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SUMMARY

The goal of this project was to convert a small Radio Controlled Aircraft engine to be
used with Hydrogen fuel. This report outlines the research and concepts that went into
developing a feasible design. A 4-stroke engine was chosen as the base engine for the
project. The modification chosen utilizes direct injection through the use of arotating ball
valve and a hypodermic needle imbedded into the cylinder head. Combustion will be
aided by a spark system, timed using a Hall Effect sensor and magnet. A housing was
designed to hold both the required valve, and the flywheel for the magnet. Although the
engine could not be tested, a prototype showing the modifications made was produced.
The modifications presented herein represent a viable design that could provide an
efficient means of running the R/C engine off of Hydrogen.
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1.0 PROJECT SCOPE

With the world facing the growing problem of Global Warg) due to the
millions of barrels of oil being consumed each dagradtive fuels are becoming more
and more desirable. One alternative fuel that is bexpwidely popular is Hydrogen.
Hydrogen has the highest energy content per unit weigdmyoknown fuel-52,000
Btu/lb (120.7 kJ/g). It burns cleanly with oxygen and the bgproducts are heat and
water. In conjunction with the United States Air Foend the Air Force Research
Laboratories (AFRL), and to broaden the FAMU/FSU &gl of Engineering’s
knowledge of the hydrogen economy, this project will shioat a Remote Controlled
aircraft engine, initially designed for use with a Nitrethane fuel, can be modified to
run using Hydrogen. The rewards of using hydrogen fuel atét tipaes off less
pollution and requires a lower ignition spark.

The goal of this project is modify a remote contrgblane engine to operate on
hydrogen fuel. This engine should not just be able tobuinbe able to run well, and for
an extended period of time without wear, or seizing. Sprablems that might arise are
that the lower ignition energy of Hydrogen can lead &ignition and backfire.
Hydrogen also has a stronger potential to leak, due higitsdiffusivity, which could
pose serious problems if it were ignited.

The purpose of building this engine is to help educate othatdlydrogen
powered vehicles are feasible and that does not mieas af power. In doing this
project this group will become more knowledgeable and gaifulusxperience working
with Hydrogen systems and corresponding with Sponsorsarteats.



20 PROJECT SPECIFICATIONS

The goa of this Project isto convert asmall Radio Controlled Aircraft Engine to be able
to use Hydrogen as afuel. Current R/C Aircraft Engines have very poor emissions,
making them bad for the environment. If they could be converted to run on Hydrogen, the

only emission would be water vapor.

Requirements

» The Engine should be safe to operate.

* The Engine should be able to run on Hydrogen aone.

» It should be efficient, wasting as little Hydrogen as possible.

* It should be able to run for extensive periods of time without seizing up.

* It should be lightweight because it isto be used on an Aircraft.

» The engine should have as close to the same power output as an
unmodified engine as possible.

M odifications Needed

* Mogt R/C engines require a certain amount of Lubrication content in the
Fuel. Hydrogen does not have any lubricating properties; therefore a way
to supply lubrication to the working parts of the engine needs to be
developed.

* R/C Engines use a Glowplug as a means to aid in combustion. These
devices are always on, which could lead to Pre-Ignition problems when
running the engine on Hydrogen. To fix this, the Glowplug needs to be
replaced with a Sparkplug.

* Inorder to have the Sparkplug operate correctly a timing mechanism
needs to be developed, preferably one that can be adjusted allowing for
precise timing.

* A battery system will have to be installed to run the Sparkplug as well as
any Fuel Pump that might be required.

* A Fud délivery system needs to be developed that can deliver the right
amount of hydrogen to the engine at the right time.

» If possible there needsto be away to adjust the Air/Fuel ratio.

* Anéfficient means of Hydrogen storage needs to be used, alowing for
ease of use, and with little weight or cost.



3.0 BACKGROUND INFORMATION/ CONCEPT OVERVIEWS

3.1 Internal Combustion Conversion for Hydrogen Fuel

Hydrogen burning internal combustion engines, also kremMd2ICE’s,
are the near future and bridge hydrogen fuel cells andhaiteombustion engines.
Hydrogen burns clean with practically zero emissiormklas efficiencies exceeding port
fuel injection engines (PFI), and can potentially hegnated into the existing petroleum
based infrastructure. With a small number of vehis@sally in use and the case-based
modifications, it is difficult to explain how to repairem. Getting a hydrogen internal
combustion engine to work is a relatively simple proclessgetting it to run well is not.

Early attempts include a vacuum engine which atmosppesgsure drives the
piston back against a vacuum to produce power. Burning ademiand air mixture and
allowing it to cool creates the vacuum. This was dorig20 by Reverend W. Cecil. A
second attempt was around 1865, with N. A. Otto (discowditdre Otto cycle) who used
a synthetic producer gas fuel, which had a Hydrogen coatentfifty percent. Because
of safety issues, gasoline pushed him towards a gaseousfiighe invention of the
carburetor which allowed for gasoline to be used safadypractically, leaving very little
interest in other fuels. Hydrogen is used often irsgiece program because of its high
energy to weight ratio (higher than any other fuelsfjuid hydrogen is used in the upper
stages of launches for space vessels.

Hydrogen can be combusted with a wide range of air {odties in internal
combustion engines with possibilities of lean mixturédean mixture allows for a
smaller amount of fuel (less than theoretical orcstioimetric) needed to combust in an
engine. This will increase the fuel economy of thhiele and reduce the amount of
harmful emissions because the combustion reactionne oomplete. Lean mixtures do
reduce the power output due to the reduction in the voluntetaittng value of the
mixture.

There is a very small amount of energy needed to igpdeogen and the energy
is significantly lower than that of gasoline, allogifor prompt ignition and use of lean
mixtures. However, there are drawbacks to low igniénargy, both premature ignition
and flashback can hurt performance allowing hot spofsrio in the cylinder and hot

gasses from other parts of the engine close to tHaedimixture. Flashback is pressure



forced back through the supply tubing. Premature ignitisrhen the mixture is ignited
before the spark plug causes the ignition leading to lagficiancies and backfire.
Backfire is when the ignited flame travels back inte itiduction system usually when
both the exhaust and intake valves are open at thetsaeePremature ignition is the
most common problem encountered when designing and runhydy@gen engine. The
smaller quenching distance, the wide flammability ramgklawer ignition temperature
properties of hydrogen are large factors affecting thagmigon problem. One of the
causes of premature ignition is hot spots in the cylimtduding the spark plug, exhaust
valve, and carbon deposits. Hot spots are locatiohgbér heat on the inside of the
cylinder walls due to the combustion process and fridtimm poor lubrication, and
almost any mixture ratio can be ignited. Pyrolysisibfa heat induced chemical
decomposition, in the combustion chamber can alsotéepde-ignition. The oil can leak
past the top of the piston rings, past guide seals ofdliesrand through the intake
manifold, into the combustion chamber.

Quenching distance is another factor to consider. dfyglr flames burn closer to
the cylinder walls than gasoline, and can increaskfioac Due to its molecular size, it is
easier for a hydrogen-air mixture to bypass valves @haydrocarbon-air mixture. This
also applies to the flame speed, which is high in compartio gasoline, and allows for
the system to more closely reach a thermodynamicgil engine cycle.

Autoignition temperature has implications as wellewburning hydrogen.
With a high autoignition temperature, there are issudstiwve compression of the
hydrogen-air mixture. However, it does allow for lacgenpression ratios compared to
gasoline. These factors are important and relateetoverall thermal efficiency of the
system. The temperature rise during compression igddlatthe compression ratio and
if the temperature rises beyond the autoignition tempexathen premature ignition
occurs. Hydrogen is hard to ignite with compressionumeaf the high autoignition
temperature therefore making it hart to implement intorapression-ignition or diesel
system.

Chemically, hydrogen has a high diffusivity and low dgnsHigh diffusivity
helps to disperse the fuel in air quicker, avoiding or mimng safety hazards. Also, it
allows for the fuel mixture to become homogeneous muaiekly giving a cleaner and



faster combustion reaction. The density createsecig@s including large storage tanks
to contain hydrogen as a gas, and also has less povsiydetause of the hydrogen-air
mixture.

Determining the air to fuel ratio requires the inclasid nitrogen because air is
used instead of pure oxygen. (For calculations, see AppAndix
For complete stoichiometric combustion of hydrogeririnaaratio of 34:1 hydrogen to
air is required. Hydrogen engines can actually run orungxtatios between 34:1 and
180:1 because of its wide range of flammability. Thuigh higher than the 14:1 fuel
to air ratio for gasoline. With hydrogen as a ga®anrtemperature it disperses
throughout the combustion chamber more completely tretrof a liquid fuel displacing
about thirty percent of the volume compared to approxiynat® percent of the volume
displaced by a liquid fuel. This can increase the powgubltty a range of eighty-five
percent to one hundred twenty percent relative to gasdépending on the fuel delivery
system.

Pre-ignition can be reduced or eliminated by using addafuet delivery
systems. There are three methods for fuel deliveingt is the central injection, or the
use of a carburetor, which is the simplest methodarBuwretor uses a throttling valve to
control fuel intake. Through a vacuum created by a verdua narrowing in the flow,
the air intake is throttled to a higher velocity. Acuam is created, drawing in a
proportional amount of gasoline, resulting in the desinetbduel mixture. This is
injected at the inlet of the air intake manifold. i@pable to function at low pressures
and its ease of conversion from gasoline are advantaghs method. Disadvantages
are also present with this simple solution involvimggular combustion from pre-
ignition and backfire (due to less control of the ail-faxtures), with higher
concentrations of hydrogen in the mixture compoundingptbblem.

Next is port injection, which injects fuel just upstreahthe intake valve at the
intake port of each cylinder (compared to the centraitpdimixing, like the carburetor).
Conditions at this location are more conducive to redupre-ignition especially
because there is less gas in the manifold at any gimen Having the air injected into
the combustion chamber before the fuel, allows faiieg of the hot spots and left over

gasses. However, there is a higher required inlet supgdgyare than the central



injection system. Using a cam-operated device to tii@duel injection is part of the
constant volume injection system. Solenoid valve=aah cylinder are controlled
electronically for an electronic fuel injection syist. The constant volume injection
system uses constant injection timing and the pressuiesywhile the electronic fuel
injection system uses variable injection timing areghessure remains constant.

Last the direct injection system is the most comfgidabut also the most power
efficient and stoichiometrically efficient. Direirtiection of the fuel into the combustion
chamber after the air intake valve has closed, andsnhe air and fuel within the
combustion chamber. One advantage of this methoe isaimplete elimination of pre-
ignition during the intake stroke and elimination of baekfbut there is still possibility
of premature ignition within the combustion chamberhigh-pressure delivery system
for the fuel is required with the direct injection systdhough. With the decreased time
for mixture of the hydrogen and air, there is possidita non-homogeneous mixture
ignition leading to increased emissions. Power outpetsareased by twenty percent
over gasoline and over forty percent compared to cadmifgtdrogen engines.

Decreasing the temperature of hot spots and reducing akecpmbustion
temperature are methods known to help reduce pre-ignifianethod called exhaust gas
recirculation takes approximately twenty-five percenthefexhaust gasses and
reintroduces them into the intake manifold, helping thuce emissions. One downfall of
this method is a decrease in power output. The presairs tireated by these gasses in
the combustion chamber reduces the amount of fuel mitatecan be brought in, thus
reducing the power output. Introducing water into the hydregeam before being
mixed with air has a better power output rather thaodhicing it into the intake
manifold. Also having its downfalls, extra care mustdken to keep the seals from
leaking water into the oil in the lubrication system.

Instead of modifying an existing engine, it runs muchctimer to design an entire
engine for hydrogen use and is more thermodynamicaityesif (with emphasis on the
combustion chamber). Turbulence within the combusti@mber causes problems, and
making a flat piston head and a flat chamber ceilingreduace this turbulence. Using
two small exhaust valves as opposed to one large vdlueonease the excavation of
the exhaust gasses with less air resistance froeotheustion chamber reducing pre-



ignition. Implementation of a cooling system that dafiver a consistent flow to the
areas of interest can increase efficiency and redwc@pittion.

Diesel engines, or a compression ignition systemnair@ble to use hydrogen
without modifications because of the low ignition tenapere of hydrogen. They can
however be fitted with a spark plug, (this method is dalgilot ignition system) and is
being utilized for natural gas in diesel engines but nobydrogen.

At lean fuel-to-air ratios, flame velocity is grgadlecreased and a dual spark plug
configuration is preferred. Converting from a wastelspgstem should be avoided
because it charges the spark each time the pistomoip dead center without regard to
the compression stroke or exhaust stroke. Platinum phagkips cause hydrogen to
oxidize with air because of its catalyst nature andilshioe avoided. Cold running spark
plugs are beneficial in reducing pre-ignition because ttaagter heat more quickly from
the plug head to the cylinder head than a hot rated sparkimtuggsing the precision of
the timing. A hot-rated spark plugs’ benefit is thaetams heat, keeping carbon from
accumulating on the spark plug tip.

With the low ignition energy of hydrogen, ventilatiohthe crankcase is very
important. It can avoid the ignition of hydrogen thas lescaped past the piston rings. A
minor complication is ignition in the crankcase, rasglin an engine fire causing
abnormal noise and little damage. Pressure in th&aaaa will increase with ignition
requiring a relief valve to be installed. Hydrogen exh@uwater, and exhaust can
escape past the piston rings also, this water needsuentilated before it mixes with the
oil of the lubrication system to maintain minimabere wear.

The Otto cycle engine has a theoretical thermodynafficiency based on the
compression ratio and specific heat ratio of the f{igbr calculations, see Appendix A.)
Thermodynamic efficiency can be increased with irexean the compression ratio and
specific heat ratio. Compression ratios are basealfoals resistance to knock. Knock is
when regular ignition occurs but a pocket of air-fuel metgrignited separately. These
two combustion reactions collide causing a shockwawerievating throughout the
engine causing the “knock.” Timing is then compromisedthadgnition no longer
occurs at the optimum point of the down stroke. Leameunes have less chance of
knock therefore tolerating higher compression ratiqgectic heat ratios are related to



the molecular structure of the fuel and the more contplexnolecule, the lower the
specific heat ratio. Hydrogen has a specific heatdbtampared to gasoline, which has
a specific heat of 1.1.

Hydrogen combusted with air does produce nitrogen oxidestfie high
temperatures, but the ideal combustion with hydrogen aygkeoxproduces pure water.
Carbon oxides can form should some of the oil leaktimocombustion chamber. Other
factors that affect emissions are the air-fuel ragioition timing, compression ratio of
the engine, and the speed of the engine. A leaner migfurydrocarbons allows for a
more complete combustion and leaves a lower amountbofn@d hydrocarbons.
Excess oxygen also combines with carbon monoxideiegezarbon dioxide, a less
harmful emission.

Taking volumetric ratios into account for the power outpatbureted fuel
injection systems that mix the hydrogen and air bedotering the combustion chamber
allow less air for combustion to enter. This methdtionly give a theoretical power
output fifteen percent lower than gasoline. With gasolnliquid fuel, it occupies less
volume, allowing for larger amounts of fuel to burn esitbke of the engine. Direct
injection gives one hundred percent of the combustiomibbavolume to air and
pressurizes the chamber with the excess hydrogen, pattivgpretical power output
fifteen percent higher than gasoline. There are hignading temperatures for
stoichiometric combustion exhausting high levels obgén oxides, which is the cause
of conversion from gasoline engines to hydrogen engimésrefore, the actual power
output of most hydrogen engines is approximately halsajaisoline counterpart, but
this can be increased with the use of turbochargerswpetchargers. A turbocharger,
powered by exhaust gasses turning the compressor, irctbagaressure in the
combustion chamber allowing more air and fuel intosipece per combustion cycle. A
supercharger works the same as a turbocharger, but gebsvies directly from the
crankshatt.

Hydrogen cannot be stored in the same tanks as méstitie the exception of
natural gas. Storage is usually large and cumbersomefudisrare combined from
separate tanks. Hydrogen is a gas at room temperatuegransipheric pressure and will
not mix with a liquid fuel in the same tank. Anothergedy, its low boiling point, will



actually cause freezing of liquid fuel if stored in the sdank. Usually these systems
are impractical with the exception of the natural gadvantages of dual but separate
systems allows for the use of hydrocarbon fuels wiydndgen is not available.

Research and development are focused on advanced spaok igitih direct
injection. If implemented correctly, the efficiergiean reach that of a high efficiency
diesel engine, with port fuel injected power densitiegedD injection of a mixture of
hydrogen and air into the cylinder can potentially ays@blems associated with
hydrogen engines including backlash and pre-ignition, alswliag the power density
losses because the fuel is injected after the intdke taas closed. Stoichiometrically,
the direct injection hydrogen internal combustion engare put out 115% of the power a
gasoline internal combustion engine.

In an experiment, an automotive sized single cylindgme with optical access
for advanced laser-based optical diagnosis was used toisteglynder reactions. The
Hydrogen needed to be injected at a high pressure of 20@Wbarg advanced forms of
measurement, they were able to deduce quantitative meesuseof in-cylinder mixing.
In one experiment, the hydrogen is seeded with acepooeiding fuel to air ratios. This
data allows for better injection strategies and chamésign.

A conglomerate of research

facilities and companies are working

together to convert a gasoline and

natural gas engine to run on hydroge

Their choices of motors include a & TR E———

425cc single cylinder and 5.4 liter

Ford V8 both using Direct injection of

the hydrogen. The Ford V8 required

custom fuel injectors but reduced Figure 1. Picture of Test Wehicle for the

modifications of the rest of the engine Hydrogen Conversion

Picture courtesy of
http Sfwww cer unly edwresearch phpVen=gazs2hZ
spark plug. Both engines were tested

to being just the bolting in of the

in a Polaris Ranger two-seater (Fig. 1).



3.2 Overview of 2-Stroke and 4-Stroke Engines
2-Stroke Engine

2001 HowStutiWarks |

L Combusti
Most applications of a 2-stroke Ohamber Soark
par

engine are small and therefore work e

well in machines such as chain saws,

Piston

lawn mowers and remote control

engines. A 2-stroke engine will also S

Valve

Exhaust
work without complications when Outlet

upside down making it appealing to

hand-held applications.

- Case — Fuel
- ue

A 2-stroke engine has less el B

moving parts and combines processes

Fuel

of a 4-stroke engine into half a

revolution. Therefore, a 4-stroke

engine takes two complete revolutions| The basic components of a two-stroke engine

N 7

to complete the cycle and produce the Figure 2. 2-Stroke Engine at the Top of

power stroke, while a 2-stroke engine the Compression Stroke
can produce a power stroke every

revolution. There are multiple processes happening duregevolution. Starting with
the power stroke, the piston is driven down and theuairii the crankcase is
compressed as seen in figure 3. The position of thenpadtthe bottom of the power
stroke allows a release of pressurized air-fuel mixnteethe combustion chamber and
forces out the exhaust gasses. The piston acts aalvkeor the exhaust and the
crankcase as seen figure 4. The compression of theshmixture as seen in figure 5,
the piston drives the volume of the air-fuel mixture domaneasing the pressure and
temperature. This also creates a vacuum that operesaaynvalve allowing more air-
fuel mixture from the carburetor to enter the crankcstiesealed off from the
combustion chamber. At the top of the compressiarkst(called top dead center,
TDC), the spark plug ignites the mixture, and the pistoraetg energy from the
combustion and is also driven back down as seen in fgyure
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Figure 3: Powe Figure 4: Fuel Figure 5: Figure 6:
Stroke Compression Ignition and

intake and
Stroke Power Stroke

Exhaust

Pictures courtesy of Keveney.com

Disadvantages of a 2-stroke outweigh the extra power ouBrdause there are
not valves for the intake and exhaust, some of thtei@immixture rushes through the
combustion chamber and out with the exhaust leaking ghsiiinto the environment.
With emissions being the big issue with hydrocarborsfagtl engines today, 2-stroke
engines emit much more harmful emissions than itsekstcounterpart. Energy
efficiency is a big issue with the 2-stroke also fasens including the wasted fuel that is
not kept in the combustion chamber, and most do nateutlirect fuel injection.

Another disadvantage is the lubrication system. Tisemet one, the oil is
injected with the fuel into the engine giving less ludtiien than a separate system like
the 4-stroke has, creating worse emissions and shifespan due to ware. The
implication of this in an automobile would require appraatiety four ounces of oil per
gallon of gas, and this is not practical.
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4-Stroke Engine

i Intake
Water Jacket mc:n Matifold

Intake
Valve

B Electiical
Contact

Exhaust
Valve

Rocker Arm
Crankcase

Figure 7: Otto Cycle Engine Parts

{Courtesy of http /fwright nasa gowarplane/engopt html)

The Otto cycle as shown in figure 7, also known astaagke engine, uses valves
and ignition timing to create power from combustiorrsti-ithere is an intake stroke,
where the piston is driven down and a vacuum is creatkd &alve is released to allow
the air-fuel mixture to enter as shown in figure 8. tiNthere is the compression stroke,
where the gas in the combustion chamber is compregsekasing the volume and
increasing the pressure and temperature as seen in figh®t@e piston reaches the top,
the timed spark plug ignites the fuel and the combustiongitihes piston down
outputting power as shown in figure 10. Finally, theren@tlaer compression stroke, but
instead a valve is opened allowing the exhaust gassesfowced out from the

combustion chamber as seen in figure 11. Then the groggesats.
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Figure 8: Intake Figure 9: Figure 10: Power  Figure 11: Exhaus
Stroke Compression Stroke Strok
Stroke troke

A 4-stroke engine utilizes two revolutions per powerlkstraiving it half the
power output of a 2-stroke. There are advantages thourdt, tRere is a separate
process for intake and exhaust so fuel is not excavaiedthe combustion chamber
without being part of the combustion process. Secoede ik a separate crankcase that
allows for more durable oil, in a reservoir, to staparate from the rest of the system,
father reducing engine ware.

Timing can be an issue, but the use of a camshafbéal Irod pressing buttons at
the correct times to release valves) can help tegsbkse problems. Camshatfts are
geared to rotate at one revolution per power strokenerevolution per two revolutions
of the crankshaft. Spark plug timing is usually run froneguter chip, and is timed
with only one cylinder igniting at a time, allowing foraximum smoothness. This also
incorporates the camshatft timing.

Three major reasons for issues include a bad spark phagl air-fuel mixture, or
bad compression. First, the spark plug might have a snippedmworn out wire,
causing a bad or no connection. Also, the spark timiggtrbe off and power is being
distributed at anything but the optimal timing. Second,dih intake could be clogged
flooding the engine with fuel and there is no air fombastion, there might not be any
gas and the engine is just getting air, or the mid groundevthe air-fuel mixture is

improperly proportioned. There can also be impuritighenfuel like water causing

13



problems in the combustion process. Last, there caulthd or no compression
occurring. If there were a leak at either of the @s/\untake or exhaust, there would be
less compression than required. At the top of thedstinvhere the spark plug is
inserted, there could be a break down of the gasketdhtst the cylinder, again causing a
leak.

Power output can be increased with many options. [Risplant can be
increased, with the principle: the more volume displabedriore power per revolution.
To accomplish this, more cylinders and or larger cylisdan be used. Compression
ratios can be increased, with the problem of eariyiagn High-octane fuels
accommodate for early ignition from high compressidiosa Higher pressures in the
combustion chambers will increase the amount ofralrfael in the cylinder per
combustion cycle, increasing the power. If the incgair is cooled, it occupies less
space and will expand more increasing the power strolsa, Airflow resistance into the
cylinder will take away power from the power stroke td puthe air lessening the
power output. Lower pressure losses in the filter ancegatan help offset the losses.
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4.0 CONCEPT GENERATION

This project involves the modification of an existing R/C Aircraft Engine so that it can be
run using Hydrogen Fuel. These engines operate using a Nitromethane Fuel with an ail
content of approximately 18%, and can be either 2-stroke or 4-stroke. Most R/C engines
are relatively small, with an output of around 1~2 hp. These engines use a Fuel/Oil
mixture that acts as both the fuel and the lubrication for the engine. The fuel is alowed to
fill the Crankcase before it enters the Combustion Chamber so that all of the internal
parts are lubricated. Both of these engines would easily run by simply pumping Hydrogen
into them; however neither would be very efficient and would seize very quickly due to
heat from friction. Both types of engines would require modifications to be able to
operate efficiently without seizing.

Contents:

4.1 Engine

4.2 Fue Delivery System

4.3 Spark Plug and Timing

4.4  Lubrication System

4.5 Piston Cylinder Lining

46 Type of Hydrogen Storageto be Used
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4.1 Engine

For the purpose of this project only one type of engine will be selected for modification.
The modifications that would be required for both engines are discussed below. These
engines are going to be studied further as well as the modifications they require at which
point a choice will be made as to which engine will be selected for the Hydrogen

Conversion.

2-Stroke Engine

The standard Two Stroke engine operates on the Two Stroke cycle. They fire once every
revolution instead of once every other revolution as a Four Stroke does. Two Stroke
engines do not have any valves, making them easier to construct. They have a much
higher Power-to-Weight Ratio than most Four Stroke engines and can operate in almost
any orientation.

Below is an example of an R/C Aircraft Two Stroke Engine

Figure 12. O.S. 91FX Two Stroke
Aircraft Engine
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4-Stroke Engine

The Four Stroke engine is widely used in automotive applications as well asin some
Airplane applications. It operates on the Otto cycle, where combustion occurs once every
other revolution. Four Stroke engines operate using Valves that open and close asthe
Crankshaft rotates. These allow the piston to expel the exhaust gasses on one stroke, and
then pull in fuel on the next stroke. These engines produce less power than Two Stroke

engines, however they are much more efficient.

Below is an example of an R/C Aircraft Four Stroke Engine

Figure 13. O.S. FS 70-11 Surpass Four Stroke
Engine
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4.2 Fuel Delivery System

Required By: Both the 2-Stroke and the 4-Stroke
There are Three ways that Hydrogen can be introduced into the engine:

1) Through the Carburetor
2) A Port Injection System
3) A Direct Injection System

Carburetor

Thisis the smplest method for delivering Hydrogen to the engine. It does not require that
the Hydrogen have as high a supply pressure as in the other methods. Also, the R/C
engines that are to be used in this Project are already equipped with Carburetors, making
the modifications easier. The disadvantage of using this type of systemisthat it increases
the risk of backfire and pre-ignition because of the larger amount of Air/Fuel in the intake

manifold.

Port Injection System

Thistype of system injects the Hydrogen fuel into the intake manifold at each intake port.
Air isfirst injected at the beginning of the Intake stroke which allows any residual gases
to be diluted as well as cooling off any hot spots. The Hydrogen is then injected during
the Intake stroke. This process allows a smaller amount of gas to be in the manifold at
any one time, reducing the risk of pre-ignition and backfire. The inlet supply pressure for
this type of system needs to be higher than for a carbureted system, but less than needed

for aDirect Injection system.
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Direct Injection

Direct Injection is the most sophisticated type of Fuel
delivery that can be used. In this process the Hydrogen is
injected during the Compression Stroke, after the Intake
valve has closed. This completely eliminates the risk of
Pre-ignition and backfire during the intake stroke. One
downside of using this type of systemisthat thereis
reduced mixing time of the Air and Hydrogen, which
leads to a non-homogenous mixture. The result of this

Figure 14. Quantum Technologies Gaseous
I njector

isthat it can lead to higher NOx emissions than that of other methods. This type of

system requires a higher fuel pressure than that of any of the other methods.

For both the Port Injection System and the Direct Injection System some type of metering
device will need to be used. Thiswill alow the proper amount of fuel to be added at the

precise time that is required.
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4.3 Spark Plug and Timing

Required By: Both the 2-Stroke and the 4-Stroke

Most R/C engines run using a Nitromethane Fuel. This fuel has a higher Oxygen content
than Gasoline, allowing it to combust with a smaller amount of available air. In the
engines it is combusted through the use of a Glowplug.
Thisis aconstant temperature heat source. Thisworks
fine when running on a Nitromethane Fuel, however it
poses a serious risk when using Hydrogen. The low
Ignition Energy of Hydrogen means that it can be
combusted by any hotspots in the engine. If a Glowplug

were used with Hydrogen it would lead to severe Pre-

ignition and Backfire problems.

Figure 15. Glow Plug

To fix this, the Glowplug needs to be replaced with a
Spark plug. Thiswill only fire when it receives a charge from the ignition source and can
be controlled so that the Hydrogen is only ignited when it is the right time.

This then leads to the issue of timing. With a Glowplug there is no need for atiming
mechanism because it is aways hot, however a Spark plug needs to be told when to fire.

There are Two ways that Timing can be added onto the engine:

1) UseaMechanical Timing Device
2) Usean Electrical Timing Device

Mechanical Timing

A Mechanical Timing mechanism would work by using a cam connected to the camshaft
to mechanically activate a switch, sending a signal to the Spark plug telling it to spark.
This solution would be arelatively cheap option, however it could prove difficult to
implement, given the small size of the engine. It could also lead to pre-ignition and
Backfire problemsif the cam is not positioned correctly.
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Ignition Switch, Which iz
Activated By the Cam Lever

Carmn-Follower é-""'-——

Actvates Swatch

when it is Raized,

Telling the Igniion to

Fire the Spark plug \'

ﬂ/‘i_\ = —

Figure 16.

Eoller Camn Attatched to Either An Example Of a
the CrankShaft or the Camn Shaft

\/ Mechanical Timing Device

Electrical Timing

This Timing mechanism can built using a Hall-Effect Sensor and a magnet placed on the

Prop Hub. When the shaft is spinning, the Prop Hub with the magnet on it will rotate as

well. When the magnet passes

Hall Effect Sensor under the Hall-Effect Sensor it will
Magnet ™~ send a signal to the Ignition telling

\ it that it needsto fire.

$ Prop Hub

Figure 17. Diagram of an Electrical Timing Mechanism  Figure 18. Copperhead Aviation RCEXL Electronic
Ignition

An Electronic Ignition will also need to be added. These can be purchased from Hobby
shops and require asmall 4V battery to operate. One example is shown above, on the
right.
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4.4  Lubrication System

Required By: Both the 2-Stroke and the 4-Stroke

Both the 2-stroke and the 4-stroke engines will require some sort of lubrication system.
R/C engines operate using a Nitromethane fuel containing a certain amount of oil content.
This acts as both the Fuel and the lubrication for the engine. Because Hydrogen has no
lubricating properties away to supply oil to the moving parts of the engine needs to be
developed.

In the 2-stroke engine the fuel passes through the engine body before it enters the
carburetor, much like areservoir. All of the moving parts are then lubricated as this fuel
passes through the engine.

The 4 stroke engine is lubricated from air-fuel-oil and exhaust mixture that travels
from the rocker cover, down the rocker arm retainer and into the crankcase. The mixture
lubricates all moving parts (crankshaft, connecting rod and camshaft bearings, piston, and
valve rocker) before it is routed back into the intake pipe.

Exhauszt Fouter

‘ Focker Arm Eetainer |

‘ Camshaft and Cam |

Figure 19. Picture of 4-Stroke Engine.
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After looking at the two engines and studying how typical engines are lubricated, three
methods were chosen as possible ways to lubricate the chosen engine. These are: a Wet
Sump, a Dry Sump, and a Direct Oil Application method.

Wet Sump
The standard method of lubrication for 4 stroke cycle engines is the wet sump system.

An oil reservoir is located beneath the crankcase, which supplies oil to the oil pump. The
pump delivers oil to the main bearings, connecting rod bearings and piston pin through
internal passages in the crankshaft and connecting rod (illustrated below). The oil pump
also feeds into the camshaft and the valve rocker assembly.

fim

P e

Figure 20. Traditional Lubrication System
(Courtesy of marinediesels.co.uk at
http://www.marinediesels.info/Basicylubrication_system.htm)

This method would be the most complicated of the three methods because the internal
passages that the oil flows through would have to be machined without doing damage to

the engine.
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Dry Sump
Another method is the Dry Sump, in which the oil that trickles back down into the oil pan

is then pumped into an external reservoir. This system needs an additional displacement
pump to move the oil into the reservoir, which can reduce engine power, but allows for a
smaller oil pan underneath the engine. From the external tank, the lubricant is pumped
out and supplied to the engine in the same manner as the wet sump.

For both of the above options a Sump will have to be added below the engine. An
example of thisis seen in the picture below.

/ Engi'“'e

e

— Oil Sump

Figure 21. Example of Sump Placement

The sump can be made of thin aluminum and connected back to the top of the engine
through a small oil pump so that the oil will continue to circulate and supply adequate
lubrication.
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Direct Oil Application
Due to the small size of the engines that are being used for this project, the two sump

methods mentioned above might be too difficult to implement. One way to lubricate the
engine without using an oil pump and sump would be to directly apply oil to the engine.
This method would involve creating a small inlet into the crankshaft or camshaft and then
filling the engine with enough oil to last one or two runs. The engine would then have to
be checked after every couple of runsto determine the oil level and to refill if necessary.
This method would not be the most efficient method but it would allow lubrication
without the risk of permanently damaging the engine. Once the engine has been filled
with the proper amount of oil the inlet will be plugged using a durable rubber stopper, or
ametal plug with arubber o-ring. Thiswill prevent the oil from leaking during engine

operation.

Graphite Powder

For some parts of the engine, avery fine grain graphite powder could be used as
lubricant. Graphite powder is not water soluble, and can withstand high temperatures and
pressures. It would not be suitable for use in the entire engine but would best be used in
small spaces. Lubricating the rocker arms and the pushrods would be ideal areas for this
type of lubricant to be used.
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45 Piston Cylinder Lining

Required By: 2-Stroke

On the Two Stroke R/C engines, the Piston Cylinder is designed so that as the Piston
moves up and down it pullsin Fuel from the Crankcase and expels exhaust out the
Muffler. It does this through openings in the Piston Cylinder Lining. Since Hydrogen has
no lubricating properties, there is no need for it to be alowed into the Crankcase. To stop
the piston from pulling fluid in from the Crankcase the Piston Cylinder Lining will need
to be sealed up or replaced.

Outlet Fuel Inlet
T

Figure 22. Piston Cylinder Lining
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46 Type of Hydrogen Storageto be Used

Hydrogen is to be the fuel for these engines and needs to be safely supplied to them.

There are Three main ways that this can be done.

1) Liquid Hydrogen Storage
2) Gaseous Hydrogen Storage
3) Meta Hydride Storage

Liquid Hydrogen
Liquid Hydrogen would not be very feasible because it would have to be super-cooled.

This would require a cooling mechanism as well as insulation, which would add lots of

weight as well as cost to the project.

Figure 23. Quantum Technologies Automotive Liquid
Hydrogen Tank

Gaseous Hydrogen

This method involves compressing the Conventional Cylinder
Hydrogen in storage tanks. This would be
relatively cheap and weigh less than the

Liquid Hydrogen storage. It would not

require any external devices other than a

pressure regulator. Conformal Cylinder

Coirtesy QUANTLI Tachnolagies, Inc,

Figure 24. Two Types of High Pressure
Hydrogen Tanks
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Metal Hydride Storage
Thistype of storage uses cylinders that contain a

metal hydride powder. This powder absorbs the
Gaseous hydrogen and then releases it when the
tank is heated. This method is the safest method
for Hydrogen storage because if there is aleak the
hydrogen does not rapidly shoot out, but instead
very dowly disperses as it evaporates out of the
metal hydride. These are more expensive though,
as well as being dlightly heavier than using
compressed Hydrogen.
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5.0 DESIGN SELECTION

This section describes the selection process thatiseswhen determining which

designs to use for the modification of the R/C enginalsb presents the choices made in

a Design Matrix format, so that the selection processbe easily understood. In order to

make a good choice certain criteria need to be takeragtount. In each section the

criteria that have been chosen will be explained'edid by the Decision Matrix

guantifying them. These matrices use a scale from 1whére 1: Worst and 5: Best.

The selected choice will be the item with the higlesdtl score.

Contents:

5.1 Typeof Engineto M odify

5.2 Typeof Fuel Delivery System

5.3 Typeof Ignition/ Timing M echanism
54 Method of Lubrication

55 Type of Hydrogen Storage
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5.1 Typeof Engineto M odify

This decision is an important one, given that the tfpengine chosen will ultimately
determine what type of modifications are required. Botires were looked at
thoroughly and ran using Nitromethane, so that thereatiparcould be better
understood. The criteria that were chosen as a lmadisef choice of engine are as

follows:

Ease of Modjification

This criterion deals with how easy it will be to make actual modifications on the
selected engine. A high score means that the modifiatwill be relatively easy to
perform and a low score means that the modificatialhsaguire extensive work.

Power Output
This criterion was included because even though thisqtrisjessentially a Proof-of-

Concept, the engine should still be able to provide adegoater for an aircraft. When
switching to a Hydrogen fuel the power output can change #6% below to 15%
above what the original output is. It is better totstath a higher output engine so that if
the power output is reduced it will still have enough powgrdrform adequately.

Safety
Safety is a major concern. Given Hydrogen’s natutieeife are any leaks or hot spots it

could lead to a serious problem. For the purpose of thisialecthe safety aspect deals
with how safe the selected engine will be when useld hyitirogen. Since the 4-stroke
has valves as opposed to the 2-stroke, which merelydeasngs, it would be a safer
choice.
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Fuel Efficiency

This criterion was selected because the underlying pugddbes project is to help the
environment. An engine that has a better fuel effeyewill have a higher power output

while at the same time using up less fuel.

Engine Cost & Proposed Modification Cost

Since this project is on a budget it is necessarnh®ost of the parts to be taken into

account when determining which one to modify.

Engine Selection Decision Matrix
(1-5; 1: Worst, 5: Best)

2-Stroke 2 5 3 3 4 2 19
4-Stroke 4 3 4 4 4 3 22
Figure 26

Decision: The 4-Stroke Engine has been Selected for M odification
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5.2 Typeof Fuel Delivery System to Use

The Type of Fuel Delivery to use will determine wha gower output of the Engine
will be. It will also help determine the type of Hydroggtorage that is to be used and the
pressure that it needs to be at.

Ease of Addition

This criterion is based on how easy it will be tstall the selected Fuel Delivery device
as well as how easy it will be to set it up properlye Thjectors would have to put the

correct amount of fuel in the engine at precisely idjiat time. To do this some type of

metering device would have to be added. This would incteasaifficulty of using

those systems on the selected engine.

Proposed Cost
As stated before the Cost of the components is ardieirg factor due to the limited

budget of this project.

Safety
When using different types of Fuel Delivery devicessétety is its ability to

successfully limit Backfire and Pre-ignition. These tave of the major problems
encountered when using Hydrogen fueled I.C.E.’s, therafoyeanethod that reduces that
risk is a good method to use.
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Efficiency

The Efficiency of the Fuel Delivery device is itsl@pito put Fuel into the combustion
chamber at precisely the right time, and in the presmseunt required. If this is not done
properly the timing of the engine will be thrown ofidaibhwill be more susceptible to
Pre-ignition and backfire problems.

Fuel Delivery System Decision Matrix
(1-5; 1: Worst, 5: Best)

Direct Injection 2 1 3 ] 13

Port Injection 2 2 4 3 11

Carhuretor 4 ] 1 1 11
Figure 27

Decision: The Use of a Direct Injection System has been Chosen asthe M eans of
Fuel Delivery for the Selected Engine.
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5.3 Typeof Ignition/ Timing M echanism to Use

The Ignition/ Timing mechanism will regulate the firingthe Spark plug. It is necessary
to have an accurate timing and ignition device so tleengine fires exactly when it is

supposed to.

Ease of Addition

This criterion deals with how easy it will be to athé timing mechanism to the selected
engine. Ultimately the best option will be the onat tlequires a minimal amount of
machining, and can be installed easily.

Proposed Cost
Again cost is an important aspect of every part ofghagect.

Adjustability

This criterion refers to the ability of the timingeohanism to be adjusted. This is
necessary so that it can be fine tuned to matchaéd af the engine. Depending on what
type of fuel delivery system is used as well as the ¢fjpke spark plugs, the timing will
change. The timing mechanism needs to be easily adgistabhat if any changes are
made to the engine it will not require extensive workebit properly.

Ignition/ Timing Decision Matrix
(1-5; 1: Worst, 5: Best)

i |t | e [ty o

Mechanical 1 4 1 6

Electrical 4 2 5 11
Figure 28

Decision: The Use of an Electrical Timing Device was Chosen asthe Best Option for
this Project.
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54 Method of Engine Lubrication

Lubrication is a major aspect of this design projecth@it properly lubricating all of

the parts of the engine it could seize from extremeéeatures. The engines chosen for
this project though, are very small and could prove véiigudi to lubricate with a sump
and oil pump. A good medium between performance and easgalfation needs to be
the basis for the chosen method of lubrication.

Efficiency
The efficiency of the lubrication method is very imamt. If the engine is not properly
lubricated it will get very hot due to friction. Thislwdause very parts of the engine to

seize up, making the engine unusable.

Ease of Modification

As stated above, the small size of these engines wmaké any extensive modification
quite difficult. When the modification is made it need®&done on a way that will not
damage the engine.

Cost
Again, cost is a very important criterion and shouldaben into account for every
decision that needs to be made.

Lubrication Method Decision Matrix
(1-5; 1: Worst, 5: Best)

Lubrication . Ease of
Method Efficiency Modification Cost Total
Wet Sump 5 2 2 9 _
Figure 29

Dy Sump 4 2 2 3
Direct Oil

3 5 5 13
Application

Decision: The chosen method of lubrication isto use the Direct Application M ethod.
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55 Type of Hydrogen Storage

The method of Hydrogen storage is very important. Gikiahthe engine being modified
is for use on board an R/C aircraft the fuel tank shbellightweight, and be able to
carry enough fuel for an adequate period of time. It shdsidee safe, because it will be
containing Hydrogen, which is dangerous.

Safety
Safety is one of the biggest concerns when dealinghiyitttogen fuel. If any leaks

develop or if too high of a temperature is present,utccbe disastrous. The best method
of Hydrogen storage will be one that is safe to opgeditaving for a minimal chance of

failure.

Cost

Again, cost is always a deciding factor.

Weight
Weight is also a major concern, because it needs lighteenough to fit on an R/C

airplane without reducing its airworthiness.

Hydrogen Storage Decision Matrix
(1-5; 1: Worst, 5: Best)

Type of Storage safety Cost Weight Total
Liquid Hydrogen 3 3 2 3
Figure 30
Gaseous Hydrogen 2 4 3 9
Metal Hydride 4 1 2 7

Decision: Gaseous Hydrogen Tankswere Chosen asthe Best Option for Storing
Hydrogen Fud.
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6.0 DETAILED DESIGN

In this section all of the choices that have beaderconcerning the selected engine’s
modification will be explained further. This will alserve as a guide as to how the
device should be assembled and run. These decisions &decafter extensive research
and are believed to be the best possible setup faorijsct. Once the engine has been
set up it will be run to determine the effectivenesthisfsetup, whereupon modifications

and/or additions will made.

Contents:

6.1 Fud Inlet

6.2 lgnition Setup

6.3 Lubrication System
6.4 Mounting Setup

6.5 The Complete System
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6.1 Fud Inlet

For the purpose of this design it was decided that thefus®ioect Injection System
would be the best way to feed Hydrogen into the selestguhe. Although this is the

most difficult option to implement, it is the best optio

given its efficiency and safety.

The Hydrogen will be supplied to the engine by a
small compressed gas cylinder, such as the one at right,
which is available atvww.FuelCellStore.conirhe

hydrogen flows out of the cylinder and through a regulat
so that the pressure is decreased to a level thatablsui

for this application. Figure 31. Compressed
Most modern engines that use Fuel injection require Gas Cylinder

the use of an electronic control device to metefubEto the engine in the correct

amounts and at the right time. For the purposes of tbjegira similar metering device

will need to be implemented. This device should be abécturately meter the hydrogen

into the combustion chamber at the precise timehabthe engine runs efficiently and

safely. For this design a non-computerized device shouldd given the overall

complexity of any available electronic control unit.
Two viable methods that were decided upon are:

1) The use of a check valve

2) The use of a rotating valve
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Check Valve

The check valve would work by only allowing the hydrogefidw through when the

pressure in the hydrogen tank is greater than that aftfmustion chamber. After

combustion takes place the pressure inside the combakaonber increases
dramatically, which would cause

the check valve to close,
eliminating the possibility of
backflow into the hydrogen tank.

A description can be seen below:

Figure 32. Traditional Check-Valve
Courtesy www.CheckAll.com

Hydrogen Gas from
Storage Tank

Check Valve ﬂ

‘When Pressure from Tank is
greater than the Pressure in
the Combustion Chamber the
Valve will open, letting in
Hydrogen

Fuel Injector

After combustion, when the
pressure in the Combustion

chamber is larger than that of
the tank, the valve will close

A

Inlet to Combustion
Chamber

Engine Head

Figure 33. Description of Check-Valve Implementation
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This type of metering device would be easy to implemedtveould successfully
eliminate backflow from the combustion chamber. Iuldp however, be very inefficient,
as its only form of timing would be from pressure diffexes in the hydrogen tank and

the combustion chamber.

Rotating Valve

A rotating valve consists of a ball valve connected shaft. As the shaft rotates, the ball
valve rotates as well, and when holes on the ballip with holes on the valve cover,
flow is allowed. This type of valve needs some forndmfing motor to rotate it at the
correct speed. For the use of this project the bestovey this would be to drive the
valve off of the engine’s camshatft. This would allewoi be perfectly timed with the

engine regardless of the engine speed.

Cutlet Hydrogen Flow

| [I)— <—

l Inlet Hydrogen Flow

| Rotating Shaft

Flow will ocour only when the holes on the ball ne up with the inlet and oulet.
In the case of this particular ball valve, the mnlet hole iz always lined up, while

the outlet hole nes up only once per revolubion.

Figure 34. Description of Rotating Ball Valve

This type of fuel injector would be better than ond tised a check valve. It would be
perfectly timed to the engine, and it would only allow foeflow at the correct time for

the most efficient ignition and combustion.
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It was decided that, given the ball valve’s greatecieficy and ease of timing, it would

be the best option for a fuel-metering device.

In order to have it run off of the camshatft it is @&xary to extend the camshaft outside of
the engine, so that it can be mated onto the vak#. Sthe best way to do this would be
to drill and tap into the shaft of the camshaft ana thechine a shaft that can be

threaded into the camshatft.

Figure 36. Modified Camshatft

Since the camshatft spins in the right-hand
direction while the engine is operating, it should be tdppe
with a left-hand threaded tap. This will ensure that the

Figure 37. View of Engine extension does not unscrew during engine operation.
with Camshaft Extension
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Once the camshatft has been extended out, a sleee caed to join it with the shaft of

the ball valve. The sleeve will be secured to boditstihrough the use of two set-

SCrews.

O

Figure 38. Sleeve (shaft connector)

Figure 39. Selected Ball Valve
Swagelok 4%valve

alve

2 1

1

Figure 40. Camshatt to Valve

Explanation
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Now that a way to meter the fuel has been chosennécessary to come up with a way
to inject the fuel into the combustion chamber. Sahicect injection was chosen as the
best option, the fuel will need to be injected direttly the combustion chamber. This
needs to be done in an effective and safe way. Oan&aoto this is to use a hypodermic
needle. As long as the inner diameter of this needdsssthan 0.025in (the Quenching
diameter of Hydrogen) then the flame from combustidhnet be able to propagate
back up the tubing. The inner diameter will also help terd@ne the mass flow rate of
the fuel.

The hypodermic needle chosen has an inner diameted@8i0.

The hypodermic needle was added by drilling into the cylihdad and then
pressing it in until it was in the desired positionsisecured in place by using a high-

temperature epoxy.

Hypodermic Needle with
~ | dia=0.008in

Figure 41. Hypodermic Needle Pushed
Through Cylinder Head

Figure 42 & 43. Pictures of Cylinder
Head with Hypodermic Needle

43



To allow the hydrogen to flow from the valve to thgbdermic needle, tubing will need
to be used. Because of the change in diameters betheénd, the tubing will need to
be stepped down, using adapters. A picture of this tubingtiétialve is shown below.

Figure 44. Tubing and Valve
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6.2 lgnition Setup

The ignition source for the Spark plug will be supplied vi&Bttronic Ignition Unit.
This ignition runs on a 4.8V battery. The ignition willpply the spark plug with a charge
every time it is triggered by the Hall Effect sensdHall Effect sensor is a type of

sensor that can detect when a magnetic source passes by

Figure 46. Rimfire V3 ¥32
Spark Plug

Figure 45. Electronic Ignition Unit

The Hall Effect sensor will be triggered by a smalgmet imbedded into a flywheel.

As the flywheel spins the magnet will
pass underneath the Hall Effect sensor,
triggering the ignition, and causing the spark
plug to spark. It will be driven by the same
shaft as the ball valve. This will allow both to

be timed using the camshatft.

Figure 47. Flywheel with Magnet
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Below is a description of how the ball valve and tiplieel will be implemented on the
engine:

E INLET FLOW FROM
OUTLET OF BALL VALVE

¢ IMLET TUBE WITH DIAMETER SLIGHTLY

ENGINE SMATLER THAN THE QUENCHING
\,J DIALIETEROFHz(Dc(JO% i)
FLYWHEEL WITH
MAGHET
H4LL-SENSOR
= )
CAWNSHAFT

\ 7 E E&[METPROMHZTANK]
% AN

BALL VALVE WITH 45
DEG. ANGLE.

OUTLET , H; FLOWS (ROTATES ALONG SAME

INTO THE COMBUSTION AYTS AS SHAFT)

CHAMBER

THIS SHOW: THE BASIC CONCEPT OF HOW THE NEW TIMINGEFUEL INJECTORE WILL WOERK

« THE FLYWHEEL AND HALL-SEN3OR WILL CONTEROL THE TIMING OF THE IGHITICON FOE THE SPARE PLUG

¢ A5 THE SHAFT EOTATES THE BALL VALVE WILL ROTATE ATLOWING THE FUEL TO FLOW FROM THE STOFAGE
TAMWE THEOTUGH THE VALWVE AND INTC THE COMBUSTICH CHAMWEEE.

« THE BENIFIT OF EUNMNING THESE TWO DEVICES OFF OF THE CANSHAFT IS THAT THE CAMSHAFT IS ALREADY
TIMED “WITH THE ENGIMNE, ALLOWING THE IGNITION AMND FUEL INTECTION T BE ACURATELY TIMED A3 WELL

Figure 48. Ball Valve/Flywheel Implementation
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Housing Mechanism
A housing will need to be built to house both the flyallend camshaft and allow them

to be held in place so that they can be driven dffi@fcamshatft. It should be designed so

that it connects to the existing screw slots ornctirashaft faceplate.
Below are pictures of the housing that was designed i®pthpose:

Figure 50. Camshatft Faceplate, Modified for
the Shaft Extension

Figure 49. Picture of Housing

Figure 51. Housing with Valve and Flywheel
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6.3 Lubrication System

Ideally the engine would be able to have a sump systémawioil pump as the
lubrication system, however since the engine is sl $his was deemed unfeasible.
Instead the engine will be lubricated by directly applpignto the engine through an
access port. Every time the engine is done being wifl iteed to be checked to
determine if more oil needs to be added. The temperatwegious parts of the engine
will also be monitored constantly to ensure thatltbeication system is working. If at
any time the engine gets too hot it will be cut off atlowed to cool. It will then be
cleaned out and refilled with oil.

The engine will be tested with various amounts ofaodetermine the optimal
amount needed. Ideally there should be a minimal amouwik @fhile still being able to
fully lubricate all parts of the engine.

The access port chosen is part of the existing deBiggre is a blow-by line,

which allows fuel that is

in the camshatft/crankshatft

;

area to feed back into the
inlet so that the pressure

o

does not get to high. The

AL

inlet side of the line will

L
)

be plugged, and the

" |

camshaft/crankshaft side
port. This was decided as
the best option because it
did not require drilling

into the engine body.

Figure 52. Blow-By Line Detalil
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It was also decided to use Graphite to lubricate the rckes and the push rods, incase

the oil did not reach these parts of the engine. Tie ¢y graphite that will be used is a
very fine mesh graphite powder. It will be brushed ohtisé parts of the engine and re-

applied as necessary after each engine run.

SOUTHWESTERN GRA
OWISBON BF ASBLIEY
DE QUINEY, LA 076

Figure 53. Graphite _
CogeT |

/
/|
¥
i
/
i
_‘.' .
f
o A 1
[ . ] "

Figure 55. View of Rocker Arms
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6.4 Mounting Setup

Once all of the modifications have been made thdyhegd to be setup so that the
engine can be run. Many different configurations weoaigit up, and probably more
than one will be used. The first setup is a design shiadsed around the fact that the
system is being designed for use on an R/C airplane/esgtieing should fit into the
space that one of these planes would allow.

FUCELAGE BATTERY IGHITION
1

[ HYDROGEM TANK j:[[j

Figure 56. Initial Mounting Setup

EMGIMNE

The next picture is of the actual mounting system tlzest wtilized. This design was
chosen based on its ease of assembly and the camewiEthe parts. When the engine

is run it vibrates a lot. This mounting design allowesl ¢hgine to be thoroughly secured

and eliminated most of the unwanted vibration.

Figure 57. Actual Mounting Setup Figure 58. Actual Mounting Setup
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6.5 The Complete System
Now that all of the individual components have beernudsed, they need to be put
together into the overall system. This section ealhsist of pictures with descriptions of

what the engine will look like when completely modified.

Adding the Housing assembly onto the Engine

Figure 59. Engine with Housing Assembly

The housing assembly will mount onto the camshafiplate using the existing screw
slots. It will be configured as above. The shaft bellaligned so that the valve and
flywheel perform their function at the desired timehaiespect to the engine’s operation.
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|

Figure 60. Another View of the Engine with the Housingehsisly

Figure 61. Engine with Spark System and Fuel Inlet
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7.0 HYDROGEN SAFETY

The safety of hydrogen is known to be vital to théhier development of the
hydrogen economy. The development and introduction of gartechnologies, as well
as the level of public acceptance of hydrogen applicatamespresently being
constrained by safety barriers. Hydrogen is perceivdz tdangerous because it has
properties that make its behavior during accidents différem that of most other
combustible gases. It may cause material embrittlearhdiffuses more easily through
many conventional materials used for pipelines and lges5aps that are normally small
enough to seal other gases safely are found to leak hydpogtisely. Unlike other
combustible gases, it has a Joule-Thompson inversigpetature (i.e. the temperature
leads to warming instead of cooling), which is welblethat of many applications
involving gaseous hydrogen. This makes hydrogen moreeddm ignition after sudden
releases from high-pressure containment. When hydrogyesatest safety asset,
buoyancy, is not properly taken into account in the desligmfrastructures and
technologies for production, storage, transportation andwmption, it becomes more
dangerous than conventional fuels such as gasoline, hB@Gatural gas. Fortunately
hydrogen has been used with great success for over S50ryepgdications ranging from
welding beams to launching NASA's shuttles.

Hydrogen safety is the most important function of tlasign. The benefits of
having lower CO2 emissions do not outweigh a higherabéecidents due to
improperly handling hydrogen. When people go about routin& tiney can develop a
relaxed attitude and a dull alertness, which can leadrble accidents. One of the root
causes of hydrogen related accidents are that peopldytragen like many other gases
they are accustomed to using. Hydrogen simply acts diffénan other gases in use
today. Without informing the inexperienced to the evesspnt hazards of dealing with
Hydrogen, lethargy and misconceptions deepen and the oddsactident occurring can
increase.

The sudden interest in using hydrogen is caused by thercooicglobal warming
from greenhouse gas concentrations being increased tiuenam activity. One example
is the CO2 emissions given off by gasoline burning esgifiehe change was made from
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gasoline to hydrogen, they would only produce electriditgl cell application), heat,
and pure water; noticeably reducing the carbon dioxidesemis

Properties of hydrogen are: it is odorless and tasteleking it very difficult to
detect a leak. Its buoyancy, diffusivity, and small molicsize make it difficult to
contain and its low radiant heat lowers the possilofitsecondary fires. Some of the
combustive properties consist of a wide range of flaniydimits (4 — 74%), explosion
limits (18.3 — 59.0), ignition energy (.02mJ), flame temperat2@d5 deg C), and
Stoichiometric air/fuel ratio (29%).

General types of hazards associated with the usedoddpgn can be characterized
as physiological (frostbite, respiratory ailment, asgrgxiation), physical (phase
changes, component failures, and embrittlement), andichi(ignition and burning), or
a combination of such hazards. The primary hazardaduntarily producing a
flammable or detonable mixture, leading to a fire oodation. To avoid explosions it is
best to avoid leaks inside the system and to the surr@sidiVherein, leaks can occur
from deformed seals or gaskets, valve misalignmengilarés of flanges or the
equipment. There is also the concern of storage Viedlsets, ventilation, purging,
vaporization system failure, condensation of air, artdgen embrittlement.

The primary safety concern for burning Hydrogen in 4D &ngine is premature
ignition. With hydrogen’s lower ignition energy and widemmability range premature
ignition can occur when the fuel mixture in the comlmrstthamber becomes ignited
before the spark plug ignites the mixture and results inedficient rough running
engine. This form of premature ignition can be resobyedsing a cold-rated spark plug
and insuring that the fuel does not enter near the expatts(valve). Also if premature
ignition occurs near the fuel intake valve and a flaraeels back into the induction
system it causes backfire conditions. If there isramy-burnt fuel that enters the
crankcase through bypassing the piston rings there isateggobability of it igniting in
the crankcase and could be remedied with proper ventilatite crankcase. When
ignition within the crankcase occurs it will be a lotdrding noise and the pressure
within the crankcase will rise. One good way to proggginst this is to use a pressure
relief valve to stabilize the pressure. Lean mixturesydrogen are hard to ignite despite
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its large flammability limits and could cause a misiréhe engine, which increases un-
burned fuel and will cause more pollution than expected.

The first concern when dealing with Hydrogen Storagkaegank. Much
development has been done over the years in tank deeibpdne of the best tanks
being developed right now is a carbon fiber reinforced 10,0@0pgpressed hydrogen
tank that consists of a gas penetration barrier arh@lcular weight polymer. The
center layer of the tank is a carbon fiber-epoxynresmposite shell that is placed over
the liner and acts as the gas pressure load-bearing centpairthe tank. The outer shell
is placed on the tank for impact and damage resistanteawitessure regulator located
inside the tank as well as a temperature sensor. Mostlay's hydrogen tanks can
withstand a drop from 90 ft in the trunk of a car with dildy damage being surface
marks.

Vaporization system failure occurs in the pipe vetirasystem when the vapor
build-up in a localized area is not released which csultra a fire or explosion. For
example, many countries have building codes that requieggsto have ventilation
openings near the ground to remove gasoline vapors. ésili, reven very slow releases
of hydrogen in a poorly ventilated building will inevitgli¢ad to the formation of an
explosive mixture, initially at the ceiling-level

A present day comparison of hydrogen vehicles and gasddinicles results in
shocking information. The storage tank on a gasolinégsgarthing but annealed sheet
metal and could bend under smaller forces than thatedhtiee layered carbon-fiber
reinforced hydrogen tanks. If a leak were started on etitles a gasoline engine car
would continue to leak fuel until all the fuel has beekdsl out, whereas the hydrogen
tank would leak for only a short while because of 4 diffiélleak protection devices:
pressure release valves, excess flow valves, leakrseasd fuel flow.

As long as the proper safety devices are implementee whbe no problems
using Hydrogen for this project, as well as any otherieggpins. Hydrogen has been
safely produced, stored, transported, and used in large anmourdastry by following
established standard practices. As long as these mathpdsduction, storage, and use
are properly followed, Hydrogen can be a safe fuel forirusgany applications, with the
added benefit of being completely environmentally frignd|
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8.0 EXPECTED PERFORMANCE

The proposed design modifications for hydrogen fuel is expected to under perform the purchased
engine which is set-up for a Nitromethane/methanol fuel mixture. For anideal Otto cycle, the
modified engine is expected to produce 26.9% more work per cycle using direct injected
hydrogen fuel at wide open throttle assuming both engines run at stoichiometric air-to-fuel ratios
(see calculations in Appendix A). It should be noted that direct injection is the most ideal fuel
delivery system for hydrogen since it is injected after the intake valve is closed, allowing more
air into the combustion chamber and eliminating backflash through and open intake valve.

The RC engine selected for modification was tested using a handheld tachometer to

measure the rotational speed before the modifications were made. The results of these tests are:

Average | dle Speed: ~3000 rpm
Average WOT Speed ~9000 rpm

The expected results were obtained from calculations for an ideal Otto cycle with the

respective fuel properties and delivery

method, but factors such as timing loss will
affect the actual results due to the difference

in the fuel properties. The Otto cycle assumes

that the heat release from the fuel is D R
instantaneous, but in the actual cycle thereisa F

loss in work output because this process is not

instantaneous, known as time loss (indicated

on the figure at right). —

1."

—— Ideal Cycle
— Actual Cycle

Figure 62. PV Diagram for Ideal Otto Cycle and
Actual Cycle
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9.0 CONCLUSIONS

Overall the designs developed in this report serve as a good solution to the problem
presented. Although the modified engine was never able to be tested it serves as a well
designed prototype for future development of this technology. These small R/C engines
are very wasteful with fuel, and produce alot of emissions. If these designs could ever
actually be used on their respective aircraft, they would provide an efficient, clean, and
reliable form of propulsion.

Contents:

9.1 Problems Encountered

9.2 Recommendations
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9.1 ProblemsEncountered
The process of researching and developing a conversion that would be an effective means
of running the engine on hydrogen went very well. Many problems were encountered,
however, while trying to implement the conversion on the engine.

Lack of Micro-M achining Capabilities

Because of the small size of the selected engine, the parts needed were small as well. This
proved to cause a problem given the lack of micro-machining capabilities at our disposal.

Camshaft

While trying to tap out the inside of the camshaft for the shaft extension, the tap
became lodged inside of the camshaft and snapped off. Although backup camshafts had
been ordered, the tap that broke was a specialy made tap. It was a hard to find left-hand
tap, and we were unable to procure one on such short notice.

To get around this it was decided to press-fit the shaft extension into the camshaft.
The camshaft was drilled out and cleared off the tap piece. This worked, however it is not
a sufficient enough hold to alow the engine to be run. Therefore, the engine would not be
able to be tested with hydrogen, but would merely serve as a prototype of what the
modified version would look like.

Housing

The housing that was designed to hold the valve and flywheel also proved to be
too difficult to machine. It required precise measurements with very small tolerances, so
that it would fit onto the engine correctly, and not cause the shaft to be off center. For
these reasons the machine shop at our disposal declined to machine the parts.

Since the issue with the camshaft requires the engine to merely be an un-working
prototype, it was decided to make the housing out of Balsawood, with as close to the
right dimensions as possible. Thiswould allow at least a prototype for display purposes.

Hard to Find Parts

There were numerous parts that we were unable to obtain or took too long to obtain.
These include the correct ignition for our chosen spark plug, for which we had to use a
larger one and modify it for our purposes, and the specialty tap, which took too long to
receive.

None of these problemsrepresent deficienciesin the design, but rather hindered us
from creating a working prototype of the modified engine.
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9.2 Recommendations

The design developed for this project is a viable working design. Given the right
resources, aworking prototype would have been built. Below are alist of
recommendations for further development and ease of modification.

Camshaft

| deally the camshaft and its extension would be machined out of one piece of
metal. This would eliminate al the problems encountered while trying to mate the two. It
would also allow for a smoother running engine, because when extending the camshaft it
isvery hard to get them to line up perfectly. If thisis not done, it could cause the shaft to
be off center, creating unwanted torque on the shaft, potentially leading to failure.

Housing

The housing designs in this report where developed assuming solid aluminum as
the working medium. This creates unwanted weight, and could potentialy pull the shaft
off center. It would be best if this housing could be designed with either a lighter
meaterial, or as a hollow shell, to reduce the tension on the shaft.

Lubrication

The lubrication methods suggested in this report are by no means the ways that
these engines should be lubricated for repeated use. They were merely the best options
given the resources available. 1deally, the engine would be developed with an attached ol
sump system, as described in the lubrication section of the report. This would be the best
means of lubricating the engine.

Engine Size
Asistrue with most applications, the larger that the engine is the easier it would

be to design and implement modifications. A dightly larger engine would have provided
more room for the components and would have been easier to design parts for.
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Appendix A

Known:
Displacement Volume: Vq:= 11.5cm3
, kg
Density of Hydrogen: pH = 0.08376 —
m3
Lower Heating Value of Hydrogen: Quv = 119,932
gm
Assumptions:
o . kJ
Constant Volume Specific Heat of Air: cy .= 0.821——
kgK
Ratio of Specific Heats: y:=135
Air inlet temperature: T; := 300K
Air inlet pressure: P := lam

Assuming that there is no pressure loss in the intake flow when operating at wide open throttle (the
engine selected has a short intake manifold, so the frictional losses in the flow are assumed to be
low), then the pressure at the start of compression (P,) is equal to the pressure at the inlet:

Pr:=h

T1:=Ti

For the ideal otto cycle, compression and expansion are both isentropic processes, where:

-1 -1
P, =Pm,’  and T, " = Tomy
The pressure at P2 is:
V1 ¥
Py = PﬂE—j -V is at bottom dead center (BDC) while v, is at top dead center (TDC), so
V2 v4/Vv, is equal to the compression ratio r.

- The manual that came with the 4 stroke engine that was chosen (O.S.

fe:= 9.1 Engines FS 70 Il Surpass) for the conversion does not specify the
compression ratio. An email reply from the distributor stated that the typical
compression ratio for their engines was 9.1

Py:= Py’

P> = 1.997 MPa



Appendix A

-1
To:= T
To = 649.809 K

For the ideal otto cycle, the fuel is ignited and burned instantaneously at TDC after the
compression stroke (at a constant volume). The tempurature after combustion, T, can be found.

mf [@Hy = mmGy [@Tg - T2) Where my is the mass of fuel (hydrogen) and my, is the mass of
the air-fuel mixture. The mass of the mixture can be found since

it is an ideal gas.

kJ
PV = mR(T R:= yldy - cy R = 0.287——
kgK
. Vet Vg Vd
The volume at BDC is: Vce+ Vg=Vaepec=V1 ez ———— =1+ —
VC VC
Vd Vd
Vq= + Vg Vei=
rc—1 re—1
3
V1=12.92cm

The mass of the air-fuel mixture is:

PV,
Mair -=

For direct injection fuel delivery, only air is

RO} present in the chamber at the end of the intake
stroke . After the intake valve is closed,
hydrogen is injected into the chamber during the

_ -5
Mgjr = 1.519x 10 "kg compression stroke.

Directed Injection:

For a stoichiometric mix the air-to-fuel ratiois AF:= 34

Mgy _ -7
Mhydrogen@HV

T3p| = ( +To

Majr + rnhydrogen) oy
3
Tap| = 4.823% 10°K

Mgir + M RO
P3p) := ( a hydrogen) 3Dl At point 3, the chamber volume is the clearance volume,

Ve V., since the piston is still at TDC.




Appendix A

Psp| = 15.261MPa

The power stroke (process from 3 to 4) is isentropic for the ideal otto cycle.

1)1
Tap) = T3DIE€r_j
C

Tp) = 2.227 x 10°K

y
1
Psolﬂé—j
lc

Pap| = 774.246 kPa

Pap :

For a gaseous pre-mixed solution (air-fuel mixture enters during intake stroke), the mass of air and
the mass of hydrogen can be found knowing that hydrogen occupies 29.6 % of the chamber volume
at stoichiometric air-to-fuel mixture
(http://www1.eere.energy.gov/hydrogenandfuelcells/tech_validation/pdfs/fcm03r0.pdf).

Vhydrogen = 29.6%(V 1 Mh = PHLV hydrogen mp = 3.203x 10 ' kg
- — kg _ -5
Vair = (100% — 29.6%)(V 1 Mai= 1207 = Vi ma= 1.008x 10 kg
m

Carborated or Port Injection:

ML QHv (Mg + mp) RT3p
Tp=7—— 7+ P3p| :=
(ma"‘ mh)mv Ve
Tap = 4.791 x 10°K P3pi = 10.956MPa

Isentropic expansion from 3 to 4:

1\ 1YY
Tap = Tsplﬂé—j Papy = Psplﬂé—j
e e

Tgp = 2212 % 10°K P4p| = 555.851 kPa
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Ideal Net Work for Direct Injection:

WhetDl = W3toa — W1tg2

RI{T4p1 - Tpi) . RI{T> - Tl)}

WhetDI := {Mair + Mhyd
n (alr yrogen) 1-y 1-y

WhetD| = 28.836J
Ideal Net Work for Carborated or Port Injection:

R{T4p - T3p) . RT, - Tl)}
1-vy 1-vy

Whetpl := (ma"‘ mh)[%

Whetp| = 20.68J

. WhetDl = WhetPi
%difference: = —8888 ™

Whetpi
%difference = 39.437 % Direct Injection has the potential to increase the amount of net work
per cycle by 39.437% over a carborated fuel delivery system.
QinDI = Mhydrogen@HV QinDI = 53.566 J
QinPl := M@QHy Qinpl = 38.416J
W
el - o538 WhetPl _
QinDI o = 0.538
inPI
Mhydrogen = M

h = 39.437% Likewise, 39.437% more hydrogen is required per cycle for
Mh stoichiometric direct injection.
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The intended fuel for the engine selected is a nitromethane and methanol mixture. The
stoichiometric air-to-fuel ratio and lower heating value for varying mixtures can be found on page 24l
of "Analysis of combustion in a small homogeneous charge compression assisted ignition engine”
by H. Ma, K. Kar, R. Stone, and H. Thorwarth
(http://www.eng.ox.ac.uk/ice/papers/IJERSmallEnginePaper.pdf). The intended fuel is a 10%
nitromethane mixture,

Lower Heating Value of Methanol: QHVmethanal = 19.6w
LHV multiplier at 10% nitromethane: a:= 0.96
Stoichiometric air-to-fuel ratio at 10% nitromethane: AFcfug = 5.77

Lower Heating value of rc fuel mixture:

MJ
QHVrcfuel = alQHVmethanol QHVrcfuel = 18'816k_g

The temperatures and pressures are the same as those calculated for the hydrogen fuel at the start
and end of compression (points 1 and 2) because the fuel has not been yet been ignited.

T, =300K P1 = 101.325 kPa

To = 649.809K P> = 1.997 MPa

Knowing that  mg,q[@Hy = MmixturelCy E@Tg - T2)T3 can be calculated.

Mtyel
Mmixture = Mair + Miyel AF = .
air
Mmixture CAF+1 PV
M =
QHVrcfuel = (AF + 1), [{T3 - To)
QHVrcfuel MR 3rcfuel
T = +T P -
3rcfuel - ( AFrctugl + 1)@\; 2 3rcfuel - Ve

Tarcfuel = 4.035x 10°K Parcfuel = 12.402MPa
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As explained before, the expansion process is ideally isentropic, so:

1\t 1)Y
Tarcfuel = T3rcfuel Eér_j Parcfuel = Parcfuel [Er_j

Cc Cc

Tarciuel = 1.863 % 10°K Parciuel = 0.629MPa

Net Indicated Work per Cycle:

Whetrcfuel = W3to4 — W1te2

R{Tarciuel — Tarciuel) . RT, - Tl)}

Whetrcfuel := Mm
1-y 1-y

Ideal Net Work per Cycle:

RC Fuel Blend: Whetrcfuel = 22.721J
Carborated Hydrogen Fuel Delivery: Whetp) = 20.68J
Direct Injection Hydrogen Fuel Delivery: WhetD| = 28.836J

These values are for ideal net work (before mechanical losses), which provides the maximum
expected performance of the engine. The real cycle will have losses in timing (fuel does not burn
instantaneously at a constant volume), heat loss to the cylinder walls and exhaust blowdown loss
(exhaust valve starts opening before bottom dead center causing a pressure drop toward
atmospheric pressure). Though the values are the absolute maximum possible for the assumptions
made at wide open throttle and the actual indicated work (as seen at the cylinder before
mechanical losses) will be lower, they provide a good estimate of how each fuel or method will
perform in comparison to one another. As decided earlier, direct injection of hydrogen into the
cylinder after the intake stroke will provide more work per cycle than a carbureted hydrogen engine
of the same characteristics (found to produce 39.4% more work than the carbureted system for an
ideal cycle at stoichiometric mixtures). The direct injection method is also expected to perform
better than the than the same engine with the current RC fuel blend set-up (nitromethane and
methanol blend) by up to 26.9%. The carbureted hydrogen system would be expected to have a
8.98% reduction in ideal work per cycle.



Program for Determining Pressure Regulator Setting for Correct Fuel Injection

Inputs
Intake Pressure:

Engine Speed:

Known

Displacement Volume:

LHV of Hydrogen:

Gas Constant for Hydrogen:

Assumed Air Inlet Temperature:

Specific Heat of Air (Cv):

Ratio of Specific Heats:

Compression Ratio:

Calculations

Mass of Air in Cylinder:

kJ
R,ip = 0.287——
kg-K
V= Vd +V
1- . - 1 d
PV

Mair ==
Rair' T1

Mair

Mhydrogen = "3,

Pl = (0.5atm
o := 3500RPM
Vd = ll.SCm3

KJ
Qy = 119.93 —

gm
= 4160L
A kg-K
Ty == 300K
kJ
cy = 0.821 ——
kg-K
vy:=14
I, = 9.1
3
V= 12.92cm

my; =7.602x 10 % ke

My drogen = 2236 x 107 ke

V, is the volume of the

chamber at bottom dead
center. The mass of air
inside that volume can be
determined from the ideal
gas equation. The mass
of hydrogen can be
determined knowing that
the stoichiometric
air-to-fuel ratio is 34.



Period for One Rotation (Camshaft):

T=0.034s The camshaft runs at half
of the speed of the drive
shaft.

e |

T:
AW

The vavle is open for 60 degrees of the camshaft rotation, so the time the valve is open is:

60 3

T, := T T,=5714x 10 s
360
Average Mass Flow Rate:
mh -5k
'::% m'=3913x 10~ -2
. S

1

Drive Pressure:

Yh = 141
0.008i )2
Ay = ('—m-n A, is the exit area, which is determined from the
4 diameter of the syringe that was placed in the
head of the engine.
Py : '
2{ry-1)

Py = 284.814 ps

P, is the pressure regulator setting needed on the hydrogen tank for stoichiometric combustion.



Appendix B

Appendix B

The following pages consist of the detailed part drawings for the various components that
need to be machined.
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BUDGET

Appendix C

2 Stroke Engine 210 1500
4 Stroke Engine 210
Engine Mount 5
Fuel Lines 0.5
Fuel Tank 6
Fuel (Nitromethane) 3
Electric Starter 70
Electronic Ignition/with timing sensor and magnet 80
V alve (Swagelok) 80
Misc. Screws 10
Stock Aluminum 10
Extra Camshafts (50 each) 100
Hypodermic Needle Free
Tubing Free
Spark plug 20
Graphite Lubrication 10
Oil 6
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