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EXECUTIVE SUMMARY 

This study was conducted to determine the potential ?roblems associated with the 
use of alternate fuels in general aviation aircraft ~ith spark ignition engines 
and to establish reasonable certification criteria. The study is composed of (1) 
a literature search on the use of alcohol fuels and gasohols, and (2) ground­
based testing using an aircraft piston engine with a:1 aircraft fuel system. A 
number of fuels were tested during the ground-based tests including alcohols 
blended with gasolines, straight ethanol, straight m,athanol, unleaded racing 
gasoline, and methyl-tertiary-butyl ether (MTBE). 

An analysis of the literature search identified a number of problem areas. Key 
concerns are material compatibility, oil compatibility, engine and exhaust 
component corrosion, volumetric fuel efficiency (i.e., miles per gallon), hard 
starting, and water solubility. Solutions to many of these problems are 
identified in the literature, primarily as a consequ,ance of research done by the 
automobile industry. 

The dynamometer portion of this study identified the worst case conditions for 
vapor lock (i.e., the most likely to result in vapor lock). For gasolines 
containing alcohols, an alcohol concentration of 15 ?ercent (regardless of 
alcohol type) takeoff power setting and an initial f·~el temperature of 35 to 
38 degrees Celsius (95 to 100 degrees Fahrenheit) is the worst case. For fuels 
which are primarily made of one constituent (e.g., alcohols or MTBE), the worst 
case for vapor lock is a fuel temperature just below the boiling point of the 
principal constituent and takeoff power setting. Tha vapor lock behavior of the 
gasolines containing alcohols was substantially worse than the vapor lock 
behavior of unleaded gasolines with the same Reid Vapor Pressure. 

The conditions most likely to result in detonation are takeoff power setting, 
high ambient temperatures, and near stoichiometric f~el-to-air ratios. The 
detonation that was observed with methanol was parti:ularly severe, and it was 
probably related to the auto ignition temperature of methanol. Detonation was 
also observed when switching from a fuel which had a higher energy density (~TTJ 
per pound mass (lbm)) than the straight alcohol fuel being tested. With the 
exception of methanol, the motor octane number was indicative of the probability 
of incurring detonation in the test engine. 

Water/alcohol phase separation was observed during the ground-based tests when 
using gasolines containing alcohols. This problem was much more severe than 
indicated by the literature. The amount of phase separation could result in 
engine stoppage if the fuel system is not redesigned. 

A number of material compatibility problems were encountered during the ground­
based tests. In general, straight methanol caused the most problems, but 
problems were observed with all the fuels tested except the racing gasoline. The 
one problem observed when using MTBE may have been i·1duced by the previous use of 
methanol. 

The use of methanol resulted in an oil compatibility problem when operating the 
test engine under cool ambient conditions, and the use of methanol generally 
resulted in more contaminants in the oil. In addition, the fuels containing 
alcohols do not mix readily with aviation gasoline. This caused periods of rough 
operation when.switching from one fuel to the other. 
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Up to 15 percent gasoline was added to neat alcohol fuels. This improved cold 
starting behavior and engine smoothness, though cold starts with methanol still 
required the use of preheat when the ambient temperature was below 8 degrees 
Celsius (46 degrees Fahrenheit). Gasoline also acts as a denaturing agent and it 
should render the flame luminous under most circumstances. Small amounts of 
denaturing agents did not adversely affect the vapor lock behavior of the fuels. 

The oil sump and valve covers were removed when changing from the fuel injected 
system to the carbureted system and there was no evidence of sludge, varnish 
buildup, or corrosion. 

Attempts to improve the fuel consumption when operating on straight alcohol fuels 
did result in minor improvements, but these were at the expense of the power 
developed. 

The unleaded racing gasoline appears to behave in a manner similar to unleaded 
automobile gasoline, and it may be an alternate fuel that can be used in the 
91/96 octane engines already in use. MTBE appears to be a viable candidate as a 
substitute for aviation gasoline if minor modifications are made to the fuel 
system to compensate for the difference in energy density. 
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INTRODUCTION 

With the advent of Supplemental Type Certificates (STC) which allow the use of 
automobile gasoline (autogas) in general aviation aircraft, questions concerning 
alternative fuels for general aviation aircraft have increased. Possible fuels 
for the immediate future include gasolines containing alcohols and alcohol fuels. 
For example, a group of investors have obtained an STC which permits the use of 
methanol in a Piper Super Cub. The Federal Aviation Administration conducted 
this study to identify the potential problem areas associated with fuels 
containing alcohols and to identify the potential benefits associated with using 
such fuels. 

One part of this study consisted of a literature search which reviewed a number 
of reports dealing with alcohol fuels, gasohols, and material compatibility. The 
other part consisted of engine tests using a dynamometer, an aircraft fuel 
system, and an automatic data acquisition system. T~ese tests were designed to 
investigate several areas where there was no information available, such as the 
effect of alcohol on the vapor lock behavior of the fuel. 

On a time-permitting basis, other fuels were evaluated for their vapor lock and 
detonation behavior. One such fuel was a commercially available racing gasoline 
and the other was methyl-tertiary-butyl ether (MTBE), an octane booster used in 
premium unleaded gasolines. 

The results of this work are summarized in this report, and they are presented 
for use in developing certification standards should these fuels be considered 
for use in an aircraft. 

BACKGROUND. 

The following summaries will provide some informatio·~ on the significance of the 
laboratory tests which are used as part of a fuel's specification, and a general 
description of fuels tested. This information will be useful in interpreting the 
remainder of this report, though it is not essential. 

Much of the information that is contained in the following summaries can be found 
in the references listed at the end of the report. rhe bulk of these references 
were generated by the automobile industry in response to the demands created by 
the emission and fuel economy standards. 

Several notes of interest: The word "gasohol" is a registered trademark of the 
University of Nebraska Agricultural Products Industrial Utilization Committee 
that applies to blends of 10 percent anhydrous ethan:>! in unleaded gasoline. In 
everyday usage, gasohol has come to mean a blend of any alcohol in gasoline. 
Throughout this report, gasohol will refer only to lD percent anhydrous ethanol 
in unleaded gasoline; the term alcohol blends will mean any mixture of alcohol in 
gasoline. Cosolvents are those materials which when combined with a substance 
that is to be dissolved into another increases the S·::>lubility of that substance. 
Also, a neat fuel or a neat alcohol is one which does not contain any special 
additives or blending agents. 

REID VAPOR PRESSURE, FLASH POINT, AND DISTILLATION TESTS. The Reid Vapor 
Pressure (RVP) is a measurement of the volatility of a fuel. Fuels with a high 
RVP will have good cold-starting behavior, but will be more prone to vapor 
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locking when ambient and fuel temperatures are high. In addition, a high 
volatility fuel will adversely affect the evaporative emissions from the fuel 
system, thus increasing the demands on the vent system. 

The flash point of a fuel is the temperature at which sufficient vapors are 
released to result in a fire, if an ignition source is present. The higher the 
flash point, the less likely random sparks from a fuel system will result in a 
fire. Gasolines have a flash point well below the freezing point of water. 
This implies a flammable mixture could exist in the fuel tanks whenever gasoline 
is used. In general, gasoline gives off so much vapor the mixtures in the ullage 
space are too rich to support combustion. When using neat alcohols, the flash 
point becomes significant since there will be a flammable mixture in the ullage 
space of a tank at most ambient temperatures. 

The distillation test is a rough measure of the constituents found in the fuel. 
The broader the range of temperatures measured during the distillation, the 
greater the number of components found in the fuel. A large percentage of 
constituents with low boiling temperatures will result in a high volatility fuel. 
If there is a large percentage of high molecular weight and high boiling point 
components in the fuel, the viscosity may be too great for use in an engine, the 
formation of gums and waxy deposits might be a problem, and all the fuel may not 
vaporize. Any of the above will result in poor combustion characteristics. The 
typical distillation curve of aviation gasoline (avgas) is relatively flat as 
compared to autogas, reflecting the more selective nature of the refining process 
used to make avgas. 

The initial boiling point (IBP) of the fuel is determined during the distillation 
process, and it is the temperature of the gases ~hove the liquid in the 
distillation flask when the first drop falls from the condenser. The temperature 
of the liquid in the flask is typically 10 to 15 degrees Celsius hotter than the 
gases above it. The end point is the temperature of the gasses above the liquid 
in the distillation flask when the residue begins to decompose. Once again, this 
is not the temperature of the liquid in the flask. 

The American Society for Testing and Materials (ASTM) procedures and equipment 
requirements for the RVP and distillation tests are outlined in standards D323 
and D86, respectively. The flash point can be determined using a number of 
different ASTM test procedures, depending on the material being tested and the 
ultimate use. ASTM D56 is being used at the Technical Center to determine the 
flash point of the test fuels. 

OCTANE RATINGS AND PERFORMANCE INDEX. There are four octan~ rating techniques 
outlined by the ASTM. These are the research octane number (RON), the motor 
octane number (MON), the aviation lean octane number, and the aviation 
supercharge (rich) octane number. The aviation lean number and the MON are 
related to one another, and the test equipment and procedures are outlined in 
ASTM Standard D2700. The RON is determined in accordance with ASTM Standard 
D2699 and the aviation supercharge test is described in ASTM Standard D909. 

The RON is a measure of the performance of a fuel under a light duty cycle, such 
as stop and go traffic in urban conditions where the rate of acceleration is slow 
and intermittent. The MON has more significance if the fuel is to be used under 
moderate to heavy conditions, such as long periods of operation at high speeds. 
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Likewise, the aviation lean rating is applicable whe·1 the engine and fuel are 
subjected to the heavy duty cycles commonly found in the aviation environment. 
The aviation supercharge rating is applicable when o::>erating conditions are 
severe and the mixture is kept rich to help suppress detonation. 

A number of factors can affect the detonation perfo~nance of a fuel in the 
engine. High operating temperatures and pressures i·1crease the chance of 
encountering detonation. All of the following desig~1 parameters influence the 
working pressures and temperatures: throttle positi<m, engine speed, ignition 
timing, valve timing, engine cooling, the compression ratio, and turbocharging. 
These factors also influence the efficiency of the e:1gine as well, and in 
general, the greater the efficiency the greater the <:hance of detonation 
occurring. Changes in engine condition over time and ambient conditions also 
affect the onset of detonation and are considered wh<:m developing the original 
design. 

The octane of the intended fuel strongly affects the design of the engine. Fuels 
with a high octane rating will operate under conditions which would result in 
detonation if a fuel with a lower octane rating is u.:;ed. Thus, a fuel which is 
more expensive but has a high octane rating may result in more economical 
operation as the engine's efficiency is improved. !:1 an aircraft, where weight 
and cooling drag are important considerations, a hig:1 efficiency engine is 
extremely desirable. 

The performance or antiknock index is the average of the RON and MON for that 
particular fuel. This is the number associated with regular or premium autogas; 
regular unleaded typically has a performance index of 87 and premium unleaded 
typically has a performance index of 91.5. The sens"ltivity is the difference 
between the RON and the MON and it usually lies in t:1e range of 6 to 10 points. 
For example, a fuel whose RON is 91 and whose MON is 83 has a performance index 
of 87 and a sensitivity of 8. 

THE NATURE OF GASOLINES: LEADED AND UNLEADED. Gasolines are blends of 
hydrocarbons that are primarily derived from petrole 1lm by distillation and 
catalytic treatment. They are the principal source ,,f energy for a broad 
spectrum of motorized vehicles that use spark ignition engines. The features 
which make gasolines so desirable are a high energy density and a relatively low 
cost. In addition, experience in handling and transDorting gasolines has 
resulted in gasoline being a relatively safe fuel de:;pite the inherent danger 
associated with its use. 

The classes of gasoline which are of interest in thi:; study are the unleaded 
automobile gasolines and the leaded aviation gasolin<!S. The ASTM has published 
and continuously updates the standards for both type:; of fuel: autogas 
specifications are outlined in ASTM standard D439 and avgas specifications are 
outlined in ASTM standard D910. Table 1 gives brief summary of the differences 
between the various gasolines. 

The octane rating of a gasoline can be affected by a number of different 
parameters. The base petroleum and the refining pro,~edures are important inputs 
over which there is limited control so the octane is modified by blending with 
other fractions or by adding an octane enhancer. Tetraethyl lead (TEL) has been 
used extensively as an octane enhancer but its use i·1 autogas is currently being 
phased out. When TEL is used as an octane booster, ,!thylene-di-bromide is added 

3 



TABLE 1. PHYSICAL PROPERTIES OF GASOLINES 

Unleaded 100 LL 100 Octane 80 Octane 
Properties Au togas Avgas Avgas Avgas 

Specific 
Gravity (15. 60C) 0.749 o. 72 0.7165 0. 72 

Color (1) Blue Green Red 

Heat of 
Combustion 43,960 43,100 43,800 43,800 
(kJ/kg) 

Lead Content 0 2 4 0.5 
(mL TEL) 

Latent heat of 
Vaporization 350 350 350 350 
(kJ /kg approx.) 

Distillation 
(maximum, degrees C) 

25/35(2) IBP 43 48 49 
10% 50/70 75 75 75 
40% N/A 75 75 75 
50% 110/121 105 105 105 
90% 185/190 135 135 135 
EP 225 170 170 170 
(3) N/A 135 135 135 

RVP (psi) 15 (max) (4) 7 (max) 7 (max) 7 (max) 
5.5 (min) 5.5 (min) 5.5 (min) 

Octane Rating 
Lean N/A 100 100 80 
Rich N/A 130 130 87 

Performance IndexCS) 
regular 87 N/A N/A N/A 
premium 90 N/A N/A N/A 

(1) The color depends on the refiner; most often, red is a premium unleaded, 
straw is leaded, and clear is regular, unleaded. 

(2) The values given are the maximum permissible for winter/summer grade 
fuels. 

(3) The minimum value for the sum of temperatures at 10 and 50 percent 
evaporated is listed. 

(4) The RVP for autogas is adjusted seasonally and by region. 
(5) The performance index is adjusted for elevation and weather. The values 

listed are typical of those listed for normal duty cycles in hot 
weather. 
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to remove the lead salts that are a product of combustion of the TEL. In 
aviation gasoline, the proportions of TEL and ethyle:le-di-bromide are carefully 
controlled to insure the corrosive side effects of ethylene-di-bromide are kept 
to a minimum. As TEL is being phased out of autogas, MTBE is coming into use as 
an octane enhancer. MTBE has good octane blending v.1lues which vary, depending 
on the base fuel and concentration, from 115 to 135 for the RON and 98 to 110 for 
the MON. (The blending value is the apparent octane rating of the additive when 
the new octane rating is computed in a linear proportion from the base fuel's 
octane and the additive's blending value. For example, a base fuel has an 
octane rating of 78 and the additive has a blending ·1alue of 108. They are 
blended so that the resultant fuel is 90 percent bas•:! fuel and 10 percent 
additive. The resulting blend will be 0.9[78] + 0.1[108] or 81 octane.) 

The RVP of autogas is varied according to season and location in an attempt to 
balance the good cold start behavior of high RVP fuels with the threat of vapor 
lock during the summer. Avgas has a fixed RVP prima·rily because an aircraft can 
go from hot to cold ambient conditions in one flight and because of the reduced 
atmospheric pressure at altitude. Cold starting in aircraft is enhanced by using 
a primer to supply fuel in cold weather. 

The range of distillation temperatures for avgas is narrower than the range of 
acceptable temperatures for autogas. The elimination of low boiling point 
constituents reduces the vapor pressure, and the restriction against the high 
boiling point constituents increases the stability o:: the fuel and insures 
against the fuel freezing at altitude. 

Sour fuels result when gasolines are exposed to high temperatures in conjunction 
with oxygen. Conditions which might result in sour fuels are long-term storage. 
at high temperatures or recirculation through a boost pump with entrained air. 
The formation of sour fuels is accelerated by. dissol'Ted ions, such as copper, and 
by high concentrations of nitrogen compounds like th1)Se found in shale-oil 
derivatives. Sour fuels contain relatively high coneentrations of 
hydroperoxides which are unstable and highly reactiv1! with many of the components 
found in fuel systems. They are of interest to this study in that many of the 
materials which are affected by sour fuels are also :1ffected by alcohols and 
alcohol blends. 

THE NATURE OF METHANOL. Methanol, or methyl alcohol, consists of a carbon atom, 
four hydrogen atoms, and an oxygen atom (CH30H), and it is commonly referred to 
as wood alcohol. It is an odorless and colorless liquid whose physical 
properties are listed in table 2. Methanol is a highly polar molecule and as 
such it has a high affinity for water. It is solublt! in gasoline but this 
solubility is affected by temperature and the presen1:e of water. 

Methanol can be produced from a number of raw materials, such as natural gas and 
coal, of which the United States has an ample supply. On a volumetric or weight 
basis, methanol is less expensive than gasoline, but on an energy basis it is 
more expensive than gasoline. 

Neat methanol has relatively high octane ratings (11:~ RON and 91 MON), and when 
blended with gasoline, it increases the octane rating of the fuel. The blending 
value of methanol ranges from 115 to 150 for the RON and 89 to 120 for the MON, 
depending on the original composition of the fuel. These high octane ratings 
will allow fuels to be blended to a desired octane value without using 
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TEL or other more expensive blending agents. Conversely, the high octane 
ratings will allow for higher compression ratios which will improve the 
efficiency of the engine. 

TABLE 2. 

Properties 

Specific Gravity 
(20°C) 

Heat of Combustion 
(kJ/kg) 

Latent Heat of 
Vaporization 
(kJ/kg) 

Boiling Point (OC) 

Melting Point (OC) 

Octane Rating 
Motor 
Research 

Blending Octane 
Motor 
R+M/2 
Research 

RVP (psi) 

Flash Point (OC) 

PHYSICAL PROPERTIES OF ALCOHOLS AND MTBE 

Methanol 

0.796 

22,670 

1,173 

64 

-98 

91 
112 

89 to 120 

115 to 150 

4.6 

11 

Ethanol 

0.7893 

29' 710 

880 

78 

-117 

89 
106 

89 to 113 

106 to 136 

2.5 

13 

TBA 

0.7887 

35,560 

588 

82 

27 

N/A 
N/A 

108 

3.4 

11 

MTBE 

0.7405 

36,010 

310 

55 

-108 

98 
116 

98 to 110 

115 to 135 

7.8 

-25.6 

Methanol has relatively broad flammability limits (from approximately 50 percent 
of stoichiometric on the lean side to 410 percent on the rich side) when compared 
with gasoline. This means that extremely lean mixtures of methanol can be burned 
in the aircraft resulting in improved fuel efficiency. When this is combined 
with the high octane rating, it is then conceivable to have very good energy 
efficiencies. 

There are a number of problems associated with the use of methanol as a motor 
fuel. It is mutually miscible with water, and there is no generally available 
technique for determining the water content of a given sample of methanol. 
Methanol is toxic to humans; and it can be absorbed into the bloodstream through 
the skin, by ingestion, or by breathing its vapors. Once absorbed, it leads to 
nerve damage and heavy dosages can be fatal. The flame associated with methanol 
has a low luminous intensity and is difficult to detect in most situations. The 
environmental impact of large spills would be quite severe, given methanol's 
affinity for water. The energy density is less than gasoline on either a 
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volumetric or mass basis; this implies a larger percentage of the usable load 
will be devoted to carrying the fuel needed for the particular trip. 

THE NATURE OF ETHANOL. Ethanol, or ethyl alcohol, consists of two carbon atoms 
bonded to five hydrogen atoms and an hydroxyl group (C2Hs0H) and is commonly 
known as grain or drinking alcohol. Like methanol, ethanol is a colorless, 
odorless liquid and, like methanol, it is a polar molecule which attracts water. 
For most conditions, it is completely soluble in gasoline. The physical 
properties of ethanol are listed in table 2. 

The principle source of ethanol is the fermentation of agricultural products. 
While this makes ethanol a renewable resource, it is unlikely that it can be 
produced in sufficient quantities to replace all of the petroleum products used 
in transportation (reference 1). This implies that lt will be primarily used as 
a blending agent, petroleum extender, or as a specialty fuel. Currently, untaxed 
ethanol is more expensive than gasoline. 

The blending values for ethanol range from 106 to 13,5 for the RON and 89 to 113 
for the MON. This makes it a relatively good blending agent and it can be used 
to boost the octane of a gasoline blend, though it is not as effective as 
methanol in this aspect. The RON and MON of neat ethanol is 106 and 89, 
respectively. 

The flammability limits of ethanol are fairly broad :ranging from about SO percent 
on the lean side to 330 percent on the rich side of 1;toichiometric. As with 
methanol, this means ethanol can be burned in the engine at very lean mixtures, 
improving the energy efficiency of the fuel. 

There are problems with ethanol just as there are problems with using methanol as 
a motor fuel. It is mutually miscible with water and the actual concentration is 
difficult to determine accurately. There is the danger of persons intentionally 
ingesting ethanol intended for use as a motor fuel w:lthout considering the 
differences between liquor (a dilute solution of ethanol in water) and neat 
ethanol. Large spills may create local environmental problems where the 
concentration of ethanol is toxic to wildlife. Disposal of the byproducts of 
fermentation may present additional environmental problems. The flame from an 
ethanol fire has a low luminous intensity and it may not be visible in daylight 
conditions. This would make firefighting difficult :~n case of a spill. The 
energy density of ethanol is less than gasoline, so greater quantities of ethanol 
would need to be carried in the aircraft to fulfill flight requirements. 

THE NATURE OF TBA, ISOPROPYL, AND HIGHER ORDER ALCOHOLS. TBA, or tertiary-butyl 
alcohol, is a four-carbon alcohol that is used as a c:osolvent for methanol. The 
physical properties are listed in table 2 along with those of ethanol, methanol, 
and isopropyl alcohol. Isopropyl or rubbing alcohol is a three-carbon alcohol 
with the hydroxyl group bonded to the middle of the three carbon atoms. Like 
TBA, it is used as a cosolvent for methanol and may :Ltself be used as a blending 
agent for gasolines. The higher order alcohols are those that have greater than 
four carbon atoms in their structure. They, too, ma~r be used as cosolvents or be 
incorporated in alcohol blends since they are byproducts of the manufacture of 
the intended cosolvent. 

7 



In general, the greater the number of carbon atoms, the better an alcohol will 
dissolve into gasoline and the less likely the addition of water will result in 
phase separation. The greater the number of carbon atoms, the lower the octane 
blending value associated with that alcohol. 

THE NATURE OF MTBE. Methyl-tertiary-butyl ether is a high octane blending agent 
which has come into general use as the level of TEL found in gasolines is being 
reduced. MTBE is manufactured from methanol, butenes, and butanes containing 
isobutenes; and it does not have any of the water sensitivity problems associated 
with alcohol fuels (reference 2). In general, MTBE behaves like a gasoline in 
that it is relatively volatile, and it is generally compatible with all the 
materials that are compatible with gasolines. MTBE is also very lead sensitive 
in that the addition of small amounts of TEL boosts the octane significantly. As 
an example, the addition of one gram of TEL increases the MON from about 100 to 
115.6 (reference 3). This implies that engines with very high compression ratios 
can be designed to operate on MTBE, resulting in very good thermodynamic 
efficiencies. MTBE does have a distinctive bittersweet odor, however, and 
breathing its vapors will result in a headache after extended exposure. Other 
significant properties of MTBE are found in table 2. 

Since MTBE has such a high octane value and it is manufactured from methanol and 
other light hydrocarbons (which are in relative abundance or can be manufactured 
from coal), it represents a middle ground in the field of alternative fuels. The 
energy density and cost lie between gasolines and alcohol fuels, and it is 
compatible with many of the existing aircraft fuel system components. For these 
reasons, MTBE was selected as a potential alternate fuel for general aviation 
aircraft, and including it in the data base broadened the applicability of the 
results. 

TEST APPARATUS 

The majority of the testing was conducted at the FAA Technical Center at Atlantic 
City International Airport, NJ. The Technical Center Engine Test Facility was 
used to conduct the dynamometer tests and the fuel samples were tested in the 
Technical Center Fuel Laboratory. The octane measurements were conducted by Sun 
Refining and Marketing, Marcus Hook, Pennsylvania. The oil analyses were 
conducted by Spectro/Metrics Inc., Atlanta, Georgia. 

With the exception of the Reid Vapor Pressure (RVP) test, the test apparatus used 
in a standardized ASTM test was that described in the ASTM procedur~s. Below is 
a description of the modifications the Technical Center made to the RVP 
apparatus followed by a brief description of the dynamometer installation used to 
conduct the engine tests. 

MODIFIED REID VAPOR PRESSURE TEST. 

The RVP apparatus consists of a hot water bath and three bombs. Each bomb 
consists of a gas chamber, an air chamber, and a pressure gauge (figure 1). 

During the early stages of testing with alcohol blends, the Technical Center 
experienced problems with the Bourdon tubes being obstructed by a water/alcohol 
mixture which was separating from the alcohol blend. Conversations with 
personnel at the National Institute of Petroleum and Energy Research (NIPER) 
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9 



indicated there were two solutions to this problem. The first was to conduct a 
dry RVP test, whereby the air chamber is heated in the bath with an empty gas 
chamber attached. This prevents water from entering the air chamber and, in 
turn, prevents the phase separation noted above. This also distorts the results 
since the results will no longer include the partial pressure of the water. The 
second course of action called for replacing the pressure gauge on the bomb with 
a pressure transducer. Since the transducer would not have the fine openings 
found in the pressure gauge, the phase separation should not affect the readings. 
Both of these modification were deviations from the original ASTM D323 
specifications, so the results could not be reported as an RVP but rather as an 
equivalent RVP (ERVP). The Technical Center felt the effect of running a dry RVP 
would be greater than the effect of replacing the gauge with a transducer. 

The RVP apparatus was modified by securing pressure transducers onto the gas 
chamber, with special attention paid to keeping the internal volume of the 
assembly the same as with the gauges. The transducers were attached to the 
electronics needed to calibrate the transducers and to display the reading in 
engineering units via a wiring harness with a quick disconnect at the transducer 
itself. This allowed for agitating the bomb without being restricted by the 
cable. In practice, the cables did not restrict the ability to agitate the bombs 
and they were left on throughout the duration of the test. 

Following modification of the apparatus, three samples of gasoline were tested 
using both the gauges and the transducers. The difference between the results 
were within 0.2 pound per square inch gauge (psig) for all three samples as can 
be seen in table 3. Periodic checks throughout the program confirmed these 
results. 

TABLE 3. REID VAPOR PRESSURE VERSUS EQUIVALENT REID VAPOR PRESSURE 

FUEL IDENTIFICATION 

Avgas 

Au togas 

Gasohol (10 percent ethanol) 

DYNAMOMETER INSTALLATION. 

RVP (psig) 

6.5 

12.8 

11.6 

ERVP (psig) 

6.6 

12.8 

11.8 

The Technical Center's dynamometer is an eddy current design with an absorption 
capacity of 500 horsepower (hp) and a maximum speed of 5,000 revolutions per 
minute (rpm). A Lycoming 0-320 is coupled to the dynamometer. This engine has a 
compression ratio of 8.5 to 1, and it was operated using both a carburetor and a 
fuel injection system. Fuel was provided to the engine through a Cessna 172 (C-
172) fuel system which was installed in the same relative position as found in 
the aircraft. The fuel tanks were modified by installing heat exchangers in each 
tank, and the fuel lines were wrapped with resistance heaters. The selector 
valve was adapted to a pneumatic actuator which was remotely controlled. 
Typically, a cool fuel used for recovery from vapor lock was in the left-hand 
tank and the heated test fuel was in the right-hand tank. 
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The electronic controls allow the operator to vary either the engine load or 
engine speed as well as the other parameters listed in table 4. There are 
separate controls for each side of the fuel system. An important note: the line 
temperature which is reported is the temperature of the fuel in the line, 
whereas, the controller maintains the temperature of the outside wall of the fuel 
line. The difference between these two parameters is a function of the heat 
transfer characteristics of the line and the fuel flow rate. 

Controlled parameter 

Engine Speed 
or Engine Load 

Throttle Position 
Mixture Position 

TABLE 4. 

Cooling Air Pressure 
Cooling Air Temperature 
Combustion Air Temperature 
Combustion Air Humidity 
Oil Temperature 
Fuel Temperature, Tank 
Fuel Line Temperature 
Tank in Use 

LIST OF CONTROLLED PARAMETERS 

Units 

RPM 
ft-lbf 
perce·ttt or inHg 
perce·rtt 
inH2o 
degrees Celsius/Fahrenheit 
degrees Celsius/Fahrenheit 
perce::tt 
degrees Celsius/Fahrenheit 
degre,es Celsius/Fahrenheit 
degre·es Celsius/Fahrenheit 
dimen.:lionless 

The data are recorded by an automatic data acquisiti•Jn system at a scan rate of 
from one to 60 scans per minute depending of the test conditions. The parameters 
which are recorded every scan are listed in table 5. 

Any test specific change to the dynamometer installation will be discussed in the 
Summary of Results. 

GAS CHEK KIT. 

The apparatus provided with the Gas Chek Kit for det,ermining the RVP (GCK is used 
throughout this report to designate a RVP which is m~easured with the Gas Chek 
Kit) is as follows: a tubular stem with internal th·reads for the gauge, a 0 to 
30 psig gauge with a male threaded adaptor for secur:lng to the tubular stem, a 0 
to 220 degrees Fahrenheit thermometer, and an insulated cup with a cover that has 
the appropriate holes for holding the tubular stem ~:td thermometer in place. An 
eyedropper, a graduated cylinder, and a syphoning tu')e are also supplied for 
transferring the sample from the tank to the tubular stem. Figure 2 depicts the 
apparatus supplied with the Gas Chek Kit. 
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TABLE 5. DATA RECORDED ON THE DATA ACQUISITION SYSTEM 

DESCRIPTION 

Engine torque 
Engine speed 
Manifold pressure 

Engine cooling air pressure 
Fuel pressure at carburetor inlet 
Oil pressure 

Event marker, operator triggered 
Fuel flow 
Throttle position 

Mixture position 
Tank in use indicator 
Carburetor supply air dew point 

#1 cylinder head temperature 
#2 cylinder head temperature 
#3 cylinder head temperature 

#4 cylinder head temperature 
Fuel temperature, top of avgas tank 
Fuel temperature, bottom of avgas. tank 

Fuel temperature, top of autogas tank 
Fuel temperature, bottom of autogas tank 
Fuel temperature, avgas line 

Fuel temperature, autogas line 
Fuel temperature, sediment bowl 
Fuel temperature, carburetor bowl 

Oil temperature 
Air temperature, carburetor inlet 
Air temperature, upstream of carburetor 

Cooling air temperature 
Air temperature in carburetor area 
Carburetor supply air temperature 

#1 exhaust gas temperature 
#2 exhaust gas temperature 
#3 exhaust gas temperature 

#4 exhaust gas temperature 
Ambient air temperature 
Engine driven fuel pump pressure 
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UNITS 

ft-lbf 
RPM 
inHg (absolute) 

in H2o 
in H2o or psig 
psig 

VDC 
gph 
percent 

percent 
VDC 
degC 

degC 
degC 
degC 

degC 
degC 
degC 

degC 
degC 
degC 

degC 
degC 
degC 

degC 
degC 
degC 

degC 
degC 
degC 

degC 
degC 
degC 

degC 
degC 
psig 
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TEST PROCEDURES 

With the exception of the modified Reid Vapor Pressure test, the procedures 
outlined in the appropriate ASTM standards were followed. The oil sampling 
procedures were those outlined by Spectro/Metrics Inc. 

MODIFIED REID VAPOR PRESSURE TEST. 

The Reid Vapor Pressure tests were modified to incorporate the following steps: 

Turn on the transducer electronics when the bath heater is turned on. After the 
bath has reached 100 degrees Fahrenheit, insert the air chambers and allow them 
to equilibrate to the bath temperature. Remove the air chamber from the bath and 
set it in a vertical position. Set the zero if necessary. Depress the 
calibration switch and adjust the calibration reading if necessary. Return the 
air chamber to the bath and note the slight increase in pressure is indicated. 
Continue the tests per ASTM D323. 

DYNAMOMETER TESTS. 

The start procedure was the same for all the runs using the dynamometer. The 
engine would be started with the dynamometer set to zero load and with the 
throttle opened slightly •. Once the engine was operating, the dynamometer would 
be switched to the speed control mode and the throttle adjusted accordingly. 
After allowing the oil to reach approximately 40 degrees Celsius the engine speed 
was adjusted to 1800 rpm and a magneto check was conducted. If all operations up 
to this point were acceptable, the run was conducted according to one of the 
following test procedures: (Whenever these procedures were modified to obtain a 
specific piece of information, the changes will be discussed in the Summary of 
Results.) 

1. Baseline Tests. Following any major modification to the engine, a baseline 
run was conducted. These runs consisted of selecting an engine speed and varying 
the manifold pressure in even increments until full throttle was reached. The 
engine speed was then increased and the manifold pressured varied (as above) 
until takeoff power was attained. This test was conducted with the mixture 
control set to the full rich setting. 

When testing with the neat alcohol fuels, the carburetor jets were drilled to 
increase the fuel flow and the timing was varied to optimize the engine 
performance. After each of these modifications, a quick performance check was 
conducted. These tests consisted of setting the engine at takeoff power and 
recording the power developed. The engine speed and manifold pressure were then 
adjusted per the list of power settings contained in table 6. 
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TABLE 6. POWER SETTINGS FOR PERFO[MANCE CHECKS 

2600 RPM 27 inHg Mixture Full Rich 
2500 RPM 25 inHg Mixture Full Rich 
2400 RPM 24 inHg Mixture Full Rich 
2300 RPM 23 inHg Mi:~eture Full Rich 
2300 RPM 23 inHg Leaned to Peak EGT 
2300 RPM 23 inHg Leaned to Limit 
2200 RPM 22 inHg Mi:~eture Full Rich 
2100 RPM 21 inHg Mixture Full Rich 
2000 RPM 20 inHg Mixture Full Rich 

The mixture control was varied at the 2300 rpm setting to determine if the jets 
were large enough to result in a mixture that was ri,::her than stoichiometric and 
to determine how much the fuel flow could be reduced and maintain stable 
operations (i.e., lean the mixture until misfire occurs then enrichen the mixture 
until no misfire is detected.) 

At the conclusion of the power optimization sequence for each tes.t fuel, the 
vapor lock and endurance runs were conducted. 

2. Vapor Lock Tests. To determine the vapor lock bo!havior of a test fuel, the 
following steps were taken: 

Prior to starting the engine, the test fuel tank was drained and filled with the 
test fuel,. and a recovery fuel was placed in the lefc: tank. A sample of the test 
fuel is drawn from the tank if necessary. The tank heaters were turned on, and 
the temperature of the fuel in the test fuel tank wa:; raised to the desired 
temperature. The engine was then started on the recovery fuel. 

As the engine warmed, the cowling temperature and pr;!ssure were set to 38 degrees 
Celsius and 2.3 inHzO, respectively. Throughout the run the carburetor inlet 
temperature was adjusted to maintain 38 degrees Cels:lus. 

Following the magneto check, the fuel flow was set to the lowest idle condition 
that was stable. The test fuel tank was selected and the instrumentation was 
monitored for any changes that occurred while operat:lng on the test fuel. If 
vapor lock did not occur within 5 minutes, the line heaters were turned to a 
setting of 150, simulating an environment where the :Lines were exposed to hot 
engine cooling air. As before, the instrumentation uas monitored for any 
changes. If vapor lock did not occur within 5 minut;!s, the line heaters were 
turned to a setting of 250. When vapor lock occurred, as indicated by a decay 
in engine performance (or if the engine operated for at least 5 minutes with the 
line heaters set on 250), the recovery fuel was selec:ted and the line heaters 
were turned off. 

The engine speed and throttle were adjusted so that the fuel flow increased in 
steps of 2. 5 gallons per hour (gph) until takeoff po~•er was reached, and the 
above sequence was repeated for each fuel flow. Following shutdown, a sample of 
the test fuel was taken and the Reid Vapor Pressure ~•as measured. 
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3. Endurance Tests. These tests were conducted to accumulate the minimum number 
of hours needed for an oil analysis to be conducted. 

Following the normal start and warmup sequence, the engine was set at the 
takeoff power setting. This setting was maintained for a minimum of 5 minutes to 
simulate a climb to altitude. The engine speed and manifold pressure were 
reduced to a setting which resulted in between 50 and 75 percent power. The 
mixture would then be set at either best power, best economy, or at the lean 
limit. All conditions would be maintained for a minimum of 30 minutes and up to 
3 hours to simulate the cruise portion of a flight. The power was then reduced 
to an intermediate setting for a period of time and then reduced to idle to 
simulate the descent and landing. 

GAS CHEK KIT. 

The procedure described below is the one provided with the Gas Chek Kit for 
determining the RVP. 

1. Fill the insulated cup to 3/4 full with hot water (greater than 
160 degrees Fahrenheit) and place the cover on the cup. 

2. Insert the thermometer on the small hole in the cup cover and allow the 
temperature to drop to about 160 degrees Fahrenheit while performing steps 3 
through 5. 

3. Obtain a sample of gasoline. (Note: gasoline which has been in a hot 
area will not give a true result.) 

4. Put 3 mL of gasoline into the aluminum tubular stem. 

5. Screw the gauge head onto the tubular stem, hand tight. 

6. With the water temperature at 160 degrees Fahrenheit place the 
gauge/stem assembly into the large hole in the cup cover, allowing the aluminum 
stem to sink full depth into the hot water. The temperature will quickly drop to 
155 degrees Fahrenheit and then resume a slow drop. 

7. When the water temperature is 150 degrees Fahrenheit, record the gauge 
pressure reading. This is the equivalent Reid Vapor Pressure reported as GCK. 

SUMMARY OF RESULTS 

LITERATURE SEARCH. 

The literature search encompassed most of the technical data that were published 
in the past 13 years. Much of the work in the area of alcohol blends and neat 
alcohol fuels has been done by the automobile industry and through grants from 
the Department of Energy (DOE). While there are few direct applications for the 
developments in the automobile industry, much of this work can be adapted to 
general aviation aircraft. Below are the highlights of the literature search 
grouped into a number of broad areas of interest. 
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MATERIAL COMPATIBILITY. The material compatibility problems begin with the fuel 
distribution system. Many of the large underground tanks used for storage are 
fiberglass laminates, and blends containing methanol will attack the material in 
these tanks (reference 4). While these changes can be lived with, increased 
maintenance will drive up the cost of providing methanol blends to the end user. 
Exposing methanol blends to the fiberglass tanks resulted in an increase in the 
gum content (references 1 and 4). There were no data which indicated if this 
change in the gum content was large enough to result in operational problems. 
The addition of methanol with TBA as a cosolvent to gasolines resulted in 
increased wear rates in the fuel metering pumps (references 5 and 6). The use of 
standard filter separators with alcohol blends resulted in relatively high fiber 
counts. This was apparently due to the deterioration of filter elements 
(reference 7). This indicates similar problems might be encountered in the 
aircraft fuel filters. The addition of methanol to gasoline appears to reduce 
the stability of the fuel, implying the long-term storage of methanol blends 
would be affected (reference 1). 

The reaction of the metals currently found in automobile fuel systems to the 
alcohol blends and neat alcohols ranges from mild to severe. Work conducted at 
the Southwest Research Institute showed that corrosion of many of the metals 
found in the existing fuel systems is accelerated with methanol blends 
(reference 8). The most severe problems were associated with magnesium followed 
by brass, bronze, copper, and terneplate. A number of corrosion inhibitors were 
investigated as a part of that study and none provided significant levels of 
protection for all metals. Studies conducted by the Union Oil Company, the US 
Army Mobility Equipment Research and Development Command, and others 
(references 1, 9, and 10) revealed similar problems with metal corrosion when 
using methanol blends. These studies indicated aluminum would be attacked by the 
use of methanol. Likewise, an epoxy which was bonded to some metals delaminated 
(reference 9), and in the case of aluminum, corrosion between the epoxy layer and 
the aluminum was reported. The formation of rust deposits between the epoxy layer 
and the metal was more severe when using methanol, and the plugging of filters 
was traced to the corrosion of the terneplate (references 1 and 6). Exposure of 
alcohol blends to salt spray and agitation accelerated the corrosion problems 
with metals (reference 11), and the addition of water to neat methanol 
accelerated corrosion (reference 1). 

Numerous reports dealt with the behavior of select rubbers, similar to those 
found in the fuel systems of general aviation aircraft, in alcohol fuels. Many 
of the rubbers that have been used in general aviation aircraft are attacked by 
either alcohol blends or sour fuels, and typically, fuel blends made with 
methanol are worse than those made with ethanol (references 9 through 23). 
Interestingly, the high aromatic content associated with gasolines made from 
shale oil and with 100LL avgas results in similar problems with many of the 
existing rubbers (references 24 and 25). A number of factors aggravate the 
problem of material compatibility, such as high temperature, dissolved copper 
ions, splashing as opposed to immersion, and high aromatic content 
(references 15, 16, 20, and 26). Swelling and reductions in tensile strength 
were worse when select materials were immersed in alcohol blends than when tested 
with neat alcohol or straight gasoline (references 20, 21, 22, and 23). The 
concentration of alcohol in the blend also affects the magnitude of the swell and 
elongation changes (reference 23). 
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Some of these reports dealt with attempts to develop new materials that could 
survive in the automobile environment; i.e., a broad range of operating 
temperatures, high aromatic content, high hydroperoxide content (sour fuel), 
ethanol blends, methanol blends, and strict requirements governing seeping 
through the fuel line (evaporative emissions controls). Changes in the 
concentration of the various rubber compounds, curing process, and fillers 
improved the performance of some of the existing rubbers used in the fuel systems 
(references 9, 12, 14, 15, 17, 18, and 19), and new rubbers which are resistant 
to attack by alcohols or alcohol blends have been developed (references 8, 17, 
18, 23, 27, 28). Other reports investigated manufacturing options to reduce the 
cost while maintaining the performance of parts made with the new generation of 
elastomers. Some of the manufacturing options which were identified include 
veneer construction of hoses and jacketing flexible rubbers with thin layers of 
more expensive, nonporous, rigid rubbers (references 29 and 30). 

Cork gaskets shrink badly when exposed to methanol fuels (reference 1). This 
could present a problem since cork gaskets are still found in a large percentage 
of the existing fleet of general aviation aircraft. Likewise, methanol fuels 
will attack the paints commonly found in aircraft (references 1 and 4); and while 
this may not be a safety item, it will affect the acceptability of methanol fuels 
.from an esthetic and maintenance standpoint. 

The use of MTBE as an octane enhancer for unleaded gasolines did not result in 
any significant material compatibility problems (references 2 and 13). However, 
the use of neat MTBE may result in the deterioration of Viton (reference 31). 

In summary, the material compatibility problems associated with the use of 
alcohol fuels or alcohol blends and the materials commonly found in the fuel 
system of the existing fleet of general aviation aircraft presents a major 
obstacle to using either neat alcohols or their blends without major 
modification. Much of this is a consequence of the long life of the typical 
general aviation aircraft. This has resulted in older aircraft with old 
technology materials comprising a significant percentage of the total fleet. 

ENGINE COMPATIBILITY. Alcohol blends will not only affect the power developed 
but will affect the durability of the engines. Some of the durability changes 
are the result of the alcohols becoming dissolved in the engine oil and changes 
in the composition of the exhaust gases. The magnitude of the changes that were 
reported vary from insignificant to severe. 

In cars that were operated on methanol blends, there was a general trend of 
reduced emissions, which are regulated by the Environmental Protection Agency 
(EPA), but the emission of aldehydes and organic acids increased (references 1, 
32, 33, 34, and 35). In general the reduced emissions could be traced to the 
fact that the blends resulted in changes in the fuel-to-air ratio (references 1, 
4, and 32). The fuel-to-air ratio is affected not only by the alcohol 
concentration but by the percentage of dissolved water in the fuel. Too much 
dissolved water resulted in an increase in emissions (reference 35). 

Engine wear and maintenance studies were conducted using fleet, chassis 
dynamometer, and test cell tests. The fleet and chassis dynamometer tests showed 
there was generally little difference between alcohol blends and unleaded 
automobile gasoline (references 5, 7, 8, 33, 36, 37, and 38). These tests might 
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be misleading since they represent either limited mileage or high mileage 
accumulation rates, which tend to limit the amount of water condensation in the 
oil, thus minimizing the corrosion problems that could occur in general aviation 
aircraft. The types of maintenance problems that did increase during fleet tests 
were associated with material compatibility, corrosion, and the reduced 
lubricity of the fuels (references 1, 6, 33, 38 and 39). The test cell tests 
showed there were significant differences between gasolines and the alcohol 
blends or neat alcohol fuels. In these tests, severe wear and component failures 
were reported (references 4 and 34). Many of these problems can be traced to the 
need for improved oil formulations that are compatible with the alcohol fuels, 
with methanol resulting in more problems than ethanol (references 1, 4, 34, and 
38). The high wear rates and oil dilution problems that were reported were 
aggravated by cold starts (references 1 and 34). There was some evidence that 
etching of internal engine components would occur when the oil was scraped away 
and exposed to the blowby gases and liquid fuel which had not evaporated 
(references 4, 34). It must be kept in mind that many of the conditions 
established in the test cell tests were designed to aggravate any problem that 
might occur with these fuels, and the actual operating experience in an aircraft 
will probably lie between the experiences reported in the fleet tests and those 
reported in the test cell tests. 

The use of neat alcohols will result in fewer deposits in the combustion chamber. 
This will reduce the need to design the engines to handle the octane requirement 
increase usually associated with engines that have been operated for a period of 
time (references 1 and 4). 

ENGINE PERFORMANCE. In general, engines that were designed to operate on 
gasolines performed satisfactorily on the alcohol blends; Engirie operations on 
neat alcohol fuels were satisfactory only after substantial modification. 

The volumetric fuel efficiency (i.e., miles per gallon (mpg)) or brake-specific 
fuel consumption (BSFC), lbm/hp-hr, typically deteriorated with increasing 
alcohol concentration (references 1, 4, 6, 32, and 33). There were occasional 
claims of increased volumetric fuel efficiency with the addition of alcohol to 
gasoline. This can be tied to either engines which ·~ere running rich or 
operating conditions (such as cold weather operations) which normally result in 
the engine running rich (references 1 and 4). Typically, the energy (or 
thermodynamic) efficiency improved with increasing alcohol concentration 
(references 1, 4, and 32). Much of the improvement in energy efficiency could be 
traced to operating at leaner fuel-to-air ratios while other were the result of 
modifications to the engine (references 1 and 4). There were limits to how much 
alcohol could be added before the energy efficiency declined (reference 1). This 
could be traced to operations at such lean fuel-to-air ratios that the lean 
misfire limit was approached. 

As a consequence of the lower energy density, the BSFC would be higher for the 
neat alcohol fuels, but changes to the engine which are made possible by the 
relatively high octane rating of ethanol and methanol (e.g., increase the 
compression ratio and change the spark timing) could minimize these effects 
(references 1, 4, and 38). Operations at very lean fuel-to-air ratios are 
possible when using neat alcohol fuels, since the lean misfire limit with alcohol 
fuels occurs at lower fuel-to-air ratios (references 1 and 4), and this could be 
used to further improve energy efficiency but at the expense of power developed. 
Overall, improvements in engine design would probably result in an increase in 
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BSFC of 60 percent as compared to an increase of 120 percent if no engine 
modifications were performed (reference 1). 

Because of the higher octane of the alcohol fuels, and methanol in particular, 
the power developed per engine displacement can be greater (references 4 and 38). 
This means the size of the engine can be reduced if methanol were used as the 
fuel. The lower weight would partially offset the increased fuel load; and the 
reduced frontal area and cooling requirements (as a consequence of greater 
thermodynamic efficiency) would result in increased cruise speeds, thus improving 
the fuel consumption somewhat (references 40 and 41). All these steps to further 
reduce fuel consumption probably would not result in the same or better 
volumetric fuel consumption for a given flight profile however. 

The water content of the fuel affected the power.developed and the exhaust 
emissions, and it served to further boost the octane ratings of the fuel 
(references 4, 35, and 36). However, it reduced the energy content of the fuel 
so the gains in thermodynamic efficiency were offset by increased consumption. 
The addition of too much water to the fuel reduces the power output. 

The power developed is only part of the engine performance envelope. The 
response to transient conditions and the ease of starting are also important 
considerations. In general, increasing alcohol concentration results in worse 
transient response though engines with active fuel controls were not affected as 
badly as those without active controls (references 1, 4, 6, 32, 33, and 39). 
Cold starting was made worse with increasing alcohol concentration, and engines 
which were operated on neat alcohol fuels required additives or a separate fuel 
for starting the engine (references 1, 4, 6, and 38), The addition of fuel 
preheaters alleviated some of the transient re'sponse problem (references 4' 38' 
and 39). 

To optimize the engine performance with alcohol fuels, the spark timing will need 
to be changed. This is a consequence of the changes in the ignition delay and 
flame speed that are associated with alcohol concentration, the compression 
ratio, and the fuel-to-air ratio (references 1, 4, and 39). It is likely that 
differences between the optimum timing for takeoff power with fuel-to-air ratios 
close to stoichiometric will be so different from the optimum timing for cruise 
conditions at very lean fuel-to-air ratios that the use of the current 
generation of magnetos with fixed timing will be unacceptable. 

MISCELLANEOUS OBSERVATIONS, The addition of an alcohol- to gasoline increases the 
total amount of water that can be dissolved in the fuel, The actual amount of 
water that can be dissolved will vary with the alcohol concentration, the 
temperature of the fuel, and the aromatic content (references 1, 4, and 35). 
Changes in any of these parameters either by the addition of another batch of 
fuel, by absorption of water from the air, or by changes in ambient conditions 
may result in large quantities of a water/alcohol solution separating from the 
fuel (references 1, 6, 7, and 11). Possible solutions to this problem are the 
addition of relatively large phase separators, the use of anhydrous alcohols, co­
solvents, or the use of dual fuel systems (references 1 and 4), As an example of 
the nature of the phase separation problem, it was reported that exposing gaskets 
to alcohol fuels resulted in removal of the water from the gaskets and this 
resulted in phase separation (reference 11). It should be noted that if the 
alcohol is used to boost the octane of the fuel, any phase separation will lower 
the octane rating of the balance of the fuel. In an area related to the phase 
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separation problem, it was reported that water which is suspended in gasohols® 
would not coalesce when passed through filter separators (reference 7). 

Alcohols added to gasoline tend to dissolve the gums that had been deposited in 
the fuel system (references 1, 4, 9, and 10). This can be a mixed blessing. In 
general, the fuel system will remain cleaner, but the washed gums may be 
deposited in the filters and the fine metering orifices which are found in the 
carburetor or fuel injection systems. It was reported that methanol reduces the 
effectiveness of some of the existing detergents used in automobile gasolines 
(reference 1), which may tend to further aggravate the buildup of deposits in the 
filters and fuel metering systems. 

The ullage space in the fuel tank will contain fuel-to-air ratios that are within 
the flammability limits for neat alcohol fuels at ambient temperatures. This 
problem can be addressed by adding volatile components to the neat alcohol so 
that the fuel-to-air ratio is always too rich to support combustion. The 
addition of 10 percent gasoline to the alcohol fuels will result in rich fuel-to­
air ratios in the ullage space (reference 16). The addition of gasoline to neat 
alcohol fuels also addresses other problems which need to be addressed if they 
are to be widely used. For example, cold start problems are reduced if 
12 percent gasoline is added to methanol, and the problems with methanol fires 
being non-luminous are solved if 15 percent gasoline is added (reference 1). The 
addition of 15 percent gasoline to methanol also effectively denatures the fuel 
(reference 1). The addition of 10 percent gasoline to ethanol will address all 
of the above problems for that fuel. 

In general, vapor lock with either straight methanol or ethanol is less severe 
than with gasoline. The addition of gasoline· or other additives· used to denature 
the alcohol, as described above, will adversely affect the vapor lock behavior of 
the blend (reference 1). 

It has been reported that the addition of methanol or ethanol to gasoline will 
have little effect on the RVP of the fuel, but it will affect the vapor lock 
behavior of the fuel (references 1, 4, 35, and 42). The addition of cosolvents 
reduced the vapor lock problem when using methanol/gasoline blends (references 1 
and 5) just as they reduce the phase separation problem. The above implies that 
the RVP is not a good measure of the vapor lock tendency when dealing with 
alcohol blends. The addition of methanol does affect the temperatures at which 
the 20:1 and 36:1 vapor-to-liquid ratios occur for the alcohol blends 
(references 1 and 42), implying these might be better indicators of the vapor 
lock behavior for these fuels. There are some indications that the percentage of 
fuel which is distilled below 70 degrees Celsius is related to vapor lock 
(reference 1). 

Reforming methanol into straight hydrocarbons would solve many of the 
compatibility and distribution problems but this would cost additional energy 
(reference 1). In the case of the methanol made from coal, the process will 
result in what is essentially synthetic gasoline derived from coal. Another 
option reported would be to catalytically reform methanol into hydrogen and 
methane and then burn these gasses in the engine (references 1, 4, and 43). This 
results in slightly better energy efficiencies but requires a greater investment 
in hardware and a possible weight and space penalty which would be unacceptable 
in a general aviation aircraft. 
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The addition of methanol to gasoline will probably help reduce the bacterial 
growth problems that are encountered with straight petroleum distillates 
(reference 1). 

There were several other phenomena reported that will not directly affect the use 
of alcohol blends in general aviation aircraft but are of interest. For example, 
there is a slight increase in the total volume when an alcohol is mixed with 
gasoline. The extent of the swell depends on the concentration of alcohol in 
gasoline with the maximum swell being about 0.55 percent for ethanol blends 
containing 12.5 percent ethanol (references 1 and 4). 

In summary, the widescale use of neat alcohols will require substantial redesign 
of the total fuel and engine systems and current material technology can be 
applied to these designs. As an example of the extent of the design problem, 
Ford Motor Company used stainless steel fuel system components, nickel plating on 
the internal parts of the fuel pump, and fuel preheaters in their methanol 
powered Escorts (reference 38). 

DYNAMOMETER TESTS. 

The results of the dynamometer tests are broken into broad areas of interest much 
as the results from the literature search were broken into specific areas of 
interest. Some of the results will apply to more than the specific area under 
which they are presented. In those cases, the applicability of the results will 
be mentioned. 

ALCOHOL BLENDS. The dynamometer configuration for this series of tests consisted 
of a Cessna 172 (C-172) fuel system and the Lycoming I0-320 engine. The engine 
was equipped with an engine driven pump and a fuel injection system. This 
configuration was chosen based on the results of the tests done with automobile 
gasoline (reference 44) which indicated that the use of a fuel injection system 
resulted in vapor lock sooner than a carburetor system. Also, this configuration 
was incorporated to expose the maximum number of moving parts to the alcohol 
blends with an eye on identifying as many operational problems as possible. 

The principal control variables for the vapor lock series of tests are the 
initial temperature of the fuel in the tank, the alcohol concentration, the type 
of alcohol, and the fuel flow. As outlined in the Test Procedures Section, all 
of the other variables were fixed at specific values designed to enhance the 
probability of vapor lock occurring. The initial temperature of the fuel in the 
tank was varied from 32 to 49 degrees Celsius (90 to 120 degrees Fahrenheit) for 
this portion of the study. 

A number of alcohol blends were prepared using both ethanol and methanol on a 
weight/weight basis. The ethanol blends were prepared using anhydrous denatured 
ethanol. The denaturing agents were 1 percent avgas, 1 percent methyl iso-butyl 
ketone, and 1 percent ethyl acetate. The weight of the denaturing agents was 
taken into consideration so that the final blends contained the indicated 
percentage of ethanol and the balance of gasoline. The methanol blends were 
prepared using TBA as a cosolvent in equal parts with the methanol. Using a 
5 percent methanol blend as an example, 5 percent of the final weight will be 
methanol, 5 percent will be TBA, and 90 percent will be gasoline. The 
calculations used to prepare the blends are contained in appendix A. 
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Four ethanol blends were prepared and tested to determine their vapor lock 
behavior. The results of the vapor lock tests were then compared with the 
results obtained from the base fuel. Likewise the vapor lock behavior of four 
methanol/TBA blends were obtained and compared to the base fuel's behavior. The 
base fuel was the same for all of these tests. The concentrations tested were 5, 
10, 15, and 20 percent for both the ethanol series a[ld methanol series. In 
addition to the ERVP and distillation data, samples ~f each blend were tested to 
determine their octane ratings. They were tested using the Gas Check Kit which 
provides an estimate of the RVP. Figure 3 contains the distillation curves, 
ERVP, and Gas Chek Kit data for the ethanol blends a[ld figure 4 contains the data 
for the methanol blends. The data for the base fuel are incorporated into these 
figures for comparison purposes. The octane ratings and the RVP as determined by 
Sun Marketing and Refining are listed in table 7. 

TABLE 7. OCTANE RATINGS AND RVP DATA FOR THE ALCOHOL BLENDS 

Sample R+M 
ID RON MON T RVP 

NBF 96.4 86.2 91.3 12.05 
5% C2 97.4 86.8 92.4 12.3 

10% C2 98.5 87.0 92.8 12.04 
15% C2 99.7 87.3 93.5 12.94 
20% C2 101.5 87.8 94.7 12.42 

5% C1 98.6 87.5 93.1 13.14 
10% -Cl 100.1 88.0 94.1 13.39 
15% C1 102.5 88.7 95.6 13.13 
20% C1 105.0 89.6 97.3 12.76 

C2 - Ethanol 
C1 - Methanol 

The initial RVP of the alcohol blends was not varied as a part of this study on 
vapor lock though the effects of changes in RVP and the Gas Chek Kit measurements 
were considered. 

Appendix B contains a tabulation of the data obtained during the vapor lock 
investigations using the alcohol blends. The data l:l~ted are (1) the fuel 
identification, {2) the initial ERVP, (3) the Gas Ch<! .. Kit data, (4) the initial 
tank temperature, (5) the fuel flow setting, (6) the line heater setting at the 
time vapor lock occurred, (7) the temperature of the fuel in the line from the 
tank to the sediment bowl, (8) the sediment bowl temperature, (9) the carburetor 
bowl temperature, (10) the time to vapor lock or the time at that data point if 
vapor lock did not occur, (11) the post-test ERVP and (12) the post-test Gas Chek 
Kit data. As with the autogas study (reference 44) the sediment bowl temperature 
seemed to be the most consistent indicator of the se'Terity of the vapor lock 
problem. This is consistent with the observation th<'it vapor formed in the 
sediment bowl will most likely block the flow of fuel since it is the lowest 
point in the fuel system. Other useful indicators of the severity of the vapor 
lock problem are the time it takes for vapor lock to occur and the temperature 
rise between the tank and the sediment bowl. This l<'iSt parameter can be 
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considered as an indicator of the amount of heat which must be added to the 
system to result in vapor formation. 

From a subjective point of view, the worse case for vapor lock (i.e., most likely 
to result in vapor lock) with an ethanol blend occurred with a 15 percent blend 
and an initial fuel temperature in the tank of 100 degrees Fahrenheit (38 degrees 
Celsius) at takeoff power. Subjectively, the worse case for the blends prepared 
with methanol occurred with a tank temperature of 100 degrees Fahrenheit and at 
takeoff power. For the methanol blends, the worse case appeared to lie between 
the 5 and 10 percent blends. It is significant that the 10 percent methanol 
blend actually contains 20 percent alcohol (10 percent methanol and 10 percent 
TBA). The onset of vapor lock was much more rapid with an alcohol blend than 
with the base fuel, and the alcohol blends in general appeared to be more severe 
than even the worse case autogas tested in reference 44. These subjective 
conclusions are supported by an analysis of the data found in appendix B. 

Figure 5 shows the average sediment bowl temperature as a function of ethanol 
concentration. As can be seen, the lowest sediment bowl temperature occurs when 
the alcohol concentration is 15 percent. Likewise, the average time to vapor 
lock was the lowest for 15 percent ethanol blend (figure 6). The smallest 
temperature rise at the time of vapor lock was observed for the 10 percent 
ethanol concentration; the 15 percent concentration was only slightly higher 
(figure 7). The anomaly can be attributed to (1) the fact that no data were 
taken at the 120 degrees Fahrenheit initial tank temperature with a concentration 
of 15 percent (which tends to lower the average temperature rise), and (2) the 
fact that the difference between the two points is within the accuracy of the 
temperature measurements. 

The average sediment bowl temperature as a function of initial tank temperature 
for the ethanol blends is shown in figure 8. In this case the minimum 
temperature occurs with an initial tank temperature of 32 degrees Celsius 
(90 degrees Fahrenheit). This might seem to indicate the worse case would occur 
at the lower temperature until one looks at the average temperature rise between 
the tank and sediment bowl as a function of initial tank temperature (figure 9). 
The relatively large temperature rise associated with the 90-degree 
tank temperature indicates a large amount of heat needs to be added to boil the 
fuel. The lower rises associated with the tank temperatures above 100 degrees 
Fahrenheit in figure 9 is offset by the smaller temperature difference between 
the lower cowl temperature and the fuel in the sediment bowl, which results in 
less heat being transferred to the fuel. The net effect is for vapor lock to 
occur more rapidly when the initial tank temperature is 100 degrees Fahrenheit 
(figure 10). 

The average sediment bowl temperature as a function of fuel flow (figure 11) and 
the average temperature rise as the fuel passes through the system into the 
sediment bowl as a function of fuel flow (figure 12) tend to indicate the higher 
the fuel flow the worse the onset of vapor lock with ethanol blends. These 
trends are not as pronounced with increasing fuel flow as they were when 
considering the tank temperatures, since the heat available increases with fuel 
flow (power developed), effectively masking the trend to vapor lock at cooler 
temperatures with increasing fuel flow. The time to vapor lock is strongly 
dependent on the fuel flow rate (figure 13) for the ethanol blends. Indeed, for 
the 100 degrees Fahrenheit/15 percent ethanol blend at takeoff fuel flow, the 
engine ran only long enough to purge the cool fuel (used to set the point) from 
the fuel system. 
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The blends made with equal parts of methanol and TBA had similar results. In 
this case the lowest sediment bowl temperatures and smallest temperature rises as 
a function of concentration appeared to lie between the 5 and 10 percent blends 
(figures 14 and 15 respectively). The shortest time to vapor lock was associated 
with the 5 percent methanol blend, but the general shape of the curve implies the 
worst case might lie between the 5 and 10 percent blend (figure 16). The 
analysis of the sediment bowl temperature, the temperature rise, and the time to 
vapor lock as a function of the initial tank temperature are presented in figures 
17, 18, and 19. The general shape of these curves follows the pattern noted with 
the ethanol blends (figures 8, 9, and 10); which implies the worst case lies with 
an initial tank temperature of 100 degrees Fahrenheit. The 85-degree Fahrenheit 
point was run with only the 10 percent methanol blend which resulted in the 
relatively short time to vapor lock. When this point is compared with the other 
10 percent methanol blends, the 100-degree Fahrenheit point is the worst case 
for this concentration. As with the ethanol blends, the temperature rise is 
smaller with increasing tank temperature; but the smaller temperature difference 
between the fuel in the lines and the engine cooling air surrounding it reduces 
the amount of heat transferred to the fuel, effectively making it more difficult 
to vapor lock. Figures 20, 21 and 22 show the effects of fuel flow on the 
average sediment bowl temperature, fuel temperature rise, and time to vapor lock 
for the methanol blends. The results indicate that the higher the fuel flow, the 
faster vapor lock will occur. 

Based on these results, a short series of tests were conducted on three 
methanol/TBA blends that were prepared using an unleaded gasoline identified as 
SBF. The concentrations which were prepared were 5 percent, 7.5 percent, and 
10 percent methanol with equal parts of TBA. These samples were tested with an 
initial tank temperature of 100 degrees Fahrenheit and over the entire range of 
fuel flows. Table 8 lists the test results for these runs. The average time to 
vapor lock was 1.4 minutes for the 5 percent and 10 percent blends and 1.0 minute 
for the 7.5 percent blends, indicating the 7.5 percent methanol blend with equal 
parts TBA (for a total of 15 percent alcohol) was the worst case. Hence, for a 
methanol/TBA blend, the conditions most likely to result in vapor lock are 
takeoff power and 100 degrees Fahrenheit fuel with a concentration of 7.5 percent 
methanol and equal parts TBA. 

A comparison of all the average values for the methanol blends and the ethanol 
blends that were prepared with the NBF base fuel (table 9) shows that, in 
general, the methanol blends were slightly more prone to vapor lock than were the 
ethanol blends. The differences were small however. This agrees with other 
studies which claim the methanol blends will result in more cases of vapor lock 
than ethanol blends. This is due to the lower boiling point of methanol when 
compared with the boiling point of ethanol. 
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TABLE 8. TEST RESULTS FOR THE METHANOL/TBA BLENDS PREPARED WITH SBF 

Initial Tank Fuel Line Line Sed F.I. Post Test 

Fuel ERVP GCK Temp Flow Heater Temp Bowl Inlet Time ERVP 

ID (psig) (psig) (OF) ~ (OF) (OC) (OC) (OC) (min) (psig) 

5%-Cl 11.8 19.7 100 2.5 100 38 42 47 4.33 10.8 
5%-Cl 11.8 19.7 100 5.0 100 40 41 48 0.83 10.8 
5%-C1 11.8 19.7 100 7.5 100 41 41 51 0.83 10.8 
5%-C1 11.8 19.7 100 10.0 100 42 42 48 0.67 10.8 
5%-Cl 11.8 19.7 100 12.5 100 42 42 49 0.67 10.8 
5%-C1 11.8 19.7 100 14.5 100 41 42 47 0.50 10.8 

7.5%C1 10.9 19.7 100 2.5 100 40 39 44 2.50 10.6 
7.5%C1 10.9 19.7 100 5.0 100 40 40 46 1.00 10.6 
7.5%C1 10.9 19.7 100 7.5 100 39 40 47 0.67 10.6 
7.5%C1 10.9 19.7 100 10.0 100 38 40 45 0.67 10.6 
7.5%C1 10.9 19.7 100 12.5 100 38 40 45 0.67 10.6 
7.5%Cl 10.9 19.7 100 14.5 100 38 40 44 0.50 10.6 
10%-C1 11.6 20.5 100 2.5 100 38 38 43 2.83 8.1 
10%-C1 11.6 20.5 100 5.0 100 39 38 43 1.00 8.1 
10%-C1 11.6 20.5 100 7.5 100 39 39 43 0.83 8.1 
10%-C1 11.6 20.5 100 10.0 100 39 40 43 1.67 8.1 
10%-C1 11.6 20.5 100 12.5 100 38 41 47 1.50 8.1 
10%-C1 11.6 20.5 100 14.5 100 38 40 44 0.67 8.1 

NOTES: Cl - Methanol 
C2 - Ethanol 

GCK - Gas Chek 
F.I. - Fuel Injection 
All Percentage is on a w/w basis. 

TABLE 9. COMPARISON OF THE VAPOR LOCK PARAMETERS FOR ETHANOL BLENDS 
AND METHANOL/TBA BLENDS MADE WITH NBF 

Average Time to 
Vapor Lock 

Average Sediment 
Bowl Temperature 

Average Fuel 
Temperature Rise 

Ethanol Blends 

2.9 minutes 

43.3 °C 

3.3 °C 

Methanol/TBA Blends 

2. 7 minutes 

41.1 °C 

3.7 °C 

GCK 
(psig) 

17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
17.0 
21.0 
21.0 
21.0 
21.0 
21.0 
21.0 

As with autogas, both the fuel flow indicator and the fuel pressure measurements 
were useful indicators of the onset of vapor lock. Typically, the fuel flow 
indicator would begin to give erratic readings, then the pump inlet pressure 
would begin to fall off. Finally, the pump outlet pressure would begin to drop 
and the power developed would decrease. The fuel flow meter probably acted as an 
earlier indicator of vapor lock than either of the pressure measurements, since 
small bubbles would interrupt the system's optics prior to affecting the 
pressure readings. 
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During the course of the runs with alcohol blends, a number of material 
compatibility problems arose. In general the probl~ns with material 
compatibility were much worse with the methanol blenis than with the ethanol 
blends. The tank selector was the most troublesome item. When operating on the 
ethanol blends, the o-rings would swell and the pnewnatic selector would not have 
enough force to push the selector into the detent. ·~ith the methanol blends, the 
problem became so severe the selector had to be replaced. The second selector 
operated satisfactorily for the balance of the metha·~ol blend runs and operations 
with neat ethanol (approximately 25 hours), but it was rendered inoperative 
within a short period of time when operating on neat methanol. The diaphragm of 
the engine-driven pump (Lycoming part number 6470446, AC Delco part number 
40296) began to swell when operating on the ethanol blends, but it continued to 
operate satisfactorily (approximately 20 hours). Within 2 hours of operation on 
methanol blends, the diaphragm failed. The pump was replaced with a new design 
(Lycoming part number 6471426, AC Delco part number 41234), and this pump 
continued to operate without problems for the balance of the testing with 
methanol blends, neat methanol, and MTBE. The o-ring in the sediment bowl also 
swelled in the methanol blends and in neat methanol which resulted in the quick 
drain staying open after being actuated. If the drain was pushed down, the o­
ring would seal. The amount of swell was reduced whenever the fuel being used 
was changed from one containing methanol to a fuel that did not contain methanol. 

The alcohol blends exhibited an unusual phase separation problem during the 
course of the testing. When this phenomena first occurred, it was thought either 
the base fuel or the alcohols themselves contained water, but no evidence was 
found to support this. Additional experience, summarized below, indicates the 
alcohol blends were absorbing water from the air and from the fuel system 
itself. 

Typically, a vapor lock sequence would start at a lower fuel flow, 
then the fuel flow would be increased in even increments. If a 
data point was repeated after the sequence was finished and the 
fuel was allowed to age for up to an hour, the second point would 
tend to vapor lock sooner and at lower temperatures. 

The alcohol blends were used in endurance runs to accumulate enough 
time to have a meaningful oil analysis. During the course of the 
endurance runs, the fuel flow, then the fuel pressure would begin to 
decay, and eventually, the engine would vapor lock. This phenomena 
was markedly more severe on hot humid days than cool dry days. 

As the tank was allowed to cool to room temperature following a test 
where the fuel was maintained at an elevated temperature such as 110 
degrees Fahrenheit, the blend would become cloudy; then, over time, 
a layer of alcohol, water, and gasoline would settle out in the sump. 
Samples which were heated in sealed containers and then cooled did not 
exhibit this phenomena. Likewise, the RVP samples of blends which 
did not have phase separation following the tests would experience 
phase separation as they were cooled prior to the RVP test. 

Finally, if the fuel was allowed to age overnight in the tanks, there 
would usually be a phase layer in the sump, even if the sumps were 
drained the previous day. 
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This phase separation problem appeared to result in corrosion problems in the 
aluminum tanks. "Before and after" photographs indicated the tanks corroded 
badly in the short period of time the alcohol blends were used. As with the 
elastomers, the corrosion problem appeared to be more severe with the methanol 
blends than with the ethanol blends. The amount of corrosion and pitting seen in 
the tanks did not appear to change while the tanks contained the neat alcohol 
fuels. The general appearance of the tanks did change during the neat methanol 
runs, however, with the aluminum changing from the normal metallic appearance to 
a light grey, almost white color. 

Another solubility phenomena that caused problems was the fact that mixtures of 
an alcohol blend and 100LL avgas are cloudy and unstable for several minutes 
following mixing. This appears to be related to changes in the alcohol's 
solubility as the aromatic content of the fuel changes. Problems associated with 
this phenomena were ususally encountered when switching from one tank to the 
other. For example, when switching to avgas following a vapor lock test with an 
alcohol blend, engine performance would improve slowly at best. After the engine 
recovered, it would often take up to 5 minutes for the fuel flow indicator to 
give reliable results. In comparison, recovery on avgas resulted in immediate 
improvements in engine performance when testing with autogas. This indicates 
that an aircraft operatng with avgas in one tank and an alcohol blend in the 
other could experience power interruptions as the tank in use is changed. 

Early in the program, the engine ran poorly at the end of a vapor lock test with 
an alcohol blend, and it would not start for the next vapor lock test. This 
difficulty was traced to the fuel injection unit's controller becoming air 
bound. The unit was bled and testing continued. The problem would resurface on 
a regular basis. It ap·peared to be more severe if the preceding test was 
conducted with hot fuel as opposed to room temperature fuel. This indicates the 
alcohol blends will dissolve more gases than the fuel injection unit in this 
engine can handle, and the potential for power interruption as a consequence of 
dissolved gases coming out of solution is a distinct possibility. Indeed, the 
power developed during some of the endurance runs was affected by air becoming 
trapped in the fuel injection unit. 

As the alcohol blends were heated in the tanks, fuel would be vented overboard 
through the C-172 tank vents. In general, this problem was worse with the 
alcohol blends than with the unleaded autogas, and it was not unusual to lose 15 
to 20 percent of the initial volume in the tank. This could have a significant 
impact on the aircraft's range if the flight profile calls for extended 
operations in high ambient temperatures immediately following refuelling with an 
alcohol blend. 

When operating on alcohol blends, the engine would run at very lean fuel-to-air 
ratios without misfiring. The power developed would be reduced under these 
conditions but the operations would otherwise appear normal. Attempts to measure 
the brake-specific fuel consumption were hampered by the problems associated with 
the optical fuel flow meter when using the alcohol blends. As the mixture was 
leaned, the fuel flow indication would become unstable, apparently as a 
consequence of the internal recirculation in the engine driven pump increasing 
the fuel temperature. 
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STRAIGHT ALCOHOLS, FUEL INJECTION SYSTEM. Neat (pure) methanol and the denatured 
ethanol (3 percent denaturing agents) were tested on the engine using the fuel 
injection system. The controller of the fuel injection unit limited the fuel 
flow that could be delivered. With the exception of the idle mixture adjustment, 
no attempt was made to adjust the settings in the fuel controller for these 
tests. The neat methanol ran very lean, and as a co·asequence, the engine 
misfired badly at idle and would not accelerate beyoad 1400 rpm. The denatured 
ethanol ran well but delivered reduced power as compared to avgas. Once again, 
this is a consequence of the engine running on the lean side of the 
stoichiometric fuel-to-air ratio. 

An attempt was made to determine if the changes in t~e spark timing would improve 
the power developed when using ethanol in this engin'~ configuration. Figure 23 
shows the results of this study. Changes in spark timing had a significant 
effect on the power developed. Advancing the spark timing to 44 degrees before 
top dead center (BTDC) improved the power developed from 10 to 20 percent over 
the range tested. The BSFC for the ethanol runs wit:1 44 degrees BTDC timing was 
compared with the BSFC for avgas with the 25-degree 3TDC timing table 10. In 
general, the BSFC for the ethanol is higher than the BSFC of the avgas, which is 
expected since ethanol has a lower energy content. The magnitude of the 
difference is not as great as the energy difference, however. Part of the 
explanation for this is the fact that the ethanol da·~a are taken at very lean 
fuel-to-air ratios, whereas the avgas data reflect C1:>nditions rich of the 
stoichiometric fuel-to-air ratio (no effort was made to lean the mixture below 
80 percent power as one would normally do in flight) . The horsepower used in 
these calculations is the actual horsepower, not the corrected horsepower. Bear 
in mind, the power at the individual settings is low,!r for the ethanol. 

TABLE 10. BSFC FOR ETHANOL AND AVGAS IN A FUEL INJECTED ENGINE 

Power setting 
(RPM/inHg) 

2700/FT* 
2600/27 
2500/25 
2400/24 
2300/23 
2200/22 
2100/21 
2000/20 

*Full throttle 

Brake Specific Fuel Consumption (lbm/hp-hr) 
Avgas Ethanol 

0.60 
0.60 
0.62 
0.63 
0.66 
0.62 
0.67 
0.66 

0.67 
0.68 
0.69 
0.70 
0.69 
0. 72 
0.72 
0.73 

A short vapor lock sequence was conducted using the denatured ethanol in the fuel 
injected engine. Table 11 shows the results of this study. The denatured 
ethanol was tested at two initial tank temperatures, 100 and 125 degrees 
Fahrenheit, and at a number of fuel flows. With the 100-degree Fahrenheit fuel, 
vapor lock was induced at only the 2.5 gph setting. At the higher fuel flow 
rates, the line heaters could not add sufficient heat to the fuel to approach the 
boiling point of the ethanol (78 degrees Celsius). i~s a consequence, no vapor 

37 



ETHANOL: FUEL INJECTED WITH DIFFERENT TIMING SETTINGS 
160 

150 

140 

130 

a: 120 w 
;: 
0 
A. 

110 w 
(I) 
a: 
0 
% 

100 Q 
w 
~ w 0 00 w 90 a: 
a: 
0 
0 

80 
0 AVGAS (25 deg B 

70 

60 

50 . . . 

2000/20 2100/21 2200/22 2300/23 2400/24 2500/25 2600/27 TAKE OFF 

ENGINE SETTING (RPM/MANIFOLD PRESSURE) 

+ 44 deg BTDC 0 50 deg BTDC 6 40 deg BTDC 

FIGURE 23. POWER DEVELOPED IDIEN USING ETHANOL IN A FUEL INJECTED ENGINE 



lock was observed. With the 125-degree Fahrenheit initial tank temperature, 
percolation was observed at the 2.5 and 5.0 gph fuel flow rates. This resulted 
in periods of unstable running but no power interrup1:ion. At the 10 and 14.5 gph 
fuel flow rates, vapor lock was observed. The sedim~mt bowl temperature was 
lower than the boiling point of ethanol but not by a significant amount. This 
was probably a consequence of the reduced pressure in the fuel system as a 
consequence of the high fuel flows. These tests ind:lcate that ethanol will vapor 
lock whenever the sediment bowl temperature approach~!s the boiling point of the 
ethanol. The hotter the fuel and the higher the fuel flow rate, the easier it is 
to induce vapor lock. 

TABLE 11. VAPOR LOCK BEHAVIOR OF ETHANOL IN A FUEL INJECTED ENGI1~ 

Initial Tank 
Temperature 
(OF) 

100 
100 
100 
100 
100 
100 

125 
125 
125 
125 

Fuel 
Flow 
(gph) 

2.5 
5.0 
7.5 

10.0 
12.5 
14.5 

2.5 
5.0 

10.0 
14.5 

*vapor lock was not observed. 

Line 
Heater 
Setting 

250 
250 
250 
250 
250 
250 

250 
250 
250 
250 

S1!diment Bowl Time at 
T~!mpera ture Point 
£'C) (min) 

77 15 
no VL* no VL 

" " 
" " 
" " 
" " 

no VL no VL 
" " 
76 11 
74 6.3 

During the course of the vapor lock runs using ethanol in the fuel injected 
engine, detonation was observed at the higher fuel flow rates. This happened 
only when setting the point on avgas, then switching from avgas to ethanol. 
Detonation was not observed when increasing the powe1~ setting from idle to a 
higher power setting using only ethanol. A review o:: the data showed the engine 
ran substantially hotter with avgas than with ethanol, and these hotter 
temperatures induced detonation when switching from a.vgas to ethanol. The lean 
mixtures associated with the ethanol probably contributed to the problem. 

An attempt was made to run methanol in the fuel injel~ted system by blending it 
with small quantities of 100LL avgas. Two blends we1~e prepared, one with 
5 percent avgas and one with 10 percent avgas. The blend of 5 percent avgas in 
methanol ran, but hesitation and misfiring were noted. The 10 percent avgas in 
methanol blend ran substantially smoother, but some hesitation was still noted on 
acceleration. The power developed when operating on the 10 percent avgas 
methanol blend was substantially lower than the powe:~ developed on avgas. Unlike 
the neat methanol, the 10 percent avgas methanol blend did successfully restart 
immediately following an engine shutdown, but it would not start following a cold 
soak. The ambient temperature for the start following a cold soak was 25 degrees 
Celsius (77 degrees Fahrenheit). The spark timing for these tests was set at 40 
degrees BTDC, and the idle mixture was adjusted to the full rich position. 
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The hesitation noted during these runs was thought to be due to the lean mixture. 
Several attempts were made to enrichen the mixture by heating the air going into 
the fuel injection unit (thus reducing the air density and increasing the fuel­
to-air ratio). This not only improved the smoothness of operation but resulted 
in substantially improved power development, implying the fuel was not completely 
vaporizing despite the fuel injection unit. A run was made using neat methanol 
in the fuel injected unit with the inlet air heated to approximately 65 degrees 
Celsius (150 degrees Fahrenheit). This time the engine ran but the operation was 
still somewhat rough, reinforcing the opinion that the fuel was not vaporizing 
completely before entering the combustion chamber (it would not run without 
heating the inlet air). 

During the blending of the 100LL avgas in methanol for these runs, it was 
necessary to agitate the blend to get the two constituents to mix. Otherwise the 
avgas would form a layer above the methanol and only gradually diffuse into the 
methanol. 

STRAIGHT ALCOHOLS, STANDARD CARBURETOR. The fuel system on the engine was 
converted to a carbureted system to investigate the problems which might be 
encountered with using straight alcohols in a carburetor. A short series of 
tests were conducted using the standard jet, which is sized for avgas, and the 
spark timing set at 25 degrees BTDC. 

The results for neat ethanol were similar to those when using the fuel injected 
system, with the power being down somewhat when compared to avgas, but this time 
significant engine roughness was observed. Heating the carburetor inlet air 
improved the smoothness of operation and increased the power developed. As the 
carburetor inlet air was heated, the temperature of the mixture downstream of the 
carburetor was measured. The temperature of the mixture remained essentially 
constant as heat was added until the temperature of the inlet air was between 50 
and 55 degrees Celsius (122 to 131 degrees Fahrenheit). As the temperature of 
the inlet air increased to about 50 degrees Celsius, the power developed also 
increased. Additional heat resulted in the mixture temperature increasing and 
the power decreasing. 

The methanol results using the unmodified carburetor also followed the trend 
observed with the fuel injected system. Neat methanol would not run even with 
full carburetor heat. The 10 percent avgas in methanol blend performed 
satisfactorily though at reduced power. As with neat ethanol, the use of 
carburetor heat improved the power and the smoothness of operation. The use of 
full carburetor heat (about 65 degrees Celsius) resulted in the best power in 
this instance. As with the fuel injected engine, a hot restart with the 
10 percent avgas in methanol blend was successful though cold starts could not be 
made on either neat methanol or the 10 percent avgas in methanol blend. 

A sample of neat ethanol with 10 percent avgas was also tested in the standard 
carburetor. The overall operation of the engine was improved substantially, and 
as before, the addition of carburetor heat improved the power slightly. The 
power developed using the avgas-ethanol blend was from 15 to 25 percent higher 
than the power developed with the neat ethanol. This was still approximately 
25 percent lower than the power developed using avgas in the standard carburetor. 
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STRAIGHT ETHANOL, MODIFIED CARBURETOR. The main jet in the carburetor was 
replaced with a jet with an area approximately 40 percent larger than the 
standard jet. This change allowed for the difference in energy content between 
avgas and ethanol. With the fuel-to-air ratio near stoichiometric, a sequence 
was initiated to determine what the effects of changes in the spark timing would 
have on the power developed. Figure 24 shows the power for a range of engine 
speed and manifold pressures' combinations as a function of ignition timing when 
using ethanol. The best overall performance was with the 25 degrees BTDC timing 
which is the standard timing used with avgas. With the timing set at 25 degrees 
BTDC, the power developed with neat ethanol is within the system repeatability of 
the power developed with avgas. 

The BSFC for the carbureted engine using both avgas and ethanol is tabulated in 
table 12. The BSFC now reflects the difference in the energy content of the 
fuel, with the BSFC running approximately 25 percent higher for the ethanol. The 
mixture is just rich of stoichiometric for both of these sets of data and the 
spark timing was at 25 degrees BTDC. As with table 10, the actual horsepower was 
used in these calculations, but in this case the power developed was comparable 
between these fuels. The differences noted show that the theoretical efficiency 
gains from running at leaner mixtures with alcohol fuels can be achieved, but 
they will not eliminate the need to burn more fuel due to the lower energy 
content. To realize these gains however, the spark timing will need to be 
optimized for the lean mixtures. Changing the spark timing will result in 
reduced power available at takeoff, however. 

TABLE 12. BSFC FOR ETHANOL AND AVGAS IN A CARBURETED ENGINE 

Power Setting 
(RPM/inHg) 

2700/FT* 
2600/27 
2500/25 
2400/24 
2300/23 
2200/22 
2100/21 
2000/20 

*Full throttle 

Brake Specific Fuel Consumption (lbm/hp-hr) 
Avgas Ethanol 

0.60 
0.63 
0.65 
0.62 
0.61 
0.62 
0.65 
0.66 

0.74 
0.79 
0.79 
0.78 
0.79 
0.81 
0.82 
0.83 

During the course of testing neat ethanol with the modified carburetor, several 
operational difficulties were noticed. 

Even though the engine would start on the neat ethanol, it would 
require a large amount of priming. No attempts were made to conduct 
a cold start with ambient conditions below 25 degrees Celsius 
(76 degrees Fahrenheit). 

When the engine was cold, the engine would stumble on acceleration. 
This problem did not occur after allowing the engine to idle for a 
few minutes. 
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There were large spreads between the exhaust g~.s temperatures (EGTs) 
and between the cylinder head temperatures (CHTs) indicating poor 
fuel distribution. At takeoff power settings, detonation was also 
noted; once again, the probable cause of the detonation was 
maldistribution. The temperature spread and detonation problems 
were reduced by the addition of carburetor heat. Also, the addition 
of carburetor heat improved the power developed, slightly. 

Ten percent unleaded autogas was added to the ethancl for the endurance tests 
which were used to accumulate enough time for the oil analysis. This appeared to 
eliminate the problems noted above. In addition, the literature indicated that 
10 percent gasoline in ethanol is an effective denaturing agent, it renders the 
flame luminous, and it prevents the mixture in the ullage space from being within 
flammable limits under most ambient conditions. 

Neat ethanol at 38 and 52 degrees Celsius (100 and 125 degrees Fahrenheit) would 
not vapor lock when tested on the engine with the modified carburetor. There 
were minor variations in the pump inlet pressure at the higher fuel flows with 
the 125-degree Fahrenheit tank temperatures, indicating vapor formation in the 
fuel system. These variations did not affect the pump output pressure nor the 
power developed. An attempt was made to induce vapor lock with the 10 percent 
autogas in ethanol blend using tank temperatures of 32 and 43 degrees Celsius (90 
and 110 degrees Fahrenheit). The results were similar to those obtained with 
neat ethanol. 

During the vapor lock tests, the EGT was monitored to determine if it would 
provide an indication of the onset of vapor lock. When the vapor lock occurred 
with the fuel injected system, only small changes were observed. No significant 
changes were noticed during the vapor lock tests with the carburetor. Since the 
fuel injected engine already ran lean and since the carbureted engine 
did not vapor lock, these results were not unusual. An attempt was made to 
determine the extent of the EGT change that would normally be observed when 
operating on ethanol by adjusting the mixture control. The changes observed did 
not follow the pattern established with avgas. As the mixture was leaned, a 
slight increase in EGT was observed. Further leaning did not affect the EGT 
until the fuel flow was reduced about 10 percent although the torque changed 
substantially. Leaning to misfire resulted in only small changes in EGT. The 
maximum EGT recorded was about 50 to 60 degrees Celsius lower than the maximum 
recorded with avgas or autogas. 

During the testing with the modified carburetor to get methanol near the 
stoichiometric fuel-to-air ratio, ethanol was used as the recovery fuel since 
avgas would not run at these fuel-to-air ratios. Under these conditions, the 
fuel-to-air ratio for the ethanol was very rich, and the power was consistently 
3 percent higher (about 5 hp at takeoff) than with only slightly rich fuel-to-air 
ratios. This means, an engine certified on ethanol ·~ill be capable of developing 
more power than one operating on avgas or autogas. 

STRAIGHT METHANOL, MODIFIED CARBURETOR. The carburetor was modified to allow 
methanol to run at stoichiometric fuel-to-air ratios. These modifications 
included increasing the area of the main jet by 75 percent of the area used with 
avgas. Even with these modifications the engine would not run with neat 
methanol. The problem appeared to be maldistribution when using methanol in the 
carbureted engine. While carburetor heat improved the performance significantly, 
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it still was not acceptable. As a consequence, a blend of 15 percent unleaded 
autogas in methanol was used for the balance of the testing with methanol. This 
blend appeared to improve the performance to satisfactory levels with the 
exception of cold start problems. The engine needed to be primed with autogas in 
order to start if the ambient temperature was below 19 degrees Celsius 
(67 degrees Fahrenheit), and the engine had to be preheated if the ambient 
temperature was below 8 degrees Celsius (46 degrees Fahrenheit). 

The addition of 15 percent autogas to the methanol also resolved several of the 
other problems associated with the use of neat methanol. It effectively 
denatures the methanol so that accidental consumption is deterred, it renders the 
flame luminous, and it results in fuel-to-air ratios in the ullage space that are 
too rich to support combustion. 

The effect of spark timing was investigated once the fuel-to-air ratio was 
adjusted to be rich of stoichiometric. The results are shown in figure 25, and 
the optimum spark timing for these conditions was 25 degrees BTDC. This is the 
same timing used for avgas and ethanol with rich of stoichiometric fuel-to-air 
ratios. The power developed with the methanol was slightly higher than the 
power developed using avgas. This could be a consequence of the large 
temperature drop that occurs across the carburetor, effectively reducing the 
temperature of the mixture entering the engine. 

The BSFC for the 15 percent autogas in methanol fuels is presented in table 13 
for both rich and lean fuel-to-air ratios. Avgas data are also presented for 
comparison purposes. The spark timing for all three sets of data was 25 degrees 
BTDC, and the actual horsepower was used to make the calculations. In general, 
the rich methanol data reflect the difference in energy content between methanol 
and avgas. The lean data show that some of this difference can be compensated 
for by leaning the mixture, although the results for these power settings are 
inconclusive. Figure 26. shows the BSFC over a range of cruise power settings. 
The general trend is toward better BSFC as the engine speed is reduced and the 
manifold pressure is increased. Much of the scatter in figure 26 is a 
consequence of trying to set the mixture to just rich of lean misfire; small 
differences in the fuel flow rate when near the lean limit significantly affect 
the power developed. The data are more repeatable at the rich setting with the 
exception of the 1800 rpm full throttle setting. In this case the engine ran 
rough, probably because of maldistribution. Figure 27 shows the horsepower 
developed at the same power settings. The horsepower for the lean mixtures is 
lower than the horsepower for the rich mixtures, so the tradeoff for fuel 
efficiency will be slower airspeeds. If one is flying into a strong headwind, 
the slower airspeeds could result in greater fuel consumption. Once again, the 
spark timing for optimum power with a rich mixture is significantly different 
than the spark timing for best economy with a lean mixture; and selecting a spark 
timing to get maximum efficiency will reduce the power available at takeoff power 
settings. 
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TABLE 13. 

Power Setting 
(RPM/inHg) 

2700/FT* 
2600/27 
2500/25 
2400/24 
2300/23 
2200/22 
2100/21 
2000/20 

*Full throttle 
~ot available 

BSFC FOR METHANOL AND AVGAS IN A CARBURETED ENGINE 

Brake Specific Fuel Consumption (lbm/hp-hr) 
Avgas Methanol (rich) Methanol (lean) 

0.60 
0.63 
0.65 
0.62 
0.61 
0.62 
0.65 
0.66 

0.85 
0.88 
0.89 
0.92 
0.91 
0.94 
0.97 
0.99 

N/A+ 
N/A 
N/A 
0.98 
0.93 
0.93 
0.93 
N/A 

A number of vapor lock tests were conducted with the methanol and 15 percent 
autogas blends. Below 43 degrees Celsius (110 degrees Fahrenheit), vapor lock 
could not be induced. With the tank temperature at 43 degrees Celsius, vapor 
lock occurred only at the takeoff power setting and with the line heaters set at 
250 (the maximum setting used throughout the program). The sediment bowl 
temperature under these conditions was slightly lower than the boiling point of 
methanol. A tank temperature of 49 degrees Celsius (120 degrees Fahrenheit) 
resulted in vapor lock throughout the range of fuel flows, with vapor lock 
occurring sooner at the higher fuel flow rates. The sediment bowl temperatures 
were 10 to 15 degrees Celsius lower than the boiling point of methanol for the 
higher fuel flow rates, and the pump inlet pressures were high enough to indicate 
that the vapor lock was not occurring in the sediment bowl with this fuel. The 
pump outlet temperatures just prior to vapor lock were close to the boiling point 
of methanol, indicating the fuel was boiling in the pump itself. In general, the 
power loss with the 15 percent autogas in methanol blend and ethanol fuels was 
very abrupt. This contrasts with the autogas and alcohol blend (the alcohol 
blends are primarily gasoline) results, where some misfire preceded power loss. 
Apparently, once a fuel which is primarily made of one component reaches the 
boiling point of that component, enough vapor is generated to result in fuel 
starvation. 

When testing the different modifications to the carburetor in order to obtain 
stoichiometric fuel-to-air ratios with methanol, the engine would be started and 
set on a data point using ethanol. The CHTs were typically hotter when running 
on the ethanol fuel than when running on the methanol fuel, and when the methanol 
fuel was selected, detonation resulted. This was similar to the problems 
associated with switching to ethanol after setting a point on gasoline. 

There was a preignition problem with methanol that was significantly different 
from the detonation mentioned above. When running at high power settings for 
extended periods of time and with reduced cooling air pressures, the CHTs would 
suddenly rise at a rate of approximately 100 to 150 degrees Celsius per minute. 
Coupled with this sudden temperature rise, the power would drop dramatically. 
The throttle would have to be reduced to idle settings in order to stop the 
temperature rise and to stabilize the power being developed. It appears as 
though some internal engine component reached the spontaneous ignition point for 
methanol (470 degrees Celsius) and the mixture would begin to burn as it entered 

48 



the combustion chamber. A horoscope examination of the engine following the 
first of these events revealed evidence of thermal damage to the pistbn top and 
scuff marks on the cylinder wall. A compression check yielded normal results, so 
testing was continued without replacing the piston. 

During one of the runs to accumulate time on the engine with the 15 percent 
autogas in methanol blends, the fuel in one tank was freshly blended and the fuel 
in the other was fuel which had been heated to 49 degrees Celsius for the vapor 
lock tests. At the cruise power setting, the mixture was set to just rich of the 
lean misfire limit on the freshly blended fuel. When the tank containing the 
heated fuel was selected, the engine began to misfire and enriching the mixture 
improved the performance. This phenomena was probably caused by a combination of 
the following: as the alcohol fuel was heated it absorbed water, and heating the 
fuel boiled off some of the gasoline which had been blended with the methanol. 
Both of these reduce the energy content of the fuel, resulting in a leaner 
mixture than with the freshly blended fuel. 

There was a substantial number of material compatibility problems associated with 
running neat methanol and the 15 percent gasoline in methanol blends. The 
neoprene tips on the carburetor needle valve would siiell so badly that there 
would not be enough fuel flow to accelerate the engine out of the idle condition. 

As mentioned earlier, the selector valve seized after a relatively short period 
of operation on methanol, and the tanks showed some evidence of internal 
oxidation with methanol. The discharge end of the a~celeration pump, the main 
jet, and the idle jets were coated with a white residue at the end of the 
methanol runs. These areas, which are made of brass, also appeared to be 
slightly pitted. 

A sample of methanol was mixed with 15 percent TBA and this blend was tested in 
the carbureted engine. The increase in energy density allowed the engine to 
operate but the performance was still less than satisfactory. Carburetor heat 
was added to see the effect it would have on the powar developed. Figure 28 
shows the effect of the carburetor inlet temperature on the horsepower that was 
developed. The engine speed was 2400 rpm and the ma:1ifold pressure was 24 inHg 
for this set of data. Initially, carburetor heat reduced the power as expected; 
but when the temperature of the inlet air was raised above the boiling point of 
methanol, the power began to increase. A plot of tha horsepower versus 
carburetor inlet temperature is also shown for the 1.5 percent autogas in methanol 
blend. In this case, the power decreased with incre,~sing inlet temperature 
throughout the entire range. This implies that the 1nethanol/TBA blend is not 
fully vaporizing before entering the combustion cham)er, resulting in 
maldistribution and reduced power. This confirms th,a results noted earlier with 
the fuel injected engine. 

During the course of the endurance runs with methanol, the oil level was checked 
following every test. On cool days (8 degrees Celsi·Js or cooler), there would be 
a white foam on the dipstick following each test. T1is confirms oil 
compatibility problems that were reported in the lit,arature. 

A barrel of 15 percent autogas in methanol was accidantally contaminated with an 
unknown amount of water during the course of the pro:?;ram. A fuel sample, which 
was drawn from this barrel, had a white milky appear,mce and it would not run in 
the engine. Once again, this highlights the need fo·r improved housekeeping to 
keep water away from any fuel containing alcohol. 
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OTHER FUELS. An unleaded racing gasoline was tested to determine if there was a 
commercially available, unleaded fuel for use in the engines which were 
originally certified on 91/96 octane avgas. This might become a concern once the 
lead is phased out of the automobile gasoline and it is no longer feasible to 
produce TEL in the limited quantities needed for avi:ttion gasoline production. 
Table 14 contains the specifications provided by Sun Marketing and Refining. The 
ERVP measured following delivery was 8.4 psig and tha distillation curve 
following delivery is shown in figure 29. The entire test sequence with this 
fuel was conducted with the fuel injection system in.stalled on the engine. 

The vapor lock sequences conducted with this fuel indicated that its vapor lock 
behavior was similar to that of normal unleaded gasolines with an RVP of about 
8.5 psig, and the conditions most likely to result i·a vapor lock were 43 degrees 
Celsius (110 degrees Fahrenheit) fuel temperature and takeoff fuel flows. 

Attempts to induce detonation in the engine, while o·perating on the unleaded 
racing gasoline, were unsuccessful. The BSFC at cruise power settings and with 
the mixture set to best power were about 0. 45 lbm/hp·-hr. No problems with either 
the elastomers in the fuel system or with engine ope·t'ations were noted during the 
tests conducted with this fuel. 

MTBE was tested with both the standard carburetor and a modified carburetor 
installed on the engine. These tests were conducted prior to flight tests using 
MTBE that were conducted at the National Institute of Petroleum and Energy 
Research, Bartlesville, OK. 

The results with the standard carburetor installed i:adicated the engine would not 
detonate, but the cylinder head temperatures ran about 25 degrees Celsius hotter 
than the recommended maximum CHT. This was a conseq·:.tence of running the engine 
lean of p~ak EGT since the energy content of MTBE is lower than for gasoline. 
Retarding the timing from the standard setting of 25 degrees BTDC to 20 degrees 
BTDC reduced the CHTs but also reduced the power by a.bout 5 percent. With the 
modified carburetor installed, the best power was obtained with the timing set to 
25 degrees BTDC. 

A vapor lock sequence was conducted. The MTBE would vapor lock whenever the 
sediment bowl temperature reached the boiling point ,,f the fuel, 55 degrees 
Celsius (131 degrees Fahrenheit). The hotter the ta::1k, the more likely the fuel 
would vapor lock; and the greater the fuel flow, the greater the chance of vapor 
lock. The maximum temperature tested was 43 degrees Celsius. It should be noted 
that the onset of vapor lock was very abrupt. This 'iTas similar to the results 
obtained with the methanol and ethanol fuels. It ap·pears that once a fuel 
consisting primarily of a single constituent approaches the boiling point of 
that constituent, enough vapor is formed to immediat•i!!ly result in power loss. 
The EGT does not give any indication of a change in 1nixture nor does the pump 
outlet pressure. The pump inlet pressure gives some indication of vapor lock but 
does not give the warning one would receive if operating on a gasoline. 

The fuel-to-air ratio was adjusted to near stoichiom•atric for MTBE by installing 
the modified carburetor used with methanol, then lea·:dng to obtain the best 
power. The power developed under these conditions w:ts approximately 6 percent 
higher than the power obtained with avgas, and the B:~FC was 0. 57 lbm/hp-hr. This 
compares favorably with the BSFC figures obtained with avgas. The air-to-fuel 
ratio at takeoff power, under these conditions, was :tpproximately 10.6 to 1. 
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TABLE 14. UNLEADED RACING GASOLINE ~;PECIFICATIONS 

Item -
API Gravity, ASTM 0287 
Research Octane No., ASTM 02699 
Motor Octane, ASTM 02700 
Sensitivity, (R-t.t) 
Octane, (R+M) /2 

Reid Vapor Pressure, psi 
ASTM 0323 Automated 

Distillation, ASTM 086 
Automated 

IBP 
1~ Evap. 
5~ Evap. 
90~ Evap. 
FBP 

Lead, Organic g/U.S. Gal., 
ASTM 03?29, 02599 

Hydrogen, Wt. ~, ASTM 03343 
Sulfur, Wt. ~, ASTM 02622 
Phosphorus, ppm, ASTM 03231 
Oxygenates, Vol. ~ 
Hydro~arbon Composition, 

Vol.~, ASTU 01319 
Aromatics 
Olefins 
Saturates 

Copper Strip Corrosion, 
Rating, ASTM 0130 

Existent Gum, mg/100 ml, 
ASTM 0381 

Oxidation Stability, Minutes, 
ASTM 0525 

53 

Result 

57.3 
103.8 
92.4 
11.4 
98.1 

9.63 

82 
133 
216 
238 
389 

0.008 

Specification 

98.0 Min. 

9-11 

0.05 Max. 



The CHTs were slightly higher than those obtained with avgas at takeoff power 
and with the same cooling air temperature and pressure, but they were still 
within the limits specified for this engine. 

The rubber tip of the needle valve in the carburetor float assembly swelled when 
exposed to MTBE. This needle valve had been exposed to methanol, and it is 
uncertain if that affected the amount of swell. The needle valve was replaced 
with a brass one for the balance of the testing. 

OIL ANALYSIS. Table 15 contains the results of the oil analyses. In table 15, 
the number of hours the engine oil was in use, the principal type of fuel used, 
the wear material and particulates, and oil condition are tabulated. With the 
exception of the oil sample taken following the methanol runs, Spectro/Metrics 
Inc., reported the results as normal. The iron and silicon levels were 
abnormally high for the sample taken after the methanol runs. 

TABLE 15. OIL ANALYSIS RESULTS 

Control Wear Materials&Particulates(Dimensionless) Oil Condition 
Time Fuel Al Cr Cu Fe Pb Sn Si Mg Mo Ni Ag H2o Diel Fuel Vise pH 
(hr) ID % % SAE 

47 C1 24 18 30 188 251 14 19 3.6 0 6.9 1.0 <.05 4 <1 45 6.3 
22 C2 11 11 11 59 327 7.1 5.5 2.7 0 5.3 0.9 <.05 2 <1 44 6.5 
20 C2+C1 15 11 13 67 544 6.8 5.2 3.3 0 5.8 2.1 <.05 0 <1 37 6.9 
29 MB 3.4 1.7 6.4 27 1579 0 1.2 1.8 0 1.2 1.1 <.05 3 <1 39 6.5 
20 EB 3.2 2.5 5.9 25 260 0.6 2.2 2.2 0 0.0 2.5 <.05 2 <1 42 6.7 
12 MB* 4.5 2.2 5.5 21 460 0.3 1.1 2.0 0 0.0 0.0 <.05 1 <1 39 6.7 
16 EB* 5.5 3.3 5.5 27 437 0.6 1.6 1.5 0 1.2 1.0 <.05 4 <1 42 6.7 
24 RG 16 12 16 85 729 4.3 3.6 1.6 0 2.5 0.7 <.05 4 <1 44 6.5 
27 EB** 5.0 8.7 13 62 524 4.1 2.0 1.9 0 1.6 0.6 <.o5 1 <1 42 6.6 
20 EB** 8.9 7.3 13 49 360 2.0 3.1 2.5 0 2.9 2.5 <.05 2 <1 44 6.7 

Diel - Dielectric or Carbon Content 
Vise - Viscosity 
C1 - Methanol, C2 - Ethanol, RG - Racing Gasoline, MB - Methanol in Autogas, 

EB - Ethanol in Autogas 
< - denotes less than 
*Vapor lock sequence, approximately half of the time is on avgas 
**Different oil than used for the other data 

In general, the lead contained in ~he oil was higher when operating on fuels 
containing methanol. Indeed, the MB sample on line four of table 15 was the 
first time a methanol fuel was run in the engine. An inspection of the engine 
indicated most of the lead deposits had been scavenged from the cylinder and the 
exhaust system. By the time the C1 sample (line one of table 15) had been run in 
the engine, the exhaust system no longer appeared to be coated with any lead 
deposits. 
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A comparison of the data obtained following the vapor lock sequences (lines 6, 7, 
and 8 in table 15) against the data from the endura11ce runs (lines 3 and 4) 
indicates there is a trend for the oil to remain cleaner (with the exception of 
the lead content, as noted above) following the endurance runs. This is contrary 
to what was expected, since the engine was operated at high power for extended 
periods of time during the endurance runs and the o:il was used for a longer 
period of time. The most significant difference between the two sets of data is 
use of 100LL avgas as the recovery fuel during the vapor lock runs. It is likely 
that the by-products of combustion associated with the TEL found in the avgas are 
responsible for this increased level of contamination. 

The metals found in the oil were higher for the straight alcohol fuels than for 
the fuels containing gasoline and the methanol was r..·orse than the ethanol. The 
pH of the methanol sample (line 1) was the most acidic of all the samples tested. 
This may be related to the white foam that was seen on the dipstick when the 
methanol fuels were run on cool days. 

During the course of switching from the carbureted to fuel injected fuel system, 
the oil sump and the valve covers were removed from the engine and inspected. 
These inspections did not reveal any unusual sludge or varnish buildups and there 
was no evidence of corrosion. It should be noted that the engine was run on MTBE 
following the incidents where the white foam was observed on the dipstick. 

REID VAPOR PRESSURE EFFECTS. The Reid Vapor Pressure is usually considered a 
useful indicator of the vapor lock tendencies of the fuel. The ERVP measurements 
made of the alcohol blends (see figures 2 and 3) did not change with alcohol 
concentration though the vapor lock behavior. did. 'Ihe GCK values did change 
substantially with alcohol concentration, and the changes· tended to reflect the 
change in vapor lock behavior. Table 16 lists the average time to vapor lock and 
the average sediment bowl temperature for a number GCK ranges. 

TABLE 16. TIME TO VAPOR LOCK AND SEDIMENT BOWL TEMPERATURE FOR GCK RANGE 

Pressure Avs. Time Avs. Sediment 
Range to VaEor Lock Bowl Tem:2erature 

(psig) (min.) (degC) 

11 to 12 3.40 46.58 
14 to 15 2.76 42.36 
16 to 17 2.88 41.97 
17 to 18 2.41 39.98 
Above 18 3.25 46.16 

In general, the time to vapor lock decreases with increasing GCK and the sediment 
bowl temperature decreases with decreasing GCK. The exception is the 18-plus 
point, and there is only one sample in that range so the confidence in those 
values is limited. 
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The most significant differences between the Reid Method and the Gas Chek Kit are 
sample size and temperature. Changing the temperature in the RVP apparatus from 
38 degrees Celsius to 65 degrees Celsius used in the Gas Chek Kit results in 
readings similar to those obtained with the Gas Chek Kit. This implies that for 
the Reid Method to be an effective indicator of the vapor lock behavior of an 
alcohol blend, the bath temperature will need to be increased to 65 degrees 
Celsius. 

CONCLUSIONS 

An analysis of the literature identified a number of problem areas which will 
need to be addressed if fuels containing alcohol are to be used in general 
aviation aircraft: 

1. Material compatibility presents the greatest area of concern. Many of the 
materials currently found in general aviation aircraft are susceptible to the 
alcohol-containing fuels. Conversely, many of the materials that have been 
developed for the automobile industry can be used in general aviation aircraft 
fuel systems. 

2. The long-term effects of using fuels containing alcohols on the lubricating 
oil is another area of concern which needs to be addressed. 

3. Corrosion of the engine and exhaust components is greater when compared to 
the similar components on engines that used unleaded gasoline. No data comparing 
alcohol-containing fuels and leaded gasoline were available. 

4. The volumetric fuel efficiency (i.e., gaildns per hour) is expected to 
decrease with increasing alcohol concentration, and it is expected to be worse 
for fuel containing methanol as compared to ethanol and higher order alcohols. 
This is offset somewhat by the high octane ratings associated with methanol and 
ethanol, and the fact that alcohols will burn at very lean fuel-to-air ratios. 

5. In general, alcohol containing fuels can hold more water in solution than 
petroleum based fuels, but this feature is highly temperature dependent. Also, 
alcohol fuels will absorb water from the environment, and this may result in a 
substantially lower energy content, reduced power output, filtration problems, 
phase separation, and power interruptions. 

6. Hard starting was identified during the literature search as one of the areas 
of concern. The greater the percentage of alcohol, the greater the problem is 
expected to be. 

7. Alcohol fuels will dissolve many of the gums and residues that build up over 
time in a fuel system, and these gums may be deposited in filters and fine 
metering orifices. This may present a problem for aircraft that are using 
alcohol blends after operating on avgas for a number of years. 

The dynamometer tests identified the conditions most likely to result in vapor 
lock when operating on a gasoline which contains alcohol. These conditions are a 
fuel temperature in the tank of from 35 to 38 degrees Celsius (95 to 100 degrees 
Fahrenheit), an alcohol concentration of 15 percent on a weight/weight basis, and 
takeoff fuel flow. Gasoline blends made with methanol, with TBA as a cosolvent, 
are only slightly more prone to vapor lock than blends made with ethanol. As 
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with straight gasolines (reference 44), the hot fuel certification tests for 
gasolines containing alcohols should be conducted on days when the ambient 
temperature exceeds 30 degrees Celsius (85 degrees Fahrenheit) and with as high a 
Reid Vapor Pressure fuel as allowed under ASTM specifications in effect at the 
time of certification. The certification tests should be conducted when the 
relative humidity is high, since the absorption of water from the environment 
increases the probability of vapor lock occurring. 

The worse case for vapor lock when using straight alcohols or fuels consisting 
primarily of one constituent (such as MTBE) is when the fuel is near the boiling 
point of the principal constituent and at takeoff fuel flow. The boiling point 
of ethanol is 78 degrees Celsius (172 degrees Fahrenheit), and realistically, the 
fuel in the tank will never reach this temperature. Results of a temperature 
survey (reference 45) indicate that the maximum fuel temperature is approxi­
mately 46 degrees Celsius (115 degrees Fahrenheit) for white tanks and 52 degrees 
Celsius (125 degrees Fahrenheit) for black tanks. The use of these temperatures 
as certification criteria will provide realistic certification tests for straight 
alcohol fuels. 

During the course of testing the alcohol blends, the absorption of water from the 
air was more of a problem than indicated in the literature, and phase separation 
was regularly observed. The existing system of using a tank sump and sediment 
bowl did not provide enough protection to prevent accidental power loss. The 
rate of absorption appears to be related to the temperature of the fuel and the 
relative humidity. 

The only problem experienced with water contamination of the straight alcohol 
fuels was the consequence of the accidental addition of bulk water to a methanol 
fuel which contained 15 percent gasoline. The result was an emulsion which would 
not run in the test engine. 

The motor octane number is indicative of the detonation characteristics of 
gasoline/alcohols blends in the test engine. If the alcohol is added to the fuel 
to boost the octane rating, then the loss of the alcohol due to phase separation 
will lower the octane rating of the remaining fuel. This may result in 
detonation if the octane rating of the remaining fuel is lower than the engine 
requirements. 

Detonation or preignition was observed with the straight alcohol fuels containing 
methanol being worse than the ethanol. This was not expected since the octane 
ratings of the alcohols were higher than the autogas which had been tested 
previously. Two conditions resulted in detonation or preignition. The first was 
the consequence of switching from a fuel with a higher energy density to an 
alcohol fuel. The other occurred when the engine was operated on methanol at 
near stoichiometric fuel-to-air ratios and at takeoff power. 

The metals in the fuel system used during the ground-based tests experienced 
corrosion when exposed to the alcohol blends. Some of this was a consequence of 
the corrosive nature of the alcohol/water phase which separated from the gasoline 
blends. The amount of corrosion was worse using the blends made with methanol 
than the blends made with ethanol. 
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The use of straight alcohol fuels may result in severe corrosion problems in the 
existing fleet of general aviation aircraft. The use of methanol will result in 
more problems than ethanol. 

Many of the synthetic materials found in the fuel system used in these tests were 
susceptible to attack from gasolines containing alcohol. In general, the blends 
made with methanol resulted in more problems than the blends made with ethanol. 
The use of straight ethanol did not result in any problems which were not 
previously experienced with the gasoline blends. Methanol did result in some 
severe swelling of neoprene rubber components which eventually restricted the 
flow of fuel to the engine. 

An oil analysis conducted as a part of this study indicates the level of 
contamination is related to the fuel in use. Methanol resulted in the most 
contaminants followed by ethanol, gasolines containing methanol, and gasolines 
containing ethanol. There were indications that the use of methanol would result 
in unacceptable levels of contamination. 

It was extremely difficult to recover from vapor lock when the fuel being studied 
contained any alcohol. This appears to be related to a solubility problem with 
avgas. Problems with engine operations may be encountered in flight if one tank 
contains avgas and the other contains an alcohol blend. 

Attempts at optimizing the fuel consumption when operating on straight alcohol 
improved the fuel consumption somewhat, but they did not result in the gains 
predicted in the literature. To reach these gains the engine and spark ignition 
will need to be redesigned specifically for the use of alcohol fuels. Operations 
just rich of the lean misfire limit may result in engine stoppage when switching 
tanks, if the fuel in the second tank does not contain a fuel which has the same 
or higher energy density as the fuel in the first tank. 

Up to 15 percent gasoline was added to methanol and 10 percent to ethanol in 
order to improve the cold starting behavior and engine smoothness. When the 
ambient conditions were cooler than 8 degrees Celsius (46 degrees Fahrenheit) 
the engine would not operate on methanol without being preheated. The gasoline 
acts as a denaturing agent; it will prevent the existence of explosive fuel/air 
mixtures in the ullage space in the tank; and it will render the flame luminous 
under most circumstances. These small amounts of gasoline did not adversely 
affect the vapor lock behavior of the fuels. 

The tests indicate MTBE has the potential to be used as a replacement for avgas. 
Some engine modifications will need to be made to compensate for the lower energy 
density however. 

The unleaded racing gasoline tested performed satisfactorily in the test engine. 

Valve seat recession was not measured, and the absence of lead in many of the 
fuels may result in greater valve-seat wear. 

Dissolved air in the alcohol blends may collect in the fuel injection unit and 
result in power loss. 

Fuel venting overboard could result in reduced operating ranges when using 
alcohol blends. 
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APPENDIX A BLENDING CALCULATIONS 

METHANOL CALCULATIONS: 

T = weight of TBA 
M = weight of methanol 
G = weight of the base gasoline 
P = desired percentage of alcohol 

M 
p = 

G + M + T 

For our purposes M = T 50: 

M 
p = 

G + <2 M> 

We know the weight of gasoline and the desired percentage of alcohol 
so we can solve for the weight of methanol. 

M = P ( G + <2M> > 

M - P<2M> • PG 

M < 1 - < 2P > > = PG 

PG 
M = = T 

1 - 2 p 

EXAMPLE: 
We have 210 lbs. of base gasoline and "''e want 20% methanol in 

the blended fuel. 

( .2>210 
M = 

1- 2<.2> 

M = 70 lbs of methanol 

therefore we add 70 lbs of methanol to the base fuel and 70 lbs of 
TBA. As a check: 

70 
= .2 

210 + 70 + 70 
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ETHANOL CALCULATIONS: 

E = weight of denatured ethanol 
G = weight of the base gasoline 
P = the desired percentage of alcohol 

The denatured ethanol we are using is 97% ethanol and 3% avgas so: 

.97E 
p = 

G + E 

Solving for E: 

.97E = P<G + E> 

E<.97- P> = PG 

PG 
E = 

.97 - p 

E><ample: 
We have 280 lbs of base gasoline and we want SX ethanol in the 

blend. The equasion becomes: 

.05(280> 
E = 

.97 - .OS 

E = 15.2 lbs 

Therefore we add 15.2 lbs of tne denatured ethanol to the base 
gasoline. As a check: 

.97 (15.2> 
= .os 

280 + 15.2 
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APPENDIX B ALCOHOL BLEND I>ATA 

FUEL !NIT !NIT !NIT FUEL LINE AUTO HED F .I. TIME POST POST 
ID ERVP GCK TEMP FLOW HEATER LINE BOWL INLET TO VL ERVP GCK 

psig psig degF gpb SETTING degC dt!gC degC min psig psig 

NBF 11.2 11.3 110 2.5 150 58 47 43 6.25 10.1 10.8 
NBF 11.2 11.3 110 5 .o 150 45 48 53 5.50 10.1 10.8 
NBF 11.2 11.3 110 7.5 110 45 49 54 3.75 10.1 10.8 
NBF 11.2 11.3 110 10.0 110 45 49 55 2.50 10.1 10.8 
NBF 11.2 11.3 110 12.5 110 46 47 48 1.00 10.1 10.8 
NBF 11.2 11.3 110 14.5 110 45 47 47 0.75 10.1 10.8 
NBF 11.2 11.3 110 2.5 150 54 45 44 5.83 7.7 10.9 
NBF 11.2 11.3 110 5.0 150 43 47 54 5.50 7.7 10.9 
NBF 11.2 11.3 110 7.5 110 43 47 54 3.67 7.7 10.9 
NBF 11.2 11.3 110 10.0 110 44 48 55 2.67 7.7 10.9 
NBF 11.2 11.3 110 12.5 110 45 49 55 1.83 7.7 10.9 
NBF 11.2 11.3 110 14.5 110 45 48 55 1. 50 7.7 10.9 

5%-C2 11.8 14.9 90 2.5 150 40 43 41 6.50 10.7 13.1 
5%-C2 11.8 14.9 90 5.0 150 43 42 47 6.00 10.7 13.1 
5%-C2 11.8 14.9 90 7.5 90 33 38 47 3.17 10.7 13.1 
5%-C2 11.8 14.9 90 10.0 90 34 39 47 2.17 10.7 13.1 
5%-C2 11.8 14.9 90 12.5 90 34 38 46 1.50 10.7 13.1 
5%-C2 11.8 14.9 90 14.5 90 34 37 42 0.83 10.7 13.1 
5%-C2 11.8 14.9 110 2.5 150 50 45 40 6.00 9.1 13.1 
5%-C2 11.8 14.9 110 5.0 150 43 46 52 5.17 9.1 13.1 
5%-C2 11.8 14.9 110 7.5 110 43 46 51 3.17 9.1 13.1 
5%-C2 11.8 14.9 110 10.0 110 44 45 47 2.33 9.1 13.1 
5%-C2 11.8 14.9 110 12.5 110 43 45 45 1.50 9.1 13.1 
5%-C2 11.8 14.9 110 14.5 110 44 45 45 0.83 9.1 13.1 
5%-C2 11.8 14.9 120 2.5 150 58 47 41 6.33 7.7 11.5 
5%-C2 11.8 14.9 120 5 .o 150 49 49 53 5.67 7.7 11.5 
5%-C2 11.8 14.9 120 7.5 120 48 50 54 4.00 7.7 11.5 
5%-C2 11.8 14.9 120 10.0 120 48 51 55 3.00 7.7 11.5 
5%-C2 11.8 14.9 120 12.5 120 48 51 53 1.33 7.7 11.5 
5%-C2 11.8 14.9 120 14.5 120 48 51 50 1.17 7.7 11.5 

10%-C2 11.2 18.1 100 2.5 150 44 41 41 5.83 10.6 13.4 
10%-C2 11.2 18.1 100 5.0 100 38 42 48 3.83 10.6 13.4 
10%-C2 11.2 18.1 100 7.5 100 39 43 48 2.50 10.6 13.4 
10%-C2 11.2 18.1 100 10.0 100 39 43 48 2.00 10.6 13.4 
10%-C2 11.2 18.1 100 12.5 100 39 41 44 1.00 10.6 13.4 
10%-C2 11.2 18.1 100 14.5 100 38 40 38 0.67 10.6 13.4 
10%-C2 11.2 18.1 110 2.5 150 53 46 44 7.00 9.8 14.3 
10%-C2 11.2 18.1 110 5.0 110 46 45 51 4.00 9.8 14.3 
10%-C2 11.2 18.1 110 7.5 110 44 46 52 3.00 9.8 14.3 
10%-C2 11.2 18.1 110 10.0 110 45 46 50 1.67 9.8 14.3 
10%-C2 11.2 18.1 110 12.5 110 46 44 45 0.83 9.8 14.3 
10%-C2 11.2 18.1 110 14.5 110 46 44 44 0.50 9.8 14.3 
10%-C2 11.2 18.1 120 2.5 150 56 50 45 6.17 6.7 13.2 
10%-C2 11.2 18.1 120 5 .o 150 54 52 56 5.67 6.7 13.2 
10%-C2 11.2 18.1 120 7.5 150 48 52 56 5.50 6.7 13.2 
10%-C2 11.2 18.1 120 10.0 120 48 51 55 3.50 6.7 13.2 
10%-C2 11.2 18.1 120 12.5 120 49 50 53 2.17 6.7 13.2 
10%-C2 11.2 18.1 120 14.5 120 48 49 49 1.00 6.7 13.2 
10%-C2 11.2 18.1 120 7.5 120 51 52 56 4.83 6.7 13.2 
15%-C2 11.3 17.4 90 2.5 150 39 42 41 6.67 10.4 14.4 
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FUEL INIT INIT INIT FUEL LINE AUTO SED F. I. TIME POST POST 
ID ERVP GCK TEMP FLOW HEATER LINE BOWL INLET TO VL ERVP GCK 

psig psig degF gph SETTING degC degC degC min psig psig 

5S-C1 11.5 14.8 110 2.5 150 47 43 42 6.33 10.0 15.1 
5%-C1 11.5 14.8 110 5.0 150 47 44 51 5.83 10.0 15.1 
5S-C1 11.5 14.8 110 7.5 110 44 45 50 2.83 10.0 15.1 
5S-C1 11.5 14.8 110 10.0 110 44 45 51 2.33 10.0 15.1 
5S-C1 11.5 14.8 110 12.5 110 45 45 50 1.50 10.0 15.1 
5%-C1 11.5 14.8 110 14.5 110 44 44 44 0.83 10.0 15.1 

10S-C1 12.4 17.5 90 2.5 150 39 38 42 5.83 11.8 17.8 
10S-C1 12.4 17.5 90 5.0 90 34 37 46 2.00 11.8 17.8 
10S-C1 12.4 17.5 90 7.5 90 33 36 47 1.17 11.8 17.8 
10S-C1 12.4 17.5 90 10.0 90 34 36 44 1.17 11.8 17.8 
10S-C1 12.4 17.5 90 12.5 90 34 37 45 0.83 11.8 17.8 
10%-C1 12.4 17.5 90 14.5 90 35 36 44 0.50 11.8 17.8 
10S-C1 12.4 17.5 100 2.5 150 45 42 44 6.17 9.9 16.1 
10%-C1 12.4 17.5 100 5.0 100 38 41 49 3.83 9.9 16.1 
10%-C1 12.4 17.5 100 7.5 100 39 41 48 2.17 9.9 16.1 
10%-C1 12.4 17.5 100 10.0 100 38 42 50 2.33 9.9 16.1 
10%-C1 12.4 17.5 100 12.5 100 38 42 49 1.50 9.9 16.1 
10%-C1 12.4 17.5 100 14.5 100 38 42 48 1.33 9.9 16.1 
10%-C1 12.4 17.5 110 2.5 150 49 44 44 5.67 8.6 15.1 
10%-C1 12.4 17.5 110 5.0 110 42 45 52 3.67 8.6 15.1 
10S-C1 12.4 17.5 110 7.5 110 44 45 50 2.00 8.6 15.1 
10S-C1 12.4 17.5 110 10.0 110 44 45 50 2.50 8.6 15.1 
10S-C1 12.4 17.5 110 12.5 110 44 45 48 1.17 8.6 15.1 
10%-C1 12.4 17.5 110 14.5 110 44 43 45 0.67 8.6 15.1 
10%-C1 12.4 17.5 85 2.5 150 38 37 42 5.33 11.0 16.1 
10%-C1 12.4 17.5 85 5.0 85 29 36 45 2.22 11.0 16.1 
10%-C1 12.4 17.5 85 7.5 85 30 35 45 2.33 11.0 16.1 
10%-C1 12.4 17.5 85 10.0 85 31 36 44 1.50 11.0 16.1 
10%-Cl 12.4 17.5 85 12.5 85 31 36 42 1.00 11.0 16.1 
10%-C1 12.4 17.5 85 14.5 85 30 34 40 0.67 11.0 16.1 
15%-C1 11.5 16.5 90 2.5 150 33 39 41 6.00 8.2 15.3 
15%-C1 11.5 16.5 90 5 .o 90 33 38 47 3.00 8.2 15.3 
15%-C1 11.5 16.5 90 7.5 90 33 38 47 2.83 8.2 15.3 
15%-C1 11.5 16.5 90 10.0 90 34 40 49 2.17 8.2 15.3 
15%-Cl 11.5 16.5 90 12.5 90 34 39 48 1.83 8.2 15.3 
15%-C1 11.5 16.5 90 14.5 90 33 38 47 1.83 8.2 15.3 
15S-C1 11.5 16.5 100 2.5 150 45 42 44 7.00 10.8 16.2 
15%-C1 11.5 16.5 100 5.0 100 37 42 51 4.25 10.8 16.2 
15S-C1 11.5 16.5 100 7.5 100 37 41 50 3.17 10.8 16.2 
15%-C1 11.5 16.5 100 10.0 100 39 43 50 3.25 10.8 16.2 
15S-C1 11.5 16.5 100 12.5 100 38 42 50 2.00 10.8 16.2 
15%-C1 11.5 16.5 100 14.5 100 39 41 46 1.10 10.8 16.2 
15S-C1 11.5 16.5 110 2.5 150 47 46 43 6.00 8.8 14.3 
15%-C1 11.5 16.5 110 5.0 150 46 46 53 5.50 8.8 14.3 
15%-C1 11.5 16.5 110 7.5 110 43 46 52 3.00 8.8 14.3 
15%-C1 11.5 16.5 110 10.0 110 44 47 53 2.50 8.8 14.3 
15%-C1 11.5 16.5 110 12.5 110 44 47 51 2.00 8.8 14.3 
15%-C1 11.5 16.5 110 14.5 110 44 47 52 1.67 8.8 14.3 
20%-C1 10.9 14.4 90 2.5 150 38 40 43 7.17 9.3 15.1 
20%-C1 10.9 14.4 90 5 .o 150 34 38 48 5.50 9.3 15.1 
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FUEL INIT INIT INIT FUEL LINE AUTO SED F. I. TIME POST POST 
ID ERVP GCK TEMP FLOW HEATER LINE BOWL INLET TO VL ERVP GCK 

psig psig degF gph SETTING degC degC degC min psig psig 

15S-C2 11.3 17.4 90 5.0 90 32 38 47 3.00 10.4 14.4 
15S-C2 11.3 17.4 90 7.5 90 33 37 48 2.50 10.4 14.4 
l5S-C2 11.3 17.4 90 10.0 90 33 38 48 3.00 10.4 14.4 
15S-C2 11.3 17.4 90 12.5 90 34 38 49 1.83 10.4 14.4 
15S-C2 11.3 17.4 90 14.5 90 34 38 48 1.50 10.4 14.4 
15S-C2 11.3 17.4 90 12.5 90 34 38 49 2.17 10.4 14.4 
15S-C2 11.3 17.4 100 2.5 150 45 41 41 5.67 10.7 14.6 
15S-C2 11.3 17.4 100 5.0 100 39 38 41 1.83 10.7 14.6 
15S-C2 11.3 17.4 100 7.5 100 39 38 40 1.33 10.7 14.6 
15S-C2 11.3 . 17.4 100 10.0 100 38 38 41 0.83 10.7 14.6 
15S-C2 11.3 17.4 100 12.5 100 39 38 39 0.50 10.7 14.6 
15S-C2 11.3 17.4 100 14.5 100 38 38 38 0.50 10.7 14.6 
15S-C2 11.3 17.4 110 2.5 150 46 44 43 5.67 7.4 13.8 
15S-C2 11.3 17.4 110 5.0 110 43 45 51 3.00 7.4 13.8 
l5S-C2 11.3 17.4 110 7.5 110 43 45 50 2.50 7.4 13.8 
15S-C2 11.3 17.4 110 10.0 110 44 45 48 1.67 7.4 13.8 
15S-C2 11.3 17.4 110 12.5 110 44 45 48 1.33 7.4 13.8 
l5S-C2 11.3 17.4 110 14.5 110 44 44 44 0.83 7.4 13.8 
20S-C2 10.9 16.3 90 2.5 150 43 40 43 6.00 10.2 14.3 
20S-C2 10.9 16.3 90 5.0 90 36 39 48 2.33 10.2 14.3 
20S-C2 10.9 16.3 90 7.5 90 33 39 48 2.33 10.2 14.3 
20S-C2 10.9 16.3 90 10.0 90 34 38 47 1.83 10.2 14.3 
20S-C2 10.9 16.3 90 12.5 90 34 37 48 1.00 10.2 14.3 
20S-C2 10.9 16.3 90 14.5 90 36 38 45 0.67 10.2 14.3 
20S-C2 10.9 16·.3 90 12.5 90 35 38 47 0.83 10.2 14.3 
20S-C2 10.9 16.3 100 2.5 150 50 42 44 5.83 10.2 15.1 
20S-C2 10.9 16.3 100 5.0 100 37 41 49 3.00 10.2 15.1 
20S-C2 10.9 16.3 100 7.5 100 38 42 48 2.00 10.2 15.1 
20S-C2 10.9 16.3 100 10.0 100 38 41 48 1.50 10.2 15.1 
20S-C2 10.9 16.3 100 12.5 100 39 41 47 1.00 10.2 15.1 
20S-C2 10.9 16.3 100 14.5 100 39 41 46 0.67 10.2 15.1 
20S-C2 10.9 16.3 110 2.5 150 47 45 44 5.83 7.9 15.6 
20S-C2 10.9 16.3 110 5.0 150 44 46 52 5.33 7.9 15.6 
20S-C2 10.9 16.3 110 7.5 110 44 46 51 2.67 7.9 15.6 
20S-C2 10.9 16.3 110 10.0 110 44 46 51 2.17 7.9 15.6 
20S-C2 10.9 16.3 110 12.5 110 44 46 50 1.50 7.9 15.6 
20S-C2 10.9 16.3 110 14.5 110 45 45 48 1.00 7.9 15.6 

5S-C1 11.5 14.8 90 2.5 150 35 38 45 5.33 11.2 14.2 
5S-C1 11.5 14.8 90 5.0 90 33 38 47 1.67 11.2 14.2 
SS-C1 11.5 14.8 90 7.5 90 35 37 44 1.17 11.2 14.2 
5S-C1 11.5 14.8 90 10.0 90 34 37 47 1.00 11.2 14.2 
5S-C1 11.5 14.8 90 12.5 90 35 37 45 0.67 11.2 14.2 
5S-C1 11.5 14.8 90 14.5 90 36 37 45 0.67 11.2 14.2 
5S-C1 11.5 14.8 100 2.5 100 39 36 40 2.00 10.7 18.3 
5S-C1 11.5 14.8 100 5.0 100 40 39 45 l. 50 10.7 18.3 
5S-C1 11.5 14.8 100 7.5 100 38 39 47 1.00 10.7 18.3 
5S-C1 11.5 14.8 100 10.0 100 37 38 47 1.00 10.7 18.3 
5S-C1 11.5 14.8 100 12.5 100 37 38 46 0.67 10.7 18.3 
5S-C1 11.5 14.8 100 14.5 100 38 38 43 0.50 10.7 18.3 
5S-C1 11.5 14.8 100 2.5 100 38 40 48 1.50 10.7 18.3 



FUEL !NIT !NIT 
ID ERVP GCX: 

psig psig 

201-C1 10.9 14.4 
201-C1 10.9 14.4 
201-C1 10.9 14.4 
201-C1 10.9 14.4 
20%-C1 10.9 14.4 
201-C1 10.9 14.4 
20%-C1 10.9 14.4 
20%-C1 10.9 14.4 
20%-C1 10.9 14.4 
20%-C1 10.9 14.4 
20%-C1 10.9 14.4 
20%-C1 10.9 14.4 
20%-C1 10.9 14.4 
20%-C1 10.9 14.4 
20%-C1 10.9 14.4 
20%-C1 10.9 14.4 
20%-C1 10.9 14.4 

NOTES: Cl - Methanol 
C2 ..,. Ethanol 

GCK - Gas Chek 

!NIT 
TEMP 
degF 

90 
90 
90 
90 

100 
100 
100 
100 
100 
100 
100 
110 
110 
110 
110 
110 
110 

F.I. - Fuel Injection 

FUEL LINE 
FLOW HEATER 
gph SETTING 

7.5 90 
10.0 90 
12.5 90 
14.5 90 
2.5 100 
5.0 100 
7.5 100 

10.0 100 
12.5 100 
14.5 100 
2.5 100 
2.5 150 
5.0 150 
7.5 110 

10.0 110 
12.5 110 
14.5 110 

All Percentage is on a w/w basis. 
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AUTO SED F. I. TIME POST POST 
LINE BOWL INLET TO VL ERVP GCK 
degC degC degC min psig psig 

34 40 48 3.00 9.3 15.1 
35 39 48 2.50 9.3 15.1 
34 38 46 2.00 9.3 15.1 
35 38 45 1.33 9.3 15.1 
51 44 41 2.33 10.5 17.1 
40 43 50 3.33 10.5 17.1 
38 42 49 2.67 10.5 17.1 
38 42 49 2.17 10.5 17.1 
39 42 48 1.50 10.5 17.1 
39 42 47 1.17 10.5 17.1 
39 41 46 2.17 10.5 17.1 
48 44 45 5.83 9.4 14.1 
45 47 54 5.33 9.4 14.1 
44 47 53 3.00 9.4 14.1 
45 47 52 2.00 9.4 14.1 
45 46 51 1.33 9.4 14.1 
44 46 50 1.17 9.4 14.1 



Civil Aviation Authority (5) 
Aviation House 
129 Kingsway 
London WC2B 6NN England 

Embassy of Australia (1) 
Civil Air Attache 
1601 Mass. Ave. NW 
Washington, DC 20036 

APPENDIX C 

DISTRIBUTION LIST 

DOT-FAA AEU-500 (4) 
American Embassy 
APO New York, NY 09667 

University oE California (1) 
Service Dept Institute of 
Transportat.f.on Standard Lib 

412 McLaughlin Hall 
Berkely, CA '~4720 

Scientific & Tech. Info FAC (1) 
ATTN: NASA Rep. British Emba;sy (1) 

Civil Air At ache ATS 
3100 Mass. AYe. NW 
Washington, :)C 20008 

P.O. Box 8757 BWI Airport 
Baltimore, MD 21240 

Northwestern University (1) 
Trisnet Repository 
Transportation Center Library 
Evanston, ILL 60201 

ANE-40 (2) 

AS0-52C4 (2) 

APS-13 Nigro (2) 

AEA-61 (3) 

ADL-4 North (1) 

AES-3 (1) 

ANM-60 (2) 

ACT-61A 

AAL-400 

M-493.2 
Bldg.10A 

APS-1 

APA-300 

AGL-60 

Director DuC:mtre Exp DE LA 
Navigation A,erineene 
941 Orly, France 

(2) ASW-53B 

(2) AAC-64D 

(5) ACE-66 

ADL-1 

(1) ALG-300 

(1) ACT-S 

(2) AWS-100 

C-1 

(2) 

(2) 

(2) 

(1) 

(1) 

(1) 

(1) 



FAA, Chief, Civil Aviation 
Assistance Group, Madrid Spain 

c/o American Embassy 
APO-New York 09285-0001 

DOT/FAA National Headquarters 
ASF-1 
800 Independence Avenue, SW. 
Washington, DC 20591 

DOT/FAA National Headquarters 
ASF-100 
800 Independence Avenue, SW. 
Washington, DC 20591 

DOT/FAA National Headquarters 
ASF-200 
800 Independence Avenue, SW. 
Washington, DC 20591 

DOT/FAA National Headquarters 
ASF-300 
800 Independence Avenue, SW. 
Washington, DC 20591 

DOT/FAA National Headquarters 
~T~ 

800 Independence Avenue, SW. 
Washington, DC 20591 

DOT/FAA National Headquarters 
ADL-2A 
800 Independence Avenue, SW. 
Washington, DC 20591 

DOT/FAA National Headquarters (4) 
AVS-1, 100, 200, 300 
800 Independence Aveneu, SW. 
Washington, DC 20591 

DOT/FAA National Headquarters 
AFS-1 
800 Independence Avenue, SW. 
Washington, DC 20591 

DOT/FAA National Headquarters 
AFS-200 
800 Independence Avenue, SW. 
Washington, DC 20591 
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DOT/FAA National Headquarters 
AWS-1 
800 Independence Avenue, SW. 
Washington, DC 20591 

Al Astorga 
Federal Aviation Administration 

(CAAG) 
American Embassy, Box 38 
APO-New York 09285-0001 

Dick Tobiason 
ATA of America 
1709 New York Avenue, NW. 
Washington, DC 20006 

FAA Anchorage ACO 
701 C Street, Box 14 
Anchorage, Alaska 99513 

FAA Atlanta ACO 
1075 Inner Loop Road 
College park, Georgia 30337 

FAA Boston ACO 
12 New England Executive Park 
Burlington, Mass. 01803 

FAA Brussels ACO 
% American Embassy, APO, 
New York, NY 09667 

FAA Chicago ACO 
2300 E. Devon, Room 232 
Des Plains, Illinois 6008 

FAA Denver 
10455 East 25th Ave., Suite 307 
Aurora, Colorado 98168 

Frank Taylor 
3542 Church Road 
Ellicott City, MD 21403 

Mr. Gale Braden (FAA) 
5928 Queenston St. 
Springfield, VA 22152 



Richard E. Livingston, Jr. 
Director, Aerotech Operations for 

the IAPA Group 
1805 Crystal Drive, Suite 1112 South 
Arlington, VA 22202 

Burton Chesterfield, DMA=603 
DOT Transportation Safety Inst. 
6500 South McArthur Blvd. 
Oklahoma City, OK 73125 

FAA Forth Worth ACO 
P.O. Box 1689 
Fort Worth, TX 76101 

FAA Long Beach ACO 
4344 Donald Douglas Drive 
Long Beach, CA 90808 

FAA Los Angeles ACO 
P.O. Box 92007, Worldway Postal Center 
Hawthorne, CA 90009 

FAA New York ACO 
181 So. Frankline Ave., Room 202 
Valley Stream, NY 11581 

FAA Seattle ACO 
17900 Pacific Highway South, C#68966 
Seattle, Washington, 98168 

FAA Wichita ACO 
Mid Continent Airport, Room 100 FAA 
1891 Airport Road 
Wichita, KA 67209 

Dr. Hans A. Krakauer 
Deputy Chairman, International Airline 

Pilots Association Group 
Apartado 97 
8200 Albufeira, Portugal 

Geoffrey Lipman 
Executive Director, President du Conseil · 

International Foundation of Airline 
Passenger Associations 

Case Postale 462, 1215 Geneve 
15 Aeroport, Suisse, Geneva 
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Jack Acampora, ANM-174W 
Western ACO 
P.O. Box 92007 
Worldway Postal Center 
Los Angeles, CA 90009-2007 

William Ackerman 
6B1 Adams Building 
Bartlesville, OK 74005 

Jerry Allsup 
National Institute for 
Petroleum & Energy Research 
P.O. Box 2128 
Bartlesville, OK 74005 

Bob Alpiser 
Chicago ACO 
2300 East Devon 
Des Plaines, IL 60018 

Neils Andersen 
Senior VP - Engineering 
AVTEK Corporation 
4680 Calle Carga 
Camarillo, CA 93010 

Oscar Ball, ACE-112 
DOT/FAA Central Region 
601 East 12th Street 
Kansas City, MO 64106 

Paul Benjunas 
Engineer I 
Textron Lycoming 
550 South Main Street 
Stratford, CT 06497 

Dave Bently 
Aerospace Program Manager 
Society of Automotive Engineers 
400 Commonwealth Drive 
Warrendale, PA 15096 

Bob Berman, AWS-110 
DOT/FAA National Headquarters 
800 Independence Ave., SW. 
Washington, DC 20591 
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Bernard Berns 
Accident Prevention Spl. 
Alaska FSD0-61 
3788 University Avenue 
Fairbanks, AK 99709 

Larry Blackaller 
XL Inc. 
400 N. Rodeo Dr. 
Beverly Hills, CA 90210 

Robert Blair 
Aviation Safety Inspector 
WP - FSD0-13 
218 Lagoon Road, Room 215 
Honolulu, HI 96819 

Raymond Boice, ACE-107 
DOT/FAA Central Region 
601 East 12th Street 
Kansas City, MO 64106 

Carl Borchers 
FSDO 112 
1387 Airport 
San Jose, CA 

Boulevard 
95110 

Raymond Borowski, ANE-170 
New York ACO 
181 South Franklin Avenue 
Room 202 
Valley Stream, NY 11581 

Michael Bragg 
Ohio State University 
2300 West Case Road 
Columbus, OH 43220 

Richard Brandiger 
Principal Airworthiness Insp. 
GL-FSD0-66 
RR2, Box 4750 
Rapid City, SD 57701 

Steve Brown 
AOPA 
421 Aviaiton Way 
Frederick, MD 21701 



Dr. Burtner 
Sun Refining and Marketing 
ARD Department 
P.O. Box 1226 
Marcus Hook, PA 19061-0526 

Hank Burwash, ANM-174W 
Western ACO 
P.O. Box 92007 
Worldway Postal Center 
Los Angeles, CA 90009-2007 

Gene Chartier, ANM-174W 
FAA Western ACO 
P.O. Box 92007 
World Way Postal Center 
Los Angeles, CA 90009-2007 

Burton Chesterfield 
Transportation Safety Institute, DMA-60 
6500 South MacArthur Boulevard 
Oklahoma City, OK 73125 

Ernest Cross, Jr. 
College of Engineering 
Old Dominion University 
Norfolk, VA 23508 

Terence Dixon 
Boeing Aerospace Corporation 
P.O. Box 3999 
M/S 8M-11 
Seattle, WA 98124 

David Downing 
Department of Aerospace Engineering 
The University of Kansas 
2004 Learned Hall 
Lawrence, KS 66045-2221 

Locke Easton, ANE-141 
DOT/FAA New England Region 
12 New England Executive Park 
Burlington, MA 01803 

Paul Eberly 
Director of Engineering 
Teledyne Continental Motors 
P.O. Box 90 
Mobile, AL 36601 
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Eldon Elam 
Air Safety Investigator 
FAA Headquarters, ASF-100 
800 Independence Avenue, SW. 
Washington, DC 20591 

Frank Feinberg 
Mobil Research and Development Corp. 
Research Department 
Billingsport Road 
Paulsboro, NJ 08066 

Augusto Ferrara, ACT-320 
DOT/F~ Technical Center 
Atlantic City Internat'l A/P, NJ 08405 

John Garner 
Air Safety Specialist 
U.S. Army Safety Center 
ATTN: CSSC-RI 
Fort Rucker, AL 36362 

Wayne Gaulzetti, ANE-153 
FAA New England Region 
12 New England Executive Park 
Burlington, MA 01803 

Carl Goulet 
Manager, Special Products 
Teledyne Continental Motors 
P.O. Box 90 
Mobile, AL 36601 

George Heath 
Investigator 
Canadian Aviation Safety Board 
12-14220 Yellowhead Trail 
Edmonton, AB., CANADA 

Roy Hettenbach, ANE-174 
New York ACO 
181 South Franklin Avenue 
Room 202 
Valley Stream, NY 11581 

Dr. Robert E. Hileman 
Consultant 
Texaco Research Center 
P.O. Box 509 
Beacon, NY 12508 



Alfred Hughes 
Central Region-FSDO 65 
General Aviation Building 
Lincoln Municipal Airport 
Lincoln, NE 68524 

Don Jacobsen, ACE-101 
DOT/FAA Central Region 
601 East 12th Street 
Kansas City, MO 64106 

Frank Kertis 
Sun Refining and Marketing 
ARD Department 
P.O. Box 1226 
Marcus Hook, PA 19061-0526 

William Kilmartin 
Manager, Technical Services 
ARCO Chemical Company 
3801 West Chester Pike 
Newtown Square, PA 19073 

Gene Kingsbury 
Room 6733 
U.S. Department of Commerce 
Washington, DC 20230 

Richard Kirsch, AWS-120 
DOT/FAA National Headquarters 
800 Independence Ave., SW. 
Washington, DC 20591 

Robert Koenig 
NASA Langley Reserach Center 
Mail Stop 352 
Hampton, VA 23665-5225 

Ted Lacara 
Prin. Aviation Safety Insp. 
Western Pacific Long Beach-FSD0-5 
2815 East Spring Street 
Long Beach, CA 90806 

Damien Lawson 
Canadian Aviation Safety Board 
P.O. Box 9120 
Alta Vista Terminal 
Ottawa, Ontario KIG 3T8 CANADA 
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Jacob Leggett 
Chief Chemist 
Derby Refining Company 
P.O. Box 1030 
Wichita, KS 67201 

R. Lewis 
Market Manager, Methyl Fuels 
Celanese Chemical Corporation 
1250 West Mockingbird Lane 
Dallas, TX 75247-0320 

Donald Magnuson 
Aviation Safety Insp. 
FAA-NM-FSD0-67 
116 North 2400 West 
Salt Lake City, UT 84116 

Robert Mather 
Superintendent, Powerplant 
Engineering Airworthiness 

Transport Canada 
Ottawa, Ontario KIA ON8 

Phil Meng 
MS-500 219 
NASA Lewis Research Center 
21000 Brookpark Road 
Cleveland, OH 44135 

Harold L. Mesaris 
Manager, Field Investigations 
Avco Lycoming Textron 
652 Oliver Street 
Williamsport, PA 17701 

Jay Nelson 
SW-FSD0-67 
FAA Building, Room 111 
Wiley Post Airport 
Bethany, OK 73008 

Willie Nelson 
Assistant Manager (Airworthiness) 
ASO-FSD0-64 
9355 Tradeport Drive 
Orlando, FL 32827 

Richard Newcombe 
Canadian Aviation Safety Board 
P.O. Box 9120 
Alta Vista Terminal 
Ottawa, Ontario KIG 3T8 CANADA 



Cathy Nickolaisin 
Director 
New Jersey Division of Aeronautics 
1035 Parkway Avenue 
Trenton, NJ 08625 

A. Peacock 
Douglas Aircraft Company 
Internal Mail Code 36-41 
3855 Lakewood Boulevard 
Long Beach, CA 90846 

Paul Pendleton, ACE-140W 
DOT/FAA Central Region 
1801 Airport Road, Room 100 
Wichita, KS 67209 

Charles Petersen 
Petersen Aviation 
Route 1, Box 18 
Minden, NE 68959 

Jim Peterson, ACE-140W 
DOT/FAA Central Region 
1801 Airport Road, Room 100 
Wichita, KS 67209 

David Phillips 
Textron Lycoming 
Manager, Field Investigations 
652 Oliver Street 
Williamsport, PA 17701 

Harold Pierce 
Honeywell, Inc. 
1625 Zarthan Avenue, South 
P.O. Box 312 
St. Louis Park, MN 55416 

Jake Plante, AEE-200 
FAA National Headquarters 
Room 431 
800 Independence Avenue, SW. 
Washington, DC 20591 

Alma Ramirez, ANM-100A 
ACO 
701 C. Street 
Box 14 
Anchorage, AK 99513 
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Harold Riesen 
Chief, Mech/Env. Systems, R&D 
Beech Aircraft Corporation 
9709 !ast Central 
Wichita, KS 67201 

Mr. Rlchard Riley 
Resea·rch and Development 
Philllps Petroleum Company 
134 A11tomotive Laboratory, PRC 
Bartlesville, OK 74004 

Robert Roehm 
WP-FS:)0-1 
7120 ~ayvenhurst Avenue 
Suite 316 
Van N1ys, CA 91406 

Dick Roemer 
EAA A~iation Foundation 
Whitm.m Airfield 
Oshkosh, WI 54903-2591 

Russe 11 Rogers 
Aeroq·llip Corporation 
Corporate Engineering 
JacksJn, MI 49203 

Len R.Jyer 
Accident Investigator 
USASC 
Fort Rucker, AL 36362 

John Shimski 
Naval Air Propulsion Center 
P • 0 • Box 7 1 7 6 
TrentJn, NJ 08628 

Frederick Smetana 
North Carolina State University 
P • 0 • Box 5 24 6 
Raleigh, NC 27650 

H. Smith 
Engineered Fabrics Division 
Goodyear Aerospace Corporation 
1210 ~assillon Road 
Akron, OH 44315 



Hubert Smith 
Assistant Professor 
Pennsylvania State University 
233 Hammond Building 
University Park, PA 16802 

Robert Stewart 
Program Manager 
Gulfstream Aerospace Corp, B-08 
P.O. Box 2206 
Savannah, GA 31402 

Fen Taylor 
Chief, Aerodyanmics & Perform 
Mooney Aircraft Corporation 
P.O. Box 72 
Kerrville, TX 78029 

Peter Thomas 
Sundstrand Aerospace Fluid Systems 
2421 11th Street 
P.O. Box 7002 
Rockford, IL 61125-7002 

Charles Turrentine 
Engineering Specialist 
General Dynamics Corporation 
P.O. Box 748, M/S 1772 
Fort Worth, TX 76101 

Neil Wagstaff 
Avn. Safety Representative 
McDonnell Douglas Helicopter Company 
500 East McDowell 560/G-22A 
Mesa, AZ 85205 

Donald Ward 
Associate Professor 
Aerospace Engineering Department 
Texas A&M University 
College Station, TX 77843 

Richard Wares 
National Institute for 

Petroleum & Energy Research 
P.O. Box 2128 
Bartlesville, OK 74005 

John Wells 
Director of Development & Certification 
Gates Learjet Corporation 
P.O. Box 7707 
Wichita, KS 67277 
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Louis Williams 
NASA Langley Research Center 
Mail Stop 286 
Hampton, VA 23665-5225 

Edward Willis, Jr. 
NASA Lewis Research Center 
Mail Stop 77-6 
21000 Brookpark Road 
Cleveland, OH 44135 

David Yeoman 
Collins-Rockwell 
MS 124-111 
400 Collins Road, NE. 
Cedar Rapids, IA 52498 

Jeff Yetter, Mail Stop 41-74 
Boeing Development Center 
Boeing Aircraft Company 
Mail Stop 3707 
Seattle, WA 98108 

Richard Yotter, ACE-109 
DOT/FAA Central Region 
601 East 12th Street 
Kansas City, MO 64106 

Aero Sport, Incorporated 
P.O. Box 462 
Hales Corners, WI 53130 

Adams Balloon Loft, Inc. 
27 DeKalb Peachtree Airport 
Atlanta, GA 30341 

Advanced Aviation, Incorporated 
323 North Ivey Lane 
P • 0 • Box 16 716 
Orlando, FL 32861 

Aero Composites, Incorporated 
1201 4th Street 
P.O. Box 246 
Fulton, IL 61252 



Aerocar, Incorporated 
P.O. Box 1171 
Longview, WA 98632 

Aerospatiale Aircraft Corporation 
20 Expert Drive 
Sterling, VA 22170 

Aerospatiale Helicopter Corporation 
2701 Forum Drive 
Grand Prairie, TX 75053-4005 

Aerostar International, Inc. 
P.O. Box 5057 
Sioux Falls, SD 57117 

Agusta Aviation Corporation 
Norcom and Red Lion Roads 
Philadelphia, PA 19154 

Air Command Manufacturing, Incorporated 
Route 3 
P.O. Box 197A 
Liberty, MO 64068 

Air Tractor, Inc. 
P.O. Box 485 
Olney, TX 76374 

Aircraft Designs, Incorporated 
11082 Bel Aire Court 
Cupertino, CA 95014 

Alpha Aviation Supply Company 
P.O. Box 641 
Greenville, TX 75401 
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Amsin Aviation, Incorporated 
P.O. Box 10993 
Pittsburgh, PA 15236 

Arctit~ Aircraft Company 
P.O. Box 6-141 
Ancho:::-age, AK 9950Z 

Atlan':ic Aviation Corporation 
Westwlnd Sales 
Greatt!r Wilmington Airport 
P.O. Jox 15000 
Wilmington, DE 19850 

Avian Balloon Company 
South 3722 Ridgeview Drive 
Spokane, WA 99206 

Avtek Corporation 
509 C;ille Carga 
Camarillo, CA 93010 

Ayres Corporation 
P.O. 3ox 3090 
Municipal Airport 
Albany, GA 31708 

Barnett Rotorcraft 
4307 ')livehurst Avenue 
Olivehurst, CA 95961 

Barney Oldfield Aircraft 
P.O. Box 228 
Needham, MA 02192 

Beech Aircraft Corporation 
Box 85 
Wichita, KS 67201-0085 



Bell Helicopter Textron 
P.O. Box 482 
Fort Worth, TX 76101 

Bellanca, Inc. 
P.O. Box 964 
Alexandria, MN 56308 

Bensen Aircraft Corporation 
P.O. Box 31047 
Raleigh, NC 27622 

Boeing Commercial Airplane 
Company 

P.O. Box 3707 
Seattle, WA 98124 

Box 51, Ltd. 
Municipal Airport 
Route 1, Box 102 
Denton, TX 76.201 

British Aerospace, Inc. 
P.O. Box 17414 
Dulles Int'l Airport 
Washington, DC 20041-0414 

Burkhart-Grob of America 
1070 Navajo Drive 
Bluffton Airport Complex 
Bluffton, OH 45817 

Bushby Aircraft, Incorporated 
647 Route 52 
Minooka, IL 60447 

Cameron Balloons, U.S. 
41 Enterprise Drive 
Ann Arbor, MI 48103 
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Canadair 
274 Riverside Avenue 
Westport, CT 06880 
CANADA 

CASA Aircraft, Inc. 
14102 Sullyfield Center, #200 
Chantilly, VA 22021-1615 

CDX Aviation Sales 
11343 104th Street 
Edmonton, Alberta 
T5G 2K7 
CANADA 

Cessna Aircraft Company 
P.O. Box 1521 
Wichita, KS 67201 

Christen Industries 
P.O. Box 547 
Afton, WY 83110 

Christen Industries, Inc. 
Aircraft Manufacturing Division 
P.O. Box 547 
Afton,. WY 83110 

De Havilland Aircraft of Canada 
Garratt Boulevard 
Downsview, Ontario M3K 1Y5 
CANADA 

Denney Aerocraft Company 
6140 Morris Hill Lane 
Boise, ID 83704 

DeVore Aviation Corporation 
6104B Kircher Boulevard, NE. 
Albuquerque, NM 87109 



Diehl Aero-Nautical 
1855 North Elm 
Jenks, OK 74037 

Dornier Aviation-North America, Inc. 
1213 Jefferson Davis Highway 
1!1001 
Arlington, VA 22202 

E. H. Industries, Limited 
Granville House 
132-135 Sloane Street 
London SW1X9BB 
ENGLAND 

Eagle Balloons, Ltd. 
Hanover Municipal Airport 
Ashland, VA 23005 

Earthstar Aircraft, Incorporated 
Star Route 
P.O. Box 313 
Santa Margarita, CA 

Eipper Aircraft 
26531 Ynez Road 
Temecula, CA 92390 

93453 

Embraer Aircraft Corporation 
276 SW. 34 Street 
Fort Lauderdale, FL 33315 

Enstrom Helicopter Corporation 
Twin County Airport 
P.O. Box 277 
Menominee, MI 49858 

Fairchild Aircraft Corporation 
P.O. Box 32486 
San Antonio, TX 78284 
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Falcon Jet Corporation 
Teterboro Airport 
Teterboro, NJ 07608 

Fisher Flying Products, Incorporated 
Route 2 
P.O. Box 282 
South Webster, OH 45682 

Fokker Aircraft USA, Inc. 
1199 North Fairfax Street 
Suite 500 
Alexandria, VA 22314 

Freedom Master Corporation 
450 Hamlin Avenue 
Satellite Beach, FL 32937 

Galaxy Balloons, Inc. 
820 Salisbury Road 
Statesville, NC 28677 

Gates Learjet Corporation 
P.O. Box 11186 
Tuscon, AZ 85734 

General Aviaiton 
Manufacturers Association 

1400 K Street, NW. 
Suite 801 
Washington, DC 20005 

Glaser Dirks Sailplanes, Inc. 
5847 Sharpe Road 
Calistoga, CA 94515 

Graham Thomson, Ltd. 
P • 0 • Box 11 7 5 
Pacific Palisades, CA 90272 



Gulfstream Aerospace Corporation 
Wiley Post Airport 
P.O. Box 22500 
Oklahoma City, OK 73123 

Head Balloons, Inc. 
550 Echelon Road 
Greenville, SC 29605 

Hynes Aviation Industries 
P.O. Box 697 
Frederick, OK 73542 

Jonas Aircraft and Arms 
Company, Inc. 

225 Broadway 
New York, NY 10007 

Ken Brock Manufacturing 
11852 Western Avenue 
Stanton, CA 90680 

Ken Knowles Sport Aircraft, Incorporated 
104 East Avenue 
K-4, Unit G 
Lancaster, CA 93535 

Kolb Company 
Rural Delivery 3 
P.O. Box 38 
Phoenixville, PA 19460 

Light Miniature Aircraft 
Building 414 
Opa-Locka Airport 
Opa Locka, FL 33054 

Lockheed Georgia Company 
Technical Reports Department 
Department 72-34, Zone 235 
86 South Cobb Drive 
Marietta, GA 30063 

Loehle Aviation, Incorporated 
Shipmans Creek Road 
Wartrace, TN 37183 

Mae! Aircraft Corporation 
Box 138 
Portage, WI 53901 

Maule Aircraft Corporation 
Lake Maule 
Route 5, Box 319 
Moultrie, GA 31768 

MBB Helicopter Corporation 
900 Airport Road 
P.O. Box 2349 
West Chester, PA 19380 

McDonnell Douglas Corporation 
3855 Lakewood Boulevard 
Long Beach, CA 90846 

Lake Aircraft McDonnell Douglas Helicopter 
Laconia Airport Hangar 1 
Laconia, NH 03246 

Light Aero, Incorporated 
4823 Aviation Way 
P.O. Box 728 
Caldwell, ID 83606 
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Company 
Centinela and Teale Streets 
Culver City, CA 90230 

Melex USA, Inc. 
1200 Front Street 
Suite 101 
Raleigh, NC 27609 



Mike Smith Aero 
Box 430 
Stanton County Airport 
Johnson City, KS 67855 

Mooney Aircraft Corporation 
P.O. Box 72 
Kerville, TX 78028-0072 

Morris Aviation, Ltd. 
P.O. Box 718 
Statesboro Airport 
Statesboro, GA 30458 

Mudry Aviation, Ltd. 
Dutchess City Airport 
Route 376 
Wappingers Falls, NY 12590 

National Aeronautics and Manufacturing 
Company, Incorporated 

P • 0 • Box 1 718 
Independence, MO 64055 

Neico Aviation 
403 South Ojai Street 
Santa Paula, CA 93060 

Nostalgair, Incorporated 
4823 Aviation Way 
P.O. Box 2049 
Hendersonville, NC 28739 

Nuwaco Aircraft 
2978 East Euclid Place 
Littleton, CO 80121 

OMAC, Inc. 
P.O. Box 3530 
Albany, GA 31708 
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Osprey Aircraft 
3741 El Ricon Way 
Sacramento, CA 95825 

Partenavia of America 
1235 Jefferson Davis Highway 
11500 
Arlington, VA 22202 

Pazmany Aircraft Corporation 
P.O. Box 80051 
San Diego, CA 92138 

PIK Pacific 
1231 Second Street 
Manhattan Beach, CA 90266 

Piper Aircraft Corporation 
Box 1328 
Vero Beach, FL 32961 

Prescott Aeronautical Corporation 
1006 West 53rd Street, N. 
P.O. Box 4590 
Wichita, KS 67204 

Quad City Aircraft Corporation 
3610 Coaltown Road 
Moline, IL 61265 

Rand Robinson Engineering, Incorporated 
5395 Industrial Drive 
Suite A 
Huntington Beach, CA 92649 

Rans Company 
1104 East Highway 40 Bypass 
Hays, KS 67601 



Raven Industries, Inc. 
421 West Eighteenth Street 
Box 1007 
Sioux Falls, SD 57101 

Robinson Helicopter Company 
24747 Crenshaw Boulevard 
Torrance, CA 90505 

Rogerson Aircraft Corporation 
2201 Alton Avenue 
Irvine, CA 92714 

Rotec Engineering, Incorporated 
P.O. Box 220 
Duncanville, TX 75138 

Rotorway Aircraft 
7411 West Galveston 
Chandler, AZ 85224 

SAAB Aircraft of America, Inc. 
200 Fairbrook Drive 
Herndon, VA 22070 

Schleicher Sailplanes, Inc. 
P.O. Box 118 
Port Matilda, PA 16870 

Schweizer Aircraft Corporation 
P.O. Box 147 
Elmira, NY 14902 

Sequoia Aircraft Corporation 
2000 Tomlynn Street 
P.O. Box 6821 
Richmond, VA 23230 
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Shorts Brothers, USA, Inc. 
2011 Crystal Drive 
Suite 713 
Arlington, VA 22202-3702 

Sikorsky Aircraft 
North Main Street 
Stratford, CT 06601 

Silhouette Aircraft Sales, Incorporated 
848 East Santa Maria Street 
Santa Paula, CA 93060 

Skypower 
Box 236 
Tea, SD 57064 

Sorrell Aviation, Limited 
16525 Tilley Road, S. 
Tenino, WA 98589 

Spencer Amphibian Air Car, Incorporated 
11019 Glenoaks Boulevard 
Pacoima, CA 91331 

Star-Lite Aircraft, Incorporated 
2219 Orange Blossom 
San Antonio, TX 78247 

Stoddard-Hamilton Aircraft, 
Incorporated 
18701 58th Avenue, NE. 
Arlington, WA 98223 

Stolp Starduster Corporation 
4301 Twining 
Flabob Airport 
Riverside, CA 92509 



Swearingen Aircraft Corporation 
1234 99th Street 
San Antonio, TX 78214 

Taylorcraft Aviation Corporation 
P.O. Box 947 
820 East Bald Eagle Street 
Lock Haven, PA 17745 

Teenie Company 
P.O. Box 625 
Coolidge, AZ 85228 

The Balloon Works 
810 Salisbury Road 
Statesville, NC 28677 

Thunder and Colt, U.S. 
Box 320 
Chatham, NY 12037-0320 

Ultimate Aerobatics, Limited 
Guelph Airpark 
Guelph, Ontario 
NIH 6H8 
CANADA 

Van's Aircraft, Incorporated 
P.O. Box 160 
North Plains, OR 97133 

Wag-Aero, Incorporated 
P.O. Box 181 
Lyons, WI 53148 

War Aircraft Replica, Incorporated 
348 South Eighth Street 
Santa Paula, CA 93060 
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Weatherly Aviation Company 
2304 San Felipe Road 
Hollister, CA 95023 

Westland, Inc. 
7135 Jefferson Davis Highway 
Suite 805 
Arlington, VA 22202 

White Lightning Aircraft Corporation 
P.O. Drawer 40 
Sheldon, SC 29941 

Zenair, Limited 
25 King Road 
Nobleton, Ontario 
LOG 1NO 
CANADA 
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