Executive Summary

In our capstone project Pyrolysis for Making Hydrogen and Biochar from Biogas, our goal is to develop a
reaction system for methane pyrolysis, which is a chemical reaction that thermally decomposes methane
(CH4) to hydrogen (H2) and solid carbon (C) with the help of catalyst. [motivation] Although hydrogen is
a clean energy source, current industrial production of hydrogen leads to high CO2 emissions. Also,
biogas, mainly composed of methane, is a powerful greenhouse gas that contributes to global warming.
Therefore, we study pyrolysis to utilize greenhouse gasses to produce a clean energy source without
carbon emissions. At the preliminary of this research project, we decided to develop a detailed design for
the main reaction chamber that promotes the H2 yield with mechanical design.

This pyrolysis reactor was requested to be designed by our sponsor Praneet Chotalia, for lab scale
research of the creation of hydrogen gas.

The requirements were developed after thorough research to establish what would be important for a
pyrolysis reactor. The most critical requirements include first the high methane conversion rate, as we
need to achieve at least a 60-70% conversion rate, the percentage of methane converted to hydrogen and
solid carbon, which was requested by our sponsor, Praneet.

The concept generation process started with the entire reaction system with 12 sub-systems, which created
a collection of design challenges instead of just one. Due to the time and cost limitation of this project, for
the final design, we closed in on the reaction chamber where the pyrolysis reaction happens. We selected
a two-stage continuous stirred-tank reactor (CSTR) as our selected concept. Two-stage means both molten
and solid catalyst are used so the methane could react with the catalyst for two times; the CSTR is a type
of chemical reactor that provides constant stirring, allowing the reactants to be uniformly distributed,
allowing the reaction to advance at a uniform rate, and promoting conversion rate, which is required for
our reactor. Thus, we find the two-stage CSTR to be the most suitable liquid/gas mixing system for our
project.

Further developed after this, was a Rushton style mixer to enable this reactor to mix the catalyst
effectively. To model whether this mixing of the molten catalyst would be useful, a COMSOL model was
created to determine the effect this mixing would have on the conversion rate of the methane. This model
predicted an increase in conversion rate of over 20%, getting us to the desired conversion rate between
60-70% in our requirements. We examined sensitivity of the model to confirm that the parameters
examined behave how they were expected to.

For future work, the kinetic equations modeling the behavior of the conversion rate relating to the molten
catalyst should be edited through careful research. Additionally, to fully verify the results of our design, a
physical prototype must be developed. While our simulated model suggests there would be an increase in
conversion from mixing, there cannot be certainty of this until it is properly validated. Our research
focused on continuous verification, so our design still lacks in areas where validation is necessary.
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Revised Abstract

In order to develop greener methods of producing power, the aim of this project is to create a methane
pyrolysis reactor design to produce Turquoise Hydrogen with sustainably sourced biogas. Methane
pyrolysis avoids the pitfalls of other hydrogen generation methods by avoiding CO2 emissions during the
reaction process, while also yielding solid carbon which, depending on the quality of carbon produced,
can be a valuable resource. To produce a valuable reactor, considerations must be made for increasing
yield, increasing catalyst lifetime, and safe storage of hydrogen.
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Project Introduction, Background, and Information Sources

Introduction and Background

This methane pyrolysis project aims to design a reactor that makes advancements in our ability to convert
biogas into usable hydrogen, that is safe and maximizes the yield of both hydrogen and carbon. The
sponsors of this project are the University of Michigan and Praneet Chotalia (graduate student at the
University). This project exists in response to the growing demand on hydrogen and the common goal of
zero net emission of greenhouse gasses.

Hydrogen is an important ingredient for industries. In 2022, a total of 95 million tons of hydrogen was
produced in the world, where 41 Mt of hydrogen was used for oil refining, 31.8 Mt was used for ammonia
production, 15.9 Mt was used for methanol production, and 5.3 Mt was used for direct reduced iron
(Figure. 1). The production of 95 Mt of hydrogen in 2022 was dominated by fossil fuels. 62% of it was
produced from natural gas without carbon capture (which produces 10~13 kg of CO2 per kg of H2), 21%
was produced from coal (which produces 22~26 kg of CO2 per kg of H2), 16% was produced as a
byproduct from petroleum or chemical industries (Figure. 2). For comparison, natural gas with carbon
capture will only produce 1.5~6.2 kg CO2 per kg of H2. [1]
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Figure 1 (left): Hydrogen Usage in 2022 (Units: Mt) [1]
Figure 2 (right): Hydrogen Production by Methods in 2022 (Units: Mt) [1]

Hydrogen is sometimes considered as a clean energy form because its combustion produces nothing other
than water. However, the problem lies in the production process. As mentioned above, most of the
hydrogen is produced from natural gas (methane). The 2 most common methods for that are partial
oxidation and steam methane reforming:
Partial Oxidation of Methane Reaction
CH,+ % 0, — CO + 2H,
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Steam-Methane Reforming Reaction
CH,+ H,0 — CO + 3H,
Both methods will also produce carbon monoxide which will eventually become carbon dioxide. This
overlooked carbon emission makes hydrogen less “clean” than how it seems. In Figure 3, which compares
several hydrogen production technologies, Methane Pyrolysis has the smallest carbon footprint, Steam
Methane Reforming has a footprint that is twice as large.
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Figure 3: The Carbon Footprint of Hydrogen Producing Technologies vs Product costs[2]

Carbon emission, or greenhouse gas emission, has brought up environmental concerns. By 2022,
greenhouse gas emissions have already led to 1.1 C global temperature increase, compared to
pre-industrial levels. The act of net zero emission by 2050, which involves more than 130 countries
covering over 88% of global greenhouse gas emissions, is to keep this temperature increase below 1.5 C.
Considering the possible application of hydrogen to replace fossil fuels in end uses such as heavy
industry, long-haul transportation, and seasonal energy storage, the global hydrogen demand is predicted
by the Hydrogen Council and McKinsey & Company to be 660 Mt in 2050 when zero net emission is to
be achieved. Hydrogen will have the potential to contribute to 10% of that goal. [3]

Pyrolysis as a process, has existed since ancient times, with people in ancient egypt using a primitive form
of pyrolysis to produce materials for burial. [4] The process specifically heats up a material until it is
above the temperature for decomposition. This breaks down the material into its parts. Through the years
as humanity has desired to break down components into more distilled products, designs for reactors to
optimize the process have grown more complex. Methane pyrolysis as a process has been conceptualized
since the 1960s, but only within the last 20 years has research focused on it as a source of relatively green
or Turquoise Hydrogen. [5] When carbon dioxide is produced in the process, hydrogen production is
referred to as Blue or Gray hydrogen.[6]

In order to decarbonize the hydrogen industry and further decrease greenhouse gas emission, methane
pyrolysis can be used as an alternative for the aforementioned 2 methods of producing hydrogen. The
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process is straightforward: at high temperatures (typically 1100~1200 C), methane decomposes into
hydrogen and solid carbon:

CH, —» C+2H,
Depending on different reaction conditions, the solid carbon can have different forms such as carbon
black, carbon fiber, carbon nanotube, etc. They all are useful in other industries while not being converted
into carbon dioxide. To actually aid decarbonization, we want to look into this process as being used for
future renewably produced biogas, which does contain other adulterants within it, which is not shown
with the more easily digestible chemical formula. Adulterants common in biogas are carbon dioxide,
water vapor, siloxanes, hydrogen sulfide, and volatile organic compounds (VOCs). The carbon and
hydrogen produced in our decomposition of the methane can bond with these adulterants and produce
harmful chemicals such as carbon disulfide, and work against the aim of our project and produce more
carbon dioxide. There is currently not much literature on a mixture of adulterants and methane, so our
focus is going to be on improving the existing technology for methane pyrolysis.

The ultimate goal of our sponsors is to design and build a complete lab-scale reactor which runs on biogas
containing methane, carbon dioxide, and some impurities. This will take years to complete. Currently at
the initial stage of the project, we are assuming the biogas is filtered and the reactor will be fed with pure
methane.

Benchmarks

Methane pyrolysis is a relatively new technology in trying to broaden the availability of hydrogen. There
are a few commercial players within the field of hydrogen pyrolysis. Monolith Materials, Hazer Group,
Aker Solutions, and BASF are the major commercial players for more large-scale production of hydrogen
in this manner. Currently, the field is largely the focus of academic research versus commercial, there is a
massive amount of variety within the academic space on how these reactors are being built driving
progress [5]. Therefore, our benchmarking data largely comes from research papers on lab-scale
experiments. Since our objective is also to design a lab-scale reactor, we can directly reference these
benchmarks when designing our own.

To break down the base process of a methane pyrolysis reactor, we need to look at how the methane is
being processed on a practical level within a generic reactor. First for the reactor, the methane is preheated
to be able to undergo the process of the actual reactor, if it is not preheated it may not be able to get up to
temperature for the decomposition process to occur within the chamber. [7] This initial heating is the
pre-treatment of the methane before it enters the chamber. Then, methane is pumped into the chamber for
the reaction. There is a source of heat applied to the chamber where the reaction is taking place, as the
methane must be heated to an appropriate temperature to undergo decomposition into its components,
hydrogen and carbon. This heat can be applied within the chamber, or around the reactor. A few standard
methods of heating are plasma pyrolysis, microwave pyrolysis, and electric heating. Plasma pyrolysis
simply is a method of using a plasma torch or plasma pulse from the center of the reactor to heat the
methane. Using the plasma pulse method has the benefit of heating the methane itself, without putting the
entire apparatus at a high temperature. Plasma torches still produce a higher temperature [8]. Microwave
pyrolysis uses the relatively simple technology of microwaves to impart heat into the system. This is not a
microwave as thought of for cooking purposes, but a device that can produce lab use microwaves to heat
the chamber in a controlled way where precise temperature measurements can be made. Electric heating
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can use the principles of resistance or inductance to produce a heat on the gas.[7] This chamber being
heated is pressurized, but at a very low pressure. In Figure 4, the highest methane conversion rate, the
percentage of methane converted to hydrogen and carbon, is reached at lower temperatures. This reduces
the amount of energy used in the form of heat to create this hydrogen gas.
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Figure 4: Methane Pyrolysis at 1-35 bar, Methane Conversion Percentage vs Temperature [9]

To get the pyrolysis reaction to occur at a lower temperature, catalysts are used, from Figure 6 depicting
the operating temperature ranges of three different types of catalysts and non-catalytic pyrolysis, pyrolysis
that does not use a catalyst. This figure shows that reaction temperatures in reactors with catalysts are
much lower showing the range of the non-catalytic section of the graph.They also allow researchers to
increase the yield of the hydrogen from the reaction depending on the catalyst being used as depicted in
Figure 8. These catalysts exist in a variety of forms as shown in Figure 7. They are held in place with
membranes within the chamber where the methane undergoes the reaction process as shown in Figure 5.
These membranes are made from certain types of non-reactive metals or ceramics that methane is able to
diffuse through, these membranes are commonly fused to the sides of the chamber through welding. Not
all reactors use catalysts, as the main requirement for decomposition is that the methane is hot enough to
reach the point at which it separates into its components of carbon and hydrogen. [7]
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Figure 5: 2 and 3 Phase Catalytic Reactor [10]
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Another consideration is the lifetime of the catalyst within the reactor, a key part of the reaction process is
the production of solid carbon, while this carbon is desirable, the way carbon can build up on the
catalysts, liquid or solid, can affect operability of the reactor over time. This reduces the efficiency of the
reactor, by reducing the catalytic properties in the liquid catalyst, and causing coking in the solid
catalysts. This coking, the carbon buildup, in the solid catalysts causes the chamber to get blocked up, and
reduces its effectiveness and makes it less reactive. From Figure 7, we can see from the stability metric,
which refers to the time that the catalyst can last before needing to be renewed in some regard, that liquid
catalysts have longer lifetimes, but solid catalysts have advantages that can make them more effective for
other reasons, like higher activation energies leading to lower operating temperatures as shown in the
Figure 8 Venn Diagram. Solid catalysts can have a larger yield of hydrogen as referenced in Figure 8.
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Figures 6 (left) and 7 (right): Performance of Different Catalyst Types [11]

Depending on the usage of catalysts, we may want to regenerate the catalysts used in the reaction process.
This means a mechanical or chemical process that removes the buildup of solid carbon in the liquid or
solid catalyst. To also prevent carbon buildup, moving mechanisms that stir liquid or solid catalysts can
be used to prevent clogging and increase surface contact with the methane, an example of a diagram of
such a mechanism is in Figure 9. Carbon also builds up on the walls but has a minimal impact on the rate
of decomposition even after the reactor has been running for more than 15 days. [12]
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Figure 8: Venn Diagram of the Traits of Different Types of Catalysts [13]
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These are more commonly used with liquid catalysts as it is not as effective to stir the solid catalysts.
Solid catalysts are more commonly just removed from the chamber and the carbon is removed externally.
Another way to prevent carbon build up is with a moving carbon bed. These are very useful but a
significantly more complicated and expensive method of carbon removal, that is not generally used when
keeping the carbon is a goal. [7] Moving carbon bed describes a system, where carbon is used as a
medium moving around the tank, the gas is sent through and heated up. The methane separates into
hydrogen and carbon collects on the other moving carbon within the tank, where it can be fed back into

the tank and reused.
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Figure 9: Diagram of a Continuous Stirred Tank Reactor (CSTR) [14]

As the methane moves through the catalysts, it decomposes into its parts, the solid carbon and the
hydrogen gas. There is however going to be some leftover undecomposed Methane gas, which needs to be
filtered out after the process to have pure hydrogen gas. Various methods exist to separate the gasses
including pressure swing adsorption, where under high pressure certain gasses are stuck to solid surfaces,
and membranes often a high temperature metal which are able to only let through hydrogen gas
molecules, because they are very small while methane is a much larger molecule, these are the most
common methods of separating the gasses.

The hydrogen gas after that needs to be stored, in Figure 10 you can see one way to do it is use a small
metal pressure vessel. In this case the pressure vessel is directly off of the reactor.

Reactor chambers are commonly constructed with strong heat resistant materials, in Figure 10, the reactor
is constructed with a quartz glass interior chamber, and the outer chamber is stainless steel. This reactor is
heated by being put in a lab furnace. The top of this reactor is bolted on to ensure no gas escapes. [15]
This reactor is fed through a small valve on the bottom of the tank. The reactor in Figure 5 uses the same
materials.
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Figure 10: Experimental Liquid Metal Bubble Column Reactor Design [15]

Figure 11 gives us a good sense of the size and scope of the lab scale models our team is trying to
replicate. To be close to lab size the length of the reactor is under 1 m, with most of the reactors in this
chart under 0.5 m. The nozzles for inputting gas into the chamber are built to be between 0.2 mm and 2
mm or use a membrane with multiple small holes. To define some terms within the chart, and for the rest
of the paper they list the feed rate, the amount of gas entering the reactor. The chart also covers residence
time, the time the gas stays in contact with the catalysts. Operation time is how long it can operate
unassisted. The carbon morphology is the shape and type of carbon collected. [6]
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Figure 11: Different Pyrolysis Reactors and their Construction [6]
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One associated challenge with pyrolysis is the cost, in Figure 12 there is an Investment column. This
column represents the euros spent per kg/h hydrogen produced. The important rows on this column are
the molten metal rows showing that this process is fairly expensive. Each of the molten metal pyrolysis
rows is over 20,000 euros per kg/h.

Source Reactor Catalyst Heat supply Nominal Carbon Electricity Methane H, purification Investment Cost Annual O&M
concept H, capacity yield [kg consumption consumption or use case [€/(kg/h elements in  cost [% of
[kg/day] C/kg Hz]  [kWh/kg Hs) [MJ/kg Ha) Hy)] Investment Investment]

Plasma processes

[191* TP No TP 88,668 3.0 12.2 2221 n/a 25,336 n/a 1.0%
[16] TP No TP 1,914 3.1 16.1 304.8 n/a #151,914 n/a n/a
[22] TP No TP 4,000 3.0 14.3 2235 PSA 35,470 E,CI 18.6%
[21] TP No TP 18,263 3.0 17.8 2235 PSA *106,354 n/a 3.9%
[20] TP No TP 13,683 2.8 11.7 2221 n/a #111,568 n/a 5.0%
[23] TP No P 402,901 3.0 11.1 242.3 n/a 3,331 n/a 2.0%
Molten metal systems
[18] MM No EA 547,945 3.0 14.3 2221 PSA 26,487 E,F 5.0%
MM Future EA 547,945 3.0 %6.5 2221 23,974
MM catalytic CH, 547,945 3.0 0.0 2526 23,233
MM molten H, 547,945 3.7 0.0 274.3 24,386
metal
[17] MM Ni-Bi CH,4 273,973 3.0 -0.5 2727 PSA 30,634 E. LM 2.0%
Gas reactor systems
[26] BR No EH 27,397 3.0 7.2 2221 n/a 432,850 n/a n/a
[24]° FBR Nickel CH,4 253,950 3.0 2.3 3325 PSA 13,798 E,LPC 4.0%
FBR Carbon 294.7 13,892
FBR No 294.7 13,892
[9] GR No CH, 26,344 3.0 0.0 306.3 Product gas for 11,268 E, 1P 2.0%
GR No EH 22,698 3.0 17.7 224.4 electricity 8,506 2.0%
FBR Nickel Carbon 26,002 1.7 1.2 221.4 production 25,604 2.0%
HER No EH 19,358 3.0 19.8 2288 12,463 2.0%
[10] HER No CH,4 2,158 3.5 0.0 266.8 Membrane 35,962 E.C 2.0%
HER + G No CHy4 2,158 0.5 0.3 155.6 26,263 2.0%

Figure 12: Economic Factors associated with Methane Pyrolysis [2]

Although we are making our design from zero, besides referring to the benchmarks, there are various
standards for us to follow. Safety is always the most important, especially when our project involves high
temperature, high pressure, and highly inflammable gasses. There are safety standards on the operation of
lab equipment, the configuration of the lab, and fire prevention. The catalysts contain various chemicals
so there will also be standards on the manipulation of them. We will follow these standards to ensure
safety. Other standards include standards on pressure vessel design and standards on storage or
transportation of the hydrogen or methane.

Design Process

Our team decided to follow the ME Capstone Design Process Framework shown in Figure 13 below. We
have considered following a number of different design processes including activity vs. stage based
processes, solution vs. problem oriented processes, and abstract vs. procedural vs. analytical processes.

In our initial step of literature search, we followed a combination of abstract approach and procedural
approach. In the beginning, since it was our first time working on the topic of pyrolysis, we had zero
understanding of it. The best approach for us to learn about the topic would be the abstract approach
where the subject is described at a high level of abstraction while specific details are not provided. We
first read literatures of general overview of the methane pyrolysis process as well as the alternative steam
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methane reforming process. After having a general understanding about the topic, we were ready for the
next step of the procedural approach. The procedural approach is more specific and more relevant to
practical situations. In this step we read literature of specific methane pyrolysis methods that are currently
used by different labs and companies around the world to gain a baseline idea for our project as well as
possible areas for improvements.

| |
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& Verification [*]

Need || Problem || Concept
Identification || Definition || Exploration [,

| Gatherimg and Synthesis of Relevant Information, Including Stakehclder Engagement
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| Application of Mechanical Engineering Principles and Prior Knowledge

| Context Assessment, Identity and Inclusivity, Ethics

VNV VNN

| Conscientious Exploration and Evidence-Based Decision Making

Figure 13: ME Capstone Design Process Framework

Many of the models presented in Wynn and Clarkson’s Models of Designing [16] were considered in our
selection of a design process.

First, we considered the advantages and disadvantages of stage-based and activity-based models.
Stage-based models have a linear structure where different stages of the process are connected in a
chronological order. The activity-based models have a cyclic structure where rework can occur at
different places. Because of these fundamental differences, the advantage of stage-based models over
activity-based models is that it will have a better-defined timeline for when each part will be completed.
And the advantage of activity-based models over stage-based models is that we will be able to update the
previous outcomes if we have new findings or problems later. For the scope of our project, which we are
gradually getting familiar with and will take years to complete, we decided that the problem-based models
are more applicable in our case because we will continuously update our knowledge and understanding
about the topic and make improvements throughout the process, and the quality of work is more important
than following a strict timeline.

10
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We also considered if a problem-oriented approach or a solution-oriented approach was more effective for
our project. In a problem-oriented approach, the emphasis is on the problem itself. First, a thorough
analysis of the problem is conducted and then a range of potential solutions are generated. In a
Solution-oriented approach, the focus is on an initial solution proposal. As the requirements and
specifications are being explored, this initial solution will be continuously analyzed and modified to meet
all the requirements. The advantage of problem-oriented approaches is that it allows for a thorough
exploration of the solution space and provides the possibility for innovation. The advantage of
solution-oriented approaches is that it presents a rough solution at an early stage and leaves more time for
improvements. For our project, we chose to follow a problem-oriented approach because methane
pyrolysis is a relatively new technology and it needs innovation by nature, as well as our thorough
understanding of the topic. If we use a solution-oriented approach, it will be difficult for us to propose an
initial solution since we have no experience with pyrolysis reactors.

We considered following a variety of different design process models including Beitz and Paul’s Steps of
the Planning and Design Process [17], French’s the Design Process [18], and Pugh’s Original vs Adaptive
Design Process [19]. Ultimately, we found that the ME Capstone Design Process Framework was most
aligned with our goals and most efficiently allows us to design our project successfully. We are using the
same concept of the design process that was initially given to the class, as the design framework allows
for a lot of playing around with concepts, all of the steps in the process are interlinked and we can restart
any process over again. The format of this design process is extremely compatible with the structure of
designing for problems in ME450, this is partially due to the nature of the design reports asking about
aspects of each section in the given design process. This design process is a problem oriented process in
which a lot of consideration is given to the ultimate goals of fixing the problem, which is how we want
our design process to be implemented.

Design Context

We divided our main stakeholders into three categories: primary, secondary, and tertiary. The primary
stakeholders are people who directly impact (or are impacted) by our project. These include:

The University of Michigan and Praneet. They sponsor this project and provide necessary resources for
us. In return, we are transferring the intellectual properties created in this project to the University. Also,
after successfully building the reactor, the researchers of the University will be able to use it to do
experiments. Their expectations are to first have a working model or design and then the University will
consider to actually build it.

Natural Gas or Biogas Suppliers. They supply the key ingredient that we feed into the reactor. They can
be commercial natural gas or biogas sellers. If our project is successful, in the future they will experience
increased demand for their gasses. They can also be the other research groups in the University that
produce biogas, since the reactor is only lab-scaled. Their expectation for the current project is that we
buy gasses from them. However, in the long term, they might see potential conflicts. With the
development of our project (and methane pyrolysis technologies) it will become commercialized and the
numbers of hydrogen producers (by using methane pyrolysis) will increase. Hydrogen and natural gas are
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substitute products in some areas such as household heating or electricity generation. Therefore, the
natural gas suppliers would experience a decreased demand from those end users. However, the hydrogen
producers will also buy the natural gas from natural gas suppliers. Natural gas suppliers will need to
figure out whether the net change in demand will increase or decrease.

Catalyst Suppliers. They supply the catalysts (molten metal and solid metal) of the reactor. The catalysts
stay inside the reactor and will directly affect the performance of the reactor. The catalysts are different
kinds of metal so the catalyst suppliers will be metal producers. For the current stage, they are not
expecting much from us except the one-time purchase of catalysts. In the long term, our project will bring
down the price of hydrogen which is an ingredient for metal refining. Therefore, the metal producers will
benefit from this project.

The secondary stakeholders are groups which do not experience the problem and are not directly impacted
by the problem or solution, including:

Traditional Hydrogen Producers. This includes steam methane reforming companies, coal gasification
companies, electrolysis companies, and others. More than 95% of all hydrogen is produced by these
companies and they are actually part of the problem context. These processes do not have a step of carbon
capture, which results in excessive carbon emission. Methane pyrolysis is a direct competing method and
can reduce the carbon emission significantly. Therefore, the traditional hydrogen producing companies
might experience losses in their market share with lowered hydrogen prices. They might also be required
by governments to reduce their carbon emissions which will increase their costs of operation. For
instance, the average cost of production for gray hydrogen (produced from natural gas) is $2.13/kg while
the cost for blue hydrogen (produced from natural gas with carbon capture) is $3.10/kg. [20]

Hydrogen Consumers (QOil Producers, Ammonia or Fertilizer Producers, etc.) As mentioned, oil
refining (41Mt) and ammonia (31.8Mt) are the 2 biggest parts of global hydrogen consumption. With the
success of this project, there will be an alternative source of hydrogen and increased supply, resulting in
lowered hydrogen prices.

Hydrogen Vehicle Companies and Users. Similar to the other hydrogen consumers, hydrogen vehicle
companies or users will benefit from the lowered hydrogen price. Generally, hydrogen vehicle is more
expensive than gasoline vehicles and the advantages of hydrogen vehicle are better fuel economy and no
carbon emission. Currently, the Toyota Mirai (a hydrogen fuel cell electric vehicle) has a starting MSRP
of $50190 whereas the Camry starts only at $26420. [21] The MPGe(gasoline equivalent) of the Mirai is
between 65 and 74, or 1.5 kg H2 per 100 miles. [22] The average cost of hydrogen for vehicles is between
$13 and $16. [23] The cost for driving a hydrogen vehicle will be $21.75 per 100 miles. In comparison,
the Camry has MPG between 25 and 32, which is 3.55 gallons per 100 miles. [24] The national average
price for gasoline is $3.346/gal as of Mar 3, 2024 [25] and that results in a cost of $11.88 per 100 miles to
drive the gasoline Camry. Based on these numbers, we can say that hydrogen vehicles are cheaper to drive
only in certain areas where the gas prices are significantly higher than hydrogen. If the supply of
hydrogen increases and the price lowers, then people will be more willing to buy hydrogen vehicles and
the hydrogen vehicle manufacturers will sell more cars.
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Our tertiary stakeholders are outside of the immediate problem context but have the potential to influence
it:

Traditional (Gasoline) and Electric Vehicle Manufacturers. As of Feb 27, 2024, there are only over
18000 hydrogen vehicles in the US, because of the high cost. [26] However, if the price of hydrogen is
lowered, hydrogen vehicles will be an effective competitor to gasoline vehicles and electric vehicles. In
addition, If the sales of gasoline vehicles decreased, then gasoline producers will also experience a
decrease in their sales.

Power Generation Companies. In 2023, 60% of electricity in the US was generated using fossil fuels
(43.1% natural gas, 16.2% coal, and 0.7% others) and natural gas took the biggest portion [27]. Hydrogen
is not directly used for power generation but can be a substitute for natural gas, especially if people decide
to reduce the carbon emission and after the hydrogen price is lowered. Existing natural gas power plants
can be modified to run on hydrogen and some already have the ability to run on hydrogen. For example, a
Siemens SCC5-4000F 1S power plant can switch between 100% natural gas and 100% hydrogen
operation. With an efficiency of 59.4%, the hydrogen operation will save 335 g CO2 per kWh electricity.
[28] Although transforming a conventional power plant costs money, the reduced CO2 emission will save
money on CO2 taxation.

Tire Producers. Methane pyrolysis also produces various forms of carbon as a by-product, including
carbon black, carbon fiber, and carbon nanotube. These are important ingredients for tire production. With
the development of methane pyrolysis, the supply of the carbon will rise and the price will decrease,
which will benefit the tire producers.

Industries that Need Carbon Nanotubes. Carbon nanotube has its unique material properties (high
elastic modulus, yield strength, electrical and thermal conductivity, and compatibility with biomolecules).
These properties make CNT important for many industries including biomedical technologies, composite
materials, microelectronics, solar cells, etc. Similarly, the development of methane pyrolysis will benefit
all these industries by lowering their cost for CNT.

Resource Providers (RP)

Complementary Organizations and
Allies (CA)

Beneficiaries and Customers (BC)
Opponents and Problem Makers (OP)
Affected or Influential Bystanders
(AB)

Electric vehicle companies (AB)
Power companies (AB)

Secondary

Primary

University of Michigan (RP)
Undergraduate students (RP)

Combustion engine car
companies (OP)
Oil companies (OP)

Biogas providers (CA)
Catalyst providers (CA)

Hydrogen car companies
(BC)

Tire companies (BC)
Biotechnology companies (BC)

Figure 14: Stakeholder Map
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One of our motivations is to slow global warming and produce less CO2 to reduce the amount of
greenhouse gasses in the atmosphere. This project supports moving away from fossil fuels in the long run,
as the process of biogas pyrolysis creates a possible green energy source in the form of hydrogen gas.
Preventing further global warming will reduce already prevalent natural disasters, such as wildfires,
tropical storms and hurricanes, as well as harsher snowstorms. Overall reduction in natural disasters is a
humanitarian societal aim, as people are able to more easily stay out of poverty, less people will lose their
homes to flooding, and other financial or physical harms.

There have been pushes by the Biden administration to fund more environmentally conscious products so
there could be some financial motivation. Our sponsor may be motivated more broadly by a desire for
education on the process of pyrolysis and how it could be innovated upon. Environmental impact is likely
a significant consideration. However, it seems like the larger concern for the sponsor is pursuing
knowledge in the field of hydrogen production. For our team, the environmental and educational aspects
of the project play a large role in what we end up designing for this project. The project is supposed to
pursue sustainability while being used in an educational context. In theory, making a process more
sustainable should make a greater positive impact, by reducing emissions. Using the project for
educational aims should also increase the positive social impact of the creation, by making greater
progress in green energy.

We are using other people’s intellectual property to come up with our own ideas from viewing patents and
unique reactors outlined in research papers. They provide not exactly an outline but general inspiration
and specific rules to follow when designing a reactor that we can develop from reading their work. This
means the intellectual property we are concerned with is copyright for the contents of the research papers
that we have been reading, and design patents over the mechanical ideas that we may be creating or using
for our project. The university will own the intellectual property, and we may be partial inventors after the
project but not the owners of the intellectual property, so we would not control the rights to any produced
intellectual property, as we are working under the university to develop a reactor for their use.

The point of our project is to reduce carbon emission in the process of creating hydrogen out of methane.
The manufacture of the reactor will produce greenhouse gasses and pollutants as the transport and
manufacture within creating metal shapes have a lot of steps to get to a final destination. The disposal
would be semi-sustainable since the reactor will be made of a lot of recyclable or reusable metal
materials. However, the recycling or reusing processes may use a good amount of power which, with our
current electrical grid, will produce greenhouse gasses.

The operation of the product in early stages for this project will likely not be very sustainable. The power
consumption of the reactor will be very high as we are heating materials to very high temperatures. If a
laboratory furnace is used it can pull in the range of 2kW to 12kW [29]. Other methods may be less power
intensive such as cold plasma reactors which can use 5 to 72W on a lab scale [8], but produce a much
lower yield from the methane. Ideally, the project would be running on renewable power sources to heat
the reactor, which would dramatically reduce the environmental impact the reactor would have.
Furthermore, as we keep improving the design, we will try to reduce the heat loss from the reactor and
recover more waste heat to improve the energy efficiency.
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Possible ethical concerns arise about this project. One of them is the conflict minerals. Tungsten, because
of its mechanical properties such as high melting point, can be used on high temperature reactors like
ours. Since the reactor will contain both molten and solid catalysts, we might use tungsten to hold the
solid catalyst in place to separate from the molten catalyst. However, tungsten from Rwanda (the 5®
largest Tungsten producing country) can be a conflict mineral. [30] In 2006 the government announced
privatization of the mining sector [31]. As a result, a great portion of the mining sector is informal and
small-scale, meaning it could be difficult to regulate, dangerous or environmentally destructive, use child
labor, violate human rights, and help fund war and armed conflicts. And there is no guarantee that the
tungsten we use is conflict-free. Therefore, we might need to find alternative materials for our design.

Our personal ethics are more similar to the university than to a future employer or client. They have their
codes of ethics but their goal is more focused on making profit rather than to reduce environmental or
social impacts. Some of them may have some more significant ethical boundaries that we may align with,
but they in general form ethical principles around business practices rather than doing ethical good.

Visible power is in who we choose to talk to regarding the project. The amount of power we hold over
end users is a bit harder to define relative to us. We have hidden power over what ideas we choose to
explore as a team and which ones we might ignore. We have similar power with our sponsor where we
can take their advice but we have the power to disregard suggestions. We have scheduled weekly
meetings with our primary sponsor Praneet to discuss our progress and ask his requirements.

We are all from different backgrounds and to make sure we are inclusive in our search for information and
ideas. We will make sure we keep in mind our own biases and differences in upbringing and education
that may lead us to choose one possibility over another in our search for solutions.

Further Exploration on Social Impacts of the Project

Our project is at the very beginning stage which is to design a lab-scale reactor. Eventually, our sponsor
will scale it up to pilot-scale and commercial-scale plants. At that time, despite the benefits of producing
hydrogen and carbon with lowered carbon emission, the project will also have implications at a society
level.

The Olive Creek 2 is a completely commercialized methane pyrolysis facility planned by Monolith. It is
planned to be built in Lancaster Nebraska and is a 12-time-upscope of the Olive Creek 1 which is also a
commercial scale facility but mainly used for testing purposes. The Department of Energy has composed
an environmental assessment for the OC2 facility to evaluate its possible impacts [32]. Because of the
similarity between our project and Olive Creek, we can refer to this environmental assessment to estimate
the social and environmental impacts of our project. Some of the key areas analyzed in the assessment
include:

Air quality and GHG analysis. The construction process of the facility will generate fugitive dust
emissions and air emissions caused by the construction equipment and vehicles. Actions such as watering
and other dust suppression methods will be taken to minimize the impacts. According to the DOE, the
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effects of emissions will be “temporary and minimal”. The operation of the facility (production of
hydrogen and carbon) will generate hazardous air pollutants and greenhouse gasses. The emission of these
pollutants is regulated and the OC2 has received permit from the local health department, with allowed
amounts listed in Appendix E Table 1. Again, the OC2 is considered a “minor source” and its “impact to
air quality is not anticipated to be significant”.

A life cycle analysis of the gas emissions is also performed on the OC2 facility. The analysis is based on
the production of 198416 tons of carbon black and 319333 tons of ammonia per year. The results are
compared to the emission from usual methods of producing the same amounts. The results show that the
OC2 facility will produce 38000 tons of CO2 equivalent per year whereas usual production methods
produce 823000 tons of CO2 equivalent per year, with a reduction of 80%. Detail shown in Appendix E
Table 2.

Biological resources, including vegetation and wildlife/birds. The proposed expansion of OC2 is 37
acres but the construction process requires an additional approximate 38 acres. The land will be
temporarily impacted and will return to agricultural use after the construction is finished. According to the
Nebraska Department of Agriculture, the construction activities may increase the proliferation of noxious
and invasive weeds. To control these weeds, the disturbed land will be revegetated. To protect the wetland
area, aquatic safe herbicides will be used to treat these noxious and invasive species.

Public and occupational health and safety. This section mainly concerns emergency medical services
for the facility because the operation involves risks. Specifically, the facility is placed 25 miles from an
emergency medical service and 0.5 mile from a fire department. This makes us think about our project. If
eventually we are choosing places to build a facility like OC2, it is important to choose places where
emergency services are available. Further analysis on the chemical hazard indicates that it is not
anticipated to be significant, and that the carbon back dust, although combustible and explosive at high
concentration, requires higher minimum energy to ignite and has lower risk of explosion. In addition, it
does not cause respiratory or dermal irritation.

Socioeconomics. Analysis predicts that the construction of the OC2 will need 800 temporary high-skilled
workers over 24~30 months and 60 permanent workers. This will create job opportunities for the local
people as well as people from other places. In the first quarter of 2021, it was estimated that the business
activity had an economic impact of $54.6 million, including $25.9 million annual labor income spread
over 247 jobs. When the construction is completed, there will be a statewide annual economic impact of
$338.9 million, including $88.4 million in labor income spread over 848 jobs. This will benefit both the
state of Nebraska and the local businesses.

Soils and Prime Farmlands. Lancaster county has more than 420000 acres of farmland and the OC2 will
use 75 acres (37 acres permanent use for the facility and 38 acres temporary use for the construction
process which will be restored). The reduction is less than 0.01% and is negligible. This will be another
important thing for our stakeholder to consider when they are scaling up.

Waste Management. The report estimates the wastes produced during the construction process from
2021 to 2024 and the annual operational wastes shown in Appendix E, Tables I and 2. A great number of
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wastes will be recycled or processed by certified waste facilities, and the impacts of waste management
are not anticipated to be significant.

User Requirements and Engineering Specifications

Considering the many factors that go into a methane pyrolysis reactor, we built our requirements and
specifications around those parameters. We built our requirements around 4 subcategories: 1) Storage
safety of methane and hydrogen; 2) The scale of the reactor; 3) Mixing requirements; 4) Conditions of
pyrolysis reaction; 5) Efficiency of pyrolysis reaction. To determine the priority of these requirements, we
utilized the MoSCoW method for the categories of stakeholder significance, practicality,
cost-effectiveness, and temporal factors. The MoSCoW analysis is shown below in Table 3.

Table 1: MoSCoW Analysis of Requirements and Specifications

Stakeholder | Practicality | Cost-effectiveness | Temporal factors
Storage Safety of Methane and Must Have | Must Have | Should Have Should Have
Hydrogen
The Scale of the Reactor Must Have | Should Should Have Should Have
Have
Mixing Requirements Must Have | Should Should Have Should Have
Have
Conditions of Pyrolysis Reaction | Must Have | Must Have [ Should Have Should Have
Efficiency of Pyrolysis Reaction | Could Have | Could Have | Should Have Could Have

With the stakeholder significance and practicality as the most important factors, we have the storage
safety as the highest priority followed by conditions of pyrolysis reaction, the scale of the reactor,
efficiency of pyrolysis reaction.

The first and most important factor we took into account for our project is the safety and storage of the
reaction. As responsible and ethical engineers, our first priority is always to make sure the people that will
be operating the reactor can do so safely and without risk of injury. Our beginning and end products,
methane and hydrogen, are both inflammable gasses and they will be stored near a high temperature and
pressure reactor as detailed below. Thus, it is our utmost priority to make sure that our reactor is safe to
use. To determine these specifications, we primarily used standards outlined in the 2020 Hydrogen
Storage DOE and FMVSS 304 for hydrogen storage and methane storage respectively. For hydrogen
storage, as specified in the 202 Hydrogen Storage DOE, must be kept under 25°C at 20 MPa [33]. For
methane storage, as specified in FMVSS 304, must be kept at around 26 MPa and under 30°C [34].

Next, our second most important specification we identified are our pyrolysis reaction condition
specifications. Since there aren’t any standards that specifically revolve around the temperature and
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pressure of a pyrolysis reaction, given that it’s a newer technology, we decided to base our specifications
on research articles on pyrolysis reactors that have already been built as well as catalyst conditions. We
learned that methane pyrolysis is most efficient at high temperatures and low pressures so we built our
requirements for the temperature and pressure of the molten catalyst to be at 400°C to 500°C and 400 kPa
to 500kPa [9].

Our third most important specifications we identified are for the reactor gas mixing system. For our
reaction chamber, we are setting a residence time of 1 hour for the reaction to reach completion. Although
this may be an overestimate of how long it takes for the reaction to complete, we are setting this as a
placeholder and will be optimized through experimentation later on. Next, we set the methane inlet
specification for 1 liter within the residence time. This is because with the reactor size being limited to 2-3
liters, we felt that 1 liter was a reasonable estimate for how much methane can be reacted while still
having good surface contact and conversion rate with the catalyst within the reactor. We also wanted to
maximize surface contact between the catalyst and the methane gas so we set bubble size and density
specifications for the methane gas. We set the bubble size to be 3.0 mm and the density to be 0.2534
kg/m? in order to maximize contact with the molten catalyst [35]. Finally, the flow rate of the methane gas
was calculated to be 1.2 kg/hr given our hydrogen production rate specification specified by our sponsor.

Our fourth most important specification we identified are the specifications around the scale of the
reactor. It is important for us to determine the scale of the reactor because a reactor can scale anywhere
from a laboratory scale to a commercial scale, which would greatly impact the amount of work expected
of our team. The size of the reactor chamber specification was defined for us by our sponsor to fit
reasonably in a lab (potentially at the University of Michigan). The high hydrogen production rate
specification was also defined for us by our sponsor as a goal for us to reach with our design.

Finally, for our least important specification, we identified it as efficiency of the pyrolysis reaction.
Firstly, these are all of our goals we have set for ourselves to enable the most efficient reaction for our
system. For our methane pretreatment requirement, we require the gas to be heated up to 350 °C to 400
°C before entering the chamber because this is where 1% of the decomposition occurs for the methane
[36]. Next for our conversion rate specification, we desire a 60-70% conversion rate of the methane to
hydrogen and carbon as specified by our sponsor, Praneet. Since the conversion rate of the reaction isn’t
at 100%, we want to maximize output per methane input so we will feed all of the unreacted methane
back into the reaction chamber. Due to the solid carbon buildup around the solid catalysts, this would
cause the reaction to slow down over time. As explained in the background section, catalyst regeneration
is the act of removing solid carbon from the catalyst. For catalyst regeneration, we desire an efficient
reaction with low down time, so we will aim for a catalyst regeneration time of under 4 hours. Finally, we
desire a low carbon buildup deposition rate, so the reactor will be able to run for 20 hours unassisted. We
want to ensure that the reactor is able to run self-sustained for at least 20 hours without a need for catalyst
regeneration of the solid catalyst for better efficiency of the process.

These requirements and specifications are shown below in Table 4.
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Table 2: Requirements & Specifications

Requirements Specifications

Justifications

Cylinder storage temperature

1 Meth t
ethane Storage <30 °C at pressure =26 MPa

Store methane away from any heat
source, safety requirement based on
safety data sheet

Cylinder storage temperature

Hydrogen Storage =25 °C at pressure = 20 MPa.

Store hydrogen away from any heat
source, safety requirement based on
safety data sheet

Withstand T = 700 °C while

Heat Resistant React
) eat Resistant Reactor P = 500 kPa

The wall of the reactor should withstand
the reaction temperature and pressure.

Molten catalyst temperature

Pyrolysis Tt tu
yrolysis Temperature keep at 400°C to 500°C

Temperature source for methane
pyrolysis process should have constant
heating across the reactor.

Molten catalyst pressure keep at

Pyrolysis Pressure 400 kPa to S00kPa

Pressure of methane pyrolysis process is
driven by kinetics of reaction should
happen in a safe condition.

The reaction time should be

Resid Ti
esidence Time under 1 hour

Give the methane and the catalysts ample
time to react. Specified by our sponsor,
and will be optimized later on.

1 liter of methane will be
inputted into the reactor for the
specified residence time

Methane Inlet

Provide sufficient volume of methane for
catalyst present

The bubble size of the methane

Bubble Si
ubble Size inlet gas should be 3.0 mm

A smaller bubble size results in better
contact between the gas and the catalyst
for better reaction

The density of the methane inlet

Density of the methane gas in a high

gas inlet is 1.2 kg/hr

Densit
. gas should be 0.2534 kg/m’ temperature chamber
Based desired 0.3 kg/hr of
The flow rate of the methane ased upon ot ‘es1re g ' O.
Flow Rate hydrogen production, we require this

mass flow rate of methane gas

Mixing Conversion
Rate

60%-70% conversion rate

After mixing, the catalyst should
accelerate the pyrolysis reaction process,
specified by the sponsor.

Flat-blade turbine impeller
viscosity should be between 1 to
10* centipoise

4 | Impeller Viscosity

Viscosity range for which the impeller is
the most effective at mixing

Motor Torque Motor torque needs to be

Required torque for the motor to spin the
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between 0.818 to 4.09 Nm impeller

Reaction chamber <200 mm

5 Sized foSrCI;il:oratory Diameter, <500 mm Length, Laboratory scalse ;Zz:(:)tror, specified by
2-3L Volume P
High H?/drogen 021 ke/hr of Hydrogen Should produce. hydrogen at a steady
Production Rate rate, specified by sponsor
Methane should be preheated before
6 Methane Pretreatment Gas heated to entering the reaction chamber till 1% of
350 °C to 400 °C the decomposition state for faster
reaction, specified by sponsor.
Reuse of excess 100% of excess CH4 go back to  Reuse excess reactant for higher yield
reactant methane storage cylinder ratio, specified by sponsor.

Regenerating catalyst is a batch mode
Time for catalyst regeneration process so the time for catalyst
should be under 4 hours regeneration should be as short as
possible, specified by sponsor.

Catalyst Regeneration

The reactor should be able to

it shoul limi
Low Carbon Deposition  run unassisted for 20 hours Carbon deposits should be limited to

allow longer operation time to ensure

Rate without the need of catalyst .
efficiency.

regeneration

In the following section, we summarize which requirements are of most importance, which must be met,
and which are our goals and wishes.

1) Storage safety of methane and hydrogen are safety standards based on safety data sheets. These two
extremely inflammable gasses should be stored in designated gas cylinders away from the reaction
chamber. These safety codes must be met. For safe operation of our system, we will follow some of the
existing safety codes related to our system. These include NFPA 2: Hydrogen Technologies Code, NFPA
45: Standard on oFire Protection for Laboratories Using Chemicals, and NFPA 59A: Standard for the
Production, Storage and Handling of LNG.

2) Conditions required for pyrolysis reactions to happen are very important requirements. The reaction
chamber should be constantly heated and all reactants should be kept under high temperature
environments. Otherwise, the methane would not decompose. These requirements must be met.

3) Conditions for the reactor chamber mixing system. The methane gas inlet conditions should be set to
maximize its contact with the catalyst to maximize the conversion rate and optimize the mixing process of
the reactor.

4) The scale of the reactor defines the size of our reaction chamber, which is specified by our sponsor.
Our sponsor would like to use our design for his lab experiment. These requirements must be met.
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5) Efficiency of pyrolysis reaction should be high as specified by our sponsor. To ensure the high
conversion rate of CH4, our sponsor wants us to pretreat methane and reuse the unreacted CH4. Also, to
minimize the interruption of production flow, our sponsor wants us to limit the carbon deposition rate and
regenerate catalyst within the shortest time. These requirements are not mandatory, but we would put
most of our efforts in achieving these goals.

In order to verify and validate these requirements and specifications, a variety of different methods could
be used. The main source of verifications for our project is making sure that we meet specific temperature
and pressure thresholds. We will verify these measurements using different instruments. In particular, we
will be using pressure gauges and thermocouples at various points in the reactor to measure the pressure
and temperature respectively. In addition, we also have requirements for production rate of hydrogen and
the conversion rate of the methane. We will use a flow meter to measure the flow of hydrogen out of the
reactor to make sure that it meets our requirements. In order to measure the bubble size, we can use an
image analysis or optical probe technique. In order to make sure it meets the conversion rate requirement,
we will measure how much hydrogen is produced and through stoichiometry we can calculate how much
of the methane was converted and as a result get the conversion rate. Our final requirements detail the
time it takes for catalyst regeneration and carbon deposition rate. We can verify these requirements by
observing the carbon buildup around the catalyst over time and making sure that the carbon buildup meets
the required time limit and we are able to complete the catalyst regeneration without selecting the concept
in the time frame allotted.

Concept Generation

The team started the concept generation process by using a combination of concept generation techniques
in the initial stages of concept generation that largely utilized morphological matrices and design
heuristics. Initial ideation was started by just timed brainstorming, where we got out as many ideas onto
the page as possible in a limited amount of time. This produced a large variety of ideas with a
combination of realistic and less realistic ideas. One concept that came out of this section of the
brainstorming as can be referenced in Appendix D: Brainstorming, team members already knew that
considerations had to be made for heating. This concept was to wrap a heating element around the reactor
chamber, using design heuristic 11, allow users to reorient, and allow the heating element to be adjustable.
The thought was that we could have the heating element be removable. Another not realistic concept was
just heating the canister on open combustion flame. It would not likely we would use this but it was in our
brainstorming.

After this each team member produced their own flow charts to decompose the pyrolysis reactor into its
most basic sub functions. We broke it down by thinking of the inputs into the system and outputs, and
what has to happen to get the inputs to become the outputs. These created flow charts are found in
Appendix D: Functional Decomposition, each of these flow charts followed the same rough ideas for the
sub functions. These flow charts were then combined and discussed with our sponsor, to determine the
most important sub function considerations. The subfunctions we ended up determining were Methane
Storage, Methane Pre-Treatment, Reactor Shell, A method of holding the catalysts in place, Reactor
Heating, Gas Flow, Methane Inlet, Liquid/Gas Mixing, Continuous Collection of Carbon, Batch
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Collection of Carbon, Flushing, Catalyst Regeneration, Hydrogen Filtration, and Hydrogen Storage.
Methane needs to be stored before entering the reactor. Before getting into the reactor chamber, the
methane also needs to be heated so it can get up to temperature to properly decompose. [7] We need to
make considerations on the walls of the chamber so it can withstand the proper temperatures. There are
also considerations to separate the catalysts from each other and hold them in place within the reactor
chamber. The reactor must be heated to create the pyrolysis process. The gas must have a pump of some
kind regulating the flow of gas between the supply tank and reactor chamber and the reactor chamber and
hydrogen storage tank. [7] The methane inlet is a necessary consideration because the size of the flow in
the tank can promote contact between catalyst and methane increasing yield of hydrogen. Mixing within
the tank is important to promote the contact of the methane and keep the carbon from settling within the
tank and blocking the flow of methane. Both batch and continuous collection of carbon is important
because for a liquid and solid catalyst, there are different methods of collection, with the solid catalyst
needing batch collection. To clean out the reactor a gas needs to be flushed through it to clear it out for
further experimentation. [7] We want to be able to continually use the same catalyst and not spend more
money purchasing catalysts, and be able to extract the carbon deposited on the catalyst. The hydrogen
produced by this process then needs to be stored after being separated from remaining methane. Before
creating a final morphological chart, each team member created their own morphological chart with as
many ideas they could come up with for each process for the previously mentioned sub functions. From
this one idea that was thought of was graphene mesh to filter out the hydrogen. This idea is a little more
grounded than the previous ideas but may not be super accessible.

Using these sub functions, we created the final morphological chart and applied several of our previously
brainstormed ideas along with coming up with a few new ideas. The team evaluated and reflected on the
previous ideas before adding them to the chart. This chart was discussed with our sponsor to see if there
were any possible additions to the chart. This chart is in Appendix D: Final Morphological Chart, this
chart expanded the options for more quality ideas. For the gas flow sub function, we came up with a
variety of specific types of pumps that could be used, the list including a lobe pump, radial flow pump,
scroll gear pump. Each of these ideas was significantly more directly applicable to the project, than the
initial brainstorming sessions. Each of these pumps is a specific method of pumping the gas from one
section into another. As we developed ideas further we got to a point where they were more realistic and
viable. This brought the team to a point where there were many options for the broad aspects of the
project.

Concept Selection

In order to select our final design, we considered doing a weighted pugh chart or a concept evaluation
matrix. However, with our system having over 10 subsystems, many with very different functions, we
decided it was best to use a concept evaluation matrix as it would give us a better overview of all the
factors that we are considering without restricting our choices with arbitrary weights. Almost all of the
categories selected are essential functions of each subcategory, and being unable to meet them would be
unacceptable for our design. We analyzed all of our different subsystem options by color with green
indicating it does work, yellow indicating it may work, orange indicating it may not work, and red
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indicating it does not work for each different requirement. We found it to be the most reasonable and
logical to use a concept evaluation matrix in evaluating all of our subsystem options.

Through using the concept evaluation matrix, we were able to select concepts for each of our subsystems.

The subsystems are separated into two categories: pre-reactor heating and post-reactor heating. A
summary of all of the selected concepts for each subsystem is shown below in Table 5 (pre-reactor
heating) and Table 6 (post-reactor heating). A flow chart of all of the subsystems and how they are

interconnected is shown below in Figure 15.

Table 3. Pre-reactor Heating Methane Pyrolysis Subsystem Selection

Concept

Selection

Methane Supply/Storage

Compressed Natural Gas

Pretreatment

Inductive Heating (electric)

Gas Feeding/Inlet

Multi Point Feed Inlet

Methane & Molten Catalyst Mixing

Continuous Stirred Tank Reactor (CSTR)

Reactor Shell Material

Quartz

Reactor Heating

Inductive Heating (electric)

Carbon Removal (Molten Catalyst)

Pneumatic Overflow Weir

Carbon Removal (Solid Catalyst)

Ultrasonicator

Table 4: Post-reactor Heating Methane Pyrolysis Subsystem Selection

Concept

Selection

Gas Separation

Metallic Membrane

Overall Flow Control

Diaphragm Pump

Flushing

Nitrogen Batch Mode Flushing

Hydrogen Storage

Compressed Gas
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CH4 and H2 or Flushing Gas

———"—=Carbon Gas Separation H2 Storage
CH4 Supply Preheating| Carbon Removal 9
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Decomposition Solid Catalyst Heating CH4
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Carbon Removal |———"—=-Carbon
Flushing Gas
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Flow Control Molten Catalyst |——"——
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Mixing

F ing Gas Inlet l—/]

Figure 15. Flow Chart of Methane Pyrolysis System

Due to having many subsystems, we will present decision matrices that focus on the five most important
subsystems in our reactor design. The subsystems we’re choosing to focus on are: the reactor shell, the
reactor heating, the liquid/gas mixing, carbon removal & catalyst regeneration, and hydrogen filtration.
The rest of the decision matrices can be viewed in Appendix B.

The first subsystem is the reactor shell. Since the reactor shell will constantly be subjected to a
temperature of up to 600°C, the reactor shell material needs to be heat resistant and be able to sustain that
temperature. The material also needs to be heat resistant to limit heat loss to the environment and keep the
reactor at the desired temperature. Additionally, the material needs to not degrade easily and not react
with the methane and hydrogen gas within the reactor as well as the catalyst. Finally, since the reactor
shell will have a somewhat complex geometry, we need to make sure that it is machinable and able to be
customized. The requirements are listed below in 7able 7 as well as our analysis of the different materials
considered for it.
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Table S. Reactor Shell Material Concept Evaluation Matrix

woywork | Dowerk |

No Degradation
under CH4/H2
Environment

Machinable:
Allows
Customization

Heat Resistant:
Continuous service
temperature >600° C

No Reaction with
Catalysts

Thermal Insulation:
Low heat loss

Option No.

—

Ceramics

N

Stainless Steel

Ni-based
(GH747)

4|Quartz
Plastic

w

a

[=2]

Alumina

Based upon our analysis, we found quartz to be the most suitable material for the reactor shell. Many of
the materials that were considered are not heat resistant and would possibly lose a lot of heat during the
reaction and may not be able to sustain the required temperature over time. Furthermore, this would lead
to a lot of energy waste and not make our process less efficient. Each of our requirements are crucial for
the shell material, so we decided upon using quartz. Quartz is also a material that is commonly used in the
pyrolysis reactors in a lab setting for the reactor shell, so it has been proven to be reliable and doesn’t
react with any of the content inside the reactor, making it an ideal material [6].

Our second subsystem is the reactor heating system. The most important requirement is the temperature.
With the reactor being subjected to a temperature of up to 600°C, we set a requirement for the reactor to
be able to reach 700°C to give the requirement a safety factor and ensure it’s able to perform the task.
Additionally, we want to make sure that the heat source has a high heat transfer rate and low heat loss to
the environment. Finally, we want the heat source to be energy efficient to make our system sustainable
and environmentally friendly. The requirements are listed below in 7able § as well as our analysis of the
different heat sources considered for it.

Table 6. Reactor Heating Concept Evaluation Matrix
May work

Option No. Able to reach 700 °C Heat Transfer Rate Heat Loss Energy Efficiency

Furnace

-

Microwave Radiation

3
4 |Solar Heating

Infrared Heating

Electricity (Resistance)

Electricity (Inductance)

©| N| | O»

Heat Pump
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We chose to use electric inductance heating as our heat source for the reactor. Inductance heating is
reliable and has the lowest heat loss in comparison to the other methods. With the energy being
transferred directly to the parts being heated, this heating method is a very effective method of heating.
Furthermore, it also results in significant power savings helping us make the system more sustainable.

Our third subsystem is the carbon removal and catalyst regeneration process. For this process, we require
that the process is fast, falling within our requirement of under 4 hours. We also want to make sure that
the process also doesn’t damage the catalyst in the process and is able to remove all of the carbon in the
process. Finally, we want the process to be carbon neutral, so no carbon dioxide emission can occur
during the process. The requirements are listed below in Table 9 as well as our analysis of the different
heat sources considered for it.

Table 7. Catalyst Regeneration Concept Evaluation Matrix

May work

No Damage or
Contamination
on Catalyst

No Remaining

Option No. Fast O i
ption No ast Operation Carbon

No CO2 produced

—

Boiling in water

2|Ultrasonicator

w

Chemical treatment
(H202)

Based upon the analysis above, we selected ultrasonicator as our catalyst regeneration method. This
would occur with the solid catalyst after it has been given requisite time to cool down to a safe handling
temperature. The ultrasonication process would happen in a fume hood after the solid catalyst has been
removed from the reactor manually. After the system has been flushed the only remaining product on the
solid catalysts is the solid carbon. The ultrasonicator method is the most reliable method because there is
significant scientific backing behind this method and the catalysts were able to regain its full activity
without damage to it [37]. Furthermore, there is no carbon dioxide emission from this process as well.

Our fourth subsystem is the hydrogen filtration. For this subsystem, we need to make sure that it is
capable of separating the hydrogen and the methane in the system while filtering out the impurities within
the system. Since all the gas leaving the reactor will be at high temperature, the filtration system will be
susceptible to high temperature. Therefore, it must be heat resistant as well. Similarly to the other
subsystems, the hydrogen filtration system should be energy efficient and have low energy consumption.
The requirements are listed below in 7able 10 as well as our analysis of the different heat sources
considered for it.
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Table 8. Hydrogen Filtration Concept Evaluation Matrix
May work

Heat Resistant:
can withstand up to
600° C

Low Energy

Option No. Separation Rate Hydrogen Purity Consumption

—_

Polymeric Hollow
Fiber Membrane

N

Metallic Membrane

[

Hydraulic Filters

B

Distillation (Different
Boiling Point)

%))

Pressure Swing
Adsorption

Based on the analysis above, we decided to use a metallic membrane for our hydrogen filtration system. A
membrane system is the most commonly used method for hydrogen filtration in pyrolysis systems
because it is the simplest and cheapest method for hydrogen filtration. Furthermore, it has no energy
consumption, making the process very environmentally friendly. Between the two membrane options,
metallic membranes are able to sustain high temperatures while polymeric hollow fiber membranes may
melt from the high temperature [38]. Thus, we selected the metallic membrane as the best option for
hydrogen filtration

Finally, for our last subsystem, we have the liquid/gas mixing system. For this subsystem, we need it to be
able to distribute the methane gas uniformly within the molten catalyst. In addition, we need it to be able
to operate continuously. The requirements are listed below in 7able 11 as well as our analysis of the
different heat sources considered for it.

Table 9. Liquid/Gas Mixing Concept Evaluation Matrix
May work

Promote the uniform
Option No. distribution of CH4 in molten Works Continuously
catalyst

-

Continuous Stirred-Tank
Reactor

2| Plate Column Reactor

3|Rotating Drum Reactor

The continuous stirred-tank reactor (CSTR) was selected as the best liquid/gas mixing system. A CSTR is
a type of chemical reactor that provides constant stirring, allowing the reactants to be uniformly
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distributed and allow the reaction to advance at a uniform rate. This allows us to easily control the
temperature, pressure, and concentration of the reactor by adjusting the flow rates of the reactants and
products [39]. For our purposes, the CSTR is able to uniformly distribute the methane gas in the molten
catalyst and also operates continuously. The CSTR is also usually used for reactions that require high
conversion rates, which is required for our reactor. Thus, we find the CSTR to be the most suitable
liquid/gas mixing system for our project.

Due to time constraints, we have decided to make the CSTR reactor design the main focus of our project
since there is the most uncertainty in the area and where we can add the most value. We want to focus on
the mixing system because we can make the biggest impact by slowing down the carbon buildup. The
carbon buildup within the solid catalyst is a problem many pyrolysis companies are currently facing and
with our novel idea, we can help solve this issue. The reactor will consist of 7 parts: gas inlet, molten
catalyst mixing, low solid catalyst carbon deposition, solid catalyst regeneration, hydrogen filtration,
heating system, carbon collection, and the reactor material. These subsystems are labeled in Figure 16
below along with a diagram of our reactor design.

T Unreacted CH4
and Other Gases

—> 99.99% H2

shie / Min
000
Od%ooo”%go%o 08%0%0
20 ¢ O%Cgo 022 R62°

Solid Catalyst

Produced Carbon
Layer

!
Molten Catalyst

(="
/\//\4/ \

E
.
<—— Methane, CH4

Figure 16. CSTR Reactor Design Subsystems

As already discussed above, the shell of the reactor will be made of quartz, the heating system will be an
electrical inductance heating system, the catalyst regeneration method will be ultrasonicator, and
hydrogen filtration will be done with a metallic membrane. The rest of the subsystems are summarized
above in Table 5 & 6. To give an overview of the process within the reactor and how the systems interact
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with each other, the gas inlet will feed the methane gas in at a rate of 1.2 kg/hr through a multi point feed.
The methane gas will then be subjected to the molten catalyst where a stirring mechanism will mix the
methane gas and molten catalyst for better conversion rate of the reaction. The carbon produced from the
reaction will float to the top of the molten catalyst where it will be collected through the pneumatic
overflow weir method. The unreacted methane will continue to flow to the solid catalyst where it will
finish the reaction. The residence time for the reaction will be 1 hour, the chamber is left alone to give
time for the gasses to fully flow through the solid and liquid catalysts and flow into the outlet tube. Going
through the outlet tube, the hydrogen and methane gas will be separated by a metallic membrane. When
carbon buildup on the solid catalyst starts to significantly affect the solid catalyst reaction, we will
conduct an ultrasonicator on it to remove the carbon buildup and regenerate the solid catalyst. A detailed
flow chart with all of the subsystems is presented below in Appendix C.

The reactor mixing system is the design we will focus on for our alpha design. We will discuss this design
in more detail in the next section.

Alpha Design

Due to the time limitation of this semester-long project, we put most of our focus on developing a solution

for the main reaction chamber. Combining all selected concepts on subsystems in the previous sections,
we came up with a flow chart of the entire system (Figure 15) and a detailed sketch of the main reactor

(Figure 17).
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Figure 17. Detailed sketch of the main reactor
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This design of the main reactor is adapted from a CSTR reactor. Its key components are shell, gas nozzle,
2 sets of stirring impellers with transmission system, and induction heating system.

The inner volume of the reaction chamber is 3 Liters, and the outer diameter is 200 mm with a height of
500 mm. Dimension requirements are decided by our stakeholder Praneet.

The reactor is heated by induction coils surrounding a stainless steel outer shell. The inner layer of the
reactor shell is quartz, decided through previous concept selection. To accommodate the differential
thermal expansion between stainless steel and quarts, we may consider putting fillers between the outer
and inner shells.

The size and number of holes on the gas feed inlet will be decided based on the required gas flow rate.
Further analysis on outlet pressure is also required to determine what type of pump should be used.

The mixing mechanism is composed of two sets of impeller blades for molten and solid catalysts and one
rotating shaft at center. The first set of stirring impellers are for better gas-liquid mixture in molten
catalyst. We will conduct COMSOL simulation and theoretical calculations to solve the best shape,
dimension, angle, and number for impeller blades, based on factors such as molten catalyst viscosity,
density, targeted methane bubble size, and bubble density. The second set of stirring impellers are
designed to slow down the carbon deposition rate. The stirring process leads to collisions between the
carbon-covered solid pellets, causing the removal of the covering carbon layer and slowing down the
carbon build-up process on catalyst pellets. The number, shape, size, and gap of stirring rods would be
determined based on dimension and geometry of the catalyst pellets selected by our sponsor.

We need to further review research literature and establish our own fluid dynamics model to figure out the
best rotation speed for stirring. As the optimal stirring speed must be differ for the molten and solid
catalyst, we would use a set of planetary gearboxes for speed adjustment.

The transmission is driven by a motor at top of the system. The selection of the motor will be determined
based on the speed and torque required based on our fluid dynamics model. The rotating shaft will be
composed of high temperature non-conductive material, further analysis is required for final selection of
material.

Induction is used to heat the reactor and provide energy for the pyrolysis process. Our immediate next
step is to build a heat transfer model for our system, in order to determine the amount of energy required
for maintaining required reactor temperature.

No special H, gathering device is required for gathering produced H,. Because H, is significantly lighter
than any other gas involved in this system (CH, and N,), it naturally flows to the top of the reactor and
will be pushed out by pressure. Therefore, we only need to use a metallic membrane to filter H, out from
other gasses.

The top part of this reactor is removable, so we could open the reactor to collect carbon and regenerate

solid catalyst pellets. As our sponsor proposed, this part is mounted to the reactor by bolts and nuts.
Further pressure analysis on internal stress and strain is required to decide the number and size of bolts.
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This alpha design is at a very preliminary state compared to what we targeted as a final solution.
Extensive theoretical analysis, calculations, modeling, and simulation need to be conducted to justify the
choice of geometries, dimensions, and materials to develop this design.

Engineering Analysis

In order to perform our engineering analysis, we had to reevaluate our requirements and specifications to
determine what was currently a priority and where we add the most value with our current timeline and
skill sets. With our initial specifications, we prioritized the storage safety of methane and hydrogen, the
conditions of the pyrolysis reaction, and the mixing requirements as our top 3 most important
requirements and specifications. However, after further consideration and discussion with our sponsor and
as a team, we decided to focus on the pyrolysis reaction and the mixing requirements for our verification
and validation process.

The main reason we are not prioritizing the methane and hydrogen storage and safety requirements is that
it is not within our scope given the limited time and resources available to us. The safety precautions of
the pyrolysis reactor design and all the components associated with it is always our top priority so that we
can ensure the safety of anyone that operates the device. However, we are not able to conduct a thorough
analysis of all our requirements and specifications, so given this constraint we have decided to focus our
efforts on the pyrolysis conditions and mixing requirements.

We believe that as an engineering team, we can add the most value with these requirements. It is
important to note that we will not conduct any validation for our engineering analysis, and focus solely on
the verification of our requirements. As we are in the beginning stages of our design process of the
reactor, we will focus on the verification process to ensure that our requirements and specifications are
reasonable before moving onto the validation phase and building prototypes of the reactor and testing
experimentally.

Firstly, we need to verify our mixing requirements. The mixing is the most novel aspect of our design as
most methane pyrolysis reactors do not have a mixing system implemented within the reactor to increase
the yield of the reaction. Thus, we believe that it is important that we verify that the mixing is practical in
an engineering context within the reactor. We will verify various aspects of our mixing requirements such
as the flow rate into the mixing chamber. We will also verify the torque and different types of impellers
we can use. We will also analyze how the bubble size affects the residence time and yield as well as how
much the mixing will improve the conversion rate. We will conduct this analysis through a combination
of research, calculations, and simulations detailed in the sections below. The specifics of our verifications
are documented in 7able 10.

Next, the conditions of pyrolysis reaction are the second most important requirements for us to verify. The
reactor that we are using will be subjected to a significant temperature and pressure, which will cause
various stresses on the reactor shell. Thus, we must design accordingly with these conditions in mind and
make sure that it will not fracture, yield, or burst from the stresses and forces it will feel. Below, we will
detail different calculations done to confirm the validity of the material and design parameters that were
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chosen. We will also further verify our requirements that we set to make sure that our reactor can be
safely operated given the requirements we set.

One of the most important specifications is that the reactor should be able to withstand the temperature
and pressure during the reaction. This is safety related and has priority over anything else. The analysis
will involve the shape and dimension of the reactor, the material properties (quartz), the pressure and
temperature of the reactor. Since the shape of the reactor will be cylindrical, there will be two types of
stress acting on it: axial stress and circumferential stress, shown in Figure 18. And the stresses are
calculated by Equation 1 and 2

Pr
Gaxial - ? [1]

Pr
circ  t [2]
where P is the pressure inside the reactor, r is the mean radius of the cylinder, and ¢ is the wall thickness
of the reactor.

é_D_,) Axial stress

Circumferential
stress

Figure 18. Cylindrical Pressure Vessel Stresses

After comparing the stresses and the strength (yield strength) of the chosen material, we will know if the
design will fail or not. This can also be done by computer simulation (finite element analysis) which can
evaluate parts of the reactor that are of irregular shapes, which is hard to calculate by hand. However, the
most effective way to test is experiment, because theoretical analysis might be inaccurate especially when
the material properties might change at high temperature and material fatigue might occur when we
frequently turn the reactor on and off. To conduct the experiment, we will need to build the reactor
prototype, pressurize it to the specified pressure and heat it to the specified temperature. To simulate
steady state operation, we will maintain the temperature and pressure for an extended period of time. To
include the effect of material fatigue, we will vary the temperature and pressure from room temperature
and pressure to the working temperature and pressure to simulate the turning on and off of the reactor. To
include safety factors, we will test it with higher temperature and pressure.

One of the key parameters is that the reactor should process 1 L of methane at 500 kPa per hour. We need
to check if our selected compressors can provide the flow rate at the required pressure. Both theoretical
analysis and experiments are essential for this. We anticipate having at least 2 air compressors in the
system. One to pressurize the feed gas and one to compress the produced hydrogen for storage. To
determine if the chosen compressor is sufficient, we will first obtain the power and maximum pressure
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ratings of the compressor. And then compare the ratings to the required numbers. The required power for
the compression process can be calculated as follows:

First, calculate the mass corresponding to that volume of methane using the methane molecular weight
and the ideal gas law:

PV = nRT [3]

where P =500 kPa, V=1L, T=500 C, and R = 8.314 J/mol*K. The number of mols is calculated to be
7.78*107°. With a molar mass of 16.04 g, the mass of the methane will be 1.245*107 g. Assuming a 100%
conversion rate, and using conservation of mass (CH, — C + 2H,), we can calculate the hydrogen
production rate is 3.135*107 kg per hour. After that, we can calculate the work needed to compress the
hydrogen from 500kPa to 20MPa which is the specified pressure for storing it using Equation 4:

PI
W =PV in) [4]

where P, and ¥, are the pressure and volume before compression, and P, is the pressure after
compression. W is calculated to be 92 J and the minimum continuous power is 0.026 W.

Experiments will be more effective than theoretical analysis because the ratings might be inaccurate and it
is difficult to include factors like flow resistance or friction and other kinds of energy loss in the flow
system. To conduct the experiment, we need to have the fully assembled prototype of the flow system
(heating is not necessary). We will feed methane into the system at the desired flow rate and measure the
pressure at different stages in the system to determine if the numbers satisfy our specifications.

Another thing to consider is the heating power of the heaters, including both preheating and main reactor
heating. Sufficient heating power is needed in order to heat the gas and the reactor to desired temperatures
to have a high conversion rate of methane. To analyze the heating process, we examine the gas at 3
different stages in the reactor, as shown in Figure 19.

State 1: methane at
T=30C, P=26MPA

Preheat

ate 2: methane a
T=400C, P=500kPa

Reactor

State 3: hydrogen at
T=500C, P=500kPa

Figure 19. Different States of Gasses
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To calculate the required power for preheating, we compare the states of the gas before and after
preheating, and the required power can be calculated by Equation 5:

P =CmAT [5]

where C is the specific heat of methane, m is mass flow rate of methane, and AT is the temperature
difference before and after heating. With these specified parameters, the power needed is calculated to be
0.005 W.

To calculate the heating power needed for the reactor, we compare the state of the gas when it just enters
the reactor against the state when the gas leaves the reactor. One thing to notice is that the pyrolysis
process is endothermic so it cannot be calculated directly from the same equation used for preheating. The
enthalpy change for the reaction (75.4 kJ per mol of methane) should also be included. And the required
power is calculated to be 0.003 W. In this case, it is more easily analyzed theoretically than
experimentally. However, it becomes a little more complex when we consider the heat loss from all the
parts of the system (reactor or pipes), and of different forms (conduction, convection, and radiation). In
addition, since we are using inductive heating, there will be additional energy losses associated with that
energy transfer. These factors are possible to be included into theoretical analysis but will increase the
difficulty of it. Computer simulations will be very helpful in assessing the heat losses and inductive
heating efficiency. The total required heating power will be the sum of the power for reaction and the heat
losses. The advantage of computer simulation over theoretical analysis is that simulation may provide a
clear view of the temperature distribution over the system which can give us insights on how to improve
the design to reduce heat loss (for example, places to put thermal insulation). It will then save the
operational power consumption.

Note that all the calculations are performed with 1 hour residence time (which is just the upper bound so
the actual residence time will be much shorter) and that is the reason why the calculated power values are
small.

We have decided to incorporate stirring mechanisms into the reactor to help with mixing the gas and
molten catalyst and to clean the solid catalyst. Therefore, we need to analyze the power needed to drive
the stirrers. The analysis can be conducted either through fluid simulation or experiments. To conduct
fluid simulation, we will need completed reactor CAD design, catalyst properties such as the viscosity and
density, as well as the stirrer geometry. One way to estimate the power is to set a speed for the stirrer, and
obtain the resulting resistance force on it from the simulation. The power can be calculated with Equation
6:

P=1tw [6]
where T is the resistance torque acting on the stirrer and w is the angular speed of the stirrer.

This can also be analyzed experimentally which is more accurate but also involves more challenges. To
experimentally test it, we need the fully assembled reactor prototype with heating and catalysts in it, as
well as the stirring mechanism. We will choose a motor with a sufficiently high power rating to stir the
catalysts and adjust the power so that the stirring speed matches the specification.
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The effectiveness of mixing can be specified by the gas bubble size, and residence time. These 2 factors
are essential for the high conversion rate of the reaction. Since the reaction mainly takes place at the
interface between the gas bubble and the molten metal catalyst, we desire a high surface area to volume
ratio of the bubbles, as shown in Equation 7:

A _ 4w
7_ 3—3/7' [7]

where r is the radius of the bubble. From this equation we decide that we want the bubble size to be as
small as possible to have a better conversion rate. Residence time is another factor that governs the
conversion rate. The longer the gas is in contact with the catalyst, the higher the conversion rate. The
bubble size and residence time are impossible to analyze theoretically and will need the help from
computer simulations. We will test various stirrer geometry and stirring speeds and choose the best
design.

The stirrer and shaft design will require special attention because molten metal is usually much more
viscous and denser than water, which means the stirrer and shaft will experience greater stress. While the
shaft will be uniform and can be analyzed theoretically (torsional shear stress is calculated by Equation 8,
and it is compared to the shaft material yield shear stress), the strength of the stirrer (which will be non
uniform) will rely on computer simulations.

T="F [8]
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Figure 20. Torsional Deformation of Shaft

Torque Calculation

To calculate the power required to mix the liquid catalyst within the reactor, a mix of fluid dynamic
equations as well as knowledge of motor efficiency must be used. From a source on motor mixing
efficiency, it is likely with the gaseous liquid, there could be an efficiency loss of nearly 80%, so to
calculate a max motor power this must be accounted for in calculations. Full mixing calculations can be
found in Appendix G. First, the most important step is determining the Reynolds number applicable for
the speed you are mixing the liquid at, shown in Equation 9:

N D’
Re = - [9]

i K
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With N ; representing the speed in RPMs, the molten metal is being mixed at, Di being the diameter of the

mixing blade shown in Figure 21, a diagram to show different features of a similar reactor that includes
baffles, p being the density of the liquid being mixed, and p being the viscosity of the liquid, in this case
these equations specifically are indicating the mixing capacity of the Rushton mixing blade style which
we have chosen for our final design. The Reynolds number helps us to determine the type of flow we are

seeing within the reactor. With liquid mixing, a Reynolds number above 104disp1ays turbulent behavior in

the liquid.

Wy = baflle width

Figure 21. Stirred Tank with Rushton Turbine, including baffles [40]

While under it is laminar flow, with different amounts of vortexing, disturbance in the smooth laminar
flow. Next, there are two equations to calculate the torque required to overcome the force of the liquid at
rest, one for when the liquid is turbulent and one for when the flow is more laminar. Equation 10, to
calculate power when the flow is completely laminar and Equation 11, when the flow is turbulent.

2.3
P = kluNiDi [10]
3.5
P = N_pN.D, [11]
N b and k1 are factors used to implement the effect of different types of flow on the mixing power. These

equations are both used when the construction of the tank is standard [41]. When the vessel is
non-standard to calculate power Equation 12 must be used, to properly account for geometry.
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3. 5.,.2 [(a—log, Re)/B]
P = ¢(pN,D)(N,D /) [12]

¢ is a factor calculated from the geometry of the tank. @ and @ are the ratios between different aspects of
the tank, height of the liquid versus diameter of the tank and height of the liquid versus the height of the
gas inlet, g is gravitational acceleration. From there P, provides you with the minimum amount of power
required to operate the machine, assuming only liquid resistance. To account for efficiency loss it is then
necessary to divide the resulting power by 0.2. Actual torque can be calculated from Equation 13 where
M is torque. Using the previous two values we can come up with a range of torques that can give us an
estimate to determine a usable motor.

P = 2nNM [13]

Yield Stress Analysis

The yield stress of a material can be calculated to determine the yielding of the material due to the
pressure and temperature of the pressure vessel. However, since the material we are choosing to build the
reactor out of is quartz, a brittle material, it typically would not exhibit yielding like a ductile material
such as stainless steel or aluminum would exhibit. Brittle materials tend to fracture instead of deform
plastically and generally do not have a reported yield strength, so we will focus on the fracture stress
analysis instead for this report [42].

Fracture Stress Analysis

To perform the fracture stress analysis of the cylindrical pressure vessel, we will need to determine if the
stress intensity on the pressure vessel is greater than fracture strength/ tensile strength of the material. The
stress intensity can be calculated with the hoop stress equation above in Equation 1 and 2. The fracture
strength of quartz is 48 MPa [43].

For our analysis, we will assume that no outside torque will be applied to the pressure vessel. We will
assume that the mixing mechanism will be built outside of the pressure vessel and will apply the torque to
a shaft through the reactor but not to the reactor material itself. We will also be using the assumption
detailed in our flow chart in Appendix C, that our maximum pressure achieved is 500 kPa. Finally, we
will be considering a thickness of 5 mm and outer radius of 100 mm as an initial calculation.

Leak Before Break Analysis

The leak before break analysis is performed to determine the fracture mechanics that a crack would grow
through the wall. In order to perform this analysis on the cylinder pressure vessel, we will need the
fracture toughness of the material we are using, quartz. The fracture toughness of quartz is about 1.74
MPavVm [44].

In order to determine the fracture stress and how a crack will affect the pressure vessel, we will use the
stress intensity factor equation for cylindrical pressure vessels. The stress intensity factor of a cylindrical
pressure vessel can be calculated using Equation 14 below.

K =0 ma [14]

axial
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where K; is the Mode I stress intensity factor, o,, is the axial stress, and a can be calculated as 2 times
the thickness.

For this analysis, we will assume a circumferential crack with a length of 3a and a depth of 0.5a. This is
shown below in the visual in Figure 22.

Circumferential crack

Figure 22. Cylindrical Pressure Vessel Crack

There are some specifications that are difficult to analyze theoretically or experimentally. One of them is
that the reactor should have a high conversion rate and reuse excess reactants. The actual conversion rate
of the reaction is hard to analyze theoretically and is best to be tested experimentally. This will be a
challenge because it needs the fully assembled working prototype, which is still far from our current stage
in the design processes. We can try to look into computer simulations to see if they are capable of solving
the conversion rate for our system.

Another specification says the reactor should run at least 20 hours without needing to regenerate the
catalysts. It is difficult to model the carbon deposition in the solid catalyst and the effectiveness of the
solid catalyst stirring mechanism so this can only be tested experimentally. And that also requires the fully
assembled working prototype which we currently do not have.

Final Design

Based on the engineering analysis, we developed our alpha design into a final design. Due to the time
limitation of this semester-long project, we put most of our focus on creating a solution for the main
reactor.

In the alpha design, we detailed 5 subsystems including reactor vessel, heat source, methane inlet, mixing
mechanism, and hydrogen collection. Our sponsor has decided to use an induction furnace as the heat
source, which ensures uniform heating of the entire reaction chamber. We moved our focus away from the
hydrogen collection system because it is beyond the main reaction. Therefore, when building our final
design, we focused on three subsystems strongly correlated with the main pyrolysis reaction—reactor shell,
methane inlet, and mixing mechanism. A detailed design solution This is shown below in Figure 23.
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Figure 23. Detailed Sketch of the Main Reactor

The reaction chamber is a two-stage, CSTR reactor. The material we are choosing to build the reactor out
of is quartz. The inner volume of the reaction chamber is 3 Liters with an outer diameter of 220mm, and a
height of 500mm. Dimension requirements are decided by our stakeholder Praneet. The thickness of the
quartz shell is set at 20mm, established through leak before break analysis with a safety factor of 4. This
ensures structural integrity and safety throughout operation.

In the alpha design, a dual-layered construction was proposed, featuring a stainless steel outer shell and a
quartz inner shell. This configuration was intended to accommodate the use of an induction coil as the
heat source, necessitating an electrically-conductive outer shell for heat generation. However, with the
adoption of an induction furnace as the new heat source, the requirement for an electrically-conductive
outer shell is obviated. Consequently, the final design simplifies to a single-layered construction, utilizing
quartz as the sole material for the reactor vessel's shell.

Methane gas is going to be fed into the reactor with quartz frit. We chose quartz frit over sparger for better
manufacturability. By utilizing quartz frit as the material for the gas inlet, it allows for seamless
integration with the reactor shell, which is also made of quartz. This ensures that both components can be
joined together effectively, forming a unified structure. According to the literature reviewed, the research
team utilized a quartz fist with a thickness of 2mm, which produced densely packed microbubbles of
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methane. The size of these bubbles ranged from 10 to 15 micrometers [45]. This design is able to
withstand our target mass flow rate of 1.2kg/hr.

To ensure optimal mixing of methane and molten catalyst, impellers and baffles were employed to
generate radial flow with high shear levels, facilitating uniform distribution throughout the reactor vessel.
Emphasizing our sponsor's objective of achieving a high conversion rate of methane while minimizing
waste, particular attention was devoted to subsystems enhancing the methane-catalyst reaction.

Key strategies focused on prolonging methane bubble residence time and maximizing the total surface
area available for reaction. This approach not only extends the duration of methane bubbles within the
reactor but also augments the overall surface area for interaction, thereby fostering enhanced reaction
efficiency. In the verification section, COMSOL simulations were employed to substantiate the efficacy
of these strategies in improving the conversion rate.

The selected impeller design features a Rushton turbine—a flat horizontal disk equipped with
vertically-mounted blades. The presence of baffles could also increase the shear levels in the flow[41].
This design promotes radial flow with high shear levels, ensuring uniform mixing of methane and molten
catalyst throughout the reactor vessel, as shown in Figure 24. Following the principle guiding radial flow
impeller design, the turbine diameter is set at one-third of the vessel diameter, measuring 60 mm in this
instance. This ensures optimal mixing performance while maintaining compatibility with the reactor
vessel's dimensions. The baffle size still needs to be determined by further testing as we have not decided
a baffle size.

Figure 24: Radial Flow with High Shear Levels Created by Rushton Turbine and Baffles

While significant progress has been made in finalizing key components, certain subsystems, such as the
solid catalyst stirring mechanism and transmission system, remain under ongoing development and
optimization.

The second set of stirring impellers are designed to slow down the carbon deposition rate. The stirring
process leads to collisions between the carbon-covered solid pellets, causing the removal of the covering
carbon layer and slowing down the carbon build-up process on catalyst pellets. The number, shape, size,
and gap of stirring rods would be determined based on dimension and geometry of the catalyst pellets
selected by our sponsor.
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The transmission is driven by a motor at top of the system. The selection of the motor will be determined

based on cost and the speed and torque requirements. The rotating shaft will be composed of stainless

steel. As the optimal stirring speed is different for the molten and solid catalyst, we would use a set of
planetary gearboxes for speed adjustment.

Verification and Validation Plans

We have previously verified in the requirements section of this report through largely research from a
wealth of literature specifically on methane pyrolysis, our technical specifications. To verify that our

specific final design meets the specifications that we have set out, we have outlined in 7able 10 the
processes that we will go through to ensure our design is meeting those requirements. Some methods are
easily completed at this juncture, however some shown in the chart as not tested, are unable to be

evaluated until further research into reaction kinetics has been completed to make the simulation of our
reactor chamber more accurate. Reaction kinetics being the method by which COMSOL is able to

simulate the ability of the catalyst to help along decomposition of the methane.

Table 10. Verification Table

Requirement Engineering Spec | Verification Method Priority Status
Heat Resistant Withstand Stress analysis on the reactor shell Critical Pass
Reactor T=700C while
P=500kPa
Pyrolysis Reaction Calculation of minimum required Critical Pass
Temperature Temperature heating power to sustain the chemical
T=500C reaction and maintain reactor
temperature, including heat losses
Methane Flow 1.2kg/hr The analysis of other functions is Medium | Pass
Rate based on this flow rate.
Experimentally, we will set this flow
rate and check if other subsystems
match their specifications
High Methane 60%~70% Will be tested through creating a High Pass
Conversion Rate Comsol model, which with the
heating and fluid modeling
capabilities can reflect a modeled
conversion percentage to meet our
desired methane conversion rate. Will
further test mixing to see if mixing
improves the modeled conversion
percentage and reaches the desired
methane conversion rate.
Impeller 1 to 10* Discuss the mixer types in regards to | High Pass
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Viscosity centipoise viscosity and fluid dynamic

Range capabilities. Prove that the Rushton
Mixer can mix our molten catalyst at
the optimal range and meets our
mixing requirements

Motor Torque 0.818 t0 4.09 Nm | Perform calculations on the motor High Pass
torque needed to move the molten
catalyst at the necessary RPM and
compare it to existing motors in the
market to make sure it meets standard
practice and are available

Bubble Size Methane inlet Through simulation and directly Medium | Not tested
bubble diameter | observe the bubbles with a working
<3mm prototype
Sized for Reactor diameter | Check prototype dimensions against | Medium | Not tested
Laboratory <200mm, length | this specification
<500mm, volume
2~3L
Hydrogen 0.21kg/hr This is directly related to methane High Not tested
Production Rate flow rate and conversion rate. It will

pass if methane flow rate and
conversion rate both pass. (see below)

Fracture Stress Analysis

Using the equations in the section above, the stress intensity using the hoop stress was calculated to be 9.5
MPa shown in Appendix F below. The fracture strength/ tensile strength of quartz is 48 MPa. Thus, we
can calculate a safety factor of 5.05. Based on these calculations, we can confidently conclude that the
quartz material will not fracture from the pressure inside the pressure vessel.

Leak Before Break Analysis

Using the equations in the section above, we calculate the stress intensity factor to be 842 kPa shown in
Appendix F below. The fracture toughness of quartz is 1.74 MPaVm. This will give us a safety factor of
2.07 for the leak before break condition. Thus, the pressure of the pressure vessel is not a concern for our
current design.

Influence of Methane Bubble Size on Residence Time

The molten catalyst speeds up the pyrolysis reaction which only takes place at the interface between the
methane gas and the molten catalyst (at the bubble surface). As previously shown, we want the bubble
size to be small so that it has a high surface area/volume ratio for higher methane conversion rate.

In addition, since the conversion takes time, we also want the bubbles to stay in the molten catalyst for a
longer time (lower rising velocity). To achieve this, we first studied previous research articles about
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another gas (Argon) and other molten metals (Tin, Lead, Copper) [46]. As shown in Figure 25, the rising
velocity decreases as the bubble radius decreases, in an approximately linear relationship.

We then ran COMSOL simulations to check if this relationship still holds for our system (Methane and
molten catalyst). For the simulations we set the height of the molten catalyst to 150 mm. The physical
properties (density, surface tension, and viscosity) were assigned for the 2 kinds of fluids. For the gas we
assumed it was pure methane and no hydrogen was produced when the bubbles rose. For the molten
catalyst we assumed it was pure bismuth because the actual composition of the catalyst was over 95%
bismuth and 5% nickel and molybdenum. 4 different sizes of bubbles were tested, 10mm, Smm, 2.5mm,
and 1mm. The simulation used the “level set” method to solve for the gas-liquid interface.

Using the results produced by COMSOL, we measured the rise time (as shown in Figure 28) for each
bubble and calculated the average rising velocity. COMSOL generated a series of graphs with 0.1 second
time step for each simulation with different bubble size. The graphs shown are the half cross sections of
the reaction chamber, so that the left sides of the rectangles are the centerlines of the reactor and the right
sides are the walls of the reactor. The blue sections are the molten catalyst and the red sections are the
methane gas. The bubbles started rising from the bottom at t=0 and we counted the time when they left
the molten catalyst section. The average rising velocity was calculated by dividing 150mm with each
rising time. The results are shown in Figure 26 and 27, and they match the experimental data where
smaller bubbles have longer residence time and slower rising velocity. Therefore, we can conclude that
smaller bubble sizes will benefit our reactor.
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Figure 25. Experiment data of Argon bubble velocity vs. bubble size through different molten
metals [46]
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Figure 28. Measuring residence time of methane bubbles.

Heating Power

For the lab-scale reactor we have decided to use an induction furnace instead of open induction coils. This
simplifies the analysis for heat loss and heating power. Considering a control volume containing the
whole furnace at steady state, the heat loss from the reactor will be equal to the heat loss from the furnace
walls to the ambient. The minimum heating power required will be the enthalpy change for the chemical
reaction plus the total heat loss from the furnace walls.
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Qreq = ern + Qloss [15]

Where Q,,, includes both the enthalpy change of the pyrolysis reaction at constant temperature and the
energy needed for the change in temperature. This can be calculated directly. For 1.2 kg of methane and 1
hour reaction time, Q,,, is calculated to be 9951 kJ/hr, or 2764 W.

O,.ss Will be complex to analyze or simulate. Instead, we refer to a research article that has a thorough
analysis of the heat loss from a lab furnace [47]. The research tested a furnace with 6 different types of
materials (Figure 29) and 4 different heating modes (Figure 30). We refer to this research because the
temperature range and variation have similarities to our system (since we will turn the reactor off to
replace the catalyst or collect carbon). As shown in Figure 31, the best of the 6 walls (wall 6) showed an
average heat loss as low as ~100 MJ/m? over 8 days of operation for all 4 heating modes, which is
approximately 145 W/m®. Given the dimensions of our reactor, we will not need the furnace to be larger
than 0.4m*0.4m* 1m. The total surface area will be smaller than 1.92 m?. Therefore, if we build our
furnace with the same materials as wall 6, the heat loss from the furnace will be <279 W. And the total
required heating power for the reactor (furnace) Q,,, will be 3043 W.

No The chamber wall Wall parameter Maximum application
structure temperature
Material Thickness, °C
mm
1L walll mineral fiber 300 1430
2. wall2 mineral fiber 300 1430
chamotte brick 270 1370
3. wall3 chamotte brick 1070 1370
4. wall4 chamotte brick 630 1370
chamotte brick 460 1300
L10
5. wall5 chamortte brick 115 1370
mineral fiber 300 1430
6. wall6 mineral fiber 300 1430
mineral fiber 150 950
WDSs

Figure 29. Different Wall Materials
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Figure 31. Heat losses of different types of furnace walls during different heating modes [47]
Effectiveness of Molten Catalyst and Methane Mixing
The mixing feature is one of the key parts to higher methane conversion rate. We want the impeller to

either break the bubbles into smaller ones or to create turbulence to allow the bubbles to have longer
residence time, or both. Directly simulating the interactions between the impeller, the gas, and the molten
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catalyst using the particle tracing function in COMSOL will be complicated and extremely
time-consuming. Instead, we looked at the overall methane conversion rate as an indicator for the
effectiveness of mixing.

With the help of Praneet, we ran 2 sets of simulation. Since we were unable to find the exact equation and
parameters which govern the reaction kinetics with our chosen catalyst, we used arbitrary numbers based
on existing research about methane pyrolysis with other catalysts. [48, 49, 50] The purpose of running
the simulations is not to determine the exact methane conversion rate. Rather, we just wanted to show that
adding the impeller actually improves it.

In the first simulation the molten catalyst is at rest, whereas in the 2nd simulation we manually defined
the velocity field in the molten catalyst. All other parameters were kept the same. The simulation results
are shown in Figure 32 and 33. In Figure 32 the color indicates the mole fraction of methane where red is
methane and blue is hydrogen. Methane enters the reactor from the bottom and has a mole fraction of
99%. After going through the 1st reactor, the gas mixture contains around 55% methane (44% conversion
rate). After going through the 2nd reactor, the gas mixture contains only 28% methane (71% conversion
rate). As shown in Figure 33, the difference in conversion rate between the 2 reactors is over 20% when
the gas leaves the molten catalyst. This proves that the mixing feature actually improves the methane
conversion rate. After we have done further research and found the specific reaction kinetics for our
catalysts, we will be able to modify these simulations and get more accurate numbers of methane
conversion rates.

Solid catalyst

Space

0.4
Molten catalyst

1 1 1 1 0

Figure 32. Half cross section views of the reactor showing concentration of methane across the
reactors. Left without mixing, right with mixing. Color indicates methane mole fraction. Methane
enters the reactor from the bottom with an initial mole fraction of 99%.
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Figure 33. Comparison of mole fraction of methane across reactors with and without mixing, arc
length indicates the distance from the bottom of the reactor. Methane enters the reactor from arc
length = 0 and with an initial mole fraction of 99%.

Sensitivity Analysis

After performing our mixing analysis, we focused on improving the accuracy and efficiency of our model
by finding the ideal conditions for the reaction. First, we needed to perform a sensitivity analysis on the
main parameters of the model: methane flow rate, temperature, and pressure. Using the parameter values
set in our final design, we performed a 10% perturbation to determine the sensitivity of each of these
parameters. This meaning, the values were varied by 10% to determine the effect they had on the
conversion rate. The results are shown in Figure 34 below.

Normalized Sensitivity of Parameters (10% perturbation)

0 0.2 0.4

Temperature

Pressure

0. 0.6 0.8
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Figure 34. Sensitivity Analysis of Parameters in COMSOL Model

Based on the sensitivity analysis, we determined that pressure was the most sensitive parameter followed
by methane flow rate and temperature. This is what we would expect to see from our research. The
methane flow rate and pressure were inversely proportional to the conversion rate while the temperature
was proportional with the conversion rate. From further analysis, we were able to determine the required
parameter values in order to attain the required conversion rate. The required parameters are shown below
in Table 11 below.

Table 11. Comsol Parameters to Meet Conversion Rate Requirement

Comsol Parameter Value
Methane Flow Rate < 0.0006 m/s
Pressure >773 K
Temperature <100 kPa

Verification of Rushton Mixer Type

To determine the effectiveness of different types of mixers we analyzed different types of mixing blades
to see if it fits our criteria for the mixer in our liquid catalyst. These criteria include whether it can
effectively mix the viscosity seen by our molten catalyst, how feasible it is to manufacture with our
chosen material, how expensive it would be to purchase for a real life design, and how often it is
commonly used in gas/liquid mixing. This was put into a chart to determine how each design performs,
revisiting idea generation and evaluation. The main way this shape is validated is through research input
into this chart, we are able to determine through various sources whether the rushton type mixer aligns for
our needs.

The dynamic viscosity for our mixture of molten metals is assumed to be 2.71 centipoise which is slightly
larger than the viscosity of water, reference, the mixture is a majority molten bismuth at roughly 500
degrees celsius. From Figure 35 we can see there are a range of viscosities that make sense for each type
of mixing methods. The Rushton type mixer falls into the category of Flat-Blade turbine on this chart,
often referred to as a 6 blade flat turbine. From this chart we can see that just over one centipoise puts it
well within the viscosity ranges associated with propellers and flat blade turbines. If we were to use a type
of mixer that has a range well above our viscosity, the mixer would spin around in the mixture without
actually mixing anything.
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Figure 35. Types of Impellers and their ranges of viscosities over which they are effective [41]

From there we can more in detail think about the purposes of various types of propellers and flat blade
turbines, in terms of how much turbulence and laminar flow action they produce as shown in Figure 36
below. With Rushton turbines, a good amount of turbulence and flow is provided, this chart also showing
Hydrofoil Impellers and Pitched Blade Turbines to be comparable. We desire, for mixing, something
closer to the Rushton turbine's ratio of turbulence and laminar flow for mixing our liquid catalyst. We
want some turbulence as we would like the gas to have greater residence time within the molten catalyst
and return greater hydrogen conversion, but we also would like the carbon to flow upwards through the
molten catalyst, without being continually forced around the liquid and into the walls.

Turbulence generation Pumping/flow capacity

Low High Low

Galtes, rakes

Helical ribbons, anchors

Hydrofoils, propellers

Pitched-blade wrbines

Rushton turbines

Bladeless impellers, disc dispersers

Figure 36. Proportion of Turbulent to Laminar flow by different types of propellers and flat bladed
turbines [40]

Hydrofoils, Rushton Turbine, and Pitched Blade turbines are all additionally used in lab settings for
mixing. Rushton Turbines are fairly easy to buy for a lab setting, they are fairly machinable so if we
desire to make them out of a material other than stainless steel, we are able to do that. Since both pitched
blade turbines and hydrofoils have twisted blades they would be more difficult to easily machine with
other materials. From Table 12, summarizing the previous statements, looking at 3 styles of impeller from
the 2 categories provided in Figure 33, with green meaning it works, yellow meaning it is potentially
passable and red meaning not very effective, we can see that the Rushton Turbine is the clear winner.

Table 12. Table Summarizing the Effectiveness of Potential Mixers
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Mixer Within the Has the Right Mix | Commonly Used | Easy to
Appropriate of Turbulent and in Lab Settings Manufacture
Viscosity Range Laminar Flow

Hydrofoil

Rushton Turbine

Pitched Blade
Turbine

Verification of the Motor Torque

From our provided equations 9, 11, and 13 in the Engineering Analysis Section, the calculated motor
torque that needs to be produced is from 0.818 Nm to 4.09 Nm as shown in Appendix G. When
researching motors, a motor can be found that meets the specifications that we expect for our design and
using a standard market motor is reasonable and keeps a prototype without our group in the future more
reasonable. Looking at the specifications from motor websites such as ORBEX group, a continuous stall
torque above the range we desire is easy to find. [51]

Hydrogen Production Rate

The hydrogen production rate is specified to 0.21kg/hr. This can be verified after verifying the methane
flow rate (1.2kg/hr) and the methane conversion rate (70%). According to the pyrolysis reaction formula
(CH,; — C + 2H,) and the molar mass of methane (16) and hydrogen gas (2), 1.2kg methane will produce
0.3kg hydrogen if with 100% conversion rate. With a 70% conversion rate, 0.21kg hydrogen will be
produced. Therefore, if the methane flow rate and methane conversion rate each pass their specifications,
it implies that the hydrogen production will match its specification.

Discussion

Problem Definition

The breadth of our research started out very wide, this meant that there were a lot of papers that covered
some aspect of methane pyrolysis. This was good for our design process at first to get a broad sense of the
process of pyrolysis, however it was difficult to quickly narrow down the process to focus. To better
define a problem for our team to solve, it would have been better to develop a way to narrow down the
section we were focusing on. A morphological chart to simply weigh the benefits of focusing on certain
areas of a reactor for researching our project focus.

The research used by our team ranged over a lot of different periods of pyrolysis research, so it is possible
inaccuracies have been corrected by later papers that were not included in our research. With more time
our team would be able to more thoroughly vet the information used in construction of our model and
make sure that all information used is up to date. A methodical consideration would be done of each of
our sources to make sure the information is still relevant.
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If we had time and more resources, our team could see if we can connect with other universities that have
a lab scale model and see if we could ask them specific questions, consult more professionals with
chemical engineering backgrounds. Our methods were very literature focused, because initially it was
very important for us to catch up on the basics of what is happening with the process, which can be more
easily gleaned from literature, as it is more directly accessible. But, if we were able to talk to more experts
who use these types of technologies, we would have been able to ask more specific questions about
construction of the vessels for pyrolysis, as well as the ways other pyrolysis reactors regulate the pressure
in the vessel, how much of these reactors can be designed with off the shelf parts. Or at least how they
specifically did it. Some of these questions can be examined by looking at research papers, but they do
not always give a detailed breakdown of their actual methods of building the reactor.

Talking to chemical or materials engineers could have given us a better understanding of how specific
materials interact with the gasses and catalysts within the vessel. There are several good questions that
could still be asked, learning more about containment of reactants when combined with heating, outside
of just references within literature.

Design Critiques

Our design for the reactor focuses on a theoretical modeling of the system and how much gas may get
produced if mixing is added, specifically focusing on the usage of a rushton mixer to move molten metal
in the tank.

The model focusing on the mixing aspect is a strength for our design, as we have used a design that is
novel within the industry of methane pyrolysis. These mixers are commonly used in other types of
reactors, but within lab scale reactors, this design style is uncommon, in our research we could find no
other reactors within methane pyrolysis using a mixer on the lab scale. Lab scale reactors are often small
enough that a mixer would have to be developed on a very small scale. Since our reactor was requested by
our sponsor to be designed a bit larger than many lab scale reactors, a typical lab mixer could be bought,
instead of specialty manufactured for this purpose.

Another strength of our design is the rough accuracy of our COMSOL model of the system where the
output is the conversion rate of the methane to hydrogen. The sensitivity analysis done in the verification
and validation plan section of the report, falls within what would be expected for this type of model. So it
indicates that the conversion rates derived from the COMSOL model can be used to say that our
suggestion for a mixer is usable.

Where our design falls short is that our scope did not narrow fast enough to develop more of a design to
validate. If we had been able to complete our problem definition a bit earlier, the group may have been
able to first, focus on just one section of the device, then focus on one component of it. We did do this in
some ways, but it took the whole semester to get there and do the verification on that section. If we had
been able to get the scope of our design narrowed down more quickly, we could have developed a small
physical component to just test the specific motors we might have used, and the mixing ability of our
mechanism using a liquid to mimic the viscosity of the molten metal. This would be advisable to
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Another area where our design needs to be improved is in the kinetics of the model. While the COMSOL
model can roughly tell us that the mixing improves the process, we could not say exactly the performance
of different catalysts that might be used in a different future design. Future work to be done on this
includes editing of our COMSOL models within the behavior of the methane when it interacts with the
catalyst. This can be done by going through reaction rate equations to determine rates of reaction for
various catalysts. Within the time allotted for our project this semester, this was not possible to get done.
This would be advisable to complete for future work.

Assumptions and Risks

Challenges we encountered through the design process include the large number of components that go
into the pyrolysis reactor and the fact that a lot of design changes in the literature rely on chemical
engineering principles. Some of these components were considered in our analysis. Our analysis relied on
a few assumptions which we did our best to make sure did not affect our final products.

Torque Analysis. For calculation assumptions within the calculation of torque, there were a few
assumptions made. One calculation made is that the vessel we are using is a standard vessel, what this
means is that the dimensions may be different from what is commonly used in mixed tanks. Ifit is
non-standard, equation 12 shows the necessary calculations that need to be made for power. This could
throw off the numbers used for the torque completely. This could potentially make our estimation that a
standard motor would work invalid, as the operating torque range could be incorrect. This would not
cause any risk to our end user but may affect a conversion rate.

Fracture Stress Analysis. Although there is relatively little risk with this analysis and the fracture stress
calculated is well below the fracture strength, we are still making the assumption that the mixer motor
will not exert any outside torque onto the pressure vessel itself. However, the shaft may interact with the
pressure vessel unintentionally or the vibration from the motor may cause some torque onto the pressure
vessel. However, since we are well below the fracture strength, it is not a great concern but still something
that should be considered. There is a very small chance there could be a risk to the user, since the vessel
will be contained within the furnace.

Leak Before Break Analysis. Relatively few assumptions were made for this analysis as it simulates a
normal crack for a leak before break problem. However, one thing that could cause some concern is the
safety factor of 2.07. Generally, a safety factor of 4 is desired but a given analysis to make the reactor as
safe as possible given that it is subjected to relatively high temperatures. This can be mitigated by
increasing the thickness of the pressure vessel or decreasing the outer radius of the pressure vessel which
will lower the stress intensity factor calculated and by proxy increasing the safety factor to our desired
value. In general, a safety factor of 4 is desired so if we increase the thickness to 20 mm, we will achieve
a safety factor of 4.13. These design parameters will be optimized moving forward given all of our other
analysis to give us the best design for our reactor. There is a very small chance there could be a risk to the
user, since the vessel will be contained within the furnace.

Bubble Size. The simulation setting contains only 1 bubble in a column of molten metal. In the real
reactor, there will be many bubbles existing in the molten metal. These bubbles might interact with each
other and affect their motion, or they might combine with each other to form larger bubbles which are
undesirable. This might cause the actual rising velocity and residence time to be different than that of the
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simulation. To address this problem, we could add complexities into the simulation to study the
interactions between the bubbles. Also, the impeller will break large bubbles so we do not expect this to
be a critical issue. We can proceed with our work and see the actual effects on a working prototype.

Heating Power. We might not be able to find a furnace that exactly fits our desired dimensions, materials,
and heating power. If we cannot find it, we can either customize it or choose from what is available. The
heat losses and power requirement will be easy to calculate. One potential problem is that in the research
we are referring to, the thickness of the insulation material is 450 mm which means although the size of
our reactor can be small satisfying engineering specifications, the furnace can be big. Therefore, to make
sure it still satisfies the requirement “sized for laboratory scale” we might need to specify the dimensions
of the furnace instead of just the reactor chamber. Another concern of the heating power is, if the heating
power of the furnace is not great enough to heat the molten catalyst effectively this will impact the
conversion rate. To negate harm to the user, a safety plan should be established by the lab of the user of
the lab furnace.

Lessons Learned

We learned various lessons throughout the course of the semester. One of the major issues we faced as a
team was the large scope of our project and how to properly navigate the problem effectively. With all of
the different and unique subsystems in a pyrolysis system, our team had difficulty dividing up the tasks
needed for each subsystem. Followed by the necessity of our team to do a lot of front loaded research of
our problem, our progress in the beginning was slow. Throughout the entire semester, our team constantly
went back to the problem analysis stage to reevaluate our problem and conduct further research to better
understand our project. We learned the importance of thoroughly understanding the problem at hand and
that research is not just limited to the beginning stages of a project but should be continuously built upon.

Furthermore, we eventually narrowed down the scope of our project to just the mixing mechanism of the
pyrolysis design instead of the entire pyrolysis reactor. This allowed our team to focus on the aspect of the
reactor that was most interesting to us and where we could contribute the most as mechanical engineers.
From this experience, we learned to set realistic expectations for ourselves and learn more about our own
skill sets. This allowed us to delve deeper into concepts of pressure vessels and reactor designs as we
explored different research articles for reactor designs as inspiration for our own.

Although our project was heavily focused on chemical engineering as the entire pyrolysis reaction was a
chemical problem, our team still consulted some professionals in the field to better our design and
understanding. We were able to reach out to Monolith, a leading pyrolysis company in the field, and
learned more about what their company does and how they utilize pyrolysis. In selecting an impeller
design for our mixer, we also reached out to Caframo where they provided us with important insight on
what to look for in an impeller as well as general reactor design recommendations. Praneet, of course, was
also crucial for our understanding of pyrolysis, reactor design and learning to operate COMSOL. In
general, this project taught us all to problem solve and to carefully consider who to reach out to when
facing a roadblock. In the future, we will reach out to professionals as early as possible to gain more
perspectives on our problem.
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Reflection

The product. After the system is upscaled and commercialized, one of the potential benefits it will bring
is the lowered carbon emission compared to traditional hydrogen-producing methods. In addition, because
of the high-value solid carbon byproducts, the hydrogen price will be further lowered.

Despite the benefits this system could bring, there could be some social, economic, or environmental
impacts associated with the manufacturing, usage, and disposal of the system. The methane pyrolysis
process uses more energy per unit of hydrogen than the traditional SMR method so there will be an
increased demand on energy or electricity. The generation of electricity will produce carbon emission but
this can be addressed by using sustainably generated electricity to power the pyrolysis reactor. Most parts
of the system will be made of metals or other recyclable materials and can be reused or recycled during
disposal.

Our design is unique in many ways so there will be many parts that need to be custom-made. Since we are
not mass producing them, the cost will be high. Also, the system requires many scientific instruments for
monitoring the operation and some of them cost much. For example, a mass spectrometer that measures
the methane/hydrogen concentration would cost hundreds of thousand dollars. The use and disposal of the
system will not cause significant economic impacts.

To characterize the societal impacts of our project, we performed stakeholder analysis as described in the
design context section. And we referred to other research papers and a DOE assessment for the potential
social impacts of this project.

Differences between team members and the sponsor and the effect on design processes. In a diverse
team, cultural, privilege, identity, and stylistic differences can significantly affect our approach to the
project. Each of us brings unique perspectives rooted in our cultural and educational backgrounds,
influencing the problem solving methods, communication styles, and decision making processes. For
instance, our team members are from China and the US and our sponsor Praneet is from India. Praneet
already had the knowledge on the topic while our team was new to it. This led us to learning from each
other. In addition, the power difference between the team and the sponsor affected the design process as
well. Normally, after receiving the problem statement, we would formulate the requirements and
specifications that are solution neutral. However, in our project our sponsor had some predefined design
parameters for us such as the type of catalysts and methane/hydrogen flow rate. We took these directly
into our specifications and concept selection instead of following the usual processes. Our project is also
special in the way that there are few stakeholders involved at the current stage. Our primary stakeholder
Praneet is our sponsor, and he will also be one of the first end users of the product after it is completed.
Plus, he is a graduate student at the University of Michigan so we had weekly meetings to discuss the
project and we did not have disagreements or conflicts.

Public health and ethical concerns. Public health, safety, and welfare are all important to any design
project and so are they to ours. Since this pyrolysis reactor works with flammable gasses and high
temperature devices, there is much risk involved and safety becomes especially important. However, they
are not the concerns at the current stage of our design process (these factors will come into concern in the
future when a working prototype is ready to be built, and additional safety analysis will be performed
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when this system is to be upscaled and commercialized). Due to the limitations of this class, we can only
focus on certain aspects of the system. That was one of the ethical dilemmas we have faced: to focus on
the safety design of the system or something else like the effectiveness of the reaction chamber. Because
of the fact that we are not building a working prototype this semester, we decided to focus on the
effectiveness of the main reaction chamber.

Another ethical dilemma is that the materials we use include metals or minerals that are considered
conflict minerals, as explained in the design context section. If we happen to purchase these materials
originated from regions burdened by civil war, it will be bad since we will be supporting groups that
continue to create conflict within the region. Therefore, in the future when this reactor is to be built, it is
important to know that the materials are not from these conflict areas.

Recommendations

The current background research is heavily research literature based. In order to develop a more
comprehensive understanding of the project background, other further researchers could reach out directly
through email to more research groups who create existing pyrolysis reactors to get a better understanding
of their building process. This would further enhance the designs created and give it a stronger research
backing that’s not solely based upon literature.

On a system-level, we highly recommend that future teams fully design the entire pyrolysis system with a
detailed design of all of the different subsystems within the pyrolysis reactor. The rest of the reactor has
many subsystems, many of which are heavily researched, so future teams must make sure that the designs
meet the requirements set by standard practices in the field. We also recommend creating a future project
for chemical engineering students or researchers. With a stronger chemical engineering knowledge, we
can further improve the design from a chemical perspective of how the reaction works and if there were
any chemical effects that were not accounted for. We recommend a future project for chemical
engineering students that focuses on how best to contain the created hydrogen and carbon as well as
possible ways of transporting them safely and at a low cost.

Finally, we have recommendations on how our design can be improved upon. Firstly, our COMSOL
model that was created made various assumptions to simplify the model, specifically with the kinetics. It
is recommended that with further research, a proper kinetic equation should be implemented into the
COMSOL model to more accurately model how temperature and pressure affects the methane conversion
rate. Furthermore, we highly recommend future teams to build a physical prototype, specifically of the
mixing mechanism and the reactor chamber with the correct components within it. It is very valuable and
crucial that this design be proven with proper experimental testing because as much as modeling is
important, it is never as valuable as real physical results from a prototype. This way, future teams are able
to properly develop better parameters based on physical data and optimize the parameters and design off
of this. All in all, this takes into account the work we have done and integrates it into how future teams
can best use what we have learned and developed to bring this project to greater heights.

56



MICHIGAN ENGINEERING

UNIVERSITY OF MICHIGAN

Conclusions

This methane pyrolysis project aims to design a reactor that decomposes biogas into usable hydrogen and
solid carbon without carbon dioxide emission. Currently, at the initial stage of this project, we are
assuming the biogas is filtered and the reactor will be fed with pure methane.

Given the novelty of this technology and its current experimental status, our benchmarks are primarily
derived from existing research papers on lab-scale experiments. Our focus is on high conversion rate— the
percentage of the methane being decomposed into hydrogen and carbon. Pyrolysis reactors can be
categorized based on heating methods and catalyst types. We studied the conversion rate of different
catalysts under corresponding reaction conditions. We will decide which catalyst to use based on the
balance between reaction temperature and methane conversion rate.

To choose the design process, we mainly followed the ME Capstone Design Process Framework, and we
followed a combination of abstract approach and procedural approaches in our literature search.

To design the design context, we firstly categorized stakeholders into primary, secondary, and tertiary
groups. Primary stakeholders, including the University of Michigan, students, biogas, and catalyst
suppliers, are directly involved and stand to benefit from the project's success, especially in terms of
producing low-cost hydrogen and carbon. Additionally, we analyzed the social and ethical impacts of this
project. We would make positive environmental impacts and reduce CO2 emission; we need to reference
existing patents and research results with ethical considerations regarding intellectual property rights; we
also should consider potential job losses and the responsibility to manage the transition for affected
workers in a fair and just manner.

We built our requirements and specifications from four perspectives: 1) safe storage of reactants and
products; 2) size of the reactor; 3) mixing requirements 4) conditions required for pyrolysis reaction to
happen; 5) efficiency of pyrolysis reaction. The pyrolysis reaction involves many different gasses in a
dangerous setting, so it is essential that we have proper ways of storing the gas both before and after the
reaction for the safety of everyone involved in the experiment. The scale of the reactor will be on a lab
scale which was specified by our sponsor, allowing people in the future to further experiment with it. The
pyrolysis conditions specify the temperature, pressure that the reactor will need to be able to reach and
withstand. Finally, the efficiency of the reaction details the conversion rate and catalyst regeneration as
goals for our experiment.

The main challenges we will encounter as a team surround lack of resources and limited experience, if we
wanted to build a full scale model it would be very expensive even at the size we desire. There is lab
space and equipment that would have to be acquired as well as the process has safety concerns that must
be mitigated in a lab environment. With the limited experience we have as a team it is harder to know the
necessary equipment.

In order to create our alpha design, our team utilized morphological matrices and design heuristics to
individually generate ideas for our design. We then divided our design into different subsystems using a
functional decomposition method. By using a weighted pugh chart, we were able to weigh different
options we were considering for each subsystem to come up with a final design for the methane pyrolysis
reactor. These are shown in Table 5 and 6 above.
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Given the team's budget and time constraints, we decided to focus our attention on the reactor chamber
and mixing mechanism of the methane pyrolysis reactor through a reevaluation of the MoSCoW method
of our different requirements and specifications. From here, we worked on our alpha design of our reactor
chamber and mixing mechanism.

We created an alpha design of our CSTR reactor with a motor that will provide the spinning mechanism
within the molten and solid catalyst along with various pressure and temperature parameters that we set.
We defined the reactor to be built with quartz and containing 3 liters of volume and heated with an
induction heater furnace.

Based on our alpha design, we conducted many engineering analyses of our design. We focused on
verification of our specifications and validation of our problem statement. For our verification, we
focused on the fracture stress and leak before break stress analysis of our material selection, effect of
methane bubble size on residence time, as well as heating power analysis. For our validation, we
performed a COMSOL simulation of the effect of mixing on conversion rate, sensitivity analysis of our
COMSOL parameters, validation of our rushton mixer selection, validation on motor torque, and
hydrogen production rate calculations. We do these verifications and validations through a combination of
research, hand calculations, and simulations to support our claims.

From here, we were able to create a final design of our reactor chamber and mixing mechanism with
specific parameters that were supported by our analysis above. We defined a thickness of 20 mm and 100
mm radius. We will use a rushton mixer with baffles for our mixing mechanism. The reactor will be
coated in a calcium oxide coating to lower carbon buildup on the reactor. The rushton mixer will be made
with stainless steel and the reactor shell will be built with quartz. Finally, methane gas will be fed in using
a quartz frit with a small bubble size of 10-15 micrometers.

With the completion of our project, we will transfer all of our findings and knowledge to our sponsor,
Praneet, as he moves this project forward to the next stage. The next stages of this project will include but
not be limited to securing funding for building the pyrolysis system, securing parts and building the
pyrolysis system and reactor, testing the conditions we set for safety, and experimentally testing the
pyrolysis reaction to confirm COMSOL results and optimize the methane conversion rate to hydrogen and
carbon. There are a lot of actions that need to be completed but we have provided our sponsor with the
necessary tools to move this project forward.

Next steps for the project involve evaluating all our assumptions to improve our calculations of torque,
speed, and liquid behavior. This can be accomplished on studies of turbulent and laminar flow within our
tank and better modeling the dynamics of different bubble sizes, heat transfer, and speed of the liquid
within the tank. We also need to verify the kinetic equations of the specific catalyst we are using to better
model the methane conversion and the effectiveness of the mixing on the solid catalyst as well. We will
build our final design off these next steps and this will culminate in a final design with a detailed CAD
model for our final design report.

58



MICHIGAN ENGINEERING

UNIVERSITY OF MICHIGAN

References

[1] World energy outlook 2023 - iea.blob.core.windows.net. (n.d.-b).
https://iea.blob.core.windows.net/assets/7b570018-82d5-4ea3-blad-806234b7b184/Executivesum
mary-WorldEnergyOutlook2023.pdf

[2] Keller, M. (2021). Comment on “methane pyrolysis for zero-emission hydrogen production: A
potential bridge technology from fossil fuels to a renewable and sustainable hydrogen economy.”
Industrial &amp; Engineering Chemistry Research, 60(48), 17792-17794.
https://doi.org/10.1021/acs.iecr.1c03926

[3] Global hydrogen flows - hydrogen council. (n.d.-a).
https://hydrogencouncil.com/wp-content/uploads/2022/10/Global-Hydrogen-Flows.pdf

[4] Koller, J., Baumer, U., Kaup, Y., Schmid, M., & Weser, U. (2003). Analysis of a pharaonic
embalming tar. Nature, 425(6960), 784—784. https://doi.org/10.1038/425784a

[5] Analyst, R. Daliah, Principal. (2023, December 20). Technology landscape: Key players in methane
pyrolysis. Lux Research.
https://luxresearchinc.com/blog/technology-landscape-key-players-in-methane-pyrolysis/

[6] Koranyi, T. 1., Németh, M., Beck, A., & Horvath, A. (2022). Recent advances in methane pyrolysis:
Turquoise hydrogen with solid carbon production. Energies, 15(17), 6342.

https://doi.org/10.3390/en15176342

[7] Patlolla, S. R., Katsu, K., Sharafian, A., Wei, K., Herrara, O. E., & Merida, W. (2023, May 6). 4
review of methane pyrolysis technologies for hydrogen production. Renewable and Sustainable
Energy Reviews.

https: ien

R-2&11=85258e66cf7{86¢ea

[8] Wnukowski, M. (2023). Methane pyrolysis with the use of plasma: Review of plasma reactors and
process products. Energies, 16(18), 6441. https://doi.org/10.3390/en16186441

[9] Pérez, B., Jimenéz, J., Bhardwaj, R., Goetheer, E., Annaland, M., Gallucci, F. (2021). Methane
pyrolysis in a molten gallium bubble column reactor for sustainable hydrogen production: Proof of
concept & techno-economic assessment. ScienceDirect

hitps://www.sciencedirect.com/science/article/pii/S0360319920342816

[10] Noh, Y.-G., Lee, Y. J., Kim, J., Kim, Y. K., Ha, J., Kalanur, S. S., & Seo, H. (2022). Enhanced
efficiency in CO2-free hydrogen production from methane in a molten liquid alloy bubble column
reactor with Zirconia Beads. Chemical Engineering Journal, 428, 131095.

https://doi.org/10.1016/j.cej.2021.131095

[11] Chen, L., Song, Z., Zhang, S., Chang, C.-K., Chuang, Y.-C., Peng, X., Dun, C., Urban, J. J., Guo, J.,
Chen, J.-L., Prendergast, D., Salmeron, M., Somorjai, G. A., & Su, J. (2023). Ternary nimo-bi

59


https://iea.blob.core.windows.net/assets/7b570018-82d5-4ea3-b1ad-806234b7b184/Executivesummary-WorldEnergyOutlook2023.pdf
https://iea.blob.core.windows.net/assets/7b570018-82d5-4ea3-b1ad-806234b7b184/Executivesummary-WorldEnergyOutlook2023.pdf
https://doi.org/10.1021/acs.iecr.1c03926
https://hydrogencouncil.com/wp-content/uploads/2022/10/Global-Hydrogen-Flows.pdf
https://doi.org/10.1038/425784a
https://luxresearchinc.com/blog/technology-landscape-key-players-in-methane-pyrolysis/
https://doi.org/10.3390/en15176342
https://www.sciencedirect.com/science/article/pii/S136403212300179X?ref=pdf_download&fr=RR-2&rr=85258e66cf7f86ea
https://www.sciencedirect.com/science/article/pii/S136403212300179X?ref=pdf_download&fr=RR-2&rr=85258e66cf7f86ea
https://doi.org/10.3390/en16186441
https://www.sciencedirect.com/science/article/pii/S0360319920342816
https://doi.org/10.1016/j.cej.2021.131095

MICHIGAN ENGINEERING

UNIVERSITY OF MICHIGAN

liquid alloy catalyst for efficient hydrogen production from methane pyrolysis. Science, 381(6660),
857-861. https://doi.org/10.1126/science.adh8872

[12] GeiBler, T., Abanades, A., Heinzel, A., Mehravaran, K., Miiller, G., Rathnam, R., Rubbia, C.,
Salmieri, D., Stoppel, L., Stiickrad, S., Weisenburger, A., Wenninger, H., & Wetzel, Th. (2016,
April 21). Hydrogen production via methane pyrolysis in a liquid metal bubble column reactor with

a packed bed. Chemical Engineering Journal.
https://www.sciencedirect.com/science/article/pii/S1385894716305162?via%3Dihub

[13] McConnachie, M., Konarova, M., & Smart, S. (2023). Literature review of the catalytic pyrolysis of
methane for hydrogen and carbon production. International Journal of Hydrogen Energy, 48(66),
25660-25682. https://doi.org/10.1016/j.ijhydene.2023.03.123

[14] Tang, X., Xu, B., & Xu, Z. (2023). Reactor temperature control based on improved fractional order
self-anti-disturbance. Processes, 11(4), 1125. https://doi.org/10.3390/pr11041125

[15] GeiBler, T., Abanades, A., Heinzel, A., Mehravaran, K., Miiller, G., Rathnam, R. K., Rubbia, C.,
Salmieri, D., Stoppel, L., Stiickrad, S., Weisenburger, A., Wenninger, H., & Wetzel, Th. (2016).
Hydrogen production via methane pyrolysis in a liquid metal bubble column reactor with a packed
bed. Chemical Engineering Journal, 299, 192-200. https://doi.org/10.1016/j.cej.2016.04.066

[16] Wynn D., Clarkson J. (2005) Models of designing. In: Clarkson J., Eckert C. (eds) Design process
improvement. Springer, London.
https://doi-org.proxy.lib.umich.edu/10.1007/978-1-84628-061-0_2

[17] Pahl, G., Beitz, W., & Feldhusen, J. (n.d.). Engineering design: A systematic approach.
[18] French, M. (1999). Conceptual Design for Engineers. Springer-Verlag.

[19] Pugh, S. (1991). Total design: Integrated methods for successful product engineering.
Addison-Wesley.

[20] Green hydrogen to undercut gray sibling by end of decade. BloombergNEF. (2023, August 9).
https://about.bnef.com/blog/green-hydrogen-to-undercut-gray-sibling-by-end-of-decade/#:~:text=

%E2%80%9CGray%20hydrogen%2C%20which%20comes%20from,%241.8%2D%244.7%20per
%20kilogram.

[21] Toyota official site. New Cars, Trucks, SUVs & Hybrids. (n.d.). https://www.toyota.com/

[22] 2023 Toyota Mirai. www.fueleconomy.gov - the official government source for fuel economy
information. (n.d.-a).
https: fueleconomy.gov/feg/PowerSearch.do?action=noform&path=1 ar1=202 ar2=

2023 &make=Toyota&baseModel=Mirai&srchtyp=ymmé&pageno=1&rowLimit=50

[23] Hydrogen Fuel Cell vehicles. Energy.gov. (n.d.).
https://www.energy.gov/energysaver/hydrogen-fuel-cell-vehicles

60


https://doi.org/10.1126/science.adh8872
https://www.sciencedirect.com/science/article/pii/S1385894716305162?via%3Dihub
https://doi.org/10.1016/j.ijhydene.2023.03.123
https://doi.org/10.3390/pr11041125
https://doi.org/10.1016/j.cej.2016.04.066
https://doi-org.proxy.lib.umich.edu/10.1007/978-1-84628-061-0_2
https://about.bnef.com/blog/green-hydrogen-to-undercut-gray-sibling-by-end-of-decade/#:~:text=%E2%80%9CGray%20hydrogen%2C%20which%20comes%20from,%241.8%2D%244.7%20per%20kilogram
https://about.bnef.com/blog/green-hydrogen-to-undercut-gray-sibling-by-end-of-decade/#:~:text=%E2%80%9CGray%20hydrogen%2C%20which%20comes%20from,%241.8%2D%244.7%20per%20kilogram
https://about.bnef.com/blog/green-hydrogen-to-undercut-gray-sibling-by-end-of-decade/#:~:text=%E2%80%9CGray%20hydrogen%2C%20which%20comes%20from,%241.8%2D%244.7%20per%20kilogram
https://www.toyota.com/
https://www.fueleconomy.gov/feg/PowerSearch.do?action=noform&path=1&year1=2023&year2=2023&make=Toyota&baseModel=Mirai&srchtyp=ymm&pageno=1&rowLimit=50
https://www.fueleconomy.gov/feg/PowerSearch.do?action=noform&path=1&year1=2023&year2=2023&make=Toyota&baseModel=Mirai&srchtyp=ymm&pageno=1&rowLimit=50
https://www.energy.gov/energysaver/hydrogen-fuel-cell-vehicles

MICHIGAN ENGINEERING

UNIVERSITY OF MICHIGAN

[24] 2024 Toyota Camry. www.fueleconomy.gov - the official government source for fuel economy
information. (n.d.-b).
https://www.fueleconomy.gov/feg/PowerSearch.do?action=noform&path=1&year1=2024&year2=

2024& make=Toyota&baseModel=Camry&srchtyp=ymmé&pageno=1&rowLimit=50

[25] State gas price averages. AAA Gas Prices. (n.d.). https://gasprices.aaa.com/state-gas-price-averages/

[26] By the numbers. By The Numbers | Hydrogen Fuel Cell Partnership. (n.d.).
https://h2fcp.org/by_the numbers

[27] Frequently asked questions (fags) - U.S. energy information administration (EIA). Frequently
Asked Questions (FAQs) - U.S. Energy Information Administration (EIA). (n.d.).
https://www.eia.gov/tools/faqs/faq.php?id=427&t=3

[28] Hydrogen Power plants. Home. (n.d.).

https://www.siemens-energy.com/global/en/home/products-services/product/hydrogen-power-plant
s.html#Upgrade-for-existing-plants-tab-1

[29] Nabertherm. (n.d.). Laboratory Furnaces. Lilienthal, Germany; Nabertherm. Retrieved from
https://nabertherm.com/sites/default/files/2023-07/laboratory_english.pdf.

[30] Pistilli, M. (2023, December 1). Top 8 tungsten-producing countries. INN.
https://investingnews.com/where-is-tungsten-mined/

[31] Rwandan mining in history. African Society and Conflict. (2020, June 4).
https://developingworldpolitics.com/2020/06/02/rwandan-mining-in-history/

[32] Monolith Olive Creek Expansion Facility. (n.d.).
https://www.energy.gov/sites/default/files/2022-04/fonsi-and-ea-2180-monolith-olive-creek-expans

[33] Hydrogen Strategy Enabling a Low-carbon Economy. U.S Department of Energy. (2020, July).
https://www.energy.gov/sites/prod/files/2020/07/f76/USDOE FE Hvydrogen Strategy July2020.pd
f

[34] “Laboratory Test Procedure for FMVSS 304”. U.S. Department of Transportation. 8 December
2003: Web.

[35] Mulbah, C. (2020). Rising Characteristics of a Methane Bubble under Different Conditions: A CFD
Study. Journal of Physics: Conference Series.
https:/fiopscience.iop.org/article/10.1088/1742-6596/1600/1/012067/pdf

[36] Bush, K., Boyd, C. (2023). Decomposition Reactor for Pyrolysis of Hydrocarbon Feedstock (U.S.
Patent No. 63/252,159). Google Patents. https://www.scribbr.com/apa-examples/patent/

61


https://www.fueleconomy.gov/feg/PowerSearch.do?action=noform&path=1&year1=2024&year2=2024&make=Toyota&baseModel=Camry&srchtyp=ymm&pageno=1&rowLimit=50
https://www.fueleconomy.gov/feg/PowerSearch.do?action=noform&path=1&year1=2024&year2=2024&make=Toyota&baseModel=Camry&srchtyp=ymm&pageno=1&rowLimit=50
https://gasprices.aaa.com/state-gas-price-averages/
https://h2fcp.org/by_the_numbers
https://www.eia.gov/tools/faqs/faq.php?id=427&t=3
https://www.siemens-energy.com/global/en/home/products-services/product/hydrogen-power-plants.html#Upgrade-for-existing-plants-tab-1
https://www.siemens-energy.com/global/en/home/products-services/product/hydrogen-power-plants.html#Upgrade-for-existing-plants-tab-1
https://nabertherm.com/sites/default/files/2023-07/laboratory_english.pdf
https://investingnews.com/where-is-tungsten-mined/
https://developingworldpolitics.com/2020/06/02/rwandan-mining-in-history/
https://www.energy.gov/sites/default/files/2022-04/fonsi-and-ea-2180-monolith-olive-creek-expansion-facility-2021-12.pdf
https://www.energy.gov/sites/default/files/2022-04/fonsi-and-ea-2180-monolith-olive-creek-expansion-facility-2021-12.pdf
https://www.energy.gov/sites/prod/files/2020/07/f76/USDOE_FE_Hydrogen_Strategy_July2020.pdf
https://www.energy.gov/sites/prod/files/2020/07/f76/USDOE_FE_Hydrogen_Strategy_July2020.pdf
https://iopscience.iop.org/article/10.1088/1742-6596/1600/1/012067/pdf
https://www.scribbr.com/apa-examples/patent/

MICHIGAN ENGINEERING

UNIVERSITY OF MICHIGAN

[37] Parmar, N., Joshi, P., & Gogate, P. R. (2022). Blue hydrogen and carbon nanotube production via
direct catalytic decomposition of methane in fluidized bed reactor: Capture and extraction of
carbon in the form of CNTs. Journal of CO2 Utilization, 65, 103219.
https://doi.org/10.1016/j.enconman.2021.113893

[38] Kaldis, S., Pantoleontos, G., Koutsonikolas, D. (2018). Chapter 12 - Membrane Technology in
IGCC Processes for Precombustion CO2 Capture. Current Trends and Future Developments on

(Bio-) Membranes. https://www.sciencedirect.com/science/article/abs/pii/B978012813645400012X

[39] Continuous Stirred Tank Reactor (CST. R) Vapourtech com,

1nu0us%20stlrred%20tank%ZOreactor,%2C%20pharmaceutlcals%2C%20and%200ther%20produ
ts.

[40] MORRISSEY., D., PAULINE M. .. CARLSON, ROSS. KATE,. (2023). Bioprocess Engineering
Principles. ELSEVIER ACADEMIC PRESS.

[41] Holland, F. A., & Chapman, F. S. (1966). Liquid mixing and processing in stirred tanks. Reinhold
Pub. Corp

[42] Ashby, M., Jones, D. (1980). Engineering Materials I: An Introduction to their Properties and
Applications. Butterworth Heinemann

[43] Mechanical properties of fused quartz. QUARTZ Scientific Inc.
https://gsiquartz.com/mechanical-properties-of-fused-quartz/

[44] Ferguson, Colin & Lloyd, Geoffrey & Knipe, R.. (2011). Fracture mechanics and deformation
processes in natural quartz: a combined Vickers indentation, SEM, and TEM study. Canadian
Journal of Earth Sciences. 24. 544-555. 10.1139/e87-053

[45] Luning Chen et al.,Ternary NiMo-Bi liquid alloy catalyst for efficient hydrogen production from
methane pyrolysis. Science 381,857-861(2023). DOI:10.1126/science.adh8872

[46] Andreini, R.J., Foster, J.S. & Callen, R.W. Characterization of gas bubbles injected into molten
metals under laminar flow conditions. Metall Trans B 8, 625—631 (1977).

https://doi.org/10.1007/BF02669340

[47] Hadala, B., Malinowski, Z., & Rywotycki, M. (2017, July 31). Energy losses from the furnace
chamber walls during heating and heat treatment of heavy forgings. Energy.
https://www.sciencedirect.com/science/article/pii/S0360544217312951

[48] Catalan, J. J., & Rezaei, E. (2022, January 11). Modelling the hydrodynamics and kinetics of
methane decomposition in catalytic liquid metal bubble reactors for Hydrogen production.
International Journal of Hydrogen Energy.

https://www.sciencedirect.com/science/article/pii/S0360319921047893

62


https://doi.org/10.1016/j.enconman.2021.113893
https://www.sciencedirect.com/science/article/abs/pii/B978012813645400012X
https://www.vapourtec.com/flow-chemistry/continuous-stirred-tank-reactor-cstr/#:~:text=A%20continuous%20stirred%20tank%20reactor,%2C%20pharmaceuticals%2C%20and%20other%20products.
https://www.vapourtec.com/flow-chemistry/continuous-stirred-tank-reactor-cstr/#:~:text=A%20continuous%20stirred%20tank%20reactor,%2C%20pharmaceuticals%2C%20and%20other%20products.
https://www.vapourtec.com/flow-chemistry/continuous-stirred-tank-reactor-cstr/#:~:text=A%20continuous%20stirred%20tank%20reactor,%2C%20pharmaceuticals%2C%20and%20other%20products.
https://qsiquartz.com/mechanical-properties-of-fused-quartz/
https://doi.org/10.1126/science.adh8872
https://doi.org/10.1007/BF02669340
https://www.sciencedirect.com/science/article/pii/S0360544217312951
https://www.sciencedirect.com/science/article/pii/S0360319921047893

MICHIGAN ENGINEERING

UNIVERSITY OF MICHIGAN

[49] Makarov, K. 1., & Pechik, V. K. (2003, April 17). Kinetics of methane pyrolysis under conditions of
pyrolytic carbon formation. Carbon.

https://www.sciencedirect.com/science/article/pii/0008622374900049

[50] Becker, T., Richter, M., & Agar, D. W. (2022, November 3). Methane pyrolysis: Kinetic Studies and
mechanical removal of carbon deposits in reactors of different materials. International Journal of
Hydrogen Energy. https://www.sciencedirect.com/science/article/pii/S0360319922047139

[51]1 HPM80 200 VAC Servo Motor. Orbex Group. (n.d.).
https://orbexgroup.com/product/hpm80-200-vac-servo-motor/

63


https://www.sciencedirect.com/science/article/pii/0008622374900049
https://www.sciencedirect.com/science/article/pii/S0360319922047139

MICHIGAN ENGINEERING

UNIVERSITY OF MICHIGAN

Bios
Yunjia Hu

I am from Changzhou, Jiangsu, China, a liveable city an hour away from Shanghai. I have been fascinated
by mechanisms since [ was a kid. I was curious about how things work, so I always took things apart.
Sometimes I could put them back together, but sometimes I could not. I have worked as a research
assistant on the prosthesis hand project in the Precision Systems Design Laboratory since 2021. This
research raised my interest in biomechanics—a study of the structure, function and motion of the
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interested in the medical device and equipment industry. A fun fact about me is that I have two cats: one
can hide in any corner of the house, and the other can sneak out of the house whenever she wants.
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maybe getting a Master’s degree. I also need to find something to do for this summer, either an internship
or research. Last summer [ was doing an internship in Lansing. I thought I would do some design work
for the exterior panels of the cars but ended up painting them by programming robots. Fun facts: I also
like sports and music, (and video games). [ was part of an A cappella group in high school. I have tracked
my car a few times and one time I boiled the brake fluid and completely lost the brake force. However, I
was so smart that I noticed it before it was gone and slowed down. But it was still a little scary.
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functions in matlab I hadn’t used before, and it was really cool to apply that to real technology. I am
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currently planning on getting a job right after college and possibly graduate school after a bit of time in
the field to get a better sense of what I like doing within engineering. I would like to work in renewable
energy in some capacity, not sure yet if [ would specifically like to work in wind, solar, or what
specifically, but I would like to feel like I am making a positive impact on the world. [ am not sure if [
have any facts that are too fun, but one I can come up with is that as far as [ am aware, I have never eaten

a bagel.

65



MICHIGAN ENGINEERING

UNIVERSITY OF MICHIGAN

Appendix A: Project Plan

Stage of Development Week = =) ﬁ' ~ > E‘ = ﬁ‘

F-1 o ) - -
Problem Definition Jan 15 Jan 22 Jan29 ¢ Feb5 @ Feb 12 Feb19 Feb 21 E Feb26 Mar4 i_Mwﬂ Mar 18 §Mar25 ; Apr1 Aprd Aprs E.Apr15 Apr22 5. Apr 29
Researching and Understanding Background - ‘i E- ‘§. =] £ = ~
Developing Requirements & g 2 2 i =]
Developing Specifications - i o E g E
Get feedback from Sponsor and Advisor and revise Requirements and Specifications iz E ] E | | E E |
Research Further Standards For Pressure Vessels bt : : -
Understand Biogas Chemical Mixture & 1 x s

Explore Benchmarks for Methane Pyrolysis

Develop Deeper Understanding of Reactor Designs Currently Used in Industry
Develop Deeper Understanding of Catalysts being used

Discuss with Sponsor about Choice of Catalysts

Concept Exploration

Identify sub-functions & sub-systems for the reactor

Discuss with Sponsor and Advisor about sub-system identification and reqirements
Generate solutions for each sub-function

Generate Design Concepts for Reactor Designs (at least 5 per person)
Concept Selection for i hamber, select top 5 ideas for further evaluation
Concept Selection for reactor, select top 5 ideas for further evaluation

Compare Ideas/C pts Against Reql and Specification

Upgrade Concepts to satisfy all requirements and specifications

Finalize Design Concept (By Scoring Reactor Designs against each other)
Discuss with Sponsor and Advisor Ideas and Preliminary Design

Solution Development and Verification (Simulation)

Develop a CAD for alpha design

Choose Analysis Tests Type (i.e. Fluid Dynamics, Heat Transfer, Pressure Distribution)
Analyse gas feeder: geometry, size, number of holes, feeding pressure

Analyse molten catalyst stirring: shape, size, number of blades, angle of blades
Analyse solid catalyst stirring: shape, size, number of blades

Analyse reactor shell: shape, size, thickness, choice of material, stress

Analyse induction heater: energy required, energy efficiency

Analyse induction heater: energy required, energy efficiency

Analyse transmission: torque, speed, bearing, fixture

Find a computer software for simulating the reaction desired

Define Parameters for the software

Preliminary Testing and Validation through simulati

Complete Torque Estimate of Mixer

Evaluate Results of Torque Estimate and Corraborate

Research Kinetic Equations to be applied within the Conversion Rate Simulation
Try a Variety of Kinetic Equations

Ci Cor ion Rate Analysis of Mixer

Verify Testing Results Validity and further adjust Parameters if necessary

Rerun simulation and tests if necessary

Analyze Results and adjust design accordingly

Finalize Design - Deliver a Final Detailed CAD model of the Reaction Chamber
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We employed a Gantt chart to present our project plan. The full project has three stages—problem definition, concept exploration, and solution
development and verification. We listed comprehensive tasks identified through detailed preliminary research and discussions with stakeholders.
Additionally, we organized the project timeline on a weekly basis, which each design review deadline highlighted in blue. We used colored cells to
mark the expected task completion dates. Finished tasks are marked green, unfinished tasks are represented in pink. Tasks spanning multiple cells
represent that it may be a complicated task that requires more than one week to finish, or something we need to do repetitively such as sponsor
meetings. We have reached the end of this project plan and updated it based on project progress and stakeholder feedback and all the tasks have
been completed.

Our project plan differed from our original plans due to the change in scope of our project. Our initial plan was to build a prototype system of the
entire pyrolysis system and simulate the pyrolysis reaction to confirm the validity of our design and parameters. However, we quickly realized that
this was way outside of the time and budget we were provided for the project, so the scope and timeline of the project plan was changed multiple
times as a result of this. We ended up deciding that going down the simulation route was the best course of action for our team in how we could
bring value to the goals of the project. Although our actions differed from what our original plan was, the core of our mission stayed the same. Our
goal was ultimately to improve the methane conversion rate and we were able to achieve this with what we were given and successfully create a
model through our research.
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Appendix B: Methane Pyrolysis Subsystem Concept Evaluation Matrices

CH4 storage

May work

Option No.

[am—

Tanks at high pressure
(CNG)

CH4 cylinder and reactor
in seprate rooms

Temperature <30C

Pressue =26MPa

Continuous supply

Anti-leaking

Gas Flow
Can create desired
Option No. Flow rate Gas leakage Ease of monitoring Durable vf/);rejstl(l)rze(zgghke?i};:n
reactor pressure)
1{Scroll pump
2|Gear pump
3|Piston pump
4|Rotary vane pump
5|Diaphragm pump

Methane Pretreatment

68




MICHIGAN ENGINEERING

UNIVERSITY OF MICHIGAN

Option No. Able to reach 700 °C Heat Transfer Rate Heat Loss Energy Efficiency

1|Furnace

Microwave Radiation

Solar Heating

Infrared Heating

Electricity (Inductance)

3
4
5
6|Electricity (Resistance)
7
9

Heat Pump

Flushing

Option No. Manually operated Flushes all harmful gas out Cost

—_—

Vacuum

Nitrogen batch mode flushing

2
3 |Air batch mode flushing
4 |Helium batch mode flushing

Methane
Feeding/Inlet

Big contact area of

. o C te desired [ No backflow of | CH4 and catalyst

Option No. Flow rate Ease of monitoring Durable an create desire © DACRTIOW © an ca'ays
pressure molten catalyst |or longer residence

time

R 0 O e
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feed

S

N

ingle point feed

Hydrogen Storage

Option No.

—_—

High pressure gas
cylinder (800 bar)

O

Liquid Hydrogen in
cryogenic tanks
21K)

58]

Stored as ammonia

Temperature =25 | Pressure =20MPa | Continuous supply [ Possible leaking

Cost

Energy

Collection of Carbon (molten) - continuous removal

Option No.

no clogging

—_—

Skimming
mesh/manual/auto

recirculation

Recirculation of molten
catalyst, filter during

Blower blows the carbon off
the reactor then collect

Vacuum

carbon should be pure and
uncontaminated
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Appendix C: Methane Pyrolysis Detailed Flow Chart

Compressed
Natural Gas (CNG)

350°C to 400°C

CH4 Supply ——{Preheating—>——

CH4 at 1%

1.2 kg/hr
30°C
26 MPa

Inductive Heating

CH4 and H2 or Flushing Gas

N

Deco

500 kPa

Carbon Removal

mposition

Ultrasonicator
Solid Catalyst

400°C to 450°C
400 kPa to 500kPa

Compressed Gas

Carbon Removal

Diaphragm Pump

Overall
Flow Control

Material
Quartz - inside

.

Nitrogen Batc

h

Mode Flushing N

Pneumatic
Overflow Weir

Molten Catalyst
400°C to 500°C
400 kPa to 500kPa

Mixing

——————Carbon I Gas Separation H2 Storage
400°C to 450°C 0.3 kg/hr
R 25°C
\/CH 4 20 MPa
e — | .
'ad“".t"’e Metallic
eating Membrane
——— —=Carbon
Flushing Gas
550°C to 600°C
-<=
~—_— Heating F I c h t
o il—|
Inductive Heating
CSTR

Flushing

I\

Gas—> { Inlet I—/I

Multi Point Feed
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Appendix D: Concept Generation - Brainstorming
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Appendix D: Concept Generation - Brainstorming Cont.

2) Brainstorming

a) 1 - Rotating pyrolysis reactor with furnace as heat source CH« 9 — k) 11 - Store Hydrogen as ammonia for ease of transport
f = Eﬁm'mmbz 0) 15 - Go to the bottom of the ocean for high pressure and temperature
2 O CHy Can ve |ower Fly +N 2> NK p) 16 - Put the methane on a stove
o q) 17 - Use high pressure gas with methane for faster reaction
— /\ CHy r) 18 - React methane with other chemicals
) 12 Nuclear reaction s) 19 - Use a laser beam to shoot the methane
c e m) 13 - Put the methane in a combustion chamber L X B
(p-va.) n) 14 - Use 2 different catalyst (1 for initial reaction with methane and second ~ t) 20 - Putitin a vacuum chamber for high pressure and heat with a furnace

catalyst for any unreacted methane)

S\

f) 6 - Normal pyrolysis reaction in a reactor

(e
™ g) 7 -Bring the methane to space and chuck it into the sun
b) 2 - Heat the methane in an oven h) 8 - Put methane in pressure chamber Concept Quality Novelty
©) 3-Bring the methane to a chemical lab and have them do it i) 9-Putmethane in small tube for fast reaction
d) 4 - Explode the methane with dynamites . - . ) o )
€) 5- Catalyst in reactor for faster reactor J) 10 - Burn the methane with fire 1 This idea meets the quality | This idea is rather novel

and reguirements we
beczuss it offers 2 vizble
solution for how to
effectively use the catalyst C 'n"a"" ] 'n,- other ides
2= well 35 dearing the it is also rather unigus and
carbon from the catabyst is & rather un =nted
idea. Rating of 2.

1) lteration using Design Heuristics and Morphological Matrix
a) 21 -Using a graduated cylinder for spinning the catalysts
b) 22 - Using the sun as a heat source for the reaction

14 This ide3 alzo mests the This idea isn't very novel It
quality and requiraments is quite commeon to use
The main purpose of the catalysis in resctions and
process is to be able o hawing 2 isn't all that
c) 23 - Use electricity for heating of the chamber for reaction spiit methane to carbon unique either. Compared to
my other ideas it is rather
o straightforward and
/" common. Rating of 8.
20 This idea is good but am This ides is mors novel
not sure if it's 3 visble becauss it's @ unigue way
Qw}“n Qkf Ql solution with all the of getting the pressure and
requirements becsus temper: U'E nesded.

although it may be a Co

to my other

(et '5 I) 32 -Use a pressure tank to store hydrogen after reaction pn::'ide the 'E""F'Ed'a'-u_fe iF?EHE : r"'EG unigqus.
«“e : : and pressure needed it sting of 3
m) 33 - Gas Faln_k for faster air ﬂqw in reactor may not aliow the resction
n) 34 - Humidifier to keep the air around the reactor cool te happen simultansously
d) 24 - Using heat pumps to generate heat o) 35 - Using different chemicals to complete reactor cycle or allow steady flow
e) 25 - Using solar heating to generate heat for reaction 36-P ized toi f ti =
f) 26 - Using a boiler to heat up water to the desired temperature P) - Fressurize ‘gas o InGrE?SB pressure ol reaction av This idea is good and This idea is rather comman
g) 27 - Using different gasses (propane) to create the temperature needed q) 37 - Metal container to contain the pressure and temperature l.'.:-::le cecsuse it 3llow=_ ar!d used a loti in everyday
h) 28 - Use geothermal heating for pyrolysis reaction r) 38 - Radiator to create the temperature th -Ea':f an i '-"‘:‘M;'ple:l: lysis comaanias
) ) . - ) ) successfully and also have
!) 29 - Us!ng a PCB pipe and applying pressure and temperature to it s) 39 - Natural gas heating for temperature all the r:quh-_\e manis
J) 30~ Using pressure tank to apply all the pressure and temperature t) 40 - Hydrogen heating for reaction temperature checked. It allows steady | wery viable. Rating of 7.
k) 31 - Using fan to increase the flow of the methane, hydrogen, and solid carbon fiow and should not have
within the reactor any reaction with the
propans gas.
40 T" 5 idea is wery wseful and | This idea is ratl
=ble because 1t allows By using hyd:
t'e = to complets product of the

= relisble heating the heating, it
methad. It should fit all the | effective metheod.
requirements no problem Compared to my other
ideas it is also wery unigue
Rating of 3
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Appendix D: Concept Generation - Brainstorming Cont.
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Heating the methane through electricity
Cold plasma heating

All of the process in contained within a small compact unit

Methane

Catalysts Hydrogen
Storage Storage

Tube is very long and thin but methane takes longer time going through so more is
converted.

Carbon is removed with moving gas

Carbon is collected in a separate tray

-rI T -
J
i |
L |
| Carbon Tray T
| |
Catalyst |
|
- 1
1
\
1
i I|I|
| — —

Carbon is collected manually by opening it up

Carbon is collected with a robot arm

Appendix D: Concept Generation - Brainstorming Cont.

Caalysi__

Methane )

Storage/

Microwave heating

Large wide opening gas is pumped in at a slower rate

Use a 2 stage catalyst

R
¥ \
Y -
\ 2nd Catalyst |
LI —
| 1st Catalyst
|
—
L )

Use a three stage catalyst

Reaction Tube is very small to minimize cost for data

Design Heuristic Ideas:

Thinking about the Flatten heuristic card what if the device was longer and the surface

area for methane to come out wider.

Thinking about the Adding motion card the device could also be turning

With the Twist card It makes me wonder if we could have the methane entrance port
twist off

\ Y
7 4h |
13 TH

N

| see the Use continuous material card, | can think of doing this with some of the
pressure vessels that may contain the gases.

S ‘\\

| Reaction Tank |

|-
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. \

L

Thinking about the Align components around center card we could focus on the center
of the reactor to align the flow of the methane so it works with the reactor

| Lab ‘ —

| Furnacel

J

Mirror or Array card, maybe we could repeat a pattern of catalysts create a several
stage reactor not just two or three stage but force the gas into a new chamber

( Reactor 1 )._, Reactor 2 Reactor 3
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Appendix D: Concept Generation - Sub Function Decomposition

Eﬂu‘j /
Bleckricily

Methane
Crly

Cahlagl —_—

—"7 enerqy Lo -

|

—)l’ ‘—Q

|
E

Funace heating (—s Scparaben

._l

Bluck carivon/
corpen nonelubed

CH4 and H2 or Flushing Gas

Carbon R | |=——=—=Carbon Gas Separation
CH4 Supply arbon Remova
CH4 at1% ) ]
Decomposition Solid Catalyst Heating CH4
R |
Carbon Removal [——"—"==Carbon
Overall
Flow Control Molten Catalyst |——"——
~—_— Heating
)
Mixing
Flushing Gas Inlet }J
Energy Energy
l Loss
J—
MM-—{ Measure |—.| Preheat ‘ Hydrogen
————
N Separate
Catalyst ’
—_— H Heat | Carbon
EE—
Regeneration |
| Reusable
Catalyst Methane
\Waste
Catalyst
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Appendix D: Concept Generation - Individual Morphological Charts

CH4 supply CH4 preheat Reactor heating Gas flow Collection of carbon (from molten catalyst) catalyst regeneration (remove carbon from solid cat) H2 filtration
1 natural gas pipeline electricity (resistance) electricity (resistance) lobe pump skimming mesh vibration distllation (different boiling point)
2 pressure tanks electricity (inductance)  electricity (inductance)  radial flow pump  recirculation of malten catalyst, filter during recirculation rotation membrane separation
3 liquified natural gas microwave microwave scroll pump blower blows the carbon off the reactor (since carben is lilghter then met compressed air molecular sieve
4 temperature & pressure heat pump heat pump gear pump chemical wash
5 flow contro system burner burner piston pump recirculation (like a tape, clean the cat during recirculation)
pressure regulator solar solar
waste heat from reactor
Subsystems Method 1 Method 2 Method 3 Method 4 Method 5
Methane Storage tanks at high pressure (CNG)
Methane Pretreatment Heating coils Direct thermal microwave radiation solar heating infrared heating
Reactor Heating furnace Direct thermal microwave radiation solar heating infrared heating
Fluid Flow (gas) Valve system pump impulse pump root-type pumps
Collection of Solid Carbon Ultrasonic Use solid catalyst mesh Use membrane since carbon is bigger than hydrogen
Catalyst Regeneration Steam air chemical treatment Treatment with H2
Hydrogen Filtration hydraulic filters introduce electric current then memb boiling point molecular sieve nano-layers of graphene
Hydrogen Storage High Pressure Gas Cylinder ( Liguid Hydrogen in Cryogenic Tanks Stored as ammonia adsorbed hydrogen on mat Absorbed on interstitial sites i

Recycle Reusable Methane pipe back to methane storage pipe back to fumace

Functional Deco Method 1

Methane Storagt Pressurized Tank
Methane Pretrez Lab Furnace

Heating Electric Heating

Fluid Flow (of tht Narrow Nozzle
Collection of Sol Grate to catch carbon
Catalyst Regeneration

Hydrogen Filtration

H2 Storage

Method 2 Method 3 Method 4
Pumped in through tube, tank not stored Methane stored in colder temp storage area
Electric Heating Microwave

Microwave Lab furnace

bubble flow for perfect drop size of gas
Arm to collect it Top carbon rises to top and runs out a tube
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H2 storage
compressed gas
liquified

metal hydride
chemical (ammenia)
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Appendix D: Concept Generation - Final Morphological Charts

Subsystems | Methane Supply/Storage Methane Pretreatment Reactor Shell (molten part) Membrane Reactor Shell (solid part) Reactor Heating
Concepts tanks at high pressure (CNG) Heating coils ceramics Ni/MoS2 membrane ceramics fumnace
Utilizing the biogas and production of methane Direct thermal stainless steel molten metal membrane/bubble column reactor  stainless steel Direct thermal
microwave radiation super alloys Membrane reactor design to avoid metal loss super alloys microwave radiation
solar heating glass Sucrose Precursor glass solar heating
infrared heating stone (Quartz?) Carbon membrane stone (Quartz?) infrared heating
natural gas pipeline electricity (resistance) plastic plastic electricity (resistance)
pressure tanks electricity (inductance) Alumina Alumina electricity (inductance)
liquified natural gas microwave microwave
heat pump heat pump
burner burner
temperature & pressure monitor solar solar is it a concentrator or PV?
flow contro system waste heat from reactor Plasma
pressure regulator
Collection of Solid Carbon (Molten Catalyst) Flushing system Solid Catalyst Regeneration (Carbon Removal) Hydrogen Filtration Hydrogen Storage
vacuum Steam membrane High Pressure Gas Cylinder (800 bar)
nitrogen batch mode flushing air hydraulic filters Liguid Hydrogen in Cryogenic Tanks (21K)
chemical treaiment Stored as ammenia
Treatment with H2 adsorbed hydrogen on materials with a large specific surface area (<100K)
Ultrasonicator Absorbed on interstitial sites in a host metal
skimming mesh/manual/auto vibration distllation (different boiling point) compressed gas
recirculation of molten catalyst, filter during recirculation rotation membrane separation liguified
blower blows the carbon off the reactor (since carbon is lilghter then metal) then collect compressed air molecular sieve metal hydride
vacuum chemical wash chemical (ammonia)
benchmark 1 design and their approach recirculation (like a tape, clean the cat during recirculation) pressure swing adsorbtion
no clogging filtration purity rate
continous removal vs baich removal cost
Gas Flow Methane Inlet Methane Feeding Liquid Gas Mixing
Valve system bubble column (bubble frit) cstr Stirring (rotating paddle mechanism within the reactor)
pump Nozzle plug flow reactor Baffles within the
Multi directional feed Rotation of Reactor with (belt drive?) mechanism
Variation of mechanism with the turning reactor
lobe pump
radial flow pump
scroll pump
gear pump
piston pump

rotary vane pump
Gas - Liguid Reactors | PDF (slideshare.net)

simple bubble column

plate column

packed column and trickle bed
mechanically agitated vessels

dough mixers
ov
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Appendix E: Excerpt from DOE Environmental Assessment on Monolith Olive Creek Facility

Table 1. Allowed Air Pollutant

Regulated Air Pollutant Quantity (tpy)
Particulate matter <10 micrometers in diameter (PM1o) 28.22
Particulate matter <2.5 micrometers in diameter (PM:s) 22.01
Oxides of Nitrogen (NOx) 85.06
Oxides of Sulfur (SO2, SOs, and combinations thereof) 0.85
Volatile Organic Compounds (VOC) 6.46
Carbon Monoxide (CO) 54.01
Lead (Pb) 3.35e%
Greatest Individual Hazardous Air Pollutant 8.95
Total Combined Hazardous Air Pollutants 13.03
Carbon Dioxide Equivalents (CO:ze) 121,753
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Table 2. Life Cycle Analysis

Monolith Business As
Direct Emissions Usual
kg of CO:e per kg | kg of COze per kg
of product of product
Monolith Production of Carbon Black, Ammonia, and coke 0.19 0
Conventional Ammonia Production 0 1.52
Conventional Carbon Black Production 0 2.53
Conventional Coke Production 0 0.1
Total (direct emissions) 0.19 415
Indirect Emissions (upstream and supply)
Fuel Qil 0 1.43
Electricity - Grid Mix 0 0.32
Electricity - Solar PV 0.17 0
Natural Gas 1.0 0.97
Additives and other consumables 0.02 0
Total (indirect emissions) 1.19 2.72
Total of Direct and Indirect 1.38 6.87
Monolith percent CO:e reduction over BAU | 80%
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Natural separation of Gas
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Appendix F: Stress Analysis Calculations
Fracture Stress Analysis:

P=500kPa, outer radius = 100mm, thickness = Smm
Ohoop = P 1/t

=(500,000)(.095)/(.005)

=9,500,000 = 9.5MPa

Leak Before Break Analysis:

K= 6, V7a

=(Pr/2t)N(2t)
=(((500,000*.095)/(2*.005)))*N(7z*2*.005)

=841.92 kPa
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Appendix G: Torque Calculations

POWER FUNCTION @, dimensionless

N_D.zp

Re_ Lol
i M

32 _
(600rpm)* (200/3*10 ) 9800.5kgm
Re = — = 2406.7198
i 0.00271476m" 'kgs

log(2406.7198) = 3.38129

Viscous Transition range Turbulent
range range
10% T I I 1 ) S o
A
\\ BN = P/pNDO}  tor Np,< i0*
™
3 @= o constont = 6.1 for Ng, 2 10%
10! N
T
B =] D E
[
o
10
10° 10! 10 103 i0* o
REYNOLDS NUMBER Ng, , dimensionless Using this graph to determine Np

3.5 ,. L : o
P = NPpN ; Di this equation is used as we are in the transition range

_ 2 5
P = 3.98 * 9800.5kgm (600 * 1/60)°(200/3 * 10 ") =51
Torque =M = P/21N = 51/2m*(600*1/60)) = 0.81773 Nm

M/0.2 =4.0886 Nm
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