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ABSTRACT 

 

A High Pressure Flow Reactor (HPFR) was obtained, redesigned, and validated in order to 

understand and fully characterize chemical kinetics with respect to gas phase chemistry, specifically to 

increase the operating parameters in order to study fuels in engine like conditions (high temperatures, 

pressures, and fast residence times).  This desire to study fuels at such extreme conditions stems from the 

need for well validated Reaction Mechanisms for use in engine modeling to improve on fuel efficiency 

and energy output.  Original operating parameters for the Flow Reactor included temperatures up to 

1,000K, pressures up to 12atm, and an obtainable residence time of 0.1s; the final designed and validated 

HPFR increased the operating parameters to a maximum temperature of 1,473K, a maximum pressure of 

30atm, and a theoretically obtainable residence time of 1.7ms using a Water-Cooled Sampling Probe 

sampling method and 84ms using a sampling Syringe method.  Inert Nitrogen Preheater controls were 

improved upon to allow for greater heating accuracy as well as accommodating a larger flow rate for a 

reduced Reactor residence time.  Reactor Heaters were included to ensure a uniform Reactor temperature, 

allowing Reactor temperatures up to 1,473K, and significantly reducing experimental run time.  A fuel 

vaporization system was designed to guarantee a fully homogenous mixture of vaporized fuel and carrier 

gas, specifically for real fuels consisting of multiple fuel components with varying volatilities.  A 

LabVIEW system was implemented in order to improve upon the usability and ease of use for controlling 

the HPFR.  Two sampling methods to feed to the Gas Chromatography Flame Ionization Detector (FID) 

and Thermal Conductivity Detector (TCD) were designed: a water-cooled sampling probe for faster 

residence times with greater control of experimental data, and a sampling syringe for ease of 

implementation for various testing setups.  Various other improvements were implemented to reduce 

startup times, increase validity of experimental data, and improve the usability of the HPFR.  Validation 

was completed both numerically and experimentally for specific sections of the HPFR.  Temperature and 

pressures were experimentally determined in order to verify agreement with planned design parameters.  

A fully homogenous gaseous mixture and Plug Flow was ensured inside the Reactor by utilizing Ansys 

FLUENT Computational Fluid Dynamics software as well as experimentally by determining the radial 

temperature profile in the fully developed region of the Reactor.  Lastly, Ethane thermal decomposition 

modeling using CHEMKIN with a well-known Ethane Reaction Mechanism was completed to determine 

operating conditions for future experimental Ethane studies.   
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CHAPTER 1 

INTRODUCTION AND BACKGROUND 

1.1 Introduction and Motivation 

 Understanding and fully characterizing chemical kinetics with respect to gas phase and surface 

chemistry is important in optimizing energy systems and reducing emissions, primarily due to 85 percent 

of the energy used in the United States come from combustion sources [1].  A full grasp of chemical 

kinetic mechanisms allows one to completely model energy systems in order to more thoroughly 

understand the energy dynamics before undergoing experimental testing.  This underlying need to 

understand energy systems has led researchers to construct testing apparatus’ in order to characterize fuel 

dynamics at various temperatures, pressures, and residence times.   

 The original motivation for the Colorado School of Mines Combustion Group to research 

chemical kinetics was the study of gaseous and liquid fuels as well as fuels with high thermal 

decomposition temperatures, such as methane and biogas; thus, the Flow Reactor was designed with a 

very high temperature and pressure limit to reach the thermal decomposition temperatures of methane.  

An example of how a flow reactor could be used is in attempting to utilize biogas in SI engines.  Biogas is 

produced and expelled at several sites around the globe, specifically landfills which accounts for 

approximately 17 percent of human-related methane emissions in the United States [2] [3]; this underlines 

the need to use this renewable energy source that consists of ~50% Methane (CH4) and could generate 

~0.78 megawatts of electricity for every 1 million tons of municipal solid waste [4].  Modern SI engines 

have not been optimized to work with biogas fuels.  Due to the various methods of optimizing an SI 

engine, engine models are needed to fully characterize these systems to assist optimization of engine 

control strategies to produce maximum efficiency for Internal Combustion Engines operating on 

alternative fuels such as biogas.  Successful use of engine models require validated chemical kinetic 

mechanisms for improved accuracy and efficiency.  Chemical kinetic mechanisms, or reaction 

mechanisms, provide the pathways from fuel to products as well as the reaction rates at a given pressure 

and temperature for a specific residence time.  Thus, in order to study the combustion process in internal 

combustion engines, thorough understanding is required for the various fuels in testing for all conditions, 

specifically fast residence times, high temperatures, and high pressures.   

 In order to study chemical kinetics, various apparatus’ can be employed including flow reactors, 

rapid compression machines, shock tubes, or well-stirred reactors [5] [6].  There are several reasons as to 

why a Flow Reactor was chosen over other methods of experimental testing: 

1) Great control over experimental conditions such as temperature, pressure, and residence time 
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2) Significantly easier to use and assemble 

3) Relatively easy to model using a Plug Flow Reactor model 

4) A Flow Reactor from RES (Renewable Energy Systems) was originally donated to Colorado 

School of Mines for testing (which was ultimately redesigned as outlined in this Thesis to extend 

the operating parameters and usability) 

Due to the above reasoning’s, a Flow Reactor was chosen to investigate fuel kinetics that will ultimately 

be used in practical applications.   

 The following section of Chapter 1 further outlines the theory behind Flow Reactors and how 

they operate as well as Reaction Mechanisms.  Chapter 2 deals with very specific details of the design of 

the Colorado School of Mines Variable Pressure Flow Reactor.  Chapter 3 deals with validation of said 

Flow Reactor.  Chapter 4 deals with CHEMKIN analysis of Ethane and planned testing of Ethane in the 

High Pressure Flow Reactor.  Chapter 5 deals with the future work that will be completed in the 

upcoming month as well as through upcoming graduate students working in the Colorado School of 

Mines Combustion Lab.   

1.2 Plug Flow Reactors 

 A flow reactor is a tube like continuous flow apparatus used to study chemical kinetics.  Flow 

Reactors allow very good control of operating conditions such as temperature, pressure, and residence 

time, specifically the three values that will be studied in order to validate and study chemical kinetics, or 

more accurately reaction mechanisms [7] [8] [9] [10].   

1.2.1 Plug Flow Reactor Theory 

 Plug Flow Reactors consist of a cylindrical tube that carries various reactants and/or inert gases at 

very uniform conditions; most reactors are composed of fused quartz to handle the high temperatures [11] 

[12] [13].  Plug Flow is described as having steady-state and steady flow with no radial change in 

temperature, concentration, pressure, or velocity; every variable is a function of distance, or axial 

translation.  Proper control over pressure, temperature, and flow rates result in a reaction zone spread over 

a certain length of the reactor that can be probed to obtain data at various residence times; this reaction 

zone can be modified based on the flow rates of the fuel and/or other gases.  A diagram of plug flow can 

be seen in Figure 1.1.   

As well as having several experimental advantages, Plug Flow also can be applied to models to 

drastically simplify very difficult differential equations.  An example of this simplification of very 

difficult differential equations is in the software CHEMKIN that will be used in Chapter 4 to generate 

computational results from an Ethane Reaction Mechanism.   
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Figure 1.1: Diagram of Plug Flow [14] 

 

The tests undergone using this plug flow reactor primarily consist of mixing small amounts of 

fuel, gaseous or vaporized liquid, with inert nitrogen and heated in order to study the effects of thermal 

decomposition of various fuels.  However, the flow reactor is designed to handle oxidation reactions as 

well as pure fuel reactions (slightly diluted; nitrogen is still needed as a carrier gas in the vaporization 

process); this will be discussed in Chapter 2.   

1.3 Reaction Mechanism Theory 

 This section outlines Reaction Mechanism Theory in greater detail.  Many of the following 

equations and theory have been extensively studied and can be found in Reaction Kinetics and 

Combustion textbooks and journals [15] [16] [14] and [17].   

 Reaction Mechanisms describe the complete degradation of a particular fuel for any given 

temperature, pressure, and residence time.  The global reaction of any particular fuel with an oxidizer, as 

seen in almost all combustion applications, can be simply expressed by Equation 1.1, 

                  (1.1) 

In order to fully understand the chemistry for a specified fuel and oxidizer reaction, the global reaction 

must be broken down into several elementary reactions.  An elementary reaction can be described as a 

reaction in which the interacting chemical species cannot be broken down further into any simpler steps; 

the chemical species directly react in a single step.  From this understanding of elementary reactions, it is 

possible to further breakdown elementary reactions into bimolecular, unimolecular, and termolecular, as 

seen in Equations 1.2, 1.3, and 1.4, respectively, 

         (1.2) 

                     (1.3) 

           (1.4) 
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where   and   and reactants,   and   are products, and   is an unreactive “third-body” in radical-radical 

reactions required to add or carry away the energy of the reaction.  The rate at which the reaction, or 

Reactant  , proceeds is governed by Equations 1.5, 1.6, and 1.7, respectively, 

 
    

  
                 (1.5) 

 
    

  
          (1.6) 

 
    

  
                (1.7) 

where the reactants in brackets     are the concentration in (kmol/m3) and   is the rate coefficient.   

 From this understanding of elementary reactions, Reaction Mechanisms can be created by the 

calculation of the rate coefficient   for each elementary reaction.  This is completed by using the 

Arrhenius and Modified Arrhenius Equation as seen in Equations 1.8 and 1.9, respectively, 

  ( )      ( 
  

  
) (1.8) 

  ( )        ( 
  

  
) (1.9) 

where   is the pre-exponential factor in units of (mol, cm-3, s),   is temperature in Kelvin,   is the 

temperature coefficient,    is the activation energy in units of (kcal/mol),   is the gas constant, and  ( ) 

is the rate coefficient.  Reactions proceed in both a forward and reverse direction; thus, there is a 

corresponding rate coefficient for the forward and reverse direction, specifically    and   .  The 

equilibrium constant relates the forward and reverse rate coefficients and can be calculated as seen in 

Equation 1.10, 

 
     ( 

  

  
)

     ( 
  
  

)
 

  

  
    (1.10) 

The equilibrium constant can be calculated as seen in Equation 1.11, 

       ( 
  

  
)     ( 

  

 
(
 

 
)  

  

 
) (1.11) 

where    is the Gibbs Free Energy,    is the Enthalpy, and    is the Entropy.  Often times the forward 

rate coefficient is experimentally determined; however, the reverse rate coefficient is normally 

determined from the experimentally determined forward rate coefficient and the calculated equilibrium 

constant as seen in Equation 1.12, 

         (1.12) 

 An example of the values likely seen from a Reaction Mechanism, specifically the forward rate 

coefficients, can be seen in Figure 1.2.   
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Figure 1.2: Most Important Gas-Phase Reactions Used in the Homogenous Kinetic Database for 

Methane Oxidation [18] 
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 The above example is a reduced mechanism where the most important elementary reactions are 

shown; the entire mechanism consists of over 450 elementary reactions.  Reduced mechanisms are 

frequently utilized when conducting modeling research as only the most predominant elementary 

reactions are needed; all other elementary reactions take up valuable computing time due to the 

simultaneous solution of the time-dependent conservation equations that determine such parameters as the 

flow, temperature, pressure, and distribution of species.  It’s also worth noting that several reaction 

mechanisms only go up to a certain carbon count (i.e.: 3 or 4 carbons); in the above example, only up to 

   is shown.   

 Two relevant examples of validated Reaction Mechanisms are the GRI Mechanism [19] and 

CSM-Dean’s Reaction Mechanism [20].  The GRI Mechanism is an optimized reaction mechanism 

designed to model natural gas (methane) combustion including NO formation and reburn chemistry; 

CSM-Dean’s Reaction Mechanism is a mechanism outlining the degradation of ethane.  The former 

Reaction Mechanism will be needed if the High Pressure Flow Reactor is utilized in future biogas studies 

[3]; the latter will be discussed in more detail in Chapter 4 for the planned Ethane validation.   

From a completed Reaction Mechanism, Reaction Pathways can be created to further visualize 

Reaction Mechanisms and understand reactions dependence on temperature, pressure, and residence time.  

An example of a Reaction Pathway, derived using CHEMKIN from the GRI Mechanism 2.11, can be 

seen in Figure 1.3 and Figure 1.4.   

 The arrows represent elementary reactions; the wider the arrow, the more likely the reaction is to 

occur.  The primary reactant species is at the tail of the arrow and the primary product species at the head; 

the corresponding reaction number in the Reaction Mechanism is indicated.  The parenthetical numerical 

values quantify the destruction rate of the reactant; the corresponding reaction number is indicated.  As 

the temperature is lowered from Figure 1.3 to Figure 1.4, it is seen that many more reaction pathways 

open up with the inclusion of the black arrows.  This underlines the importance of understanding 

chemical kinetics and how reactions are extremely temperature, pressure, and residence time dependent.  

It is also important to note that the GRI Reaction Mechanism is relevant to future Ethane thermal 

decomposition and oxidation experimental tests as the GRI Reaction Mechanism includes Ethane.   

1.3.1 Fuel Chemistry for Pyrolysis and Oxidation Reactions 

 Fuel Pyrolysis, or Thermal Decomposition [21] [22], is the degradation of organics due to 

elevated temperatures in the absence of oxygen.  Pyrolysis is an Endothermic reaction in which the 

chemical composition changes and is irreversible.  Specifically for fuels, the heat is used to break the 

higher hydrocarbon bonds to form lighter hydrocarbons, otherwise known as Cracking.   
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Figure 1.3: GRI Mechanism 2.11 at 2,200 K, 1 atm, and 0.1-s Residence Time in a Well-Stirred 

Reactor [19] 
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Figure 1.4: GRI Mechanism 2.11 at 1,345 K, 1 atm, and 0.2-s Residence Time in a Well-Stirred 

Reactor [19] 

 

 Oxidation reactions, or Combustion, are an exothermic reaction with fuel in the presence of an 

Oxidant to form heat with the conversion of the constituents to the products.  Fuels with the presence of 

oxygen are chain reactions which can include several distinct elementary reactions, more specifically 

distinct radical intermediates.   

 Reaction Mechanisms completely describe both Fuel Pyrolysis and Oxidation reactions.  The 

High Pressure Flow Reactor was designed in order to accommodate both Fuel Pyrolysis and Oxidation 

Reactions for validation and future studies.  As will be discussed in Chapter 4, Ethane Pyrolysis will be 

investigated using CHEMKIN in order to validate the High Pressure Flow Reactor.  Future Flow Reactor 

studies will involve both Pyrolysis and Oxidation Reactions in order to validate, or create, more 

complicated Reaction Mechanisms and to study a wide variety of fuels.   
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1.3.2 Reaction Mechanism Validation and Creation 

 Reaction Mechanisms can be created by either experimental or numerical approaches, although 

normally a numerical approach is taken with experimental validation as shown by CSM-Dean’s Ethane 

Reaction Mechanism mentioned earlier [20]; an example of this is the Ethane Reaction Mechanism as 

created by Dr. Dean and mentioned previously [23] [24] [25].   

 By utilizing a Flow Reactor, characterization of the various species that are formed throughout 

the combustion or thermal decomposition process is formed.  An example output of a Flow Reactor can 

be seen in Figure 1.5, 

 For Figure 1.5, species mole fractions and temperatures are characterized as functions of distance 

for the oxidation of propane in a steady-flow reactor.  It is important to note that the Flow Reactor used to 

generate the above Figure uses a probe to sample along the distance of the Reactor, or the x-axis, thus 

sampling at different residence times; i.e.: distance along the reactor (x-axis) correlates to residence time.  

Several of the species available in a propane reaction pathway can be characterized via this steady-flow 

reactor process; however, it should also be noted that it is difficult to measure radicals without the 

assistance of laser diagnostics.  More analysis similar to Figure 1.5 can be found in Chapter 4 with the 

Ethane CHEMKIN analysis and experimental results.   

 

 

Figure 1.5: Example Data from a Flow Reactor studying the Oxidation of Propane (adapted from 

[26]) 

37 
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CHAPTER 2 

FLOW REACTOR DESIGN 

2.1 Introduction and Goals 

 A Flow Reactor was donated to the Colorado School of Mines Combustion Group from RES in 

Boulder, Colorado [27] [28].  However, the donated Flow Reactor required significant maintenance in 

order to be operable again, largely due to inefficiencies in the operating conditions as well as idling for 

over a year.  A redesign was also warranted in order to increase the operating range, validity, and 

repeatability of results as well as including other additions to the Flow Reactor, specifically being able to 

test liquid and multi-component fuels, higher temperatures, higher pressures, faster residence times, and a 

greater repeatability of results.   

 It should be noted that some portions of the High Pressure Flow Reactor was designed in 

collaborative effort with fellow graduate student Mario Saldana [29].  Specific designs that were created 

by Mario Saldana will be pointed out in each subsequent section.   

 The redesign of the variable pressure flow reactor was built with leniency in mind in order to 

accommodate a variety of fuels and conditions.  Operating parameters for the original Flow Reactor were 

as follows: 

 0.1~3s Residence Time 

 300K~1,000K 

 1~12bar 

 Hydrocarbon (C1~C18) 

The overarching goals of the redesigned Flow Reactor, as well as current operating parameters (bullets 1 

through 4), include: 

1) Higher Temperature Limits (~1,473K) 

 To investigate thermal decomposition of light and heavy hydrocarbons, specifically 

Methane (CH4) which require significant energy to break the C-H bonds.   

2) Higher Pressure (~30bar) 

 To investigate high pressure conditions relevant to internal combustion engines.   

3) Faster Residence Times (1.7ms with Probe, 0.084s with Syringe) 

 To investigate fast reaction conditions typically observed in internal combustion engines.   

4) Gaseous and Liquid Fuels 

5) A “Closed” System for more Repeatable Results 

 As will be discussed in further detail later, a problem with the original Flow Reactor was 

that in the transition from the mixing apparatus to the fused quartz reactor and probe, 
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there were leaks caused by erosion of graphite gaskets in the presence of fuel and 

oxidizer.  This would cause several issues, primarily including inconsistencies due to 

pressure losses and carbon balance discrepancies.   

6) Shorter time to reach Steady-State and the reduction in the consumption of Inert Nitrogen Gas 

 The Flow Reactor had to be run for over an hour at high flow rates in order to reach 

steady-state.  Reducing this time was necessary to save on inert Nitrogen gas as well as 

reduce the time needed to reach steady-state conditions for data collection.   

7) Improving the Control System 

 To integrate most of the control systems into LabVIEW to increase the ease of use of the 

Flow Reactor; originally there was a large startup time not only due to pre-heating but in 

part due to having to calibrate and adjust several operating parameters via turning knobs, 

etc.   

 After completion of the design and building phase, repeatable testing was needed in order to fully 

verify that the Flow Reactor worked at the various conditions listed above, specifically the higher 

temperatures, higher pressures, and faster residence times.  This will be discussed in more detail in the 

relevant sections of Chapter 2 and Chapter 3.   

 It should be noted that during the initial literature review, other Flow Reactor designs were 

examined and studied in order to improve upon CSM’s High Pressure Flow Reactor.  Several papers were 

looked at, including [30] [31] [32] [33] and [34].   

2.2 Flow Reactor Overview 

 The outer pressure vessel of the full Flow Reactor can be seen in Figure 2.1 and Figure 2.2.   

 The outer pressure vessel is shown in the aforementioned figures with callouts to the general 

areas, or zones, of the Flow Reactor.  Further detail of the inner linings of the Flow Reactor will be 

discussed in subsequent sections, specifically a 2-D Flow Reactor Schematic in the following section and 

a 3-D SolidWorks model of the Flow Reactor in future sections.   

 It should be noted that, except for the pressure vessel and Mixer, the entirety of the High Pressure 

Flow Reactor has been redesigned and replaced.   

2.2.1 Process Schematic 

 The High Pressure Flow Reactor was designed to provide gas samples to the Gas 

Chromatography in two separate ways: 

 By utilizing a Water-Cooled Sampling Probe in which a sample is taken axially along the Fused 

Quartz Reactor; a temperature measurement is taken at the site of the probe and the gas going to 
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the Gas Chromatography is instantly quenched.  This allows for very fast residence times as well 

as to help cool off un-sampled gas.  The resolution of the Probe motor (i.e.: how far the Probe can 

translate in and out of the Reactor) is 1 inch.   

 By utilizing a manual Syringe to feed to the Gas Chromatography.  A secondary cooling loop and 

some ball valves are utilized in order to achieve the Syringe method.  This method does not allow 

for very fast residence times to be achieved but is a much simpler method.  It should be noted that 

this method is entirely temporary and will be only used in the near future or in case of a 

malfunction in the Water-Cooled Sampling Probe.   

The process schematic for the Water-Cooled Sampling Probe can be seen in Figure 2.3; the process 

schematic for the Syringe method can be seen in Figure 2.4; the legend for the Process Schematic can be 

seen in Figure 2.5.   

 The High Pressure Flow Reactor operates by feeding nitrogen, the diluent and carrier gas of the 

system, into Nitrogen Heaters 1 and 2 in series using a 50-250 LPM Mass Flow Controller.  The nitrogen 

then flows into the pressure vessel which can be pressurized to 20 bar; the reasoning to do this is due to 

the heaters and other apparatus’ having a maximum pressure differential of 10 bar (ex.: the pressure 

vessel is at 20bar and the internal piping is at 30bar, resulting in a 10bar differential).  The nitrogen is 

then heated to 200-400oC, depending on the application; preheating the nitrogen allows for vaporization 

of liquid fuel as well as reducing the work load of the Reactor Heaters and allowing higher reaction 

temperatures to be achieved.  Nitrogen Heater 1 is controlled using a simple potentiometer, whereas 

Nitrogen Heater 2 is accurately controlled using a closed-loop controller.  It should be noted that there is a 

pressure relief valve further down the line of the pressure vessel in case of catastrophic failure.   

 When operating using liquid fuels, fuel is delivered via a syringe pump which houses a Flow 

Meter and Pressure Transducer and separate control system to maintain constant pressure or constant 

flow, depending on the application.  The syringe pump operates by filling a 1L vessel with fuel and 

delivering the fuel by displacement of the syringe; once the 1L fuel vessel is depleted, it has to refill in 

order to pump more fuel into the system.  Afterwards, a nozzle injects the liquid fuel into the vaporizer 

area inside the pressure vessel that is at steady-state from the nitrogen flow.  The fuel is then vaporized 

and is carried away by the heated nitrogen which acts as a diluent; an average dilution percentage for a 

typical pyrolysis reaction is around 5-10% fuel with the rest nitrogen (i.e.: 90-95% dilution).  If studying 

oxidation reactions, oxidizer is fed into the mixer via a secondary inlet.  The nitrogen, fuel, and oxidizer 

are fully mixed in the Mixer, ensuring a homogenous flow.  Further detail of the mixer can be seen in 

Section 2.5.   
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Figure 2.1: Flow Reactor Pressure Vessel 1 

 

 

Figure 2.2: Flow Reactor Pressure Vessel 2 
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Figure 2.3: High Pressure Flow Reactor Process Schematic with Water-Cooled Sampling Probe 

 

 At below thermal decomposition or combustion temperatures, the heated mixture proceeds into 

the Fused Quartz Reactor which is surrounded by four separate zones of Reactor Heaters, each 

independently controlled using a closed-loop controller to ensure that the Fused Quartz Reactor is at a 

specified temperature.  From this point, the Reactor Heaters contribute to increasing the temperature of 

the homogenous mixture in order for thermal decomposition or combustion reactions to take place.  The 

resulting sampling methods for Figure 2.3 and Figure 2.4 are illustrated in the following two paragraphs.   

 Shown in Figure 2.3 is the first sampling method which consists of a water-cooled sampling 

probe with a thermocouple at the end.  This sampling probe can move axially along the Fused Quartz 

Reactor using a stepper motor that allows for very small increment changes.  The water-cooled sampling 

probe is secured via fittings to prevent leaks; however, if a different position is required, the pressure 

vessel must be evacuated in order to open the fittings, move the water-cooled sampling probe, and close 

the fittings.  A gas sample and temperature measurement is taken at the point of interest, quenched, and 
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fed to the Gas Chromatography for analysis.  The remaining unused gas is cooled using a large coiled 

tube-in-water heat exchanger.  On the end of the exhaust line is a pressure transducer and a back pressure 

regulator used to ensure constant homogenous pressures throughout the internal piping.  The unused 

cooled gas is then exhausted using the lab’s exhaust system.   

 

 

Figure 2.4: High Pressure Flow Reactor Process Schematic with Manual Syringe 

 

 

Figure 2.5: Process Schematic Legend 
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 Shown in Figure 2.4 is the secondary backup sampling method which consists of branching off 

the gas after the Fused Quartz Reactor; the first goes to the cooling loop and is exhausted while the 

second goes through a smaller cooling loop to a ball valve which is closed, resulting in stagnant gas.  

Once the High Pressure Flow Reactor reaches steady-state conditions, the first in-line ball valve shown in 

Figure 2.4 opens to clear the stagnant sample and draw in fresh reactants; once a fresh reactant sample is 

flowing through the reactant line, the second ball valve opens up to allow the sample line to fill.  The 

syringe then takes a sample of the reactant gas filling the line after the second ball valve.  The first ball 

valve is then closed thus allowing the exhaust system to pull vacuum and purge the un-used samples.  

Once evacuated, the second ball valve is closed restoring the setup to take the next sample.  In case of 

remaining gas inside the lines, the syringe connection can be unscrewed slightly in order to evacuate any 

remaining gases.  Once the syringe sample has been taken, it is manually placed inside the Gas 

Chromatography for analysis.  On the end of the exhaust line (for both the syringe line and primary 

exhaust line) is a pressure transducer and a back pressure regulator used to ensure constant homogenous 

pressures throughout the internal piping.  The unused gas is then exhausted into the lab’s exhaust system.   

 It should be noted that if gaseous fuel is being studied the fuel vaporizer system is simply 

replaced by a third pressure regulator and a fourth mass flow controller.  This can be seen in the Chapter 4 

when discussing the process schematic for Ethane validation tests.   

 Finally, shown in the schematics is a “vessel pressurization inlet.”  This is the location at which 

nitrogen flows into the pressure vessel to pressurize it to 20bar (separate from the internal flowing 

system).  This is achieved by simply setting a pressure regulator.   

 Shown in Appendix A is a list of all pieces of hardware stated in the Process Schematic and 

otherwise as well as the operating parameters.  Shown in Table 2.1 are the operating conditions for the 

High Pressure Flow Reactor.   

 The Reactor residence time is considered a theoretical maximum using basic continuity and 

assuming ideal gas laws.  The syringe residence time is calculated by assuming a standard position for the 

syringe and calculating the residence time from the mixer to that point for the range of flow rates.  The 

water-cooled probe residence time is calculated as a function of 1 inch increments (the distance the probe 

can translate in and out of the Reactor) from the starting position (i.e.: where reactions start taking place).  

Ultimately the final achievable residence time will be experimentally determined during the Ethane tests 

as described in Chapter 4.   

2.2.2 Full Model of Flow Reactor 

 The full 3-D model of the Flow Reactor can be seen in Figure 2.6 for increased clarity.   
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Table 2.1: High Pressure Flow Reactor Maximum Operating Parameters 

Flow 

Rates 

[LPM] 

Minimum Probe 

Residence Time 

[s] 

Syringe 

Residence 

Times [s] 

Maximum 

Pressure [bar] 

Maximum 

Temperature [K] 

Gaseous or 

Liquid Fuels 

50-250 0.414 – 0.0017 0.414 – 0.084 30 1,473 
Gaseous and 

Liquid 

 

 

 

Figure 2.6: SolidWorks Model of Full Flow Reactor 

 

 A full SolidWorks model of the internal piping can be seen in Figure 2.7 and a full SolidWorks 

model of the pressure vessel can be seen in Figure 2.8.   

 As mentioned in the process schematic, the internal piping seen and pressure vessel seen above 

are separated in order to allow each section to be pressurized.  These separate sections are independent of 

each other in order to meet the aforementioned goals, specifically: 

 Testing above the 20 bar limits for the outer pressure vessel.  The inner piping of the Flow 

Reactor, specifically the heaters and the Fused Quartz Reactor, only allow a 10 bar pressure 

differential.  Thus, if the outer pressure vessel is the rated to 20 bar and the inner piping is set to 

30 bar, this still meets the 10 bar differential, effectively allowing the Flow Reactor to operate at 

30 bar conditions.   
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 Originally the Flow Reactor did not have inner piping.  The inclusion of the inner piping and the 

“closed” inner system severely decreased the amount of nitrogen that was needed to be used as a 

carrier gas for the system.  This effectively allowed much faster flow rates which substantially 

decreased the residence time.  By utilizing less nitrogen, the Flow Reactor also decreases its 

energy and operation costs.   

 There was leakage in the mixer and Fused Quartz Reactor interface which led to inconsistencies 

in the data (i.e.: fuel would leak out of the probing area thus altering basic carbon balances).  By 

connecting the mixer to the Fused Quartz Reactor and by utilizing a different gasket material, 

leakage was eliminated in the system thereby allowing for more consistent data.   

 

 

Figure 2.7: SolidWorks Model of Internal Piping 

 

 

Figure 2.8: SolidWorks Model of Pressure Vessel 
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 The mixer and Fused Quartz Reactor sections can be seen in Figure 2.9.  The preheated nitrogen 

enters from the top and vaporizes fuel from the nozzle located at the fuel entrance portion of mixing 

cross.  This mixture then proceeds to the mixer section which ensures a homogenous mixture as well as 

the inclusion of an oxidizer, if needed.  The vaporized fuel and nitrogen connect to the mixer from a 

welded 2” to 4” coupling; this was welded by Mario Saldana [29].  The Fused Quartz Reactor is securely 

connected to the Mixer apparatus by utilizing an UltraTorr fitting.  More detailed discussion and analysis 

of the Mixer and Connections design can be seen in Section 2.6.   

 

 

Figure 2.9: SolidWorks Model of Internal Piping of the Fused Quartz Reactor and Mixer 

Connections 

 Further SolidWorks snapshots will be utilized in subsequent sections in order to further elaborate 

on various design choices.   

2.3 Inert Nitrogen Preheating 

 The original heating apparatus consisted of nichrome wire threaded through a honeycomb pattern 

in order to increase surface area.  This design can be seen in Figure 2.10 and was inside the nitrogen 

heating area of the pressure vessel seen in Figure 2.11.   

 This original design only allowed temperatures up to 1,000K, limited the residence times to 0.1s, 

and often needed repair.  Since the nichrome wire was in series, if there were any defects in the wire the 

entire heating apparatus would need to be remade by threading the nichrome wire through the honeycomb 
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pattern; this was a very arduous task.  Due to the higher temperatures and flow rates (i.e.: residence times) 

needed to meet the High Pressure Flow Reactor goals, a preheater redesign was required.   

 

 

Figure 2.10: Original Nitrogen Heating Design (RES Design [28]) 

 

 It should also be noted that the original Flow Reactor design did not consist of any Reactor 

heaters, or heating downstream, and relied solely on the heating design as seen in Figure 2.10.  This was 

inadequate as drastic heating losses were had by the time the nitrogen reached the probe inside the Fused 

Quartz Reactor, thus limiting the thermal decomposition temperatures for studying more advanced fuels.  

More importantly, by heating the nitrogen up to very high temperatures prior to being inside the Fused 

Quartz Reactor, thermal decomposition of the fuel could start prematurely and produce inconsistent 

results.  By including both preheaters and reactor heaters, detailed control over the temperature inside the 

reaction zone can be achieved.   

 

 

Figure 2.11: Nitrogen Heating Area of Pressure Vessel 
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2.3.1 Nitrogen Preheater Redesign Goals 

 The preheaters were designed in order to meet the needs of two scenarios: 

1) Preheating the nitrogen enough to reduce the load on the Reactor Heaters and allow for higher 

temperatures 

2) Preheat nitrogen enough to vaporize and carry away liquid fuel 

3) In case of failure in the Fused Quartz Reactor heaters, the preheaters were designed to be able to 

reach 800oC temperatures so testing could still be achieved, much like the original Flow Reactor 

design 

The preheaters were designed to be much more reliable as well as able to heat nitrogen up to 800oC at 500 

LPM.  Finally, the heaters needed to be inline in order to successfully be separated from the pressure 

vessel for the reasons discussed earlier.   

2.3.2 Preheating Design 

 Sylvania Heaters were chosen in order to meet the design goals specified [35].  The kW 

requirement for Sylvania inline heaters can be seen in Equation 2.1.   

 
               

(
 ̇

    
) (        )

    
 

(2.1) 

where  ̇ is the volumetric flow in LPM, and      and     are the inlet and exit temperatures in 

Fahrenheit.  From this equation and fluid dynamics, an Excel chart was created in order to find the kW 

requirement for the heaters based on a temperature requirement of 800oC, an inlet temperature of 25oC, 

and a minimum residence time of 0.1s at the end of the Fused Quartz Reactor (measured from the tip of 

the mixer).  It should be noted that when the Sylvania heating calculations were produced, the Fused 

Quartz Reactor was still 40x45mm, thus increasing the kW requirement for the inline heaters; the Fused 

Quartz Reactor was later decreased in size to 19x25mm, drastically reducing the flow rate and thusly the 

kW requirement for a 0.1s residence time.  Also, this allowed for an increase in the flow rate that could be 

produced through the heaters as well as an improved residence time, thus increasing the limits of the Flow 

Reactor.   

 Data was specifically calculated for 250 LPM and 500 LPM due to the volumetric flow rate the 

Mass Flow Controllers could handle.  Data was also calculated by tabulating the residence times at three 

separate parts of the reactor and the maximum probe residence time; this is due to the translating probe 

able to take samples at any point along the length of the reactor.  Table 2.2 shows a summary of the data 

using the old 40mm inner diameter Reactor; Table 2.3 shows a summary of the data using the new 

reduced 19mm inner diameter Reactor.  The full Excel data can be seen in Appendix B and Appendix C.   
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Table 2.2: Preheater kW Requirement for a 40x45mm, 55” Reactor 

LPM            

[L/min] 

kW 

Requirement    

[kW] 

Velocity   

[m/s] 

Residence 

Time at End 

of Reactor          

[s] 

Residence 

Time at 

Middle of 

Reactor        

[s] 

Syringe 

Residence 

Time 

[s] 

Probe 

Residence 

Time 

[s] 

250 4.93 3.31 0.422 0.211 0.097 0.011 

500 9.85 6.63 0.211 0.105 0.048 0.006 

 

 Note that these are theoretical maximums.  For practical purposes in the lab, one mass flow 

controller will be used with a maximum volumetric flow rate of 250 LPM, although the capability of 

running both mass flow controllers in order to achieve 500 LPM is possible.  As mentioned in the Process 

Schematic section, the probe residence time is determined by finding the residence time at 250 LPM 1 

inch after reactions take place (1 inch is the resolution of the probe motor).  Thus, using a probe to take 

samples, the shortest residence time achievable is 1.7ms while using the syringe sampling method a 

residence time of 84ms is achievable.  The capability of utilizing both Mass Flow Controllers in parallel 

to obtain 500 LPM is possible and could potentially be utilized in future experimental studies.   

 

Table 2.3: Preheater kW Requirement for a 19x25mm, 48” Reactor 

LPM            

[L/min] 

kW 

Requirement    

[kW] 

Velocity   

[m/s] 

Residence 

Time at End 

of Reactor         

[s] 

Residence 

Time at 

Middle of 

Reactor        

[s] 

Syringe 

Residence 

Time 

[s] 

Probe 

Residence 

Time 

[s] 

250 4.89 14.5 0.084 0.042 0.084 0.0017 

500 9.88 29.4 0.041 0.021 0.042 0.0009 

 

 From the original Excel data requirement of approximately 9.85 kW, two Sylvania 6 kW inline 

heaters were chosen.  One of the two heaters can be seen in Figure 2.12.   

 Each heater is able to output 6 kW for a total of 12 kW in series; the heaters are connected via 1’ 

¼” NPT fittings for inline operation.  The first heater is controlled using an open-loop controller, or 

potentiometer; the second heater is accurately controlled via a closed-loop PID controller as discussed 

earlier.  This closed-loop PID controller can be seen in Figure 2.13.   
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Figure 2.12: Inert Nitrogen Preheaters 

 

 

Figure 2.13: Closed-Loop PID Controller for Preheater 

 

A SolidWorks model of the preheating system inside the pressure vessel can be seen in Figure 2.14.   
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Figure 2.14: SolidWorks Model of Nitrogen Preheating Inside the Pressure Vessel 

 

2.4 Fuel Vaporization Systems 

 Most fuel studies require a fuel vaporization system in order to effectively study more advanced 

liquid fuels as well as to fully mix fuels with nitrogen, or another inert gas.  The original Flow Reactor 

vaporized their fuel by spraying fuel onto heated beads.  This method worked for single-component fuels 

with equal boiling points; however, this method would not work for multi-component, or real, fuels with 

higher hydrocarbons in them due to having various boiling points resulting in distillation of the fuel.  The 

failure of the previous method to fully vaporize multi-component fuel mixtures was clearly shown in their 

old fuel vaporization system as there was much un-vaporized fuel coated onto the heated beads.  Thus, a 

redesign for the fuel vaporizer was needed for multi-component fuels by utilizing a sophisticated syringe 

fuel pump and spray nozzle (i.e.: supply fuel at high pressures through a small orifice) in order to 

vaporize the entire fuel mixture.   

2.4.1 Fuel Vaporizer Analysis and Design 

 Shown in Table 2.4 are select fuels that were considered for use in the High Pressure Flow 

Reactor in order to determine the temperature range needed for the Fuel Vaporization system.   

 Fuels such as Ethane don’t need a fuel vaporization system whereas heavier fuels such as 

hexadecane need a very effective fuel vaporization system with no cold spots.  Ethane tests are reviewed 

in Chapter 4 and do not require the operation of a fuel vaporization system.   

Inlet Heater 1 Heater 2 
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Table 2.4: Boiling Points of Fuels 

Fuel Boiling Point [C] Vapor Pressure [bar] 

Ethane -88.6 38.45 

n-Heptane 98 0.05332 

Hexadecane 287 0.001333 

 

 Shown in Figure 2.15 is the process schematic of the fuel vaporization system.  Liquid fuel from 

a cylinder is pumped using a sophisticated Teledyne Isco 1000D Single Fuel Pump which is able to pump 

out 0.0001-0.408 LPM of liquid fuel.  This allows for tests ranging from highly dilute thermal 

decomposition reactions in a nitrogen carrier gas up to 87% fuel reaction studies (i.e.: 13% nitrogen) at 

atmospheric conditions.  The dilution amounts can be seen in Table 2.5.  The pump has a built-in flow 

meter and pressure transducer in order to accurately control fuel delivery from the built-in 1L vessel.  The 

pump works by filling up the 1L vessel with fuel and pumping the fuel using a syringe-like method; once 

the 1L vessel is depleted, it needs to be refilled in order to continue pumping.  The pumping system is not 

continuous; however, this poses no issues with the system since steady-state can be achieved relatively 

quickly after fuel has started to be pumped.  The highly pressurized liquid fuel proceeds into the pressure 

vessel to a typical nozzle injector found at McMaster-Carr [36] which sprays the fuel using an 

approximately ~15
o
 cone angle into the insulated and heated mixing cross.  Heated nitrogen from the 

preheaters, up to a variable 400oC, flows into the top of the fuel vaporization system in order to help 

vaporize the fuel as well as carry the vaporized fuel away.  The mixing cross is large enough to act as a 

buffering system to alleviate any pressure discrepancies caused by the fuel pump or vaporization system.  

The vaporized fuel and nitrogen are checked to ensure the temperature is still relatively constant and then 

proceed to the mixer to ensure full mixing with an oxidizer, as needed.  Finally, it should be noted that the 

fuel pump literature and research was completed by fellow graduate student and colleague Mario Saldana 

[29]; other design parameters, such as calculations of dilution percentages shown below, was completed 

without the help of Mario Saldana.   

 The pump flow rate was ensured that adequate fuel dilution could be achieved for a range of 

conditions.  The equation for dilution consisting of nitrogen and fuel is seen in Equation 2.2, 

          
 ̇  

 ̇  
  ̇    

 (2.2) 

Using n-Heptane, the amount of dilution achievable is seen for varying pressures (minimum and 

maximum) and nitrogen flow rates (minimum and maximum) in Table 2.5.   
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Figure 2.15: Schematic of Fuel Vaporization System 

 

Table 2.5: Dilution Percentages using Teledyne Isco 1000D at varying Pressures and Nitrogen Flow 

Rates 

Pressure 

[bar] 

N2 Volumetric Flow Rate 

[LPM] 

Nitrogen Dilution Range 

[%] 

1 50  17% 

1 250  50.74 

5 50  50.75 

5 250  83.75 

10 50  67.34 

10 250  91.16 

30 50  86.08 

30 250  96.87 
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 For clarification, the Dilution Range specifies, at a given Nitrogen Volumetric Flow Rate, how 

much fuel is achievable in the system.  In other words, at 5 bar and 250 L/min of Nitrogen, it is only 

possible to achieve 83.75% dilution (i.e.: 83.75% Nitrogen, 16.25% Fuel).  The remainder of the 

calculations and the equations used can be found in Appendix D.   

 It is important to note that most Flow Reactors operate at 90-95% dilution to minimize Reactor 

sooting.  The majority of the High Pressure Flow Reactor experiments will be run at 90-95% dilution; 

however, the ability to perform experimental tests using very low dilution percentages is possible for 

certain conditions.   

 The chosen fuel pump can be seen in Figure 2.16.   

 

 

Figure 2.16: Fuel Pump [37] 
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 Fuel droplet evaporation calculations were conducted in order to ensure that the fuel would be 

vaporized before any fuel reached the inside wall of the mixing cross; this was to eliminate cold spots.  

Shown in Equation 2.3 is the droplet lifetime,    [38], 

    
  

 

 
 (2.3) 

where    is the droplet size and   is the evaporation constant.  The evaporation constant is calculated 

using Equation 2.4, 

   
   

     
  (    ) (2.4) 

where    is the mean thermal conductivity,    is the liquid fuel density,     is the specific heat of the 

liquid fuel, and    is the dimensionless transfer number.  The mean thermal conductivity is calculated 

using Equation 2.5, 

         ( ̅)       ( ̅) (2.5) 

where the thermal conductivity of the fuel and carrier gas are calculated using the average temperature of 

the fuel boiling point and the carrier gas temperature.  The dimensionless transfer number can be 

calculated using Equation 2.6, 

        [
        

  
] (2.6) 

where    is the heat of vaporization of fuel and       is the boiling point for the fuel.   

 For the fuel droplet lifetime calculations, n-heptane was used as it would be the most relevant fuel 

used in the High Pressure Flow Reactor; however, the calculations were also repeated for hexadecane, a 

heavier hydrocarbon fuel with a higher boiling point, and the results were satisfactory in that the fuel 

would be evaporated before reaching the wall of the 1L vessel.  Shown in Table 2.6 are the constants used 

in the fuel droplet evaporation calculations.   

 Worst case scenarios were used in order to ensure no problems or cold spots would arise in the 

vaporization system, specifically the largest flow rate in LPM and the smallest diameter in the mixing 

cross vaporizer section.  By determining the required time to evaporate, the required droplet size was 

calculated.  Shown in Table 2.7 are the results of the calculations.   

 Standard fuel injectors typically have droplet sizes much less than 0.1mm [39]; thus, the mixing 

cross is of adequate size to evaporate fuel before the carrier Nitrogen gas reaches the wall of the vessel, 

ultimately eliminating cold spots.  All further calculations can be found in Appendix E.   

 It should be noted that due to time constraints, the fuel vaporization system was not able to be 

fully functional before the Thesis due date due to issues involving the ordering of products, other design 

priorities, and gaseous Ethane testing as will be discussed in Chapter 4.  However, all work has been 
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completed with the Fuel Vaporizer design process as well as all parts for the vaporizer system chosen; 

thus only fabrication of the Fuel Vaporization system and testing needs to be finished for full operation.  

The final fabrication and testing of the Fuel Vaporizer will go in the Future Work section.   

 

Table 2.6: Constants for Fuel Droplet Evaporation Calculations 

Constants 

Fuel Boiling Point [K] 371.15 

Nitrogen Temperature [K] 573.15 

Pressure [bar] 10 

Fuel Specific Heat [J/kg-K] 2,776 

Fuel Thermal Conductivity [W/m-K] 0.03728 

Nitrogen Thermal Conductivity [W/m-K] 0.03929 

Fuel Heat of Vaporization [J/kg] 218,625 

Fuel Liquid Density [kg/m3] 680.5 

Vessel Inner Diameter [m] 0.0508 

Vessel Length [m] 0.3556 

Volumetric Flow [LPM] 250 

 

Table 2.7: Calculations to determine Max Droplet Size for Vaporizer System 

Nitrogen Flow [LPM] Nitrogen Flow [m
3
/s] 

Time Until Wall 

[s] 

Droplet Size Required 

[mm] 

50 0.008335 0.8649 0.3422 

100 0.001667 0.4324 0.2420 

150 0.0025005 0.2883 0.1976 

200 0.003334 0.2162 0.1711 

250 0.0041675 0.1730 0.1530 

 

2.4.2 Secondary Fuel Vaporization System 

 Although direct injection inside the pressure vessel is the preferred method, a secondary fuel 

vaporization system was designed primarily due to the ease of installation.  A process schematic of the 

secondary fuel vaporization system can be seen in Figure 2.17.   
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 The nitrogen preheaters would be run in parallel using two separate Mass Flow Controllers.  The 

potentiometer controlled preheater would heat a small amount of nitrogen carrier gas to above the fuel 

vaporization temperature.  This carrier gas would flow into the vaporizer vessel which is being heated by 

heating tape with a maximum temperature of 760oC; fuel is being injected into the vaporizer via the 

method discussed earlier.  The nitrogen carrier gas proceeds to carry the vaporized fuel out of the 

vaporizer; the nitrogen and fuel stream proceed to mix with the nitrogen that is being heated via the PID 

controller.  All other processes remain the same, including injection droplet size and dilution percentages.   

 The secondary fuel vaporization system has some advantages: 

 Despite being more difficult to pipe, a majority of the components (primarily the vaporizer 

vessel) are already accounted for in the lab 

 Allows the main nitrogen line to be at a higher temperature (i.e.: the vaporized fuel and nitrogen 

lines mixing with the secondary nitrogen line) in order to alleviate the heat losses from 

vaporization and evaporative cooling affects 

Due to owning a majority of the vaporizer components, this secondary fuel vaporization design will likely 

be implemented prior to the fuel vaporization system discussed in Section 2.4.1.   

 The disadvantages of the secondary fuel vaporization system are that there could be greater cold 

spots in the vaporizer as the insulation outside of the pressure vessel poses a serious threat to heat loss, 

despite including the heating tape.  There would also be significant heat losses from the nitrogen line.   

2.5 Mixer Apparatus 

 Shown in Figure 2.18 is a simple diagram pertaining to the Mixer apparatus and its usage.   

 The Mixer apparatus is located inside the Fused Quartz Reactor.  The water-cooled gas sampling 

probe located near the end is taking a sample after the “zero-position,” or the location where it is assumed 

that all gases have been fully mixed and are fully homogenous.  The entire system is insulated to prevent 

heat loss.   

 The previous design did not include Reactor Heaters and had to rely on the preheaters to supply 

all the heat to the system.  Without Reactor Heaters supplying heat directly to the Reactor zones, reactions 

would start taking place as soon as the vaporized fuel comes into contact with the very high temperature 

nitrogen, thus underlying the need to find the zero-position.  It was assumed that the “zero-position” 

started at the tip of the Mixer; in actuality, reactions would likely start prior to the tip of the Mixer.  Using 

the Reactor Heaters, the location of the “zero-position” is determined by each zone rather than based off 

an assumption.  Regardless, knowing if the gaseous mixture is fully mixed prior to the Reactor Heaters 

starting remains an important design constraint.  This is very important in oxidation reactions as 

premature heating and combustion reactions would be very undesirable to the Flow Reactor system itself.   
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Figure 2.17: Process Schematic for Secondary Fuel Vaporization System 
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Figure 2.18: Simple Diagram of the Mixer inside the Fused Quartz Reactor [28] 

 

 A SolidWorks model of the mixer location inside the internal piping can be seen in Figure 2.19.  

Shown in Figure 2.20 is a SolidWorks model of the mixer apparatus separated into parts.   

 The mixer is assembled into 3 separate parts that are connected via several Inconel screws.  The 

mixer, compression plate, and parts of the middle flange are made out of Inconel to withstand high 

temperatures and to prevent corrosion.  The mixer works by forcing the nitrogen and fuel mixture into the 

16 radial holes located on the flange; the oxidizer flows from the ¼” Swagelok connection located on the 

front of the mixer and out via the 8 radial tubes.  This forces the nitrogen and fuel mixture and oxidizer to 

impinge on each other in a very small mixing zone located in between the holes; this causes impinging 

jets.  The impinging jets induce swirl and turbulence which allows the mixture to become fully 

homogenous at the “zero-position.”  For thermal decomposition reactions, oxidizer will not be used and 

the mixer will just be used to ensure turbulence and subsequently a fully homogenous nitrogen and fuel 

mixture.   
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Figure 2.19: SolidWorks Model of Mixer Apparatus 

 

 

Figure 2.20: SolidWorks Model of Mixer Apparatus 
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 It should be noted that despite the Mixer consisting of very small inlets (9.4mm Nitrogen and 

Fuel line inlets and 3.1mm Oxygen line inlets), the flow rates amount of holes keeps the velocity, and 

subsequently the pressure drop, through the Mixer relatively low.   

 Previous elaboration on plug flow reactor theory can be found in Section 1.2.1.  Validation of 

Mixing and Plug Flow achieved from the Mixer apparatus can be found in Chapter 3.   

2.6 Fused Quartz Reactor and Connections 

 The reactor consisted of a relatively inexpensive fused quartz material; Fused Quartz is viable up 

to 1,600C and is quite fragile.  Several Fused Quartz Reactors in varying diameters can be seen in Figure 

2.21.   

 Initially the reactor consisted of a 40x45mm design with a 55 inch length.  The length was 

adequate, however the 40x45mm design was chosen due to the mixer dimensions; the 40x45mm reactor 

was designed to fit snugly over the mixer apparatus.   

 As mentioned previously, there were several leaks from this design as there was no real way to 

force the entirety of the fuel mixture into the reactor; some fuel would leak into the outer pressure vessel 

during the Fused Quartz Reactor and Mixer transition.  Gaskets were used but there was clear indication 

from the pressure vessel that fuel had leaked onto the outer walls due to graphite erosion in oxidization 

environments.  This caused discrepancies in the data due to carbon balancing issues as well as pressure 

discrepancies.   

 

 

Figure 2.21: Fused Quartz Reactor Examples [40] 

 

 It was decided upon that the Fused Quartz Reactor was too large and a reduction in diameter was 

needed due to the following reasons: 

1) Lower flow rate requirement to achieve the same, or a reduced, residence time 

2) Reduce heating requirements for the reactor heaters 
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3) A reduction in nitrogen usage 

4) Reduction in startup times to reach steady-state 

2.6.1 Fused Quartz Connections, Gaskets, and Diameter Change 

 The graphite gasket material that was used in the High Pressure Flow Reactor worked very well 

for higher temperatures but failed once oxidizer was put into the gaseous mixture.  Fiberfrax 550 Paper 

was found and purchased in order to accommodate the High Pressure Flow Reactor experiments 

involving oxidizer as well as any experiments involving extremely high temperatures (i.e.: ~1,100oC), as 

Fiberfrax can withstand temperatures up to 1,260oC.  However, even with the new gasket material there 

was still evidence of leaks from the Mixer and Fused Quartz Reactor interface.  In order to solve this 

dilemma, two separate ideas were designed and tested.   

 The first idea consisted of applying a compressive force on the Fused Quartz Reactor as the 

Reactor is designed to withstand compressive forces exceeding 160,000 psi.  In order to apply a 

compressive force on the Fused Quartz Reactor, a back plate was connected to the mixer flange via four 

long threaded stainless steel rods.  By tightening nuts onto the four threaded stainless steel rods, the back 

plate would apply a compressive force onto both ends of the Fused Quartz Reactor.  This compressive 

force in conjunction with the new gasket material was hypothesized to help prevent leaks.   

 The Fused Quartz Reactor diameter was also minimized in order to meet the aforementioned 

goals.  However, the mixer was designed in order to have a Fused Quartz Reactor ID of 40mm fit around 

the cone.  In order to bypass this dilemma, a Reactor was ordered that started out at the original 40x45mm 

diameters and was reduced to 19x25mm.  This allowed all of the benefits of a reduced Reactor diameter.   

 A diagram of the modified Fused Quartz Reactor, the back plate, and the four long stainless steel 

rods can be seen in Figure 2.22.   

 

 

Figure 2.22: SolidWorks Model of Fused Quartz Reactor connected to a Back Plate for 

Compression using Stainless Steel Rods 
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 Theoretically the idea worked due to the compressibility limits of the Fused Quartz.  However, 

due to the fragility of the Fused Quartz Reactor in torsion, this idea failed.  The back plate produced such 

a large moment on the Fused Quartz that the Reactor would shatter at the slightest misalignment.  The 

Reactor was over 48 inches in length, thus perfect alignment of the Reactor become almost impossible.  

More importantly, even during testing by using a smaller length of the Fused Quartz Reactor, there was 

only a slight decrease in the amount of leaks present; also, pressurization was near impossible due to the 

leaks.  The reasoning behind the leakage was due to several reasons, primarily including non-uniform 

edges on the stainless steel and Fused Quartz interfaces; this problem would be exasperated at higher 

temperatures due to thermal expansion.   

 The final design consisted of using Swagelok UltraTorr fittings on the Fused Quartz Reactor.  

UltraTorr fittings can be seen in Figure 2.23.   

 UltraTorr fittings consist of an o-ring that is tightened down onto glass, metal, or plastic tubing.  

UltraTorr fittings are primarily designed for vacuum conditions; however, thorough testing has shown 

that UltraTorr fittings can hold pressure past 12 bar, 2 bar past the system requirement of 10 bar.  Also, a 

1” UltraTorr fitting fit perfectly around the 25mm outer diameter Fused Quartz Reactor.   

 

 

Figure 2.23: Diagram of UltraTorr Fittings and Usage [41] 
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 The 1” UltraTorr was unable to fit around the largest part of the mixer cone.  To alleviate this, a 

reducing coupling was added and welded to the UltraTorr fitting which connected to the base of the 

mixer, ensuring a tight seal.  A schematic of this can be seen in Figure 2.24 as well as a picture of the 

completed product used in initial pressure and temperature tests; this can be seen in Figure 2.25.   

 Finally, UltraTorr fittings assisted in the problem of perfectly aligning the mixer and back plate.  

As discussed previously, the Fused Quartz Reactor is very fragile and if the back plate and mixer were not 

perfectly aligned, the reactor would break due to the large moment associated with the back plate.  The 

UltraTorr fitting alleviated this problem due to the o-rings allowing a certain amount of flexibility when 

handling the Fused Quartz Reactor.   

 However, the UltraTorr fittings were not a perfect solution as the o-rings could only handle a 

temperature of 202oC.  Additional o-rings were purchased that could handle 316oC, but this still did not 

alleviate the problem of handling much higher temperatures that would be used for experimental testing, 

specifically on the back UltraTorr fitting after the Reactor Heaters where temperatures could be in excess 

of 1,000oC.   

 

 

Figure 2.24: SolidWorks Model of Mixer and UltraTorr Connection 
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Figure 2.25: Picture of Mixer attached to the UltraTorr Fitting and Fused Quartz Reactor 

2.6.2 Cooling of UltraTorr Connections 

 The biggest issue with using UltraTorr fittings was the temperature requirement.  High 

temperature Kalrez o-rings were ordered in order to increase the temperature the o-rings could handle to 

316oC.  This was adequate as the initial temperature prior to the reactor heaters (at the mixer interface 

shown in Figure 2.25) did not exceed 300oC (or 400oC if there was a need to reduce the load on the 

Reactor Heaters) due to all fuels being tested having much lower boiling temperatures.  However, this 

posed a severe problem for the back UltraTorr fitting as the reactor heaters were designed to go to 

1,100oC.   

 A solution was posed to weld a cooling loop as close as possible to the o-ring itself.  Due to the 

flow rate and temperature of the coolant supplied to the lab (specifically 12oC water with a flow rate of 

1.5 GPM), the amount of heat being drawn away from the o-rings from the water would be greater than 

the amount of heat into the o-rings from the heated flow, thereby drastically lowering the steady-state 

temperature of the o-rings to below the 316oC limit.  This cooling loop technique is widely used in 

industry.  An example of this is a Pressure Transducer being used for much higher temperatures by using 

a cooling loop, ultimately lowering the steady-state temperature of the pressure transducer to acceptable 

limits [42].   
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 Couplings and connections were then ordered for fabrication of the UltraTorr cooling design; 

welding and the couplings used for the cooling loop was completed by Mario Saldana [29].  Shown in 

Figure 2.26 and Figure 2.27 are schematics of the cooling lines on both the front and back UltraTorr 

fittings, respectively; shown in Figure 2.28 and Figure 2.29 are pictures of the front and back UltraTorr 

cooling loops, respectively.   

 Note that although only coolant was needed on the back UltraTorr fitting, coolant was also 

supplied to the front UltraTorr fitting.  This allowed for use of only the preheaters in the initial testing 

(~500oC, 1-10bar) before the Reactor Heaters were in use.  It also allowed preheater operation past 300oC 

if a reduction in Reactor Heater load was required in order to reach higher temperatures in the reaction 

zone.   

 UltraTorr cooling loop validation testing can be found in Chapter 3.   

 

 

Figure 2.26: SolidWorks Model of Front UltraTorr Cooling 

2.6.3 Cooling of Back Plate and Water-Cooled Sampling Probe Cooling 

 Cooling of the back plate was also needed when reaching temperatures above 800oC due to the 

mechanical properties of stainless steel.  A simple cooling loop was welded onto the back of the stainless 

steel in order to alleviate the large temperatures it would be seeing.   
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Figure 2.27: SolidWorks Model of Back UltraTorr Cooling 

 

 

 

Figure 2.28: Front UltraTorr Cooling 
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Figure 2.29: Back UltraTorr Cooling 

 

 Finally, it should be noted that the hot gases will be substantially cooled from the water-cooled 

probe.  After a sample is taken, the hot gases must flow around the probe in order to reach the exit, thus a 

large amount of cooled surface area will significantly cool the hot gases.  A simple SolidWorks model can 

be seen in Figure 2.30.   

 The combination of all three cooling systems allows the Flow Reactor to achieve extremely high 

temperatures while maintaining an entirely closed system with very accurate results.   

2.7 Circumferential Heating of Fused Quartz Reactor 

 Due to the limitations of the preheaters and thermal insulation as well as the goals needed to be 

met, circumferential heaters were chosen in conjunction with preheaters in order to accommodate the 

temperature needs.   
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2.7.1 Methodology for Circumferential Resistive Heating 

 Utilizing radial heaters in conjunction with preheaters offered several advantages: 

 Greater control over the thermal decomposition and combustion processes inside the Fused 

Quartz Reactor as well as not having to rely on the Mixer “zero-position” in order to initiate 

chemical reactions 

 Higher temperatures 

 Less heat loss from the preheaters to the reaction zone 

 Less leakage from NPT fittings due to thermal expansion (i.e.: the NPT fittings being routed to 

the Mixer would only be exposed to 400oC maximum rather than 800oC if Reactor Heaters were 

not utilized) 

 Premixing of Nitrogen and Fuel to ensure greater homogeneity (i.e.: without Reactor Heaters, the 

preheaters would heat nitrogen to ~800oC; premixing of fuel would not be possible due to thermal 

decomposition starting prematurely before the Reactor and sampling probe) 

 Constant temperature along the length of the Reactor; this allows for all residence times at a 

specific temperature to be obtained by translating the Water-Cooled Sampling Probe along the 

length of the Reactor; without Reactor Heaters, a temperature gradient along the length of the 

Reactor was present thus making obtaining experimental data at a constant temperature more 

difficult and much more time consuming 

 

 

Figure 2.30: SolidWorks Model displaying Cooling of Hot Gases via the Water-Cooled Probe 

 

 Shown in Figure 2.31 is a SolidWorks model displaying the location of the two heaters in the 

High Pressure Flow Reactor as well as the operating temperatures of the heaters.   
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Figure 2.31: Diagram of Preheaters and Reactor Heaters 

 

 As mentioned previously, it is worth noting that the preheaters can achieve temperatures up to 

800oC as a backup to the Reactor Heaters; however, optimal system operation calls for the combination of 

both preheaters and Reactor Heaters.   

2.7.2 Resistive Heating Design and Product Specifications 

 The original design used basic enthalpy calculations as a first order approximation in order to 

spec the reactor heaters.  Shown in Equation 19 is the simple Enthalpy heat transfer equation utilized.   

    ̇(  ) (1)  

Shown in Figure 2.32 is a figure displaying the Reactor Heater wattage requirements for atmospheric 

conditions coming in at 300oC and heating to 1,100oC; this was used as a baseline for determining the 

Reactor Heater operating requirements.  Note that for the mass flow rate, a worst case scenario of the 

highest density (corresponding to the lowest temperature) is used as a safety factor.  This calculation is 

also assuming 100% nitrogen since the amount of fuel in the mixture will be heavily diluted.   

As the pressure and temperature requirements rise, there is a drastic increase in heater wattage required as 

well as a much smaller achievable volumetric flow rate.   

 The reactor heaters purchased from Zircar [43] ended up having a maximum wattage of 4.2 kW.  

They consisted of four separate zones each individually controlled using four separate PID controllers.  

The first three zones consist of 1,200 W heaters with the last zone consisting of a single 600 W heater.  

Heating is completed using resistive wires embedded inside the heating zone and surrounded by 

insulation.  The heaters have 1.25 inch vestibules in them in order to hold the Fused Quartz Reactor in 

place.   
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Figure 2.32: Heater Wattage Requirements for 1 bar, 300
o
C to 1,100

o
C 

 

 The largest constraints that prevented a greater Reactor Heater wattage was that the outer pressure 

vessel that the reactor heaters would be placed in could not exceed 100oC, as well as the tube only being 8 

inches in diameter.  Due to this large temperature and sizing restraint, more than 4.2 kW of wattage was 

not possible.  However, advanced microporous MICROSIL insulation was utilized in order to allow the 

Reactor Heaters to operate up to 1,100oC while keeping the outside under 100oC.   

 Shown in Figure 2.33 is the Zircar Reactor Heater drawing; a more detailed view of the inside is 

shown in Figure 2.34.  A picture of the completed Reactor Heaters with each zones power leads can be 

seen in Figure 2.35; a picture of the entire length of the Reactor Heaters can be seen in Figure 2.36, 

demonstrating how the Reactor Heaters are four separate heaters sealed into one tube in order to easily 

slide into the 8 inch pressure vessel.   

 Based on the calculations shown in Figure 2.32, it is clear that the reactor heaters will not be able 

to accommodate large flow rates depending on the temperature and pressure requirements for the 

experiment.  As an example, operating at 10 bar with a temperature rise from 300oC to 1,100oC would 

require ~4.5 kW at a 50 LPM flow rate, slightly above the 4.2 kW Reactor Heaters.  However, it is easily 

extrapolated from this information that if the preheated nitrogen were to come in at above 300oC, the 

heater wattage requirements would significantly decrease.  With the inclusion of the UltraTorr cooling 

loop, the o-ring temperature limit of 316oC is nullified, thus allowing greater preheating temperature 

limits.  The caveat to preheating to very high temperatures is that thermal decomposition might start 

prematurely.  This is where CHEMKIN is utilized in order to determine the preheating temperature limits 

at a given pressure (i.e.: as pressure increases, thermal decomposition occurs at lower temperatures).  
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However, from the discussion in Chapter 4, Ethane thermal decomposition does not occur until around 

650oC, thus allowing inlet temperatures to come close to 600oC.  This allows for much better preheating 

and reduces the load on the Reactor Heaters, ultimately permitting greater operating conditions with 

respect to temperature, pressure, and flow rate.  Heavier fuels (i.e.: hexadecane) would not start to 

thermally decompose until much greater temperatures, allowing even greater preheating limits and further 

reducing Reactor Heater load.   

 

 

Figure 2.33: Overall Reactor Heater Drawing 

 

 

Figure 2.34: Inner Reactor Heater Drawing 
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Figure 2.35: Completed Reactor Heaters with Power Leads 

 

 

Figure 2.36: Completed Reactor Heaters 

 

 Thermal decomposition theory is discussed in more detail in Chapter 1.  CHEMKIN usage and 

the temperature and limits for thermal decomposition for Ethane can be found in Chapter 4.  Due to time 

constraints and the manufacturing time of the Reactor Heaters, experimental validation was unable to be 

completed and will be included in Future Work.   

2.8 Gas Chromatography 

 An analytical chemist, Jon Luecke, with experience in Gas Chromatography apparatus’ from 

NREL (National Renewable Energy Laboratory) was hired in order to assist in expediting the process of 

setting up the gas sampling system.  Shown in Figure 2.37 is the Gas Chromatography Apparatus used in 

the High Pressure Flow Reactor lab.   
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Figure 2.37: Gas Chromatography Apparatus 

 

 The Gas Chromatography apparatus is fed ultra-high purity nitrogen, hydrogen, helium, and air.   

2.8.1 Gas Chromatography Theory 

 The Gas Chromatography apparatus consists of a FID (Flame Ionization Detector) and TCD 

(Thermal Conductivity Detector) column.  A TCD can determine the species of almost any gas except the 

carrier gas; however, a FID is extremely sensitive to organics and hydrocarbons and can determine 

hydrocarbon levels much more accurately and determine lower species counts than a TCD [44] [45].  A 

TCD operates by using the thermal conductivity of the sample passing around a tungsten rhenium 

filament while being supplied a current.  A FID operates by utilizing electrodes next to a flame being 

supplied Ultra High Purity Hydrogen and Air; when the hydrocarbon containing sample reaches the 

flame, the sample is pyrolyzed thus generating a current between the electrodes next to the flame.  More 

specifics of the FID and TCD species comparisons can be found in Table 2.8 [46].   

 By utilizing the above Gas Chromatography information, species profiles can be experimentally 

determined using the High Pressure Flow Reactor and compared to analytical results from CHEMKIN.  

This analytical comparison can be seen in Chapter 4 for Ethane thermal decomposition.   
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Table 2.8: Comparison of GC-TCD and GC-FID 

Detector Species Minimum Detection [ppm] 

TCD O2, N2, CO, CO2, H2S, NO, etc. ~100ppm 

FID C1-C10 Hydrocarbons ~10 

 

2.9 Sampling Methods 

 Gas sampling can be achieved in two distinct ways: an on-line water-cooled sampling probe that 

can translate along the length of the Fused Quartz Reactor and an off-line manually extracting sampling 

container, or a sampling syringe, located after the Fused Quartz Reactor.  The water-cooled sampling 

probe is the optimal choice as there are many advantages: 

 Most importantly, translation of the probe in and out of the Fused Quartz Reactor in order to 

easily obtain samples at varying residence times; this allows for extremely short residence times.   

 Immediate quenching of sampling gas.  

 Temperature measurement at the point of sample.   

 Cooling of the hot gases after sampling.   

 On-line sampling allows ease of use.   

The syringe method is much easier to implement; however it does not have any of the advantages of the 

water-cooled sampling probe.  More specifically, in order to alter the residence time using the syringe 

method, the flow rate or Reactor heating location must be altered; in order to alter the residence time 

using the water-cooled sampling probe method, the flow rate or heating location could be altered as well 

as the location of the probe itself.   

2.9.1 Water-Cooled Sampling Probe Design 

 The location of the water-cooled sampling probe in the Process Schematic can be seen in Figure 

2.38; a miniature probe schematic of the inner-workings of the water-cooled sampling probe can be seen 

in Figure 2.39.   

 The water-cooled sampling probe is located outside of the pressure vessel and is controlled via a 

motor using LabVIEW for precise sampling placement; the motor resolution is 1 inch and determines the 

theoretical maximum residence time achievable.  Once placement is set, flexible fittings are tightened at 

both the outer pressure vessel flange and the inner piping back plate in order to keep the inner piping and 

pressure vessel separated.  The sampling probe is fed on-line to the Gas Chromatography.   
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Figure 2.38: Water-Cooled Sampling Probe Location and Schematic 

 

 

 

Figure 2.39: Water-Cooled Sampling Probe Inner Schematic 

 

 The water-cooled sampling probe is made by connecting three separate stainless steel tubes of 

different diameters together.  As seen in Figure 2.39, the inner tube consists of the sampling tube that 

goes to the GC.  The outer tube is the coolant inlet which flows along the length of the probe; the coolant 
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then flows back down the middle tube towards the exit.  The sampling probe is fabricated by welding the 

tubes together and by using various tube fittings.  The flowing water around the sample allows for 

immediate quenching of the sample to stop sample reactions as well as cooling of the remaining hot gases 

that flow around the tube.  The coolant will be recycled from another coolant loop in the High Pressure 

Flow Reactor so that the water entering in the sampling probe is not at 12oC; quenching the sample too 

cold would result in condensation, ruining the sample.  A temperature measurement is also obtained by 

brazing a thermocouple onto the end of the probe.   

 Due to time constraints, the water-cooled sampling probe was unable to be fabricated even 

though the design of the probe is complete.  Fabrication and final design of the probe will be in Future 

Work and will be completed by Mario Saldana [29].  Shown in Figure 2.40 is how the Water-Cooled 

Sampling Probe operates (courtesy of RES).  The new design will be very similar.   

 

 

Figure 2.40: Operation of Water-Cooled Sampling Probe (RES) 
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2.9.2 Syringe Sampling Design 

 The manual sampling syringe schematic can be seen in Figure 2.41.  The sampling syringe 

method consists of a tee immediately after the Fused Quartz Reactor; one side goes to the exhaust, the 

other goes through a smaller cooling loop, to the syringe, and to the exhaust.  Once the High Pressure 

Flow Reactor reaches steady-state conditions, the first in-line ball valve opens to clear the stagnant 

sample and draw in fresh reactants; once a fresh reactant sample is flowing through the reactant line, the 

second ball valve opens up to allow the sample line to fill.  The syringe then takes a sample of the reactant 

gas filling the line after the second ball valve.  The first ball valve is then closed thus allowing the 

universities exhaust system to pull vacuum and evacuating the un-used samples.  Once evacuated, the 

second ball valve is closed restoring the setup to take the next sample.  In case of remaining gas inside the 

lines, the syringe connection can be unscrewed slightly in order to evacuate any remaining gases.  Once 

the syringe sample has been taken, it is manually placed inside the Gas Chromatography for analysis.  On 

the end of the exhaust line (for both the syringe line and primary exhaust line) is a pressure transducer and 

a back pressure regulator used to ensure constant homogenous pressures throughout the internal piping.  

The unused gas is then exhausted into the lab’s exhaust system.   

 

 

Figure 2.41: Sampling Syringe Location and Schematic 

 

 A picture of the sampling syringe can be seen in Figure 2.42; the design of the smaller cooling 

loop is identical to that seen in Figure 2.43 and Figure 2.44, except on a smaller scale.   

 It should be reiterated that the sampling syringe method is temporary until the online (water-

cooled sampling probe) system is finalized.  Once the probe is complete, the sampling syringe will not be 

used except as a backup in case of failure.   

 

Sampling 

Syringe 
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Figure 2.42: Sampling Syringe 

 

2.10 Exhaust and Water-Cooling System 

 After all samples have been taken, the rest of the unused gas proceeds to a large water-cooled 

system as seen in Figure 2.43; the SolidWorks model can be seen in Figure 2.44.   

 The system comprises of a large cylindrical vessel 8” in diameter with coiled 3/8” tubing running 

in the center in which the gas is cooled.  The remainder of the gas is then exhausted to the universities 

exhaust system.   

 The coolant water is provided by the university chiller system to the Flow Reactor Lab.  It 

consisted of a 3/4” line that branched off to three separate ¼” lines, each with a flow rate of 1.5 GPM.  

The coolant system can be seen in Figure 2.45.  The three ¼” coolant lines flow to each respective 

cooling system discussed in their respective chapters.   

2.11 Flow Reactor Safety Concerns 

 Most of the safety concerns involved the outer pressure vessel as the entirety of the inner flowing 

and reaction system was located inside the pressure vessel.  The vessel was rated to 20 bar and 100
o
C; 

thus, safety precautions were enacted in case the pressure vessel exceeded those values.   
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Figure 2.43: Picture of Exhaust Cooling 

 

 

Figure 2.44: SolidWorks Model of Exhaust Cooling 
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Figure 2.45: Coolant Flow System 

 

2.11.1 Burst Disc and Pressure Relief Valve 

 Original operation of the Flow Reactor consisted of a burst disc located on the top area of the 

pressure vessel as seen in Figure 2.46; the burst disc can be seen in Figure 2.47.   

 The burst disc was rated to 20 bar.  However, burst discs pose serious threats to the entire system.  

If a burst disc were to rupture in excess of 20 bar, all of the contents of the High Pressure Flow Reactor 

would be forcefully expelled from the system resulting in catastrophic failure to several of the internal 

components.  Due to the nature of burst discs, an alternate method of pressure regulation was required.   

 A pressure relief valve was installed in order to accommodate the pressure needs of the outer 

vessel; a spring with a cracking pressure of 300 psi was installed on the outside of the pressure vessel.  

Shown in Figure 2.48 is a schematic of the pressure relief valve used.  Once a set pressure is reached, the 

pressure relief valve opens up allowing all flow to exit through the “end connection” shown on the 

diagram.  Finally, the pressure relief valve exit was designed such that in case of internal piping failure 

(i.e.: the incoming nitrogen flow releases into the pressure vessel), the exit flow exceeds the incoming 

flow.   

¾” Coolant Inlet 

¾” Coolant Exit 

¼” Coolant 

Lines 
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Figure 2.46: High Pressure Flow Reactor Burst Disc Location 

 

Figure 2.47: Burst Disc 
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Figure 2.48: Pressure Relief Valve [47] 

 

2.11.2 Outer Pressure Vessel Cooling 

 The reactor heaters were designed to not exceed 100oC due to the micro porous MICROSIL 

insulation.  However, the MICROSIL insulation was designed to be operated at atmospheric conditions.  

Higher pressures would increase the thermal conductivity of the insulation due to air having a higher 

thermal conductivity than the MICROSIL, thereby reducing its effectiveness.   

 In order to counteract the reduced effectiveness of the insulation at higher pressures, a cooling 

system was installed onto the outside of the pressure vessel in order for it to not exceed 100oC during 

heavy use.  ¼” Copper tubing was purchased in order to cool the reactor vessel area by coiling the tubing 

around the outside of the pressure vessel and flowing coolant through it.  Due to the manufacturing time 

of the Reactor Heaters and lack of experimental testing of the Reactor Heaters due to time constraints, 

cooling of the pressure vessel will be included in Future Work.   

2.12 Flow Reactor Control System and Other Control Improvements over the Original Design 

 The original control system for the High Pressure Flow Reactor consisted of having to turn 

several knobs and required much calibration in order to start up.  Since the start-up time was so 

significant, a LabVIEW system to control as many operating parameters as possible was enacted.  There 

are still a few manual operations to do before startup, specifically pressure regulators, back pressure 
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regulators, and heaters (the heaters are PID controlled rather than potentiometer controlled which is a 

significant improvement over the original design), but most control of the High Pressure Flow Reactor is 

completed using LabVIEW.   

 The remaining section pertains to other information regarding operation of the High Pressure 

Flow Reactor.   

2.12.1 cRIO and LabVIEW Systems 

 A LabVIEW cRIO system was utilized for the control of the High Pressure Flow Reactor.  The 

National Instruments cRIO can be seen in Figure 2.49 along with details of the product specifications in 

Table 2.9.   

 

 

Figure 2.49: National Instruments cRIO System [48] 

 

Table 2.9: cRIO-9076 Product Specifications 

Module 

Slots 

Processor 

Speed 

[MHz] FPGA 

DRAM 

[MB] 

Internal 

Nonvolatile 

Storage 

[MB] 

10/100BASE-

TX Ethernet 

Port 

RS232 

Serial 

Port 

Power 

Supply 

Input 

Range 

USB 

Port 

4 400 
Spartan-

6 LX45 
256 512 Yes Yes 

9-30 

VDC 
yes 
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The Modules used in the cRIO include: 

 NI 9213 16-Ch Thermocouple Input Module 

 NI 9215 4-ch, 16-bit, +/-10 V, 100 kS/s/ch, SS Diff AI 

 NI 9203 8-Ch +/-20 mA, 200 kS/s, 16-Bit AI Module 

The modules and cRIO system, as well as setup of the system, was completed with the help of Mario 

Saldana [29].   

 A LabVIEW program was made in order to interface between the cRIO And the varying control 

systems for the Flow Reactor.  The LabVIEW program used can be seen in Figure 2.50.   

 

 

Figure 2.50: LabVIEW Program for High Pressure Flow Reactor 

 

 Note that this is the LabVIEW program used to control the Mass Flow Controllers and read the 

Pressure Transducers and Thermocouples for the initial Ethane testing.  Future iterations of the LabVIEW 

program will include the water-cooled sampling probe motor control, up to 4 Mass Flow Controllers 

support, 16 Thermocouples support, and 4 Pressure Transducers support.   

2.12.2 Back Pressure Regulator 

 A back pressure regulator was installed in order to consistently control the pressure inside the 

Flow Reactor system.  By utilizing a pressure transducer, the Back Pressure Regulator could be adapted to 

whatever pressure is needed at the time.  The Back Pressure Regulator setup used can be seen in Figure 

2.51.   
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Figure 2.51: Back Pressure Regulator and Exhaust System 

 

 The Back Pressure Regulator consists of a diaphragm in order to regulator the pressure and once 

set, will efficiently maintain the internal flow pressure.  The maximum pressure is 34.4 bar with a 

maximum temperature of 200oC.   

2.13 Flow Reactor Comparison 

 The following table outlines a comprehensive list of a select few Flow Reactors located at other 

universities.  This is to quantitatively compare the High Pressure Flow Reactor at Colorado School of 

Mines to Flow Reactors.  The data can be viewed in Table 2.10 [30] [31] [33] [49].   

 For reiteration, the maximum probe residence time was calculated as a theoretical maximum 

using the water-cooled sampling probe stepper motor translation distance and the maximum flow rate of 

250 LPM.   

Thermocouple 

Pressure Transducer 

Back Pressure 

Regulator 
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Table 2.10: High Pressure Flow Reactor Comparison 

University Professor 
Maximum 

Temperature [K] 

Maximum 

Pressure [bar] 

Residence 

Time [s] 

Liquid and/or 

Gaseous Fuels 

CSM Bogin 1,473 30 
0.0017 / 

0.084 

Liquid and 

Gaseous 

CSM Dean 1,273 0.8 1 
Liquid and 

Gaseous 

Princeton Dryer 1,300 28 0.060 
Liquid and 

Gaseous 

Drexel 
Koerl, 

Cernansky 
1,000 20 0.1 

Liquid and 

Gaseous 

Stanford Bowman 1,400 10 0.010 
Liquid and 

Gaseous 
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CHAPTER 3 

FLOW REACTOR VALIDATION 

 This section delves into the specifics of the various High Pressure Flow Reactor components that 

needed validation, specifically ensuring a homogenous gaseous mixture after the Mixer, Plug Flow 

validation, and UltraTorr cooling loop validation.   

 Some experimental Flow Reactor design validation that was discussed prior includes the 

following: 

 Pressure Vessel testing up to 20bar 

 Internal Piping pressure testing up to 12bar 

 Preheater testing up to 10bar, 250LPM, 760oC 

 Exhaust cooling loop and Syringe cooling loop testing 

 Syringe and Gas Chromatography – FID and TCD Calibration 

3.1 Mixer Validation – Ensuring a Homogenous Mixture and the “Zero-Position” 

 For reiteration, the Mixer apparatus can be seen in Figure 3.1.   

 

 

Figure 3.1: SolidWorks Model of Mixer Apparatus 

 

 Details regarding the “zero-position” can be found in Chapter 2.   

Oxidizer 

Inlet 

Fuel and 

Nitrogen 

Inlet Mixture into 

Fused Quartz 

Reactor 



62 

 

 FLUENT was utilized in order to aid in the validation of the Mixer apparatus.  Shown in Figure 

3.2 and Figure 3.3 are the fluid portions of the model used; the actual Mixer apparatus was suppressed to 

shorten modeling and meshing times.   

 

 

Figure 3.2: FLUENT Model of Internal Mixer Flow 

 

 

Figure 3.3: FLUENT Coarse Mesh of Internal Mixer Flow 
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 The above figures help to visualize what is to be modeled.  Unfortunately, the student version of 

FLUENT used by the University does not allow for accurate models which have a large amount of mesh 

cells.  Due the complexities involved in meshing the system shown in Figure 3.2, simplifications were 

needed.  2-D and 3-D cases are described below.   

3.1.1 2-D Mixing Model 

 A mesh of the 2-D Model can be seen in Figure 3.4.   

 

 

Figure 3.4: Mesh of 2-D Mixing Model 

 

 The pointed area of the 2-D Model is consistent with the dimensions of the cone; the inlet 

dimensions are consistent with the inlet conditions of the Mixer.  Also, the flow rates through the two 

oxygen and nitrogen inlets are normalized to account for there being only two holes for the nitrogen 

(rather than 16) and only two hole for the oxygen (rather than 8); the hole sizes are the same.  Ansys 

DesignModeler was used to generate the 2-D Model as well as the Ansys Mesher; Ansys FLUENT was 

used to solve the Mixing Model using the Multispecies, Energy, and Turbulent (   ) models using the 

default values.  The Fuel and Nitrogen Inlet was assumed to be all Nitrogen due to the small amounts of 

fuel.  The Nitrogen enters at 250 LPM, 350oC and the Oxidizer enters at 12.5 LPM (5% dilution), 25oC.   

 Shown in Figure 3.5 and Figure 3.6 are the results for the molar concentration of Oxygen as it 

enters into the Mixer.   

 A fully homogenous mixture can be seen within the first few millimeters of the inlet location 

demonstrating that the “zero-position” that was assumed to be at the tip of the Mixer is significantly 

closer to the beginning mixer location.  However, a more detailed 3-D model needs to be investigated for 

a more detailed Mixer analysis.   
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Figure 3.5: 2-D Mixing Model, Molar Concentration of Oxygen 

 

 

Figure 3.6: 2-D Mixing Model Results: Inlet Location, Molar Concentration of Oxygen 

 

3.1.2 3-D Mixing Model 

 A simplified 3-D Mixer was generated in order to bypass the meshing issues as seen in Figure 

3.3; the same 3-D model was utilized without the inlet stems.  The mesh can be seen in Figure 3.7.   

 All 16 Nitrogen and Fuel Inlets are portrayed in the 3-D model as well as all 8 Oxidizer inlets; the 

Mixer cone tip can be seen in the model as well.  The same flow rates as in the 2-D model were utilized 

(250 LPM of Nitrogen, 12.5 LPM of Oxygen) as well as the same Ansys FLUENT models (Multispecies, 

Energy, and Turbulent Models (   )); Nitrogen inlet temperature was 350oC and Oxidizer inlet 

temperature was 25oC.  The results of the model can be seen in Figure 3.8 and Figure 3.9; the unfilled 

version is included in order to see the interior of the Reactor (i.e.: each mesh point is colored).   
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Figure 3.7: 3-D Mixing Model Mesh 

 

 

 

Figure 3.8: 3-D Mixing Model Results: Molar Concentration of Oxygen, Cross Section 

 

 Figure 3.8 shows several cross section cuts along the length of the Reactor; the white portion in 

the center is where the cone of the Mixer is located.  Figure 3.9 shows each individual mesh point 

outlined with a color corresponding to the molar concentration of oxygen.  This is to demonstrate how a 

fully homogenous mixture is reached well before the mixer tip.  If a fully homogenous mixture was not 

reached, then the molar concentration of oxygen would change all along the length of the model.   

 In summary, the results outline an important realization that the old Flow Reactor design was 

assuming a fully homogenous mixture far too early at the Mixer tip.  It can be concluded that reactions 

were taking place inside the Fused Quartz Reactor before originally thought thus affecting the residence 

time experimental data.  This conclusion also shows that the gaseous mixture is fully homogenous long 
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before reaching the Reactor Heaters putting to rest any concerns about premature reactions starting before 

the Reactor Heaters.   

 

 

Figure 3.9: 3-D Mixing Model Results: Molar Concentration of Oxygen, Unfilled Mesh Points 

 

3.2 Reactor Plug Flow Validation 

 Plug Flow validation was completed using the same models used in the Mixer validation.  Plug 

Flow is characterized by having uniform concentration, temperature, pressure, and velocity as described 

in Chapter 1.  Uniform concentrations were demonstrated in the previous section by ensuring a fully 

homogenous mixture seen in the previous figures.   

 Shown in Figure 3.10 is a 2-D model demonstrating Plug Flow by ensuring uniform temperature; 

shown in Figure 3.11 and Figure 3.12 are 3-D models demonstrating Plug Flow by ensuring uniform 

temperature at all points along the Reactor.  All modeling setup parameters were identical to that in the 

concentration models.  The Unfilled version is included in order to see the interior of the Reactor.   

 In the above model, the nitrogen and fuel inlet is coming in at 350oC while the oxidizer is coming 

in at 25oC.  As described previously for the molar concentration figures, the “Unfilled” figure is included 

in order to show that the internal 3-D model comes to a fully homogenous mixture relatively quickly.  If 

the mixture model had not reached a uniform temperature, the “Unfilled” figure would show a change 

along the length of the Fused Quartz Reactor; as is seen above, there are no changes near the Mixer Tip.   
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Figure 3.10: 2-D Temperature Model for Plug Flow Validation 

 

 

Figure 3.11: 3-D Temperature Model for Plug Flow Validation, Cross Section 

 

 Other Plug Flow parameters include pressure and velocity.  Pressure is constant due to the 

addition of the Back Pressure Regulator ensuring uniform pressure distribution throughout the system (it 

is worth noting that there will be pressure losses in the smaller portions of the piping, particularly for 

higher volumetric flow rates; however, the Fused Quartz Reactor consists of a large enough inner 

diameter to make the pressure losses through the Fused Quartz Reactor negligible).  This constant 

pressure can be seen in Figure 3.13, Figure 3.14, and Figure 3.15.  Figure 3.15 is showing that the 

pressure only changes in the early portions of the Fused Quartz Reactor, demonstrating uniform pressure.   

 Plug Flow velocity in a Reactor is considered to be achieved when the flow is turbulent as seen in 

Figure 3.16.   

 Turbulence is dictated when the Reynold’s number for flow in a pipe, as seen in Equation 3.1, is 

roughly greater than 2,300.   
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 (3.1) 

 

 

Figure 3.12: Temperature Model for Plug Flow Validation, Unfilled Mesh Points 

 

 

 

Figure 3.13: 2-D Pressure Model for Plug Flow Validation 

 

 For the flow rates and pressures achievable in the High Pressure Flow Reactor, turbulent flow is 

guaranteed for almost all operating conditions.  For lower flow rates, elevated pressure (10+ bar) will be 

needed to ensure turbulent flow.  A turbulent velocity profile can be seen for the 2-D Model shown in 

Figure 3.17.   
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Figure 3.14: 3-D Pressure Model for Plug Flow Validation, Cross Section 

 

 

Figure 3.15: 3-D Pressure Model for Plug Flow Validation, Unfilled Mesh Points 

 

 

 

Figure 3.16: Turbulence Velocity Profile [50] 
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Figure 3.17: 2-D Turbulent Velocity Model for Plug Flow Validation 

 

3.2.1 Experimental Temperature Validation of Plug Flow 

 A simple test setup was fabricated in order to obtain experimental validation for cooling of the 

UltraTorr fittings.  A schematic of the initial test setup can be seen in Figure 3.18 as well as a picture of 

the initial test setup in Figure 3.19.   

 The testing setup was insulated and a thermocouple was extended into the Fused Quartz Reactor 

(TC 1).  This flexible thermocouple allowed radial movement in order to fully determine if the 

temperature profile resembled Plug Flow inside the Fused Quartz Reactor; the thermocouple was placed 

far enough behind the Mixer to ensure that no fluid entry affects were recorded.  The testing was 

completed several times to ensure validity of the temperature profile radially across the Fused Quartz 

Reactor.  Results can be seen in Table 3.1.  A figure of the data can be seen in Figure 3.20.   

 For the specific test shown in Table 3.1, the Nitrogen Preheater was running at 500oC.  The 

drastic drop in temperature between the Nitrogen Preheater and the Fused Quartz Reactor was largely due 

to not fully insulating the Reactor and Mixer apparatus; however, temperature losses were not relevant to 

the test results.  It should also be noted that although a full temperature profile was not recorded 

(specifically at locations ~3 and ~5mm), the Reynold’s number calculations support turbulent flow and 

the temperature profile at all above locations support symmetry.   

 The results of the test indicate the same profile as seen in the computational FLUENT results, 

thus validating Plug Flow inside the Fused Quartz Reactor.   

3.3 UltraTorr Cooling Validation 

 A test setup was fabricated in order to validate that the cooling loops welded onto the UltraTorr 

fittings, as discussed in Section 2.6.2, would work at higher temperatures than what the o-rings were rated 
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for.  The same test setup that was used for the Plug Flow was used for the UltraTorr cooling loop 

validation; for reiteration, the process schematic can be seen in Figure 3.21.   

 In order to fully categorize the temperature profile, thermocouples are placed in several locations: 

 Preheater temperature 

 Temperature immediately before entering the Mixer 

 Temperature of the first UltraTorr cooling loop 

 Temperature inside the Fused Quartz Reactor 

 Temperature immediately after exiting the Fused Quartz Reactor 

 Exhaust temperature 

 Coolant Inlet and Exit Flow 

 

 

Figure 3.18: Process Schematic for Plug Flow Validation 

 

 The coolant flow only showed a slight, but constant, 5oC increase in temperature.  The cooling 

loop did not affect the temperature profile from the flow inside the Fused Quartz Reactor and only served 

to draw heat away from the UltraTorr fittings.  Pressures before heating and after cooling were taken; the 

pressure drop matched the estimated theoretical pressure drop considering the amount of tubing used.   

 Table 3.2 shows the relevant data taken from the UltraTorr cooling validation test.   
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Figure 3.19: Test Setup for UltraTorr Cooling 

 

Table 3.1: Fused Quartz Reactor Radial Temperature Profile for Plug Flow Validation 

Radial Location [mm] Temperature [C] 

~1 (Wall) 178.9 

~9.5 (Middle) 194.2 

~12 193.6 

~15 193.1 

~18 (Wall) 178.1 

 

 

Figure 3.20: Fused Quartz Reactor Radial Temperature Profile for Plug Flow Validation 
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Figure 3.21: Process Schematic for UltraTorr Cooling Tests 

 

Table 3.2: Experimental Data from UltraTorr Cooling 

UltraTorr O-Ring Maximum Temperature [C] 202 

Testing Temperature [C} ~450 

 

 It should be noted that for this specific test, the original o-rings with a maximum temperature of 

202oC were used in order to further validate the temperature range that the UltraTorr cooling loops could 

operate at.  This simple and short test demonstrates how effective the cooling loop is at drawing heat 

away from the o-ring, effectively lowering the steady-state temperature of the o-ring and allowing it to 

operate at a much higher temperature than its designed operating temperature.   

 Future UltraTorr testing will be completed once the Reactor Heaters are fully assembled and will 

include temperatures above 1,000oC.  With all of the cooling methods mentioned previously as seen in 

Section 2.6, the UltraTorr fittings and cooling loop are estimated to easily handle the extreme 

temperatures of the Reactor Heaters.   

 



74 

 

CHAPTER 4 

FLOW REACTOR ETHANE TESTING 

4.1 Introduction 

 This chapter delves into the High Pressure Flow Reactor Ethane testing, specifically comparing 

experimental Ethane results to a validated Ethane Reaction Mechanisms.   

 A first-principle-based Ethane mechanism developed by Dr. Dean at Colorado School of Mines 

was looked at in order to describe Ethane kinetics during fuel pyrolysis [49].  Ethane pyrolysis has been 

extensively studied and is well accepted for experimental comparisons [51] [52] [53] [54].   

4.2 Ethane CHEMKIN Modeling 

 An Ethane Reaction Mechanism [49] was used in CHEMKIN to produce temperature 

requirements for thermal decomposition / Ethane pyrolysis.  The values used for the Plug Flow Reactor 

model in CHEMKIN are the same values in the High Pressure Flow Reactor lab; the values used are as 

follows: 

 Fixed Gas Temperature 

 48” Reactor Length, 19mm Diameter 

 650oC Constant Temperature 

 1 bar 

 0.000833 m3/s (50 LPM) 

Results were run for temperature increments of 50oC starting at 500oC to 750oC.  It was concluded that 

thermal decomposition noticeably takes affect at around 650oC and 1 bar.  The CHEMKIN Residence 

Time Ethane thermal decomposition results can be seen in Figure 4.1 and Figure 4.2.   

 The mole fraction of Ethane was negligible before the 650oC case; 650oC allows the Gas 

Chromatography to pick up sizable Ethane thermal decomposition.  However, as can be seen in Figure 

4.2, comparison of the top 3 species produced still shows only a slight change in products over a 0.4s 

residence time.  The 750oC Ethane thermal decomposition case can be seen in Figure 4.3 and Figure 4.4.  

From Figure 4.4, a sizable range of species produced is evident.   

 A range of temperatures will be investigated and matched along with the previous figures in order 

to verify the Ethane Reaction Mechanism.   

4.3 Experimental Method 

 The testing setup Process Schematic used for Ethane pyrolysis can be seen in Figure 4.5.   

 



75 

 

 

Figure 4.1: Thermal Decomposition of Ethane at 650
o
C, 1bar, 0.4s Residence Time 

 

 

Figure 4.2: Thermal Decomposition of Ethane at 650
o
C, 1bar, 0.4s Residence Time – Top 3 

Produced Species Included 
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Figure 4.3: Thermal Decomposition of Ethane at 750
o
C, 1bar, 0.4s Residence Time 

 

 

Figure 4.4: Figure 1: Thermal Decomposition of Ethane at 750
o
C, 1bar, 0.4s Residence Time – Top 

3 Produced Species Included 
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Figure 4.5: Process Schematic for Ethane Pyrolysis Testing 

 

 It should be noted that the testing setup is outside of the pressure vessel and is of a shorter length 

than would be inside the pressure vessel.  The reasons for this are that the initial Ethane pyrolysis testing 

is not in need of a high pressure.  Also, due to being outside of the pressure vessel and not having 

adequate insulation material, heat losses are much greater.  Thus, a shorter length of the Fused Quartz 

Reactor and piping is mandatory in order to reach the higher temperatures.  Other than heat losses and 

being exposed to air, the testing setup is identical to the final High Pressure Flow Reactor setup.   

 As mentioned in previous sections, the experimental method consists of feeding nitrogen to 

Preheater 1 which is using a PID controller to heat the gases to the expected temperature.  Ethane will 

then be fed into the heated nitrogen.  The two gases will flow through the Mixer to ensure homogeneity, 

followed by the line branching off to the exhaust and to the sampling area; the ball valve going to the 

sampling area will be closed off when a sample is not ready to be taken, thus all gases will be flowing 

through the water-cooling loop and exhausted.  Once steady-state is obtained, the gaseous mixture will 

flow through the opened ball valve, the manual syringe will take a sample which will be fed to the GC, 
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and will then proceed to be exhausted.  The ball valve will then close when a sample is not needed.  A 

back pressure regulator is located at the end of the testing setup to ensure the internal pressure remains 

constant.   

 Due to Gas Chromatography startup times, the Ethane thermal decomposition testing is unable to 

be completed before the Thesis due date.  However, future work (4-5 weeks) on Ethane thermal 

decomposition at elevated pressures will be conducted in collaboration with Dr. Dean; a joint paper will 

be submitted to a journal after completion of experimental testing.   
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CHAPTER 5 

FUTURE WORK AND CONCLUSION 

 The High Pressure Flow Reactor originally obtained has been successfully improved upon in 

order to meet specified design parameters.  However, as mentioned in specific sections of Chapter 2, the 

following is still needed to be completed: 

 Fabrication of the liquid Fuel Vaporizer (per design) 

 Setup and experimental validation of Reactor Heaters (per design) and potential outer pressure 

vessel cooling 

 Fabrication of the Water-Cooled Sampling Probe (per design) – Mario Saldana [29] 

 Finalizing the Gas Chromatography setup – Jon Luecke 

 Ethane experimental results 

 Final and complete setup of High Pressure Flow Reactor inside the pressure vessel 

 Re-validation of Ethane experimental results with operation up to 30 bar 

The Gas Chromatography apparatus will be completed with 1-2 weeks of the due date for this Thesis.  

The remaining High Pressure Flow Reactor components listed above will be completed within 1-2 

months of the due date for this Thesis.  Lastly, the Ethane experimental results will be completed within 2 

months of the due date for this Thesis.  A joint paper about Ethane experimental results at elevated 

pressures will be completed with Dr. Dean and submitted to a journal.   

 In conclusion, the High Pressure Flow Reactor has been enhanced to meet the higher temperature 

(1,473K) and pressure (30bar) requirements required to study more advanced fuels, as well as reducing 

the residence time (~2ms for the Probe and ~84ms for the sampling Syringe) to accommodate situations 

similar to that of internal combustion engines.  Increased repeatability of experimental results has been 

implemented in the form of LabVIEW Hardware to ensure more consistent data.  The validity of each 

component of the HPFR has also been completed, specifically temperature and pressure limits, ensuring a 

fully homogenous gaseous mixture post Mixer, and ensuring Plug Flow inside the Fused Quartz Reactor.  

Ethane thermal decomposition experimental validation at elevated pressures was modeled in order to 

verify a comprehensive and well-known Ethane Reaction Mechanism; experimental results will be 

completed in the near future and submitted to a journal for peer review.   

 

   



80 

 

Works Cited 

 

[1]  U.S. Energy Information Agency, "Annual Energy Review 2007," 2007. [Online]. Available: 

http://www.eia.doe.gov/aer/. [Accessed 1 March 2013]. 

[2]  United States Environmental Protection Agency, "Environmental Protection AGency," 20 2 2013. 

[Online]. Available: http://www.epa.gov/lmop/. [Accessed 5 3 2013]. 

[3]  United States Environmental Protection Agency, "Landfill Methane Outreach Program - Basic 

Information," Environmental Protection Agency, 28 9 2012. [Online]. Available: 

http://www.epa.gov/lmop/basic-info/index.html. [Accessed 5 3 2013]. 

[4]  United States Environmental Protection Agency, "An Overview of Landfill Gas Energy in the 

United States," 6 2012. [Online]. Available: 

http://www.epa.gov/lmop/documents/pdfs/overview.pdf. [Accessed 5 3 2013]. 

[5]  M. D. D. A. Y. C. R. K. H. D. F. Davidson, "Shock Tube Measurements of the Major Product 

Channels of N2O+O," no. 18, 1991.  

[6]  S. S. R. K. H. C. T. B. M. Votsmeier, "A Shock Tube Study of the Product Branching Ratio for the 

Reaction NH2 + NO Using Frequency-Modulation Detection of NH2," vol. 103, no. 11, 1999.  

[7]  P. R. M. B. J.-C. C. M. Dagaut, "Kerosene Combustion at Pressures up to 40 Atm: Experimental 

Study and Detailed Chemical Kinetic Modeling," Proceedings of the Combustion Institute, no. 21, p. 

919, 1994.  

[8]  P. C. M. R. A. Dagaut, "The Oxidation of n-Hexadecane - Experimental and Detailed Kinetic 

Modeling," Combustion and Flame, no. 125, pp. 1128-1137, 2001.  

[9]  M. Kimball-Linne, "Flow Reactor Studies of NHi / NO Reaction Kinetics, from 1050 to 1450 K," 

Stanford University, PhD Thesis, 1985. 

[10]  D. C. N. Koert, "A Flow Reactor for the Study of HOmogenous Gas-Phase Oxidation of 

Hydrocarbons at Pressures up to 20atm (2MPa)," no. 3:6:607-613.  

[11]  T. T. T. I. Y. Tsuji, "Lagrangian numerical simulation of plug flow of cohesionless particles in a 

horizontal pipe," vol. 71, no. 3, 1992.  

[12]  R. J. K. O. D. J. W. L. D. S. Laxminarayan L. Raja, "A critical evaluation of Navier-Stokes, 

boundary-layer, and plug-flow models of the flow and chemistry in a catalytic-combustion 

monolith," vol. 59, no. 1-2, 2000.  

[13]  M. Moys, "International Journal of Mineral Processing," vol. 5, no. 1, 1978.  



81 

 

[14]  S. R. Turns, An Introduction to Combustion: Concepts and Applications, New York: Mc-Graw-Hill, 

2012.  

[15]  M. E. C. P. G. Robert J. Kee, Chemically Reacting Flow: Theory and Practice, New Jersey: John 

Wiley and Sons, Inc., 2003.  

[16]  J. W. N. I. Chorkendorff, Concepts of Modern Catalysis and Kinetics, Weinheim: Wiley-VCH 

Verlag GmbH and Co.KGaA, 2007.  

[17]  K. J. Laidler, Theories of Chemical Reaction Rates, New York: McGraw Hill, 1969.  

[18]  Y. S. P.-M. M. Matthieu Fleys, "Detailed Kinetic Study of the Partial Oxidation of Methane over 

La2O3 Catalyst," Ind. Eng. Chem. Res., no. 46, pp. 1069-1078, 2007.  

[19]  T. U. o. C. a. B. S. U. T. U. o. T. a. A. a. S. I. Gas Research Institute, "GRI-Mech," [Online]. 

Available: http://www.me.berkeley.edu/gri-mech/. [Accessed 5 3 2013]. 

[20]  A. M. D. Chitralkumar V. Naik, "Modeling High Pressure Ethane Oxidation and Pyrolysis," 

ScienceDirect, vol. 32, no. Combustion Institute, pp. 437-443, 2009.  

[21]  W. S. A. Bartok, The Phenomenology of Modeling Combustion Chemistry, New York: John Wiley 

& Sons Inc., 1991.  

[22]  S. Benson, "The Kinetics and Thermochemistry of Chemical Oxidation with Application to 

Combustion and Flames," 1981.  

[23]  P. R. M. B. J.-C. C. M. Dagaut, "Kerosene Combustion at Pressures up to 40 Atm: Experimental 

Study and Detailed Chemical Kinetic Modeling," no. 21, 1994.  

[24]  P. C. M. R. A. Dagaut, "The Oxidation of n-Hexadecane - Experimental and Detailed Kinetic 

Modeling," no. 125.  

[25]  L. L. R. Maurice, "Detailed Chemical-Kinetic Model for Aviation Fuels," vol. 16, no. 2, 2000.  

[26]  D. J. D. F. L. S. K. a. G. I. Hautman, "A Multiple-Step Overall Kinetic Mechanism for the 

Oxidation of Hydrocarbons," Combustion Science and Technology, no. 25, pp. 219-235, 1981.  

[27]  RES-Americas, "RES-Americas," RES, 2013. [Online]. Available: http://www.res-

americas.com/en/home.aspx. [Accessed 5 3 2013]. 

[28]  RES Group Inc., "RES Group High Pressure Flow Reactor: Reactor Description & Analysis 

Capabilities," RES Group Inc., Boulder. 

[29]  M. Saldana, PhD Candidate, Colorado School of Mines.  

[30]  C. C. Schmidt, "Flow Reactor Study of the Effect of Pressure on the Thermal DE-NOx Reaction," 

Stanford University, PhD Dissertation, Stanford, CA, 2001. 



82 

 

[31]  A. Agosta, "Development of a Chemical Surrogate for JP-8 Aviation Fuel Using a Pressurized Flow 

Reactor," Drexel University, Master's Thesis, Philadelphia, PA, 2002. 

[32]  F. L. Dryer, "High Temperature Oxidation of Carbon Monoxide and Methane in a Turbulent Flow 

Reactor," Princeton University, Princeton, NJ, 1972. 

[33]  M. J. Vermeersch, "A Variable Pressure Flow Reactor for Chemical Kinetic Studies: Hydrogen, 

Methane, and Butane Oxidation at 1 to 10 Atmospheres and 880 to 1040 K," Princeton University, 

PhD Dissertation, Princeton, NJ, 1991. 

[34]  T. J. Held, "The Oxidation of Methanol, Isobutene, and Methyl Tertiary-Butyl Ether," Princeton 

University, PhD Dissertation, Princeton, NJ, 1992. 

[35]  S. Heaters, "Sylvania Air Heaters," Sylvania, 2012. [Online]. Available: 

https://www.sylvania.com/en-us/products/air-heaters/specialty-inline-heaters/Pages/specialty-

threaded-inline.aspx. [Accessed 2013 9 3]. 

[36]  McMaster-Carr, "McMaster-Carr Spray Nozzles," [Online]. Available: 

http://www.mcmaster.com/#spray-tips/=m50th3. 

[37]  Teledyne Isco, "Teledyne Isco Syringe Pumps," 11 2011. [Online]. Available: https://mail-

attachment.googleusercontent.com/attachment/u/0/?ui=2&ik=bea2bac5a9&view=att&th=13d43151f

e88abb4&attid=0.1.3&disp=inline&safe=1&zw&saduie=AG9B_P_OxGmeizVRC1XId_nUbRvG&

sadet=1363768844355&sads=sOhH-ZdacFtqqiyn5ybrGMbwRJQ. [Accessed 20 3 2013]. 

[38]  S. R. Turns, "An Introduction to Combustion," in An Introduction to Combustion: Concepts and 

Applications, 3rd Ed., New York, NY, McGraw-Hill, 2012, pp. 380-381. 

[39]  S. R. Turns, "Droplet Evaporation and Burning," in An Introduction to Combustion: Concepts and 

Applications, New York, McGraw-Hill, 2012, pp. 366-425. 

[40]  National Scientific, "Quartz National Scientific," Quartz National Scientific, 3 1 2013. [Online]. 

Available: http://www.quartz.com/. [Accessed 9 3 2013]. 

[41]  Swagelok, "Swagelok UltraTorr Fittings," 10 2007. [Online]. Available: 

http://www.swagelok.com/downloads/WebCatalogs/EN/MS-01-32.pdf. [Accessed 10 3 2013]. 

[42]  Kistler, "Kistler Pressure Transducers," Kistler, 2013. [Online]. Available: 

http://www.kistler.com/us/en/category/sensors-and-

transmitter/pressure/PSEPR/?application&reload=true. [Accessed 2013 19 3]. 

[43]  Zircar Ceramics, "Zircar Ceramics Heating Elements," Zircar Ceramics, [Online]. Available: 

http://www.zircarceramics.com/pages/elements/index.htm. [Accessed 10 3 2013]. 



83 

 

[44]  D. C. Harris, "Quantitative Chemical Analysis," in Gas Chromatography, 5th Ed., New York, 

McGraw-Hill, 1999, pp. 675-712. 

[45]  S. Higson, Analytical Chemistry, Oxford: Oxford University Press, 2004.  

[46]  Buck Scientific, "Industrial GC with FID & TCD," Buck SCientific, 2012. [Online]. Available: 

http://www.bucksci.com/atomic-absorption-spectrophotometers/details/3073/395/gas-

chromatographs/pre-configured-gc-systems/industrial-gc-with-fid-&-tcd.html. [Accessed 12 3 

2013]. 

[47]  Swagelok, "Swagelok Pressure Relief Valve Catalogue," 2 2013. [Online]. Available: 

http://swagelok.com/downloads/WebCatalogs/EN/MS-01-141.pdf. [Accessed 12 3 2013]. 

[48]  National Instruments, "CompactRIO Integrated Systems with Real-Time Controller and 

Reconfigurable Chassis," National Instruments, 2012. [Online]. Available: 

http://sine.ni.com/ds/app/doc/p/id/ds-354/lang/en. [Accessed 12 3 2013]. 

[49]  A. S. A. S. C. W. H.-H. C. A. M. D. Chen Xu, "Kinetic Modeling of Ethane Pyrolysis at High 

Conversion," The Journal of Physical Chemistry, no. 115, pp. 10470-10490, 2011.  

[50]  P. Warfvinge, "Reactor Calculations: The Plug-Flow Reactor PFR," Lund University, Faculty of 

Engineering LTH, Department of Chemical Engineering. 

[51]  I. R. Slagle, D. Gutman, J. W. Davies and M. J. Pilling, Journal of Physical Chemistry, no. 92, pp. 

2455-2462, 1988.  

[52]  A. F. Wagner and D. M. Wardlaw, Journal of Physical Chemistry, no. 92, pp. 2642-2671, 1988.  

[53]  D. M. Wardlaw and R. A. Marcus, Journal of Physical Chemistry, vol. 90, pp. 5383-5393, 1986.  

[54]  S. H. Robertson, D. M. Wardlaw and D. M. Hirst, Journal of Physical Chemistry, no. 99, pp. 7748-

7761, 1993.  

[55]  S. R. Turns, "An Introduction to Combustion," in An Introduction to Combustion: Concepts and 

Applications, 3rd Ed., New York, McGraw Hill, 2012, p. 184. 

 

 

 

  



84 

 

Appendix A 

 

Table A.1: Hardware Used in the High Pressure Flow Reactor 

Hardware Part # or ID 

Max 

T [C] 

Max P 

[bar] 

Flow Rate 

[LPM] 

Power 

[kW] 

Cone 

Angle 

[
o
] 

PR (Reactor 

Gases) 
Matheson Gas - 34.5 - - - 

PR (GC) Matheson Gas - 8.6 - - - 

MFC (Inert) 
Teledyne-Hastings 

HFC-203 
- 34.5 50-250 - - 

MFC 

(Fuel/Oxidizer) 
Alicat - 0-10 0-10 - - 

Heaters (Inert) Sylvania 038825 800 10 50-1,133 6 - 

Heaters (Reactor) 
Zircar 

Type HTR Heaters 
1,200 - - 4.2 - 

Thermocouples 

(All) 

Omega 

Type K 

K-

Type 
- - - - 

PTs (All) 
Omega 

MMSG250V5B4D1T4A5CE 
105 17.5 - - - 

Fuel Injector McMaster - 275 (Varies) - ~15o 

Fuel Pump 
Teledyne Isco 

1000D Syringe Pump 
40 138 

0.0001-

0.408 

(Liquid) 

- - 

Back Pressure 

Regulator 

Swagelok 

KBP1J0A4C5A20000 
200 34.4 - - - 

Pressure Relieve 

Valve 

Swagelok 

SS-4R3A1-NE 
- 

24.1-

51.7 
- - - 

Pressure Vessel Western Steel & Boiler 100 20 - - - 

Coolant CSM 12 - 5.68 - - 

Gas 

Chromatography 

Station 

HP6890, FID and TCD 

Column 
- - - - - 
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Table A.1: Hardware Used in the High Pressure Flow Reactor (continued) 

Hardware Part # or ID 

Max T 

[C] 

Max P 

[bar] 

Flow Rate 

[LPM] 

Power 

[kW] 

Cone 

Angle [
o
] 

Graphite 

Gaskets 
Grafoil Gaskets 510 193 - - - 

Fiberfrax 

Gaskets 
Fiberfrax 550 Paper 1,260 - - - - 

Fused Quartz 

Reactor 

National Scientific 

Quartz 
1,600 - - - - 

O-Rings 
McMaster 

Kalrez O-Rings 
316 - - - - 

cRIO 

National 

Instruments 

cRIO 9076 

- - - - - 
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Appendix B 

 

Figure B.1: Nitrogen Preheating Calculations with 40x45mm Reactor 

Residence Time Calculations

Residence 

Time at Mixer 

[s] Velocity [m/s]

Residence 

Time at End of 

Reactor [s]

Residence 

Time at 

Middle of 

Reactor [s] LPM [L/min]

kW 

Requirement 

[kW]

0.01 15.9 0.087861635 0.043930818 1198.831757 23.63774276

0.011 14.45454545 0.096647799 0.048323899 1089.847051 21.48885706

0.012 13.25 0.105433962 0.052716981 999.0264638 19.69811897

0.013 12.23076923 0.114220126 0.057110063 922.1782743 18.18287905

0.014 11.35714286 0.123006289 0.061503145 856.3083976 16.88410197

0.015 10.6 0.131792453 0.065896226 799.2211711 15.75849518

0.016 9.9375 0.140578616 0.070289308 749.2698479 14.77358923

0.017 9.352941176 0.14936478 0.07468239 705.1951509 13.90455457

0.018 8.833333333 0.158150943 0.079075472 666.0176426 13.13207931

0.019 8.368421053 0.166937107 0.083468553 630.9640824 12.44091724

0.02 7.95 0.17572327 0.087861635 599.4158783 11.81887138

0.021 7.571428571 0.184509434 0.092254717 570.8722651 11.25606798

0.022 7.227272727 0.193295597 0.096647799 544.9235257 10.74442853

0.023 6.913043478 0.202081761 0.101040881 521.2311985 10.27727946

0.024 6.625 0.210867925 0.105433962 499.5132319 9.849059485

0.025 6.36 0.219654088 0.109827044 479.5327026 9.455097105

0.026 6.115384615 0.228440252 0.114220126 461.0891372 9.091439524

0.027 5.888888889 0.237226415 0.118613208 444.0117617 8.754719542

0.028 5.678571429 0.246012579 0.123006289 428.1541988 8.442050987

0.029 5.482758621 0.254798742 0.127399371 413.3902609 8.15094578

0.03 5.3 0.263584906 0.131792453 399.6105855 7.879247588

0.031 5.129032258 0.272371069 0.136185535 386.7199215 7.625078311

0.032 4.96875 0.281157233 0.140578616 374.6349239 7.386794613

0.033 4.818181818 0.289943396 0.144971698 363.2823505 7.162952352

0.034 4.676470588 0.29872956 0.14936478 352.5975755 6.952277283

0.035 4.542857143 0.307515723 0.153757862 342.523359 6.753640789

0.036 4.416666667 0.316301887 0.158150943 333.0088213 6.566039656

0.037 4.297297297 0.32508805 0.162544025 324.0085829 6.388579125

0.038 4.184210526 0.333874214 0.166937107 315.4820412 6.220458622

0.039 4.076923077 0.342660377 0.171330189 307.3927581 6.060959683

0.04 3.975 0.351446541 0.17572327 299.7079392 5.909435691

0.041 3.87804878 0.360232704 0.180116352 292.3979894 5.765303113

0.042 3.785714286 0.369018868 0.184509434 285.4361325 5.628033991

0.043 3.697674419 0.377805031 0.188902516 278.7980829 5.49714948

0.044 3.613636364 0.386591195 0.193295597 272.4617629 5.372214264

0.045 3.533333333 0.395377358 0.197688679 266.407057 5.252831725

0.046 3.456521739 0.404163522 0.202081761 260.6155993 5.138639731

0.047 3.382978723 0.412949686 0.206474843 255.0705865 5.029306971

0.048 3.3125 0.421735849 0.210867925 249.756616 4.924529742

0.049 3.244897959 0.430522013 0.215261006 244.6595422 4.824029135

0.05 3.18 0.439308176 0.219654088 239.7663513 4.727548553

0.051 3.117647059 0.44809434 0.22404717 235.0650503 4.634851522

0.052 3.057692308 0.456880503 0.228440252 230.5445686 4.545719762

0.053 3 0.465666667 0.232833333 226.1946711 4.459951465

0.054 2.944444444 0.47445283 0.237226415 222.0058809 4.377359771

0.055 2.890909091 0.483238994 0.241619497 217.9694103 4.297771411

0.056 2.839285714 0.492025157 0.246012579 214.0770994 4.221025493

0.057 2.789473684 0.500811321 0.25040566 210.3213608 4.146972415

0.058 2.74137931 0.509597484 0.254798742 206.6951304 4.07547289

0.059 2.694915254 0.518383648 0.259191824 203.1918232 4.006397078

0.06 2.65 0.527169811 0.263584906 199.8052928 3.939623794

0.061 2.606557377 0.535955975 0.267977987 196.5297962 3.875039797

0.062 2.564516129 0.544742138 0.272371069 193.3599607 3.812539155

0.063 2.523809524 0.553528302 0.276764151 190.290755 3.752022661

0.064 2.484375 0.562314465 0.281157233 187.317462 3.693397307

0.065 2.446153846 0.571100629 0.285550314 184.4356549 3.63657581

0.066 2.409090909 0.579886792 0.289943396 181.6411752 3.581476176

0.067 2.373134328 0.588672956 0.294336478 178.9301129 3.528021308

0.068 2.338235294 0.597459119 0.29872956 176.2987877 3.476138642

0.069 2.304347826 0.606245283 0.303122642 173.7437328 3.425759821

0.07 2.271428571 0.615031447 0.307515723 171.2616795 3.376820395

0.071 2.23943662 0.62381761 0.311908805 168.8495432 3.329259544

0.072 2.208333333 0.632603774 0.316301887 166.5044106 3.283019828

0.073 2.178082192 0.641389937 0.320694969 164.2235283 3.238046954

0.074 2.148648649 0.650176101 0.32508805 162.0042914 3.194289563

0.075 2.12 0.658962264 0.329481132 159.8442342 3.151699035
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Appendix C 

 

Figure C.1: Nitrogen Preheating Calculations with 19x25mm Reactor 

Residence Time Calculations using new Reactor Size

Residence 

Time at 

Mixer [s]

Velocity 

[m/s]

Residenc

e Time at 

End of 

Reactor 

[s]

Residence 

Time at Middle 

of Reactor [s] LPM [L/min]

kW 

Requirement 

[kW]

0.01 15.9 0.076679 0.038339623 270.4864151 5.333265711

0.011 14.45454545 0.084347 0.042173585 245.896741 4.848423374

0.012 13.25 0.092015 0.046007547 225.4053459 4.444388092

0.013 12.23076923 0.099683 0.049841509 208.0664731 4.102512085

0.014 11.35714286 0.107351 0.053675472 193.2045822 3.809475508

0.015 10.6 0.115019 0.057509434 180.3242767 3.555510474

0.016 9.9375 0.122687 0.061343396 169.0540094 3.333291069

0.017 9.352941176 0.130355 0.065177358 159.1096559 3.137215124

0.018 8.833333333 0.138023 0.069011321 150.2702306 2.962925395

0.019 8.368421053 0.145691 0.072845283 142.3612711 2.806981953

0.02 7.95 0.153358 0.076679245 135.2432075 2.666632855

0.021 7.571428571 0.161026 0.080513208 128.8030548 2.539650339

0.022 7.227272727 0.168694 0.08434717 122.9483705 2.424211687

0.023 6.913043478 0.176362 0.088181132 117.6027892 2.318811179

0.024 6.625 0.18403 0.092015094 112.702673 2.222194046

0.025 6.36 0.191698 0.095849057 108.194566 2.133306284

0.026 6.115384615 0.199366 0.099683019 104.0332366 2.051256043

0.027 5.888888889 0.207034 0.103516981 100.1801537 1.975283597

0.028 5.678571429 0.214702 0.107350943 96.6022911 1.904737754

0.029 5.482758621 0.22237 0.111184906 93.27117762 1.839057142

0.03 5.3 0.230038 0.115018868 90.16213836 1.777755237

0.031 5.129032258 0.237706 0.11885283 87.25368229 1.720408294

0.032 4.96875 0.245374 0.122686792 84.52700471 1.666645535

0.033 4.818181818 0.253042 0.126520755 81.96558033 1.616141125

0.034 4.676470588 0.260709 0.130354717 79.55482797 1.568607562

0.035 4.542857143 0.268377 0.134188679 77.28183288 1.523790203

0.036 4.416666667 0.276045 0.138022642 75.1351153 1.481462697

0.037 4.297297297 0.283713 0.141856604 73.10443651 1.441423165

0.038 4.184210526 0.291381 0.145690566 71.18063555 1.403490977

0.039 4.076923077 0.299049 0.149524528 69.35549105 1.367504028

0.04 3.975 0.306717 0.153358491 67.62160377 1.333316428

0.041 3.87804878 0.314385 0.157192453 65.97229636 1.300796515

0.042 3.785714286 0.322053 0.161026415 64.4015274 1.269825169

0.043 3.697674419 0.329721 0.164860377 62.90381746 1.240294351

0.044 3.613636364 0.337389 0.16869434 61.47418525 1.212105843

0.045 3.533333333 0.345057 0.172528302 60.10809224 1.185170158

0.046 3.456521739 0.352725 0.176362264 58.80139458 1.159405589

0.047 3.382978723 0.360392 0.180196226 57.55030108 1.134737385

0.048 3.3125 0.36806 0.184030189 56.35133648 1.111097023

0.049 3.244897959 0.375728 0.187864151 55.2013092 1.088421574

0.05 3.18 0.383396 0.191698113 54.09728302 1.066653142

0.051 3.117647059 0.391064 0.195532075 53.03655198 1.045738375

0.052 3.057692308 0.398732 0.199366038 52.01661829 1.025628021

0.053 3 0.4064 0.2032 51.03517266 1.006276549

0.054 2.944444444 0.414068 0.207033962 50.09007687 0.987641798

0.055 2.890909091 0.421736 0.210867925 49.1793482 0.969684675

0.056 2.839285714 0.429404 0.214701887 48.30114555 0.952368877

0.057 2.789473684 0.437072 0.218535849 47.45375703 0.935660651

0.058 2.74137931 0.44474 0.222369811 46.63558881 0.919528571

0.059 2.694915254 0.452408 0.226203774 45.8451551 0.903943341

0.06 2.65 0.460075 0.230037736 45.08106918 0.888877618

0.061 2.606557377 0.467743 0.233871698 44.34203526 0.874305854

0.062 2.564516129 0.475411 0.23770566 43.62684114 0.860204147

0.063 2.523809524 0.483079 0.241539623 42.9343516 0.846550113

0.064 2.484375 0.490747 0.245373585 42.26350236 0.833322767

0.065 2.446153846 0.498415 0.249207547 41.61329463 0.820502417

0.066 2.409090909 0.506083 0.253041509 40.98279016 0.808070562

0.067 2.373134328 0.513751 0.256875472 40.37110673 0.796009808

0.068 2.338235294 0.521419 0.260709434 39.77741398 0.784303781

0.069 2.304347826 0.529087 0.264543396 39.20092972 0.77293706

0.07 2.271428571 0.536755 0.268377358 38.64091644 0.761895102

0.071 2.23943662 0.544423 0.272211321 38.09667818 0.751164185

0.072 2.208333333 0.552091 0.276045283 37.56755765 0.740731349

0.073 2.178082192 0.559758 0.279879245 37.05293357 0.730584344

0.074 2.148648649 0.567426 0.283713208 36.55221825 0.720711583

0.075 2.12 0.575094 0.28754717 36.06485534 0.711102095
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Appendix D 

 

Figure D.1: Fuel Pump Flow Dilution Calculations (1/5) 
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Figure D.2: Fuel Pump Flow Dilution Calculations (2/5) 
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Figure D.3: Fuel Pump Flow Dilution Calculations (3/5) 
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Figure D.4: Fuel Pump Flow Dilution Calculations (4/5) 
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Figure D.5: Fuel Pump Flow Dilution Calculations (5/5) 
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Appendix E 

 

Figure E.1: Fuel Droplet Lifetime Calculations (1/3) 
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Figure E.2: Fuel Droplet Lifetime Calculations (2/3) 
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Figure E.3: Fuel Droplet Lifetime Calculations (3/3) 
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Appendix F 

 

Figure F.1: Reactor Heater Wattage Requirements 


