4 and some C2H4; however smaller amounts of C2H2 and C2H6 are 

present in some cases in quantities of less than 2% over the range of O/C ratios investigated.  H2O 

content in the exhaust stream was estimated through the atomic hydrogen balance as was the 

‘‘unreacted” carbon, which is assumed to be in the form of C3 + higher hydrocarbons. The carbon 

balance at O/C ratios ≥ 1 indicates that all of the initial fuel was reacted and corroborates the fact 

that very little, if any, soot was observed in the exhaust stream. In addition, we did not observe 

wax or tar formation. The equilibrium simulation results presented in Figure 28 (solid lines) 

shows an expected sharp increase in H2 that reaches a maximum at the O/C ratio of one and this 

directly correlates with the decreasing concentration of light hydrocarbons. The light HCs from 

the simulation are mostly comprised of CH4 with less than 1% of other HCs present.  It is 

apparent that overall trends for experimental composition are similar to the anticipated 

compositions at equilibrium; however they are all slightly shifted such that H2O and CO2 exist at 

much lower O/C ratios and the light hydrocarbons species are preserved even at relatively high 

O/C ratios (up to 1.6).   

The deviation of the experimental product composition from thermodynamic equilibrium 

points to a kinetic limitation within the system, in particular, the well-known two-stage process 

for partial oxidation [29-30] may not have had sufficient time or energy to complete. The two-

stage partial oxidation process begins with an initial rapid oxidation phase where all free oxygen 

is consumed to produce mainly H2O and CO (and some CO2 at lower temperatures) [31-32], and 

then a second much slower endothermic reforming stage follows where mostly H2O and some 

CO2 react with residual hydrocarbons to further produce syn-gas. Evidence of the stage one rapid 
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oxidation phase is shown in Figure 28 where H2O and CO2 were produced even at O/C ratios < 1, 

which is below the stoichiometric limit where not enough oxygen is present to even complete 

partial oxidation. 

2.7.4  Evaluation of the H2O Content of the Product Stream 
 

 It is possible to estimate the extent to which the secondary endothermic reforming phase 

occurred in our system by comparing the calculated amount of H2O that was produced at the end 

of the rapid oxidation phase with the experimentally estimated amount H2O present in the exhaust 

stream. Figure 29 shows a comparison between the expected levels of H2O after the rapid 

oxidation phase and at thermodynamic equilibrium, and the experimentally estimated H2O from 

both plasma reformer systems. One could conclude from Figure 29 that approximately 50% of the 

secondary reforming stage was completed under the experimental conditions of both plasma-

assisted reformer systems. It is possible that the secondary reforming stage did not reach 

completion because of heat losses in the post-plasma treatment zone or too limited residence 

time. 

2.7.5  Partial Oxidation of n-Tetradecane With and Without Gliding Arc Plasma 
 

 In order to determine the influence of the gliding arc discharge on partial oxidation, an 

interesting effect was observed when the plasma discharge was switched off during reforming.  

During this investigation period, the temperature of the reactor remained constant for a period of 

time not exceeding 15 minutes, after which time, the temperature decreased due to heat losses and 

the reaction began to diminish.  The composition of products changed slightly when the discharge 

was turned off with a marked decrease in H2, CO, and light hydrocarbons, and a slight increase in 

H2O and CO2.  The temperature in the exhaust also increased slightly in the case without the 

plasma discharge.  Figure 30 shows the product composition and temperature variance for the 



72 
 
cases of ‘plasma on’ and ‘plasma off.’  One explanation of this effect could be that the active 

species provided by the plasma were acting to lower the energy barriers for the reactions to 

proceed, thus requiring a lower reaction temperature to produce syngas.  These results are not 

conclusive, and there is an alternate explanation for these results whereby the plasma may have 

acted as the reaction flame-holder that allowed fuel and air to immediately react once introduced 

into the system.  Faster initiation of partial oxidation would allow for slightly longer residence 

time in the heated reaction zone.  This would allow for further completion of the second-stage 

endothermic reforming process causing lower H2O and CO2 levels in the exhaust, and the 

production of more syngas.  Furthermore, without the plasma discharge, the exothermic POX 

reaction may have been initiated on the hot internal reactor walls (located further downstream 

from the plasma ignition point) and caused higher temperatures to be recorded in the exhaust 

stream.  These results are an interesting observation of the effect with and without plasma, but 

they cannot conclusively explain the plasma catalysis effect.  More research is needed to 

elucidate the role of plasma active species and separate thermal and non-thermal effects due to 

the presence of the plasma discharge.   

2.7.6  Effect of Increasing O/C Ratio of the H2 Yield using spray liquid versus vaporized n-
Tetradecane 
 

 There is a marked increase in the measured hydrogen yields when using vaporized fuel 

versus spray liquid fuel in the GA-Plasmatron device.  Figure 31 shows H2 yields of nearly 40% 

at O/C ratio =1 as compared to 20-30% yields in the liquid fuel case.  This result is expected 

since vaporized fuel has higher sensible enthalpy with which it can assist in the initiation the 

partial oxidation reaction.  In addition, there was a wider variance of yield values in the case of 

liquid fuel.  This was because the fuel atomization system is not optimized and can cause fuel 

droplets to impact the interior (high-temperature) walls of the reactor.  This leads to conditions 

for fuel pyrolysis and significant coking can occur.    
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2.7.7  Effect of Increasing O/C ratio on Energy Conversion Efficiency using sprayed liquid 
n-Tetradecane versus Diesel Fuel 
 

  Figure 32 shows energy conversion efficiency as a function of the O/C ratio for both 

spray liquid and vaporized n-Tetradecane fuel.  The results follow a similar trend to the hydrogen 

yields where energy conversion efficiency is higher for the case of vaporized fuel.  There is 

however, a greater fraction of light hydrocarbons present in the product stream for the liquid fuel 

case (9% absolute concentration) versus the 7% in the vaporized fuel case.  The higher production 

of the light hydrocarbons in the liquid fuel case was mostly due to the additional production of 

ethylene with ratios of CH4:C2H4:C2H2 as 2:1:1.2 and 2:2:1.2 for the cases of vaporized and liquid 

fuel, respectively.   

2.7.8  Comparison of the specific energy requirement for RVF-GA, GA-Plasmatron, and 
Thermal POX systems 
 

 Figure 33 shows a comparison of the specific energy requirements to produce syngas for 

the RVF-GA, GA-Plasmatron, and a thermal POX reformer described in [120].  The RVF-GA 

reformer has the lowest specific energy requirement for the production of H2 and this was due to 

the feature of its own internal heat recuperation.  The RVF-GA reformer is able to preheat fuel 

and air using its own the exhaust heat (to temperatures up to 500C), whereas, both the GA-

Plasmatron and the Thermal POX reformers are required to use an external heat source for 

vaporization.  Two sets of reforming data are shown for the GA-Plasmatron reactor, which 

include vaporized and liquid n-Tetradecane.  The specific energy cost for the vaporized fuel case 

was lower than the spray liquid fuel case (even though the liquid fuel case required no 

preheating).  The reason for this discrepancy is because reforming using ambient temperature 

liquid fuel and air generated less syngas and therefore, when compared to the electrical energy 

cost from the plasma discharge, the energy requirement was greater (i.e. the same amount of 

power generated less syngas).  The thermal POX reformer used vaporized diesel (to 400C) with 
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additional temperature added to the system (up to 900C) to allow reforming to occur.  The results 

presented here show that plasma-assisted reformers are competitive to thermal reformers in terms 

of the specific energy requirement to generate syngas.   

2.8  Conclusions for Gliding Arc Plasma-Assisted Partial Oxidation of n-Tetradecane 
 

In this chapter, the development and testing of two vortex-based gliding arc plasma 

reformers was described in the context of experiments pertaining to the partial oxidation of n-

Tetradecane fuel to syngas products.  The goal of this research is to create advanced fuel 

reforming technologies to generate syngas as fuel to support electrical power generation through 

solid oxide fuel cells (SOFCs).  Gliding arc plasma-assisted reformers have several advantages 

that are well suited for these goals, which include fast start time, stable operation with a wide 

variety of heavy hydrocarbons fuels, and low electrical energy consumption (2–5% of total 

chemical energy of the system).  This is especially important when considering transportation-

related applications where syngas is required to be generated on-board vehicles.   

Several important parameters were investigated that include the effect of increasing O/C 

ratios and plasma power, and polyaromatic compound additives.  The effect of these parameters 

was evaluated against the hydrogen and carbon monoxide yields, the energy conversion 

efficiency, and the specific energy requirement to generate syngas for both systems.  The 

experimental results were also compared against the predicted yields and efficiencies expected if 

the system were to reach thermodynamic equilibrium conditions.  This is especially true in the 

case when solid carbon formation was not included as a product in the thermodynamic 

simulations, even though it is a thermodynamically favorable product.  This suggests that the 

plasma may be acting as a soot suppressant; however, further work is needed to elucidate this 

effect.   
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The performance of these gliding arc plasma fuel conversion systems has showed great 

promise in terms of efficient conversion of heavy hydrocarbons fuels, such as n-Tetradecane, to 

syngas products.   Despite the fact that there was a significant fraction light hydrocarbons in the 

syngas product stream, this should not hinder the performance of a SOFC, however, because the 

majority of these light hydrocarbons are comprised of methane.  Researchers have shown that 

residual methane in the syngas product stream (up to 25% molar concentration) is actually 

beneficial to the thermal management characteristics of a solid oxide fuel cell [103]. This is 

because methane can be reformed in the high temperatures of the anode side of the fuel cell, 

where abundant H2O is present. The endothermic methane-steam reforming reaction can balance 

the exothermic oxidation of hydrogen that occurs as the fuel cell produces electricity (as H2 reacts 

with oxygen ions transported across the electrolyte membrane to form H2O).   

Overall, the experimental results show that both the RVF-GA and GA-Plasmatron 

reformers achieved partial oxidation of heavy hydrocarbons to syn-gas with approximately 50% 

efficiency with formation of an additional fraction of nearly 40% of light hydrocarbons in the 

product stream.  When the light hydrocarbons are included in the energy-mass balance with syn-

gas, the energy conversion efficiency of both systems can be as high as 80–90%, which is very 

close to the thermodynamic equilibrium energy efficiency for conversion. Further work is needed 

to optimize these systems to minimize heat losses in the post-plasma treatment zone and increase 

residence time in the vicinity of the plasma discharge itself. Such modifications should improve 

syn-gas selectivity and yields.  Furthermore, when considering that the residual light 

hydrocarbons, which are comprised of mostly methane, can be fully converted within a SOFC, 

the energy conversion efficiency can then be increased from 50% to approximately 83%. 

Complete conversion (tetradecane-to-electricity) using the plasma reformers combined with a 

solid oxide fuel cell (with 50% maximum efficiency) would be then as high as 42%. 
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 Even though the exact mechanisms of the plasma catalysis effect for partial oxidation are 

unknown at this time, there is some experimental evidence that gliding arc plasma is acting 

catalytically within the system.  Fundamental research on the exact kinetic mechanisms of the 

plasma active species is needed as well as identification of the influence of these species on 

accelerating the reaction rates for partial oxidation.  
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Figure 13.  General system scheme showing components that are external to the RVF-GA plasma 
reformer.   
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Figure 14.  A schematic of the gliding arc plasma reformer for conversion of methane to syngas 
(left) [11].  A photograph of the rotating plasma discharge which is suspended between a ring 
electrode and a grounded flange [121]. 
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Figure 15.  Photograph depicting rotating flow inside a reverse vortex flow chamber (left) [12].  
Schematic of the axial and rotational streamlines of reverse vortex flow [11].   
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Figure 17.  Thermodynamic equilibrium simulation predictions for the energy conversion 
efficiency of the partial oxidation of n-tetradecane versus the oxygen-to-carbon ratio.  Solid line 
represents energy efficiency of syngas plus residual light hydrocarbons (LHCs) which are mostly 
comprised of methane.  The dashed line corresponds to the conversion efficiency of syngas (H2 & 
CO) only.  The black dots represent the mass flow rate (g/min) of solid carbon formation region, 
which begins just below the O/C ratio of 1.   
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Figure 18.  Thermodynamic equilibrium energy conversion efficiency of the partial oxidation of 
n-tetradecane versus the oxygen-to-carbon ratio without solid carbon formation.  The solid line 
represents energy efficiency of syngas plus residual light hydrocarbons (LHCs) in the case where 
solid carbon is not allowed to form.  The dashed line corresponds to the conversion efficiency of 
syngas (H2 & CO) only.   
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Figure 19.  Hydrogen and Carbon monoxide yields as a function of the O/C ratio for the RVF-GA 
reformer.  The solid and dashed lines show the predicted yields at thermodynamic equilibrium.   
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Figure 20.  Energy conversion efficiency as a function of the O/C ratio for the RVF-GA reformer.  
The solid and dashed lines show anticipated conversion efficiency based on thermodynamic 
equilibrium predictions for the case of H2 + CO + light hydrocarbons and H2 + CO only.   
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Figure 21.  Dependence of the hydrogen yield on plasma power for various cases of the O/C ratio 
(0.8, 0.9, 1.0).   
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Figure 22.  Comparison of the hydrogen and carbon monoxide yields versus the O/C ratio for 
100% n-Tetradecane and 95% n-Tetradecane plus 5% Methylnaphthalene.   
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Figure 23.  Absolute composition of products on a wet basis for partial oxidation of 100% n-
Tetradecane in the RVF-GA reformer.   
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Figure 24.  Absolute composition of products on a wet basis for partial oxidation of 95% n-
Tetradecane/5% Methlynapthalene fuel mixture in the RVF-GA reformer.   

 

 

 

  

0.00

2.00

4.00

6.00

8.00

10.00

12.00

14.00

16.00

0.8 0.9 1.0

O/C Ratio

m
ol

 %

H2
CO
CO2
CH4
C2H4
C2H6
C2H2
O2
H2O



 

 

F

 

 

igure 25.  Schhematic of thee GA-Plasma

 

atron reformerr.   

89 



90 
 
 

 

 

 

Figure 26.  Comparison of the hydrogen and carbon monoxide yields as a function of the O/C 
ratio for the RVF-GA and GA-Plasmatron reformers.  The solid and dashed lines represent the 
syngas yields as predicted from thermodynamic equilibrium simulations.   
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Figure 27.  Comparison of the energy conversion efficiency as a function of the O/C ratio for the 
RVF-GA and GA-Plasmatron reformers.  The solid and dashed lines represent the expected 
energy conversion efficiency as predicted from thermodynamic equilibrium simulations.   
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Figure 28.  Experimentally measured absolute composition of products as a function of the O/C 
ratio for both the RVF-GA and GA-Plasmatron reformers.   
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Figure 29.  Comparison of the H2O content of the product stream: expected value for the end of 
the rapid oxidation phase (black), experimental estimations (grey), and thermodynamic 
equilibrium (white).   
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Figure 30.  Comparison of product compositions and temperatures for partial oxidation of n-
Tetradecane both with and without gliding arc plasma.   
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Figure 31.  Hydrogen yield versus O/C ratio for the cases of evaportated and spray liquid n-
Tetradecane.   
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Figure 32.  Energy conversion efficiency versus O/C ratio for the cases of spray liquid n-
Tetradecane and Diesel fuel.   
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Figure 33.  Comparison of the specific energy requirement as a function of the O/C ratio for the 
RVF-GA, GA-Plasmatron, and a Thermal POX reactor.   
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Chapter 3.  Design, Testing, and Evaluation a Gliding Arc Plasma Reformer for 
Autothermal reforming of Diesel and JP-8 Fuels to Synthesis Gas for Auxiliary 

Power Unit 
 

3.1 Introduction 
 

In this chapter, a modified version of the Gliding Arc Plasmatron (GA-Plasmatron) was 

developed to reform Diesel and JP-8 fuels into synthesis gas using the oxidative steam reforming 

regime, which is also known as autothermal reforming.  Autothermal reforming is a more energy 

efficient reforming regime than partial oxidation because the process is thermo-neutral, that is, it 

balances exothermic oxidation reactions with endothermic steam and CO2 reforming thus creating 

a zero net enthalpy change of the process (∆H=0).   It is also possible to achieve increased 

hydrogen yields and improved hydrogen selectivity under oxidative steam reforming conditions 

because syngas can be derived from the oxidizers themselves (i.e. H2 from H2O).  The GA-

Plasmatron that was specially developed for this application was combined with a desulfurization 

system and a solid oxide fuel cell (SOFC) to create a novel non-thermal plasma auxiliary power 

unit for military tanks (under funding from the U.S. Army through TARDEC) [71].  As stated 

earlier, non-thermal plasma reforming technology is well-suited for vehicular on-board reforming 

because the systems are typically compact, are capable of working with high-sulfur fuels (JP-8 

can have up to 3000 ppm), and have a near instantaneous start-up time.  In this system, the GA-

Plasmatron reformer is capable of incorporating high temperature SOFC anode tail gas exhaust 

into the reactant stream.  The flow diagram in Figure 34 shows the components of the system 

along with the compositions of the reactant and product streams.  The system is designed to 

support a 10 kWe SOFC and contains two plasma reformers that can process up to 16 kWth of 

fuel each (approximately 32 kWth total).  Each component of the non-thermal plasma auxiliary 

power unit system was developed and tested separately.  The design of the GA-Plasmatron 
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reformer, evaluation of its performance, and a discussion of the results will be included in the 

following sections of this chapter.      

3.2  Process Flow Diagram for the Non-Thermal Plasma Auxiliary Power Unit 
 

 Figure 35 shows the process flow diagram for the non-thermal plasma auxiliary power 

unit.  The highlighted lines represent the portion of the system that was replicated at Drexel 

University and used to evaluate the modified GA-Plasmatron reformer.  The input streams into 

the plasma reformer include stream B1 (air), stream A (Diesel), and Stream F, which represents 

variable amounts of the SOFC anode tail gas that was tested in three increments (3%, 6%, and 

10%).  The optimum amount of EGR (10%) was chosen based on the maximum predicted 

thermodynamic energy conversion efficiency at the autothermal point.  The autothermal point is 

located where the difference in the stream enthalpies for reactants (in) and products (out) 

approaches zero (∆H=0).  To balance the energy requirements of the process, the calculation 

requires additional thermal energy from the SOFC exhaust (assumed to be 850C).  Table 4 shows 

the specifications of each process flow stream in terms of mass flow rates, compositions, and 

temperatures.  The remaining two increments of EGR (3%, 6%) were included in this 

investigation because even though the thermodynamic predictions show the optimum EGR as 

10% of the SOFC exhaust, kinetic limitations of real-world systems (heat losses, residence time 

limitations) often dominate experimental processes.  Lower amounts of EGR allow for a longer 

residence time of treatment in the heated zone of the reactor.   
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Table 4.  Non-thermal plasma auxiliary power unit SOFC exhaust gas recycle (EGR) components 
for 3, 6, and 10 percent of total SOFC exhaust. 

EGR 
components 

Concentrations of EGR 
(mol%) 

EGR flow input (SLPM) 

3% 6% 10% 

H2 5.7% 2.61 5.23 8.71 

H2O 34.5% 15.82 31.63 52.72 

CO 6.8% 3.12 6.24 10.39 

CO2 36.3% 16.64 33.28 55.47 

N2 16.7% 7.66 15.31 25.52 

Total: 100.0% 45.85 91.69 152.82 

 
Figure 36 shows a design image of the auxiliary power unit.  The system was designed to 

house two plasma reformers within M-shaped enclosures that reside on either side of the SOFC.  

This design was chosen to maximize heat transfer between the SOFC and plasma reformers.  

Figure 37 (top) shows the thermally insulated box that was fabricated to house the SOFC and 

plasma reformers.  The specifications imposed on the design of system required that the system 

volume not exceed 150L. Figure 37 (bottom) shows the actual M-shaped enclosures with a heat 

exchanger located between them.  Note: it was later decided by TARDEC not to include the 

SOFC for initial trials, therefore a heat exchanger was added to simulate heat transfer from the 

SOFC.   

3.3  Materials and Methods 
 

The materials and methods employed in this chapter are very similar to the methodology 

described in chapter 2.  The modified GA-Plasmatron reactor was connected to a heat exchanger 

to condense water vapor and cool exhaust gases before sampling.  Gas sampling always occurred 

at steady state temperature conditions and the syringe method was used, sometimes in 
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conjunction with a particulate filter to remove any solid contaminants such as soot or coke.  A 

dry-basis analysis of the gas composition was made using a Gas Chromatograph (Agilent 3000 

Micro-GC) using the thermal conductivity detection method.  Two separate columns were used; 

the Agilent HP-PLOT Molsieve column for detection of H2, CO, CH4, O2 and N2; and the Agilent 

GS-GasPro column for detection of CO, CO2, N2, CH4, C2H2, C2H4, C2H6.   

The SOFC anode tail gas was created in the laboratory and was preheated to temperatures 

near 850°C (near to the normal operating temperature of most SOFCs).  The simulated anode tail 

gas mixture, which was comparable in composition to a real SOFC exhaust, contained a mixture 

of the following components:  36.3% CO2, 34.5% H2O, 5.7% H2, 6.8% CO, 16.7% N2.  The 

SOFC exhaust gas recycle (EGR) amounts were varied between 3%, 6%, and 10% of the total 

exhaust flow from a typical 10 kW fuel cell.  In addition, some amount of air was also used 

during reforming and was preheated to temperatures less than 200°C.  Reforming experiments 

using both diesel fuel and JP-8 were performed and the fuels were vaporized using a custom-

made wall-heated coiled-tube vaporizer.  The fuel flow rates were kept constant for each trial at 

0.3 g/s for 3% and 6% EGR trials; however, lower fuel flow rates of 0.15 g/s and 0.1 g/s were 

used during the 10% EGR trials.   

Most of the experimental trials utilized commercial-grade low-sulfur diesel fuel; however 

some data points using JP-8 fuel were obtained during testing of the integrated system (see 

section 3.7).  The energy conversion efficiency definition, previously defined in section 1.5.5, 

was slightly modified here to account for the additional amount of H2 and CO coming from the 

exhaust gas recycle stream of the SOFC.  The residual H2 and CO were considered to be an 

additional source of fuel and were accounted for in the following equation: 
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        %  (3-1)

 

3.4  Concept and Design of the Modified GA-Plasmatron Device   
 

 A schematic of the modified GA-Plasmatron device is shown in Figure 38.  The plasma 

discharge is initiated in a 3mm gap (1) between the high voltage electrode (4) and the grounded 

exhaust flange which contains the tangential jets (3) that generating the swirling vortex flow.  The 

SOFC exhaust gas recycle is pre-mixed with fuel and injected into the system through a side port 

(2) and is ultimately the flow that pushes and elongates the plasma discharge.  The high voltage 

electrode is shielded from the outer grounded reactor shell with a glass-filled teflon plug (6) that 

is rated to withstand temperatures as high as 300C.  An air cooling port (5) was added to the 

grounded flange that contains the teflon dielectric plug to prevent overheating.  The modified 

GA-Plasmatron device houses a fuel atomization nozzle (10) and liquid fuel can be introduced 

through (8).  A small amount of air is needed to properly atomize fuel and is introduced though 

the port located at (9).  In addition, another small amount of air is introduced through port (7) and 

flowed along the inner wall of the high voltage electrode to keep the atomized droplets from 

making contact with the wall and thus reducing the possibility for pyrolysis.  The modified GA-

Plasmatron device is relatively small and compact and has an overall length of 8 inches. A 

photograph of the device is shown in Figure 39.   

3.4.1  Experimental Laboratory Setup 
 

Figure 40 shows the experimental setup that was developed to evaluate the performance 

of the modified GA-Plasmatron reformer.  The system includes a tube furnace (2) which was used 

to simulate the heat transfer between the plasma reformer and the solid oxide fuel cell and to 
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preheat the SOFC recycle gases; exhaust pipe with built-in heat exchanger (3); mass flow 

controllers (4); control station with labview (5); plasma power supply (6); and fuel pump (7). 

3.5  Thermodynamic Analysis of the Oxidative Steam Reforming of n-Tetradecane using 
Variable Exhaust Gas Recirculation from a SOFC 
 

 In the following section, thermodynamic equilibrium simulations were performed to 

replicate the conditions of experiments.  The predicted energy conversion efficiency was used to 

compare the performance of the system against what is considered possible from the standpoint of 

the laws of energy conservation.  The simulation assumes ideal and somewhat unrealistic 

conditions (adiabatic, infinite residence time, etc.); however, it shows the theoretical maximum 

possible energy conversion efficiency attainable given the experimental conditions.   

Thermodynamic equilibrium simulations of the system were initially performed using 

HSC Chemistry, version 6.0, and the anticipated energy conversion efficiencies were found for 

two cases: production of syngas only (H2 and CO), and syngas plus LHCs, which are mostly 

comprised of methane.  Figures 41 and 42 show the equilibrium energy conversion efficiencies 

for syngas plus LHCs (H2, CO, and LHCs) and syngas only (H2 and CO) as a function of 

increasing air-to-fuel oxygen to carbon (O/C) ratio, respectively.  These figures also include 

increasing amounts of SOFC EGR in increments of 0, 3, 6, and 10 percent, where zero percent 

EGR is analogous to the partial oxidation case.  As evidenced by figures 41 and 42, the peaks of 

maximum energy conversion efficiency increase with increasing amounts of SOFC EGR.  This 

may seem intuitive because as EGR increases, so does the concentration of H2O and CO2 which 

are replacing air as the primary oxidizer.  Increasing the EGR shifts the system closer to the steam 

reforming regime where additional hydrogen is produced, thus causing the increase in the energy 

conversion efficiency.  But if this trend were to continue with ever-increasing amounts of EGR, 

the energy balance shifts away from the thermo-neutral point (∆H=0) to the endothermic steam 
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reforming regime (∆H>0).  This is not possible given the limited amount of heat available in the 

overall system.  The solid black dots on Figures 41 and 42 mark the onset of solid carbon 

formation which continues at lower O/C ratios where pyrolysis is predicted to occur.   

3.6  Evaluation of the Performance of the Oxidative Steam Reforming of Diesel Fuel using 
the Modified GA-Plasmatron Reformer  
 

 The experimental modified energy conversion efficiency as a function of the air-to-fuel 

O/C ratio is shown in Figure 43 for two cases:  3% and 6% EGR.  The dashed lines in Figure 43 

show the predicted thermodynamic equilibrium efficiencies for EGR amounts of 3% and 6%.  

The energy conversion efficiency for the 3% EGR case (~60%) was almost twice higher than the 

6% case (~30%).  The general trend of the experimental data points follows the thermodynamic 

equilibrium predictions with the peaks of the curves shifted to higher O/C ratios.  The deviation 

of the efficiencies from equilibrium is most likely a result of kinetic limitations within the system.  

As the EGR increases, so do the volumetric flow rates of reactants within the system.  As a 

consequence, the residence time of treatment decreases, and the kinetically slower endothermic 

fuel reforming reactions may not have enough time to reach completion.  In addition, there are 

heat losses in the post-plasma reaction zone which could act to quench the reforming reactions 

prematurely.  Trials with longer residence time were investigated, which was achieved by scaling 

back all reactant flow rates proportionally.  Figure 44 shows the 10% EGR case with two flow 

rates that were scaled lower by 50% ( 0.15 / ) and 70% 0.1 / ).  As as 

result, the conversion efficiency results were greatly improved as was the estimated H2O 

consumption, which is demonstrated in Figure 45.  The experimentally estimated H2O 

consumption in Figure 45 is shown for 3 cases:  3%, 6%, and 10% EGR with the 10% case 

having flow rates scaled to 50% of those shown in Table 4.  The H2O consumption trends are 

similar to the predicted consumption at thermodynamic equilibrium, which is represented by the 

solid and dashed lines.  Negative consumption is analogous to production of H2O and this occurs 
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at increasing O/C ratios as expected.  CO2 consumption (not shown) was almost negligible and 

this result is expected given that H2O consumption was low and the endothermic H2O reforming 

reaction requires 0.5 eV/mol less energy than conversion with CO2.   

3.7  Evaluation of the Performance of the Oxidative Steam Reforming of JP-8 Fuel using the 
Modified GA-Plasmatron Reformer  
 

 A brief trial to evaluate the performance of the GA-Plasmatron when using low sulfur JP-

8 as fuel was investigated when the reactor was integrated into the overall auxiliary power unit 

system at Ceramatec Inc’s headquarters.  The conditions of this trial were slightly different as 

there was only CO2 and H2O used in the simulated EGR stream.  Also, Ceramatec’s integrated 

system has a post-plasma treatment zone with a volume that is double that of the system used at 

Drexel, thus the residence time of treatment is also doubled.  Figure 46 shows the experimental 

energy conversion efficiency of JP-8 using 6% EGR for the cases of H2 + CO + light 

hydrocarbons (mostly methane) and H2 + CO only.  The results are much improved over the 6% 

EGR trials using Diesel fuel (Figure 43) however they are still below the thermodynamic 

predicted maximum efficiency.  Heat losses were not estimated, however they are expected to be 

greater due to the larger metal capacity (thermal mass) of the heated zone (see figure 37).  Further 

improvements to minimize heat losses in the post plasma treatment zone should greatly improve 

conversion efficiency.   

3.8 Conclusions 
 

The results presented in the previous section described the development and testing of a 

novel. advanced auxiliary power unit that incorporated a gliding arc plasma reformer with a solid 

oxide fuel cell.  Variable amounts of exhaust gases from the SOFC were recycled back into the 

plasma reformer in an effort to reach the energy-efficient autothermal reforming regime in which 

the net enthalpy change of the process is zero.  The presence of SOFC exhaust gases improved 
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energy conversion efficiency; however, higher volumetric amounts of EGR caused a reduction in 

conversion.  This result was attributed to a kinetic limitation in the system in which higher 

recycle gas flow reduced residence time for reaction completion.  Upon scaling back flow rates of 

all reactants, thus increasing residence time, the energy conversion efficiency improved further, 

reaching as high as 80%.   

The integration of plasma fuel reformers within auxiliary power units for vehicles is in 

the early stage of development and the results look promising.  Before the syngas reformate from 

plasma reformers can be integrated with an actual solid oxide fuel cell, some improvement is 

needed to reduce C2 hydrocarbons that have been reported in the product streams.  The 

concentrations of these light hydrocarbons is low (1-2% in absolute concentration), but 

compounds such as acetylene and ethylene are known to cause degradation in the performance of 

the SOFC.  Future efforts to optimize plasma fuel conversion systems may reduce these 

unconverted hydrocarbons and improve syngas yields, thereby eliminating this problem.   
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Figure 34.  A scheme of the major components of a non-thermal plasma auxiliary power unit.  
This system was operated in steam-oxidative reforming mode and a variable portion of the SOFC 
exhaust was recycled back into the reformer to provide H2O and CO2.   
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igure 35.  Proocess flow diaagram for the non-thermal plasma auxilliary power unnit system.  
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Figure 37.  Photographs of the auxiliary power unit box that was constructed to house the two 
plasma reformers (top).  An image of the internal M-shaped reactor enclosures (bottom). 
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Figure 39.  Photograph of the GA-Plasmatron device.   
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Figure 41.  Thermodynamic equilibrium energy conversion efficiency versus the air-to-fuel O/C 
ratio for production of H2, CO, and light hydrocarbons (LHCs).  Also included are several cases 
of increasing exhaust gas recycle (EGR) from a solid oxide fuel cell with zero EGR being 
analogous to partial oxidation.  The black dots represent the onset of the carbon formation region, 
which continues (to the left) towards lower O/C ratios.   
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Figure 42.  Thermodynamic equilibrium energy conversion efficiency versus the air-to-fuel O/C 
ratio for production of H2, CO, and light hydrocarbons (LHCs).  Also included are several cases 
of increasing exhaust gas recycle (EGR) from a solid oxide fuel cell with zero EGR being 
analogous to partial oxidation.  The black dots represent the onset of the pyrolysis and carbon 
formation region.   
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Figure 43.  Energy conversion efficiency versus the air-to-fuel O/C ratio for production of H2, 
CO, and light hydrocarbons (LHCs).  The points show experimental data from gliding arc assisted 
reforming of Diesel fuel at a fuel flow rate of 0.3 g/s.  The solid and dashed lines depict the 
predicted thermodynamic energy efficiencies.  Also included are several cases of increasing 
exhaust gas recycle (EGR) from a solid oxide fuel cell. 
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Figure 44.  Energy conversion efficiency versus the air-to-fuel O/C ratio for production of H2, 
CO, and light hydrocarbons (LHCs).  The points show experimental data from gliding arc assisted 
reforming of Diesel fuel at fuel flow rates of 0.15 g/s and 0.1 g/s, where all reactant flow were 
reduced by 50% and 70%, respectively.  Higher conversion efficiency is achieved at lower flow 
rates, which indicates that longer residence time is beneficial.  The solid line depicts the predicted 
thermodynamic energy efficiency under the experimental conditions (10% EGR).   
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Figure 45.  H2O Consumption versus the air-to-fuel O/C ratio for the plasma-assisted steam-
oxidative reformer.  Several cases of variable SOFC exhaust gas recycle (EGR) were investigated 
using Diesel fuel.  For the case of 10% EGR shown here, the flow rates of all reactants were 
reduced by 50% thereby increasing the residence time of treatment.  The solid and dashed lines 
represent expected H2O consumption at thermodynamic equilibrium (EQ).  Negative H2O 
consumption is analogous to H2O production.   
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Figure 46.  Energy conversion efficiency versus O/C ratio for the autothermal reforming of JP-8.  

 

 

 

 

  

0%

20%

40%

60%

80%

100%

0.4 0.6 0.8 1 1.2 1.4 1.6

En
er
gy
 C
on

ve
rs
io
n 
Ef
fi
ci
en
cy
 (%

)

O/C Ratio

MAX Efficiency: 6% 
EGR all products

MAX Efficiency: 6% 
EGR ‐ syngas only

JP‐8: 6% EGR

JP‐8: 6% EGR  ‐
syngas only



120 
 

4.  Characterization of Gliding Arc Plasmas 
 

4.1  Introduction 
 

Plasmas are often characterized into one of two major regimes:  thermal (quasi-

equilibrium) and non-thermal (non-equilibrium).  Thermal plasmas usually have a very high 

translational gas temperature, which is created by providing large amount of current (high number 

density of electrons), or operating the plasma at high pressure to allow for energy dissipation as 

translational heating through a high degree of electron-neutral collisions.  The mechanism of 

ionization in thermal plasmas is called stepwise ionization and this occurs when a large number 

of electrons are able to electronically excite the background gas molecules (though multiple steps 

if necessary), which ultimately leads to ionization.  A competing process, known as direct 

electron impact ionization, can also occur but it requires electrons with sufficiently high energy to 

cause ionization in one impact.  An example of the reversible process of direct impact ionization 

and recombination is as follows:  

            A + e  ↔  A+ + e + e (4-1)

However, when the number density of electrons in the plasma is high (due to high current 

or pressure), ionization occurs through a series of steps involving electronically excited 

states of neutral gas molecules (A) and low energy electrons:    

 

       A + e  ↔  A* + e  ↔  A+ + e + e (4-2)

The rate of stepwise ionization is 103-104 times faster than direct impact ionization due to the 

large statistical weight of the excited species and electrons involved in the process.   

Thermal plasmas are sometimes referred to as quasi-equilibrium and this refers to kinetic 

and chemical equilibrium and other plasma properties as being a function of the same 

temperature.  In a perfect system, the thermal plasma would be homogeneous and the 



121 
 
temperatures of its species would be the same for all degrees of freedom (translation, rotational, 

vibrational, electronic).  This is not always the case as energy losses occur near the boundaries of 

the discharge due to convection, conduction, or diffusion.  An assumption called local 

thermodynamic equilibrium (LTE) is usually invoked to provide a means to ignore boundary 

effects and assume equilibrium in a smaller localized region.  The temperature equilibrium that is 

achieved in thermal plasmas is not always desirable for chemical processes because energy is 

spent heating all components of the system, even those which may not participate in the process 

(translational heating of N2 in combustion systems, for example).  Furthermore, if the gas 

temperatures in the reaction zone are too high and the products are allowed to cool slowly, 

reverse reactions can proceed lowering the efficiency of the process.   

Non-thermal plasmas are often referred to as non-equilibrium plasmas because energy is 

distributed un-equally to a smaller number of free electrons, which absorb energy from the 

electric field and primarily store it in vibrational excitation of diatomic neutral gas molecules.  

Since vibrational excitation of these molecules can be much faster than the vibrational-

translational relaxation rate (also responsible for causing gas heating), the vibrational temperature 

of molecules in a non-thermal plasma can be much higher than the translational temperature [15].  

The translation temperatures of the gas molecules of typical non-thermal plasmas are often near 

room temperature (T~300K) while the vibrational temperatures can exceed 3000K.  The 

vibrationally excited species generated by non-thermal plasmas are said to be very effective at 

stimulating endothermic reactions [15], which is one of the main features of the plasma catalysis 

effect.   

Gliding arc plasmas are a unique type of plasma because they span both the thermal and 

non-thermal plasma regimes.  Gliding arc is sometimes referred to as a transitional discharge, that 

is, it begins as a thermal arc discharge and through the force of convective flow (or an externally 
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applied magnetic field) the arc elongates, cools, and transitions into a plasma with moderate gas 

temperatures (1000-4000K) and non-equilibrium properties (Te = 1eV > Tvib = 0.5eV > Ttrans = 0.3 

eV).  A plasma discharge with these properties are said to have the best of both worlds: moderate 

gas temperatures that are beneficial for certain chemical processes and high productivity systems; 

and non-equilibrium properties that allow for chemically selective processes to occur using non-

thermal pathways where plasma active species act to reduce energy barriers of chemical 

processes.  Table 5 shows some examples of typical electron and gas temperatures and other 

plasma parameters for thermal, non-thermal, and gliding arc (transitional plasma).   

Table 5.  Typical plasma parameters for thermal, non-thermal, and transitional plasmas. 

Plasma Parameter Quasi-equilibrium 
Thermal Plasma 

Transitional “Warm” 
Plasma 

Non-equilibrium 
Non-thermal plasma 

Current 101-103 A 10-1-100A 10-2-100A 

Voltage 101-102 V 102-103 V 102-103 V 

Electron Density 1015-1019 cm-3 1011-1012 cm-3 109-1011 cm-3 

Gas Temperature 1-10 eV  
(10,000-100,000K) 

0.1-0.4eV 
 (1000-4000K) 

300-600 K 

Electron Temperature 1-10 eV 1-3 eV 1-10 eV 

Cathode Current Density 104-107 A/cm2 101-103 A/cm2 101-102 A/cm2 

 

In this chapter, several plasma diagnostic techniques that were used to evaluate the 

gliding arc plasma contained in both the RVF-GA and GA-Plasmatron reactors will be 

introduced.  The point of this diagnostic analysis is to demonstrate that the gliding arc plasma 

used in the experimental fuel conversion systems presented in this thesis were behaving as a 

transitional plasma with some degree of non-equilibrium plasma-catalytic properties.  An 

additional complication of the diagnostic analysis is that the properties of the plasma may change 

when reactants are present and the system is operating at elevated temperatures.  Certain 

techniques such as optical emission spectroscopy cannot be used to evaluate the plasma discharge 
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during reforming experiments because the plasma/flame interaction produces strong atomic 

emissions that drown out regions of the spectrum that are necessary for discharge 

characterization.  Despite this fact, basic evidence will be presented that our gliding arc plasma 

has rotational gas temperatures and voltage-current (V-I) characteristics that are similar to those 

found in the non-equilibrium gliding arc plasmas previously studied [18, 81, 122].   

4.2  Visualization of the Gliding Arc Plasma 
 

Gliding arc plasmas have similar structural features to both thermal arc plasmas and non-

thermal glow discharge plasmas.  Figure 47a shows the structure of a typical glow discharge 

which includes cathode and anode spots, the positive column, and faraday dark space.  Figure 47b 

and 46c show high speed images of the gliding arc plasmas for the GA-Plasmatron and RVF-GA 

reactors, respectively.  From the high speed images, it is possible to see some similarities to the 

glow discharge, including the relative small size of the cathode spot and weakly luminous glow of 

the positive column.    

4.3  Power measurement and V-I Characteristics of Gliding Arc Plasmas 
 

 The voltage and current profiles of gliding arc plasmas, as measured by oscillograms, 

have a characteristic “sawtooth” profile as shown in Figures 48 and 49.  This occurs because as 

the plasma length grows due the force from the convective flow, the current decreases due to 

increasing resistance and voltage increases because specific power (w) per length is assumed to 

be constant.   The relation between these parameters can be explained by Ohm’s law for the initial 

quasi-equilibrium phase of the arc through the following relation [15]: 

 (4-3) 

Where Vo, R, and I are the open circuit voltage, external resistance of the circuit, and the  
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current, respectively.  The quasi-equilibrium phase of the arc evolution ends when the arc 

reaches a certain critical length which is defined by [81]: 

2

4
 

(4-4) 

When the critical length is achieved, the current falls to its minimum value and voltage, electric 

field, and power reach their maximum values:  

2
 (4-5) 

2
 (4-6) 

 (4-7) 

2

4
 

(4-8) 

Figure 50 shows the evolution of these parameters versus the column length of the plasma 

discharge.  Beyond the critical length, heat losses from convective cooling exceed the energy 

supplied by the power supply and it is not possible to sustain the arc in a state of thermodynamic 

equilibrium [15].  However, as the discharge rapidly cools, the plasma conductivity is maintained 

by a high value of electron temperature (Te ~ 1eV).  The gliding arc discharge now enters the 

non-equilibrium (non-thermal) phase if the electric field is sufficiently high (current also must be 

below threshold value I < 0.5A).  Because of the shift to lower gas temperatures while still 

maintaining a reasonably high electric field strength, the ionization mechanism changes from the 

thermal stepwise mechanism to the direct electron impact mechanism.  The non-equilibrium 

phase of gliding arc is unstable, however; and the discharge will eventually extinguish, re-ignite, 

and the process will be repeated.  Further studies on the stability of gliding arc discharges showed 

that it is possible to maintain the plasma discharge long after maximum power was attained, an 

effect previously thought impossible [17].  This effect is known as “overshooting” and the 
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concept was used as a basis to develop a magnetically-stabilized gliding arc plasma [18].  The 

magnetically stabilized gliding arc plasma has the advantage of trapping the plasma at a fixed 

length (in the non-equilibrium regime) and its rotation frequency was a function only of the 

magnetic field strength.  Such systems were employed for investigating plasma-related 

combustion phenomena [37]; however, they are not practical for transportation systems mainly 

because of the issue and expense of incorporating strong magnets into the design of a compact 

vehicular system.   

The voltage-current (V-I) characteristics of DC plasmas have been long studied and the 

shape of the experimental plasma V-I curves can provide basic information in order to classify 

the plasma regime of operation.  Figure 51 shows the classic V-I curve for self-sustaining DC 

plasma discharges and includes the major discharge regimes [18].  There are several plasma 

regimes indicated on Figure 51 that include the non-thermal plasma regimes of the dark and glow 

discharge, the abnormal glow and the glow-to-arc regime which is where warm (transitional) 

plasmas exist, and the arc regime.  Warm plasmas typically have a descending V-I curve, which 

corresponds to the transition from a non-thermal glow discharge to a thermal arc plasma.  Figure 

52 shows the experimentally measured V-I curves for both the GA-Plasmatron and RVF-GA 

reactors during partial oxidation of n-Tetradecane.  Both reactors have nearly identical V-I 

characteristics therefore the points on Figure 52 do not distinguish between reactors.  The V-I 

measurements were made at the various O/C ratios (0.8-1.0) and power was kept constant at 

200W.  Figure 53 shows additional V-I curves for the RVF-GA reformer again during POX 

reforming but at a constant O/C ratio of 1 and variable power from 100-400W.  It is interesting 

that at the low power level (100W) the peak of the V-I curve falls well into the abnormal glow 

regime.   
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4.4  Spectral Diagnostics of Gliding Arc Plasmas in Air 
 

 There are several spectral diagnostic methods that are commonly employed to probe the 

temperatures (average energies) of the active species that are produced by plasmas.  The level of 

these temperatures can provide a means to classify the discharge as thermal, non-thermal, or 

transitional.  One popular method is to compare the measured and theoretical spectrums of the 

second positive system of N2 (C3∏u- B3∏g) when operating plasma in air.  The comparison of 

these spectra is accomplished using the SPECAIR code [123] which can provide an estimate of 

the rotational temperatures of the N2 (C-B) band.  For gas temperatures above 1000K, the 

translational and rotational energy levels are assumed to be fully excited and in temperature 

equilibrium [123].  Figure 54 shows an example of the curve fit used to compare the theoretical 

and experimentally measured spectra for the N2 (C-B) system (at 337nm).   

 In order to experimentally measure the optical emission spectra (OES) for the gliding arc 

plasma of the GA-Plasmatron reformer, an optical focusing system was developed to block out 

the bright emission spots from the cathode and anode spots of the discharge.  The bright light 

emitted from the cathode and anode spots is very intense and can drown out light emission from 

N2 (C-B) bands.  Figure 55 shows the experimental system developed for the OES studies.  Light 

from the positive column was collected using a lens and transmitted back to an optical probe 

connected to a spectrometer.  A barrier was used to block the light emitted from the cathode and 

anode spots.  This focusing system worked relatively well, although the location of the positive 

column moved slightly off-center depending on the volumetric swirl flow rates.  The rotational 

temperatures of N2 in the gliding arc discharge was measured at several swirl flow rates (30, 50, 

70, 90 SLPM) and several current levels (50, 70, 90, 110, 130 mA).  Figure 56 shows a surface 

plot of the rotational gas temperatures for the GA-Plasmatron.  The gas temperature significantly 

increased with decreasing swirl flow rates and this was a result of decreased convective cooling 
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of the discharge, thus preventing it from transitioning into the non-equilibrium state.  Gas 

temperatures at low currents (<70mA) varied between 2000-3000K for nearly all swirl flows and 

increased to 3000-4000K at currents between 70-90mA.  These results are consistent with the 

previous spectral analyses of the magnetically-stabilized gliding arc discharge [18] where a much 

more detailed investigation of plasma parameters revealed the existence of the warm (transitional) 

plasma regime.   

 An additional measurement was made to compare the ratio of intensities of the 2nd 

positive system of N2 (λ = 337nm) with the 1st negative system of N2
+ (λ = 391nm).  The method 

can provide an estimation of the reduced electric field (E/n) which is the electric field strength 

divided by the neutral gas concentration [122].  The strength of the reduced electric field can then 

be correlated to the electron energy and provides an estimation of the temperature non-

equilibrium of the discharge.  The ratio of intensities method requires a similar measurement to 

the spectra obtained in Figure 54, along with integration of the intensity (area under the curve).  

The ratio of these areas (337/391) was entered as a parameter into a computational computer 

program developed by [124] to generate the values of E/n (in units of Townsend (Td)).  The 

results from the analysis are shown in Figure 57, which shows very high values of the reduced 

electric field (400-600 Td) for several current values (mA) and several cases of swirl flow.  These 

E/n values are several times greater than the typical breakdown threshold (100 Td) for DC 

discharges and are many times larger than the observed values of the magnetically-rotated gliding 

arc plasma [18].  These values of E/n were compared to Figure 58, which describes the relation of 

the reduced electric field to the average electron energy (eV).  The average electron energies are 

on the level of 8-10 eV, which is near the energies typically observed during streamer initiation 

phenomena [125].  There are two logical explanations of these results:  the high electron energy is 

a result of capturing emission from the streamer-head initiation phase of gliding arc breakdown; 

or errors in measurement of the emission spectra were propagated leading to inaccurate 
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integration and ratio of intensity values.  It is unclear at this time whether it is possible to have 

captured breakdown phenomena using the current focusing method with such a rapidly oscillating 

gliding arc discharge.  The results are interesting however, and further investigation of this 

phenomenon is needed.   

4.5  Conclusions 
 

 The gliding arc discharge used in the RVF-GA and GA-Plasmatron reactors was driven 

by vortex flow, and as a result of the cylindrical geometry of each vessel, the discharge rapidly 

oscillated on the metal reactor walls causing a state of constant transition between the thermal and 

non-thermal plasma regimes.  Such oscillations made optical diagnostic measurements quite 

challenging; however a scheme was devised to measure the average emissions from the center 

portion of the discharge by means of an optical focusing system.  The spectral measurements 

showed that the rotational temperatures of N2 were within the warm (transitional) plasma regime 

(1000-3000K) under certain conditions (current <70mA with vortex flow >50 SLPM).  Such 

regimes were used during reforming of hydrocarbon fuels as previously described.  Furthermore, 

the V-I characteristics for the gliding arc discharge used in this investigation matched very 

closely to those that were reported in the literature.  The combination of the similarity of the V-I 

curves and the rotational gas temperatures is the basis on which the final conclusion that the 

gliding arc discharges used in this investigation was in fact non-thermal.   
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Figure 48.  Typical sawtooth oscillogram profile for a gliding arc plasma discharge in room 
temperature air.  The signal marker “1” denotes the zero voltage point.   
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Figure 49.  Oscillogram showing voltage and current profiles of the gliding arc discharge during 
reforming of n-Tetradecane (O/C ratio: 1).  The arc breaking frequency here is enhanced during 
reforming to approximately 166 kHz.   

 

 

 

 

  

V
ol
ta
ge

 (V
) 

Cu
rr
en

t (
A
) 

Time (msec)  256 0 



132 
 
 

 

 

Figure 50.  Dependence of arc length on current, voltage, and power for gliding arc discharges.   
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Figure 52.  V-I Characteristics for the RVF-GA and GA-Plasmatron devices.   
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Figure 53.  V-I characteristics of the RVF-GA reactor during partial oxidation of n-Tetradecane 
fuel at various average power levels.   
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Figure 54.  Comparison of the rotational energy spectral emission lines from theoretical and 
experimental spectrum for the 2nd positive system of N2.   
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Figure 55.  Optical focusing system designed to capture spectral emission from the positive 
column of the gliding arc discharge stabilized in vortex flow.   

 

 

 

 

 

 

 

 



 
 

 

 

 

 

F
N

 

 

 

 

 

igure 56.  Sur
N2 on current 

rface plot sho
and swirl flow

owing the dep
w for the GA

 

pendence of ro
-Plasmatron d

otational gas t
device.   

temperatures of 2nd positi

138 

ive 



139 
 
 

 

 

 

 

 

Figure 57.  Estimations of the reduced electric field as a function of the discharge current for 
various cases of swirl flow for the GA-Plasmatron device.   
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Figure 58.  Correlation of the ratio of intensities (391/337) for nitrogen plasma () to the reduced 
electric field strength (E/n) and average electron energy (∆).   
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5.  Summary and Conclusions 
 

In this thesis, the development and testing three vortex-based gliding arc plasma 

reformers was described in the framework of converting heavy hydrocarbon fuels into synthesis 

gas through partial oxidation and autothermal reforming.  The ultimate goal of this research was 

to develop an advanced non-thermal plasma fuel reforming technology that could be combined 

with solid oxide fuel cells to create novel auxiliary power units for civilian and military 

transportation applications.  Gliding arc plasma-assisted reformers have several advantages that 

are well suited for these goals, which include fast start time, stable operation with a wide variety 

of heavy hydrocarbons fuels, and low electrical energy consumption (2–5% of total chemical 

energy of the system).  This is especially important when considering transportation-related 

applications where syngas is required to be generated on-board vehicles.   

In chapter 2, an investigation of the plasma-assisted partial oxidation reforming of n-

Tetradecane (a common surrogate for diesel fuel) included the effects of several parameters: the 

effect of increasing O/C ratio and plasma power, and adding polyaromatic compound additives to 

fuels.  The results of the investigation were evaluated against the hydrogen and carbon monoxide 

yields, the energy conversion efficiency, and the specific energy requirement to generate syngas.  

The experimental results were also compared against the predicted yields and efficiencies 

expected if the system were to reach thermodynamic equilibrium conditions.  The performance of 

these plasma fuel conversion systems has showed great promise in terms of efficient conversion 

of heavy hydrocarbons fuels to syngas products, even though there was a significant fraction light 

hydrocarbons that were preserved in the syngas product stream.  These residual light 

hydrocarbons should not hinder the performance of a SOFC, since the majority of the 

hydrocarbons were comprised of methane.  Researchers have shown that residual methane in the 

syngas product stream (up to 25% molar concentration) is beneficial to the thermal management 
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characteristics of a solid oxide fuel cell. This is because methane can be reformed in the high 

temperatures of the anode side of the fuel cell, where abundant H2O is present.  Overall, both the 

RVF-GA and GA-Plasmatron reformers (which were found to perform similarly) achieved 

approximately 50% efficiency with the formation of an additional fraction of light hydrocarbons 

that account for an additional 40% of the energy of the product stream.  When the light 

hydrocarbons are included in the energy-mass balance with syngas, the energy conversion 

efficiency of both systems can be as high as 80–90%, which is very close to the thermodynamic 

equilibrium energy efficiency for conversion. Further work is needed to optimize these systems to 

minimize heat losses in the post-plasma treatment zone and increase residence time in the vicinity 

of the plasma discharge itself. Such modifications should improve syn-gas selectivity and yields.  

Furthermore, when considering that the residual light hydrocarbons may be fully converted 

within a SOFC, the energy conversion efficiency can then be increased from 50% to 

approximately 83%. Complete conversion (tetradecane-to-electricity) using the plasma reformers 

combined with a solid oxide fuel cell (with 50% maximum efficiency) would be then as high as 

42%. 

The results presented in chapter 3 describe the development and testing of a portable 

advanced auxiliary power unit (size: 150L) for military applications which included a gliding arc 

plasma reformer integrated with a solid oxide fuel cell.  The system was operated near the 

autothermal regime by recirculating high temperature exhaust gases from the SOFC, thus 

providing conditions for improved energy conversion efficiency (as high as 105%) and energy 

costs (net enthalpy change of the process is zero).  The experimental results show that the 

presence of SOFC exhaust gases improved energy conversion efficiency; however, increasingly 

higher amounts of SOFC exhaust gas recirculation caused a reduction in conversion.  This result 

was attributed to a kinetic limitation in the system in which the higher recycle gas flow rates 

reduced the residence time required for reaction completion.  Upon scaling back flow rates of all 
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reactants, thus increasing residence time, the energy conversion efficiency improved further, 

reaching as high as 80%.  The integration of plasma fuel reformers within auxiliary power units 

for vehicles is in the early stage of development and the results look promising.  Some 

improvement is needed to reduce low levels of C2 hydrocarbons (C2H2, C2H4) that were detected 

in the product streams.  The concentrations of these light hydrocarbons is low (1-2% in absolute 

concentration), but even small amounts of these compounds are known to cause degradation in 

the performance of the SOFC.  Future efforts to optimize plasma fuel conversion systems may 

reduce these unconverted hydrocarbons and improve syngas yields, thereby eliminating this 

problem.   

 In the near future, some promising areas of study include investigating the fundamental 

mechanisms of plasma-assisted fuel conversion.  Combustion researchers have identified several 

important plasma induced effects that can lower the required ignition temperature or extend the 

flammability limits of combustion processes.  This research took a fundamental approach where 

advanced diagnostic systems provided a means to probe the types and concentrations of plasma 

active species produced and their effects on combustion reactions.  Such an approach may help to 

shed light on the important species responsible for fuel-rich syngas production processes.  This 

will ultimately help engineers to design more efficient systems in the future.   

In addition, researchers have begun combining plasma technology with traditional 

catalysis and have identified synergistic effects that have the potential to reform fuels into syngas 

with greater efficiency than either technology alone.  In general, the consensus among researchers 

seems to be that plasma is effective at increasing the internal energy of reactants and specifically 

stimulating vibrational excitation which can be effectively utilized in thermal catalysis reactions.  

Further research in this area may lead to newer reforming technologies that combine plasma with 

cheaper catalysts that have greatly extended lifetimes.    
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Appendix A.  Reverse Vortex Gliding Arc Reactor Design Details 
 

Gliding Arc Diesel Reformation Reactor 

Safety Calculations 

Michael Gallagher, Alexander Gutsol 

 

A. Description 

This document describes safety calculations that are based on the Lawrence Livermore 
National Laboratory (LLNL) Environmental Safety and Health Manual, document 18.2: 
pressure vessel and system design [1]. Calculations were made for the Gliding Arc 
Diesel Reformation reactor designed by Drexel Plasma Institute.  The reactor is 
cylindrical with a shell comprised of type 316 seamless stainless steel tubing and welded 
flanges on each end that include flanged/o-ring sealed lid.  This study will evaluate the 
strength of the cylindrical shell including top and bottom flanges and bolts/nuts, as these 
are the only places where failure, if it occurs, can have an influence on surrounded 
environment. Note: calculations for outer shell strength do not consider operation of the 
vessel in a corroded condition.   

 

B.  Hazard 

This reactor is designed to operate at a pressure of 15 psig and utilizes combustion or 
steam reforming of methane (model fuel) or gasified diesel fuel at an ultra-rich 
equivalence ratio.  Mixtures of these fuels (especially methane) with air are considered 
reactive, flammable and even explosive, and therefore the experimental protocol for this 
device should be carefully followed in order to prevent catastrophic failure. Nevertheless, 
the reactor is designed to sustain this catastrophic failure. In the event of improper 
mixing of the feed gas, thermodynamic estimates conclude that volumetric expansion of 
the methane-air mixture will not exceed 10 times, which means that pressure will not 
exceed 300 psia.    

 

C. Safety Calculation 

For this vessel, the following design features will be analyzed: 

1. Maximum Allowable Working Pressure (MAWP) 

2. Top/Bottom Flange thickness 



154 
 

3. Bolt size & required area 

4. Bolt/nut thread stress 

Design details for this vessel are presented in the Figure 1. 

Temperature operation range: 70°F to 1100°F (high temperature for the central part of 
the reactor only). 

Outer cylinder material and specifications for 316 stainless steel seamless tube per SA-
312: 

• Tensile strength = 75,000 psig [2] 
• Yield stress: Sy = 30,000 psig [2] 
• Application and Max. Temp. limit: 1500ºF 
• Maximum Allowable stress @1100 ºF: Sa = 11.1 ksig [2] 

 

C.1 Maximum Allowable Working Pressure (MAWP) 

For pressure vessels where ro/ri ≤ 1.1, the thin-wall equation is used to calculate the 
MAWP due to cylindrical hoop stress [3].   

i

a

r
EtS

MAWP
)(

=  

Where, 

ro = (76.2mm)/2 = 38.1mm 

ri = (73mm)/2 = 36.5mm 

ro / ri = 38.1/36.5 = 1.043  

Sa = allowable stress of material = 11.1 ksi @1100F [2] 

E = joint efficiency factor = 1 for seamless pipe [4] 

t = wall thickness = 1.65 mm 

 

psi
mm

mmpsiMAWP 501
5.36

65.1*)100,11(
==  

 

The maximum allowable working pressure due to cylindrical hoop stress is 501 psi.  The 
maximum allowable working pressure due to axial stress on the vessel was also 
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calculated for two cases; one case that considers the axial stress in the heated zone 
(T=1100F) and the other that considers the axial stress on the welded flanges in the 
cooler zone (T~200F).  The formula for the maximum allowable pressure due to axial 
stress is the following [5]:   

 

i

a

r
EtSMAWP )(*2

=  

For MAWP pressure due to axial stress in heated zone(T=1100F): 

 

psi
mm

mmpsi
MAWP 1003

5.36
65.1*)100,11(*2

==  

Where E = 1 for the seamless pipe.  For MAWP pressure due to axial stress in the 
cooled zone considering the joint efficiency factor (E=0.60) for welded flanges [4]: 

 

psi
mm

mmpsiMAWP 1019
5.36

65.1*)800,18(*)60.0(*2
==  

 

In conclusion, the overall MAWP of the vessel is 501 psi, which is 33 times higher than 
the design operating pressure of the reactor and higher than expected pressure in the 
case of catastrophic failure.  Taking into account that tensile strength of material is much 
higher than yield stress (75,000 psig in comparison with 30,000 psig), the tensile 
strength for the vessel is also much higher than MAWP, therefore even catastrophic 
operational failure will not destroy the vessel.   

 

C.2 Top/Bottom Flange Thickness 

 

The top and bottom flanges have a bolted connection with a silicone o-ring.  Both 
flanges should extend approximately 6 inches away the heat exchanger and therefore 
should be significantly cooler than the cylindrical body of the reactor.  Figure 1 below 
depicts the connection type used for both flanges.   



156 
 

For a top and bottom flange thickness of 0.375” (9.4mm) the maximum working pressure 
is calculated from the following [6]: 

 

 

c
S

dS
Wh

d
TP a

a

g
⎥
⎦

⎤
⎢
⎣

⎡
−= 32

2 9.1
  

 

Where,  

 

P = Maximum pressure for top/bottom flanges 

d  =  3.3” 

Pm =  Maximum allowable working pressure (MAWP) = 501 psi 

H =  Hydrostatic End Force = π/4(d2*Pm) = 2565 lbs. 

hg =  radial difference between bolt circle and pressure seal circle (flange moment 
arm) = (5” – 3”)/2 = 1” 

Figure 1.  Flanged connection type for the outer 
shell of the Gliding Arc reactor 

C.2 

C.3 
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d =  pressure seal diameter = 3.3” 

Hp = 0 - for self-energizing seals (o-rings) 

W  =  Flange design bolt load = H + Hp = 2565 + 0 = 2565 lbs. 

C = attachment coefficient = 0.25  

T  = flange thickness = 0.375” 

Sa = Allowable stress of flange (18800 psi @ 400K) [2] 

 

Solving for P gives: 

P =  724 psi   The top/bottom flanges can withstand this pressure, since it is above 
the MAWP (501 psi) the flange thickness is acceptable.   

 

C.3.1 Bolt size & required area 

 

The bolts chosen are 3/8-16 stainless steel with minimum tensile strength 140,000 psi 
(part#: 96870A255).  The bolting area is determined by the following:   

Am = total required area of bolting 

 = larger of : Am1  = (operating conditions) 

        Am2  = (gasket sealing) 

Sa = Allowable bolt stress at atmospheric temperature = 25,000 psi [7] 

Sb = Allowable bolt stress at operating temperature = 25,000 psi [7] 

Sa = Sb  = Sa-b  

Am1= W/Sa-b  

Am1= 2565 lbs. / 25000lbs/ in2 = 0.1026 in2 

Ab = actual total area of bolting for 8 x 3/8-16 bolts = 8 x 0.0775 = 0.62 in2  [8] 

Ab > Am, therefore the design bolting area is adequate for this vessel.  
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C.3.2 Bolt/Nut Thread Stress  

 

The following formula was used to determine the pressure/stress relationship of the bolts 
& nuts used for the primary flanges of the vessel shell.   

⎥⎦
⎤

⎢⎣
⎡= 28

D
ELSP ea  

Where  E = pitch diameter of the external thread (bolt)  =  0.3287” 

 Le = thickness of nut = 0.3281” 

 D = o-ring seal diameter = 3.3” 

For Bolts: 

 

psiP 1980
3.3

)3281.0*3287.0*000,25(8 2 =⎥⎦
⎤

⎢⎣
⎡=  

 

Bolts can withstand pressure of 1980 psi, which is significantly greater than the MAWP 
(501 psi). 

 For Nuts: 

  Sa = Allowable nut stress at operating temperature - Proof load (lbf) is used 
here, where Proof load  = proof load stress (90,000 psi) * stress area of 
3/8-16 nut (0.0775 in2) = 6975 lbf [9] 

 E = 0.3287” 

 

psiP 552
3.3

)3281.0*3287(.975,68 2 =⎥⎦
⎤

⎢⎣
⎡=  

 

Nuts can withstand pressure of 552 psi, which is greater than the MAWP (501 psi). 
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