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ABSTRACT
Experimental testing was conducted to investigate the behavior of polyoxymethylene
(POM) for consideration as the solid fuel component in an upper stage hybrid rocket engine using
high-density fuel and oxidizer. The regression rate of POM was experimentally measured using an
opposed flow burner to determine the influence of color, oxidizer type, and nozzle separation
distance on regression rate. The experimental measurements of regression rate on POM were
compared to numerical findings that were obtained using a kinetic model developed for POM
combustion in a counter-flowing geometry.
It was found that natural vs. black POM does not influence the regression rate when
measured in the opposed flow burner. The numerical findings were found to be consistent with the
observed trends for all strain rates showing the fuel regression rate to increase with increasing
oxidizer flow velocity. However, at smaller separation distances the experimental and numerical
regression rates varied due to non-uniform burning surface characteristics breaking down the 1-D
assumptions of the model. Numerical calculations were also performed at pressures from 0.1 MPa
to 7 MPa and showed an increase in fuel regression rate due to the momentum flux of oxidizer
increasing at a greater rate than momentum flux of the fuel with pressure, thus moving the flame
closer to the fuel surface. POM combustion was also compared to hydroxyl-terminated
polybutadiene (HTPB) combustion and was found to have similar linear regression rates with a
50% mass flux increase of POM due to increased density.
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Introduction and Motivation
The primary motivation for this work is to enhance a hybrid rocket engine through selection
of fuel and oxidizers. The choice of fuel and oxidizers is based on propellant characteristics required
for an upper stage hybrid engine. This targeted flight area makes the use of thermoplastics and
high-density oxidizers a viable option for fuel and oxidizer. For many missions, high thrust is the
primary factor for an upper stage hybrid engine. To achieve a high thrust a high mass flux is needed
and can be achieved through an increased regression rate or density.

1.1 Hybrid Rockets

In chemical rocket propulsion, there are three traditional engine configurations;
solid, liquid, and hybrid. For solid motors, the fuel and oxidizer are mixed together and
cast into a mold to form a solid propellant. The main shortcomings of solid motors are that
they cannot be turned off and restarted. A secondary safety issue that solid rocket motors
face, compared to hybrid and liquid engines, is their increased sensitivity to cracks in the
propellant grain [1]. A cracked grain can be detrimental to a solid motor since the crack
will increase the burning surface area, which in turn increases combustion product mass
production and leads to an increased chamber pressure. Increased chamber pressure leads
to additional increased combustion product mass production, which will likely lead to a
grain or casing structural failure [2]. Another issue with solid motors is that they cannot be
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throttled in real time, meaning that the grain must be shaped in a specific way in order to
achieve a prescribed performance (e.g. thrust) level.
A liquid rocket engine, conversely, consists of liquid fuel and oxidizer that are
stored in separate tanks. Unlike solid rocket motors, a liquid engine can be throttled and
shut down with relative ease. The downside to liquid engines is that, in most cases, the
fuels and oxidizers are cryogenic, meaning that they can be dangerous to handle and pose
engineering challenges in terms of the hardware. The fuels and oxidizers that are
commonly used and are not cryogenic, such as rocket grade kerosene and hydrazine, can
pose hazards due to leakage and spills while also require special handling and processing
[3]. Liquid rockets typically have larger specific impulses compared to solids, but this high
specific impulse comes at a cost of added complexity because of the additional hardware
required for two liquid systems that are needed to be cryogenic capable. In many cases,
liquid engines are expensive, since they require uniquely engineered turbomachinery that
is costly to design and manufacture, and increase the weight of the overall flight system.
Hybrid engines combine concepts from both solid motors and liquid engines by
utilizing a solid fuel grain coupled with a liquid or gaseous oxidizer. The sensitivity to
accidental or uncontrolled ignition is greatly decreased due to the separation of the fuel and
oxidizer. The choice of fuels and oxidizers are often safer than their counterparts in both
solid and liquid systems. In a hybrid engine, the fuel is often in the form of a polymer such
as hydroxyl-terminated polybutadiene (HTPB), while the oxidizers that are commonly
used are not cryogenic or as dangerous, such as nitrous oxide (N2O) or gaseous oxygen
(GOX) [4]. In comparison to liquid systems, hybrid engines are less complex since they
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require less hardware, which leads to an increased system reliability. In Figure 1, a visual
comparison of solid, liquid and hybrid engines are shown.

Figure 1: Comparison of liquid engines, solid motors, and hybrid engines [5].

However, hybrid engines do have their own drawback when compared to solid and
liquid configurations. The hybrid engine employs a cross flow design that requires the
oxidizer to travel axially toward the nozzle, passing by the fuel grain surface. Since the fuel
and oxidizer are separate a diffusion flame forms and, as a result, the fuel regression rate
is lower than a solid motor, meaning that there will be less thrust in a hybrid engine [6].
The diffusion flame in a hybrid engine is the main reason why hybrid engines are less
sensitive to cracks in the fuel grain than a traditional solid motor [7]. The flame sits higher

4

off the surface of the fuel, creating a fuel rich melt layer on the surface, making it unlikely
that a crack would significantly affect the performance of the engine. If a crack is present,
the flame will not propagate into the crack meaning that the burning surface area will not
increase and therefore mass flux does not either [8]. An example of this type of flow field
and flame is shown in Figure 2.

Figure 2: Hybrid engine schematic showing cross flow, diffusion flame, heat transfer, and flame
location [9]
In total, the hybrid engine platform is, in concept, more reliable than a liquid bipropellant
engine since the hybrid engine requires half of the hardware for the feed system. However, due to
the limited number of flight ready hybrid engines, the reliability and safety cannot be directly
compared. Hybrid engines are also throttleable, leaving the potential for multiple ignitions on a
single fuel grain while in flight. Although for a booster this capability is not necessary it may prove
useful for an upper stage hybrid rocket. The capital and operating costs of a hybrid engine may be
lower than a liquid engine due to reduced mechanical complexity and increased overall safety.
Overall, there are areas where the hybrid engine can be improved. The first area of
improvement is in enhancing the fuel regression rate. By selecting fuels with a higher density and
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increased regression rate, the thrust and mass flux capabilities of a hybrid engine may be enhanced.
The second area of improvement can be found in the type of behavior associated with the hybrid
engines’ diffusion flame. In a liquid engine, the propellant mixing occurs commonly as a droplet
cloud where turbulent mixing has high intensity, while in a solid engine the mixing is done in the
casting process to form a nearly homogenous mixture when the grain burns. In a hybrid engine the
mixing occurs across a boundary layer where the diffusion flame is positioned and the velocities
are low making the mixing rates less intense. Due to the nature of the diffusion flame, this type of
mixing may not be as efficient as the mixing methods found in solid or liquid engines [3, 4].

1.2 A Brief History of Hybrid Rocket Fuels
Throughout the history of hybrid engines, many fuel and oxidizer combinations have been
used and tested. The first experiments testing hybrid engines used coal as a fuel and either nitrogen
dioxide or gaseous oxygen as an oxidizer. These experiments were carried out by Leonid
Andrussow, Wolfgang Noeggerath, and Smith and Gordon (California Rocket Society), and were
later followed up by the Pacific Rocket Society [7, 10]. In the 1940s, The Pacific Rocket Society
performed a series of static tests using various fuels such as wood, wax, and rubber. Through static
fire testing, it was concluded that coal, wood, and wax were insufficient fuels due to low regression
rates and inconsistent ignition and burning. Rubber, on the other hand, was a success in static fire
testing, and The Pacific Rocket Society continued forward with a flight test using rubber and liquid
oxygen to prove the capabilities of a hybrid engine driven rocket. The success of this flight
demonstrated the capabilities of rubber-based fuels when used in a hybrid engine [7]. The Pacific
Rocket Society was able to conclude, based on the findings of the test flight, that there was no
danger of explosions due to cracks or fissures in the fuel grain.
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In the early 1950s, Dembrow and Pompa investigated the concept of a reverse hybrid
engine, meaning the oxidizer would be a solid grain and the fuel would be liquid. As part of their
work, they investigated the use of several different types of oxidizers and a petroleum ether as the
fuel [10]. Likewise, William Avery of the Johns Hopkins Applied Physics Laboratory (APL) was
investigating reverse hybrid engines using “JP”-series hydrocarbons as fuel and ammonium nitrate
(AN) oxidizer grains [11]. Avery ultimately chose this fuel and oxidizer combination because it
was the lowest costing material available. Many private industries also tried to claim a stake in the
reverse hybrid engine sector using liquid hydrazine fuels and solid ammonium perchlorate,
hydrazinium diperchlorate, and nitronium perchlorate. However, none of the reverse hybrid engine
concepts made it past the testing phases due to the poor regression rate and burning characteristics
[7]. The reverse hybrid engine concept ran into these issues because of their low fuel-to-oxygen
ratio of approximately 0.035, which is roughly 200 times smaller than previous work with
traditional hybrid engines [12]. Recent work in 2012, further investigated using a counterflow
burner and lab scale hybrid engine to explore the possibly of a reverse hybrid system. Johansson et
al were able to achieve ignition and conclude that the engine required an initial pressure to boost
the operating condition into a higher burning rate regime [13, 14].
Based on the success of rubber-based fuels, further testing was conducted by The Office
National d'Etudes et de Recherches Aérospatiales (ONERA) using m-toluenediamine and nylon.
Using this fuel and nitrous oxide combination, ONERA demonstrated multiple flights over 100
kilometers, providing promise of a practical flight system. After ONERA, United States Air Force
(USAF) tested polymethyl methacrylate (PMMA) with various compositions of magnesium
powder as a fuel. Using the PMMA with magnesium, Sandpiper became a target vehicle for the
USAF [15]. Both fuels were used to increase the regression rate, while also being relatively stable
for use in a practical system. Based on the success of the USAF program, a new program was
developed that led to a hybrid engine modification that used inhibited red fuming nitric acid
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(IRFNA) as the oxidizer and PMMA mixed with lead as the fuel [7]. This change allowed for a
heavier flight vehicle with increased reactivity and density.
Interest in the hybrid engine faded in the late 1970s due to poor performance and success
of other solid and liquid counter parts. In the early to mid-1980s, hybrid engines began a comeback
following the failure of the NASA Space Shuttle Challenger (1986) [16] and an ICBM Titian II
(1980) [17], which refocused on the safety aspects of rocket propulsion. In addition to safety,
demand for access to space was also increasing, particularly for satellite launches. In 1985,
American Rocket Company (AMROC) developed several boost engines that were fueled by HTPB
and epoxy embedded with powder [18, 19]. AMROC developed this hybrid engine from 1985
through 1992 and led to many revisions with a goal of developing an engine capable of first stage
boost using HTPB and LOX [7]. The AMROC project failed due to a catastrophic failure on the
launch pad due to a jammed LOX valve. The failure of the AMROC rocket led to the Joint
Independent Research and Development (JIRAD) Team, which was a joint venture between the
United States Government and industry to develop hybrid engine rocket boosters for the next
generation of space flight.
In 1994, The National Aeronautics and Space Administration (NASA), The Department of
Defense (DoD), and The Defense Advanced Research Projects Agency (DARPA) started the
Hybrid Option Technology Project (HyTOP), which had a goal of developing and qualifying a
hybrid engine for flight. This program led to another program called the Hybrid Propulsion
Technology for Launch Vehicle Boosters (HPTLVB), which sought for the development of a
250,000 pound and 1.7-million-pound booster using HTPB as the fuel and oxygen as the oxidizer.
Under the HPTLVB program, HTPB was experimentally tested and validated based on energetic
characteristics, mechanical properties, and low material cost [5].
In the early 2000s, Stanford University was investigating the gasification of paraffins using
a polyethylene wax (PE) and GOX. The claim leading to the use of PE wax was that the HTPB
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based fuels are not as efficient, since the fuel becomes entrained in the convective oxidizer flow
and inhibits the gasification of the solid fuel in the stream due to heat loss from the oxidizer flow.
PE also liquifies much quicker than HTPB since the heat of fusion is lower, meaning that the solid
fuel regression of HTPB can be enhanced by using PE wax due to entrained droplets that have
separated from the rippled burning surface. Shortly after Stanford’s investigation of PE Wax,
Technanogy produced the first industry fired hybrid engine containing nano-particles of aluminum
with the promise of increased performance [20]. They used H2O2 as an oxidizer and nanoparticles
with glycidyl azide polymer (GAP) as the fuel. Following this, Lockheed Martin and NASA
produced the first large scale hybrid engine that was powered by HTPB and LOX [21]. At this point
in history, there was a shift in the hybrid engine research community, putting more emphasis on
investigating fuel particle additives to increase flight systems’ mass flux and, possibly, increase
regression rate as well.
HTPB became a baseline fuel for hybrid engines during the early testing of fuel particles
due to the overall mechanical properties, energetic capabilities, and low material cost. Along with
HTPB, polyethylene, plexiglass, and paraffin also have become popular hybrid engine fuels for
research and demonstration applications [22]. HTPB, polyethylene, and plexiglass are all common
polymers, but the most popular is HTPB due to its outstanding properties and ability to be a binder
in solid fuels, making it more economical and multifaceted. Paraffin is a hydrocarbon-based fuel
that has become popular because paraffin-based fuels exhibit a lower melting point and an increase
in regression rate as the melting fuel viscosity decreases [23].
With the growing presence of additive manufacturing, many thermoplastic polymers have
been proposed as fuels in hybrid engines [24]. Two of the most common printed thermo-polymers
are acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA), with ABS having a similar
density (1.08 g/cm3) as HTPB and PLA having a density about 39% higher (1.25 g/cm3). Although
HTPB has a high regression rate and strong mechanical properties, these other polymers may
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provide usable benefits for an upper stage booster, since lower pressures at higher altitudes lead to
better performance for increased mass flux over increased regression rate. With HTPB and PLA
having similar properties, HTPB can be more challenging to produce due to the casting process and
limited manufacturing facilities, while PLA can be made relatively easily through casting or
extrusion. There is also an added benefit of printing; the ability to add intricate geometries into the
fuel grain with minimal effort that is also not grain intrusive. This added benefit has potential for
an increased performance, which showed that the regression rate can increase by up to 100% with
the addition of swirl along the port of the fuel grain [25, 26].

Figure 3: Ball and stick model of polyoxymethylene.
Another thermo-polymer of interest is polyoxymethylene (polyformaldehyde, POM,
acetal, Delrin®, or Celcon®), which has a higher density, 1.41 g/cm³, than ABS (1.08 g/cm³), PLA
(1.25 g/cm³), and HTPB (0.90 g/cm3). A ball and stick model of POM is shown in Figure 3. Like
ABS and PLA, POM can easily be printed due its desirable mechanical and chemical properties
[27]. POM is also easily ignited with air at room temperature and pressure, while burning smoothly
and consistently [28]. There has also been work conducted looking at using POM in a CubeSat
application because of the excellent chemical properties [29, 30, 31]. Typical applications of POM
can be seen in consumer plastics due to the excellent mechanical and thermal properties. Examples
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of POM usage include the automotive, food, hobby, toy, clothing, tobacco, sports, music, and
clothing industries [32]. Much of the thermal work on POM has been looking at degradation and
ignition, since these properties are useful in material selection of the mentioned industries [33]. The
Department of Transportation (DOT), Federal Aviation Administration (FAA), and The Office of
Aviation Research funded work to analyze POM by means of pyrolysis-combustion flow
calorimetry (PCFC) where they were able to obtain a time integral heat release and develop a
microscale combustion calorimeter [34].POM is a material of interest in fire science as well, where
the decomposition of POM into formaldehyde is of concern due to its toxicity. [35, 36, 37]. There
is also flammability information on POM due to its usage in consumer products [38].

1.2.1 Particle Additives
Starting in the early 2000s’, researchers at The Pennsylvania State University have been
investigating the influence of particles in solid fuels. The work began in 2000 with the introduction
of nanosized energetics embedded in HTPB fuel and tested using gaseous oxygen [39]. In this
study, Penn State used a variety of nano-sized aluminum particles from various suppliers
manufactured using various processes in a hybrid engine. With the addition of nanosized aluminum
particles, it was shown that the HTPB mass burning rate was increased by 50% [39]. It was found
that the increased fuel burning rate can be contributed to radiation heat transfer from the hot gas to
the fuel grain, since the particles emit more radiation than the polymer fuels on their own. The
metal particles lead to an increase in flame temperature, which is proportional to specific impulse
[40].
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1.3 Research Objectives

1.3.1 Polyoxymethylene as a Fuel
Hybrid engines, like the other types of rockets have mean operating conditions that favor
different flight missions. Although hybrids do not have the density of solid motors or the specific
impulse of liquid engines, they are able to enhance the flight system safety while performing on a
comparable level to solid motors and liquid engines. For a mission that needs a better overall system
efficiency a hybrid may be a viable option over solid motors or liquid engines that perform better,
on their own, rather than coupled with a complete flight vehicle. Hybrid engines and, more
specifically, their fuels, do not have the regression rate to provide the thrust needed to be efficiently
used as a main booster that is also economical and better suited than a liquid or solid booster.
Additionally, a high chamber pressure is not needed to achieve a desirable pressure ratio for
efficient high-area ratio expansion across a nozzle, since ambient pressure is low. For an upper
stage hybrid engine, a desired parameter is having a high mass flux, which can be tracked to having
a high-density fuel, oxidizer, or both.
As mentioned, HTPB is a community solid-fuel baseline in terms of hybrid engines and
has a density of 0.90 g/cm3. In the design of an upper stage hybrid engine, increasing the density
means a higher mass flux can be achieved. In the present study, POM is investigated as an
alternative fuel due to its higher density of 1.41 g/cm3. Regression rates of POM are currently not
reported in the literature. Additionally, being that POM is a thermoplastic, modern additive
manufacturing techniques can be employed, making it a more versatile than HTPB.
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1.3.2 Key Objectives of Work
•

Experimentally determine the regression rate behavior of POM using an opposed
flow burner

•

Develop a numerical model based on the oxidizer kinetics of POM with oxidizer
that describes the experiment of the opposed flow burner

•

Compare the burning rate behavior of POM to HTPB numerically and
experimentally
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Background

2.1 Hybrid Rocket Engines and the Opposed Flow Burner
As shown in Figure 2 of Chapter 1, we can see that hybrid engines employ the use of a
cross flow to the burning surface. When the engine is ignited, this flow field generates a diffusion
flame above the surface of the fuel. Additionally, another figure of the cross flow diffusive flame
is shown below in Figure 4, where the flame is idealized and extends upon flame sheet theory,
which is a based on a single line [41, 42]. Due to the nature of the cross flow and burning
characteristics, there are many aspects that must be considered when analyzing a hybrid engine.
The primary interactions are as follow:
•

Solid fuel pyrolysis

•

Diffusion in the gas phase

•

Heat transfer (conduction, convection, and radiation)

•

Laminar and turbulent flow conditions based on engine configuration

•

Combustion behavior (fuels, oxidizers, and species mixing)

In a hybrid engine the vaporized oxidizer is sprayed as a thin sheet over the fuel grain. This
thin sheet of liquid becomes gaseous and mixes and combusts with the pyrolyzed gas coming off
the fuel surface to produce a diffusion flame that is approximately located off the surface by 20%
of the boundary layer thickness. In a diffusion flame, low flame temperatures are measured within
the boundary layer [5]. Key parameters that are important for performance behavior are the flame
location and the heat of gasification. Both parameters are critical for determining regression rates
of fuel [45]. The regression rate of the fuel is driven by the heat transfer of the fuel burning surface
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[4, 41]. The regression rate is defined in equation 2-1, where Δ𝐻𝐻 is the enthalpy change across the
control volume at the surface, 𝑄𝑄̇𝑠𝑠 is the pyrolysis flux rate, and ρ𝑓𝑓 is the density of the fuel.

Figure 4: Cross flow field found in a hybrid rocket engine [43]
𝑟𝑟̇ =

𝑄𝑄̇𝑠𝑠
Δ𝐻𝐻ρ𝑓𝑓

(2 − 1)

The fuel regression rate caused by conduction is shown in Figure 4. Figure 4 can be used

because the fuel is continuously reacting and turning to gas by the conductive heating from the
diffusion flame. In Figure 5 boundary layer is shown for the combustion model.
𝑄𝑄̇cond = −k

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(2 − 2)
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Figure 5: Boundary layer combustion model. Replicated from Marman [41]
Due to the convective flow across the fuel, the heat transfer is limited to the fuel surface.
This is known as a blowing effect and is caused by the oxidizer flux. This behavior is quantified by
the Stanton number, 𝑆𝑆𝑡𝑡 , which is a dimensionless number that relates the heat transfer coefficient
ℎ

to heat capacity of a fluid stream for a given area and time. The Stanton number is defined as 𝑉𝑉ρ𝐶𝐶 .
𝑝𝑝

By using the Stanton number, the heat flux at the surface can be defined and is shown in equation
2-3. The “non-blown” Stanton number, 𝑆𝑆𝑡𝑡0 , accounts for the same parameters as the regular Stanton

number, but without the blowing effect [41]. By taking the ratio of the unblown and blown Stanton
numbers, the decreased heat transfer can be accounted for with the blowing effect. The blowing
effect is also shown to influence the critical Reynolds number and subsequently, lead to turbulent
boundary layer flow throughout the entire length of the engine [41, 44].
𝑄𝑄𝑤𝑤̇ = 𝑆𝑆𝑡𝑡0

𝑆𝑆𝑡𝑡
𝜌𝜌
𝑈𝑈 �ℎ − ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑔𝑔 �
𝑆𝑆𝑡𝑡0 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑏𝑏 𝑏𝑏,𝑠𝑠

(2 − 3)

The Stanton number can be further expressed with the introduction of skin friction. With
this addition, the Stanton number becomes [45]:
1 ρ𝑐𝑐 𝑈𝑈𝑐𝑐2
𝑆𝑆𝑡𝑡 = 𝐶𝐶𝑓𝑓
2 ρ𝑏𝑏 𝑈𝑈𝑏𝑏2

(2 − 4)

where 𝐶𝐶𝑓𝑓 is the skin friction and is approximately the same with a regular boundary layer with
either blown or non-blown flows leading to:
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𝑆𝑆𝑡𝑡0 = 𝐶𝐶𝐶𝐶𝑒𝑒𝑦𝑦−0.2 �

ρ𝑐𝑐 𝑈𝑈𝑐𝑐 2
�� �
ρ𝑏𝑏 𝑈𝑈𝑏𝑏

(2 − 5)

where 𝐶𝐶 is a constant and 𝑅𝑅𝑅𝑅 is the Reynolds number [41]. Additionally, the regression rate can be

further expressed as:

𝑟𝑟̇ =

𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝑥𝑥−0.2 𝑆𝑆𝑡𝑡 𝑈𝑈𝑜𝑜 �ℎ𝑏𝑏,𝑠𝑠 − ℎ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑔𝑔 �
ρ𝑏𝑏
𝑆𝑆𝑡𝑡0 𝑈𝑈𝑓𝑓
Δ𝐻𝐻

(2 − 6)

Equation 2-6 primarily accounts for heat transfer to the surface of the fuel from the diffusive flame.
Marxman’s classical hybrid engine regression rate expression is given in equation 2-7.
𝑟𝑟̇ =

1 𝐶𝐶𝑓𝑓
𝐺𝐺𝐺𝐺
ρ𝑏𝑏 2

(2 − 7)

In equation 2-7, G is the mass flux and B is the blowing coefficient. Marxman and
Woodridge developed a relation between the ratio of blowing and non-blowing skin friction.
However, their relation is not valid for opposed flow configurations [41, 42]. The various types of
events that occur during a hybrid engine firing are summarized below.
• Thermal heating and fuel pyrolysis
• Decomposition of the fuel
• Diffusion of fuel and oxidizer species to the flame region
• Formation of turbulent boundary layer
• Surface area and mass flux at the surface changing due to fuel regression
Of the characteristics mentioned, significant amounts of work have investigated the
regression rates of the fuel surface. To better understand how an engine will respond, it is critical
to understand the relationship of a given fuel regression rate to different oxidizers and
environmental conditions. To better address regression behavior for untested fuels, the opposed
flow burner is used as an initial step for fuel selection, even though it differs from a pure cross flow
configuration. In Figure 6, the non-premixed opposed flow configuration and diffusive flame are
shown.
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Figure 6: Opposed flow burner configuration with diffusion flame [45].
The opposed flow burner, which can also be referred to as a counterflow burner, employs
the use of either a gas-gas or gas-solid configuration. Traditionally, the opposed flow burner has
been studied using a gaseous fuel and oxidizer, however, for the interest of this study a gaseous
oxidizer and solid fuel were employed, which is shown in Figure 6. An interesting aspect of the
opposed flow burner is the stagnation plane, the location where the axial velocity of the flow field
is zero. The stagnation plane will shift based on the relative densities and velocities of the gases
being used. For the opposed flow burner, the diffusion flame will be located near the stoichiometric
mixture fraction [46]. The mixture fraction is the mass of material having its origin in the fuel
stream divided by the total mass of the mixture. For a stream with 100% fuel, the mixture fraction
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will be one and for a stream that is 100% oxidizer the mixture fraction will be zero. By further
defining the mixture fraction with the use of the mass fractions of the products, the mixture fraction
becomes:
1
𝑍𝑍 = 𝑌𝑌𝑓𝑓 + �
� 𝑌𝑌
𝐴𝐴 𝑝𝑝𝑝𝑝
1 + 𝐹𝐹

(2 − 8)

Furthermore, the mixture fraction can be reduced to find the stoichiometric mixture fraction
as shown in equation 2-9.

𝑍𝑍𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = �

1+

1

𝐴𝐴

𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

�

(2 − 9)

In equation 2-9, we can see the main changes made to equation 2-8 are that the mass
fraction of products becomes unity and the mass fraction of fuel becomes zero. Under these
circumstances, we are left with the stochiometric conditions. The stoichiometric flame tends to be
located near the stoichiometric mixture fraction due to that region having the highest temperature,
which leads to an increase of reaction rates. The structure of generic non-premixed diffusion flame
is shown in Figure 5.
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Figure 7: Typical structure of a diffusion flame [2].
In Figure 7a, a physical representation is shown of a one-dimensional, purely diffusive
driven process. As the fuel and oxidizer diffuse toward each other, they will eventually begin to
mix and dissociate. Once in the reaction zone, reactions occur quickly, and the products of the
reaction will diffuse back towards the fuel and oxidizer. In Figure 7b, the temperature and species
concentration profiles are shown with the reactant leakage assumption. The leaking that occurs is
due to the finite reaction rate allowing the diffusion of reactants, which leads to a temperature lower
than the adiabatic flame temperature. Finally, in Figure 7c, the temperature and species
concentration profiles are shown assuming an infinitely thin reaction sheet. Under this assumption,
the reactions happen infinitely fast and attain vanishing concentrations at the flame sheet [2]. Also,
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with this assumption there is no leakage since the fuel and oxidizer perfectly combust at the flame
sheet.
A convenient way to link the separation distance between fuel and oxidizer velocities is
through finding the strain rate. The strain rate is the inverse residence time, which is usually linked
to the extinction limits [47, 48]. The strain rate is defined in equation 2-10.
𝐾𝐾𝑜𝑜 =

𝑈𝑈𝑓𝑓 ρ𝑓𝑓
𝑈𝑈𝑜𝑜
�1 + � �
𝐿𝐿
𝑈𝑈𝑜𝑜 ρ𝑜𝑜

(2 − 10)

The strain rate calculation, 𝐾𝐾𝑜𝑜 , requires the density and velocity of the fuel and oxidizer,

and separation distance. As the strain rate is increased in a diffusion flame, the flame will generally
increase in temperature, however, the species gradients will increase near the flame until extinction.
Strain rate plays an important role for experimentation since it defines the limitations of fuel and
oxidizer pairs and their velocities [49]. For the interest of a hybrid engine, the strain rate is typically
a smaller factor since the regime of use is at lower strain rates than what is encountered in an
opposed flow burner. However, as previously mentioned, the strain rate is a useful parameter for
extinction and for the context of this work, the opposed flow burner does not approach the
extinction limit.
The opposed flow burner is an appealing method to obtain regression rate data. Conducting
a hybrid engine test can be expensive and time consuming, while the opposed flow burner is able
to collect regression rate data, while being time-and-cost effective. However, the opposed flow
burner is not the do all solution for hybrid engine testing. The opposed flow burner is simply a
starting point for characterizing new fuels before performing limited tests in an actual hybrid
engine.
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2.2 Polyoxymethylene
Polyoxymethylene (POM) is a thermoplastic that is often used in many engineering
applications due to the desirable mechanical properties [50, 27]. POM is known for its strength,
hardness, and rigidity making it useful for many commercial applications. The molecular structure
of POM is shown in Figure 8 where n can vary on average from 4 to 50 [51]. POM can be found
in natural (white) and colored. The colored POM has a carbon additive to help with ultra-violet
resistance, which is useful for applications that will be outdoors. Natural color POM has a density
of 1.41 g/cm3 and colored POM has a density of 1.42 g/cm3 [52].

Figure 8: Molecular structure of POM
The mechanical and chemical properties of POM make it a common polymer in everyday
household and industrial items, because of how common POM is, it is a popular polymer to study
for fire science applications. Initial studies found that POM has a limiting oxygen index of 15
meaning that it will not ignite if less than 15% oxygen is available at atmospheric conditions [53].
There are five common mechanism for the degradation of POM [31]:
•

Depolymerization (unzipping)

•

Autoxidative scission

•

Degradation by secondary products of the autoxidative scission

•

Hydrolysis and acidolysis
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•

Thermal degradation

For the context of combustion, the most advantageous means of using POM is by
depolymerization. Depolymerize or unzipping starts at a chain end with hemiacetal group and
continuously releases formaldehyde without the need of oxygen. In the absence of oxygen, thermal
degradation is another means of decomposing POM above 543 K. Formaldehyde is a favorable gas
in terms of combustion but is hazardous when inhaled. Formaldehyde is a flammable gas that will
auto ignite in air at a temperature of 697K, while POM achieved ignition at 623K and auto ignition
at 633K [54, 55, 56, 57]. POM has been proposed previously for combustion purposes. One
technique for analyzing the pyrolysis of POM is through laser ablation [58]. In propulsion
applications, laser ablation is an area of interest for small thruster use on satellites. It has been found
that this technique can generate levels of thrust comparable to that found in other types of micro
thrust applications [59]. Although this technique is different than traditional propulsion, there is
continued reassurance that POM is a suitable fuel for use in hybrid rocket engine based off of the
chemical properties and burning characteristics. With the use of laser ablation, there are similar
characteristics that are found in actual hybrid engines such as fuel pyrolysis and conductive and
radiation heating.

2.3 Oxidizers
In a traditional hybrid engine, an oxidizer is sprayed in a cross-flow orientation to the fuel
grain, where it is ignited by a pyrotechnic. Before the liquid oxidizer can combust, it must be heated
enough to form a gaseous oxidizer. To do this, oxidizer injector designs are optimized to form small
droplets that will make up the oxidizer spray. These droplets are much easier to vaporize since the
small droplets of oxidizer have intrinsically higher energy due to surface area compared to the
condensed phase. Many different types of oxidizers have been used in the pursuit of enhanced
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hybrid rocket engine performance. Traditionally, liquid oxygen, gaseous oxygen, IRFNA, and
nitrous oxide are some of the most commonly used oxidizers for hybrid rocket engine applications.
Recent interest has pursued the use of green propellants that are safer to handle than those that are
currently used, such as LOX. An oxidizer of significant recent interest that can be used in a hybrid
rocket engine is hydroxylammonium nitrate (HAN) [60, 61], which is relatively high in density and
safer to handle than hydrazine. An example of a HAN based liquid oxidizer, OXSOL-1 (70%
HAN,15% AN, and 15% water) [62], shows potential promise as a high-density oxidizer with
reduced hazards for hybrid rockets since it is stable at room conditions and will not ignite at room
temperature and pressure.

2.4 High-Density Fuel and Oxidizer Application
The NASA Chemical Equilibrium with Applications (CEA2) code [63] was used to
calculate the theoretical performance characteristics of fuel and oxidizer combinations. CEA2 was
executed using oxidizer-to-fuel ratios (O/F) from 0 to 10 and a nozzle expansion ratio of 20. All
cases were run with a chamber pressure of 2.76 MPa (400 psi) that is characteristic of operating
conditions for an upper stage hybrid rocket engine.
Figure 9 shows the relationship of specific impulse to the oxidizer-to-fuel ratio. For a
typical configuration using LOX as the oxidizer, HTPB has a much higher specific impulse than
POM. With OXSOL-1 as the oxidizer, the results for both POM and HTPB show a decrease in
specific impulse compared to LOX due to OXSOL-1 having less oxygen available. With the
introduction of aluminum particles, the specific impulse for both POM and HTPB show much less
variation across the range of O/F values. For POM, OXSOL-1, and 40wt% Aluminum, we can see
that the specific impulse is nearly constant for O/F ratios between 0.5 and 3.5. For HTPB, OXSOL-
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1, and 40wt% Aluminum, the specific impulse changes more in magnitude overall and has a
moderately flat region across O/F ratios of 4.0 to 8.0.
In Figure 10, the density specific impulse is shown for mixtures of POM or HTPB,
oxidizer, with and without aluminum addition. For density specific impulse, vehicle packaging (or
volume) is considered along with specific impulse. For a LOX oxidizer configuration, POM as a
fuel is shown to yield a larger density specific impulse compared to HTPB since it has nearly a
50% increase in density. Compared to specific impulse for OXSOL-1, the peak density specific
impulse is found at a larger O/F ratio. When OXSOL-1 and aluminum particles are used together,
the maximum density specific impulse of POM is much larger and is more consistent across the
range of O/F ratios. It is not until an O/F ratio of 5.0 that the POM density specific impulse
decreases to the peak value found for HTPB. Generally, POM may not be ideal for some ranges of
O/F ratio, but its density allows for nearly a 50% increase in fuel for a volume restricted flight
system.
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Figure 9: Comparison of specific impulse of POM and HTPB with different oxidizers and
aluminum content.
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Figure 10: Comparison of density specific impulse of POM and HTPB with different oxidizers
and aluminum content.
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Experimental and Numerical Model Approach

3.1 Solid Fuel
In previous work conducted by Penn State, the opposed flow apparatus has been used as
screening and scientific research tool to better understand the linear regression rates of various
types of fuel and oxidizer combinations. Typically, the opposed flow burners are used as a gas
phase setup to investigate the diffusion flame structure and behavior of different types of gaseous
fuels and oxidizers. Here at Penn State, there are two opposed flow test rigs that are used in a gassolid configuration. One of the burners was made to conduct experiments at atmospheric
conditions, while the other is used to characterize regression rates in pressurized environments [64].

3.1.1 Opposed Flow Burner
The opposed flow burner is simple in design, limiting the number of factors that can be
used to change the flame. Fundamentally, the opposed flow burner relies on the fuel, oxidizer,
oxidizer velocity, and the separation distance. A conceptual rendering and an image of the opposed
flow burner is shown in Figure 11. As shown in the figure, the sample sits on a pedestal that is
connected to a linear variable differential transformer (LVDT), which converts linear motion to a
calibrated electrical signal. A piece of stainless-steel wire is used to hold the pellet in place. As the
pellet burns, the spring tension from the LVDT will keep the pellet held against the wire, as well
as provide an electrical signal that is calibrated to a known distance per volt that is then used as a
regression rate measurement. For this opposed flow burner, the oxidizer nozzle at the outlet has a
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diameter of 7.6 mm and the pellet has a diameter of 9.5 mm. For a turbulent flow to expand and
cover the entire fuel pellet, the nozzle must be a minimum of 2.0 mm away from the pellet [65].
Throughout experimental testing, Reynolds numbers from 30 to 700 were evaluated.

Figure 11: Conceptual rendering and image of opposed flow burner [66].
Before any experimental testing was conducted, a test matrix was developed to ensure
efficient testing of samples at different conditions. By taking this approach, it guaranteed that tests
were not redundant and that resources were used intelligently. The types of testing that were done
will be further explained in the Results and Discussion section. Once the matrix was finalized, the
samples were prepared in bulk for length consistency between 10 mm and 13.5 mm, as well as
ensuring that the cut ends are flat and perpendicular to the length. The POM prepared was
purchased through McMaster-Carr (8572K53, 8576K13) [52] in 1.83 m stock. After the samples
were cut, each was measured in length, diameter, and weight for use in calculations of theoretical
density based on an ideal cylinder.
After all samples are prepared, an individual sample was depressed on the pellet pedestal
within the pellet holder. When the pellet is fully depressed into the holder, it should not bottom out
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the LVDT or protrude past the surface of the holder more than 1 mm. The 20-gauge stainless steel
wire was then used to fix the pellet in place. Previously, the sample was held using nichrome wire,
but due to high oxidizer velocities and small separation distances, the wire could break during the
test. The breaking wire issue is believed to be caused by the additional heating caused by conductive
heat feedback from the pellet. This issue was initially addressed by using thicker nichrome wire,
but this also failed. A reliable solution was found by using a stainless-steel wire. Traditionally, the
nichrome was favored for its resistivity, generating enough heat for ignition with an applied electric
current. However, this benefit turned into an issue at small separation distances and high oxidizer
flow, since the wire would break with the additional heating from the fuel surface. The solution
using the stainless wire also brought a new procedure for ignition that involved using a two propane
torches. Initially, one torch was used, but it was found that the single torch influenced an uneven
burning surface. Later two torches were introduced, and this reduced the uneven burning since the
torches were 180 degrees apart when used to ignite the pellet. It was also found that the torches
would work more effectively when they were moved downward from the nozzle onto the pellet. It
was later found that one torch was able to achieve a level burning surface using the same technique
used for the double torches but was more difficult to achieve consistently.
Before pellet ignition, the camera and data acquisition needed to be setup. The camera
(IDS UI-3250) was connected using a USB 3 5 Gb/s and was set to have a frame rate of 124.74
frames per second, an exposure time of 8 milliseconds and was set with f-stop of 16 on a 25 mm
Nikon lens. The f-stop was set to allow value limited light from a potentially bright flame while
also providing a field of depth, so all of the burning surface was in focus. The 25 mm lens was used
to fill the frame with important regions such as the nozzle, pellet, and pellet holder. The frame rate
was determined by the camera software based on internal timing factors. Theses settings were used
for all tests conducted. The camera was also fixed to the testing apparatus table approximately 25
cm from the burner. The data acquisition system was used to record the voltage of the oxygen and
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nitrogen flow controllers, the LVDT, and the LED trigger at one kilohertz. The LED trigger was
used to sync the video sequence to the data acquisition to assess pellet movement and separation
distance.
To start the test, recording with the camera and data acquisition system were started
followed by the LED trigger to establish a common reference time between the video data and
numerical data from the data acquisition system. The oxidizer mixture was turned on and allowed
to stabilize to the set flow rate for thirty seconds. Next, the pellet was ignited using two torches that
were 180 degrees apart and moved downward from the nozzle to the pellet surface. Once the pellet
was ignited, the torches were removed and extinguished. The LVDT voltage would be tracked
starting at a voltage of approximately -4.0V, which corresponds to the LVDT being depressed
almost completely. Once the voltage climbed to approximately 2.0V, the oxidizer would be turned
off and nitrogen would be fully opened. 2.0V was selected because at 3.0V the LVDT would be
completely undepressed and there was potential of burning through the pellet to the Teflon pellet
pedestal. The nitrogen would quench the flame and at this point the camera, data acquisition system,
and LED trigger would be stopped. An example of the burning sequence is shown in Figure 12 and
piping and instrumentation drawing is shown in Appendix A.
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Figure 12: Black POM opposed flow burning progression.
Once experimental data had been collected, the tabular numerical data was imported into
Microsoft Excel and regression rate information was calculated. Using the experimental data
standard deviations and relative error were calculated using Microsoft Excel. An example of a pellet
surface position trajectory calculated from the measured LVDT voltage is shown in Figure 13. In
the figure, we can see that ignition occurred six seconds after the recording was started. The steep
climb between four and six seconds is the initial establishment of the melted liquid layer on the
surface of the pellet, and the rapid motion of that region until the wire encountered the lower
boundary of the melt. Up until about ten seconds, the data was not used because of the transient
behavior experienced by the pellet from the ignition process. We can see that the trajectory is linear
from the ten second point until about forty seconds; fitting a slope to this position trace and finding
the slope gives an average regression rate of 0.106 mm/s for this example case. After forty seconds,
data is no longer collected since the oxidizer is turned off at about forty-seven seconds. At this
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point, we see the regression slowing since the sample is no longer being supplied oxygen. At fifty
seconds, we see a dip in the trajectory, which is caused by the rush of nitrogen gas hitting the pellet
and depressing the LVDT. The nitrogen gas was set to a flow rate much larger than the oxidizer
flow rate to minimize the time delay of the closing of the oxidizer and opening of the nitrogen
allowing for the flame to quench more quickly.
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Figure 13: Example data trace used to calculate regression rate.
After the regression rate is calculated, the separation distance between the burning surface
and exit plane of the oxidizer nozzle, for each test run, was measured from the video image data
using image processing software called ImageJ [67]. The separation distance was collected at both
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the start and stop of the measurement region in Figure 13. In many cases these values were within
a range of +/- 0.3 mm and an average value was taken. In Chapter 4, pellet movement from the
nozzle is further discussed. Additionally, the strain rate was calculated using equation 2-10.

3.2 Numerical Modeling
In previous work at Penn State, Eric Boyer developed a Fortran wrapper code loosely
coupling a simple condensed phase model with the Chemkin premix gas phase code [68, 69]. Boyer
was investigating combustion of the monopropellant nitromethane experimentally, numerically,
and analytically. This work showed good agreement in regression rate between experimental data
and model predictions in the subcritical regime. More recently, Nardozzo used Boyer’s code and
adapted for use with a solid fuel and the Chemkin opposed-flow driver code (OPPDIFF) to model
experiments performed in ambient and pressurized solid fuel counter flow burners. The code itself
was also converted from Fortran to Octave [70], an open source compiled language compatible
with MATLAB. In her work, she modeled combustion experiments of HTPB with oxygen and
nitrous oxide using Chemkin’s opposed flow code [64]. For this work, the wrapper code and
condensed phase model have been further optimized and generalized for execution robustness, and
to allow the use of different oxidizers and solid fuels with minimal and well-marked changes in
input properties.
For the numerical modeling of this current study, a MATLAB code was written that would
call and run the ANSYS Chemkin 19.2 [71] opposed flow burner program. Octave can also be used
in place of MATLAB, but with a minor increase in computation time when plotting. The inputs
used for the model were developed from experimental results and Burcat Thermodynamic data
[72]. The main purpose of using the numerical methods is to:
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•

Generate detailed steady-state species and temperature profiles with distance to
allow fundamental understanding of the flame structure

•

Develop and validate a numerical model against experimental findings

•

Analyze the effects of pressure, oxygen concentration, and oxidizer flow rates on
burning rates.

In the opposed flow burner experiments, the top surface of the solid fuel pellet is constantly
held in place by a supporting wire across the surface and the linear spring tension of the wire. This
arrangement produces a stationary surface at a fixed location that produces gas flowing in the
opposite direction of the oxidizer, making it relatively easy to translate this geometry to the
numerically calculated opposed flow problem due to cylindrical symmetry of the pellet and jet
flow.
For the basic operation of the burner experiment, the initial temperature of the pellet and
oxidizer are room temperature. As the propane torch meets the fuel and oxidizer interface, both
begin to heat, causing a melt layer to form on the surface of the fuel. Once the surface reaches a
temperature of approximately 700 K, the surface of the melt layer will begin to pyrolyze and
combust with the now slightly preheated oxidizer to form a diffusion flame and eventually reach a
steady-state burning condition after the ignition energy source is removed [28, 73]. An example of
this flame configuration is shown in Figure 6 and Figure 12.
To solve the problem, analysis of the condense-phase was decoupled from the gas phase.
The analysis of the condensed-phase was conducted in MATLAB, looking at heat transfer of the
POM only. The analysis of the gas-phase was performed using Chemkin, which was strictly gasphase and analyzed the equations for premixed flames, stagnation planes, and reaction kinetics.
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3.2.1 Condensed-Phase Model
The first step to modeling POM numerically is to better understand how the decomposition
and pyrolysis occur. The heat feedback from the diffusion flame to the fuel raises the surface
temperature to the point of decomposition. The pyrolysis layer, or the melt layer, forms gaseous
byproducts, which oxidize as they are transported through the diffusion flame. In the current study,
the condensed-phase pyrolysis reactions were assumed to occur just above the interface separating
the solid and gaseous phase. The gasification of the condensed phase occurs at the surface of the
fuel within the control volume, the control volume shown in Figure 14 was assumed to be at the
interface and directly above the surface of the fuel.

Figure 14: Control volume used for modeling of the condensed phase.
When POM is decomposed, the first step is formation of formaldehyde. POM is commonly
referred to as poly-formaldehyde, since POM is a polymer chain of formaldehyde molecules
(Figure 8). Since we are tracking the behavior of gaseous fuel species and not solid species,
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formaldehyde was used as the gas input for Chemkin. One of the first steps that the numerical
model conducted was calculating the change in enthalpy for the condensed-phase control volume,
shown in equation 3-5. To do this NASA polynomials from the Burcat database (Nov 10, 2018)
were used to evaluate the total enthalpy of formation of formaldehyde at 700 K [72]. To use
equation 3-1, it is assumed that the flow is steady state, one-dimensional, inviscid, isobaric, and
body forces are negligible. The energy balance for the condensed-phase is:
𝑚𝑚̇ ℎ𝑖𝑖 − 𝑚𝑚̇ ℎ𝑔𝑔 + 𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟 = 0

(3 − 1)

It was found in previous work where soot formation was observed that radiation accounted
for only 5-10% of the total heat transfer for HTPB [42, 74]. Furthermore, when burning POM in

the opposed flow burner, there is minimal soot formation, which likely leads to minimal radiation
heat transfer. However, when radiation heat transfer is present, it is often balanced by reductions
in conductive and convective heat transfer [5]. By eliminating the radiation heat transfer term, the
energy balance becomes:
𝑚𝑚̇ ℎ𝑖𝑖 − 𝑚𝑚̇ ℎ𝑔𝑔 + 𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑄𝑄̇𝑟𝑟𝑟𝑟𝑟𝑟 = 0

(3 − 2)

To determine the enthalpy change, the control volume was positioned at a point well below
the fuel surface where the temperature gradient in the condensed phase was zero thus ensuring that
the temperature remained unchanged from the initial temperature. The overall heat of reaction was
determined from the reaction of POM to formaldehyde conversion. The decomposition of POM at
2500 K was verified to produce formaldehyde when modeled with ReaxFF in LAMMPS Molecular
Dynamics Simulator supporting the findings of Dias et al. and Beckel et al. [28, 73, 75, 76]. The
tracking of the decomposition of POM confirms that the correct species are being used in the
numerical model. Equation 3-3 was then used to find the heat of reaction.
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𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 = � Δν𝑝𝑝 Δ𝐻𝐻𝑝𝑝 − � Δν𝑟𝑟 Δ𝐻𝐻𝑟𝑟

(3 − 3)

Due to the relation of equation 3-2 and 3-3, the reaction heat transfer is accounted for in

the change between ℎ𝑠𝑠,𝑖𝑖 and ℎ𝑠𝑠,𝑠𝑠 , since they are both defined at the boundaries of the control volume
and account for reaction heating. The next step was to evaluate the mass flux of gasification of

formaldehyde by dividing the heat flux at the surface by the change in specific enthalpy of the
condensed-phase control volume shown in equation 3-4.
𝑚𝑚̇ =

𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
Δℎ

(3 − 4)

In equation 3-5 in enthalpy was calculated by subtracting the enthalpy of formation of POM
from the total enthalpy of formaldehyde.
𝑇𝑇

700𝐾𝐾
𝑖𝑖
Δℎ = ℎ0,
𝐶𝐶𝐻𝐻2 𝑂𝑂 – ℎ𝑃𝑃𝑃𝑃𝑃𝑃

(3 − 5)

Now that the mass flux of the gaseous fuel was determined using equation 3-4 and 3-5, it

was divided by the density of POM to determine the solid-fuel regression rate based on a change
in enthalpy. Equation 3-5 shows the method for determining the regression rate.
𝑚𝑚̇
= ρ𝑠𝑠 𝑟𝑟̇ = 𝑈𝑈𝑔𝑔 ρ𝑔𝑔
𝐴𝐴

(3 − 6)

3.2.2 Gas-Phase Modeling in ANSYS Chemkin
To model the opposed flow burner in Chemkin, there are many assumptions that are made.
Chemkin assumes the burner flow to be one dimensional, steady state, axisymmetric, and isobaric.
Three of the key equations used in Chemkin’s Oppdiff driver code are the Conservation of Mass
(equation 3-7), Species (equation 3-8), and Energy (equation 3-9), which are shown below,
respectively [77].
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1 𝑑𝑑
𝑑𝑑
(ρ𝑢𝑢) +
(ρ𝑣𝑣𝑣𝑣) = 0
𝑟𝑟 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
ρ𝑢𝑢

(3 − 7)

𝑑𝑑
𝑑𝑑𝑌𝑌𝑖𝑖
+
ρ𝑌𝑌 𝑉𝑉 = ω̇ 𝚤𝚤
𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 𝑖𝑖 𝑖𝑖
𝑁𝑁

𝑁𝑁

𝑖𝑖=1

𝑖𝑖=1

𝑑𝑑𝑑𝑑
𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
ρ𝑐𝑐𝑝𝑝 u
=
�λ � − � �ρ𝑌𝑌𝑖𝑖 𝑉𝑉𝑖𝑖 𝐶𝐶𝑝𝑝𝑝𝑝 � − � ω𝑖𝑖 𝐻𝐻𝑖𝑖
𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

(3 − 8)

(3 − 9)

Specific enthalpy (ℎ𝑖𝑖 ) is defined as the as a combination of sensible enthalpy and the heat

of formation of a given species per unit mass. Specific enthalpy and diffusion rate are expanded in
equation 10 and 11.
𝑇𝑇

𝑜𝑜
ℎ𝑖𝑖0 = ℎ𝑓𝑓𝑓𝑓
+ � 𝑐𝑐𝑝𝑝𝑝𝑝 𝑑𝑑𝑑𝑑

(3 − 10)

𝑑𝑑𝑋𝑋𝑗𝑗 𝐷𝐷𝑁𝑁𝑇𝑇 1 𝑑𝑑𝑑𝑑
1
� 𝑊𝑊𝑗𝑗 𝐷𝐷𝑁𝑁𝑁𝑁
−
𝑉𝑉𝑁𝑁 =
�
𝑑𝑑𝑑𝑑 ρ𝑌𝑌𝑘𝑘 𝑇𝑇 𝑑𝑑𝑑𝑑
𝑋𝑋𝑁𝑁 𝑊𝑊

(3 − 11)

𝑁𝑁

𝑇𝑇𝑖𝑖

𝑗𝑗=1

In equation 3-12, respectively the 𝐷𝐷𝑁𝑁𝑁𝑁 and 𝐷𝐷𝑁𝑁𝑇𝑇 terms represent the multicomponent mass

and thermal diffusion coefficients. However, there is a more appealing option to calculating mass
diffusion, due to additional computational cost of equation 3-11. A mixture averaged mass diffusion
was used for stability in this study and is defined in equation 3-13.
∑𝑁𝑁
1
𝑑𝑑𝑋𝑋𝑁𝑁 𝐷𝐷𝑁𝑁 1 𝑑𝑑𝑑𝑑
𝑗𝑗≠𝑁𝑁 𝑋𝑋𝑗𝑗 𝑊𝑊𝑗𝑗
𝐷𝐷𝑁𝑁𝑁𝑁
−
, 𝐷𝐷𝑁𝑁𝑁𝑁 =
𝑉𝑉𝑁𝑁 = −
𝑋𝑋𝑗𝑗
𝑑𝑑𝑑𝑑
ρ𝑌𝑌𝑘𝑘 𝑇𝑇 𝑑𝑑𝑑𝑑
𝑋𝑋𝑁𝑁
� ∑𝑁𝑁
𝑊𝑊
𝑗𝑗=𝑁𝑁 𝐷𝐷

𝑗𝑗𝑗𝑗

(3 − 13)

A flow chart of the Oppdiff driver code is shown in Figure 15. To use the Oppdiff driver
code, external files are needed that define the reaction mechanism, thermodynamic properties, and
transport properties. In this study, the Glarborg mechanism was used based on prior success in a
similar study conducted by Nardozzo [78, 79, 80, 64]. The default Chemkin thermodynamic and
transport properties were also used based on previous work. The Preprocessor reads the chemistry
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mechanism, thermodynamic, and transport files first and then generates standard files for use by
the Oppdiff.

Figure 15: Diagram of Oppdiff execution [81]
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3.2.3 Coupling of MATLAB Condensed-Phase Gasification Model and Chemkin Oppdiff
Gas-Phase Solution
The goal of coupling the MATLAB and Chemkin oppdiff solver was to create an iterative
process that would calculate values of gas fuel velocity and then compare them to the findings of
the Chemkin model. A tolerance was set to get both gas velocities within 0.001 m/s. If the difference
was not satisfied, the MATLAB code would calculate and updated estimate and rewrite the input
value for the fuel gas velocity in the Chemkin input file until both the MATLAB calculated and
Chemkin assumed values were within the specified tolerance. The flow chart in Figure 16 shows
the iterative method used for achieving a numerical regression rate. In the model, the surface
temperature was set to be constant at 700 K, which is suggested by previous work investigating
POM [28, 73]. By defining the surface temperature to 700K, the problem has been simplified since
in a real-world situation the gasification process is generally defined by an Arrhenius relationship
with material-specific activation energy such that higher temperatures lead to higher gasification
rates. The impact of temperature is shown in Figure 17. Through this process, the temperature of
the gaseous fuel at the surface was the same as the temperature of the pyrolyzing condensed phase
fuel surface, shown in equation 3-14. To couple the two codes, the gas phase and condensed phase
mass fluxes were matched at the interface. The MATLAB condensed-phase code used to
implement this coupling can be found in Appendix B.
𝑇𝑇𝑠𝑠 (0 +) = 𝑇𝑇𝑔𝑔

(3 − 14)

In concept, the MATLAB code will read the initial condition output file to find the change
in temperature gradient of the numerical code by calculating a value based off of the gas phase
solution. Using these values from Chemkin’s output file, the thermal conductivity of the first two
data points was used to calculate the heat flux or temperature change, shown in equation 3-15. The
next step will calculate the change in enthalpy of the control volume using a heat capacity
polynomial fit for formaldehyde [72]. Using the change in enthalpy and calculated conduction heat
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flux from the gas phase for the present solution, the mass flux of the gaseous fuel is determined and
used to calculate regression rate in MATLAB. If the regression rate does not match, the next
Chemkin case is run using the same initial conditions to iterate to a final value for inlet fuel velocity.
Once the final value is found, the value is then compared to the MATLAB calculated value with
consideration of the error tolerance set by the user. Based on the agreement, the MATLAB code
will iterate until convergence is reached.
𝑄𝑄̇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = �

𝑘𝑘1 + 𝑘𝑘2 𝑑𝑑𝑑𝑑
�
2
𝑑𝑑𝑑𝑑

(3 − 15)
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Figure 16: Flow Chart of the MATLAB and Chemkin coupling to find regression rate [64].
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3.2.4 Model Inputs
The gas phase and condensed phase both have their own required inputs to make the code
operate as intended. The inputs to the gas phase involved the use of the Glarborg mechanism, Burcat
thermodynamic, and GRI transport properties. Additionally, properties for formaldehyde were
needed such as a Burcat 7th order polynomial for specific heat, molecular weight, and density. The
Chemkin file also required information for the oxidizer type, oxidizer velocity, pressure, and
temperatures for both the fuel and oxidizer. Initially, the inlet gas velocity is guessed and then
converges as the MATLAB wrapper iterates.
For the condensed phase, the only properties that were required are those of POM and
formaldehyde. For the POM, the density was used and the NASA polynomial for formaldehyde.
The properties of POM were used to calculate the pyrolysis velocity of formaldehyde at the
boundary. Like the numerical model, an input temperature was required as well as an input pressure.
In our case, the specific heat was defined based on table values for POM at 700 K.
To initialize the code, a good first guess is helpful to attain a timely convergence. To do
this, experimental values were used as an initial guess. Experimentally, the regression rate of POM
under given conditions is known. To make an initial guess, the surface temperature was fixed. To
assess this assumption, POM was tested numerically across a range of temperatures from 500 K to
800 K to see how the flame temperature would change with surface temperature. It is shown in
Figure 17 and Figure 18 that the change in fuel surface temperature has a minimal impact on the
calculated results that describe the opposed flow burner. A 6% error in regression rate was found
between the extremes of 500 K and 800 K with a 3% variation in regression rate for measurements
within 100 K of 700 K and this results in a sensitivity of 0.20. In Figure 16, the regression rate
decreases with temperature since an Arrhenius function is not used to describe the burning surface
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behavior. The given sensitivity is only representative when the temperature is a fixed value at the
surface.
In all the tests that were conducted with the Chemkin Oppdiff driver, the mesh grid was
200 spatial points, which was refined based off of a previous study to ensure the findings were
comparable [64]. The grid size did need to be increased as pressure increased and for cases about
50 MPa, the grid consisted of 5000 spatial points. Additionally, a peak temperature location was
guessed to allow for adaptive points to better be utilized in the region of the flame location, where
gradients are larger. The peak flame temperature location remained relatively consistent for all
cases. The peak flame initial guess location needed to be shifted for cases that had changes in
pressure, and separation distance, different oxidizer content (other than pure oxygen).
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Figure 17: Regression rate vs. fuel surface temperature.
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Figure 18: Flame profile at varying surface temperatures with 0.001 cm corresponding to the
surface and 0.43cm corresponding to the oxidizer inlet.
To provide a comparison for POM of a common solid fuel of interest for hybrid rocket
propulsion, numerical cases of HTPB were conducted. For HTPB many of the Chemkin inputs
remained the same, however, changes were made to the surface temperature and the gas species
used. Due to the reworking of the code, a shift from POM to HTPB was conducted with ease. To
switch between fuel, the main changes included density, molecular weight, NASA polynomial of
both acetylene and ethylene, and an enthalpy of formation for HTPB. The gas surface temperatures
of HTPB was set to 600K and simplified gas species were acetylene (C2H2) and ethylene (C2H4),
which were taken from Nardozzo’s Chemkin model in 2016 [64]. The inlet species concentrations
of HTPB were defined as 50% acetylene (C2H2) and 50% ethylene (C2H4). All other input
conditions remained the same as those set for the POM numerical cases.
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Results and Discussion
Experimental tests were conducted on the opposed flow burner to investigate changes in
regression rate in response to variations in operating conditions. In these tests, changes in the
separation distance and oxidizer composition were investigated. Experimental regression rates
were compared with predications from a kinetic model. To extend our understanding of the
combustion behavior, simulations were also conducted at elevated pressures.

4.1 Color
One of the first observations made was that POM can either be natural (white) or black in
color [82]. Both types are commonly used in the food industry and FDA and USDA approved.
However, the black POM is not as widely used as the natural POM [50]. The main difference
between each is that the black POM has a graphite additive to help with lubricity and U.V.
resistance [83]. For completeness, both white and black POM samples were tested under identical
conditions to see if the linear regression rate behavior changed with the added graphite in the black
POM. In Figure 19, a comparison of measured fuel regression rates is shown of the white and black
POM at 2.0 mm and 2.7 mm separation distance, and with pure oxygen at 90 cm/s.
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Figure 19: Comparison of white POM and black POM at 2.0 mm and 2.7 mm separation
distance.
The average linear regression rate is nearly identical for the black and white POM measured
at both 2.0 mm and 2.7 mm. In the context of the opposed flow burner, both the black and white
POM regress nearly identical, however, this was expected since the burning of POM produces
nearly no soot. Since there is minimal soot and no influence on regression rate, it can be concluded
that the band emission from carbon dioxide and water is also negligible. In many hybrid engine
systems, graphite is added to the fuel to act as an opacifier, to maintain the structural integrity of
the fuel, and to keep the radiation heat transfer confined in the melt layer [84]. It was shown in
paraffin that having an optical opacifier, there will be an increase in heat transfer to the melt layer,
enhancing the performance of the fuel [85]. The influence of an opacifier is not noticeable in terms
of linear regression rate on the opposed flow burner but has been shown to enhance actual hybrid
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engine performance. It is likely not noticeable since radiation heat transfer is a small percentage of
the overall heat transfer in addition to minimal soot, and there are also no metallic particles in the
samples being tested. It was found in previous work that the addition of metallic particles does not
function similarly in the opposed flow burner as they would in an actual hybrid engine since the
surface flux is not large enough to removes the particles from the surface and have them burn [64].
In addition to testing the effect of color, temperature was also a secondary area of interest.
Due to wide variation in the error bars, it was theorized that the conductive heat transfer from the
pellet holder was causing the pellets to preheat, which would influence the regression rate. To test
this behavior, two white and two black samples were placed in a freezer overnight at 278K and
tested the following day. The results of each test indicated that the regression rate did not change
with pellet initial temperature since the values fell within the measured error bars. It was later
concluded that the bars can be minimized by increasing the separation distance between the fuel
surface and oxidizer nozzle exit. This behavior is further discussed in the Nozzle Separation
Distance section.

4.2 Pellet Movement
When ImageJ was used for image processing, it was observed that the pellet burning
surface location would gradually shift toward the oxidizer nozzle throughout the burning process.
This movement was initially of concern since it would change the actual conditions of each test
and possibly lead to linear regression rate values that were misrepresented. In Figure 20, a nominal
separation distance was set at 2.7 mm and pure oxygen was varied from 10 cm/s to 110 cm/s. In all
plots, larger change in separation distance indicates pellet is closer to nozzle. In the plot, it is shown
that the pellet movement was relatively small with a maximum value of 0.32 mm in comparison to
the nozzle separation distance 2.7 mm. Based on the data shown in the plot, there appears to be an
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optimum in terms of minimal pellet movement between 20 cm/s and 80 cm/s. It is presumed that
as the velocity increases, the pellet’s melt layer will get thinner due to a decrease in surface
temperature and thermal wave thickness, leading to a variation in melt layer due to other fluid
dynamic factors such as nozzle alignment.
In Figure 21, the pellet movement for varying oxidizer compositions of nitrogen and
oxygen is shown. Each sample had a set separation distance of 2.7 mm and a constant oxidizer
velocity of 90 cm/s. The maximum pellet movement for the nitrogen is within the experimental
uncertainty with the pure oxygen, shown in Figure 20. It is speculated that the relative flame
location and flame temperature have an impact on the pellet movement for both oxidizer cases,
since there is variation based on oxidizer velocity.
In Figure 22, the pellet movement with a separation distance of 4.3 mm is shown. Similar
to Figure 20, the pure oxygen was varied from 10 cm/s to 110 cm/s. Consistent with the findings
with the 2.7 mm separation distance, the pellet movement appears to increase as the oxidizer
velocity increases, however, at low velocities the pellet movement is small. One factor that may be
at play in this case is that the nozzle is not aligned to be coincident to the pellet. It is presumed that
at further nozzle separation, the linear regression rate may have variation because of the alignment
factor, which leads to an uneven burning surface. The influence of nozzle alignment on regression
rate will be discussed in the Nozzle Separation Distance section. It was concluded that pellet
movement is likely not a critical factor to consider when burning POM. From a numerical
perspective, it was found that a change in separation distance of 0.32 mm, which was the largest
movement measured for all separation distances, had a minimal impact on the calculated regression
rate. Since the movement is relatively small and increasingly insignificant for larger separation
distances, it was decided that the nominal (2.0mm, 2.7mm, and 4.3mm) separation distance will be
used for all calculations.
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Figure 20: 2.7 mm set spacing pellet movement with change in pure oxygen velocity.
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Figure 21: Pellet movement with change in N2/O2 oxidizer mix at a separation distance of
4.3 mm and an oxidizer velocity of 90 cm/s.
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Figure 22: 4.3 mm set spacing pellet movement with change in pure oxygen velocity.

4.3 Effect of Oxidizer Velocity
Using the opposed flow burner, the regression rate was measured and calculated at different
oxidizer velocities, as well as three different separation distances. Figure 23, Figure 25, and Figure
26, present the regression rate for separation distances of 2.0 mm, 2.7 mm, and 4.3 mm,
respectively. In Figure 23, comparison shows the predicted regression rate to be always higher than
the measured burning rate. The disagreement between the Chemkin model and experiments is
greatest at a separation distance of 2.0 mm. This separation distance produces the highest
theoretical regression rates. The small separation distance also implies the highest strain rates and
consequently lowest residence times.
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Figure 23: Experimental and numerical regression rates at different oxidizer velocities for a
separation distance of 2.0 mm.
The poor agreement between model and experiment for a separation distance of 2.0 mm is
likely due to two main factors. The first factor is that the nozzle separation distance is so close that
the alignment is critical for reliability and accurate regression rate data. The second factor is due to
the pellet’s burning behavior, which shows the pellet’s edges to round, creating more surface area
for burning. In some cases, at high oxidizer velocities, the curvature becomes so large that the
burning surface is nearly hemispherical creating a 2-dimensional effect. An example of a flat versus
rounded burning surface is shown in Figure 24. The 2-dimensional hemispherical surface is
believed to lead to a decreased melt layer thickness since the edges of the melt layer were influenced
by the convective flow of products, which reduced the overall gasification and decreased the
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regression rate. Although the surface area is increasing the stagnation plane behavior is believed to
change leading to a convective flow of products cooling the edges of the pellet and in turn
decreasing the regression rate. It is also worth noting that the flat flame is visibly brighter than the
rounded flame, which is an indication of possible temperature change or soot. In Figure 23, this is
visible for the 90 cm/s tests. For the case that exhibited hemispherical behavior the separation
distance was taken at the top of pellet, which is the closest to the nozzle. In Figure 24, the top case
was taken at a separation distance of 4.3 mm and the bottom case was taken at 2.0 mm.

Figure 24: Comparison of a flat (top) and hemispherical (bottom) burning surface.
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Figure 25: Experimental and numerical regression rates at different oxidizer velocities for a
separation distance of 2.7 mm.
Figure 25 presents a comparison of the regression rate as a function of oxidizer velocity
for the 2.7 mm separation distance. The experimental and numerical data are in better agreement
between 10 cm/s and 40 cm/s, but after this point, a decrease in regression rate is shown. This
slight decrease is consistent with the influences mentioned above and it is important to note that
the new flow field no longer follows the traditional opposed flow burner flow field conditions,
which consist of a stagnation plane. The hemispherical burning surface is likely the cause of the
decrease in regression rate since the melt layer is no longer uniform and will be thicker at the center
and thinner on the edges of the pellet. Even though the burning surface is no longer planar the
experimental values maintain their upward trend that is offset from the numerical values. Similarly,
to the 2.0 mm case, the melt layer is increasing in surface area and change in melt layer thickness,
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which is likely caused by a decrease in regression rate at higher mass flux values due to a decrease
in temperature at the surface.
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Figure 26: Experimental and numerical regression rates at different oxidizer velocities for a
separation distance of 4.3 mm.
Figure 26, unlike the 2.0 mm and 2.7 mm cases, has good agreement between the
experimental and numerical findings for all oxidizer velocities. By increasing the separation
distance, the rounding of the fuel pellet was greatly reduced. In this case, the fuel pellet edges do
slightly round but are nowhere near the extent of curvature for the small separation distance case.
In this case, a slight deviation can be seen at the 40 cm/s mark, which is the point where the edges
begin to slightly curve and decrease the thickness of the melt layer and flow off of the pellet.
Overall, the thickness is not largely impacted as the velocity is increased, which is shown by the
close experimental and numerical agreement, even at high velocities. The greater 1-D flow and flat
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propellant surface with the 4.3 mm separation distance became the basis for most of the
comparisons (experimental and computational) moving forward.
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Figure 27: Temperature profile compared to distance from the fuel surface with a 4.3 mm
separation distance.
Figure 27 shows the numerical temperature profile with the left side of the plot being the
fuel surface and the right side being the nozzle inlet location for the oxidizer, and the distance being
displayed as a log scale to better illustrate small differences in the temperature profile. The first
point of interest is that the peak flame temperature is the largest under the slowest oxidizer velocity.
Inversely the lowest peak flame temperature is the highest oxidizer velocity. This behavior is due
to the blowing effect; with the high oxidizer mass flux, the flame will be heavily influenced by the
oxidizer blowing effect, which takes heat away from the flame region. This blowing effect, caused

56
by the high oxidizer velocity, also shifts the peak flame location closer to the fuel. The blowing
effect also increases the strain rate meaning that the residence time decrease as the oxidizer velocity
increases. This is apparent in the 100 cm/s velocity case.
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Figure 28: Location of peak flame temperature compared to stagnation point across varying
oxidizer velocities at a separation distance of 2.0 mm
In Figure 28, the stagnation plane, which is the location where the axial velocity is zero,
and the peak flame locations are compared at different oxidizer velocities. Distance zero represents
the fuel surface and the top of the plot represents the nozzle inlet for the pure oxygen. For a
separation distance of 2.0 mm the flame location and the stagnation point are shown to be nearly
the same distance from the fuel surface for all oxidizer flows. This is likely due to the low velocity
of both the fuel and oxidizer, which means that they are nearly traveling at the same gas velocity.

57
In this case the flame is located on the oxidizer side of the stagnation plane side due to the
momentum balance of formaldehyde and gaseous oxygen. For all other oxidizer velocity, a similar
trend is shown. Between 20cm/s and 40cm/s the stagnation plane appears to get closer to the surface
fuel due to the increasing velocity. Starting at 50cm/s the stagnation plane and peak flame location
get closer due to the increase in regression rate, which leads to a higher gaseous fuel velocity that
changes the flame location based on the momentum balance of formaldehyde and gaseous oxygen.
A similar behavior is seen for the 2.7mm case shown in Figure 29 except in this case a
greater distance is between the peak flame temperature and stagnation plane. Similarly, the
stagnation plane gets closer to the fuel surface as the velocity is increased due to the added blowing
effect and momentum of the oxidizer being slightly larger. In Figure 30, a slight difference was
observed at an oxidizer velocity of 5 cm/s because the flame and stagnation plane location switch.
This change in position indicated that the flame may not have ample amounts of oxygen and may
possibly producing soot since the flame is fuel rich. This causes the flame to get closer to the
oxidizer source and get father off the fuel surface because of the momentum of the fuel and oxidizer
having similar values. In this case the flame and stagnation plane location appear to be uniform in
separation for most oxidizer velocities. As expected, the stagnation plane and flame get closer to
the fuel surface under higher oxidizer mass fluxes.
Two of the most important observations for all separate distances:
•

Flame and stagnation plane locations move closer to the fuel surface with increasing
oxygen flow rate

•

The flame is always located on the oxidizer side of the stagnation plane, except cases with
very slow (5 cm/s) oxygen velocities, and at lower oxygen flow rates the flame and
stagnation plane locations tend to merge because of the interaction of the residence,
diffusion, and reaction times
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Figure 29: Location of peak flame temperature compared to stagnation point across varying
oxidizer velocities at a separation distance of 2.7 mm.
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Figure 30: Location of peak flame temperature compared to stagnation point across varying
oxidizer velocities at a separation distance of 4.3 mm.
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4.4 Oxidizer Composition
In addition to pure oxygen, blends of oxygen and nitrogen were also investigated as the
oxidizer with POM, both experimentally and numerically. In Figure 31, all regression rates were
measured empirically at an oxidizer gas velocity of 90 cm/s. The experiments included changes in
separation distance, POM color, and oxidizer compositions. The highest regression rates were
measured for the black and white POM at the smallest separation distances. The behavior of
blended nitrogen and oxygen surrogate OXSOL-1 was observed to have similar regression rates
for 2.7 mm and 4.3 mm separation distances. Surrogate N2O and air produced the lowest regression
rates with a small separation distance. The main factor that separates the simulated OXSOL-1 and
the N2O and air is that the content of nitrogen.
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Figure 31: Surrogate oxidizers compared to pure oxygen cases for black and white POM.
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In Figure 32, the temperature profiles for variations in oxygen and nitrogen in the oxidizer
stream are presented. In the figure, the left side represents the fuel surface and the right side
represents the nozzle inlet for the oxidizer blend. As expected, the peak flame temperature occurs
for mixtures with the highest oxygen concentration. In Figure 33, it is shown that the stagnation
plane shifts towards the fuel while the flame location remains a constant distance from the fuel.
Also, as the nitrogen content increases, the stagnation plane begins to shift closer to the fuel and
farther from the flame location. The stagnation plane shifts due to the influence of momentum,
since nitrogen and oxygen have more momentum than the fuel flow. The stagnation plane also
shifts due to a decreasing temperature gradient, which is causing a decrease in regression rate and
ultimately produces less fuel flow momentum.
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Figure 32: Nitrogen and oxygen by volume varied at 4.3 mm separation distance.
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Figure 33: Comparison of peak flame and stagnation plane location at a separation distance of
4.3 mm and varied nitrogen content.
In Figure 34 and Figure 35 the species mole fractions are shown of two oxidizer mixtures.
The oxidizer mixture for Figure 34 consist of 80% nitrogen and 20% oxygen, while the mixture
for Figure 35 consist of 20% nitrogen and 80% oxygen. Comparing both figures, the first aspect
that is noticed is that the peak heat release rate increases with the amount of oxygen present, which
is consistent with the concept that nitrogen acts to reduce the heat release rate. Both cases also have
a spike in heat release rate as the composition of pure oxygen and hydrogen begin to oxidize
forming CO2 and H2O, with a relative plateau in heat release rate where equilibrium products of
carbon dioxide and water form. In both cases, the largest heat release rate is found when
formaldehyde oxidizes and forms hydrogen and carbon monoxide. Based off of the peak
concentration of the equilibrium products shown in both figures, the flame can be predicated to be
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close to the fuel, which is consistent with the data shown in Figure 33. Another consistency is that
the formation of CO is much larger for the 80% oxygen case and, because of the heat release rate,
produces more hydrogen compared to the 80% nitrogen case. More hydrogen is produced due to
the increased temperature since the heat release rate is occurring in the flame zone. Finally, as
expected, the concentration of the final equilibrium products is larger for the 80% oxygen case
because of the formation of more monatomic oxygen and hydroxyl radicals, which is aligns with
the distance required to decompose pure oxygen and formaldehyde.
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Figure 34: Bulk species of an 80% nitrogen and 20% oxygen oxidizer at a separation distance of
4.3 mm.
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Figure 35: Bulk species of an 20% nitrogen and 80% oxygen oxidizer at a separation distance of
4.3 mm.
Figure 36 presents a comparison of the flame temperatures and axial velocities of each case
mentioned previously. Looking at the flame temperature we can see that the case containing more
nitrogen has a lower flame temperature since nitrogen acts as a diluent and reduces combustion
efficiency, compared to a pure oxygen case, by reducing the heat release rate. On the left side of
the figure the axial velocities indicate the rate at which fuel is leaving the surface. In the case with
limited diluent we see that the axial velocity leaving the surface is higher due to the more efficient
combustion, which will increase the rates of reaction. On the right side of the figure, the oxidizer
velocity is at 90 cm/s at the nozzle and steadily decreases until the oxidizer begins to preheat. Once
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the oxidizer begins to preheat the density will change and lead to an increase in velocity until the
flow begin to approach the stagnation plane. At the stagnation plane the axial velocity will be zero
and all flow will be purely radial products. As shown Figure 34 and Figure 35, the flame, which is
indicated by final products of water and carbon dioxide, is found on the oxidizer side of the
stagnation plane. In
Figure 36, the same conclusion can be made since the flame location is near the peak
temperature and in this case the peak temperature of both are on the right side of the stagnation
plane.
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Figure 36: 20% nitrogen and 80% oxygen and 80% nitrogen and 20% oxygen
comparison of flame temperature and axial velocity at 4.3 mm separation distance.
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4.5 Nozzle Separation Distance
The nozzle-pellet separation distance is a key parameter in the opposed flow burner. This
parameter can be used to control linear regression rate and may possibly be an essential part of
comparing the results from an actual hybrid engine to a bench top test, such as the opposed flow
burner. Experimentally, the nozzle separation distance was tested at 2.0 mm, 2.7mm and 4.3 mm
but numerical cases were evaluated at separation distance of 2.0 mm, 2.7 mm, 4.3 mm, 6.6 mm,
and 9.0 mm.
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Figure 37: Comparison of nozzle separation distances a different oxygen velocities (Numerical).
It is shown in Figure 37 that as the separation distance is decreased, the regression rate
increases. It is also shown that the slope appears to increase for all separation distances. It is worth
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noting that there seems to be a transition point where the slope changes. For the smaller a separation
distances, this occurs near 40 cm/s and for separation distance of 4.3 mm it occurs near 10 cm/s.
For separation distances greater than 4.3 mm, the transition was not observed.
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Figure 38: Separation distance against regression rate for different oxidizer flow rates
(Numerical).
In Figure 38, the separation distance is plotted against the linear regression rate for pure
oxygen at five different oxidizer velocities. As previously mentioned, as the separation distance
increases, the linear regression rate decreases. The linear regression rate appears to decrease
logarithmically with an increase in separation distance. It is expected experimentally that the
regression would be much slower or may not even ignite at the extreme separation distances since
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the amount of oxidizer that reaches the pellet will be less than what is required for consistent
burning. For a given turbulent jet flow, there is a relation that ultimately dictates jet geometry. This
relation results in a jet half angle of approximately 12 degrees [65], which likely has no impact for
cases with a separation distance of 5.0 mm or less, since both are jet flows. This mix of both flows
essentially means that the jet behavior will exist up to a given point where the flow field will change
and slow or turn as it approaches the stagnation plane.
Looking at large separation distances, the jet flow influence will likely play a factor to the
development of the opposed flow stagnation plane in an experimental setting. Jet flow will not
impact numerical results since it is idealized as a 1D laminar flow. In a numerical analysis, shown
in Figure 39, the flame location progressively gets farther from the fuel surface as the separation
distance increases. In Table 1, the separation distances are shown in comparison to oxidizer flow,
stagnation distance, and flame location. The percentage of oxygen contact with the surface is
shown Table 1. As previously mentioned, the smaller separation distances do not follow this trend
since the opposed flow fluid dynamics have their own influence, however, at larger separation
distances, we can see that the percent oxygen flow contacting the pellet is small. To put this into
perspective, the flame and stagnation plane remain relatively close the fuel surface. As an example,
in the case of 70 mm, we can see that the stagnation plane and flame sit roughly 9% of the total
separation distance off of the fuel surface. This indicated that the jet flow assumption can be made
for at least the first 40 mm to 50 mm of the flow field, which shows that percent oxygen flow
contacting the pellet is significantly less than the recorded mass flux set by the velocity of 60 cm/s
with 16% and 12% oxidizer to pellet. This behavior effectively decreases the strain rate since the
area is increasing with length. This finding shows it may be possible to simulate a larger separation
distance without the need for increasing the separation distance but by varying the mass flux to
match the actual percent of oxidizer that is contacting the pellet surface.
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Due to the nature of jet flows, the jet flow will disperse and decrease in velocity with
distance from the nozzle. The decrease in velocity changes the effective oxidizer velocity that is
influencing the location of the stagnation plane. The effective velocity ultimately leads to a
misrepresented case since the oxidizer mass flux is believed to be larger than what is actually
influencing the stagnation plane and flame location. In Table 1, all cases that have a value of 100
for percent of oxygen flow contacting pellet will have the same input velocity as the effective
velocity. For cases that are below 100%, the effective velocity will be lower than the input velocity.
Thus, the experiments should not be conducted for separation distance greater than 5.0 mm.
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Figure 39: Peak flame location compared to the stagnation plane location at varying separation
distances.
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Table 1: Separation Distances
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4.6 Pressure
The influence of pressure on the fuel regression rate was modeled from ambient pressure
to those that are typical used in hybrid rocket engines. Figure 40 presents the regression rates as a
function of pressure for a constant oxidizer velocity of 90 cm/s. The regression rate closely follows
a power law trend. In Figure 41, the temperature profiles are shown for a range of pressures from
atmospheric conditions to 7MPa. As the pressure increases, the flame temperature increases and
shifts closer to the fuel surface by nearly an order of magnitude. The increase in pressure also
increases both the rates of reaction and diffusion. With the oxidizer velocity fixed as the pressure
is increased, the momentum flux of the fuel increases at the fuel surface. This can be visualized in
Figure 41, as an increase in the slope of the temperature profile on the fuel side for 7 MPa when
compared to 0.1 MPa. The increase in temperature gradient at the surface results in an increase of
conduction and mass diffusion rates.
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Figure 40: Influence of pressure on regression rate at a separation distance of 4.3 mm
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(4 − 1)

In equation 4-1 the pressure is increased by a factor of 70 over the ranges of pressure
studies, which increase the regression rate by a factor of 6. To compensate for the pressure increase,
the gas velocity of the fuel at the surface must decrease by approximately an order of magnitude.
Thus, the momentum flux of the fuel increases at a much slower rate than that of the oxidizer which
moves the stagnation plane closer to the surface with increasing pressure.
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Figure 41: Temperature profile at different pressures at a separation distance of 4.3 mm.
In Figure 42, the flame location is near the oxidizer side of the stagnation plane, which is
consistent with all other separation distances and oxidizer variation cases. However, as the pressure
increases, the stagnation plane and flame get closer to the fuel surface and are nearly the same
distance from the fuel surface. The stagnation plane is closer to the fuel surface because the fuel
mass flux is much slower than that of the oxidizer.
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Figure 42: Flame location compared to the stagnation plane location at a separation distance of
4.3 mm.
The species concentrations and heat release rate are shown for cases at 0.1 MPa and 7 MPa
in Figure 44 and Figure 45, respectively. One of the major differences is the scale, which shows
that the flame zone for the higher pressure occur in a more confined region compared to the
atmospheric pressure. To put this in perspective, the oxidation of formaldehyde completely occurs
by 0.05 cm at atmospheric pressure, while at 7 MPa, the formaldehyde has completely been
consumed by 0.005 cm. In both plots, we see that the peak heat release rate occurs near the
formation of carbon monoxide and hydrogen. It is also worth noting that the peak heat release rate
is two orders of magnitude higher for the 7 MPa pressure case. However, at 7 MPa, there is a large
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heat release rate that is the oxidation of CO and H2 to carbon dioxide and water. It is in this region
where the largest heat release rate occurs. In the 7 MPa case there is also a secondary heat release
rate which is the recombination of the radial species of monatomic oxygen and hydroxyl. In the 0.1
MPa case the largest heat release rate occurs with the formation of CO and H2, similar to the 7 MPa
case. In the 0.1 MPa case there are also two secondary heat release rates, one is for the formation
of finals products of carbon dioxide and water and the other is the recombination of radicals such
as monoatomic oxygen and hydroxyl. In both cases, we can see that the mole fraction of hydroxyl
radicals and oxygen are relatively similar, even though the heat release rate is much higher at 7
MPa. It is likely that the species are consumed so quickly and produced at high pressures that there
is partial equilibrium. One major difference between each case is that at 0.1 MPa the formation of
final products produces a heat release rate, while with elevated pressure the heat release rate has
shifted and occurs with greater magnitude. For the high-pressure case it is likely that the formation
of final products happens immediately after the formation of carbon dioxide and hydrogen, since
the high-pressure is increasing production rates of reaction. Since the formation of carbon dioxide
and hydrogen lead to final products it is likely that the heat release rate is represented by one peak
rather than the two peaks found in the 0.1 MPa case.
In general, the reactions occurring in the 7 MPa case are much faster than those occurring
at atmospheric conditions. This leads to a shift in the final concentrations, since a more complete
combustion is occurring. This can be seen in both figures, where the mole fraction of the
equilibrium products is slightly larger for the 7 MPa case.
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Figure 43: Axial velocity and temperature at atmospheric and pressurized conditions.
In Figure 43, the peak temperature is nearly 700K higher for the 7 MPa case, due to
increased residence time achieved with higher pressure. The flame is also closer to the fuel surface
due to the balancing of regression rate, pressure, and gas velocity found in equation 4-1. For the
axial velocity, the oxidizer has a velocity of 90cm/s and decreases until it reaches the preheat zone
near 0.04 cm. Once the oxidizer begins to preheat the density changes and leads to a slight increase
in velocity. For the atmospheric case, the increase in velocity during preheating is much larger due
to a larger preheat zone and a larger distance between the flame location and stagnation plane. At
7 MPa once the oxidizer reaches the flame zone, we see that the axial velocity begins to decrease
as it approaches the stagnation plane. For the fuel surface we can see that under atmospheric
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conditions the fuel gas has a chance to increase in velocity for about 0.04 cm but for the highpressure case the fuel velocity has little chance to increase before slowing down on approach to the
stagnation plane.
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Figure 44: Species concentration for a pressure of one atm and a separation distance of 4.3 mm.
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Figure 45: Species concentration for a pressure of 7 MPa and a separation distance of 4.3 mm.

4.7 Other Solid Fuel vs POM
In Figure 46, the regression rates of POM are compared to those of HTPB. Experimentally
we can see that the regression rate of POM is significantly less than HTPB for larger oxidizer
velocities. However, looking at the numerical calculations, both POM and HTPB have nearly
identical regression rates across all oxidizer velocities.
In Figure 47, the mass flux values of POM and HTPB are shown. We can see that the
experimental mass flux values of POM are slightly lower than those of HTPB. As a result of its
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larger density for POM (1.41 g/cm3) compared to the lower density of HTPB (0.90 g/cm3). For the
numerical cases, the mass flux of POM is much larger than the mass flux values of HTPB.
Due to the lack of available experimental results of HPTB in the opposed flow burner,
larger separation distances could not be compared experimentally for POM and HTPB. It is
important to note that the experimental regression rates may be artificially altered due to the close
separation distance of 2.0 mm. As previously mentioned, as the separation distance is decreased
the numerical and experimental agreements are not as good due to the hemispherical burning
surface behavior. However, as the separation distance increases, we see that the numerical and
experimental agreement is much better. It is believed that the numerical values are closer to actual
behavior of the opposed flow burner if a flat burning surface were able to be maintained.
Figure 48 shows the numerical solutions for regression rate and mass flux at a separation
distance of 4.3 mm. As shown in the 2.0 mm separation case, the numerical regression rates of
POM and HTPB are close in magnitude, however the POM tends to have a slightly larger gap in
values from HTPB compared to the gap in values found in the 2.0 mm case. A major difference is
that mass flux is nearly 50% more for POM than HTPB because of the increased density of POM.
It is interesting to find that the numerical regression rates are close in value even though
the numerical model of HTPB uses different condensed-phase properties and gas-phase input
species than POM. Upon further investigation into a numerical case at a 4.3 mm separation distance
and an oxidizer velocity of 80 cm/s, it was found that the fuel mass flux for the POM and HTPB
were 147.7 g/s-m2 and 89.9 g/s-m2, respectively. The fuel mass flux is then divided by density to
find the regression rate, meaning that even though the fuel mass flux of POM is larger, the higher
density results in a lower linear regression rate. As an example, if a fuel was able to achieve a large
mass flux and have a low density, the regression rate would be increased.
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Figure 46: Comparison of the regression rates of POM and HTPB across a range of oxidizer
velocities and at a separation distance of 2.0 mm.
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Figure 47: Comparison of the mass flux values of POM and HTPB across a range of oxidizer
velocities and at a separation distance of 2.0 mm.

80
0.12

0.025

POM Regression Rate
HTPB Regression Rate

0.11
0.1

0.02

HTPB Mass Flux

0.09
0.08

0.015

0.07
0.06

0.01

Mass Flux (g/cm^2-s)

Regression Rate (mm/s)

POM Mass Flux

0.05
0.04
0

20

40

60

80

100

120

0.005
140

Oxidizer Velocity (cm/s)
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across a range of oxidizer velocities and at a separation distance of 4.3 mm
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Figure 49: Temperature profile of POM and HTPB with an oxygen velocity of 80 cm/s and a
separation distance of 4.3 mm.
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Figure 50: Species and heat release rate of HTPB at a separation distance of 4.3 mm and
oxidizer velocity of 80 cm/s.
In Figure 49 the temperature profiles are shown for HTPB and POM. One of the first major
differences is that the flame temperature of HTPB is much higher. This behavior is due to POM
having a greater amount of bound oxygen, which decreases the amount of additional oxidizer
required for complete oxidation. Thus, the overall heat of reaction is less for POM than HTPB. In
Figure 50 the species and heat release rate are shown for HTPB. We can see that the heat release
rate of HTPB decreases as the ethene and acetylene undergo oxidative pyrolysis. After the heat
release rate decreases a large amount of carbon monoxide and hydrogen are formed and react to
produce finals products of water and carbon dioxide. The production of water and carbon dioxide
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is located near the flame location and the largest heat release rate. Directly to the right of the peak
heat release rate the final products dissociate due to elevated temperature. As we move farther from
the flame, the temperature decreases, and the heat release rate passes from endothermic to
exothermic. Once exothermic the radical species formed by the dissociation of final products begin
to recombine to final products due to the decreased temperature. As mentioned previously, the
stagnation plane is located on the fuel side of the flame, which is approximately located at 0.06 cm
where there is a slight decrease in the heat release rate due the formation of carbon monoxide and
hydrogen.
Additionally, it is worth noting that PMMA was investigated numerically and was able to
be determined, however the assumptions made for the model were poor. The numerical code uses
a conversion of the condensed phase PMMA to a gas product of methyl methacrylate (MMA) [86,
87]. However, MMA is not a common gas phase species such as formaldehyde, which led to an
investigation to the species of pyrolysis of MMA [88, 89]. It was found that using those species
would lead to a much faster regression rate than HTPB and POM, which is not realistic. Upon
further investigation it was found that the MMA reaction is rate limited and likely the reason why
the observed PMMA regression rate is much slower than that of HTPB and POM [90]. The
numerical model is unable to capture this behavior due to the primary assumption that all reactions
are infinitely quick. The poor assumption of decomposition species made the model not accurate
to what is presented in the literature [74, 75].
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Conclusions

5.1 Scientific Findings of POM Study
By using an opposed flow burner, POM was identified as a potential fuel for use in an
upper stage hybrid rocket engine. The regression rate was the same for both natural (white) and
black POM. Experimentally measured regression rates were compared to regression rates predicted
by a numerical model for different oxidizer velocities and compositions. Good agreement was
achieved between experimental and numerical data for large separation distances of 4.3 mm.
However, for small separation distances, the model showed the correct trends, but the agreement
was less. Separation distance was found to decrease the regression rate and change the burning
surface behavior. By increasing the oxidizer velocity, the regression rate would increase nearly
linear across all oxidizers. As nitrogen was introduced into the oxidizer flow the regression rate
would decrease based on the quantity of nitrogen present.
The strong agreement between the experimental and numerical results, at larger separation
distances, allowed for a numerical evaluation of POM at different pressures. The pressure increases
the regression rate by a power of 0.42125 with a regression rate above 0.650 mm/s at a pressure of
7 MPa. With pressure increase, the stagnation plane and flame location also get closer to the
surface. Even with increased pressure, the stagnation plane is always located on the fuel side of the
flame. As the pressure increases, the molar concentration intermediate species such as carbon
monoxide and hydroxyl change and lead to a larger heat release rate and merging of heat release
rate profiles than found at atmospheric pressure.
POM was compared to HTPB and it was found that the regression rates of POM and HTPB
are numerically similar. However, the numerical mass flux of POM was nearly 50% larger. POM
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also has an added benefit, since it is a thermoplastic, meaning that it can take advantage of modern
additive manufacturing techniques, while also being relatively economical. Based on mass flux
POM can perform at a level that is comparable to HTPB, while having a larger density, which is
more beneficial for an upper stage hybrid engine. POM combined with a high-density oxidizer
would allow for a more efficient stage mass fraction and possibly increased combustion
performance for a hybrid rocket engine.

5.2 Future Work
Throughout the course of this work, many ideas were proposed to further investigate the
behavior of POM. It was concluded that due to the close proximity of the nozzle and the pellet
surface that the flow field would round the edges of the pellet, creating more surface area and alter
the burning rate characteristics. The next steps for this work are to conduct opposed flow burner
experiments in a pressurized environment to validate the numerical model. Additionally, testing of
a lab scale hybrid rocket engine will also aid in understanding the regression rate behavior in a
hybrid rocket engine using POM as fuel. In terms of long-term changes, the opposed flow burner
can benefit from:
•

Larger pellet diameter allowing for edge effects to be minimized and to better
relate to an actual planar flame

•

A redesigned pellet retention mechanism to eliminated pellet movement in holder

•

A streamlined process to embed a thermocouple within the fuel pellet to capture
actual burning surface temperatures to better define surface temperature for the
numerical model

•

A particle image velocimetry set up to better understand the flow field around the
burning surface
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•

Modeling of a 2D-axisymmetric computational fluid dynamics (CFD) simulation

•

Development of a finite rate numerical model for surface regression using the
Arrhenius function with temperature

•

Investigate other polymeric fuels, both experimentally and numerically, and
expand the range of oxidizer fluxes
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Appendix A

Plumbing and Instrumentation Diagrams (PID)

Figure 51: PID of Opposed Flow Burner
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Figure 52:PID atmospheric electrolytic apparatus
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Figure 53: PID modified strand burner
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Appendix B

MATLAB Code
%Gerardo Talamantes
%Start Datae: 10/22/2018
%End Date: 02/05/2019
%PROGRAM: CHEMKIN_opposed_flow
clear
close all
clc
diary on
%Execution parameters and other user settings
maxloops = 20;
Ti = 298 ;%initial temperature (k)
%*Initialize shell environment
[N, R, Q, F] = Set_CHEMKIN_env();
%*Initialize variables
rb_tol = 1e-6; % Tolerence used to run convergence
loopcount = 0 ;
delta_rb = 1;
error_message = '';
status = system('%REACTION_DIR%\chemkinpro.win64\bin\chem
Glarborg_hc_no_reburn.out -d THERM.DAT');
disp("*****Preprocessed thermodynamic data files*****")

-i

Glarborg_hc_no_reburn.inp

-o

status = system('%REACTION_DIR%\chemkinpro.win64\bin\tran -o tran.out -d tran2.dat');
disp("*****Preprocesssed transport data file*****")
%**Main loop - checks rb match for convergence between assumed value and calculated
while (abs(delta_rb)>rb_tol)
if (loopcount==maxloops)
X = ['Loopcount=', num2str(loopcount)];
disp(X) %other parameters of interest for problem-solving
eror_message='Maximum loopcount reached with no convergence.';
end
% ** Run opposed flow burner diffusion CHEMKIN program
if (loopcount==0)
%run PREMIX to find new solution
status = system('%REACTION_DIR%\chemkinpro.win64\bin\CKReactorOpposedFlow -i Wrapper.inp -o
Wrapper.out');
disp('*****Chemkin OppDiff program has started*****')
else %if loopcount>0 run PREMIX with restart file and new input file
status = system('%REACTION_DIR%\chemkinpro.win64\bin\CKReactorOpposedFlow -i Wrapper.inp -o
Wrapper.out');
disp('*****Chemkin OppDiff is executing again*****')
end
%Check for existence of XMLData.zip file
C = exist('XMLdata.zip', 'file');
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if (C == 0)
error_message = 'Missing XMLdata.zip';
end
%Check for existence of executuable output logfile and look for signs of success
D = exist('Wrapper.out','file');
if (D == 0)
error_message = 'Missing Wrapper.out file';
end
Pattern = 'TWOPNT: SUCCESS';
A1 = fileread('Wrapper.out');
B1 = strfind(A1,Pattern);
empty = []; %what B will spit out an empty matrix if the pattern is not
%found in the file
if isequal(size(empty), size(B1))
error_message = 'No TWOPNT: SUCCESS found -- convergence issues';
w = waitforbuttonpress;
else %if the B matrix is not empty
disp('*****TWOPNT was successful!*****')
end
disp('*****Checking Solution*****')
%Check for CKSolnList.txt prefs file--if doesn't exist, generate a "new"
%one based on solution and stop for modification
%%Check to see if it works without rerunning entire license and everyithg
E = exist('CKSolnList.txt','file');
if (E == 0)
disp('Cannot find CKSolnList.txt file')
system('%REACTION_DIR%\chemkinpro.win64\bin\GetSolution -listonly XMLdata.zip');
error_message='Generic CkSolnList.txt created';
end
%Process output data in XML_zipfile using prefs file
status = system('%REACTION_DIR%\chemkinpro.win64\bin\GetSolution
messed up and only produces the CKSolnList File
%Transpose row lists in CKsoln.csv into columns
%By default, creates a set of column-based *.csv files
status = system('%REACTION_DIR%\chemkinpro.win64\bin\CKSolnTranspose');
%Get data out of excel spreadsheet
fid = fopen ("CKSoln.ckcsv");
Variable_Names = textscan (fid, '%s%*[^\n]', 'Delimiter', ',');
fclose(fid);
fullcsv = dlmread("CKSoln.ckcsv",',',0,2);
temperature = find(strcmp(Variable_Names{1,1},'Temperature'));
Temp_x = fullcsv(temperature,1:end);
distance = find(strcmp(Variable_Names{1,1},'Distance'));
dist_x = fullcsv(distance,1:end);
Temp_1 = Temp_x(1);
Temp_2 = Temp_x(2);
dist_1 = dist_x(1);

XMLdata.zip'); %-listonly
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dist_2 = dist_x(2);
%Set surface temperature to gas phase initial temperature from
%CHEMKIN output file
Ts = Temp_1;
%POM Properties
[density,MW,delta_h] = Solid_Fuel_Properties(Ts);
%Find heat flux to liquid from gas phase (for interface energy balance)
dTdx = (Temp_2-Temp_1)/(dist_2-dist_1); %K/cm
dTdx = dTdx*100; %K/m
T_ave = (Temp_2+Temp_1)/2;
[k] = Find_k();
q_flux = k*dTdx;%J/(s m^2)
fprintf('Heat flux from gas phase (W/m^2): %4.4f',q_flux)
%Calculate regression rate based on Ti, Ts, and heat of vaporization (Ts)
Ti = Temp_1;
Tf = Temp_2;
[rb] = Find_rb(q_flux,density,MW,delta_h);
%**Compare calculated regression rate to assumed value (for gas phase input)
densityCHEMKIN = find(strcmp(Variable_Names{1,1},'Density'));
density_rho_chemkin_x = fullcsv(densityCHEMKIN,1:end);%g/cm^3
density_rho_chemkin = density_rho_chemkin_x(1);
density_rho_chemkin = density_rho_chemkin/0.001; %kg/m^3
vel = find(strcmp(Variable_Names{1,1},'Axial_velocity')); %cm/s
velocity_chemkin_x = fullcsv(vel,1:end);
velocity_chemkin = velocity_chemkin_x(1);
velocity_chemkin = velocity_chemkin/100; %m/s
rb_assumed = (density_rho_chemkin*velocity_chemkin)/density; %m/s
delta_rb = rb-rb_assumed; %m/s
%Chemkin takes awhile so to make things go faster:
%use a scaling factor
scaling_factor = .3;
if (abs(delta_rb*scaling_factor)>rb_tol*10)
rb_new = rb_assumed+(scaling_factor*delta_rb);
else
abs_delta = abs(delta_rb);
new = (abs_delta/delta_rb)*rb_tol*.6 ;
rb_new = rb_assumed + new;
end
fprintf('New rb guess is:%4.1f\n',rb_new)
%calculate new velocity off of new rb
velocity_new = (density*(rb_new))/(density_rho_chemkin); %m/s
velocity_new = velocity_new*100; %Change units to cm/s which chemkin is in
filename = 'Wrapper.inp';
newVal = velocity_new;
newValStr = num2str(newVal);
for i = length(newValStr)+1:-1:2
newValStr(i) = newValStr(i-1);
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end
newValStr(1) = ' ';
A = fileread(filename);
search = 'UINL Fuel_C1_Inlet1';
k = strfind(A, search);
k = k+length(search);
frontHalf = A(1:k);
k = k+1;
while A(k) ~= ' '
k = k+1;
end
backHalf = A(k:end);
A = strcat(frontHalf, newValStr, backHalf);
fileID = fopen(filename, 'w');
fwrite(fileID, A);
fclose(fileID);
disp('convergence satisfied')
press = find(strcmp(Variable_Names{1,1},'Pressure'));
Pressure = fullcsv(press,1:end);%dyne/cm^2
Pressure = Pressure*0.1; %Convert dyne/cm^2 to pa 1dyne/cm^2 = 1Pa
Pressure2 = Pressure(1)*1e-6; %convert to megapascals
%Now to plot all the solutions!
Temp1 = find(strcmp(Variable_Names{1,1},'Temperature'));
Temp = fullcsv(Temp1,1:end);%K
dist1 = find(strcmp(Variable_Names{1,1},'Distance'));
dist = fullcsv(dist1,1:end);%cm
heat1 = find(strcmp(Variable_Names{1,1},'Net_heat_production_from_gas-phase_reactions'));
heat_release = fullcsv(heat1,1:end);%erg/cm^3*sec
heat_release = heat_release*0.1; %convert to J/m^3*s
vel1 = find(strcmp(Variable_Names{1,1},'Axial_velocity')); %cm/s
velocity = fullcsv(vel1,1:end);%cm/s
%mole fractions of species
##
disp('Making plots now')
##
## CO1 = find(strcmp(Variable_Names{1,1},'Mole_fraction_CO'));
## CO = fullcsv(CO1,1:end);
##
## CO21 = find(strcmp(Variable_Names{1,1},'Mole_fraction_CO2'));
## CO2 = fullcsv(CO21,1:end);
##
## H1 = find(strcmp(Variable_Names{1,1},'Mole_fraction_H'));
## H = fullcsv(H1,1:end);
##
## H21 = find(strcmp(Variable_Names{1,1},'Mole_fraction_H2'));
## H2 = fullcsv(H21,1:end);
##
## O1 = find(strcmp(Variable_Names{1,1},'Mole_fraction_O'));
## O = fullcsv(O1,1:end);
##
## OH1 = find(strcmp(Variable_Names{1,1},'Mole_fraction_OH'));
## OH = fullcsv(OH1,1:end);
##
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## O21 = find(strcmp(Variable_Names{1,1},'Mole_fraction_O2'));
## O2 = fullcsv(O21,1:end);
##
## H2O1 = find(strcmp(Variable_Names{1,1},'Mole_fraction_H2O'));
## H2O = fullcsv(H2O1,1:end);
##
## CH2O1 = find(strcmp(Variable_Names{1,1},'Mole_fraction_CH2O'));
## CH2O = fullcsv(CH2O1,1:end);
##
%Now plot results using plot
## figure(1);
## plot(dist,CH2O, dist,O2, dist, CO, dist, H2O, dist, H2, dist, CO2);
## title(['Mole fractions for ',num2str(Pressure2), 'MPa']);
## xlabel('Distance (cm)');
## ylabel('Mole Fractions ()');
## axis([0,0.5,0,1])
## legend('CH2O','O2','CO','H2O','H2','CO2');
##
## figure(2);
## plot(dist,Temp);
## title(['Temperature for ',num2str(Pressure2),'MPa']);
## xlabel('Distance (cm)');
## ylabel('Temperature (K)');
## legend('Temperature');
## disp('plots complete')
fprintf('Chemkin input rb is %1.4f mm/s and Chemkin output rb is %1.4f mm/s\n',rb*1000,rb_assumed*1000)
fprintf('delta rb is %2.8e mm/s\n',delta_rb*1000)
fprintf('thermal conductivity is : %6.1f\n',k(1))
fprintf('q flux : %4.1f\n',q_flux)
fprintf('dTdx: %4.1f\n',dTdx)
fprintf('Distance 1 (cm):%4.1f\n',dist_1)
fprintf('Temperature 1 (K):%4.1f\n',Temp_1)
fprintf('Distance 2 (cm): %4.1f\n',dist_2)
fprintf('Temperature 2 (K):%4.1f\n',Temp_2)
oldfile = 'CKSoln.ckcsv';
parts = strsplit(oldfile,'C');
newfile = parts{end};
movefile(oldfile,newfile)
loopcount= loopcount+1;
fprintf('Iteration Count = %1.1f\n',loopcount)
end
diary off
function [k] = Find_k ()
%Find thermal conductivity of gas at given temperature in W/m-K
fid = fopen ("CKSoln.ckcsv");
Variable_Names = textscan (fid, '%s%*[^\n]', 'Delimiter', ',');
fclose (fid);
fullcsv = dlmread("CKSoln.ckcsv",',',0,2);
cond = find(strcmp(Variable_Names{1,1},'Mixture_thermal_conductivity'));
F_k = fullcsv(cond,1:end);%Erg/cm*K*s
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f = (F_k(1)+F_k(2))/2;
k = f*1E-5; %W/m*K
K = ['thermal conductivity K=(W/m*K)',num2str(k)];
fprintf('thermal conductivity = %4.1f (W/m*K)\n',K(1))
end
function [rb] = Find_rb(q_flux,density,MW,delta_h)
delta_H_control_Vol = ((delta_h/MW)*1000); %J/g
%Find Evaporation flux based on heat flux (vaporization)
m_flux_gassification = q_flux/(delta_H_control_Vol); %Check units g/s*m^2
%for CHEMKIN, need mass flux in g/cm^2*s
rb = abs(m_flux_gassification/(density*1000));
end
function [cmdout4] = Run_shell (shell_cmd)
[shell_result, cmdout4] = system(shell_cmd)
End
function [N, R, Q, F] = Set_CHEMKIN_env()
setenv('REACTION_DIR','"C:\Program Files\ANSYS Inc\v192\reaction"');
N = getenv('REACTION_DIR');
setenv('CHEMKIN_VERS','19.1');
R = getenv('CHEMKIN_VERS');
setenv('CHEMKIN_BIN','"%REACTION_DIR%\chemkinpro.win64\bin"');
Q = getenv('CHEMKIN_BIN');
setenv('BUILD_DATE_FILE','"%REACTION_DIR%\chemkinpro.win64\build_date.txt"');
F = getenv('CHEMKIN_RELEASE_NUMBER');
disp('*****Environment set*****')
end
%Properties for POM
function [density,MW,delta_h] = Solid_Fuel_Properties(Ts)
density = 1410; %kg/m^3
MW = 30.0260; % g/mol NIST
%Surface Temperature (Ts) needs to be defined in the Chemkin input file
%polynomial
a1 = 4.79372312E+00;
a2 = -9.90833322E-03;
a3 = 3.73219990E-05;
a4 = -3.79285237E-08;
a5 = 1.31772641E-11;
a6 = -1.43791953E+04;
R_u = 8.3144598E-3; %kJ K^-1 mol^-1
Ht_Fuel = R_u*Ts*(a1 + (a2/2)*Ts + (a3/3)*Ts^2 + (a4/4)*Ts^3 + (a5/5)*Ts^4 + a6/Ts); %kJ/mol
HtFuelSurrogate = -171.25; %kJ/mol ICT
delta_h = Ht_Fuel - HtFuelSurrogate;%kJ/mol Products - Reactants
end
% 50-00-0
% CH2O FORMALDEHYDE SIGMA=2 A0=9.40546 B0=1.295407 C0=1.134216 NU=2782.4,1746.1,
% 1500.1,1167.2,2843.2,1249.1 HF298=-109.164+/-0.1 kJ REF=ATcT C 2011.
% {HF298=-108.58 kJ REF=Gurvich 89; HF298=-112.5+/-8. kJ REF=Burcat G3B3} Max
% Lst Sq Error Cp @ 1300 K 0.61%.
% HCHO Formaldehyde T 5/11H 2.C 1.O 1. 0.G 200.000 6000.000 B 30.02598 1
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% 3.16952665E+00 6.19320560E-03-2.25056366E-06 3.65975660E-10-2.20149458E-14 2
% -1.45486831E+04 6.04207898E+00 4.79372312E+00-9.90833322E-03 3.73219990E-05 3
% -3.79285237E-08 1.31772641E-11-1.43791953E+04 6.02798058E-01-1.31293365E+04 4
%burcat data base

Appendix C

Mechanism
Transport and thermodynamic properties are not included since they would make
this document over 1000 pages.
!
! ****************************************************
! *
Hydrocarbon/nitrogen mechanism
*
! *
Glarborg, Alzueta, Dam-Johansen,Miller
*
! *
Combustion and Flame, 1998
*
! ****************************************************
!
ELEMENTS
H O C N AR
END
SPECIES
CO CO2 NO HCN
H O OH HO2 O2 H2 H2O2 H2O
CH2O HCO
CH4 CH3 CH2 CH2(S) CH C
CH3OH CH3O CH2OH
C2H6 C2H5 C2H4 C2H3 C2H2 C2H C2
CH3HCO CH2HCO CH3CO C2H2OH OCHCHO CH2CO HCCOH HCCO C2O
C2H5CHO C2H5CO
NO2 NO3 HNO HONO H2NO
NH3 NH2 NH N N2H2 NNH N2O
HCN CN NCO HNCO HOCN HCNO C2N2 NCN CH3CN CH2CN H2CN
AR N2
END
REACTIONS
!
! ********************************************
! *
H2/O2 Subset
*
! ********************************************
!
O+OH=O2+H
2.0E14 -0.40
0
O+H2=OH+H
5.0E04 2.67
6290
OH+H2=H2O+H
2.1E08 1.52
3450
2OH=O+H2O
4.3E03 2.70 -2486
H+H+M=H2+M
1.0E18 -1.00
0
H2O/0/
H+H+H2O=H2+H2O
6.0E19 -1.25
0
H+O+M=OH+M
6.2E16 -0.60
0
H2O/5/
H+OH+M=H2O+M
1.6E22 -2.00
0
H2O/5/
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O+O+M=O2+M
1.9E13 0.00 -1788
H2O/5/
H+O2+M=HO2+M
2.1E18 -1.00
0
H2O/10/ N2/0/
H+O2+N2 = HO2+N2
6.7E19 -1.42
0
H+HO2=H2+O2
4.3E13 0.00
1411
H+HO2=2OH
1.7E14 0.00
874
H+HO2=O+H2O
3.0E13 0.0
1721
O+HO2=O2+OH
3.3E13 0.0
0
OH+HO2=H2O+O2
1.9E16 -1.0
0
HO2+HO2=H2O2+O2
4.2E14 0.0
11982
DUP
HO2+HO2=H2O2+O2
1.3E11 0.0
-1629
DUP
H2O2+M=OH+OH+M
1.3E17 0.0
45500
H2O/5/
H2O2+H=HO2+H2
1.7E12 0.0
3755
H2O2+H=OH+H2O
1.0E13 0.0
3576
H2O2+O=OH+HO2
6.6E11 0.0
3974
H2O2+OH=H2O+HO2
7.8E12 0.0
1330
DUP
H2O2+OH=H2O+HO2
5.8E14 0.0
9560
DUP
!
! *******************************************
! *
CO Subset
*
! *******************************************
!
CO+O+M=CO2+M
6.2E14 0.0
3000
H2O/5/
CO+OH=CO2+H
1.5E07 1.3
-758
CO+O2=CO2+O
2.5E12 0.0
47700
HO2+CO=CO2+OH
5.8E13 0.0
22934
!
! ********************************************
! *
CH2O/HCO Subset
*
! ********************************************
!
CH2O+M=HCO+H+M
3.3E16 0.0
81000
H2O/5/
CH2O+H = HCO+H2
1.3E08 1.62
2166
CH2O+O=HCO+OH
1.8E13 0.00
3080
CH2O+OH=HCO+H2O
3.4E09 1.18
-447
CH2O+HO2 = HCO+H2O2
3.0E12 0.00 13000
CH2O+O2 = HCO+HO2
6.0E13 0.00 40660
HCO+M=H+CO+M
1.9E17 -1.0
17000
H2O/5/
HCO+H=CO+H2
1.2E13 0.25
0
HCO+O=CO+OH
3.0E13 0.000
0
HCO+O=CO2+H
3.0E13 0.000
0
HCO+OH=H2O+CO
1.0E14 0.00
0
HCO+O2=HO2+CO
7.6E12 0.0
400
!
! ********************************************
! *
CH4/CH3/CH2/CH/C Subset
*

! *
! *

! +

!
!
!
!

!
!
!
!
!
!
!
!
!
!
!
!

97
! ********************************************
!
CH3+H(+M)=CH4(+M)
1.3E16 -0.63
383
LOW/1.75E33 -4.76 2440.0/
TROE/0.783 74.0 2941.0 6964.0/
H2O/8.57/ N2/1.43/
CH4+H=CH3+H2
1.3E04 3.00
8040
CH4+O=CH3+OH
1.0E09 1.5
8600
CH4+OH=CH3+H2O
1.6E06 2.10
2460
CH4+HO2=CH3+H2O2
1.8E11 0.00 18700
CH4+O2=CH3+HO2
7.9E13 0.00 56000
CH3+H=CH2+H2
9.0E13 0.00 15100
CH2(S)+H2=CH3+H
7.2E13 0.0
0
CH3+O=CH2O+H
8.4E13 0.0
0
CH3+OH=CH2+H2O
7.5E06 2.0
5000
CH2(S)+H2O=CH3+OH
3.0E15 -0.6
0
CH2OH+H=CH3+OH
1.0E14 0.0
0
CH3O+H=CH3+OH
1.0E14 0.0
0
CH3+OH(+M)=CH3OH(+M)
6.3E13 0.0
0
LOW/1.89E38 -6.3
3100/
TROE/0.2105 83.5 5398 8370/
N2/1.43/ H2O/8.58/
CH3+HO2 = CH3O+OH
8.0E12 0.00
0
CH3+O2=CH3O+O
2.9E13 0.0
30480
CH3+O2=CH2O+OH
1.9E12 0.0
20315
CH3+CH3(+M)=C2H6(+M)
2.1E16 -0.97
620
LOW /1.26E50 -9.67 6220/
TROE/ 0.5325 151 1038 4970 /
N2/1.43/ H2O/8.59/ H2/2/ CO/2/ CO2/3/
CH3+CH2O = CH4+HCO
7.8E-8 6.10
1967
CH3+HCO = CH4+CO
1.2E14 0.00
0
CH2+H=CH+H2
1.0E18 -1.56
0
CH2+O=CO+H+H
5.0E13 0.0
0
CH2+O=CO+H2
3.0E13 0.0
0
CH2+OH=CH+H2O
1.1E07 2.0
3000
CH2+OH=CH2O+H
2.5E13 0.0
0
CH2+O2=CO+H2O
2.2E22 -3.3
2867
CH2+O2=CO2+H+H
3.3E21 -3.3
2867
CH2+O2=CH2O+O
3.3E21 -3.3
2867
CH2+O2=CO2+H2
2.6E21 -3.3
2867
CH2+O2=CO+OH+H
1.6E21 -3.3
2867
CH2+CO2=CH2O+CO
1.1E11 0.0
1000
CH2+CH4 = CH3+CH3
4.3E12 0.0
10030
CH2+CH3=C2H4+H
4.2E13 0.0
0
CH2+CH2=C2H2+H+H
4.0E13 0.0
0
CH2+HCCO=C2H3+CO
3.0E13 0.00
0
CH2(S)+M=CH2+M
1.0E13 0.0
0
H/0/ H2O/0/ N2/0/ AR/0/
CH2(S)+N2=CH2+N2
1.3E13 0.0
430
CH2(S)+AR=CH2+AR
1.5E13 0.0
884
CH2(S)+H=CH2+H
2.0E14 0.0
0
CH2(S)+H2O=CH2+H2O
3.0E13 0.0
0
CH2(S)+H=CH+H2
3.0E13 0.0
0
CH2(S)+O=CO+H+H
3.0E13 0.0
0
CH2(S)+OH=CH2O+H
3.0E13 0.0
0

!

!
!
!
!
!
!
!
!
!
!
!
!
!

!
!
!
!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
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CH2(S)+O2=CO+OH+H
7.0E13 0.0
0
CH2(S)+CO2=CH2O+CO
3.0E12 0.0
0
CH2(S)+CH4=CH3+CH3
4.3E13 0.0
0
CH2(S)+CH3=C2H4+H
2.0E13 0.0
0
CH2(S)+CH2CO=C2H4+CO
1.6E14 0.0
0
CH2(S)+C2H6=CH3+C2H5
1.2E+14 0.0
0
CH+H=C+H2
1.5E14 0.0
0
CH+O=CO+H
5.7E13 0.0
0
CH+OH=HCO+H
3.0E13 0.0
0
CH+OH=C+H2O
4.0E7
2.0
3000
CH+O2=HCO+O
3.3E13 0.0
0
CH+H2O=CH2O+H
5.7E12 0.0
-751
CH+CO2=HCO+CO
3.4E12 0.0
690
CH+CH4=C2H4+H
6.0E13 0.0
0
CH+CH3=C2H3+H
3.0E13 0.0
0
CH+CH2=C2H2+H
4.0E13 0.0
0
CH+CH2O=CH2CO+H
9.5E13 0.00
-515
CH+HCCO=C2H2+CO
5.0E13 0.00
0
C+OH=CO+H
5.0E13 0.00
0
C+O2=CO+O
2.0E13 0.00
0
C+CH3=C2H2+H
5.0E13 0.00
0
C+CH2=C2H+H
5.0E13 0.00
0
!
! ********************************************
! *
CH3OH/CH2OH/CH2O subset
*
! ********************************************
!
CH3OH+H=CH2OH+H2
1.7E7
2.1
4868
CH3OH+H=CH3O+H2
4.2E6
2.1
4868
CH3OH+O=CH2OH+OH
3.9E5
2.5
3080
CH3OH+OH=CH2OH+H2O
5.30E4 2.53
960
CH3OH+OH=CH3O+H2O
1.32E4 2.53
960
CH3OH+HO2=CH2OH+H2O2
9.6E10 0.0
12578
CH2O+H(+M)=CH3O(+M)
5.4E11 0.454 2600
LOW/1.54E30 -4.8 5560 /
TROE/ 0.758 94 1555 4200/
N2/1.43/ H2O/8.58/
CH3O+H=CH2O+H2
2.0E13 0.00
0
CH3O+O=CH2O+OH
1.0E13 0.00
0
CH3O+OH=CH2O+H2O
1.0E13 0.00
0
CH3O+O2=CH2O+HO2
6.3E10 0.00
2600
H+CH2O(+M)=CH2OH(+M)
5.4E11 0.454 3600
LOW/.91E32 -4.82 6530/
TROE/0.7187 103 1291 4160/
N2/1.43/ H2O/8.58/ CO/2/ CO2/3/ H2/2/
CH2OH+H=CH2O+H2
2.0E13 0.00
0
CH2OH+O=CH2O+OH
1.0E13 0.00
0
CH2OH+OH=CH2O+H2O
1.0E13 0.00
0
CH2OH+O2=CH2O+HO2
1.6E15 -1.0
0
DUP
CH2OH+O2=CH2O+HO2
7.2E13 0.0
3577
DUP
!
! ********************************************
! *
C2H6/C2H5/C2H4/C2H3/C2H2/C2H/C2 subset *

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

!
!
!
!
!
!
!

!
!
!
!
!

!
!
!
!
!
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! ********************************************
!
C2H6+H=C2H5+H2
5.4E02 3.50
5210 !
C2H6+O=C2H5+OH
3.0E07 2.00
5115 !
C2H6+OH=C2H5+H2O
7.2E6
2.0
864 !
C2H6+HO2 = C2H5+H2O2
1.3E13 0.00 20460 !
C2H6+O2=C2H5+HO2
5.0E13 0.0
55000 !
C2H6+CH3=C2H5+CH4
5.5E-1 4.00
8300 !
C2H4+H(+M)=C2H5(+M)
1.1E12 0.454 1822 !
LOW/1.112E34 -5.0
4448.0/
TROE/0.5 95.0 95.0
200./
H2O/5/
C2H5+H(+M) = C2H6(+M)
5.2E17 -0.99
1580 !
LOW / 2.0E41 -7.08 6685/
TROE/ 0.8422 125 2219 6882 /
N2/1.0/ H2O/6/ AR/0.7/
C2H5+H=CH3+CH3
4.9E12 0.35
0 !
C2H5+O = CH3+CH2O
4.2E13 0.00
0 !
C2H5+O = CH3HCO+H
5.3E13 0.00
0 !
C2H5+O = C2H4+OH
3.0E13 0.00
0 !
C2H5+OH = C2H4+H2O
2.4E13 0.00
0 !
C2H5+O2 = C2H4+HO2
1.0E10 0.00 -2190 !
C2H5+CH2O = C2H6+HCO
5.5E03 2.81
5860 !
C2H5+HCO = C2H6+CO
1.2E14 0.00
0 !
C2H5+CH3 = C2H4+CH4
1.1E12 0.00
0 !
C2H5+C2H5 = C2H6+C2H4
1.5E12 0.00
0 !
C2H3+H(+M)=C2H4(+M)
6.1E12 0.27
280 !
LOW /0.98E30 -3.86 3320./
TROE /0.7820 207.50 2663.00 6095.00/
H2/2.85/ CO/2.1/ CO2/2.85/
H2O/7.14/ CH4/2.85/
N2/1.43/
C2H4+M=C2H2+H2+M
3.5E16 0.0
71500 !
N2/1.5/ H2O/10/
C2H4+H=C2H3+H2
5.4E14 0.0
14900 !
C2H4+O = CH2HCO+H
4.7E06 1.88
180 !
C2H4+O = CH3+HCO
8.1E06 1.88
180 !
C2H4+O = CH2CO+H2
6.8E05 1.88
180 !
C2H4+OH=C2H3+H2O
2.0E13 0.00
5940 !
C2H4+HO2=CH3HCO+OH
2.2E12 0.0
17200 !
C2H4+O2=CH2HCO+OH
2.0E8
1.5
39000 !
C2H4+CH3 = C2H3+CH4
5.0E11 0.00 15000 !
H+C2H2(+M)=C2H3(+M)
3.1E11 0.58
2590 !
LOW/2.254E40 -7.269 6577./
TROE/0.5 675. 675./
H2/2/ CO/2/ CO2/3/ H2O/5/
C2H3+H=C2H2+H2
4.0E13 0.00
0 !
C2H3+O=CH2CO+H
3.0E13 0.000
0 !
C2H3+OH=C2H2+H2O
2.0E13 0.0
0 !
C2H3+O2 = CH2O+HCO
1.1E23 -3.29
3890 !
C2H3+O2 = CH2HCO+O
2.5E15 -0.78
3135 !
C2H3+O2=C2H2+HO2
5.2E15 -1.26
3310 !
C2H3+CH2O = C2H4+HCO
5.4E03 2.81
5860 !
C2H3+HCO = C2H4+CO
9.0E13 0.00
0 !
C2H3+CH3 = C2H2+CH4
2.1E13 0.00
0 !
C2H3+C2H3 = C2H4+C2H2
1.5E13 0.00
0 !

C2H6/4.29/

100
C2H2+M=C2H+H+M
9.1E30 -3.7 127138 !
H2/2/ CO/2/ CO2/3/ H2O/5/
H2+C2H=C2H2+H
4.1E05 2.39
864 !
C2H2+O=CH2+CO
6.1E6
2.00
1900 !
C2H2+O=HCCO+H
1.4E7
2.00
1900 !
C2H2+O=C2H+OH
3.2E15 -0.60 15000 !
OH+C2H2=C2H+H2O
3.4E7
2.0
14000 !
OH+C2H2=HCCOH+H
5.0E5
2.3
13500 !
OH+C2H2=CH2CO+H
2.2E-4 4.5
-1000 !
OH+C2H2=CH3+CO
4.8E-4 4.0
-2000 !
OH+C2H2(+M)=C2H2OH(+M)
1.5E8
1.7
1000 !
LOW/1.81E23 -2.0
0.0 /
!
H2/2/ CO/2/
CO2/3/
H2O/5/
HO2+C2H2=CH2HCO+O
1.0E12 0.0
10000 !
HO2+C2H2=CH2O+HCO
1.0E12 0.0
10000 !
C2H2+O2=HCO+HCO
2.0E08 1.5
30100 !
C2+H2=C2H+H
4.0E5
2.4
1000 !
C2H+O=CH+CO
5.0E13 0.00
0 !
C2H+OH=HCCO+H
2.0E13 0.00
0 !
C2H+OH=C2+H2O
4.0E7
2.0
8000 !
C2H+O2=CO+CO+H
2.5E13 0.0
0 !
C2H+CH4=CH3+C2H2
7.2E12 0.0
976 !
C2+OH=C2O+H
5.0E13 0.0
0 !
C2+O2=CO+CO
5.0E13 0.0
0 !
!
! *****************************************************
! *
CH3HCO/CH2HCO/CH3CO/CH2CO/HCCOH/HCCO/C2O subset *
! *****************************************************
!
CH3HCO = CH3+HCO
7.1E15 0.00 81280 !
CH3HCO+H = CH3CO+H2
4.1E09 1.16
2400 !
CH3HCO+O = CH3CO+OH
5.8E12 0.00
1800 !
CH3HCO+OH=CH3CO+H2O
2.3E10 0.73 -1110 !
CH3HCO+HO2 = CH3CO+H2O2
3.0E12 0.00 12000 !
CH3HCO+O2 = CH3CO+HO2
3.0E13 0.00 39000 !
CH3HCO+CH3=CH3CO+CH4
2.0E-6 5.6
2464 !
CH2HCO=CH3+CO
1.0E13 0.0
42000 !
!CH2HCO+M=CH3+CO+M
2.0E16 0.0
42000 !
!
H2/2/ CO/2/ CO2/3/ H2O/5/
CH2HCO+H=CH3+HCO
1.0E14 0.0
0 !
CH2HCO+H=CH3CO+H
3.0E13 0.0
0 !
CH2HCO+O=CH2O + HCO
5.0E13 0.0
0 !
CH2HCO+OH=CH2CO+H2O
2.0E13 0.0
0 !
CH2HCO+OH=CH2OH+HCO
1.0E13 0.0
0 !
CH2HCO+O2 = CH2O+CO+OH
2.2E11 0.0
1500 !
CH2HCO+CH3=C2H5CHO
5.0E13 0.0
0 !
CH2HCO+CH2=C2H4+HCO
5.0E13 0.0
0 !
CH2HCO+CH =C2H3+HCO
1.0E14 0.0
0 !
C2H5+HCO = C2H5CHO
1.8E13 0.0
0 !
C2H5CHO+H = C2H5CO+H2
8.0E13 0.0
0 !
C2H5CHO+O = C2H5CO+OH
7.8E12 0.0
1730 !
C2H5CHO+OH = C2H5CO+H2O
1.2E13 0.0
0 !
C2H5+CO = C2H5CO
1.5E11 0.0
4800 !
C2H2OH+H=CH2HCO+H
5.0E13 0.0
0 !
C2H2OH+O=OCHCHO+H
5.0E13 0.0
0.0 !

101
C2H2OH+O2=OCHCHO+OH
1.0E12 0.0
5000 !
CH3CO(+M)=CH3+CO(+M)
2.8E13 0.0
17100 !
LOW/2.1E15 0.0 14000./
TROE/ 0.5 1.0E-30 1.0E30 /
H2/2/ CO/2/ CO2/3/ H2O/5/
CH3CO+H = CH3+HCO
2.1E13 0.00
0 !
CH3CO+H = CH2CO+H2
1.2E13 0.00
0 !
CH3CO+O = CH3+CO2
1.5E14 0.00
0 !
CH3CO+O = CH2CO+OH
4.0E13 0.00
0 !
CH3CO+OH = CH2CO+H2O
1.2E13 0.00
0 !
CH2+CO(+M)=CH2CO(+M)
8.1E11 0.5
4510 !
LOW/ 1.88E33 -5.11 7095./
TROE/ 0.5907 275 1226 5185/
H2/2/ CO/2/ CO2/3/ H2O/8.58/ N2/1.43/
CH2CO+H=CH3+CO
5.9E6
2.0
1300 !
CH2CO+H=HCCO+H2
3.0E7
2.0
10000 !
CH2CO+O=CO2+CH2
1.8E12 0.0
1350 !
CH2CO+O=HCCO+OH
2.0E7
2.0
10000 !
CH2CO+OH=HCCO+H2O
1.0E7
2.0
3000 !
CH2CO+OH=CH2OH+CO
7.2E12 0.0
0 !
CH2CO+OH=CH3+CO2
3.0E12 0.0
0 !
HCCOH+H=HCCO +H2
3.0E7
2.0
1000 !
HCCOH+OH=HCCO+H2O
1.0E7
2.0
1000 !
HCCOH+O=HCCO+OH
2.0E7
3.0
1900 !
OCHCHO+M=HCO+HCO+M
1.0E17 0.0
58000 !
OCHCHO+H=CH2O+HCO
3.0E13 0.0
0 !
CH+CO(+M)=HCCO(+M)
5.0E13 0.0
0 !
LOW/ 1.88E28 -3.74 1936 /
TROE/ 0.5757 237 1652 5069 /
N2/1.43/ H2O/8.58/ CO/2/ CO2/3/ H2/2/
H+HCCO=CH2(S)+CO
1.0E14 0.0
0 !
O+HCCO=H+CO+CO
1.0E14 0.0
0 !
HCCO+OH=C2O+H2O
6.0E13 0.0
0 !
HCCO+O2=CO2+CO+H
1.4E7
1.7
1000 !
HCCO+O2=CO +CO +OH
2.9E7
1.7
1000 !
HCCO+HCCO=C2H2+CO+CO
1.0E13 0.00
0 !
C2O+H=CH+CO
1.0E13 0.0
0 !
C2O+O=CO+CO
5.0E13 0.0
0 !
C2O+OH=CO+CO+H
2.0E13 0.0
0 !
C2O+O2=CO+CO+O
2.0E13 0.0
0 !
!
! *****************************************************
! *
H/N/O subset
*
! *
taken from [nh2no2] except where noted
*
! *****************************************************
!
H+NO+M=HNO+M
4.0E20 -1.75
0 ! a (GLA 1998)
H2O/10/ O2/1.5/ H2/2/ CO2/3/ N2/1/
H+NO+N2=HNO+N2
7.0E19 -1.50
0 !
NO+O+M=NO2+M
7.5E19 -1.41
0 !
N2/1.7/
O2/1.5/ H2O/10/
OH+NO+M=HONO+M
5.1E23 -2.51
-68 !
H2O/5/
HO2+NO=NO2+OH
2.1E12 0.00
-479 !
NO2+H=NO+OH
8.4E13 0.0
0 !

102
NO2+O=NO+O2
3.9E12 0.0
NO2+O(+M)=NO3(+M)
1.3E13 0.0
LOW/1.0E28 -4.08 2470./
N2/1.5/ O2/1.5/ H2O/18.6/
NO2+NO2=NO+NO+O2
1.6E12 0.0
NO2+NO2=NO3+NO
9.6E09 0.73
NO3+H=NO2+OH
6.0E13 0.0
NO3+O=NO2+O2
1.0E13 0.0
NO3+OH=NO2+HO2
1.4E13 0.0
NO3+HO2=NO2+O2+OH
1.5E12 0.0
NO3+NO2=NO+NO2+O2
5.0E10 0.0
HNO+H=H2+NO
4.5E11 0.72
HNO+O=NO+OH
1.0E13 0.0
HNO+OH=NO+H2O
3.6E13 0.0
HNO+O2=HO2+NO
1.0E13 0.0
HNO+NO2=HONO+NO
6.0E11 0.0
HNO+HNO=N2O+H2O
9.0E08 0.0
HNO+NH2=NH3+NO
3.63E6 1.63
H2NO+M=HNO+H+M
2.5E15 0.0
H2O/5/ N2/2/
H2NO+H=HNO+H2
3.0E7
2.0
H2NO+H=NH2+OH
5.0E13 0.0
H2NO+O=HNO+OH
3.0E7
2.0
H2NO+O = NH2+O2
2.0E14
0
H2NO+OH=HNO+H2O
2.0E7
2.0
H2NO+NO=HNO+HNO
2.0E04 2.0
H2NO+NO2=HNO+HONO
6.0E11 0.0
HONO+H=H2+NO2
1.2E13 0.0
HONO+O=OH+NO2
1.2E13 0.0
HONO+OH=H2O+NO2
4.0E12 0.0
NH3+M = NH2+H+M
2.2E16
0
NH3+H=NH2+H2
6.4E05 2.39
NH3+O=NH2+OH
9.4E06 1.94
NH3+OH=NH2+H2O
2.0E06 2.04
NH3+HO2=NH2+H2O2
3.0E11 0.0
NH2+H=NH+H2
4.0E13 0.00
NH2+O=HNO+H
6.6E14 -0.50
NH2+O=NH+OH
6.8E12 0.
NH2+OH=NH+H2O
4.0E06 2.
NH2+HO2=H2NO+OH
5.0E13 0.0
NH2+HO2=NH3+O2
1.0E13 0.0
NH2+NO=NNH+OH
8.9E12 -0.35
NH2+NO=N2+H2O
1.3E16 -1.25
DUP
NH2+NO=N2+H2O
-8.9E12 -0.35
DUP
NH2+NO2=N2O+H2O
3.2E18 -2.2
NH2+NO2=H2NO+NO
3.5E12 0.
NH2+H2NO=NH3+HNO
3.0E12 0.0
HONO+NH2=NO2+NH3
71.1
3.02
NH2+NH2=N2H2+H2
8.5E11 0.
NH2+NH=N2H2+H
5.0E13 0.
NH2+N=N2+H+H
7.2E13 0.
NH+H=N+H2
3.0E13 0.
NH+O=NO+H
9.2E13 0.

-238 !
0 !
26123
20900
0
0
0
0
2940
655
0
0
25000
2000
3100
-1252
50000

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

2000
0
2000
0
1000
13000
2000
7352
5961
0
93470
10171
6460
566
22000
3650
0
0
1000
0
0
0
0

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

0 !
0
0
1000
-4941
0
0
0
0
0

!
!
!
!
!
!
!
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NH+OH=HNO+H
2.0E13 0.
0
NH+OH=N+H2O
5.0E11 0.50
2000
NH+O2=HNO+O
4.6E05 2.
6500 !
NH+O2=NO+OH
1.3E06 1.5
100 !
NH+NO=N2O+H
2.9E14 -0.4
0 !
DUP
NH+NO=N2O+H
-2.2E13 -0.23
0
DUP
NH+NO=N2+OH
2.2E13 -0.23
0
NH+NO2=N2O+OH
1.0E13 0.
0
NH+NH=N2+H+H
2.5E13 0.
0
NH+N=N2+H
3.0E13 0.
0
N+OH=NO+H
3.8E13 0.
0
N+O2=NO+O
6.4E09 1.
6280
N+NO=N2+O
3.3E12 0.30
0
N2H2+M=NNH+H+M
5.0E16 0.
50000
H2O/15/ O2/2/ N2/2/ H2/2/
N2H2+H=NNH+H2
5.0E13 0.
1000
N2H2+O=NH2+NO
1.0E13 0.
0
N2H2+O=NNH+OH
2.0E13 0.
1000
N2H2+OH=NNH+H2O
1.0E13 0.
1000
N2H2+NO=N2O+NH2
3.0E12 0.
0
N2H2+NH2=NH3+NNH
1.0E13 0.
1000
N2H2+NH=NNH+NH2
1.0E13 0.
1000
NNH=N2+H
1.0E7
0.
0 !
NNH+H=N2+H2
1.0E14 0.
0
NNH+O=N2+OH
8.0E13 0.
0
NNH+O=N2O+H
1.0E14 0.
0
NNH+O=NH+NO
5.0E13 0.
0
NNH+OH=N2+H2O
5.0E13 0.
0
NNH+O2=N2+HO2
2.0E14 0.
0 !
NNH+O2=N2+O2+H
5.0E13 0.
0 !
NNH+NO=N2+HNO
5.0E13 0.
0
NNH+NH2=N2+NH3
5.0E13 0.
0
NNH+NH=N2+NH2
5.0E13 0.
0
N2O+M=N2+O+M
4.0E14 0.
56100
N2/1.7/
O2/1.4/ H2O/12/ CO/1.5/ CO2/3/
N2O+H=N2+OH
3.3E10 0.
4729
DUP
N2O+H=N2+OH
4.4E14 0.
19254
DUP
N2O+O=NO+NO
6.6E13 0.
26630 !
N2O+O=N2+O2
1.0E14 0.
28000 !
N2O+OH=N2+HO2
1.3E-2 4.72 36561 !
N2O+OH=HNO+NO
1.2E-4 4.33 25081 !
!HNO+NO = N2O+OH
2.0E12 0.0
26000 !
N2O+NO=NO2+N2
5.3E05 2.23 46281 !
!
! *****************************************************
! * cyanide subset
*
! *****************************************************
!
CN+H2=HCN+H
3.0E05 2.45
2237 !
HCN+O=NCO+H
1.4E04 2.64
4980
HCN+O=NH+CO
3.5E03 2.64
4980
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HCN+O=CN+OH
HCN+OH = CN+H2O
HCN+OH=HOCN+H
HCN+OH=HNCO+H
HCN+OH=NH2+CO
HCN+CN=C2N2+H
CN+O=CO+N
CN+OH=NCO+H
CN+O2=NCO+O
CN+CO2=NCO+CO
CN+NO2=NCO+NO
CN+NO2=CO+N2O
CN+NO2=N2+CO2
CN+HNO=HCN+NO
CN+HONO=HCN+NO2
CN+N2O=NCN+NO
CN+HNCO=HCN+NCO
CN+NCO=NCN+CO
!HNCO+M=NH+CO
HNCO+H=NH2+CO
HNCO+O=HNO+CO
HNCO+O=NH+CO2
HNCO+O=NCO+OH
HNCO+OH=NCO+H2O
HNCO+HO2=NCO+H2O2
HNCO+O2=HNO+CO2
HNCO+NH2=NH3+NCO
HNCO+NH=NH2+NCO
HOCN+H=NCO+H2
HOCN+O=NCO+OH
HOCN+OH=NCO+H2O
HCNO+H=HCN+OH
HCNO+O=HCO+NO
HCNO+OH=CH2O+NO
NCO+M=N+CO+M
NCO+H=NH+CO
NCO+O=NO+CO
NCO+OH=NO+HCO
NCO+O2=NO+CO2
NCO+H2=HNCO+H
NCO+HCO=HNCO+CO
NCO+NO=N2O+CO
NCO+NO=N2+CO2
NCO+NO2=CO+NO+NO
NCO+NO2=CO2+N2O
NCO+HNO=HNCO+NO
NCO+HONO=HNCO+NO2
NCO+N=N2+CO
NCO+NCO=N2+CO+CO
C2N2+O=NCO+CN
C2N2+OH=HOCN+CN
NCN+O=CN+NO
NCN+OH=HCN+NO
NCN+H=HCN+N
NCN+O2=NO+NCO

2.7E09 1.58
3.9E06 1.83
5.9E04 2.40
2.0E-3 4.
7.8E-4 4.
1.5E07 1.71
7.7E13 0.
4.0E13 0.
7.5E12 0.
3.7E06 2.16
5.3E15 -0.752
4.9E14 -0.752
3.7E14 -0.752
1.8E13 0.00
1.2E13 0.00
3.9E03 2.6
1.5E13 0.
1.8E13 0.
1.1E16 0.
2.2E07 1.7
1.5E08 1.57
9.8E7
1.41
2.2E6
2.11
6.4E05 2.
3.0E11 0.
1.0E12 0.
5.0E12 0.
3.0E13 0.
2.0E07 2.
1.5E04 2.64
6.4E05 2.
1.0E14 0
2.0E14 0.
4.0E13 0.
3.1E16 -0.50
5.0E13 0.
4.7E13 0.
5.0E12 0.
2.0E12 0.
7.6E02 3.
3.6E13 0.
6.2E17 -1.73
7.8E17 -1.73
2.5E11 0.
3.0E12 0.
1.8E13 0.
3.6E12 0.
2.0E13 0.
1.8E13 0.
4.6E12 0.
1.9E11 0.
1.0E14 0.
5.0E13 0.
1.0E14 0.
1.0E13 0.

29200
10300 !
12500
1000
4000
1530 !
0 !
0 !
-389 !
26884 !
344 !
344 !
344 !
0
0
3696 !
0 !
0 !
86000 !
3800 !
44012 !
8524 !
11425 !
2563 !
22000 !
35000 !
6200 !
23700 !
2000 !
4000 !
2563 !
12000 !
0 !
0 !
48000 !
0 !
0 !
15000 !
20000 !
4000 !
0 !
763 !
763 !
-707 !
-707 !
0 !
0 !
0 !
0 !
8880 !
2900 !
0 !
0 !
0 !
0 !
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H+CH3CN=HCN+CH3
4.0E7
2.
2000 !
H+CH3CN=CH2CN+H2
3.0E7
2.
1000 !
O+CH3CN=NCO+CH3
1.5E4
2.64
4980 !
OH+CH3CN=CH2CN+H2O
2.0E7
2.
2000 !
CH2CN+O=CH2O+CN
1.0E14
0.
0.
!
CN+CH2OH=CH2CN+OH
5.0E13 0.
0 !
H2CN+M=HCN+H+M
3.0E14 0.
22000 !
!
! *****************************************************
! * subset for CxHyOz+nitrogen species reactions
*
! *****************************************************
!
CO+NO2 = CO2+NO
9.0E13 0.
33779 !
CO+N2O=N2+CO2
3.2E11 0.
20237 !
CO2+N=NO+CO
1.9E11 0.
3400 !
CH2O+NCO=HNCO+HCO
6.0E12 0.
0 !
CH2O+NO2 = HCO+HONO
8.0E02 2.77 13730 !
HCO+NO=HNO+CO
7.2E12 0.
0 !
HCO+NO2 = CO+HONO
1.2E23 -3.29
2355 !
HCO+NO2 = H+CO2+NO
8.4E15 -0.75
1930 !
HCO+HNO=CH2O+NO
6.0E11 0.
2000 !
CH4+CN=CH3+HCN
6.2E04 2.64
-437 !
NCO+CH4 = CH3+HNCO
9.8E12 0.00
8120 !
CH3+NO=HCN+H2O
1.5E-1 3.523 3950 !
CH3+NO=H2CN+OH
1.5E-1 3.523 3950 !
CH3+NO2=CH3O+NO
1.4E13 0.
0 !
CH3+N=H2CN+H
7.1E13 0.
0 !
CH3+CN=CH2CN+H
1.0E14 0.
0 !
CH3+HOCN=CH3CN+OH
5.0E12 0.
2000 !
CH2+NO=HCN+OH
2.2E12 0.
-378 !
CH2+NO=HCNO+H
1.3E12 0.
-378 !
CH2+NO2=CH2O+NO
5.9E13 0.
0 !
CH2+N=HCN+H
5.0E13 0.
0 !
CH2+N2=HCN+NH
1.0E13 0.
74000 !
H2CN+N=N2+CH2
2.0E13 0.
0 !
CH2(S)+NO=HCN+OH
2.0E13 0.
0 !
CH2(S)+NO=CH2+NO
1.0E14 0.
0 !
CH2(S)+HCN=CH3+CN
5.0E13 0.
0 !
CH+NO2=HCO+NO
1.0E14 0.
0 !
CH+NO = HCN+O
4.8E13 0.00
0 !
CH+NO = HCO+N
3.4E13 0.00
0 !
CH+NO = NCO+H
1.9E13 0.00
0 !
CH+N=CN+H
1.3E13 0.
0 !
CH+N2=HCN+N
3.7E07 1.42 20723 !
CH+N2O=HCN+NO
1.9E13 0.
-511 !
C+NO=CN+O
2.0E13 0.
0 !
C+NO=CO+N
2.8E13 0.
0 !
C+N2=CN+N
6.3E13 0.
46019 !
C+N2O=CN+NO
5.1E12 0.
0 !
C2H6+CN=C2H5+HCN
1.2E05 2.77 -1788 !
C2H6+NCO = C2H5+HNCO
1.5E-9 6.89 -2910 !
C2H4+CN = C2H3+HCN
5.9E14 -0.24
0 !
C2H3+NO=C2H2+HNO
1.0E12 0.
1000 !
C2H3+N=HCN+CH2
2.0E13 0.
0 !
C2H2+NCO = HCCO+HCN
1.4E12 0.00
1815 !
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C2H+NO=CN+HCO
CH2CO+CN=HCCO+HCN
HCCO+NO=HCNO+CO
HCCO+NO=HCN+CO2
HCCO+NO2=HCNO+CO2
HCCO+N=HCN+CO
END

2.1E13
2.0E13
7.2E12
1.6E13
1.6E13
5.0E13

0.
0.
0.
0.
0.
0.

0
0
0
0
0
0

!
!
!
!
!
!
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