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Abstract

The goal of the thesis “Conversion of a Micro, Glow-Ignition, Two-Stroke Engine from
Nitromethane-Methanol Blend Fuel to Military Jet Propellant (JP-8)" was to demonstrate the
ability to operate a small engine on JP-8 and was completed in two phases. The first phase
included choosing, developing a test stand for, and baseline testing a nitromethane-methanol-
fueled engine. The chosen engine was an 11.5 cc, glow-ignition, two-stroke engine designed for
remote-controlled helicopters. A micro engine test stand was developed to load and motor the
engine. Instrumentation specific to the low flow rates and high speeds of the micro engine was
developed and used to document engine behavior. The second phase included converting the
engine to operate on JP-8, completing JP-8-fueled steady-state testing, and comparing the
performance of the JP-8-fueled engine to the nitromethane-methanol-fueled engine. The
conversion was accomplished through a novel crankcase heating method; by heating the
crankcase for an extended period of time, a flammable fuel-air mixture was generated in the
crankcase scavenged engine, which greatly improved starting times. To aid in starting and
steady-state operation, yttrium-zirconia impregnated resin (i.e. ceramic coating) was applied to
the combustion surfaces. This also improved the starting times of the JP-8-fueled engine and
ultimately allowed for a 34-second starting time. Finally, the steady-state data from both the
nitromethane-methanol and JP-8-fueled micro engine were compared. The JP-8-fueled engine
showed signs of increased engine friction while having higher indicated fuel conversion efficiency
and a higher overall system efficiency. The minimal ability of JP-8 to cool the engine via
evaporative effects, however, created the necessity of increased cooling air flow. The conclusion
reached was that JP-8-fueled micro engines could be viable in application, but not without

additional research being conducted on combustion phenomenon and cooling requirements.
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Chapter 1 Introduction
1.1 Project Origins

In June 2011, a research project was initiated at Michigan Technological University. It was
funded through MTU’s Keweenaw Research Center (KRC) where Mr. Geoff Gwaltney of the KRC
was the Principle Investigator (PI), Dr. Scott Miers of MTU was the Research Lead and I, Andrew
L. Wiegand, was the Graduate Research Assistant. This project was focused on the conversion
of a micro, glow-ignition, internal combustion engine from nitromethane-methanol blend fuel to

military jet propellant (JP-8).

JP-8 is the common fuel in combat operations, specified by the United States Department of
Defense Directive 4140.25 [1]. The use of JP-8 as the fuel for a micro engine opens up
application possibilities because JP-8 is available commercially as Jet-A fuel and is similar to
kerosene. These fuels are safer and more commonly available compared to the stock
nitromethane-methanol blend fuels of micro engines, which would make placing micro engines in

applications easier.

1.2 Motivation

A glow-ignition, crankcase scavenged, two-stroke engine architecture has many advantages that
make exploring it for compact applications worth considering. Glow ignition engines, which are
common in the hobby aircraft industry, have no electronic ignition system, making them robust as
there are fewer components susceptible to failure. Additionally, crankcase scavenged two-stroke
engines are mechanically simple which allows them to be lightweight and durable; this would be
an extremely important feature for applications that are highly mobile and work under the most
critical of circumstances. Crankcase scavenged two-strokes are also especially compact and
simple to maintain, which makes them appealing for mobile applications. While they are
inherently inefficient, applications involving steady-state conditions could be tuned for that
operating point in the engine, helping to eliminate the inefficiencies of a crankcase scavenged,

two-stroke engine.

The objective of JP-8-fueled operation was motivated by the “Single Fuel Forward” concept. First
implemented by the U.S. military in 1986, the “Single Fuel Forward” concept is simple; all land-
based vehicles should be capable of using a single fuel to simplify fuel support logistics.
Specifically, the newest directive (Department of Defense Directive 4140.25, “DoD Management

Policy for Energy Commodities and Related Services”) states:
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“Primary fuel support for land-based air and ground forces in all theaters (overseas and in the
Continental United States) shall be accomplished using a single kerosene-based fuel, in order of
precedence: JP-8, commercial jet fuel (with additive package), or commercial jet fuel (without
additives), as approved by the Combatant Commander. Fuel support for ground forces may also
be accomplished using commercially available diesel fuel when supplying jet fuel is not
practicable or cost effective.” -DoD 4140.25, April 12, 2004

This directive therefore eliminates the possibility of using the stock nitromethane-methanol blend

fuel in any land-based military application.

The positive implications of using a kerosene-based fuel can be extended into the civilian field
applications, as well. The stock nitromethane-methanol fuel is not only corrosive, but is also
highly flammable. Kerosene type fuel is far more stable due to its higher flash point and would
likely be preferred for applications where explosions, damage, and fire are prevalent. Kerosene

type fuels are also cheaper and more common than nitromethane-methanol blend fuels.

One final note is necessary when describing the motivation for this project. There is a lack of
objectives and constraints for the fuel conversion of the engine because this project was intended
to act as a first step in the development of an improved JP-8-fueled engine. The underlying goal
of this project was to identify future issues and methods of improvement for the JP-8 fuel

conversion, which ultimately will allow for a more robust finished product.

1.3 Project Phases and Accompanying Objectives

The primary goal of the project was to demonstrate the ability to operate a small (less than 20
cubic centimeters), internal combustion engine on JP-8 fuel. The process of completing this

conversion was to be accomplished in two phases.

The first step of phase 1 was to choose a commercial off-the-shelf (COTS) engine for conversion.
The only three requirements for the COTS engine was the ability to be modifiable to operate on

JP-8 fuel, to be less than 20 cubic centimeters, and to be capable of producing 250 W of power.

The second step of phase 1 was to design a test stand capable of providing and absorbing power
from the engine with appropriate instrumentation and the ability to log the data during steady-
state conditions. Additional specifications including maximum power and speed for power
dissipation were not initially identified and were developed at a later date. The required

instrumentation and data was all the information necessary to fully document the conversion.
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The final step of phase 1 involved testing the chosen COTS engine in its stock form and with the
fuel it was designed for as a baseline. Performance, combustion, and fuel flow data were

specifically required from the stock COTS engine.

With phase 1 complete, phase 2 could be started. The first step of phase 2 was to understand
the challenges of and develop a method for converting the COTS engine to JP-8. No specific
constraints or objectives were initially outlined, other than the objective of a successful JP-8

conversion.

The second step of phase 2 included documenting the converted engine’s performance over a
variety of speeds and loads. The desired speeds and loads were not initially specified, and a
durability study was not anticipated. It was implied that the same performance measurements
collected with the stock fuel before the conversion were to be collected after the conversion for

com parison reasons.

The final step of phase 2 was to document any future work that was deemed necessary and

suggest routes to improvement of the JP-8-fueled engine.

Note that the project lacked specific numerical objectives or constraints; these were developed as

the project progressed and are discussed in the appropriate sections.

1.4 Summary

The purpose of this thesis is to fully understand and document the conversion of a small, COTS
internal combustion engine from the fuel it was designed for to JP-8. This purpose implies
necessity of the development of a test stand capable of high speed, low flow rate, high precision
measurements, the testing of a COTS engine in its stock form, developing features to allow
operation on JP-8, and, finally, comparing the performance of the JP-8-fueled engine to its stock

form.
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Chapter 2 Background

2.1 Glow-Ignition, Centimeter Scale, Two-Stroke Engines

The engine used in this fuel conversion project was a glow-ignition, centimeter scale, crankcase
scavenged, two-stroke engine normally fueled by a nitromethane-methanol blend of fuel. For
brevity, this type of engine will be referred to as a “micro engine” henceforth. Micro engines
present a number of unique behaviors and challenges that must be understood in order to
operate and modify the engine successfully. The fuel's role in the engine and the way the ignition

is initiated, specifically, differ from conventional internal combustion engines.

In a conventional engine, the fuel's primary role is to provide energy for the combustion process.
The fuel also provides some mild cooling effect, especially in small engines, but this is usually a
secondary role for the fuel. In two-stroke engines, namely those engines that run a fuel that is
premixed with oil, the fuel also acts as a lubricant. These fuel roles are understood and applied in
many engines, but micro engines rely on these roles of the fuel more heavily than most engines.
The fuel in a micro engine is crucial to the engine’s operation not only in providing energy for

conversion, but equally for cooling and lubricating effects.

Micro engines commonly use a nitromethane-methanol blend of fuel. The methanol in the fuel
has a high latent heat of vaporization, meaning that it takes considerable energy for the methanol
to vaporize. Micro engines typically take advantage of this fact by using the vaporization energy
to cool the engine. As the fuel moves through the crankcase, through the transfer ports, and into
the combustion chamber, it absorbs heat energy and vaporizes. By running a fuel-rich mixture
through the engine, the vaporization effect is used as the primary source of cooling. In fact, micro
engines typically run fuel-rich enough that raw fuel droplets are readily observed in the engine’s

exhaust stream.

Lubrication in a micro engine is especially critical for engine durability due to the high rotational
speeds and the lack of natural lubricity in the nitromethane-methanol blend fuel. The micro
engine used in this research (the O.S. Engines 70SZ-H) is capable of up to 18,000 RPM. This
speed is not unusual for micro engines and other micro engines may operate in excess of 25,000
RPM. This sort of rotational speed demands excellent lubrication as even short durations without
lubrication at these speeds could be catastrophic. Additionally, because of the short amount of
time spent in the engine, the premixed fuel and oil must be sufficiently oil-rich that the oil has a

chance to penetrate the appropriate interfaces. Nitromethane and methanol also act as solvents,
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providing minimal lubricity in the engine. For these reasons, oil percentages near 20% are
common in nitromethane-methanol blend fuels used in micro engines. The oil used can be either
castor oil, synthetic oil, or a combination of the two oils. Selection of the oils is largely based on

operator preference.

Ignition in a micro engine is a complex process that can be initiated by multiple sources and can
be changed by multiple conditions. The ignition process in a micro engine can be initiated by
heat from the compression process, the heat supplied by a filament style glow plug, or a catalytic
reaction of methanol with the platinum coating applied to the glow plug [2]. Note, however, that
none of these processes of ignition can be intelligently controlled, making optimal tuning of the
engine for multiple operating conditions nearly impossible. Additionally, as ambient conditions,
fuel constituents, and carburetor tuning change, the phasing of the fuel-air charge ignition
changes. Ambient air temperature and pressure affect the heat generated in compression. The
fuel constituents change the ignition behavior of the fuel/air charge. The carburetor tuning affects
how much heat is lost from the glow plug. All of these conditions alter the ignition process. In
practice, operators of micro engines regularly alter their tuning settings to achieve the desired

operating characteristics.

By understanding the importance of the fuel’'s role in the ignition process in a micro engine,
successful modifications can be made. In this project, the fuel was modified, but with the
understanding that lubrication and heat rejection had to be accounted for. Likewise, the loss of
methanol from the fuel resulted in the loss of the ability to start ignition by catalytic reaction. By
understanding these basic principles of micro engine operation, a successful fuel conversion

could be made.

2.2 Fuel Properties

Converting a micro engine from nitromethane-methanol blend fuel to JP-8 fuel required careful
fuel property consideration. Specifically, the lubricity of the fuel-oil blends and the
thermodynamic properties of the fuels were necessary to document while converting the engine

from nitromethane-methanol blend fuels to JP-8.
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2.2.1 Methods of Determining Lubricity
(1) Overview

Lubrication in micro engines is accomplished through a premixed blend of fuel and lubricating oil.
While the amount and type of lubricant in commercially available nitromethane-methanol blend
fuels is usually available, a quantifiable measure of the lubricity of those fuels is not published.
For the fuel conversion process, it was necessary to have a quantifiable measure of the fuel

lubricity. Therefore, two ASTM fuel lubricity testing methods were explored.

Based on thorough research, it seems that there is no standard way to document the lubricity of
premixed fuel-oil combinations in the application of two-stroke engines. Premixed fuel and oil is a
somewhat archaic method of lubricating an engine and is reserved for only the lowest cost
applications. Additionally, it seems that the low cost of these engines means destructive testing
is the standard measure of durability. As destructive testing would not be acceptable for the

micro engine conversion project, additional fuel lubricity information was sought out.

In the 1980’s and 1990’s there was research conducted in the field of fuel lubricity for diesel
engines that resulted in multiple lubricity measurement standards. As the chemical content of
commercial diesel fuel was changed to produce lower emissions, the abrasiveness of diesel fuel
increased. This was especially problematic for the new high pressure fuel systems of the time
being used to comply with increased diesel emission regulation. In order to quantify the lubricity
of the fuels and ensure component durability, the ASTM standards D6078 and D6079 were
developed [3]. As these tests are still used for diesel fuel lubricity measurements, they seemed a
good fit for quantifying the lubricity of the fuel-oil blends used in the micro engine fuel conversion

project.

(2) ASTM D6078 — Scuffing Load Ball-on-Cylinder Lubricity Evaluator

The first testing method examined was the ASTM D6078 standard, known as the scuffing load
ball-on-cylinder lubricity evaluator (SLBOCLE). The SLBOCLE is a test used to examine the
lubricity properties of diesel fuels in applications where the fuel acts as a lubricant between
surfaces with tangential friction forces [4]. This would include interfaces commonly seen in
rotating machinery, such as fuel pumps and bearing surfaces. The results of the SLBOCLE are
also generally considered a good indication of the test specimen’s lubricity in any additional

friction interfaces.
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The SLBOCLE test apparatus holds a prepared test cylinder in contact with a 2.7 mm ball while
the test cylinder is partially submerged in a 50 mL sample of the fuel being tested. The fuel is
kept in an environment with a specific relative humidity, air flow rate, and temperature. The test
cylinder is rotated at 525 RPM while the ball is in contact with the cylinder and a load is applied to
the ball. The apparatus is instrumented to record the tangential friction force between the test
ball and test cylinder. Essentially, the load applied to the ball is increased or decreased until the
tangential friction coefficient is equal to 0.175. This load is recorded in grams and is reported as
the final result of the test. Figure 2-1 shows a simplified diagram of the SLBOCLE apparatus,
where the “Test Load” is the load reported when the friction coefficient is equal to 0.175. Note
that additional detail can be found in ASTM D6078.

Test Ball \

L

Test Load

Test Fuel Bath

Figure 2-1: SLBOCLE simplified representation

(3) ASTM D6079 — High Frequency Reciprocating Rig

Another method for documenting diesel fuel lubricity is ASTM D6079, known as the high
frequency reciprocating rig (HFRR) test. The HFRR test is also used to evaluate diesel fuel
lubricity, but the results are more applicable to boundary lubrication conditions; due to the short
stroke of the reciprocation, the effects of viscosity are minimized, creating a condition where
viscous effects (assumedly hydrodynamic lubrication) are eliminated [5]. The ASTM standard
does not specify where this type of wear could exist, but one can reasonably deduce that
conditions where oscillation occurs are good examples of where boundary lubrication is crucial.
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Such cases could include piston ring-cylinder liner interfaces. No direct correlation between
ASTM D6078 and D6079 exists, though they both are used to generally quantify diesel fuel
lubricity.

The HFRR test apparatus is similar to the SLBOCLE apparatus in that it holds a small sample of
the test fuel under specific atmosphere conditions while it loads a ball against a test specimen.
The difference between the tests is that instead of the ball being in contact with a rotating
cylinder, the ball is held against a fixed flat disk and is oscillated 1 mm at 50 Hz for 75 minutes.
Upon test completion, the ball is removed and examined with a microscope. The wear scar on
the ball, caused by the contact with the plate, is documented and reported in microns. Figure 2-2
shows a simplified diagram of the HFRR apparatus. Again, note that a more specific testing
procedure is available in ASTM D6079.

1mm, 50 Hz Oscillator

—

Test Fuel Bath C)

Test Ball and Disk

Figure 2-2: HFRR simplified representation
2.2.2 Thermodynamic Properties of Investigated Fuels

Nitromethane-methanol-fueled micro engines rely on their fuel for cooling, starting, and general
run characteristics far more than conventional engines. Micro engines run fuel-rich to provide
cooling to the entire engine. Likewise, they rely on the reactivity of their fuel for starting and
ignition. These engines do not have any sort of intelligent control of their ignition timing, so the
fuel often acts as a primary modifier of the engine’s behavior. Therefore, in order to successfully
convert the micro engine from nitromethane-methanol blend fuel to JP-8, the physical properties
of the fuels must be documented and compared. The physical properties compared here were
selected because they best represent the varied fuel behaviors crucial to the micro engine fuel

conversion. These properties include liquid density, net heat of combustion, latent heat of
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vaporization, stoichiometric air-to-fuel mass ratio, flash point, and autoignition temperature. Each

of these properties can be summarized as follows:

e Liquid density — This is the density in kilograms per liter of fuel in its liquid state. The
density is crucial in understanding the amount of energy available per liter of fuel and
also when calculating the mass ratios in the nitromethane-methanol blend fuels.

e Net heat of combustion — The net heat of combustion is a measure of the amount of
energy in a fuel with some specific conditions and is also commonly called the lower
heating value of the fuel. The conditions placed on the net heat of combustion are that all
of the fuel is completely oxidized so that all carbon is part of a carbon dioxide molecule,
all hydrogen is part of a water molecule, and all sulfur is part of a sulfur dioxide molecule.
Additionally, the term “net” is used to indicate that the water in the products remains in a
vapor form and has not been condensed into a liquid. If the water was condensed into a
liquid form, the amount of energy released by the fuel would be greater due to the
additional energy from the water’s heat of vaporization. This energy is called the gross
heat of combustion or higher heating value [6].

e Heat of Vaporization — Also called the enthalpy of vaporization or the latent heat of
vaporization, this is a measure of the amount of heat energy required to vaporize a given
mass of saturated liquid into a saturated vapor state. In the provided properties, the heat
of vaporization is given at atmospheric conditions. This property is crucial in
understanding how the fuel is used to cool the engine as well as how difficult it may be to
produce a flammable fuel vapor mixture [6].

e Stoichiometric air-to-fuel mass ratio (AFR;) — This is the ratio of the mass of air to the
mass of fuel required for complete, ideal combustion. The AFRg is calculated using
chemical stoichiometry where one mole of the fuel is completely oxidized using
atmospheric air (where 1 mole of atmospheric air is composed of 1 mole of diatomic
oxygen plus 3.773 moles of diatomic nitrogen) into carbon dioxide, water, and diatomic
nitrogen. Once a balanced chemical equation is produced for the complete combustion
of the fuel, the mass of the required atmospheric air is divided by the mass of the fuel to
yield the AFR; [7]. The AFR; is used as a baseline to compare the amount of fuel
required for the combustion process given a set amount of air mass taken into the
engine.

e Flash point temperature — The flash point of a fuel is defined as the temperature at which
the fuel can produce a flammable mixture with air under controlled conditions. Note that

the flash point is the temperature where a flammable mixture is present, not necessarily
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where combustion occurs.

In simple terms, this is the temperature where an ignition

source could ignite the fuel. It is commonly used to determine whether a substance is

flammable or combustible for transportation reasons and can be measured by many

standards [8]. While flash point is not a commonly reported property for engine testing, it

proved to be useful for the micro engine fuel conversion.

e Autoignition temperature — The temperature at which a fuel combusts in air without a

distinct ignition source is called the autoignition temperature.

The autoignition

temperature can vary widely based on the apparatus used for its determination, but when

compared qualitatively can be used to predict the readiness of fuel to autoignite [9].

A collection of these physical properties are presented here for JP-8, heavy diesel fuel

(approximately equivalent to diesel fuel #2), methanol, nitromethane and for a 15 vol% blend of

nitromethane in methanol in Table 2-1. However, due to the nature of these fuels, some further

clarification is necessary when discussing these values.

Table 2-1: Physical properties for investigated fuels [10] [7] [11] [12] [13] [14]

15 vol%
Heavy . Nitromethane-
Property JP-8 Diesel Methanol | Nitromethane Methanol
Blend
Liquid 0.775- | 0.820-
Density (kg/L) 0.840 0.880 0.792 1.139 0.862
Net Heat of 42.8
Combustion (MJ/kg) (min) 42.9 19.6 10.5 17.8
Heat of *
" (kJ/kg) 250 230 1100 561 991
Vaporization
Stoichiometric
Air/Fuel Mass (-) 14.8* 14.4 6.5** 1.7 4.2
Ratio
Flash Point (°C) 38 51.7 16.1 43.3 ~16
Autoignition o "
(°C) 220 329.4 463.9 418.3 ~418
Temperature
* - Value for Kerosene, ** - Calculated Value

The first point that needs to be made is that the properties of JP-8 are difficult to provide due to

how the US military standard MIL-DTL-83133H is written. In this military standard, specifications

of the chemical and physical properties as well as the test methods for determining those

properties are provided. However, values are presented as a minimum and maximum value, if

10
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they are specified at all. By reducing the amount of requirements of the fuel, it is likely to be
cheaper and easier to produce. However, because JP-8 is a kerosene-based fuel, it seems
plausible for this qualitative analysis to present properties of kerosene for the values not specified

in the military standard. These values are denoted with a single asterisk in Table 2-1.

Next, explanation of the heavy diesel fuel values is necessary. These values are also a range of
values as diesel fuel’'s physical properties can vary. Additionally, these values are presented for
heavy diesel, which is approximately equivalent to diesel fuel #2. The values for heavy diesel are
included for comparison purposes to show that while heavy diesel is similar to JP-8, it would be
more difficult to combust in the micro engine. Note that diesel fuel #1 (not shown) is very similar

to kerosene and therefore would be directly comparable to JP-8.

The properties of methanol and nitromethane are the properties of these neat fuel constituents in
a high state of purity. The values presented for the 15 vol% nitromethane in methanol blend,
however, are a combination of the properties of its two neat fuel constituents. This fuel blend,
which was used in the micro engine testing, does not have published values for any of the
properties given. In order to approximate the properties of this fuel combination, a number of
assumptions were made. First, it was assumed that the commercial “15%” nitromethane content
was a volume percent (vol%) defined as the volume of nitromethane divided by the total fuel
volume. Next, the volume percentage was converted into a mass percentage. The properties of
the nitromethane and methanol were then linearly combined, weighted by the mass percentage,
into a single approximate value for the nitromethane-methanol blend; this was completed for the
density, net heat of combustion, and heat of vaporization. For the temperatures, it was assumed
that the lowest value of the two constituents would likely be the primary contributor to the
respective behavior and listed that value for the blended fuel. These approximations cannot be
confirmed without experimental testing and assume that no chemical changes occur when

nitromethane and methanol are blended.

The final note necessary to present is the calculation of the stoichiometric air-to-fuel mass ratios.
These ratios were calculated using ideal combustion stoichiometry for the methanol and
nitromethane fuels. Additionally, by converting the volume percentage into a molar ratio, the
combustion stoichiometry was calculated for the 15 vol% nitromethane-methanol blend fuel. The
values in Table 2-1 that were calculated this way are denoted with a double asterisk. The value
for heavy diesel is a reported value commonly accepted in practice and the value for JP-8 was

assumed to be approximately equal to the value for kerosene.
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2.2.3 Qualitative Examination of Fuel Properties

Having presented the quantitative properties of the fuel, a qualitative analysis of the fuels’

behaviors can be presented.

The density and net heat of combustion of the fuels are important to the micro engine project
because of the end application; a benefit of converting the engine to JP-8 is that because the
energy density is higher for JP-8, less fuel must be theoretically carried in the final application.
Consider the calculations presented below. Multiplying the liquid fuel density by the net heat of
combustion provides a value of how much energy is available per unit of volume. These
calculations show that there is approximately double the amount of available energy in a unit
volume of JP-8 compared to a unit volume of 15 vol% nitromethane-methanol blend (abbreviated

as NM in the calculations).

Liquid Density * NHoC = available energy per liter fuel

0775X9IP8 4o g M _ 3317 M
LJP8 kg /P8 LJP8
kg NM MJ MJ

0.862 17.8 = 1534 ——
LNM kg NM LNM

Next, consider the amount of energy delivered into the engine for a unit of air. By inverting the
AFRs, the mass of fuel per unit mass of air is obtained; this is called the stoichiometric fuel-to-air
ratio (FARs). Assuming the engine runs with similar air intake behavior on both fuels, this value
can be multiplied by the net heat of combustion to provide an amount of energy delivered into the

engine per unit mass of intake air at stoichiometric conditions.

= FAR; — Mass of fuel per unit mass of air
AFR

FARs * NHoC = Energy per unit mass of air

Completing this equation for JP-8 and the 15 vol% nitromethane-methanol blend and comparing
the values, it is clear that converting from nitromethane-methanol blend to JP-8 will result in a

46.5% reduction in the amount of energy delivered into the cylinder at stoichiometric conditions.

12
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Combine this fact with the fact that JP-8 combusts bests in fuel-lean conditions while
nitromethane-methanol can combust at especially fuel-rich conditions and it is clear that there
would be a significant reduction in energy potential provided to the micro engine after it has been
converted to JP-8.

Mj
kg JP8

kg ]P8> x42.8 = 2.892 MJ

(14.8

(1 k NM) 176—7_ _ 4238 M
— *17.8——— = 4.
42 "9 kgNM J

Percont Chanoe < 28924238 oo
ercen ange = 2892 = . 0

In most homogenous charge engines, fuel has a role of absorbing heat energy as it is introduced
into the charge that will be combusted. This generally provides a slight cooling effect for the
engine components and also increases the air-fuel charge density. More importantly, however, is
that as the liquid fuel absorbs the surrounding heat energy it transitions into a vapor phase,
creating a combustible mixture. The property that characterizes the amount of energy necessary
to vaporize the liquid fuel is called the heat of vaporization.

Micro engines rely heavily on the high heat of vaporization of the nitromethane-methanol blend
fuels that they operate on for engine cooling. From Table 2-1, a 15 vol% nitromethane in
methanol blend needs 991 kilojoules per kilogram of fuel to vaporize from a saturated liquid state.
This is almost a four-fold increase in the amount of energy required to vaporize a kilogram of fuel
compared to JP-8. Because the nitromethane-methanol blend fuels require so much energy to
vaporize, they provide a substantial cooling effect to the micro engine. The micro engine, in turn,
can be made with less cooling fin surface area which allows for lighter engines. This is a
substantial challenge when converting micro engines to JP-8, however, as they are not designed
to operate without this dramatic cooling effect. One advantage of JP-8’s low heat of vaporization,

however, is that less heat is required to form a fuel vapor-air mixture.

This topic of flammable mixture transitions into flash point property. From Table 2-1, the flash
point of methanol is only 16.1°C. This means that at room temperature, the vapors surrounding
liquid methanol are flammable. JP-8, however, is designed to have a minimum flash point of
38°C. This makes it far safer to transport and store because it requires a relatively high

temperature before a flammable mixture exists.
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The disadvantage of JP-8 in the micro engine is this high flash point. The mixture preparation on
a micro engine is poor due to the use of a carburetor and pooling of liquid fuel in the crankcase.
At room temperature, methanol forms a combustible mixture, so poor mixture preparation is not
problematic. JP-8's higher flash point is problematic, though, because even though it requires
less energy to vaporize, it requires a higher surrounding temperature in order to form a mixture
that is combustible. Note that the heat of vaporization and the flash point are not directly linked

and flash point is not commonly used for predicting engine starting performance.

The final comparison to be made is the autoignition temperature. This property is used primarily
for safety reasons; a fuel should never come close to its autoignition temperature outside of a
combustion vessel. In the micro engine conversion, there were cases where the fuel and fuel-air
charge were heated. Care was taken to ensure that the temperature of the fuel and fuel-air

charge was not greater than the autoignition temperature to avoid potential fires or explosions.

Comparison of NM blend fuel to JP-8 yields a number of interesting results because these two
fuels are quite different. However, care must be taken as the properties of both of these fuels are
only an approximation without laboratory analysis of the fuels. The first observation that can be
made is that JP-8 is substantially less volatile than the NM blend fuels, shown by an increased
flash point. JP-8 also has a lower latent heat of vaporization, which could be detrimental to a
micro engine’s operation. Next, consider the energy density of JP-8; JP-8 has roughly twice the
energy per unit volume as NM fuels, which could be an advantage in the application of a mobile
engine platform. The advantage of NM fuels, however, is that they can be combusted at a faster
rate for a fixed amount of air, evident in their low AFR;. This means that for a given amount of
air, NM blend fuels can produce roughly twice the energy output as JP-8, suggesting they would

allow an engine to produce a higher power density.

This comparison yields mixed results. While JP-8 is less volatile than NM fuel, it requires less
energy to vaporize. Also, while JP-8 has more energy per unit volume, less energy can be
delivered for a given amount of air. These mixed results made it difficult to predict the

performance of JP-8 in a micro engine.

2.3 Previous Micro Engine Test Stands

One part of the micro engine conversion was to develop a test stand capable of documenting the
conversion process. The test stand had to be able to load and control the engine as well as

document any flow rates, power output, or any other operating behavior of the engine. On a

14



UNCLASSIFIED

larger, more common research engine, this control and documentation can be accomplished with
many commercially available hardware and instrumentation options. On a micro engine,
however, this is not a simple task. The output of these engines is low, demanding sensitive
loading equipment. The fuel and air flow rates into these engines are very low and highly
variable. Simply installing instrumentation can be difficult with micro engines due to the limited
space. Therefore, a literature search was conducted to look for ways to address the demanding
instrumentation and loading requirements of a micro engine. Three micro engine test stands

were identified and used as inspiration for the JP-8 conversion micro engine test stand.

The first micro engine test stand examined was a small, cost-effective micro engine dynamometer
that was designed for testing the micro engines of model aircraft and for teaching. This test stand
consisted of a propeller mounted to a micro engine while the engine was held in a reaction cradle
load measurement system. This simulated the true application of the micro engine by
documenting the performance of the engine for a given propeller; the amount of power produced
by the engine could be back-calculated knowing the propeller type, speed, and engine reaction
torque. A bubble-velocity-type measurement was used for the fuel flow. Micro engines typically
operate with a fuel system pressurized by the exhaust; as fuel leaves the fuel tank, it is replaced
with exhaust gas. Water droplets were introduced in the exhaust pressure line and their velocity
was measured. Knowing the area of the exhaust pressure tube and the speed of the bubble, a
volumetric flow rate was calculated. The only other flow measurement was the exhaust gas flow
rate, which was measured using an adaptor for the engine’s muffler and a large plastic garbage
bag. When the exhaust flow rate was desired, the adapter was fixed to the engine and the bag
was filled with exhaust gas for a given amount of time. The volume of the bag was later
measured after it was removed from the engine. The exhaust gas composition was also
analyzed from this sample volume. The final measurement was the engine speed, which was
collected using a hand-held optical tachometer [15]. While the authors were confident with the
results of their testing and presented data to support their measurement, this system seemed too

uncertain for the JP-8 micro engine conversion.

The next micro engine test stand that was identified was a simple test stand used for making
observations of the combustion characteristics of a 5 cc, four-stroke, glow ignition engine while
operating on various NM fuels. For this testing, only in-cylinder pressure, engine speed, and load
were measured. The load was provided by a Magtrol brand hysteresis dynamometer through a
gear reduction system. A Citizens brand in-cylinder pressure transducer and charge amplifier

were used to measure the in-cylinder pressure while a rotary encoder signal was fed through a
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frequency to voltage (F-V) converter. These two signals were then passed to an oscilloscope for
documentation. While appreciable data was collected which provided valuable insight into the
combustion of glow-ignition engines, no additional engine performance metrics were collected
[16]. This made it difficult to fully understand the behavior of the micro engine, and this simple
approach appeared unacceptable for the JP-8 conversion project. However, this test stand did

show a succe