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TNTRODUCTION

Over the years many pilots have réporféd on'an'infofmal basis that they have suc-
cessfully used automotive gasoline (autogas) in their light aircraft. On the other
hand, use of autogas is suspected to have caused engine malfunctions, some of which
may have resulted in crashes (l). This study is an attempt to evaluate this di-
chotomy of views in terms of characteristies of autogas and aviation gasoline and
how the differences might be expected to affect safety, engine performance, and
durability.

Several key fundamental areas have been explored. These are:

- Antiknock properties

- Preignition and deposit ignition
- Vapor lock ' )

- Icing

- Cold start

- Hot restart

- Fuel safety

- Valve sticking and wear

- Materials incompatibility and corrosion
- Maldistribution

- Spark plug.operation

- Fuel storage stability

Each of the above areas has been evaluated based on the published literature which
is cited in the References. An Alphabetical Bibliography has been included at the
end of this report. No experimental work has been performed in connection with
this effort.

OVERALL CONCLUSICNS AND OBSERVATIONS

Below are presented the overall conclusions of this study. Detailed conclusions
follow:

1. Based upon existing information the use of autogas in light aircraft is in gen-
eral expected to create safety problems. It is obvious that some aircraft and some
batches of autogas will perform satisfactorily depending on ambient temperature,
altitude obtained, mode of operation, and fuel system design. Under other circum-
stances serious problems can arise quickly and there is considerable potential for
longer—range problems of materials and engine durability whlch may or may not cre-
ate a dangerous problem.



2. Many of the technical studies of aircraft fuels have been conducted during or
prior to World War II and therefore are relatively old. Pew recent studies exist.
There is considerable lack of data on Jjust how fuel property variations affect the
performance and durability of aircraft engines. This situation does not support
conclusions in many areas.

3. Based on available information it cannot be determined with certainty that fu-
ture engine/aircraft designs can be developed that will be entirely tolerant of the
widely varying properties of autogas, properties whose variations are steadly grow-
ing as refiners attempt to maximize gasoline yield in response to higher prices.
Research needs to be done to further delineate key problem areas and potential
solutions. Standard tests need to be developed by which new fuel system designs
can be evaluated. Such tests may employ a set of standard fuels whose properties
reflect those of autogas which has wide variations season to season and from one
part of the country to another. If aircraft can be developed which are compatible
with autogas, they are likely to be more complex and expensive than current models.

DETAILED CONCLUSIONS

1. There is only one grade of avgas that can be replaced by autogas because of
antiknock quality, that is grade 80/87. Regular, premium, and lead-free automotive
gasolines all appear to have sufficient Motor octane quality. The lack of a gen-
eral correlation between the Aviation Supercharge and Automotive Research octane
numbers precludes any decision with respect to this rating. Although some evidence
exist which_suggests that the autogas Rich rating is adequate for grade 80/87.

2. Use of autogas with its higher aromatic content and higher volume of low boiling
point constituents is expected to increase combustion chamber deposits which in turn
can aggrevate knock-induced preignition. Moreover it is known that some aromatic
compounds tend to preignite easily. ©Some engines are likely to have greater pre-
ignition problems depending on cylinder cooling. The heating value specification
for avgas effectively limits aromatic content to about 25%. :

5. Vapor lock is known to be a problem occasionally even with avgas which has a
maximum Reid vapor pressure of 7 lbf/in.2 With autogas, the maximum Reid pressure
can approach 16 lbf/in.a, and this increases the likelihood of vapor lock consider-
ably. This problem is greater for a law wing aircraft and might be ameloriated by
a suitable intank fuel pump. Vapor lock is probably the most important safety-
related problem needing solution before autogas can replace avgas.

4. Carburetor icing appears to pose a somewhat greater problem with autogas than
with avgas. Some improvements in icing can be realized by the addition of antiicing
compounds to those fuels not already containing them.



5. Although specific data are not available for aircraft, a consideration of the
autgmotive literature indicates that the higher front end volatility of autogas can
be expected to ease starting and warm up in cold weather operation.

6. 'Hot restart on the ground may be expected to be more difficult with autogas be-
cause of increased deposit ignition and vapor lock. Significant differences are
expected at altitude also when vapor lock is present.

7. A search of the literature reveals that gasolines with high boiling point con-
stituents (autogas) create greater problems of valve sticking and valve guide de-
posits. These arise from contamination of the lubricant and/or deposits of un-
burned fuel components on the valve stems and guides themselves. More sludge and
varnish are expected in the crankcase with autogas. This results from high blowby
rates in aircraft engines and relatively low detergency in the oil.

8. The greater aromatic and olefinic content of automotive gasolines is known to
adversely affect the performance and durability of polymeric and rubber fuel system
materials. Problems arise when critical dimensions are exceeded and parts stick,
or when physical properties are deteriorated.

9. The greater sulfur level and higher levels of halogen scavengers in autbgas can
be expected to increase acid corrosion of the engine, a long-term durability prob-
lem,

10. There is no data to indicate the severity of valve seat recession problems in
aircraft engines when lead-free autogas is used.

11. Maeldistribution may be -expected to be warse with autogas due to its greater
boiling rangé This can lead to engine roughness, knock and removal of lubri-
cating oil from cylinder surfaces under low temperature operatlon There is no indi-
cation of a safety problem from this source. .

12. Spark plug fouling is expected to be increased with leaded automotive fuels
because of their greater volume of high boiling point constituents and higher lead
levels. With lead-free gasoline spark plug fouling will be reduced compared to
some aviation gasoline due to the .absence of lead compounds.

13. For equal storage time and temperature, storage stability is worse with autogas.
This can contribute to increased gum with subsequent intake valve sticking and car-
buretor orifice plugging. Avgas is provided with a relatively high dosage of anti-
oxidant to delay gum formation., On the other hand, use of fresh autogas will pose
no gum problems and to the extent that fuel storage times are reduced because of g
high turnover of autogas, perhaps gum problems would be reduced in practice.

14. TFuel safety in regard to toxicity and explosion hazard is about the same for
all these gasolines.



EXISTENCE OF GASOLINE SPECIFICATIONS IN THE UNITED STATES

Gasoline specifications define various characteristics of gasolines necessary for
proper engine performance. For example, the octane rating, Reid vapor pressure
and sulfur content are commonly specified properties. These specifications con-
stitute a description of the gasoline. A list of such specifications for autogas
and for avgas appear in Table 1,

The specifications in Table 1 are the 1979 voluntary standards of the American So-
ciety for Testing and Materials (ASTM) for autogas and avgas (2). Also, the United
States federal government maintains military gasoline specifications.

Table 2 summarizes the extent to which different states apply the ASTM standards for
autogas. From Table 2 it is seen that 36 states have agencies which regulate auto-
gas quality for their state. These state agencies vary from the Department of Agri-
culture and Industries in the state of Alabama, to the Department of Labor and Em-
ployment, Dividion of Labor in the state of Colorado, to the Department of Adminis-
tration, Weights and Measures Division in the State of Arizona.

According to "Key Reprints" from the Aveo Lycoming Flyer (3), only six states re-
quire that ASTM or Federal Government specifications are to be met for autogas
marketing in those states. Of the other states requiring some specif{cations, dif-
ferent states regulate various properties of the gasoline. Some states have no
regulations, others may regulate only one or two properties of autogas. Inspection
of Table 2 reveals this lack of continuity of autogas specifications through-
out the U.S. These state laws regarding autogas are mostly in the form of Inspec-
tion Laws, although some are from state air laws. Also, nine states have a defini-
tion for aviation gaéoline. These are also found under state inspection laws or air
laws (4), and are noted in Table 3.

Other agencies exist which more indirectly regulate gasoline. The Environmental
Protection Agency, for example, regulates additives to automotive gasolines and re-
quires vehicle labels "unleaded gasoline only" (5). The Federal Aviation Adminis-
tration specifies which fuel may be used in each aircraft (according to the manu-
facture's specification) (5). In addition to these agencies, the Federal Trade
Commigsion specifies how fuel dispensers for automotive gasoline display the fuel's
octane number (5).

The variation of regulations (or lack of regulations) from state to state as noted
above appears to allow a potential for variation of gasoline properties. But, the
autogas business today is highly competitive, and therefore one goal of the gasoline
refiner is customer satisfaction. This requirement of customer satisfaction greatly
controls what the gasoline's performance will be. .Since today's automotive engine
is developed on current gasoline, only typical gasolines will operate well in these
vehicles, which establishes constraints on the range of autogas properties in order
to achieve this customer satisfaction. . Gasolines therefore are known according to



TABLE 1.

DETAILED REQUIREMENTSA FOR
AVIATION GASOLINESM

-

AVGAS AND AUTOGAS SPECIFICATIONS (ASTM TESTS D 910 AND D 439, REF. 2)

DETAILED REQUIREMENTS FOR
AUTOMOTIVE GASOLINES

. ASTM ASTM VOLATILITY CLASS
TEST TEST
GRADE 80 GRADE 100 | 6RADE 100 LL |  METHOD® METHOD cLasS A CLASS B LSS ¢ CLAsS D CLASS E
KNOCK VALUE, MIN. OCTANE NUMBER, LEAN RATING 0 100 100 D 2700¢ D 700 on} _— —_— —_— —_ —_ OCTANE NUMBER, MOTOR METHOD
D 2885
KNOCK VALUE, RICH RATING: . . D 2699 on} —_ —_— —_ —_— —_— OCTAME MUMBER, RESEARCH METHOD

MINIMUM OCTANE NUMBER & 130 130 D 909 D 2885 ’ !

MINITUM PERFORMANCE NUMBERO-® 87 130 130 85-+97 85-+97 85-+-07 85-=97 8597 OCTANE WUMBER, ReM (TABLE 3)
COLOR REDE GREEN BLUE D 2302 ' 2 \ D9
DYE CONTENT:

" PERMISSIBLE BLUE DYEF MAX., MG/GAL 0.5 4,7 5.7

PERMISSIBLE YELLOW DYES MG/GAL NONE 5,9 NONE .

PERMISSIBLE RED DYEY MAX., M6/GAL 8.65 NONE HONE LEAD CONTENT, MAX., G/GAL (G/LITER)

D 2547 D 2547 0,05 (0.01»] 0.05 .01 0.05 (0.01»| 0.05 (0.023)] 0.05 (0,013) UNLEADED®
TETRAETHYLLEAD} MAX., ML/GAL 0.5 4,0 2,0 {-n 29 & 02509 | w2 an | wzan 4.2 (LD 4.2 4. 4.2 (1.1 CONVENT JONAL
REQUREMENTS FOR ALL GRADES: oz X
DISTILLATION TEMPERATURE,°F (°C): DISTILLATION TEMPERATURER °F (°C):

" 108 EVAPORATED, MAX., TEMP, 167 75) D% D 8% 158 (70) 149 (65) 140 (60) 131 (55) 122 (50) "10% EVAPORATED, MAX. TEMP.

40T EVAPORATED, MIN. TENP, 167 (75)

170 N 170 a7 170 1) 7000 - | 17000 S0% EVAPORATED, MIN. TEMP.

508 EVAPORATED, MAX. TEMP, 221 (105) 250 (121) 245 (118) 240 (116) 235 (113 230 (110) 50% EVAPORATED, MAX. TEMP.

907 EVPORATED, MAX., TEMP. 2775 135 374 (190) 374 (190) 365 (185) 365 (185) 365 (185) 90T EVAPORATED, MAX. TEMP.
FINAL BOILING POINT, MAX., °F (*0) 338 (170) 437 (225) 437 (225) 437 (225) 437 (225 437 (225) END POINT, MAX.

SUN* OF 10 AND S0 EVAPORATED TEMPERATURES, MIN. 307 (135)°
DISTILLATION RECOVERY, MIN. % 97
DISTILLATION RESIDUE, MAX. % 1.5
DISTILLATION LOSS, MAX. % 1.5
ACIDITY OF DISTELLATION RESIDUE SHALL NOT BE ACID D 1093
D 2533 . VAPOR/LIQUID RATIO?

140(60)- 133 (56) 124 (51 16 W7y 105 (41 TEST TEMPERATURE, °F (°C)

20 - 20 20 20 20 VAPOR/LIQUID RATIO, MAX.
VAPOR PRESSURE, MAX., LB./INZ (REID METHOD) 7.0 D323 ok 3B 9.0 (62) 10.0 (69) 11.5 79) 13.5 (83) 15.0 (103) VAPOR PRESSURE, MAX., PSI (KPA)

D 2551 D 2551 (RELD METHOD) :
NET HEAT OF COMBUSTIONY MIN., BTU/LB 18,720 . D 1405
COPPER STRIP CORROSION, MAX, . 1 D 130 D 130 NO. 1 o, 1 NO. 1 No. 1 8.1 COPPER STRIP CORRUSION, MAX.
POTENTIAL GUM, (5 HR. AGING GUMYX MAX,, MG/100 ML 6 D873 D873 5 5 5 5 5 EXISTENT GUM, MAX., MG/100ML
VISIBLE LEAD PRECIPITATEL MAX,, MG/100 NL 3 D 873 . SULFUR, WT T, MAK.
SULFUR, WT.Z, MAX, 0.05 o 1266 D126, | 0.5 0.15 0.15 0.15 0.15 LEADED
D 2622 D 2622 0.10 0.10 0.10 0.10 0.10 UNLEADED
FREEZING POINT, MAX,, °F (°C) ~72 (-58) D 238
WATER REACTION VOLUME CHANGE NOT TO EXCEED *+ 2 ML D 1084 D 525 240 240 240 240 240 OXIDATION STABILITY, MIN
PERMISSIBLE ANTIOXIDANTS! MAX., LB/1000 BBL (42 GAL) 4.2
(footnotes for

these specifications are

on the

following page)



TABLE 1. - AVGAS AND AUTOGAS SPECIFICATIONS (ASTM TESTS D 910 AND
D 439, REF. 2) (Continued)

Footnotes for autogas specifications ASTM D: 439

4 A1 760 mm Hg pressure (101.3 kPa).

" The -nﬂm:I sddition of lead compounds is not permitied. Current EPA pmulptiou_ulll for 0.05 g of lead pef
galion (0.013 g/litre) maximum and 0.008 g of phosphorus per gallon (0.0013 g/litre) maximum, effective July 1. 1974.

 See Table 3. .

Footnotes for avgas specifications ASTM D 910

Ap

ah : el

quirements i are and are nol
determinations are made, average results shall be used.

# The test methods indicated in this table are referred to in Section 9.

€ The values shown in Table | represent Aviation Method Ratings. Motor ratings obtained by ASTM Method
D 2700 should be converted to aviation ratings by Conversion Table 2. If mutually agreed between the purchaser and the
seller, Method D 614 may be used to obtain aviation ratings directly. ‘ .

©These colors have been approved by the Medical Director Chief, Division of Occupational Health, U.S. Department of
Health, Education and Welfare.

£ 1f mutually agreed upon between the purchaser and the supplier. Grade 80 may be required 10 be free from tetraethyllead.
In such a case, the fuel shall not contain angldg and the colos as determined in accordance with ASTM Method D 156, Test
for Saybolt Color of Petroleum Products (Saybolt Chromometer Method)® shall not h\l;;rler than +20.

to cotrection for o) of the lest methods. If multiple

#The only blue dye which shall be present in the finished gasoline shall be essentially 1.4-dialkylamino-anthraquinone.

“ The only yellow dye which shall be present in the finished gasoline shall be essentially.p-diethylaminoazobenzene (Color
Index No. 11020). .

¥ The only red dye which shall be p in the finished gasoline shall be ially methyl derivatives of szobenzene-4-
2zo-2-naphthol (methyl derivatives of Color Index No. 26108). :

! The tetraethyllead shall be added in the form of an antiknock mixture containing not less than 61 weight percent of
tetracthyliead and sufTicient ethylene dibromide to provide iwo bromine atoms per atom of lead. The balance shall contain
no added ingredients other than kerosine, and an approved inhibitor, and blue dye, as specified, herein.

7 Use the value calculated from Table | in ASTM Method D 1405, for Estimation of Net Heat of Combustion of Aviation
Fuels.? ASTM Mcthod D 2382, Test for Heat of Combusti Hyd bon Fuels by Bomb Calorimeter (High-Precision
Method)® may be used as an sliernative method. In case of dispute, Method D 2382 must be used. In this latter case, the
minimum values for the net heat of combustion in Biu's per pound shall be 18,700 for Grades 80, 100, and 100LL.

* Note that the temperature conversion for the sum is Cy + Cy = 3(F, — 32 4+ F; - 32).

% If mutually agreed upon between the purchaser and the supplier, aviation gasoline may be required 1o meet at 16-h aging
gum test (ASTM Method D 873, Test for Oxidation Stability of Aviation Fuels (Potential Residue Method)?) instead of the
5-h aging gum test. In such a case, the gum shall not d 10 mg per 100 ml and the visible lead precipitate shall
not exceed 4 mg per 100 ml. In such fuel the permissible antioxidants shall not exceed 8.4 Ib per 1000 bbl (42 gal).

£ The visible lead precipitate requirement applies only 0 lesded fuels. ’ ’

¥ pPernussible antioaidants are as follows:

N.N’-diisopropyl-para-phenylenediamine

N.N'-di-secondary-butyl-para-phenylenediamine

2.4-dimethyl-6-tertiary-butylphenol

2.6-ditestiary butyl-4-methylphenol

2.6-ditertiary butylphenol

Mixed testiary butylphenols. composition:
75 percemt 2,6-ditertiary butylphenol
1010 15 percent 2.4.6-tritertiary butylphenol
10 1 15 percent o-tertiary butytphenol .
72 percent min 2.4-dimethyl-6-tertiary butylphenol, and 28 ‘percent max monomethyl and di-
methyl tertiary butylphenols. :

These inhibitors may be added to the gasoline separalely or in combination, in total ¢ ion not to d4.21bof
wnhibier (not including weight of solvent) per 1000 bbl (42 gal). o

* Listing of and requirements for Grades 91-98, 108-135, and 115-145 appear in the 1967 version of this specification.

" A nunimum performance number of 130 is equivalent (o a knock value determined using isooctane plus 1.28 ml TEL/gal
(033 ml TEL/litre).

# All performance numbers shall be reporied to the ncarest whole number.




Considering the following
eight major specification
areas of ASTM D L39:
Octane
Sulfur
Existent gum
Copper strip corrosion
Lead content
Reid vapor pressure
Vapor/liquid ratio
Distillation

" Key:

A - A state requiring all
ASTM D 439 specs. or
at least six of the
above.

B - A state requiring

some ASTM D 439 specs.

from one to five of
the above.

C - No requirement.

(Data from Ref. L)
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TABLE 3.

State
Colorado
Connecticut

Hewaii

Minnesota

Nevéda

North Dakota

Oklahoma

South Dakota

Wyoming

STATES WHICH DEFINE AVGAS PROPERTIES

(Date from Ref. L)

Avgas Definition

ASTM specificeations and definitions

Mast be of United States Standard

. Any product conforming to the standards of

ASTM D 910 (1970)

Defines avgas with a very loose specification,
which could include most autogas

Set by State Sealer of Weights and Measures,
may be the same as ASTM D 910

Specifications on sulfur, Reid vapor pres-
sure, cooper strip corrosion, potential gum,

freeging point, octane, and distillation

Specifications on distillation, Reid wvapor
pressure, octane, color, ledd, and gum

Specifications on distillation, Reid vapor
pressure, copper strip corrosion, and sulfur

Federal specifications and definitions



their performance in tests rather than by their actual composition. Performance
specifications are a successful and practical method for controlling the performance
of the product in the vehicle, while still allowing some variability of the composi-
tion of the product. Some of thest most significant performance specifications are
now considered in more detail in the following sections.

PERFORMANCE REQUIREMENT SPECIFICATIONS

OCTANE RATING.

Octane rating is a measure of a fuel's antiknock quality, that is, its ability to
resist autoignition and preignition. These cause loss of power and efficiency, and
can lead to the damage of engine parts. For these reasons, specifications exist for
controlling the octane ratings of both autogas and avgas. '

Regarding avgas, Grade 100 for example, is often expressed as 100/130 in which the
first number is termed the Lean Aviation Rating and the second number is termed the
Rich Rating Performance Number. This Rich rating is determined according to ASTM
Test D 909 (2), which establishes the knock-limited power achieved for the given
fuel under supercharged conditions. The Rich rating below 100 is the Supercharge
octane number equal to the percent volume of isooctane in a blend of n-heptane
which matches the knock intensity of the sample fuel. The Rich rating above 100 is
given as mg/gal of tetraethyllead in isooctane, and is expressed as a performance
number. Correlations are found in Table 1 of ASTM Test D 909 where, for example,
the performance number for 1.28 ml/gal of tetramethyllead in isooctane is found to
be equal to 130.

The Lean Aviation Rating is found according to ASTM Test D 2700. (2), which determines
the knocking tendency of a fuel under standard operating conditions which are common
to both automotive and aviation gasolines. This test yields the Motor octane rating,
which below 100 is expressed at the percent volume of isooctane in a blend of n-
heptane which matches the knock intensity of the sample fuel. For avgas, a Motor
octane number above 100 is given as a performance number, and then converted into

the Aviation Rating. Conversions for this expression are found in tables in the
ASTM Tests D 909 and D 910 (2). Conversion equations for gasolines are as follows:
(where "P.N.," is "performance number" and "O.N." is "octane number").

For Motor. P.N. less than 93 (i.e., less than 97.89 Motor 0O.N.):
. Aviation P.N. = (1.08) (Motor P.N.) - 5.6 (1)

For Motor P.N. greater than 93:
Aviation P.N. = 12.07 + (0.89) (Motor P.N.) (2)



For octane numbers below 100:

- PB.N. = 2800/(128-0.N.) R (3)

For octane numbers above 100:

P.N. = 100 + (3) (0.N.-100) : “ (L)

For automotive gasolines, the antiknock index is defined as the average of the Re-
search method octane number and the Motor method octane number. The Motor method
test is considered to be more severe than the Research method test due to the higher
speeds and inlet temperature of the Motor method. Similar to avgas, the Motor oc-
tane number of autogas below 100 is the percent volume of isooctane in a blend of
n-heptane which matches the knock intensity of the sample fuel. But, the Motor oc-
tane number above 100 is given as ml/gal of tetraethyllead in isooctane which
matches the known intensity of the sample fuel.

The Research octane number for autogas is determined by the ASTM Test D 2699 (2).
The values of this Research method.octane number, above and below 100, are ex-

pressed in the same terms as those values of the autogas Motor method octane num-
bers, respectively. '

In comparing avgas and autogas on the basis of octane ratings, no direct comparison
can be made between the two fuels when considering the avgas Rich rating octane
number versus the autogas Research method octane number. Not only are the tests
run at different engine conditions, but the avgas test is run with rich mixtures,
whereas the autogas test is run lean. As a result, the different hydrocarbon
classes may be expected to rate differently on the two tests, especially for fuel
of high aromatic content.

In analyzing this same subject, an Avco Lycoming report (6) of some gasoline in-
spection results showed the Aviation Motor octane numbers and the Rich rating oc-
tane numbers of five various autogas samples. The resulting ratings varied greatly
between the gasolines. For example, the lowest rated sample had an Aviation Motor
octane number of 84.0 and a Rich rating octane number of 90.9. In contrast, the
highest rated sample had an Aviation Motor octane number of 94.7 and a Rich rating
octane number of 126.4. Therefore, all of these samples satisfied the octane re-
quirements of grade 80/87 avgas, However, they were considerably below the re-
quirements of the higher grades of avgas.

A 1976 Exxon letter of C. T. Stone (7) states that tested samples of their unleaded
autogas indicated a Rich octane number of 88 to 89, which also meets the require-
ment of 80/87 avgas octane ratings. This letter further emphasized though that in
the future, samples may not meet this requirement since no control of this charac-
teristic is exercised on autogas.

The situation therefore still remains that no comparison can be made betwen autogas
and avgas when considering the Rich rating octane number. 1In reviewing the limited
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data available an obvious need appears for a general correlation to be made for
erls.of'various hydrocarbon classes in order to assure that autogas possesses suf-
ficient octane quality to satisfy the rich rating for grade 80/87 avgas.

In considering the avgas Lean rating octane number, this rating is very close to the
Motor method octane rating of autogas, and has been correlated with it formally ac-
cording to equations (1) - (4). Some typical values are:

80 Aviation number 80.7 Motor octane number

100 Aviation number 99.7 Motor octane number

DISTILLATION.

Distillation is a measure of the relative volatility of fuels. The lower the tem-
perature is for a given percent evaporation, the greater the volatility is at that
point. The standard ASTM test for this distillation is D 86 (2). Considering now
a distillation curve, the 10% evaporation region or "front end" is considered to
represent the relative starting quality of the gasoline. The lower the front end
temperature, the easier the starting. The ASTM specifications contain five vola-
tility classes (A through E) for automotive gasoline, of which class E is the best
for cold weather starting. The starting characteristics of the different classes
get progressively poorer from E through A. The front end distillation temperature
is also an indicator of the relative vapor lock tendency of the fuel, although the
Reid vapor pressure and the vapor/liquid~ratio are considered to better vapor

lock indicators than this 10% point region. Also,the front end temperature indi-
cates relative evaporation tendencies of fuels, where again the lower temperature
of the 10% point would imply greatetr evaporation losses.

In regards to higher percent evaporation points, the L0%-70% evaporation range is
considered indicative of the engine warm-up characterlstlcs resulting from the fuel
in question.

Considering now the 90% evaporation region or "back end," a low back end distilla-
tion temperature may possibly result in increased deposits and poor fuel distribu-
tion. This relative potential for increased deposits refers to cylinder deposits
and spark plug fouling. The back end also gives a relative indication of the oil
dilution and smoky combustion tendency of the fuel. This characteristic is due to
the fact that some high temperature boiling components in the gasoline may reach the
cylinders in liquid form if the fuel volatility is too low. This phenomenon could
cause cylinder wall washing and oil dilution if liquid fuel flows past the rings.

Within the petroleum industry, the sum of the (104 temp.) + (50% temp.) + (90%
temp.)/5 is often used informally as an index of the relative carburetor icing
tendency of & fuel. In automotive applications a carburetor icing problem may
arise if this sum is less than 390°F.
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These above points regarding the distillation curve values of a fuel demonstrate
the importance of distillation temperature values relating to engine performance
characteristics. Some of these performance charactéristics pertain to serious
safety problems and therefore specifications governing these fuel properties are
important to know. Figure 1 portrays the relationship between automotive engine
performance and the ASTM curve. No comparable correlation has been made for air-
craft engines, although the outcome may be expected to be similar.

Specifications for the distillation properties of autogas and avgas are listed in
Table 1. The maximum distillation specifications are also plotted in Figure 2.
Inspéction'of this figure shows a lower 10% evaporation point temperature specified
for autogas than for avgas, especially that of autogas volatility class E. This
figure also shows the much higher back end of the distillation curve specified

for autogas than that of avgas.

With the distillation curve characteristics, some of which are mentioned above, one
can clearly see how avgas is specified such that it should have, for example, less
deposit-forming potential, less carburetor icing tendencies, and less relative
vapor lock tendencies than autogas. This figure also shows a characteristic of
much easier starting of autogas volatility class E than that of avgas.

VOLATILITY.

The volatility of a fuel is its tendency to evaporate or to change from a liquid to
a gaseous state. The ASTM distillation curve is one measure of the relative vola-
tility of.fuels. Reid vapor pressure is a front end volatility indicator. It is
measured at 100°F (37.8°C) and is essentially equal to the vapor pressure. Com-
pared to ASTM distillation, the Reid vapor pressure and the vapor/liquid ratio are
more specific measures of the front end volatility and the vapor lock tendency of a
fuel. This characteristic of the fuel is very important for aircraft applications.
Reid vapor pressure is also a good measure of the relative evaporative loss ten-
dency of a fuel. Given two gasolines with approximately the same distillation
curves, but different Reid vapor pressures, the fuel with the higher vapor pressure
will tend to develop vapor lock more readily.

ASTM specifications require a maximum Reid vapor pressure of 7.0 psi for aviation
gasoline, and a range from 9.0 to 15.0 psi for automotive gasolines (2), which is
divided into the five volatility classes. Although not specified in ASTM D 910 the
minimum Reid vapor pressure for aviation gasolines is controlled by the refinery
not to be less than 5.5 psi (41). Both avgas and autogas volatility are season-
ally adjusted with the highest values in the coldest ambients. It may be noted
that this minimum R.V.P. for autogas of about 7 is the maximum permitted for avgas.
In generél, considerable variability exists as Figure 6 indicates.

The vapor/liquid ratio of a gasoline is the ratio, at atmospheric pressure, of the

volume of vapor formed to the volume of the liquid sample. Gasolines may have
identical Reid vapor pressures, but yet their vapor forming characteristics (V/L
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ratios) may be different because one fuel may have a lower distillation curve than
another.. ASTM specifications D L39 for automotive gasolines do have vapor/liquid
ratio requirements, whereas the ASTM aviation gasoline specifications do not. This
is because the tight specifications on avgas make & vaponﬁliquid ratio specification
redundant. It is well to note that automotive systems are commonly designed to
handle V/L ratios up to 20, whereas some alrcraft develop vapor lock problems with
V/L ratios slightly greater than one.

COMPOSITTION.

Gasolines are made from crude oils whose properties and composition may vary con-
siderably. Crudes may be as thin and colorless as water, or as thick and black as
ligquid tar. Crude oil is a mixture of thousands of hydrocarbons. The hydrocarbons
are classified as paraffins, olefins, naphthenes, and aromatics.

High octane number is associated with small and compact molecules, arcmatics such
as toluene and xylenes or branched paraffins such as isooctane. Paraffins produce
less carbon deposits than aromatics. Paraffins have the highest heating value per
unit mass due to high percentage of hydrogen in the molecule. Paraffins have the
least octane number sensitivity* of the four hydrocarbon groups. Olefins have a
higher sensitivity and a lower octane rating than paraffins. Autogas often con-
tains a much higher quantity of olefins than avgas which makes them less stable in
storage than avgas (8). Aromatics have a relatively high sensitivity. They also
have high self-ignition temperatures as compared to straight chain hydrocarbons.
Aromatics tend to produce smoke when burned, and are major contributors to combus-
tion chamber deposits. Aromatics contain much less energy per unit weight than
paraffins; and therefore the amount contained in aviation gasoline usually does not
exceed 20% by volume (8). Inspection of Table 1 shows that avgas has a Btu/lb
heating value specification, whereas autogas does not. This heating value speci-
fication therefore limits the aromatic content of avgas to a much lower value than
that of autogas (L41,42).

Sulfur is found in gasoline as either free sulfur or hydrogen sulfide. In the com-
bustion process, sulfur will also unite with oxygen to form sulfur dioxide and some
small fraction forms sulfuric acid in the presence of combustion generated water.
This sulfuric acid corrodes engine parts including rings and cylinder bores. A por-
tion of this sulfur is known to combine with TEL forming lead sulfates which re-
duces the antiknock quality of the mixture. These potential problems with sulfur
show why a sulfur specification is important, and ASTM specifications are much
stricter regarding sulfur content for avgas than for autogas. For example, as
shown in Table 1, ASTM specification D 910 for avgas allows only a maximum of 0.05%
by weight of sulfur, whereas ASTM specification D 439 for autogas allows a maximum
of 0.10% and 0.15% by weight of sulfur present for unleaded and leaded autogas,
respectively, even though the national average autogas is about 0.03% (11). Sulfur in

*Sensitivity is defined as the difference between the Research octane number and
the Motor octane number.
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fuels is also controlled through federal, state and local regulations, primarily
for air pollution considerations (9). Various dyes are also specified to be added
to gasoline, though merely for visual identification purposes.

In considering water in gasoline, the ASTM test D 1094 (2) determines the presence
of water-miscible components in aviation gasoline and the effect of these components
on the fuel-water interface. A separate water phase can be found as a result of a
temperature decrease when enough water is present in the fuel. In some cases, water
freezes in finely disperséd crystals and plugs fuel filters. 1In other cases, ice
crystals accumulate and plug the fuel line. When water is found in the fuel, it

is often the result of condensation which arises naturally in the thermal cycle.
Same of this water may find its way to the fuel pump where, in the presence of sul-
fur or acidic conditions, it can attack zinc castings or coatings of the fuel sys-
tem. The resulting corrosion may form a deposit which could interfere with the
proper operation of the carburetor. Water reaction is therefore important in the
consideration of aviation gasoiines. ASTM has a water reaction regulation for avia-
tion gasolines, but not for automotive gasolines. 1In light aircraft operation it is
a practice to drain tank bottoms prior to use of the aircraft to minimize fuel line
freezing problems. In cold ambients automotive gasolines commonly contain anti-
icers to alleviate this problem.

ADDITIVES.

An additive is a chemical compound added to a fuel to create certain desirable
properties of that fuel or eliminate another undesirable property. For gasolines,
any compound added in quantities of 5% or less is termed an "additive." Greater
amounts are termed blending agents. Many additives are used at a level of a few
parts per million by weight.

Below are some important additives (or additive groups) typically found in gasoline
and not previously discussed.

- Phosphorus compounds—these are added to reduce glowing deposits and
spark plug fouling

- Tetraethyllead—this is added to increase fuel octane

- Scavengers—these are added to chemically remove the otherwise non-
volatile lead products from the combustion chamber

- Antioxidants—these are added to reduce gum formation

In regard to additives in autogas, the Envirommental Protection Agency regulates the
maximum amount of lead and phosphorus (5). Also required is that all fuels and fuel
additives must be registered with EPA. The reason for this registration is for
emission control and for the prdtection of emission control devices on vehicles.
ASTM D 439 has no specifications on additives in autogas. ASTM D 910 specifica-
tions for avgas does specify a maximum amount of tetraethyllead and its scavenger
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ethylene dibromlde. It also requires identifying dye and antioxidants. A list of
permissible antioxidants is also given. ‘A more detailed analysis of additives
fpllows later in this report.

STABILITY.

Stability of a gasoline is its ability to maintain its antiknock properties and to
resist gum formation.

Gum, peroxides, and insoluble precipitates may form when the unstable hydrocarbons
(for example, olefins) oxidize or combine with each other by a type of polymeriza-
tion, forming viscous liquids or.solids. As noted in the composition eection,
automotive gasolines contain more olefins (8), therefore making them less stable in
storage than avgas. In contrast to avgas, autogas is not expected to undergo stor-
age much beyond six months unless it is fortified with higher levels of antioxi-
dants (39). Autogas stored for several months may decrease in octane rating and
form gum (3). Avgas, on the other hand, is expected to be stored for longer pe-
riods and is appropriately formulated. :

Testing a gasoline for actual gum content at the refinery is required for autogas,
according to ASTM D L439. Gums form with time, and high temperatures. Copper-
containing materials and tetraethyllead are catalysts for gum formation. Avgas may
age quite a while in the field before being used. The gum present at the time of
use after aging is thus very important. ASTM D 910 has a potential gum, not ex-
istent gum, specification for avgas, as can be seen in Table 1. This potential

gum test not only measures existing gum, but measures the potential of the fuel to
form gum in the future also. Recently a test called Oxidation Stability (ASTM

D 525) which is similar to, but not identical tothe potential gum test of avgas,
was added to ASTM D 439 for autogas. Therefore the stability specifications for
autogas and avgas are now more similar, Given just a small tightening of these
autogas requirements, both fuels would be almost the same with respect to stability
specifications. :

DEPOSIT CHARACTERISTICS.

A high back end distillation temperature range (10) and high gum content irdicate
potential combustion chamber, piston ring groove, lower crankcase, and valve stem
deposits. Gum deposited on intake valve stems may contribute to intake valve
sticking. ASTM specifications for avgas require relatively low temperatures at
the back end of the distillation curve. The previous section on stability pointed
out the differences in gum specifications for autogas and avgas.

Deposits are also related to the aromatic conmtent of the fuel. A higher aromatic
content indicates potentially more deposits. A low heating value per pound of fuel
is an indication of higher aromatic content. ASTM D 910 has a specification for
the heating value of avgas, but not for autogas, and this effectively limits aro-
matic contents, as was discussed previously.
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Tetraethyllead, contributes greatly to deposits in engines. To scavenge out the
lead,compounds, avgas typically contains one theory of ethylene dirbomide, whereas
antogas contains one theory of ethylene dichloride .and 1/2 theory of ethylene di-
bromide. (A theory is the theoretical amount required to combine with the lead
additive.) Ethylene dibromide is more effective for high temperature operation,
whereas ethylene dichloride is better at lower temperatures. ASTM specifies two
bromine atoms per atom of lead for avgas, but no specification for autogas.

o

EXTENT OF SOME RELEVANT MANDATORY REQUIREMENTS

The U.S. Clean Air Act requires the registration of all fuels and fuel additives

and concentrations of the additives. This is accomplished through the Environmental
Protection Agency. The EPA closely regulates the lead content in automotive gaso-
lines. It also requires that each retail outlet must sell at least one grade of
unleaded gasoline of not less than-91 research octane number, and it provides for a
decrease in this octane number requirement with altitude. The EPA also regulates
fuel dispenser nozzle diameters and requires two "unleaded gasoline only" labels on
each vehicle with catalytic converter emission control devices (5).

The Federal Trade Commission has procedures for determining, certifying, and posting
on the fuel dispenser the octane rating of automotive gasoline intended for sale to

consumers (5).

FAA REQUIREMENTS.

The Federal Aviation Administration has requirements (5) for the certification of
aircraft and aircraft engines. For engine certification, the applicant must desig-
nate the fuel, lubricant and hydraulie fluid that may be used in the engine. It is
at this step where a grade of avgas is usually specified as the fuel. Engine
ratings and operating limitations are established by the Administrator according to
various criteria which ineclude the engine fuel and oil grades or specifications.
The FAA also requires that each engine type be tested; one test of which 1is the
"Detonation Test." This is to establish that the engine can function without
detonation throughout its range of intended conditions of operation. Other air-
craft engine requirements cover design and construction, for example that the
engine must supply an appropriate mixture of the fuel to the cylinders throughout
the complete operating range of the engine under all flight and atmospheric con-
ditions. Another such requirement is that each passage in the induction system
which conducts a mixture of fuel and air must be self-draining. This prevents a
liquid lock in the cylinders.

For the aircraft certification the FAA requires the fuel grade be established so

that it is not less than that required for the operation of the engine within the
limitations of specified takeoff and continuous operations. The FAA also requires
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the fuel filter openings be marked with the minimum fuel grade. Regarding the fuel
system, the FAA also requires that each fuel system must be free from vapor lock
when using 110°F fuel under critical operating conditions. ' In addition to this re-
quirement, each fuel system must be constructed and arranged to insure a flow of
fuel at a rate and pressure established for proper engine functioning under each
likely operating condition, ineluding any maneuver for which certification is re-
quested. Also regarding fuel flow, the ability of the fuel system to provide fuel
at the rates specified (in the section 23.955, subpart E) and at a pressure suffi-
cient for proper carburetor operation must be shown in the attitude that is most
critical with respect to fuel feed and quantity of unusable fuel (5).

STATE REQUIREMENTS.

More specific mandatory regulations of gasolines and their properties are on the
state level. According to the'"Digest of State Inspection Laws Relating to Petro-
leum Products” (U4), some states require that these automotive gasolines meet all
the requirements of ASTM specification D 439. Some states require different maxi-
mum and minimum values for some properties determined by the various autogas tests.
Some states require only a few tests and some states have no inspection laws re-
garding petroleum products, as Table 2 reveals. As mentioned before, nine states
have a definition for avgas covering such characteristics as distillation, octane
number, lead content and gum content. Table 3 shows which states have such a defi-
nition. '

GASOLINE VARTABILITY IN THE UNITED STATES

Twice a year, summer and winter, the Department of Energy tabulates data on the
performance properties of autogas. The Appendix to this report‘contains six
tables (Table A-1 through Table A-6) of data taken from these Department of Energy
reports for winter of 1978-79 and summer of 1979 (11,12).

Inspection of these tables reveals a wide range of autogas properties between the
17 different districts across the nation, and often a wide variation within each
distriet itself. Figures 3 through 8 were constructed using data available for
avgas, the winter of 1978-79 Department of Energy autogas survey, and the summer of
1979 Department of Energy autogas survey. The 80/87 avgas data of the 1969 survey
(13) is in Table A-7. 1969 is the last year for which avgas survey data is avail-
able. ' :

Figure 3 shows the national average distillation curve for winter of 1978-79 regular
autogas, along with curves of the maximum and minimum values of this winter regular
autogas. This band demonstrates a wide range of volatilities of regular winter
autogas throughout the nation. Also shown on Figure 3 is the same band for 80/87
avgas, from the 1969 data (13). This avgas band demonstrates a much narrower range
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of volatilities of avgas across the nation than that of autogas.

Figure 4 shows average distillation curves for 1978-79 winter regular autogas taken
from two different districts. These curves demonstrate a difference between the
South Mountain States district and the North Plains district of about two vola-
tility classes in the front end distillation range, during the same. season.

Tables A-1 through A-6 and Figures 5 through 8 show large variations in gasoline
properties also existing between summer and winter autogas, depending on location.

For example, considering unleaded gasoline; the national maximum Reid vapor pressure
was in Michigan (district 5) in the winter of 78-79, and was 15.6 psi. The minimum
Reid vapor pressure was in the Mid-Atlantic coast region (distriet 2) in the summer
of 1979, and was 7.0 psi. Inspection of Figure 6 shows this comparison easily.

This example demonstrates a substantial variation of a critical performance char-
acteristic of autogas across the country throughout the year.

Figure 5 shows some decrease in average octane rating of regular autogas for the
summer of 1979 from that of the previous winter, though these ratings are quite
similar. But, Figure 7 shows very large variations of lead content in autogas for
both summer of 1979 and the previous winter, especially with premium autogas. This
figure also shows a large variation of lead content for 100/130 avgas of 1969. In
- addition to lead content, large variations in sulfur contents of some autogas are
shown in Figure 8.

An important point to be considered here with Tables A-1 through A-6 and Figures 3
through 8 is that for the 80/87 avgas data, only 2i samples were used whereas for
the summer of 1979 autogas, 1,001 samples, 955 samples, and UL5 samples were used
for the unleaded, regular and premium gasolines, respectively. But, Tables A-1
through A-6 show that in the individual distriets, ranges of values of the various
properties are still quite large for a much smaller number of samples. Therefore
one conclusion is that autogas performance characteristics vary greatly within the
same district at the same time of year, and between different districts at the same
time of year, as well as at different times of the year.

In contrast to the widespread variation of some performance characteristics of
autogas, avgas typically has a relatively small spread of values. For 1969,
Figure 6 shows that both the 80/78 and 100/130 avgas had maximum Reid vapor pres-
sures of 7.0 psi, and minimum values of 6.0 psi. This is a spread of 1.0 psi
R.V.P. for avgas compared to a spread of 8.6 psi for unleaded autogas. Also, the
spread of Reid vapor pressure values of regular gasoline was 10.1 psi (from 4.8 to
14.9), and the spread of those values for premium was 8.6 psi (from 6.7 to 15.3).
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WHICH AVGAS CAN BE REPLACED BY AUTOGAS AND WHY

Based on data from the U.S. Department of Energy (11,12) a comparison of all auto-
motive gasolines (unleaded, regular, and premium) with grades 100/150 and 100 LL
aviation gasoline on the basis of motor octane numbers shows that automotive gaso-
lines, with their range of Motor octane numbers of 84 to 90, fall far short of the
required 99.6 Motor octane number of each of the 100 grade aviation gasolines, and
precludes use of autogas as a substitute for those grades or higher grades.

In comparing automotive gasolines with grade 80/87 avgas, the automotive gasolines
appear to exceed the aviation requirement for the Lean octane rating. Some question
exists as to whether the automotive gasolines would meet the Rich octane number re-
quirement. Therefore considering octane quality only, grade 80 avgas is the only
grade whichmight be replaced by autogas, a topic to be ¢onsidered :in muc¢h more de-
tail in the remainder of this'report. The preceding sentence is not intended to
mean that autogas can replace 80/87 avgas, since additional characteristics must be
considered. These characteristics are discussed in detail in the balance of this
report.

DETATLED DISCUSSION OF POTENTIAL PROBLEM AREAS

COMBUSTION PROBLEMS.

KNOCK. Knock is a spontaneous combustion of part of the fuel-air mixture resulting
in rapid gas pressure oscillations. Knock continuing even over a relatively short
period of time in an aircooled engine can lead to engine damage. The pressure fluc-
tuations cause a large amount of heat transfer to the piston and combustion chamber.
In an aircooled engine, which is very limited in its ability to remove excess heat,
a hot spot is likely to form at an overheated valve or spark plug. If the hot spot
is in the range of 1600-1765°F preignition can occur and cause rapid piston failure
(15,16). Because of the high noise level in most light aircraft, knocking and/or
preignition are not always audible. Therefore it is important to make sure that
the fuel has a high enough octane number so that knock will not occur under any
condition.

The Motor Gasoline survey published by the U.S. Department of Energy (11,12) indi-
cates the Motor octane numbers for the three grades of autogas (regular, lead free
and premium) are high enough to satisfy the aviation lean mixture octane require-
ments of those engines designed to use 80/87 avgas, at least when these engines

are clear of deposits. This is true even with the lowest octane autogas which is
supplied in high altitude mountain states. None of the samples collected from this
area were reported to have less than 80 Motor octane number. The lowest numbers are
for unleaded grade. The average for samples of unleaded collected all over the
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nation (winter 78-79 survey) was 84.3. The minimum Research octane number for un-
leaded was not less than 88 for any samples while the national average was 93.

On the other hand, it cannot be determined if the aviation Supercharge Rich mixture
octane number requirements would be satisfied by any grade of autogas. This is be-
cause the Rich Aviation octane rating is measured in a test quite different from
the Research method used for autogas. In an earlier section of this repart some
data correlating the Research octane rating method and the Rich Aviation method
were discussed and no specific conclusions could be reached. Although it is prob-
able that most, if not all, autogas meets the Rich Aviation requirement of 87 oc-
tane, standard correlating tests need to be run.

A subtle factor is the octane requirement increase with running (ORI). The fuel
octane required to prevent knocking in an engine increases as the engine deposits
form. Deposits build up from partial combustion products of both fuel and oil.
Leaded fuels build up deposits in a different way than unleaded fuels. It is ex-
pected that autogas may cause more problems in this regard in that it has more
heavy ends and a higher aromatic content than avgas. With leaded fuels the octane
requirement usually builds up to some level then stays constant, while unleaded
fuels cause a continually increasing octane requirement. Long term testing is
needed, particularly with unleaded autogas, to determine if the increase in octane
requirement is low enough so knock does not occur before the engine is overhauled
and cleared of deposits. Perhaps a shorter overhaul period is necessary when auto-
gas im used.

PRETIGNITION AND DEPOSIT IGNITION. Preignition has been a greater problem in piston
engine aircraft than it has in automobiles. The engine operating conditions most
common with aireraft engines coincide with those which are most likely to result in
preignition. These conditions are high speed, high output and high cylinder head
surface temperature (1L).

Preignition is the premature start of combustion. This occurs when normal flame
propagation begins at a time before that programmed into the ignition system. This
phenomena is distincly different from knock which is the normal flame propagation
followed by spontaneous combustion of part of the charge. Preignition can be
caused by a hot spot somewhere in the combustion chamber. If the temperature of a
part in the combustion chamber, such as a spark plug or a valve, becomes higher
than the autoignition temperature of the fuel-air mixtures, it will ignite the mix-
ture. If this occurs before the controlled electric spark, the ignition timing in
effect will have been advanced. When combustion occurs too early the piston and
combustion chamber are exposed to the hot combustion products longer and the work
which the hot gases would have done on expansion is lost through heat transferred
during compression. Such heat and pressure are particularly damaging to the piston
which can fail catastrophically is a very short period of time, sometimes in as
little as 30 seconds if the preignition is continuous. The damage is usually
erosion of the piston ring lands or holes through the piston crown. A short burst
of preignition will not lead to damage since some time is required to heat the
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critical surfaces. In fact deposits may be burned off eliminating the preignition.
Reports in the literature indicate that the temperature of the combustion chamber
hot spots must be a minimum of 1600 to 1765°F (15), to cause continuous runaway
préignition. When runaway preignition is occurring it is usually inaudible. This
is because the ignition of the charge is so far advanced that the engine does not
knock. Some backfiring through the intake may sometimes be heard, however.

Causes of runaway preignition include broken spark plug insulators, defective ex-
haust valve sealing and excessive spark knock. The spark plug is chosen with a
heat range that will allow the tip of the spark plug to reach temperatures Jjust
under those that would cause preignition under the most severe operating conditions.
This is to burn off deposits. If the heat flow path is disrupted in any way, such
as a cracked insulator, lesking seal or loose spark plug, the temperature may in-
crease high enough to cause preignition. If the exhaust valve starts to leak, the
hot combustion gases blow past the valve head during the expansion stroke causing
it to overheat. There are many things which can cause the exhaust valve to leak.
The valve seat can warp so that it is not concentric with the valve head. The
valve can stick due to deposits on the stem. Improper valve lash settings can
cause the valve to slam into the seat with such force that it is damaged. Exces-
sive spark knock can also cause preignition. The high rate of heat transfer caused
by the scrubbing of the combustion gases can cause overheating of the combustion
chamber parts, particularly the spark plugs and exhaust valves.

Knock may be brought on by fuel of too low an octane rating or it may be caused by
deposit ignition. Some combustion chamber deposits can glow at a temperature high
enough to ignite the mixture. This can cause preignition, but of a more stable
type. Deposits can cause the ignition to occur before the time dictated by the
ignition system, causing knock. The increased heat input from the knocking combus-
tion to the walls causes the deposits to burn away at a faster rate, so the amount
of unauthorized advance tends to be self-limiting. If the knocking, caused by the
over-advanced timing causes other parts to be overheated, then runaway preignition
can start. )

From this discussion it is seen that the major impact of gasolines with regard to
the problem of preignition is the character of the deposits formed by the fuel.
Deposits are actually formed in the combustion chamber from two sources, the fuel
and the o0il including their additives, and these sources interact in two ways. One
is the octane requirement increase effect. This is when the engine requires a
higher octane fuel to prevent knocking as deposits in the combustion chamber build
up. ORI is thought to be due in part to the compression ratio of the engine being
increased by the volume taken up by the deposits, the heating of the charge by the
thermal capacity and insulating properties of the deposits, and possible catalytic
effects. Another way in which deposits affect preignition tendency is when the
deposits themselves act as temporary hot spots which cause early ignition and as-
sociated knock.

One factor which has been found to be significant in the control of preignition
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tendency of gasoline is its aromatic content. In general aromatic hydrocarbons
(which are good sntiknocks) are chemically more susceptible to preignition (15).

Not all aromatic compounds are poor for resisting preignition. Toluene is said
to be good for avoiding hot spot ignition (17). Benzene and xylenes are poor for
resisting both deposit and hot-spot surface ignition. Gasolines usually contain
more toluene than any other aromatic. Very little benzene is included since this
is a valuable chemical feedstock.

Most autogas contains a high percentage of aromatics. This is particularly true of
unleaded grades. These aromatics (mostly toluene and some xylenes) are added to
these fuels in place of lead antiknock compounds. Unleaded premium grades have

the highest percentage of aromatics, sometimes exceeding 50% (18). Unleaded, regu-
lar and premium grades also tend to have high aromatic contents. Regular grade
(autogas) is generally lower in aromatic content since lead anitknocks can still be
used to good effect. Compared to avgas even regular autogas is considered rela-
tively high in aromatics however. 100LL is the aviation grade with the highest
aromaticity. In order to keep the -lead content low, aromatics have been added.

The amount of aromatics that can be blended into aviation gasoline is limited by
the necessity of meeting the heating value specification. Aromatics have a lower
heat content per pound than the other hydrocarbon components used and this has lim-
ited the amount of aromatics to an average of 10% and to a maximum less than about
25%. Most regular grade autogas has at least this much if not more.

Autogas often contains higher concentrations of olefins, which are also considered
poor for preignition resistance (15). This is because olefins promote deteriora-
tion of gasoline and the aviation potential gum specification cannot be met if ole-
fins are present in large quantities.

The market forces and government regulations are causing many changes in autogas
composition. In the future the aromatic content may increase. Fuels derived from
coal, shale or tar sands tend to be highly aromatic. Some autogas will contain
MTBE (methyl fertiary-butyl ether) (19) or alcohols such as ethanol and methanol
as octane extenders. Alcohols contribute to preignition problems while the effect
of MTBE is not known.

Potential solutions to reduce the susceptibility to preiénition problems may be a
slight increase in spark retard and the addition of phorphorus compounds to the
fuel. These compounds reduce glowing deposits and also reduce spark plug fouling.
Since the phorphorus reacts with lead to form a complex lead phosphate (20), its use
to prevent surface ignition with unleaded fuels would be questionable. More fre-
quent engine teardown and deposit removal may be required with use of autogas.

To satisfactorily answer questions related to preignition tendency, long term tests
similar to those suggested in the previous section under knock problems are required.
In fact, since knock is often a precursor to preignition, the two problems are not
~ entirely separable. ‘ ‘
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VOLATTLITY RELATED EFFECTS.

VAPOR T.OCK. Vapor lock is a partial or complete stoppage of fuel flow to an en-
gine's carburetor caused by the formation of vapor in the fuel system. Its onset
in an aircraft can be disastrous. Much of the following discussion is based upon
references (21,37,40).

Vapor lock is probably the most serious problem to be overcome if autogas were to
be used in place of avgas. Vapor lock is affected by the temperature and pressure
of the gasoline in the fuel system, vapor forming characteristics of the gasoline,
ability of the system to handle vapor, and the operating conditions of the engine,.
Vapor bubbles may occur anywhere in the fuel system, but the most critical point
is usually the fuel pump. This is where the most heat transfer to the fuel will
occur (with engine driven pumps) and the pump suction reduces the pressure which
increases vapor formation. The specific volume of gasoline vapor at fuel system
temperatures is about 160 times that of the liguid. Thus it can be seen that a
pump of fixed maximum volume flow rate will not be able to deliver a high enough
mass flow rate of fuel to the carburetor for full power if very much of the fuel
has become vapor. '

A parameter that is the ratio of vapor to liquid of a gasoline at a specific fuel
temperature is called the V/L ratio. This is useful for predicting vapor locking
tendency. V/L ratios can be measured in the laboratory with temperature—-V/L
equipment or approximately calculated using the ASTM D L39-X1.2 method from vapor
pressure and distillation data (2). The Reid vapor pressure is a reasonably good
predictor of vapor-locking tendency in aircraft. The Reid vapor test is performed
at a V/L ratio of 4 and this is close to the V/L tolerance of many light aircraft.
Figures 9 through 13 show calculated V/L curves plotted from the ASTM distillation
data gathered from DOE fuel surveys for aviation and motor gasolines. The curves
calculated from the procedures of ref. (2) show the amount of vapor formed as a
function of fuel system temperatures and the variability from sample to sample. If
the fuel temperature becomes higher than that temperature corresponding to the V/L
tolerance of the aircraft, as indicated on the Temp-V/I, curve, then vapor lock will
begin to occur. ,

The V/L tolerance of most automobiles is between 15 and 25. Several surveys indi-
cate that with some aircraft, V/L ratios less than 1 (17,22) can affect fuel pump
operation and fuel metering with higher ratios causing stalling. When V/L ratios
this low have such an influence on engine performance, then the release of dissolved
air in the fuel becomes a significant factor. The amount of air which will dissolve
in gasoline is.small. Tt is usually not more than 20% by volume, but it is impor-
tant from the standpoint of vapor lock because the air bubbles can carry large
volumes of vapor as they are released (22). The dashed lines on Figures 9 through
13 show the dissolved air contribution to V/L. The amount of air that can dissolve
in gasoline depends on the fuel vapor pressure, The sum of the partial pressures
of the dissolved air and the fuel must equal atmospheric pressure (at equilibrium).
Air is released with altitude and temperature increase.
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Figure 13 shows the effect altitude (decreasing pressure) has on the temperature-
V/L relationship, This indicates that an aircraft with a given V/L tolerance

would vapor lock at 10,000 ft with a fuel temperature 16°F lower than it would at
sea level, all other factors being equal. Figire 14 shows that rate at which at-
mospheric temperature drops with altitude. This shows that a 10,000 ft gain in
altitude decreases the ambient temperature an average of 35°F. If the fuel tank
temperature could come to equilibrium with the ambient temperature more rapidly
then the two effects would tend to cancel and vapor lock tendency would not increase
with altitude. In general fuel temperature lags the ambient with a tendency to
aggravate vapor lock characteristies during an ascent Consideration might be given
to a low pressure drop fuel to air heat exchanger cooled with unheated ambient air.
The object would be to rapidly cool the fuel to the ambient.

In considering the use of autogas in an aircraft, it is important to know the V/L
tolerance of the airecraft. This is the ratio above which the engine leans out and
has an unacceptable reduction ih power. The way to determine this is to measure
pressure and temperature at the location along the fuel system where vapor lock is
expected. Then if the V/L vs. temperature data are available for the fuel, the
limiting V/L ratio can be found. Having measured the temperature rise above ambi-
ent for different operating conditions, the limitimg fuel volatility that may be
used without encountering vapor lock can be predicted. Operating conditions af-
fecting vapor lock tendency are initial fuel temperature, ambient temperature, al-
titude and rate of climb. If the V/L ratio tolerance measured for a perticular
aircraft is very low, much less than 20, fuel system modifications would be of
help. The mbdifications might include increasing the fuel pump capacity by the
addition of a larger capacity fuel pump, or the reduction of heat transfer to the
critical fuel ‘system parts. One potential modification to consider would be the
elimination of the engine-driven diaphragm pumps completely. Placing centrifugal
fuel pumps in the tank reduces the temperature rise of the fuel while pressurizing
the fuel system. By pressurizing the fuel system along its entire length, the dan-
ger of air introduction into the suction piping is also eliminated.

Some studies of automotive fuel systems indicate that a "bottleneck point" usually
occurs at the fuel pump inlet. Most carburetors can handle V/L ratios upwards of
45, but with some loss of fuel economy due to excessive richening. The low pres-
sure fuel injection systems as used on some aircraft are relatively intolerant of
vapor and are likely to be the bottleneck point. The fuel tends to pick up heat
at the engine-driven fuel pump because of the pump's large surface area and the
relatively low fuel velocity through it. The pressure is reduced at the inlet
check valve which increases vapor formation. Fuel not used by the engine is by-
passed in the pump back to the inlet which further increases the temperature of
the fuel. To solve automotive vapor locking problems, pumps have been sized to
handle V/L ratios of 15 to 25, and mounted upstream of the engine to minimize heat
pick up. Current aircraft fuel pumps have not been designed to handle V/L ratios
much above U because the V/L curve for avgas starts to become flat at this point
.as Figure 12 shows and thus if fuel temperatures exceed this point very large V/L
ratios are readily gengrated.v This design wes recommended in a paper by the CFR
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Aviation Fuels Division (37) since large increases in pumping capacity allow very
little gain in vapor lock safety margin. The V/L curves for autogas, Figures 9
through 11, do not level off like those for avgas so increasing pump capacity is
more effective. Other sadlutions used in automotive fuel system design practice
include careful routing of fuel lines away from heat sources and vapor separators/
return lines in troublesome applications.

It should be kept in mind that fairly small differences in the ASTM 10, 20 and 50
distillation points can have significant effects on the V/L vs. temperature curve.
Particularly the steepness of the curve is imporatnt. If the curve is nearly level
the difference in critical fuel system temperature hetweena V/L ratio which begins
to cause leaning and the V/L ratio which causes stopping of the engine is vary small.
This means that there is even less -warning time to recognize the symptoms of vapor
lock. -

Tests to examine the impact of’autogas on light aircraft fuel systems are needed.
Mock-up fuel systems can be set up in the laboratory and subjected to a variety of
temperature and pressure or vacuum conditions. Some aircraft may be "fixed" by
the addition of suitable intank puhps. Prototype systems need to be developed and
evaluated. Solutions appear possible but aircraft fuel system modifications may
be required, especially in sensitive aireraft such as low-wing models.

ICING.

Carburetor icing can result in engine malfunction or power reduction, and arises
from ice formation in the carburetor (23). It has been observed that this is due
to the restriction of air flow past the throttle plate caused by formation of ice
om the throttle plate and interior of the carburetor barrel; particularly during
light-load operation. Under higher load conditions, ice 1is most likely to form
in the venturi area, choking the air flow and richening the mixture. The atmo-
spheric conditions most likely to cause carburetor icing are ambient temperatures
of 25 to 60°F and 100% relatively humidity (see Figure 15). The:cooling of the
air caused by the throttling and evaporation of the fuel causes atmospheric water
to condense out while making the throttle plate cold enough for this moisture to
freeze. Fuel volatility significantly affects the tendency for carburetor ice
formation in some engines depending upon relative humidity (see Figure 16). The
parts of the fuel boiling range which seem to affect icing tendency the most are
the 10% and 50% evaporated ASTM distillation points (23). The higher the volatil-
ity, or the lower the percent evaporated temperature, the more likely carburator
icing is to occur.

The 10% and 50% points of 80/87 avgas as reported in the 1969 fuels survey are
14626, and 198+18°F, respectively. The winter 78-79 Motor Gesoline survey shows
the national average 10% point for winter gasolines are unleaded 106%5°F, regular
106+7, premium 107+6. (The + temperature indicated is the average variation in
each district.) The 10% point for summer gasolines were all higher at 120°F. The
50% points for winter autogas are unleaded 215°F, regular 202, premium 209, all
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1$15°F. Summer autogas 50% points are about 6°F higher.

This information indicates that the front half (that between the initial boiling
and 50% points) of autogas is more volatile than avgas. Figure 3 indicates this,
and also the variation likely to be encountered, graphically. This front half is

“: the portion of the fuel which evaporates in the carburetor area of the intake

tract. As the throttle is opened, less of the fuel is evaporated at the carbu-
retor. Also, as the airflow increases, the pregbure drop due to throttling of the
eir increases. The fuel added to the airstream at the venturi acts as a liquid
refrigerant. "As the vapor pressure of a refrigerant increases, the temperature at
which it cen evaporate and provide cooling decreases. Since the front end of auto-
gas has a higher vapor pressure than avgas, increased carburetor icing problems
will be likely. '

One way to estimate the potential for carburetor icing with a given fuel and an
engine which is sensitive to icing is a carburetor icing index which some fuel
system engineers use.  This index is the sum of the 10 and 50% point temperatures
plus one-fifth of the 90% poin{ temperature. The higher the index, the less likely
the fuel is to cause icing because larger numbers arise from fuels of low volatili-
ty. This index was developed for idle|type icing in automotive engines.

Using distillation data from the fuel surveys, some calculations were made as
follows. Eor 80/87 avgas the average carburetor icing index is 391. The lowest
was 369. For autogas some numbers are:

Average Lowest
o Sample Sample
Winter unleaded = 387 3Ly
Summer unleaded = k10 361
Winter regular = 376 350
Summer regular = 2398 363 ’
Winter premium = 382 350
_Summer premium = Lo2 354

Indexes below 390 hire eonsidered borderline without antiicing additives. The aver-
age index numbers indicate that the more volatile winter autogas probably will
cause slightly greater carburetor icing problems while summer gas would be slightly
better than avgas in this regard. Individual samples of autogas can be much worse
in terms of carburetor ice because of the extreme variability of autogas.

Some autogas may contain additives to reduce carburetor icing, either freezing
point depressants or surface active agents. The ASTM specifications for autogas
allow these but do not require them. Since most automobiles now have automatic in-
. take air heaters, the need for antiicers has diminished.

Another icing phenomena is fuel filter icing. This occurs when water which is dis-
solved in the fuel becomes insoluable and freezes into fine ice crystals which can
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fapidly clog & fuel filter. Autogas has a larger proportion of aromatic hydrocar-
bon compounds than does 80/87 avgas. Arcmatic compounds can hold more water in so-
lution than other hydrocarbon types. If on cooling, the water is thrown out of so-
lution and phase separation occurs, there is danger that slugs of this water can
get into the fuel lines and freeze, blocking the flow.

A potential solution to carburetor icing and fuel system icing might be the addi-
tion of an approved antiicing compound at the time of refueling. Ethylene glycol
monomethyl ether at 0.10-0.15% by volume is said to be particularly effective (24).
Also, it has been reported that the installation of a teflon-coated throttle plate
can be effective in preventing ice adhesion to the throttle plate (2L). More in-
formation is required on possible solutions to the icing problem.

COLD START AND WARM UP. The best indicators of the starting characteristics of a
fuel are its Reid vapor pressure and the ASTM distillation test 10% point. A high
Reid vapor pressure and low 10% temperature indicate a more volatile fuel.

According to the fuel survey data, 80/87 avgas on the average had a Reid vapor pres-
sure of 6.5 (nationwide average) compared to the annual average range of 9.5 to

12.5 for autogas. The ASTM 10% point of 80/87 is very high at 146°F compared to

the range of 105 to 120°F for autogas (the lower value is found in winter gas).

With autogas fuels of such high volatility, the starting routine would have to be
modified somewhat to avoid creating a mixture which is too rich to permit the en-
gine to start. In general, however, improved cold starting would be expected with
more volatile fuels sucH as autogas. The reason that avgas is made with such low
volatility is because the vapor pressure and 10% point have such pronounced effects
on the more serious problems of carburetor icing and vapor lock.

The ASTM 50% point indicates the ability of the gasoline to supply a proper mixture
during the warm-up period particularly during sudden throttle openings. The 50%
point also critically affects carburetor icing which is likely %o occur during warm
up. 80/87 avgas has a 50% point of 198°F compared to the 200-220 range for autogas.
This would indicate that the avgas should have a slightly better warm up and re-
sponse to throttle opening than autogas. Because the front end volatility of auto-
gas is so high, the carburetor icing tendency of autogas is greater than avgas as
discussed in the previous section. This can adversely affect warm up performance.

MALDISTRIBUTION. The ASTM 90% point indicates the amount of high boiling compo-
nents in a gasoline. The amount of these boiling components determines how good
the mixture distribution will be, particularly in an unheated intake manifold.

Poor distribution causes rough running, resulting in more stress in propeller and
crank. It can also lead to knocking in ome or more cylinders, piston damage and
spark plug fouling. Maldistribution is also assoclated with worsened fuel economy.
Too much high boiling point components can cause liguid fuel to wash oil off the
cylinder walls and dilute engine o0il. If the boiling point of this liquid is much
higher than the normal maximum oil temperature then it says with the o0il until it
is changed. There is a largé difference between the 90% point of avgas and autogas.
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Based on the 1969 survey (13) the average 90% point of grade 80/87 was 236°F
compared to a range of 330 to 340°F for automotive gasolines (11,12). In automo-
tive engines these high boiling components are tolerated because the engine de-
signer was willing to trade off some maximum power (through loss of volumetric
‘efficiency) by heating the intake manifold and heating the intake air. Also, the
piston to cylinder clearances are very small so relatively little liquid fuel can
blow by into the crankcase oil.

The temperature at which the last of the liguid fuel evaporates in the ASTM dis-
tillation test is called the end point. Like the 90% point, it also indicates the
presencé of heavy ends. If the difference between the 90% point and the end point
is greater than about 70 to 80°F there may be a cleanliness problem depending on
the hydrocarbons making up these heavy ends (25). The average end point of 80/87
is only 294°F, 58°F above the 90% point. For automotive fuel it is 410 to L30°F,
about 80°F above the 90% point. Autogas may have a variety of detergent additives
to control engine cleanliness, particularly in the carburetor and intake system.
These are usually surface active agents present in very small gquantities. The
heavy ends in autogas cause carbon deposits to build up on the intake valve tulips.
This.can disrupt air flow, increase maldistribution and decrease maximum power
available. Those aircraft engines which have the intake system mounted below the
engine and/or are heated externally would have less problems with maldistribution.

The extent to which the greater maldistribution expected with autogas will adverse-
ly affect the aircraft engine performance needs some study. Long-term tests are

required to study deposit formation and crankcase dilution. Cylinder-to-cylinder
fuel distribution measurements under various engine operating conditions and atti-
tudes are needed to quantify the '‘increased maldistribution problem.

SPARK PLUG FOULING.

. The nature of deposits on a spark plug depends on the plug insulator tip tempera-
ture, time of exposure, fuel /air ratio, tetraethyllead content of the fuel, scav-
enger used in the fuel, and contaminants in the atmosphere. Low temperature de-
posits which aceumulate on the spark plug commonly are electrically conductive.
These deposits therefore provide an electrical contact from the spark plug center
electrode to a ground (the cylinder head).

Spark plug fouling arises from two main sources, the fuel and the oil. O0il con-

sumption in an aircraft engine is high, as compared to an automotive engine. Of

the 0il which enters the combustion chamber, some may not burn and may accumulate
on the spark plugs, especially on the lower plug. O0il fouling of spark plugs is

thought to be independent of fuel type.

Another major cause of spark plug fouling is associated with the higher boiling
compounds in the gasoline. ©Some of these fail to burn completely and accumulate
on the spark plugs, especially on the lower plig. Figure 1 shows that the 80 to
100% evaporation région of the distillation curve is indicative of spark plug
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fouling. Figure 3 shows that autogas has a much higher 90% distillation tempera-
ture and therefore a larger volume of heavy ends compared to avgas. Thus autogas
can be expected to increase plug fouling problems.

A further complication in using autogas in aircraft which affects spark plug fouling
is that of maldistribution. This was covered in a previous section in this report.
As noted there, these small aircraft engines are subject to maldistribution due to
the design of their intake manifolds and due to various attitudes which they may
experience. Given maldistribution, use of autogas would result in more of the high
boiling compounds of the fuel entering the rich eylinders and this would amplify
fouling tendencies in those cylinders.

Lead in the fuel also contributes to deposits on spark plugs, and is well known to
be the major cause of plug fouling. In 1974, the FAA Aviation News (36) reported
experimental data which shows hew spark plug fouling increases with increased lead
content of the fuel. Their curve is reproduced as Figure 17.

Figure 7 shows actual lead content of avgas and autogas surveyed across the United
States. This figure shows the average lead content of 80/87 avgas to be about 0.3
ml/gal, whereas the average lead content of autogas is shown to vary between about
1.7 ml/gal for winter regular and about 2.2 ml/gal for summer premium, Note that
the lead content of unleaded autogas is so low that it is not even rated. Comparing
the above with the results in Figure 17, it is obvious that using regular or premium
autogas in an aircraft engine designed for 80/87 avgas probably will result in more
spark plug fouling. ’

Another example which illustrates lead fouling is the lengthening of recommended
spark plug change intervals by the automotive industry. A short while ago a typi-
cal spark plug change interval suggested by the manufacturer was around 12,000‘
miles. Today with use of lead-free gasolines a typical spark plug change interval
is about 22,500 miles or nearly twice that with the leaded fuels.

It is well to point out that using unleaded autogas exclusively in an aircraft en-
gine designed for 80/87 avgas may result in valve seat recession. To the extent
that such valve problems may arise, a mixture of unleaded and leaded grades may
alleviate the problems. However standard tests will be required to determine the
extent of any problems and the effectiveness of solutions.

HOT RESTART.

Hot restart is a problem of starting a previously run hot engine. Deposit ignition
and vapor lock are two key factors which contribute to the inability to re-start a
hot engine. Two situations can be distinguished, hot restart on the ground and in

the atr.

When on the ground and the engine has been off for a short period of time, it may be
difficult to restart. One cause is heat transferred from the engine to the fuel
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system. With no fuel or air flow to cbol the fuel system, enough vapor is formed
to cause vapor lock. Another cause is preignition. Preignition causes high com-
pression pressures and slow cranking. In an extreme case the engine may fail to
rotate.

The severity of the hot restart problem depends on the nature of combustion chamber
deposits and the temperature of the parts. These problems will be more likely to
occur with automotive gasolines because of their higher volatility, greater deposit
forming tendency and higher aromatic content. Automotive starters are chosen on
the basis of maximum torque needed to crank a hot engine with deposit ignition.
This can be greater than that required to crank a cold engine. High power starters
and batteries are too heavy for light aircraft aml thus hot restart will be more
difficult with autogas. In general this is not a safety problem.

In flight, a hot restart problem is less likely to ocecur. This is because there is
some cooling air available to minimize heat buildup and thus vapor formation is re-
duced. Moreover the windmilling forces on the propeller help provide the power to
overcome the kicking back of the engine encountering preignition. Nevertheless

any greater hot restart problem ariéing from use of autogas poses an increased
safety problem for the aircraft.

FUEL SAFETY.

Toxicity and fire hazard are fuel safety problems. Key factors affecting the fire
risk of a fuel are its flash point, spontaneous ignition temperature, flammability
limits and the temperature range over which a combustible mixture will be formed
over the liquid in a closed tank. This flash point is defined as the lowest tem-
perature of the sample corrected to a pressure of 760 mm Hg at which application
of an ignition source causes the vapor of the sample to ignite under specified con-
ditions of test (ASTM D'56). The flash point of avgas is about -LO°F (27). Auto-
motive gas has a flash point somewhat lower because of its higher volatility and
vapor pressure. The flash point is useful for predicting the fire hazard caused
by spillage during refueling operations or at an accident site. It seems that both
avgas and autogas are extremely dangerous in this regard.

The self-ignition temperature (SIT) of a fuel represents the minimum temperature
above which it will burst into flames without the aid of a source of ignition and
relates to fires arising from fuel spills on hot surfaces. The SIT of avgas is
about 1329°F (22). 1In the case of a fuel line leak in the engine compartment, fuel
spilled on a hot exhaust manifold may burst into flames (22) although such occur-
rences are rare. The high boiling point fuel components tend to have lower self-
ignition temperatures than the more volatile components. If fuel splashes on the
hot manifold and the more volatile components vaporize, the remaining heavy ends
may self-ignite. In theory since autogas contains a larger wvolume of high boiling
point constitdgnts, its fire potential is at least as great if not greater than

avgas.

b7



Another factor to consider is under what conditions will the vapor mixture above
the fuel in the fuel tank be flammable. When the mixture is richer than the lean
1limit of flammability (26 to 30 to 1 air-fuel ratio) a sufficient source of igni-
tion will cause this mixture to ignite. The air-fuel ratio of the vapor space de-
pends on tank temperature, pressure and fmel volatility. For avgas at ground level,
the flammable tank temperatures are about 14°F for the rich limit to -LO°F for
lean limit. These temperatures decrease with alt tude becoming O°F to -S5L°F at
10,000 ft (22). Since autogas is more volatile than avgas, lower temperatures are
required to produce combustible tank vapor mixtures. Therefore autogas may be
slightly safer with regard to fuel tank explosions although such explosions are not
common.

In general skin contact with autogas may be slightly more hazardous than avgas be-
cause of its higher volume of aromatic compounds of which some are known carcino-
gens. Further, exhaust emissions from autogas may be slightly more toxic to breathe
due to their greater aromatic content as well.

In conclusion there appears to be only very minor differences between the fire haz-
ard or toxicity of avgas and autogas. They are both about equally safe or unsafe
depending on one's point of view.

ENGINE DURABILITY.

EXHAUST VALVE LIFE. Much development work has been done and much has been pub-
lished on the effects of fuels and oils on exhaust valve life, in particular lead
antiknock concentrationn. Problems attributed to lead antiknocks in gasoline have
generally been solved. In most cases, the solution has been a matter of design,
metallurgy operating conditions, overheating and in some cases, the fuels and lub-
ricants. An example is the carbonaceous deposit accumulation in the thin annular
space between the valve stem and guide. This accumulation can cause sticking and
eventually valve burning. '

Another of the common causes of exhaust valve sticking arises from cylinder head
temperatures which are periodically too low. Many small aircraft do not have cowl
flaps that are adjustable, hence under idling or low output approaches for a land-
ing, temperatures in the exhaust valve guide area can be gquite cool. Cool tempera-
tures cause deposits from unburned fuel and o0il to accumulate between the valve stem
and the guide and subsequently during high output operation these deposits will form
hard coke and interfere with valve rotation. 1In the absence of rotation, the valves
will soon burn, crack, or otherwise fail. Because autogas with its higher volume of
high boiling point constituents is expected to accelerate deterioration of the
crankcase oil, the above potential lubrication problem is exaggerated. This phe-
‘nomena is well documented in the automotive literature.

VALVE SEAT RECESSION. Valve seat recession is a phenomenon that can be described
as the valve head walking down into the valve seat. It is also called "valve seat
wear" or "valve seat pickup.'" This phenomenon occurs only with unleaded gasoline,
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and can be quite severe under high temperature, high output conditions. The prob-
lem can occur with air-cooled or liquid-cooled engines. It became well understood
years ago and has in general been solved with proper metallurgy of the valve seat.
Prior to the developmént of adequate seat metallurgy, small air-cooled aircraft en-
gines were operated on a run-in schedule using leaded gasoline before being re-
~leased for subsequent operation on unleaded gasoline. The seat recession problem
was reduced considerably because the lead deposits on the seats provided protection.

There have been cases where small engines designed for low lead or no lead subse-
quently became distressed when higher lead concentrations were used. Minor changes
in design or changes in metallurgy usually took care of the problem. It is not
known whether any valve recession problems would arise with the use of lead free
autogas.

It has been found that the heavy ends or the high boiling portions of gasolines
makes the greatest contribution to deposits in the engine. This generally applies
to combustion chamber deposits, exhaust valve deposits and deposits on valve stems.
A-wide range of additives is used in motor gasolines and oils to handle these de-
posits and their effects.

Aviation oils do not contain the large compliment of additives that are used in
motor oils. Only non-metallic antioxidants and polymeric dispersants are used.
Metallic dispersants and detergents used in motor oils could cause preignition in
the aircraft engine. In order to provide adequate lubricity and load-carrying
capacity, aviation oils contain components which tend to cause slightly more de-
posits. Except for deposit problems mentioned above, the effects of these deposits
are small. ' '

Use of autogas in aircraft with their higher blowby rate is expected to deteriorate
the aviation o0il rapidly with resulting problems of crankcase slidge and varnish.
Automotive oils are proven in ASTM Sequence tests which to a significant extent are
designed to exacerbate autogas induced problems. For that reason aviation oil
would be totally inadequate in a modern automobile engine. Standard tests need to
be developed which can correlate exhaust valve deposits and sticking to the heavy
ends of the fuel.

ENGINE WEAR. A search of the literature shows a paucity of engine wear data and
engine wear reporting. This is probably due to the fact that an engine has to qual-
ify adequately before it is certified for aircraft use. Implied in the certifica-
tion is acceptable wear and freedom from problems asgociated with high wear.

There occasionally are situations wherein because of the hahits of the operator,
cylinder bore rusting will arise. This situation can -arise if the engine is allowed
to idle or taxi for long periods of time with the carburetor fairly rich and the
engine quite cool. If the engine is shut down at the ignition switch rather than
by turning the fuel off, and is then allowed to remain idle for long periods of
time without turning’over,vbarrel rusting can and does occur. This can be
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aggrevated somewhat during fairly long approaches at constant low throttle opening.
The engine tends to operate rich and liquid fuel tends to get on the cylinder walls,
washing away a part or most of the protective lubricating oil. It is a combination
of the rich mixture washing oil off the walls and low temperature that sets the
stage for eventual cylinder bore rusting. The greater aromatic and sulfur content
of autogas and the generally higher chlorine and bromine content (higher lead
level) may intensify this problem. '

In the past, engine failures have occurred due to some deficiency in the oil or
fuel. Fuel-related failures such as those caused by detonation and preignition
have been.covered elsewhere. These failures resolve themselves in broken, burned,
or seized pistons, burned valves, broken spark plug insulators, and broken or stuck
piston rings:

There appears to be relatively few problems in the cam and tappet area of the small
air-cooled, aircraft engine. Developments in design and metallurgy (compatibility)
are responsible for the advances in this area. Generally the cam tappet area will
have the highest mamentary pressure in the engine. This occurs at the start of the
lift of the valves. It is particularly true with the exhaust valve where it ik
desirable to pop off the seat quickly so as to drop the pressure in the combustion
chamber and reduce the velocity of the gases exiting the combustion chamber past
the valve and seat thus reducing heat transfer to the valve and seat.

In summary, use of autogas is expected to accelerate oil degradation and the higher
sulfur content will increase engine corrosion. Standard durability tests need to
be run with fuels having a large volume of heavy ends and a "high" sulfur content
in order to establish any necessary change in overhaul or oil change interval.
Possible solutions are an increase in oil detergency and a bypass type full flow
oil filter.

COMPATIBILITY WITH MATERIALS AND CORROSION.

NON-METALLIC MATERIALS. Problems with the polymeric materials in the fuel systems
of both aircraft and automobiles have been reported recently. The problems in air-
craft systems have been associated with those regions where the newly introduced
100LI, was particularly high in aromatics (20% or more). The following table from
Reference (26) reports some malfunctions and their causes experienced by new or
nearly new light aireraft shortly after the introduction of this fuel.

The potential problems of non-metallic materials in contact with fuels are difficult
to quantify. Non-metallic materials are generally organic and include plasties,
elastomers and cork or leather for some gaskets. These materials consist of blends
of high molecular weight polymers or molecular networks and may contain low molecu-
lar weight additives to protect the polymers from ultraviolet radiation, heat and
chemical degradation and to reduce cost. Non-metallic materials in contact with
fuel are subject to three effects. They are volume change, changes in physical
properties and chemical attack. Volume change occurs when fuel is absorbed causing
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Malfunctions and their causes experienced in light aircraft after introduction of 100LL Avgas (Ref. 26).

Part

Fuel Selector Valves—
Spool type

Shear plate type

Ball and cam type

Electric Fuel Pumps

Fuel Flow Detection
Switches

Gaskets—Fuel Filler
Adaptors and Inspection
Covers

Fuel Flowmeter

Submerged'Electrical
Connectors

Tank Vent Lines, Blader
Assemblies and Fuel Hose

*Float Bowl Carburetor
Gasket

*Data from Reference (18).

'

Problem

Hard to turn, leaked
internally when dried
out-loss of function

Internal leakage, external
leakage at shear plate
shaft seal '

External discharge at
shaft seal

Leakage of fuel at pump
shaft lip seals

False indications
lock-up of elements

Leaks

" ‘Metering rotors locked

Swelling and cracking of
potting compounds

Deterioration

Loss of sealing and
engine mixture leaning

Cause

Swelling of "o" ring seals
Material migration or
excessive shrinkage

Swelling of sealing "o" rings
Shaft seal swelling

Excessive swelling of shaft

‘seals

Swelling of seal increases
diameter of lip

Swelling of "o" rings

Excessive shrinkagevwhen
exposed to dry-out

Swelling of plastic bearings

Shrinkage



swelling or when low molecular weight materials are leached out leading to shrink-
age. In those applications where dimensional stability is important excessive
swelling or shrinkage can cause binding or leakage. Changes in physical properties
usually accompmy changes in volume. As the volume increases, the tensile strength,
modulus, hardness and tear resistance decrease. Chemical attack may cause large
changes in peoperties independent of the changes caused by fuel ghsorption.

The volume increase of a polymeric material is a function of the nature of the mate-
rial and of the fluid medium. The basiec property defining swell behavior is known
as the solubility parameter. This is composed of three interaction modes consisting
of dispersion (5D), dipole (sP) and hydrogen-bonding (5H). These are known as par-
tial parameters. The overall solubility parameter (8) is defined as the square root
of the cohesive energy density:

- [ - ] - [k ol]

energy of vaporization

o ]

where: AE
V = molar volume, molecular weight (mw)/density (d)
AH = heat of waporization
R = gas constant, 1.978 cai/(deg)(mole)

T = absolute temperature
The units of these parameters are ('calories/cm5)l/2 (called Hildebrand units).

The overall solubility parameter is the vector sum of the three interaction modes.
The overall parameter (&) and partial parameters (BD,BP,FH) for some liquids and
polymer materials are listed in Table L. '

When the partial solubility parameters of the fluid equal those of the material, the
maximum swelling results. When the differences in the paremeter values of fluid

and material are greatest the lowest swell occurs. This solubility parameter con-
cept can be applied to mixtures also. The Hildebrand Linear volume blending rule
can be used to calculate partial parameters for a multicomponent mixture (28).

For a three component mixture:

®p(1,2,3) = ®19p; * P2Bp, * 930D,
®p(1,2,3) = @¥15p; * PBp, * <P35P5
8y(1,2,3) = 918m * ¢DH, * <P55H5

where ¢ is the volume fraction
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TABLE 4. SOLUBILITY PARAMETERS
(Data from Refs. 27 and 28)

Solubility Parameters (calories/cm5)l/2

Overall Partial
Material 8 5 Bp By
Benzene 9.2
Toluene 8.9 8.8 0.7 1.0
Isooctane 7.0 7.0 0 0]
Methanol 1L.5 7.k 6.0 10.9
Ethanol 13.0 7.7 4.3 9.5
TBRAL 10.5 7.4 2.7 7.0
MTBES 7.4 6.9 1.1 2.3
Water 23.L4 7.6 7.8 20.7_
Fluorohydrocarbon rubber 8.7 7.5 3.5 2.61 ..
(Viton A)3 10.5 7.5 5.0 5.5 | Bimedal sael15
(Viton B) 8.2
Fluorosilicone rubber (LS-63U)7 8.8 7.5 3.5 3.0
Acrylonitrile/butadiene copolymer 9.2 8.8 2.0 2.0 _.
(Buna N,/Nitrile) | 11.2 9.0 2.5 6.2 | Bimodal swe115
Epichlorohydrin/ ethylene oxide copolymer 10.6 9.1 L.o 3.5
Polyethylene 7.9 ’
polymethyl methacrylate 9.5
polyurethane 10.0
Nylon 66 ' 13.6
Cellulose . 15.65
Polyacrylonitrile 15.4h
Epoxy 10.9
Polyvinyl chloride 9.7
Polytetrafluoroethylene 6.2

Footnotes for Table L are on the following page.
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Footnotes for Table L:

Tertiarybutyl alcohol.

2,methyl,2-butyl ether

DuPont . tradename, a copolymerbof vinylidene fluoride and hexafluoropropylene.

DuPont tradename, a tripolymer of the two components in Viton A plus tetrafluoroethylene.
Dow trademark.

Copolymer (composed of two monomeric species) may have partial parameters and swelling
behavior reflecting the properties of each monomeric species.

[ 2NN ) R i GO R VN




The avgas seal swelling problems can be associated with fuel aromatic content. The
solubility parameters of the aromatic materials in most gasolines are SD = 8.7,
p-= 0.4, By = 1.1 (28). This is very close to those for toluene. The aliphatic
components (paraffins, olefins and naphthenes) all have low, nearly equal solu-
bility parameters. These average Bp = 7.0, 6? = 0, &y = 0. -These are also the
solubility parameters for isooctane. This information supports the use of toluene
and isooctane blends to study the volpme change problem.

Nersasian (27) has soaked materials in a two component blend to study thé problem.,
The two components were isooctane and toluene. Some results are shown in Figure 18,
These indicate that many fuel system elastomers swell nearly linearly with increase
in toluene concentration. This implies that an.autogas with an aromatic content of
L0% will probably cause swelling which is twice as great as that from a 20% aromatic
avgas. MIBE (2,methyl,2-butyl ether) when tested in isooctane/toluene blends pro-
duced a moderate amount of swelling with concentrations likely to be present in
autogas. The effects of alcchols on swelling behavior can be nearly as great as
aromatics but are less consistent from compound to compound.

Problems have been experienced by the automotive industry recently related to chem-
ical attack of autogas on fuel system elastomers. This has been traced to gasoline
which has reacted with oxygen to form hydroperoxides and turned "sour." The hydro-
peroxides decompose forming free radicals which can cause reversion (chain breaking
resulting in softening) or vulcanization (continued cross linking resuiting in em-
brittlement). These large changes in physical properties are independent of those
expected .from solubility effects. The olefins in cracked gasoline are the least
stable and the first to oxidize and the olefinic content of autogas is generally
relatively high compared to avgas. .Gasoline blended with alcohol also tends to be
unstable. Fuel composition, storage time, exposure to heat, light and trace metals
determine the amount of oxidation. "

The non-metallic materials in current aircraft may experience damage from autogas
which may, on occasion be "sour," contain very high percentages of aromatics, have
MTBE or be contaminated with slcohol. Materials which can withstand these conditions
are being developed for use in the automotive industry. The problems with the in-
stallation of these new materials in aireraft is that they must be capable of main-
taining dimensions and properties over a wide variety of fuel types (high and low
aromatics). A problem of retrofitting any aircraft for autogas use would be to
identify susceptible materials and suitable replacements. Decisions must be made
on a plane to plane basis from material information supplied by the manufacturers
of the various non-metallic materials. This would be a formidible +task since the
materials themselves were selected initially based on performance specifications in
avgas rather than on their detailed chemical composition. Thus different suppliers
of the same part may provide somewhat different materials.

METALLIC MATERTALS. Corrosion and wear will be influenced most by the lead, sulfur,
and halogen scavenger content of the fuel. Some of the halogen acids produced on
combustion find their way inte the crankcase and combine with water. This is a
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particular problem in those engines which have high blowby rates. It has long been
recognized that mineral acids and those formed from sulfur and halogens in gasolines
are corrosive and promote wear and rust. Aviation mix is sold to be used with avgas
and has 1.0 theory ethylene dibromide. ASTM specifications for avgas limit the scav-
enger content to this amount. Because in 1942 ethylene dibromide appeared to be
both expensive and in short supply for the large amounts needed for automotive uses,
a compromise was reached involving cost, scavenging effectiveness and corrosion.
This was called motor mix. It contained tetraethyl and tetramethyl lead, 1.0 theory
ethylene dichloride and 0.5 theory ethylene dibromide. This composition has been
retained for almost 4O years. However, the ASTM specifications for autogas do not
specify concentration of scavengers and this decision is left to the refiner. Some
laboratory engine testing (3C) under low temperature conditions (those in which the
0il does not get hot enough to drive off moisture) indicated that the presence of
the chlorine scavenger caused increased corrosion and wear, Journal bearings, cy-
linder walls, rings, and particularly hydraulic valve lifters were affected. In-
creased sulpuir concentration in the fuel was shown to have a strong influence on
wear and corrosion. This same testing indicated that cylinder bore and ring wear
were nearly as great with an unleaded fuel as with the fuel using the motor mix.

The mechanism for this was not known, but it may be related to é¢ylinder wall wash-
ing by the fuel. Other testing done comparing aviation mix with motor mix under
both high output and low temperature conditions in laboratory and automotive type
multicylinder engines indicate about 50% lower engine wear with the aviation mix.
Faster depletion of the alkaline reserve of the lubricating oil was also experi-
enced. Once this reserve is depleted, corrosive wear can progress at a rapid rate.
Leaded autogas use in aircraft engines would require more frequent oil changes,

and the frequency of overhaul would most likely need to be increased.

The aspect of engine performance most suspect when changing tetraethyllead/ scaven-
ger combinations is intake and, particularly, exhaust valve durability. Valve dura-
bility is also a major problem when considering the use of unleaded fuels. Test
data on the effects of scavenger type in automotive engines running under high out-
put conditions tend to agree that the chlorine scavengers must bé used with valve
materials which are more resistant to hot corrosive attack. The valve and valve
seat systems have been developed for optimum performance with the fuel with which
they are intended to be used. Problems with valves usually occur quite gradually
because of slow wear. The lead (and scavenger) content also seem to play an impor-
tant role in the rate of valve deterioration. When the automotive industry switched
to unleaded fuel use it was found that the valves receded into the valve seats in
the absence of lead. Experiments have shown that very little antiknock was needed
to protect the valves which were currently in use. Some reports indicated that as
little as 0.07 gm lead/gal was needed. Also it has been reported that phosphorous
additives were effective in reducing recession ratewith these fuels (31). More-
over, lead antiknocks have a residual effect because they combine with deposits.

If a leaded fuel is used occasionally with unleaded autogas and a phosphorous ad-
ditive (also used to control deposit ignition) is used, then valve troubles in en-
gines designed for 80/87 avgas may be minimized. The fuel survey data show that

5 out of the 25 samples of 80/87 have either no-lead or so little that they would
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be under the maximum lead contents of unleaded autogas (0.05 gm/gal). However,
since lead content of 80/87 avgas is variable some lead is passed through the
engine from time to time and this appears sufficient to circumvent valve problems.
Automotive catalytic converter poisoning limitations do not allow either lead or
phosphorous to be ineluded in unleaded autogas.

The use of leaded grades of autogas, desirable .because of their lower cost, higher
octane reserve, and lower aromatic content is less desirable in aircraft because
of increased spark plug fouling, engine wear and particularly increased exhaust
valve failures. ILeaded autogas grades have been averaging about 2 gms/gal. lead
with extremes to over L4 gms/gal. This is greater than the average amount in

100 ILL, 1-1/4 gram/gal, an amount which has produced some adverse valve effects
and increased spark plug fouling compared to grade 80/87.

GASOLINE STORAGE STABILITY.

Gasolines are subject to deterioration when exposed t6 the atmosphere by the
action of oxygen. This may take place during manufacture, storage, and use, and
the effect of deterioration may be serious insofar as product performance is con-
cerned. Many variables affect the length of time that a gasoline can be stored
without unacceptable deterioration. Today's gasolines, in particular autogas, are
mixtures of a large number of different hydrocarbons. Not all hydrocarbons com-
pounds are equally stable. .

In general, cracking processes result in the introduction of olefins and diolefins
into the gasolines. These compounds greatly reduce the oxidation stability of a
fuel. Prior to the advent of cracking, gasolines were free of olefins and problems
due to storage of the gasolines were minimal. Olefins are not found naturally in
crude oil because they are unstable. The cracking process splits the larger hydro-
carbon molecules of heavy residues into smaller components and although it provides
gasoline at increased quantity and of higher octane quality, the oxidation
stability of the fuel is in general seriously reduced. ’ :

The consequences of the reduced stability is the formation of gums and peroxides
upon storage. Gum is a high boiling, sticky, viscous material which if present

in high concentrations, may deposit in fuel tanks, fuel lines, carburetors,

intake systems, including intake valves and in general cause malfunctioning in

the engine. It is important that the gum formation in gasoline during storage

be kept at a low level. ASTM specifications for gum appear elsewhere in this
report. Gum is formed by the oxidation and polymerization of the unstable com-
ponents in the gasoline. The nature and concentration of these deleterious
materials vary with the source of the gasoline, i.e. type of crude and processing
received. Different gasolines therefore can vary widely in their storage stability.

Whereas gasoline stability canvbe improved by various treatments such as caustic

washing, acid washing, contact with absorbent solids such as activated clays,
partial hydrogenation, ete. it is frequently more economical to add an
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antioxidant. Excellent antioxidants are available and over the years there has
been a shift in their use because of the changes}in,processing and composition of
the gasoline. Antioxidants are very effective aﬂd their concentration can be
varied depending on need.

Widespread adoption of catalytic cracking and catalytic reforming and the increas-
ing use of alkylate in autogas have greatly increased the stability of modern
gasolines. Unstable components such as those from thermal cracking and from
polymer gasolines are disappearing from use. As a result of these changes, the
stability problem and the amount and type of antioxidant needed in today's gasoline
have also changed. In the past, the principal antioxidants have been the phenylene
diamine or aminophenol types in addition to the alkylated phenols. Several factors
have resulted in a gradual change from the phenylene diamine antioxidants to the
alkylated phenols.

The gasolines of several yearé ago required relatively high concentration of anti-
oxidants, for example, 12-50 lbs. active ingredient per 1,000 barrels, depending
upon the type. The amine type additives tend to have an adverse effect on engine
cleaniness, causing deposits in the intake manifold and in the crankcase area.
Current gasolines use considerably less antioxidant in the 2-3 lbs/l,OOO barrel
range in order to provide adequate storage stability.

The presence of antioxidants in almost all commercial fuels has in the past pro-
vided a beneficial side effect by stabilizing the tetraethyllead antiknock in the
fuel. 1In recent years decomposition of the lead antiknock has become the dominant
stability problem. If the protection is inadequate and oxidation occurs, the hydro-
carbon portion will contribute peroxides and gum while TEL decomposition will
eventually produce an insoluble precipitate. The ill effects of gum have already
been mentioned. The sole adverse effect of excessive TEL degradation is filter
plugging either in the fuel distribution system or in the engine fuel system.
Excessive amounts of precipitate can be formed from the decomposition of a compara-
tively small amount of TEL. The losses of TEL involved (frequently less than 1%)
represent an insignificant proportion of the total and there is little loss of anti-
knock effect, even though there is a fair amount of precipitate in evidence.
Peroxides formed do reduce antiknock quality however since these are proknock
compounds.

The changes in gasoline composition in recent years has reduced the reliability of
the ASTM induction period as a predictor of fuel stability. ASTM Test D525-55,
Oxidation Stability of(Gasoline Induction Period Method) has in the past been quite
reliable in predicting oxidation stability of gasoline. The marked decrease in the
reliability of this method for predicting storage behavior has resulted in a gradual
lessening of antioxidant use until occasionally the point is approached where the
amount of antioxidant required for the stabilization of the TEL in the fuel is not
being provided.

Temperature has a very strong influence on stability. Peroxide formation (with
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dccompanying gum formation and octane reduction) is a chain reaction which occurs
after an induction period. Once this chain reaction begins, deterioration of the
gasoline proceeds at an accelerated rate. The induction period (the time period
that the gasoline can be stored before the chain reaction begins) very likely
follows a common empirical chemical rate equation_where the rate of reaction
increases exponentally with absolute temperature. It is this exponential relation-
ship which makes possible accelerated testing where years are compressed into hours
at elevated temperatures. Figure 19 shows both the chain reaction effect and the
effect of temperature on induction period for avgas undergoing accelerated testing.
Under actual storage conditions, oxygen concentration, exposure to catalytic
materials, light and contaminates all effect the induction period. The primary
value of the oxidation stability tests for autoga32 and avgas” is to provide a
quick indication of some abnormal occurrence in refinery operation. It has poor
correlation to the actual storage stability of today's gasolines. A much more
accurate test (but much less convenient) is laboratory storage at 110°F. A rule
of thumb regarding this test is that 1 week at 110°F is approximately equivalent

to 1 month of more normal storage (43). Figure 20 shows how the time to failure

at 110°F of various autogas samples varies. This figure also shows the lead pre-
cipitation problems experienced with the more common non-thermal blends. Thermal
blends (those containing thermally cracked, reformed, or polymerized components)
are no longer common because these processes are not as economical as the catalytie
(non-thermal) ones.

A May 1974 Exxon technigram "Gasoline Storage Life" (39) om autogas, suggest .."if
gasoline is stored for over six months additional oxidation inhibitors should be
added to the fuel. The normal antioxidant and metal deactivator treating levels
are 2 to 4 pounds per 1000 barrels. As a rule of thumb, these levels should be
doubled, and the gasoline should be checked for increased gum content at quarter-
ly intervals.” While Maxwell Smith in his book, "Aviation Fuel" (23) says of
avgas ... "The specification units for dissolved gum and precipitate are chosen to
provide satisfactory storage stability, this means at least two, years under the
worst conditions, i.e., in the tropics, and considerably longer in temperate
climates."

{Arrhenius Equation: - AE*/RoT
k=Ae

where k is the temperature function, A = constant for each reaction, AE* =
activation energy (constant), Ro = ideal gas constant, T = absolute temperature.
ASTM D525 Oxidation Stability of Gasoline (Induction Period Method) (for autogas),
100 ml sample in glass container, 212°F, 100° psi oxygen pressure, induction
period = minutes to pressure break point (pressure falling at greater than 2 psi/
15 min.).
3ASTM D873 Oxidation Stability of Aviation Fuels/Potential Residue Method,
200 ml sample in glass container, 212°F, 100 psi oxygen pressure, exposure for
specified period of time (5 or 16 hrs.) Measure for gum and precipitate content--
shows failure due to both oxidation and TEL breakdown.
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Footnote K of ASTM D910 says that by agreement between purchaser and supplier the
oxidation stability of avgas test (potential residue) can be run to 16 hours
instead of 5 hours. In this case a doubling of antioxidant to 8.4 lb. per 1000 bbl
is permitted.

Whether or not storage stability would be a greater problem with autogas could also
depend on its rate of use. If the storage time is relatively long, which is the
case for some avgas stored at small fields, then the problems arising from instabi-
lity are potentially serious for users of the fuel. On the other hand, if automo-
biles and aircraft are fueled from the same tank, then storage stability would
probably not be a problem since the rate of use would be high.

ADDITIVES FOR PETROLEUM PRODUCTS

Additives are chemical compounds added in small quantities (in most cases less

than 1%) to the primary product. However, some additives are used in automotive
lubricants at concentrations much higher than 1%. 1In the case of fuels, a chemical
used in such high concentration (5% or more) would probably be considered a blend-
ing agent rather than additive.

An additive can be defined as a chemical compound which imparts new and desirable
properties either not originally in a product or not obtained by processing. It
can also be used to produce superior properties at lower cost and has been shown
to conserve crude oil. As a rule, different chemicals are used to obtain different
properties. These compounds mst be chemically active to perform their function,
hence they can affect or interact with each other when used in the same medium.
Additives can complement or supplement each other, or affect one another adversely.

Examples of additive classes used in autogas, avgas and lubricating oil are shown
in Tables 5, 6 and 7 from Reference (32). ' ‘

ADDITIVES FOR LUBRICANTS.

Additives are used in lubricants to a very considerable extent and probably to a
greater degree than any other group of petroleum products. The purpose of many of
these additives is to counteract the effects of the chemically active products of
combustion which blow by the piston into the crankcase. With the high level of
additives in automotive lubricants and small piston clearances (low blowby rates),
autogas containing a broader range of composition than avgas can be used with
acceptable engine wear rates. The components of the fuel which most affeet lubri-
cant performance are sulfur, TEL and its scavengers, heavy ends and gums, compounds
more prevalent in autogas. Additives which contain ash (metallic elements) cannot
be used in lubricants for aircraft engines which burn significant amounts of their
lubricating oil. This is because the deposits resulting from ash-containing
additives have a strong tendency to cause preignition at high engine speeds and
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Additive Type

Antiknock ageﬁt

Scavenger

Antioxidant
Metal deactivator

Corrosion inhibitor
Anti-icing agent

Upper-cylinder lube

Deposit Modifier

Dye

Detergent

TABLE 5.

Chemical Composition

Tetraethyl lead
Metal carbonyls

Ethylene dihalides

2,6 Di-tert. butyl-L-cresol
N,N-N' Di-sec. butyl-k-phenylenediamine

Disaliecylidene propylenediamine

Ammonium sulfonates
Dimethylformamide alcohols

Light lubricating oils

Tributyl phosphite

p-Dimethylaminoazobenzene
1,L-Dialkylaminoantraquinone

Amine phosphonates

EXAMPLES OF ADDITIVES USED IN AUTOGAS

Purpose

Prevent engine knocking and to increase
octane number.

React with the lead residues.

Prevent gum formation.

Overcomes catalytic effects of dissolved
copper.

Prevent corrosion in carburetor.

Prevent stalling due to icing.

Minimize intake valve deposits.
Lubricate top ring area.

Minimize glow in combustion chamber.

Impart color for identification.

Provide cleanliness to the intake
system and carburetor.
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TABLE 6.

Additive Type

Viscosity index improver

Pour point depressant

Detergent dispersant

Oxidation inhibitor

Rust inhibitor

Corrosion inhibitor
Extreme pressure agent

Foam inhibitor

Antiscuff-wear agent

Chemical Composition

Methacrylate polymers,
butyleme polymers

Alkylated naphthalene

- Alkyl PpSs products, metal

sulfonates, alkylpolyamide,
metal alkyl phenolates

Zine dialkydithiophosphate

Alkylamines

Basic metal sulfonates

Sulfurized olefins, chlorinated
paraffins

Silicone polymers

Metal salts of alkyl acid
phosphates.

EXAMPLES OF ADDITIVES USED IN AUTOMOTIVE LUBRICATING OILS

Purpose

Iower the rate of change of viscosity with
temperature.

Decrease pour point of oil.

Keep insolubles in suspension and maintain
cleanliness.

Retard oxidation of oils.

Prevent rusting of ferrous metals.

Prevent acidic materials from attaching to
metal surfaces.

Prevent seizure of metal surfaces.

Decrease tendency to foam. -

Provide chemical polishing and reduce wear.
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Product

Aviation gasoline

TABLE 7.

Additive Type

Antioxidant
Corrosion inhibitor
Octane improver

Dye

Metal deactivator
Corrosion inhibitor

Icing inhibitor

a. Optional in U.S. military avgas
b. Ethylene glycol monomethyl ether—optional.

EXAMPLES OF ADDITIVES USED IN AVGAS

Chemical Composition

2,6 Di-tert-butyl-p-methylphenol
Esters of fatty acids

Tetraethyl lead 

Organic compound

None

None®

Noneb

Purpose

Arrest gum formation.
Arrest rust.
Increase octane number.

Identification;



loads. Additives, partiéularly those designéd to cope with automotive gasoline
are discussed briefly below. Given also are some details of standard automotive
testing required to ensure that lubricants are compatible with autogas in automo-
tive engines.

ANTIOXIDANTS. Antioxidants prevent oils from oxidizing, particularly under pro-
longed exposure to high temperatures and:in the presence of catalytic metals. 0il
oxidization can produce undesirable s1udge and varnish deposits, corrosive acids,
and excessive oil thickening - all of which can lead to shorter engine life. Zinc
dialkyl dithiophosphate is the most widely used antioxidant. Internal combustion
engines are quite effective oxidizing mechines since the oil in these engines is
violently aerated at high temperatures for relatively long periods of time usually
in the presence of metals such as copper and iron that act as catalysts. The
 source of these metallic accelerators may be the engine itself, or contaminants
that enter the engine. Sludge, which is prlnC1pally a combination of combustion
products and unburned fuel and oil reSidues, can also catalyze the oxidation
reaction. '

Aminophenols are also used as oxidation inhibiters in motor oils, but not to the
same extent as zine dithiophosphate as will be shown later. Zinc dithiophosphate
imparts additional beneflclal propertles to the motor oil by inhibiting corrosion
and wear.

CORROSION INHIBITERS. Corrosion inhibiters prevent attack on non-ferrous metals
such as engine bearings by forming a protective film on the metal surface. Zinc
dithiophosphate and other chemicals provide anticorrosion protection.

ANTI-WEAR AGENTS. Anti-wear agents prevent or reduce wear of heavily loaded
engine parts, such as cams and lifters. They are also known as extreme pressure
agents. They concurrently reduce friction somewhat. Zinc dialkyl dithiophosphate
also provides this function. The zinec dithiophosphate and other compounds of
phosphorus, sulfur and chlorine used as anti-wear agents are present in concentra-
tions sufficient to control corrosion and oxidation.

DETERGENTS. Detergents tend to eliminate high temperature engine deposits. These
high temperature deposits on the piston and in the ring belt zone are harmful
because they interfere with the sealing action of the rings thus causing a loss

in performance and an increase in oil consumption. Typical detergent additives
are barium, calcium sulfonates, phenates or phosphonates. These additives not
only prevent deposits from formlng on englne surfaces but they also remove
previously formed deposits.

DISPERSANTS. Dispersants are blended into motor oils to keep engines clean by
holding in suspension the insoluble products of oil oxidation and fuel combustion
formed during low and medium temperature engine operation. The contaminants in

suspension are then drained from the engine with the oil. Without this cleaning

and dispersant action, such contaminants would tend to settle out of the oil
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onto engine parts. Since dispersant additives are soluble in oil, they keep the
sludge particles separated and suspended in the oil in a form fine enaugh so they
are not trapped by the oil filter. ;

Ashless dispersants are popular because of their high effectiveness in handling low
temperature sludge in passenger car operation. Some ashless compounds qualify as
multipurpose additives by improving viscosity index while acting as dispersants to
control sludge and deposits. Because of their aShless nature they are one of the
few additives used in some aviation piston engine oil.

Principal deleterious effects of low tempefature sludge are ring plugging, plugging
of 0il screens, and other oil passages, resulting in oil starvation to critical
engine areas. Engine failure can occur due to starvation of oil in critical areas.

VISCOSITY INDEX IMPROVERS. An important property of oil is the rate at which its
viscosity changes with changes in temperature. This property is usually expressed
by viscosity index (VI), an arbitrary number that describes the relative viscosity-
temperature characteristics of an oil by a single number.

A VI improver is usually desirable in a motor o0il since this material reduces the
decrease in the viscosity of an oil with increase in temperature. Thus a single

0il can be used over a much wider range of ambient temperatures. Such an oil not
only provides easier starting, better lubrication, and less power loss at low temp-
erature (by minimizing viscosity drag), but also reduces oil consumption and lubri-
cates better at high temperature by maintaining a more viscous film of oil on moving
parts.

This class of additive is used extensively in motor oils to increase viscosity
beyornd that which could be obtained by ordinary refining methods. Refiners often
process oil to an intermediate VI quality rather than add an VI improver to reach
the final level. These additives are essential ingredients in multigrade oils.

RUST INHIBITORS. Iron and steel parts will rust if they are not adequately protect-
ed from the chemical effects of water and acids. Such rust is especially critical
in the close dimensional tolerance of some operating parts of an engine, such as
hydraulic valve lifters. Rusting can be particularly troublesome during engine
storage or as a result of short trip operation. Although petroleum oils do have
some natural protection against rusting, they do not have sufficient anti-rust
properties under most operating conditions. Therefore oil additives must be used

to supply final protection. These additives usually function by neutralizing harm-
ful acids or by forming a water and acid repellant layer on the surface of the metal.
Some of these additives are multifunctional and can also provide detergent action

as well as rust protection.

POUR POINT DEPRESSANTS. The pbur point of an o0il is defined as the lowest tempera-
ture at which a motor o0il will flow. If the pour point is too high, bearing
0il starvation during cold weather operation can cause bearing failure. Wax content
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of the oil is the major variable affecting pour point. Wax raises the pour point
by precipitating in a honeycomb-like structure during cooling, thus inhibiting
flow.

The wax content of an oil can be reduced to a tolerable level by processing, but
extensive dewaxing is costly. Therefore refiners frequently use pour point depres-
sants as an economical means of producing oils of low pour point without severe
dewaxing. The pour point depressants currently marketed are effective at very
small concentrations (from 0.02 to 0.2 weight percent). The actual amount used
depends on oil composition (selection of blending stocks), the degree of process,
dewaxing, andtthe pour point desired. Most of the popular VI improvers also
effectively lower the pour point.

Pour point depressants probably achieve their performance by preventing the tiny
wax crystals from agglomerating to form the matrix that traps the oil and holds
it in a semi-solid condition.

ANTI-FOAM AGENTS. The environment in the engine crankcase tends to promote motor

, 01l foaming. As the oil circulates through the engine lubricating system, it
becomes thoroughly mixed with engine blowby gases and air drawn in through the
breather system. Considerable amount of the o0il leaves the connecting rod bearing
area by being thrown off against the wall of the block and crankcase, thus subject-
ing it to break-up and exposure to gases. This continuous aeration can produce

0il foaming as well as oil oxidation.

Excessive foaming is undesirable because it can impair engine operation by vapor
locking the o0il pump or reducing the amount of available lubricant at critical
points. Foam can also cause a faulty reading of the oil level in the sump. Only
trace amounts (2-10 ppm) of certain chemicals are needed to eliminate the foaming
tendency of most oils.

ASHLESS ADDITIVES. There is incentive to reduce both octane requirement increase
and sludge deposits in light-duty passenger car operation and to combat destructive
type pre-ignition in heavy-duty truck operation. This has lead to the development
of ashless oll additives. These additives differ from the conventional additives
in that they do not contain high melting point metallic compounds which tend to
form engine deposits that cause preignition.

Among the current available ashless additives are: ashless disperants and anti-
oxidants. Although not in universal use at the present time, these new additives
are finding wider acceptance and have made possible the marketing of oil with
reduced ash content. The only additives used in aviation oils are ashless dis-
persants and antioxidants.

ADDITIVE CONCENTRATION. Concentration of additives in motor oils can vary consider-
ably depending on the selection of base stocks, crude source, and viscosity and
service classifications that the finished oil must sstisfy. Generally, more additives
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are used as the viscosity index level of the oil is increased, or as the API
service classification (see Table 8) is made more severe. Additive concentration
is based on need to satisfy a given performance. Additive content can be as high
as 20% by volume in a high performance oil such as MS grade.

A summary of the various ASTM tests for automotive oils is given in Table 8.

Many of these tests are designed to explore problems arising from autogas proper-
ties. No comparable tests have been established for aircraft engines. The manu-
facturers have developed their engines to certify with the ashless oils marketed
for aireraft. The low sulfur and low volume of heavy ends in avgas coupled with
limited use of the bromine scavenger provide a relatively easy task for the
lubricant.

ADDITIVES FOR GASOLINE

Today's gasolines are carefully blended using products from a variety of crude oils
and refiining processes. Processing includes catalytic cracking, catalytic reforming,
polymerization, alkylation, hydrocracking, etc. Gasoline produced today bears little
resemblence to the forerunners of years ago when most gasolines were produced either
by straight distillation to separate the gasoline fractions from the whole crude oil
or by thermal cracking of heavy fractions to convert them to hydrocarbons in the
gasoline boiling range. Only a few of the above refining processes were commercial
when aviation gasoline specifications were established. Although many hydrocarbons
contained in aviation gasoline when the specifications were established were avail-
able, they were not necessarily produced by the above mentioned processes.

Today's refining processes have been developed to perform one or more of the
following functions: 1) increase the gasoline yield from a barrel of crude, 2)
raise the antiknock qualities of the gasoline, or 3) convert the gases to liquid
hydrocarbons boiling in the gasoline range. In catalytic processing the catalysts
and operating conditions are changed so as to maximize either gasoline or middle
distillates. )

The demands of the modern highly efficient gasoline engine exceeds what the refin-
ing processes alone can give. Chemical compounds are required to produce gasoline
qualities needed for these engines. Additives and modern refining methods have
been combined to give modern gasoline good service performance.

ANTIKNOCK COMPOUNDS. Engine knock or detonation is well known and fairly well
understood. Knocking causes a very rapid pressure rise and high frequency shock
waves that produce a sharp metallic noise in the engine. Xnocking also can cause
loss of power, poor fuel economy, and higher temperatures in the engine. Severe
knock also tends to increase piston ring wear and to cause overheating of valves,
spark plugs, and pistons thereby shortening their service life. In some cases,
severe knock has a tendency to promote destructive or runaway preignition which
can cause engine failure in a relatively short time. Failure can result from holes
burned through pistons, bioken spark plug insulators, and/or badly burned or
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TABLE 8.

ASTM TESTS FOR MOTOR OILS (1978 SAE HANDBOOK)

-DESIGNATION, IDENTIFICATION AND DESCRIPTIONS OF CATEGORIES

AP Engine Service Description

ASTM Engine Oil Description

Letter
Designation

APi Engine Service Descriptien

ASTM Engine Oil Description

Utility Gasoline
and Diesel Engine Service
Service typicol of engines operated under such
mild conditions that the protection offorded by
compounded oils is not required. This classifi-
cation hos no performance requirements.

Qil withaut additive except that
it may contain pour or foom

depressants.

CA

Diesel
Engine
Service

Minimum Duty Gasoline

Engine Service
Service typical of engines operated under such
mild canditions that only minimum protection
afforded by compounding is desired. Qils de-
signed for this service have been used since the
1930s and pravide only antiscuff copability,
ond resistonce to oil oxidation and bearing
corrosion.

Provides some antiaxidant and
antiscuff copobilities.

Light Duty Diesel
Engine Service

Service typicol of diesel engines operoted in
mild to moderate duty with high quality fuels.
Qccasionally has included gasoline engines in
mild service. Oils designed for this service were
widely used in the late 1940z and 1950s.
These oils provide protection from bearing
corrosion and from high temperoture deposits
in normally ospirated diese! engines when using
fuels of such qudlity that they impose no un-
usual requirements for wear ond deposit pro-
tection. .

Oil meeting the requirements of
MIL-L-2104A. For yse in gosoline
ond naturolly aspirated diesel
engines aperated on low sulfur
fuel. The MIL-L-2104A Specifica-
tion was issued in 1954,

[}

1964 Gasoline Engine

. Warronty Service
Service typical of gosaline engines in 1964-
1967 models of possenger cars ond trucks
operating under engine manufocturers’ wor-
ronties in effect during those model yeors. Qils
designed for this service provide control of high
ond low temperature deposits, wear, rust, ond
corrosion in gosoline engines.

Oil meeting the 1964-1967
raquirements of the eutomobile
monufacturers. intended primarily
for use in possenger cors. Pro-
vides law temperature ontisludge
ond antirust performance.

Diesel
Engine
Service

Moderate Duty Diesel

Engine Service
Service typicol of diesel engines operoted in
mild to moderote duty, but with lower quelity
fuels which necessitate more protection from
weor and deposits. Occ Ity has included
gasoline engines in mild service. Oils designed
for this service were introduced in 194%. Such
oils provide necessory protection from bearing
corrosion and from high temperature deposits
in normally aspirated diesel engines with higher
sulfur fuels.

Qil for use in gosaline and notu-
rally aspiroted diese! engines.
Includes MIL-1-2104A oils where
the diesel engine test was run
using high sulfur fuel.

1968 Gosaline Engine
Worranty Mointenonce Service

Service typical of gasoline engines in 19468
through 1970 models of possenger carsand some
trucks operoling under engine moanufacturers’
warranties in effect during those mode! years.
Also may opply to certain 1971 ond/ar later
models, os specified (or recommended) in the
owners' manuals. Oils designed far this service
provide more pratection ogainst high and low
femperature engine depasits, wear, rust, and
corrasion in gosoline engines than oils which are
satisfactory for APl Engine Service Classification
SC ond may be used when APl Engine Service
Classificatian SC is recommended.

Oil meeting the 1948-1971
requirements of the outomobile
manufocturers. Intended primarily
for use in possenger cars. Pro-
vides low temperature ontisludge
ond ontirust perfarmance.

cc

for
Diesel
Engine
Service

Moderate Duty Diesel

and Gasoline Engine Service
Service typical of lightly supercharged diese!
engines operated in moderate 'to severe duty
ond has included certain heovy duty, gosgline
engines. Oils designed far this service were
introduced in 1961 and used in moany trucks
ond in industriol and construction equipment
ond form tractors. These ails pravide protection
from high temperature depasits in lightly super-
charged diesels and also from rust, corrasion,
ond Jaw temperature deposits in‘gosaline en-
gines.

Oil meeting requirements of MIL-
L-2104B. Provides low tempero-
ture ontisludge, antirust, and
lightly superchorged diesel en-
gine perfarmance. The MIL-L-
21048 specification wos issued
in 1964,

<D

1972 Gasoline Engine
Warronty Maintenance Service

Service typical of gasaline engines ih possenger
cars and some trucks beginning with 1972 and
certain 1971 models operating under engine
manufacturers’ warronties. Oils designed for
this service pravide more protectian against ail
oxidation, high temperature engine deposits,
rust, and corrasion in gascline engines than ails
which are satisfactory for APl Gasoline Engine
Warranty Maintenance Classifications SD or SC
ond may be used when either of these classifi
caticns are recommendid.

Oil meeting the 1972 require-
ments of the outomobile many-
facturers. Intended primarily for
use in possenger cars. Pravides
high temperature antiaxidatian,
low temperature antishudge, ond
antirust perfarmance.

for
Diesel
Engine
Service

Severe Duty Diesel
Engine Service

Service typical of supercharged diesel engines
in high speed, high output duty requiring highly
effective contral of wear and deposits. Oils
designed far this service were introduced in
1955, and provide protectian from bearing
corrosion and from high temperature deposits
in supercharged diesel engines when using fuels
of o wide quality range.
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Qil meeting Caterpillar Troctor
Co. certificotian requirements for
Superior Lubricants {Series 3} for
Coterpillar diesel engines. Pro-
vides moderately superchorged
diesel engine performance. The
certification of Series 3 ail was
estoblished by Caterpillar Tractor
Co. in 1955. The related MIL-
L-45199 specification wos issued
in 1938,



TABLE 8.

ASTM TESTS FOR MOTOR OILS (1978 SAE HANDBOOK) (Coﬁtinued)

YESY TECHNIQUES AND P!IMARY PERFORMANCE CRITERIA

Dull;:::i‘on Test Techniques® Primary Performance Criteria® Delli;'l:::ion Tost Techniques* Primary Performonce Crileria®
N SE Sequence IIC ¢ roting method of
sA None Nene ’ ? . ac _Mcmguol
L-4 L-38 No. ¢ . N 9.3
5 .38b Beoring weight loss, mg, mox 500 500 Avg oil ring ond vornisl
. ;:q:;nlaa ?V Com scuffing None rating, min 4.0
Lifter scuff roting, mox 2 Avg sludge rating, min 9.0
Ring sticking None
sC Sequences llA Cam ond lifter scuffing None Lifser sticking None
ond HA Avg com plus lifter weor, in Scuffing ond weor ot 64
mox 0.0025 test b
Avg rust rating, min 8.2 Com or lifter scuffing None
Avg sludge rating, min 9.5 Com plus lifter wear, in
Avg varnish rating, min 9.7 Average 0.0010
Sequence IV Com scuffing None Maximum 0.0020
Lifter scuff roting, mox Sequence YC Avg engine sludge rating, min 8.5
Sequence V Total engine sludge rofing, Avg piston skirt vornish
min 40 roting, min
Avg piston skirt varnish per rating method of Ford
rating, min 7.0 Motor Co. 8.2
Total engine varnish per roting method of CRC
rating, min 35 Monuol No, 9 7.9
Avg intake valve tip Avg engine varnish roting, min 8.0
wear, in max 0.0020 Oit screen clogging, %, mox 5
Ring sticking None Oit ring clogging, %, max 5
QOil ring clogging, %, mox 20 Compression ring sticking None
QOil screen plugging, 1-38 Beoring weight loss, mg, mox 40
%, max 20
L-38¢ Bearing weight loss, mg max 50 L-4 L-38
L-1 (0.95% min Groove No. 1 {top) carbon CA L-4 or L-38° Beoring weight loss, mg, mox | 120-135 50
sulfur fuel) fill, % vol, mox 25 Piston skirt vornish rating,
Graove No. 2 and below Essentially cleon min 9.0 9.0
L-1 [0.35% min Groove No. 1 (top)
sD Sequences |IB Com and lifter scuffing None sulfur fuel) carbon fill, % vol, max 25
ond IlIB Avg cam and lifter weor, in Groove No. 2 ond below Essentially clean
max 0.0030
Avg rust roting, min 8.8 cs L-4 or L-38% Same as CA
Avg sludge rating, min 9.6 L-1 (0.95% min Same as CA, except
Avg vornish rafing, min 9.6 sulfur fuel) Groove No. 1 (top)
Sequence IV Cam scuffing None carbon fill, % vol, mox 30
Lifter scuff rating, mox 1
Sequence VB Total engine sludge rating, cc L-38 Bearing weight loss, mg, max 50
min 42.5 Piston skirt varnish roting,
Avg piston skirt varnish min 9.0
rating, min 8.0
Total engine varnish rating, LTD Mod. LTD
min 37.5 LTD or Modified Pistan skirt varnish rating,
Avg intake valve tip wear, min 7.5 7.5
in mox 0.0015 LTD® Totol engine varnish rating,
Oil ring clogging, %, mox 5 min — 42
Oil screen plugging, %, max 5 Tatal engine sludge rating,
L-38° Beoring weight loss, mg mox 40 min 35 42
Qil ring plugging, %, mox 25 10
t-1 1-H Oil screen clogging, %, mox 25 10
L-1 (0.95% min) sulfur | Groove No. 1 (top) carbon
fuel) or 1-H¢ fill, % vol, max 25 30 1A s
Groove No. 2 lacquer Seguence lIA Avg engine rust rating,
coveroge, % areo, max —_ 50 ar lIB® min 8.2 8.2
Graave No. 2 and below Essen- — T-H Groove No. T (top)
tiolly carbon fill, % vol, max 30
clean Groove No. 2 lacquer
Lond Na. 3 ond below —_ Essen- coverage, % oreo, max 50
tially Land Na. 3 and below Essentiofly clean
: cleon
Falcon® Avg engine rust rating, <D 1-D Groove No. T (top)
min 9.0 carbon fill, % val, mox 7
Groove No. 2 and below Essentially clean
ns iIc 1-G Groave No. 1 (tap)
SE Sequence (1B or Avg engine rust roting, carbon fill, % val max 60
NC . min 8.9 8.4 Land Na. 2 carbon and
Sequence lIC Yiscosity increase ot lacquer coveroge, % areq,
100°F and 40 test h, %, max 50
max 400 Groove Na. 2 carbon ond
Avg engine rotings ot 64 lacquer coveroge, % area,
test h max 30
Avg piston skirt varnish Lond No. 3 and below Essentiolly clean
roting, min -38° Bearing weight loss,
per rating method of mg, max 50
CRC Manual Avg pistan varnish rating,
No. 1 9.5 min 9.0
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B TABLE 8. ASTM TESTS FOR MOTOR OILS (1978 SAE HANDBOOK) (Continued)
' GASOLINE ENGINE TESTS
fnglne Time Lead Puel Plew Tempersiure .
|
Test Displacement ,::;." Coolant Qil
Typo Totol, h | [Fuch Shp W /b N/h :
Phose ‘
n? cm’ °F *C °F °C
L4 16 216 3540 3 T 224 3150 |_ 200 933 | 280 137.8
1.38 Single 425 | 696 40 4.5-50 20.0-22.2 3150 200 93.3 290 143.3
L1-38 (Revised) | _Single 425 694 0 | 4.5-50 | 200-222 3150 ‘ 200 93.3 290 1433
. 3n 47 | 209 1800 120 | 489
o Single 423 69¢ | 100 14 ‘ 47 209 1800 ’ 200 933
- . 3n 47 20.9 1800 120 489
Modified LTO Single 425 696 Gy ‘ o 209 1800 ‘ 200 | 933
Sequence | vs 394 8456 E 10 min 2 1.5 2500 95 LE] 120 48.9
Sequence Il ve 394 6458 30 3h 25 184 1500 95 35 120 | 489
Sequence M ve 394 6458 40 Y] 63.4 3400 200 | 933 265 1294
20 h 25 18.6 1500 95 3s 120 489
Sequence llA | V8 394 456 2 1 o 25 18.6 1500 | 120 | 489 | 120 | 489
_ Sequence INA v8 394 6456 | 40 s 63.4 o 3400 200 933 265 129.4
| 20h 25 186 1500 105 4048 120 489
Saquence 18 ve 425 6964 24 2h 25 18,4 1500 120 489 120 489
- 2h 100 74.6 3600 200 933 | 275 135.0
“28h 25 188 1500 1o 433 120 489
Sequence HC v8 425 6964 32 2h 25 18.6 1500 120 489 120 489
_ 2h 100 74.6 3600 | 200 93.3 260 | 1267
7h 100 74.6 3600 150 656 200 933
Sequence I8 ve 425 6964 36 7h 100 74.6 3600 200 93.3 275 135.0
Sequence HIC v8 425 6964 64 100 74.6 3000 245 1183 300 148.9
! 2h 3600 180 82.2 220 104.4
Sequence IV ve 381 5916 24 None None
" 2h 0 55 12.8 Not controlled
45 min Nons None 500 115 46,1 120 489
Sequence V ve 368 6030 192 2h 105 78.3 2500 125 517 175 79.4
75min | 105 78.3 _ 2500 170 787 205 96.1
45 min None None 500 1S 461 120 48.9
Sequence V8 v8 289 4736 192 2h 86.8 64.6 2500 125 517 175 79.4
N 75 min 86.6 846 2500 171 77.2 201 93.9
2h 86.6 64.6 2500 135 57.2 175 79.4
Sequence VC ve 302 4949 192 75 min 86.6 64.6 2500 170 7687 200 933
| 45 min 2 1.5 500 ns 46,1 120 489
45 min None None 500 1s 46,1 120 48,9
Falcon L6 70 2786 35 2h -30.9 230 2500 125 517 175 79.4
Evaluation
Air-Fuel Precedure Reference " . . "
Test Ratlo (See Refs. 1, 3-5) Rust and I ‘ OQil Categaries Defined
Corroslon Sludge Varnish Wear ‘ Other
i - !ouvin; o
L4 148 FTMS 79 1A - FTM 3402 ‘ X X comosion | CACB.SE
p Beoring
L-38 IA.L; FTMS 7918 - FTM 3405.1 ‘ X X corrosion CA, C8, CC, SB, SC, SD -
. . Beqying CD, SE
L-38 {Revined) | 140 FIMS 7918 - FTM 3405.2 x X cororion | MIL-L-2104C, MILL-46152
o I FTMS 7918 - FTM 346.1 X X cc
s 1525
Madified LTD 1525 FYMS 7918 - FTi 348.2 X X cc
Sequence | 14.0 — MS (obsolete]
Sequence I 140 ASTM STP 315, 315A X MS {obsolete)
Seguence IH 15.0 X - X MS {obsolets)
120 3
Sequence A 12,0 ASTM STP 3158, 315¢C e, s¢
Soquence A | 185 \ X X X
13.0 | cc, b, SE
T STP 2
Sequence IS :::g ASTM STP 315D, 315E X o4, MILL48152
130 SE
Sequence lIC ::g ASTM STP 315F X MILL-2104C, MILL-46152
Sequence 18 | 183 | astmstP 315D X x o
Sequence HIC 16.5 ASTM STP 315E, F X X Thich SE, MIL-L-46152 7_
Not
Sequence IV controlled ASTM STP 315, 315A,8,C, D X $8, SC, SD
9.5
Sequence V 15.5 ASTM STP 315, 3154, B X X sc
155 - -
2.5 PCV val
Sequence VB 155 ASTM STP 315C, D X X vaive S0
| ess | . o clogging o
PCV valve SE
Sequence VC | | ASTMSTPIISEF | x X dogging | MIL-L2104C, MILL.48152
Mox. Yoc. Ford Motor Co. -
Falcon 15.5 RTM BJ 11:2 X .-SD




warped valves.

A variety of antiknocks are currently available and their selection is dependent
upon fuel composition; engine design, operating conditions, transmission type used
in vehicles, etc. Tetraethyllead has been the principal ahtiknock, and was the
only antiknock used commercially in the U.S. until 1959. In 1959 a managanese anti-
knock (methyleyclopentadienyl maganese tricarbonyl) was introduced either as a
synergist or supplementary antiknock agent for TEL or as an antiknock to be used
alone. In 1960 a more volatile lead antiknock (tetramethyllead) entered the
antiknock market. Today in addition to TEL and TML, there are chemical mixtures

of them (mixed lead alkyls) and physical mixtures of TEL and TML available com-
mercially.

In the recent past the variety of cars to be satisfied has become greater than
ever before, ranging from high performance, automatic transmission models to
compact and foreign models with manual transmissions. During the same period the
introduction of new refining methods has created a wider range of available hydro-
carbons for use in gasoline blending. The availability of a number of antiknocks
enables refineries to tailor blend a selected antiknock compound and their particu-
lar hydrocarbon components into finished gasolines satisfying the greatest pro-
portion of their customer's vehicles at the least possible cost. ZEach refiner
must determine which antiknock offers him the greatestroad octane gain at the
least cost in his particular gasoline blend. Road octane ratings of gasolines are
those found when the gasoline is used in vehicles on the road as contrasted to
laboratory octane readings obtained on a standard CFR single-cylinder engine.

Because TML is more volatile than TEL (TML boils at 23)°F vs. 390°F for TEL) it
reaches the cylinders more readily and follows the gasoline more readily than TEL
during rapid engine acceleration. Also because the boiling point of TML, is closer
to the midrange of commercial gasolines it tends to distribute to the individual
cylinder in proportion to the gasoline thereby supplying antiknock quality more
uniformly.

Mixed-lead alkyls were introduced to provide a range of antiknocks having both
compositions and volatilities intermediate to those of either TEL or TML. The
same is true with physical mixtures of TEL and TML. The mixed-lead alkyls are
available as triethyl methyllead (MLA 250), diethyl dimethyl lead (MLA 500) and
ethyl trimethyl lead (MLA 750). These mixed-lead alkyls are actually equilibrium
mixtures of the two basic antiknocks TEL and TMIL.

The physical mixtures are available in ratios such as 25% TEL and 75% TML, a
50/50 mixture and a 75% TEL and 25% TML.

The various antiknocks and mixtures make available a wide variety of combinations,
and again fuel composition largely determines how effective these compounds will be.
Specifications for avgas permit use of TEL as an antiknock. Some autogas employs
TEL, but unleaded grades have used other materials including ethanol and higher
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alecohols as antiknock components.

When a gasoline containing antiknock alone is burned. in a spark-ignition engine,
it produces non-volatile combustion products. Therefore, commercial antiknock
fluids contain scavenging agents - combinations of ethylene dibromide and ethylene
dichloride and in the case of aviation gasoline, ethylene dibromide alone. These
transform the combustion products of the antiknock into forms that vaporize readi-
ly from hot engine surfaces. Scavengers are included as a part of any antiknock
compound containing lead.

Earliest antiknock compound formulations were based on use of ethylene dibromide
as the scavenger. Interest in the use of ethylene dichloride as a scavenger
developed when it appeared the world supply of bromide was being used at a rapid
rate. It was determined through extensive automotive testing that a combination
of EDB and EBC was actually better on a cost performance basis than EDB alone.

The change to a mixture of EDB.and EDC occurred in the 1930's for automotive
gasolines. At that time ethylene dibromide was specified for aviation gasoline
and it has continued to be the scavenger in avgas since it is more effective under
sustained high load operation.

An antiknock compound based on methyl cyclopentadienyl manganese tricarbonyl (MMT)
has found use in some applications as & complimentary antiknock which promotes the
antiknock value of TEL. Adding a very small amount of this manganese compound to
leaded gasoline provides a synergetic (greater than proportional) gain in octane
numbers. An antiknock compound mixture, Motor 33 Mix, sold by the Ethyl Corpora-
tion uses a small amount of MMT along with TEL.

MMT can also be used as a primary antiknock compound to increase octane rating of
gasoline when lead is not desired. It is used in small concentrations and can
produce up to 4 octane numbers improvement at a concentration of only 0.25 grams
per gallon. The octane improvement depends on gasoline hydrocarbon composition,
working best in highly paraffinic gasolines. MMT has never been used in avgas and

is no longer used in autogas for emission control reasons, at least in the unleaded
grades.

DEPOSIT MODIFIERS. Deposit modifiers éombat surface ignition and spark plug foul-
ing by altering the chemical characteristics of combustion chamber deposits.

Phosphorous compounds are widely used as deposit modifiers. These additives sup-
press surface ignition by raising the temperature required to initiate glowing of
deposits and by reducing the rate of heat release from oxidation of deposits.
Phosphorous compounds are limited in unleaded autogas since phosphorous deteriorates
the efficiency of catalytic converters. They are not used in avgas.

SURFACE IGNITION. Surface ignition or deposit ignition occurs when the fuel/air
charge is ignited by hot spots within the combustion chamber, most of the time
from glowing deposits. To the motorist surface ignition usually causes a sporatic
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high frequency knocking called "wild ping" or a low frequency noise, similar to
that produced by bad main bearings, called rumble. Wild ping results when the
surface ignited flame front causes the pressure and temperature in the unburned
portion of the fuel/air change to rise much faster than in normel combustion. Con-
sequently, the unburned fuel/air mixture is stressed far beyond its antiknock
quality and knock results. Rumble on the other hand, is a form of non-knocking
combustion. It occurs when ignition from a number of sources produces a very
rapid pressure rise and high-peak pressures during the combustion (34)%

In extreme cases, surface ignition can heat deposits or engine parts to a point
where ignition occurs progressively earlier (preignition) in the cycle. Such
runaway preignition can burn holes in pistons or seriously damage exhaust valves
and feces within minutes.

Spark plug fouling is covered-in some detail in another section of this report,

but it is mentioned here because the same compounds which are effective in suppres-
sing surface ignition and rumble are also effective in reducing spark plug fouling.
Reference 23 discusses performancée of specific alkyl and aryl phosphorous compounds
which are effective in allievating surface ignition and spark plug fouling, and
have been used extensively commercially.

ANTIOXIDANTS. Antioxidants are added to gasoline to provide storage stability
(retard the formation of gum and precipates) by delaying the oxidation of both
reactive hydrocarbons in commercial gasolines and other materials, such as lead
alkyl antiknocks and manganese compounds that may have been added to the gasoline.
There are many variables which affect the length of time that gasoline can be stored
without unacceptable deterioration. Variables such as crude source, olefinic
content, sulphur content, and additive treatment can all influence the storage sta-
bility of gasoline. ©Qther factors such as climatic conditions and the type of
storage facility can also affect storage life. Antioxidants and metal deactivators
are widely used to protect against gum and peroxides produced by oxidation and the
precipitates from antiknock compounds.

Gums form in gasoline when the unstable hydrocarbons combined with oxygen (oxidize)
or polymerize with each other. Gum formation, in addition to the variables mention-
ed abcve, can be influenced by storage temperature, extent to which air is present,
and length of storage. When gum is formed it produces a varnish-like deposit that
tends to coat and clog fuel lines, carburetor jets, and intake manifolds, and may
cause intake valves to stick. In severe cases it can increase exhaust system
deposits significantly. High concentrations of gums can increase combustion.
chamber deposits (35)t6 an extent that there will be an increase in octane require-
ment due to these deposits.

In many cases the stability of gasoline can be improved by various refining treat-

ments but more often than not, it is economical to use an antioxidant to accomplish
the same purpose.
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The insoluble precipitate that can form when a lead antiknock decomposes is promot-
ed by the presence of trace amounts of copper or peroxide in the gasoline. 1In
addition to loss of octane quality, one consequence of the insoluble precipitate

is the possibility of fuel line filter pluging. The same antioxidant which pro-
tects the gasoline itself is also effective in preventing the decomposition of

lead antiknocks. When antiknock decomposition does occur, only a small fraction

is involved even though there appears to be a rather large bulk of precipitate.

Many gasocline antioxidants are available. The most common are alkylated phenols
and amines. In recent years there has been a trend toward the use of alkylated
phenols and reduced used of phenyline diamine types. This has been due to a
gradual change in gasoline composition (lower olefin content) and increase in
use of catalytic desulphurization processes which tend to eliminate the need for
inhibitors or inhibitor sweetening. Amine type inhibitors permit inhibitor
sweetening whereas the phenols do not. These developments have also produced a
situation where the concentration of antioxidants in autogas has been reduced to
values considered to be a bare minimum for protection against decomposition of
the lead antiknocks for it is not expected that autogas will be stored for pro-
longed periods of time.

METAL DEACTIVATORS. It is known that only trace quantities of many metals will
catalyze the oxidation of gasoline. Of the several metals having this property,
copper is by far the most important. Trace guantities of copper can get into
fuel systems by way of some sweetening processes and from contact of refinery
streams with brass fittings, copper lines and numerous copper-containing alloys.
The presence of as little as 0.1 ppm of soluble copper can have a considerable
effect on gasoline stability. In fact, the effect can be so great that even the
most effective antioxidants cannot provide adequate stability by themselves.
Additives have been found that will effectively destroy the catalytic activity
of the dissolved metal. These additives are referred to as metal deactivators
and they function by formation of a stable chelate. In this form the copper

is inactivated and has no catalytic effect on oxidation. The use of metal
deactivators in conjunction with antioxidants will frequently provide the most
effective and economical way of stabilizing the gasoline. At the present time
the metal deactivator used most extensively is N, N'-disalicylidene-2-diamino-
propane. Metal deactivators are not used in avgas because of extreme care in
manufacture to guard against contaminent metal (L1).

ANTTRUST AGENTS. Rusting can be a problem in fuel systems and in tanks, pipe-
lines, and tankers used to bring the gasoline to the motorist. It is not only
costly to the petroleum transportation people, but can cause the motorist .
trouble in the form of leaky gas tanks, plugged gasoline filters, faulty
carburetion, ete. In recent years the automobile carburetor has become more
complex, making it more critical to dirt and requiring finer gasoline filters.
Rust particles lodging in the needle valve or jets of a carburetor can cause
problems such as flooding or float bowl overflow, thus causing malfunction and
a dangerous situation. \
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Rusting is promoted by water which can enter the car and/or gasoline transportation
and storage system by condensation or gross contemination. Sea water is particular-
ly harmful and is a constant problem where gasoline is transported by sea. It is
difficult to keep water out of a gasoline system even though considerable effort

is made to keep the systems dry. Consequently most gasolines contain considerable
water which often forms a separate layer on tank bottoms.

-Several types of hydrocarbon soluble compounds are used as rust inhibitors. Most
gasolines including avgas contain them and these inhibitors are often put in the
gasoline at the refinery. Compounds which can impart antirust properties to a
gasoline include various fatty amines, sulfonates, alkyl phosphates, and amine
phosphates. Several of these compounds, including the fatty amines, not only
inhibit rust but have antiicing and carburetor detergency properties. Most of

the above additives act by coating metal surfaces with a very thin protective film
which keeps water from contacting these surfaces. The fatty amines impart good
surface active properties to gasoline and thus reduce carburetor icing, icing in
fuel lines and build up of carburetor deposits.

ANTEICING AGENTS. Ice can interfere with engine operation either by plugging fuel
lines or by upsetting carburetion. PFuel lines can be plugged by ice crystals
present in the fuel. Carburetor icing however is caused by freezing of the water
vapor in the air which the engine inducts. The vaporization of gasoline in the
carburetor venturi cools the adjacent parts during the period while the engine is
warming up. These parts, under some atmospheric conditions, can become cool
enough to condense water from the incoming moist air and form ice in the carburet-
or. When sufficient ice has accumulated at the throttle plate, stalling of the
engine during idle can occur. Ice buildup in the venturi can reduce power under
high load conditions. The most critical conditions are ambient temperatures of
about LO°F and relative humidity of above 60% (23).

It has been shown that the throttle plate temperature in ambient conditions of
about LO°F, 100 humidity, will decrease to a value in the neighborhood of 5-7°F,
and can accumulate large quantities of ice which tend to cut off the air supply
to the engine when the throttle is closed. Usually this condition will persist
until the engine and intake system have fully warmed up. Figure 16 shows some
test results and the influence of fuel volatility. High volatility promotes
icing.

Another type of carburetor icing referred to as "running icing" or turnpike icing
is a build up of ice in the carburetor venturi and this tends to act as a choke
and cause considerable loss of power and fuel economy due to rich mixtures.

There are two types of carburetor antiicing additives: freeze point depressants
and the surface active agents. Freeze point depressants act as antifreezes and
are generally of the alcohol or glycol-type materials. Surface active agents
are described in the paragraphs above.
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Some freeze point depressants and to a lesser extent, the surface active agents
are also effective in preventing ice plugging of fuel lines. Some surface active
agents have been used specifically for the purpose of preventing this class ' of
problem. It has been suggested that the surfactants act by coating the ice pafti-
cles and carburetor walls so that they will not cling together or agglomerate.
Thus the tiny particles proceed through the intake system unimpeded. Antiicers
are not regularly used in avgas. Some experimental antiicers have been developed
for avgas however.

DETERGENTS. Basically two classes of detergents are used in autogas. One is
designed primarily for keeping carburetors clean or cleaning up dirty carburetors
and the other is commonly referred to as the extended type. The most common
detergent used is the one for keeping the carburetor clean.

The detergent designed for carburetors alone functions because it prevents the
accumulation of or causes the removal of carburetor deposits in the throttle body
area. Such deposits are formed mostly during idle operation and arise from air-
borne contaminants drawn into the carburetor, and deposited on the inside surface
of the throttle body just below the throttle plate. These deposits interfere with
the air flow past the edge of the throttle plat.e and richen the air-fuel ratio
during low speed and light-load operation. This produces rough idle, frequent
stalls, and reduced performance and economy. These deposits by virtue of causing
the carburetor to run richer also increase unburned hydrocarbons and ¢arbon
monoxide emissions. Use of detergents reduces the need for carburetor adjustment.
The effectiveness of these detergents stem from their surface active properties.
Such detergents include amines and alkyl amine phosphates.

Detergents referred to commonly as the extended range type are designed to not
only clean carburetors, but also the underhead area of the intake valves, intake
ports, and in some cases, positive crankcase ventilator. Detergents are not used
in avgas because the periodic overhaul eliminates the need for them since critical
parts are cleaned at that time. ' ’

UPPER CYLINDER LUBRICANTS. Some refineries use light lubricants as gasoline addi-
tives to help lubricate cylinders and top piston rings, to reduce valve and ring
sticking, and to reduce intake system deposits. These upper cylinder lubricants
are usually light mineral oil or low viscosity naphthenic distillates. 1In some
cases they are compounded so as to provide some detergency in the engine crankcase.
These o0ils tend to remain liquid in the intake system thereby keeping the contami-
nants in solution or in suspension so that they wash through. Not all gasolines
contain upper cylinder lubricants. Such oil addition is suspected to cause octane
requirement increase and consequently its use has been limited. They are not used
in avgas.

DYES. Dyes are added to all gasolines for a number of reasons including indicat-
ing the presence of lead antiknocks, to promote sales appeal, to identify various
makes or grades of gasoline and to conform with the laws of some states which
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require that fuels used for off-highway purposes have a different and distinct
colcr. Gasoline dyes are hydrocarbon soluble organic compounds. Concentrations
in gasoline depend on the intensity of the color desired to meet a color standard
(this is influenced by the color of the base gasoline).

Most unleaded gasolines require a dye to prodqce a water-white appearance. The
selection of blending compounds for unleaded gasoline is the determining factor
whether the dye is needed or not. Dyes are required in avgas.

OXGENATED FUEL BLENDING AGENTS.Over the years there has been much time and effort
expended in the possible use of several of the alcohols for automotive and airecraft
purposes. Both ethanol and methand have good antiknock properties and they are in
the gasoline boiling range. Use of alcohol as fuels or as blending agents in fuels
has occurred to a very limited extent, mostly because of cost performance or prob-
lems associated with their use. It is believed there has been greater use of
alcohols in foreign countries than in the U.S. In most cases, use in feoreign
countries was legislated, usually because of an excess of raw materials for making
the alcohol or an excess of alcohol itself.

The use of alecohols in aviation gasolines in the past has generally been limited to
injection of blends of water-alcohol during take-off to increase knock-limited power.
Water-alcohol injection provided cooling in the combustion chamber and the alcohol
proVided some antiknock quality. These were generally not used during cruise condi-
tions. The quanity of water-alecohol blend was limited to that needed for take-off
and c¢limb. )

The alcohols are hydroscopic and have an affinity for water with methanol more
hydroscopie than ethanol. This has been one of the main drawbacks associated with
the use of alecohol in automotive service. In the past it has been found that
alcohol, in particular methanol, was prone to preignite and in some cases could
cause serious preignition. : .

Another major prcblem associated with methanol-gasoline blends is corrosion of the
ternplate lining of the vehicle fuel system and attack by methanol of magnesium and
some aluminum. Methanol and ethanol have an effect on many of the elastomers used
in the current passenger car. A common problem is increased swelling of gaskets and
seal materials compared with gasoline alone and deterioration of celluar foam floats.

In recent years because of the energy problem and high cost of ecrude there has been
considerable interest in use of ethyl alecohol in autogas to conserve energy.
Ethanol is now being widely used in Gasohol - a term copyrighted by the state of
Nebraska for 10 vol.% alcohol plus 90 vol.% unleaded gasoline.

In the absence of recalibration of the carburetor, alcchols tend tc lean out mixtures,

causing engine roughness. Starting and warm-up characteristics are deteriorated in
the winter and possible vapor lock is enhanced in the swummer.
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Ethanol and water are miscible in all proportions and dry ethanol and gasoline are
likewise miscible. On the other hand, gasoline and water are essentially immisc-
ible. A mixture of alcohol, gasoline and water can remain as a mixture in relative-
1y narrow limits of composition. Outside of these limits, separation occurs. With-
out going into technical details this can cause problems because the alcohol and
water tend to go to the bottom and gasoline will remain at the top. In a large
storage container and without mechanical mixing, engines receiving the top phase
with considerably different volatility and stoichiometry than the bottom phase,
could run rather poorly. If such blends were used in aircraft, the volatility and
stoichiometry could be significantly different than current avgas for which the
aircraft was designed.

The potential problems of poor engine performance and fuel system deterioration
tend to preclude consideration of any autogas blended with ethanol or methanol to
a level more than about 5%. These problems are solvable but extensive research on
materials is required. :

In addition to methanol and ethanol mentioned above, there are some recent develop-
ments in other oxygenates. Getting special attention are: 1) tertiarybutyl alcohol,
or t-butyl alcohol or t-butanol (TBA) and 2) 2,methyl,2-butyl ether (MTBE) (19).

TBA has been used in this country for a number of years by companies who produce it
in large volume as a byproduct from acetone manufacture. They blend it into gaso-
line as a convenient way of disposing of a chemical which is in over supply. MTBE
has been manufactured and used in gasoline in Italy and Germany for some time.
Manufacture has now begun in the United States.

EPA has approved the use of 50/50 methanol/t-butanol, t-butanol alone, and MTBE
up to 7 volume %, and ethanol up to 10% volume.

A review of the antiknock characteristics of the oxygenates would lead one to
believe there is much incentive to use them for antiknock purpokes. With increasing
use of unleaded gasoline, there is considerable competition for the high octane
unleaded gasoline components such as alkylate and reformates. Some of the alcohols
have drawbacks that are inescapable. MIBE shows considerable promise even though
methanol is used in its manufacture. MTRBE does not produce any problems when blend-
ed into gasoline and alcohol at the 7% level.

The distillation curve of mixtures of gasoline and alcohol have a rather unusual
shape because alcohols and hydrocarbons form azetropic mixtures, or lower boiling
mixtures than would be expected from their individual boiling points. Thus, es-
sentially all the alcohols are removed at the midpoint and the balance of the curve
is nearly the same as for gasoline alone. Reld pressures and'V/L ratios are great-
ly increased.

MTRE does not form azetropic mixtures with hydrocarbons. The distillation curve
of a mixture tends to follow that of a normal gasoline. This is true notwithstand-
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ing the fact MTBE has a lower boiling point than that of either methanol or
ethanol. This means that MTBE distills throughout the boiling range of the gaso-
line, '

Water separation is not a problem with either t-butanol or MTBE. These larger
molecules have a greater ratio of organic carbon atoms and are less soluble in
water. :

In summary, the use of oxygenates in autogas has been increasing. This further
complicates consideration of autogas as a substitute for avgas. Information is
needed on any harmful effects of these fuel additives in aircraft fuel systems.
At present there is no reliable information related to aircraft fuel system
performance and thus any positive recommendation with respect to such blending
agents is not possible at this time.

SUMMARY

In the preceding sections several problems were discussed associated with matching
gasoline fuels to engines. Much information is available for automot ive systems
and relatively little for aircraft. Table 9 summarizes the problems discussed and
indicates differences between avgas and autogas and the nature of the problem. In
terms of antiknock quality, all autogases meet the lean requirement of Grade 80/87
avgas and probably meet the rich requirement as well, but this cannot be proven at
this time. Autogas antiknock quality is far too low to satisfy the higher avgas
grades. In one problem area only is there a large difference between avgas and
autogas, that is vapor lock. With the exception of icing the other problems are
relatively moderate and may be circumvented by more frequent maintenance including
0il changes.

Filter and fuel line freezing problems can be alleviated by‘the addition of anti-
icers and by careful draining of tank bottoms. Carburetor icing can be controlled.
by suitable air preheating, a common practice on modern automobiles.

The vapor lock problem is most difficult to solve. In terms of fuel metering two
possibilities present themselves. One is to fully and continuously evaporate the
fuel prior to metering and thus entirely circumvent the problem associated with
metering evaporating fluids. For this, a separate system is required for starting
and warm up until exhaust heat is available for baporization. The other possibility
is to employ high pressure individual cylinder fuel injection or single point
injection above the throttle body. In this way, solid fuel is metered and the
large pressure drop at the nozzle assures that liquid fuel is in the lines. One
advantage of single point injection is that the injector is removed from the hot
intake port. Continuous recirculation of the fuel back to the tank can be used

to keep inJjectors cool and vapor return to the fuel tank used to eliminate injector
vapor problems. Some invention and development is required to provide entirely

82



€8

TABLE 9. PROBLEM SEVERITY COMPARISON

Severity Difference Suddenness
Problem Between Autogas and Avgas of Onset
Immediate or Short Range
Knock | Little Rapid
Preignition : Moderate (worse) "~ Very rapid
Deposit . ignition Moderate . (worse) Rapid
Vapor lock Large (worse) . Repid
Icing - carburetor Moderate (worse) Rapid
- filters & lines ) Moderate (worse) Rapid
Cold start Moderate (better) Rapid
Hot restart Moderate (worse) Rapid
Spark plug Moderate (better with unleaded) Rapid
(worse with leaded) '
Fuel safety Little Rapid
Long Term _
Drivability (maldistribution) Moderate (worse) Continuous
Valve sticking and wear : Moderate (worse) Very gradual
Compatibility with materials and corrosion | Moderate (worse) o Very gradual
Lubrication and wear . Moderate (worse) Very gradual
Storage instability Moderate (worse) Rapid



adquate systems of either type.

The vapor lock problems associated with fuel line and pump volume can be alleviated
by a combination of:

a. larger diameter lines
b. in-tank pump )
c¢. routing of lines for minimum heat pick-up

Centrifugal in-tank pumps have good potential for minimal suction pressure drop,
high pressure and high flow. Perhaps more than one stage is required depending on
pressure requirements or two pumps in series of different design.

By employing advanced technology, future aircraft may be built to be insensitive

to the widely varying properties of autogas, properties whose variations appear

to be increasing as refiners attempt to improve refinery efficiency. The use of
oxygenates as supplements in dutogas opens up a new degree of autogas variation and
is likely to introduce severe material problems both in automobiles and aircraft
whose materials have not been selected for use with these blending agents initially.

Use of automotive olls with their greater capability for neutralizing acids and
their improved detergent and dispersant properties could alleviate problems produc-
ed by increased sulfur and higher volumes of high boiling point constitutents in
autogas. However, the high blowby and oil consumption rates of aircraft engines
must be reduced through improved design to minimize oil contamination and to mini-
mize combustion chamber deposits from the ash-forming additives of automotive oils.
A Wankel engine has an advantage in this regard in that the lubricating oil is
isolated from the blowby. '

In order to provide a basis for change it may be desirable to design a standard
fuel system certification test. Such a test may be similar in concept to the

ASTM Bequence Test for automotive lubricants, but rather employ standard lubricants
and standard test fuels representative of the extremes of expec%ed autogas propert-
ies and composition. Engines and fuel systems/thought to be most sensitive would
be used as test beds. Obviously considerable effort will be required to design
appropriate tests, but in the absence of established procedures as a baseline, it
will be difficult if not impossible to effect any change in the status quo.

8k



REFERENCES

1. AVCO-LYCOMING "FLYER," Avco-Lycoming Engine Group, Williamsport Division, Is-
sue No. 32 (October 1978).

2. American Society for Testing and Materials. ASTM NATIONAL STANDARDS. Phila-
delphia: ASTM, 1979. \

3. "KEY REPRINTS from the AVCO-LYCOMING FLYER," AVCO-LYCOMING Division, issues
reviewed since 1964 through December, 1977, pp. 1-71.

L. American Petroleum Institute. DIGEST OF STATE INSPECTION LAWS RELATING TO
PETROLEUM PRODUCTS. Washington, D.C.: Petroleum Products Committee, 1975.

5. Office of the Federal Register National Archives and Records Service General
Services Administration. Title 1k, FAA, Title 16, FTC, and Title 4O, EPA, CODE OF
FEDERAL REGULATIONS, 1979.

6. "Aviation Gasoline Inspection Results," Report No. 3053, (Avco-Lycoming).

T Stone, C. T. (Marketing Department), AVIATION TECHNICAIL SERVICES EXXON COM-
PANY. Tetter to: Mr. Al Light (Vice-President-Engineering), Avco-Lycoming Divi-
sion, Williamsport (October 18, 1976).

8. Ethyl Corporation. AVIATION FUELS AND THEIR EFFECTS ON ENGINE PERFORMANCE.
Department of the Navy, Bureau of Aeronautics, 1951.

9.  American Petroleum Institute. FUEL SULFUR REGULATIONS, Federal, State, and
Local. Washington, D.C.: Department of Environmental Affairs, January, 1976.

10. Patterson, D. J., and Henein, N. A, EMISSIONS FROM COMBUSTION ENGINES AND
THEIR CONTROL. Ann Arbor: Ann Arbor Science Publishers, Inc., 1972.

11. Shelton, Ella Mae. MOTOR GASOLINES, WINTER 1978-79. Bartlesville, Okla-
homa: U.S. Department of Energy (July, 1979).

12. Bhelton, Ella Mae. MOTOR GASOLINES, SUMMER 1973. Bartlesville, Oklahoma:
U.S. Department of Energy (February, 1980).

13. McKinney, C. M., and Blade, Q. C. "Bureau of Mines-API Survey of Aviation
Gasolines, 1969," SAE PAPER, No. 700228 (1970).

14. Brewster, B., and Kerley, R. V. "Automotive Fuels and Combustion Problems,’
ETHYL CORPORATION (1963).

85



15. Anderson, R. L. "Aviation Spark Plug Operational Factors,'" SAE PAPER,
No. 650375 (1965). ‘ '

16. Hundere, A., and Bert, J. A. "Preignition and Its Deleterious Effects in
Aircraft Engines," SAE QUARTERLY TRANSACTIONS, Vol. 2, No. L (October, 1981), 5hLé-
562.

17. Hundere, A. '"Light Plane Vapor Lock Tests," CALIFORNIA RESEARCH CORPORATION,
Richmond, Callfornla (March 29, 1948)

18. "Tt's 1979 - Do You Know What's In Your Fuel?" THE AVIATION CONSUMER (August 1,
1979), 1k-19.

19. MIBE For Octane Improvement," CHEMTECH (August, 1979), 502-510, Vol. 2, No. 4
(February, 1976).

20. Obert, Edward F. INTERNAL COMBUSTION ENGINES AND AIR POLLUTION. New York:
Intext Educatlonal Publlshers 1973.

2l. Robertson, A. E., and Albright, R. "Studies of Fuels and Fuel System Phe-
nomerna Contributing to Aviation Vapor Lock," SAE JOURNAL, Vol. 52, No. 10 (Janu-
‘ary 14, 1944), L466-500.

22. Smith, Maxwell. AVIATION FUELS. Foulis & Co., Ltd., University Printing
House, Cambridge, 1970.

23. Dugan, W. P., and Toulmin, H. A. THE CARBURETOR ICING TENDENCIES OF SOME
PRESENT DAY FUELS AND ENGINES. SAE Summer meeting (June 6-11, 195L4).

2. Gardner, L., Moon, G., and Whyte, R. B. "Aircraft Carburetor Icing Studies,"
SAE PAPER, No. 710371, 197L.

25. Ethyl Corporation. THE STORY OF GASOLINE (reference book). Ethyl Corpora-
tion--Petroleum Chemicals Division.

26. Gonzalez, Cesar, and Jesik, Richard. AVIATION GASOLINES—A CANDID APPRATISAL.
Monterey, California, SAE meeting No. 51, 1979.

27. Nersasian, A. '"The Use of Toluene/Isooctane/Alcohol Blends to Simulate the
Swelling Behavior of Rubbers in Gasoline/Alcohol Fuels," SAE PAPER, No. 800790,
1980.

28. Nersasian, A. "A Method for Predicting the Volume Increase of Fuel Handllng
Rubbers in Complex Fuel Blends," SAE PAPER, No. 800791, 1980.

86



29. Rodriquez, Ferdinand. PRINCIPLES OF POLYMER SYSTEMS. New York: McGraw-Hill
Book Company, 1970.

30. Cordera, F. J., Foster, H. J., Henderson, B. M., and Woodruff, R. L. "TEL
Scavengers in Fuel Affect Engine Performance and Durability,” Paper 877A pre-
sented June, 1964

31. Giles, William S., and Updike, Stanley, H. "Influence of Low Lead Fuels on
Exhaust Valve Performance,” SAE PAPER No. 710674 (1971).

32. Chesluk, R. P. "Additives in Petroleum," LUBRICATION, Vol. 5L, No. 8, 1968,
publication by Texaco, Inc., N.Y.

3%. Hinkamp, J. B., and Warren, J. A. SURFACE-IGNITION CONTROL BY PHOSPHORUS FUEL
ADDITIVE. Detroit: Ethyl Corporation (presented April 11, 1957).

34. Felt, A. E., Warren, J. A., and Hall, C. A. RUMBLE—A DEPOSIT EFFECT AT HIGH
COMPRESSION RATIOS. Detroit: Ethyl Corporation (presented June 8-13, 1958).

35. Gibson, H. J., Hall, C. A., and Hirschler, D. A. "Combustion-Chamber Deposi-
tion and Knock," SAE TRANSACTIONS, Vol. 61 (1953), 361-377.

36. "Low Compression Engines and High Grade Fuels." FAA AVIATION NEWS, November,
1975, p. 10.

37. York, L. L., Hundere, A., and Coit, R. A., "Recommendations for Fuel System
Design for Personal Aircraft With Regard to Vapor Lock," SAE paper no. 541 (Nov.1950),

38. '"NACA Standard Atmosphere Table," Bell Aircraft Corporation, pp. 38-39.
39. '"Gasoline Storage Life," EXXON TECHNIGRAM, Exxon Corporation, May 16, 197L.

LO. Aldrich, E. W., Barber, E. M., and Robertson, A. E. "Occurrence of Vapor Lock
as Related to the Temperature-V/L Characteristics of Motor Gasolines," SAE JOURNAL
(transactions), Vol. 53, No. 7 (July, 1945), 392-401. :

L1. Bolt, K., and Hall, B. R. "Significance of Tests for Petroleum Products,” ASTM
Special Technical Publication 7C.

L2, "Automotive Gasolines Are Not Approved for Aviation Use," EXXON TECHNIGRAM,
Exxon Corporation, June 1, 1979.

43. Private Communication, M. A. Remondino, Fuel Consultant, 1980.

L4, Walters, E. L., and Busso, C. J., "Oxidation Stability of Tetraethyllead and
Leaded Aviation Gasolines," INDUSTRIAL AND ENGINEERING CHEMISTRY, v. 41, n. 5, 1940.

45, Bartleson, J. D., and Shepherd, C. C., "Selecting an Antioxidant for Today's
Gasoline," Ethyl Corporation, April, 196L.

87




APPENDIX A



TABLE A-l.

REGULAR AUTOGAS DATA (REF. 11) SUMMER, 1979

LA 2. L, [suLrun curt [senpens OCTANE NumMgeRr
pIsTRICT We, o, o8 [Nn. on RAVITY | ASTM ASTM ASTM LEAD AMEALH, | MoTeR Aot
ano NAME (YL R ASTM |PHaée o 38! 9 3608 ASTH o™ .

: D 28" |wy. * "o voL.%7e G-/GAL [¥ULL © 2700

ny. ".e 0.0b0 3 1,90 3.n 935.7 8.0 0.6
| woamsAsy " ) ~e. 616 o.on 2 1.%0 2.4t a3.0 8¢.% 04.7
e, vi.$ o.080 ' [K) 1.70 .. #s.0 TR
e | s o.107 4’ 160 s 9.4 st ane
2 HID - ATLANTY (b} 130 ~n 61.2 .o ' oe7 2.3 93.0 963 0%.7
CoAST o, LA E O.002 ] 0.20 0.83 4.0 [T 1.6
N 8.0 o.0T a2 1.70 $.29 ac.2 o8.4 2.5
3 sourHRAjY L 104 . ¢1.8 o.0%0 [l te¥s 1.%0 LI 8.2 [LE ]
~w, .. 0.0%0 [4 .20 148 a.s 8.4 (A 2¥Y
P, 6M.y c.0%0 5 3.94 .5 LI 43,3
N areatachian L] n oy, 61.0 0.026 [ IR L] T3, 8.0 84.6
e, $7.4 o.01) o .37 0.47 %0.9 04.0 0.5
" .0 0.180 L 2.60 3.02 ay.3 6.0 8.t
5 micviean 13 W we 6.3 ».088 2 1.00 1,13 a3.) [IR] [TX]
[ 57.9 0.030 [ 0.60 0.4 as.0 4. 89.9
“oe. 3.y i 3 - W -§ud,0 %0.0
§ woaw nimers " 29 . el.a — 1 — 1.08 029 o4y
o £8.y —_ ° -_— 1.08 0.9 *y.? [T ]
ey (35 ] 0.111 1 3 .80 LA 8.9 1.4 0.6
T aaoran mungiret L] 3 »e. 6.y 0.080 2 1,19 2.41 [TY #¢0 0.6
' no LTW] 0.026 ) o.Ml .28 2.9 T 0.6
. %.a 0.0 i .60 N,06 @™y 7.7 9.9
8 owta musimen 5 us s | 615 [o.00 e 1.60 1.27 a.e 8¢.3 p.c
LY N A L XY 0.070 0 1.60 0.4¢ aro s3.0 8.7
nax. 4.2 0.011 b *.8 3. 10 3.0 060 #4.2

T wenrs mams Y] [T} e IR ] o.0i ' 0.9 1.2 9.3 5.3 _

M, 59.9 © .0q ' .8 ety . Y. 6
) e, LRI 0.080 L] .00 3.¢9 ™. (3N .3
0 canrami mams 21 us V% (RN 034 2 a7 2.1 as.3 83.3 87.0
e, $5.3 0.00¢ o 0.30 0.78 .3 #2.9 %%.0
My, ¢7.8 0.0% 3 LT 3.9 1.3 88.7 0,7
M sourn mang 23 o oy 61.2 0.027 1 1.00 2.08 .7 s ot
i, 56.6 0.020 o .60 0.9 aaw.0 4.y 1.9
"he. 6%5.4 0.0%0 a i.10 [ T} 98.3 88.¢ %0.9
1 sourn TExar " 38 ave, cl.o 0.0 1 1. 1o a.H LIN 8¢.2 [TR]
Pk, 3.9 o.030 ° 1-l0 1.20 LI ] 8.2 [ L]
T 66.0 o.8%8 » 2.4y u.22 9.6 0.7 2.7
T teurd meunTAIL 1t 55 | ave. | ¢o.9 PN ' 1,37 1.%9 LFW (TR ] 9.3
vares i, 3.5 008 o 0:-70 0.52 #4.0 tt.0 [ T9]
"ax, 6.2 0.14¢ 2 0.8l 1,56 "3 6.0 24.3
W weaTH MekaTAIL 12 “ A, 0.8 0.0M% ' 0.61 102 LTR [T (X
srarns Mon, 58.0 0.027 4 o.¢l o.co 8.3 [TR] #s.0
"y, 62.9 2 1.776 2.0 qu.t 7.7 1.8
18 raci®ic AsoATHWSET 7 23 ave. $e.7 a .28 1.66 .6 9.7 [1 Y
[T I N L PR 0. 17 A . st
L [IR] ®.229 N 1.8 1.4 @y 9.4 €0.3
16 vearn eaumoanna L} 38 e, 5.8 0.087 2 1oy X a3 es.2 9.6
M, "™.7 o.0l0 o .01 0.8 €1.7 1.7 .0
[ 1.0 0.8% 2 1.%0 2.9 a4 6.0 00.3
1T womrn  canrmonmin o w0 . §1.8 0. 189 ' 1,02 1.6 LR [TH se.2
ks, 6o0.7 o.0l0 ° 0.2¢ o34 1.7 3.2 6.6
A-1




=

TABLE A-1. REGULAR AUTOGAS DATA (REF. 11) SUMMER, 1979 (Continued)
&.v.?p. |20 V/L DisTinuaTieny , AITHM 0 06
ATH ASTH TAMPEAATULRE, °F (AALIAd YO WO AM We)
» 318 o ule INTIAL PEACBNT  GVvAPoRATRS e aEsisunL Loas
1) sp goiLine PT. s 10 © a0 30 . 30 o 40 ~ Q8 o inT *le “To
u.s 179
0.8 129 [ ] 102 1L} 136 (123 a0y 148 LL7] 3¢ Yo7 0.8 oy
Ny 23
".8 1]
0.2 17} " to3 ns (2] ] 160 210 168 M 78 417 1.0 1.6
8.3 "y
.l M3 .
.7 133 [1] 109 He 139 160 20 aee 3v9é 180 vis 0.9 1.5
L B | 148
. [T}
0.9 130 87 108 "e 137 160 aeq 26y SNy 376 LTy 0.8 2.2
.8 129
n.? )
0.9 158 'Y} '] ns 173 1se 207 267 dsy [LNY vy .9 7
%3 2 .
137
128 [ 13 102 ne i3¢ 1 1] 204 262 e 390 "ae 1.8 Ly
134
13.% 19y
TR 130 1 1] 103 Hy .7 1859 aos aue 335 et w3 0.8 1.8
L "7
10.8 140
.5 13y q@ 106 ne (R Y ) 180 aovy 287 1T} 347 wit ted (N3
8.3 128
1.5 e
19.8 12é T2 — Y 130 e 199 a%0 INe - Nie e.8 2.5
e.$ 136
10.] s
9. 113 ™ 107 120 L]} 164 204 as7 32 266 Hoq 0.8 1.3
7.8 ' .
1.7 Ny
as 198 L1] 107 us 139 160 208 26y Mo 13 yia 0.8 oy
8.1 12y :
10.3 (L7 9
4.0 6 ajl 107 "ne 1] ] 139 207 249 i 'Y 379 yis 0.9 e
7.6 126
Q.7 158
.3 L} as ] 7 e (1] 213 263 317 L& 1] iy 0.9 [
6.9 120
1.0 83
1.3 37 L1 108 153 Ny 166 a2 as4q 338 M3 CTFY Lo 2.8
[} ey
"7 (1]
1.4 112 [ &) (L2 Y vy 136 160 any 269 "y 200 Hie 1.1 a.!
[ ) 128
0.6 "3
8.1 w7 q% s (2 2] (11] 1 223 aty 149 372 is 1,0 te3
.4 1o
.8 117
9.2 143 ae 10 [F1} e 166 08 a7y vy Iy wis Lo 1.3
H.8 133

[



TABLE A-2.

PREMIUM AUTOGAS
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PREMIUM AUTOGAS DATA (REF. 11) SUMMER, 1979 (Continued)
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TABLE A-3.

UNLEADED AUTOGAS DATA (REF. 11)

SUMMER, 1979 (CONTINUED)
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REGULAR AUTOGAS DATA (REF. 12) WINTER, 1978-79
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TABLE A-4.

REGULAR AUTOGAS DATA (REF. 12)

WINTER, 1978-79 (Continued)
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PREMIUM AUTOGAS DATA (REF. 12) WINTER, 1978-79
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TABLE A-6.

UNLEADED AUTOGAS DATA (REF. 12)

WINTER, 1978-79 (Continued)
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TABLE A-7. 80/87 AVGAS DATA (REFERENCE 13) FROM 1969

Inspection Data for Grade 80/87 Aviation Gasolines
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	TNTRODUCTION. 
	Over the years many pilots have reported on an informal basis that they have suc­cessfully used automotive gasoline (autogas) in their lightaircraft. On the other hand, use of autogas is suspected to have caused engine malfunctions, some of which may have resulted in crashes (1). This study is an attempt ,to evaluate this di­chotomy of views in terms of characteristics of autogas and aviation gasoline and how the differences might be expected to affect safety, engine performance, and durability. 
	Several key fundamental areas have been explored. These are: 
	-Antiknock properties. -Preignition and deposit ignition. -Vapor lock. -Icing. -Cold start. -Hot restart. -Fuel safety. -Valve sticking and wear. 
	Materials incompatibility and corrosion 
	Maldistribution. -Spark plug operation. -Fuel storage stability. 
	Each of the above areas has been ev~luated based on the published literature which is cited in the References. ,An Alphabetical Bibliography has been included at the end of this report. 'No experimental work has been performed in connection with this effort. 
	OVERALL CONCLUSIONS AND OBSERVATIONS 
	Below are presented the overall conclusions of this study. Detailed conclusions follow: 
	1. 
	1. 
	1. 
	Based upon existing information the use of autogas in light aircraft is in gen­eral expected to create safety problems. It is obvious that some aircraft and some batches of autogas will perform satisfactorily depending on ambient temperature, altitude obtained, mode of operation, and fuel system design. Under other circum­stances serious problems can arise quickly and there is considerable potential for longer-range problems of materials and engine durability which mayor may not cre­ate a dangerous problem.

	2. 
	2. 
	Many of the technical studies of aircraft fuels have been conducted during or prior to World War II and therefore are relatively old. Few recent studies exist. There is considerable lack of data on just how fuel property variations affect the performance and durability of aircraft engines. This situation does not support conclusions in many areas. 

	3. 
	3. 
	Based on available information it cannot be determined with certainty that fu­ture engine/aircraft designs can be developed that will be entirely tolerant of the widely varying properties of autogas, properties whose variations are steadly grow­ing as refiners attempt to maximize gasoline yield in response to higher prices. Research needs to be done to further delineate key problem areas and potential solutions. Standard tests need to be developed by which new fuel system designs ~lels whose properties refl
	can be evaluated. Such tests may employ a set of standard 
	part of the country to 



	1 
	DETAILED CONCLUSIONS 
	1. 
	1. 
	1. 
	There is only one grade of avgas that can be replaced by autogas because of antiknock quality, th~t is grade 80/87. Regular, premium, and lead-free automotive gasolines all appear to have sufficient Motor octane quality. The lack of a gen­eral correlation between the Aviation Supercharge and Automotive Research octane numbers precludes any decision with respect to this rating. Although some evidence .exist whichsugges~s that the autogas Rich rating is adequate for grade 80/87. 

	2. 
	2. 
	Use of autogas with its higher aromatic content and higher volume of low boiling point constituents is expected to increase combustion chamber deposits which in turn knock-indu~ed preignition. Moreover it is known that some aromatic compounds tend to preignite easily. Some engines are likely to have greater pre­ignition problems depending on cylinder cooling. The heating value specification for avgas effectively limits aromatic content to about 25%. 
	can aggrevate 


	3. 
	3. 
	Vapor lock is known to be a problem occasionally even with avgas which has a maximum Reid vapor pressure of 7 lbf/in. With autogas, the maximum Reid pressure can approach 16 lbf/in. , and this increases the likelihood of vapor lock consider­ably. This problem is greater for a law wing aircraft and might De ameloriated by ~el pump. Vapor lock is probably the-most important safety­related problem needing solution before autogas can replace avgas. 
	2 
	2
	a·suitable intank 


	4. 
	4. 
	Carburetor icing appears to pose a somewhat greater problem with autogas than with avgas. Some improvements in icing can be realized by the addition of antiicing compounds to those fuels not already containing them. 

	5. 
	5. 
	Although specific data are not available for aircraft, a consideration of the automotive literature indicates that the higher front end volatility of autogas can expect~d to ease starting and warm up in cold weather operation. 
	be 


	6. 
	6. 
	Hot restart on the ground may be expected to be more difficult with autogas be­cause of increased deposit ignition and vapor lock. Significant differences are expected at altitude also when vapor lock is present. 

	7. 
	7. 
	A search of the literature reveals that gasolines with high boiling point con­stituents (autogas) create greater problems of valve sticking and valve guide de­posits. These arise from contamination of the lubricant and/or deposits of un­burned fuel componenw on the valve stems and guides themselves. More sludge and varnish are expected in the crankcase with autogas. This results from high blowby rates in aircraft engines and relatively low detergency in the oil. 

	8. 
	8. 
	The greater aromatic and olefinic content of automotive gasolines is known to adversely affect the performance and durability of polymeric and rubber fuel system materials. Problems arise when critical dimensions are exceeded and parts stick, or when physical properties are deteriorated. 

	9. 
	9. 
	The greater sulfur level and higher levels of halogen scavengers in autogas can be expected to increase acid corrosion of the engine, a long-term durability prob­lem. 

	10. 
	10. 
	There is no data to indicate the severity of valve seat recession problems in aircraft engines when lead-free autogas is used. 

	11. 
	11. 
	Maldistribution may be expected to be worse with autogas due to its greater boiling range. This can lead to engine roughness, knock and removal of lubri­cating oil from cylinder surfaces under low temperature operation. There is no indi­cation of a safety problem from this source. 

	12. 
	12. 
	Spark plug fouling is expected to be increased with leaded automotive fuels because of their greater volume of high boiling point constituents and higher lead levels. With lead-free gasoline spark plug fouling will be reduced compared to some aviation gasoline due to the .absence of lead compounds. 

	13. 
	13. 
	For equal storage time and temperature, storage stability is worse with autogas. This can contribute to increased gum with subsequent intake valve sticking and car­buretor orifice plugging. Avgas is provided with a relatively high dosage of anti­oxidant to delay gum formation., On the other hand, use of fresh autogas will pose bec~use of a high turnover of autogas, perhaps gum problems would be reduced in practice. 
	no gum problems and to the extent that fuel storage times are reduced 


	14. 
	14. 
	Fuel safety in regard to toxicity and explosion hazard is about the same for all these gasolines. 


	EXISTENCE OF GASOLINE SPECIFICATIONS IN THE UNITED STATES. 
	Gasoline specifications define various characteristics of gasolines necessary for proper engine performance. For example, the octane rating, .Reid vapor pressure and sulfur content are commonly specified properties. These specifications con­stitute a description of the gasoline. A list of such specifications for autogas and for avgas appear in Table 1. 
	The specifications in Table i are the 1979 voluntary standards of the American So­ciety for Testing and Materials (ASTM) forautogas and avgas (2). Also, the United States federal government maintains military gasoline specifications. 
	Table 2 summarizes the extent to which different states apply the ASTM standards for autogas. From Table 2 it is s~en that 36 states have agencies which regulate auto­gas quality for their state. These state agencies vary from the Department of Agri­culture and Industries in the state of Alabama, to the Department of Labor and Em­ployment, Division of Labor in the state of Colorado, to the Department of Adminis­tration, Weights and Measures Division in the State of Arizona. 
	According to "Key Reprints" from the Avco Lycoming Flyer (3), only six states re­quire that ASTM or Federal Government specifications are to be met for autogas marketing in those states. Of the other states requiring some specifications, dif­ferent states regulate various properties of the gasoline. Some states have no regulations, others may regulate only one or two properties of autogas. Inspection of Table 2. reveals this lack of continuity of autogas specifications through­out the U.S. These state laws 
	. 
	Other agencies exist which more indirectly regulate gasoline. The Environmental Protection Agency, for example, regulates additives to automotive gasolines and re­quires vehicle labels "unleaded gasoline only" (5). The Federal Aviation Adminis­tration specifies which fuel may be used in each aircraft (according to the manu­facture's specification) (5). In addition to these agencies, the Federa 1 Trade Commission specifies how fuel dispensers for automotive gasoline display the fuel's octane number (5). 
	The variation of regulations (or lack of regulations) from state to state as noted above appears to allow a potential for variation of gasoline properties. But, the autogas business today is highly competitive, and therefore one goal of the gasoline refiner is customer satisfaction. This requirement of customer satisfaction grreatly controls what the gasoline's performance will be. Since today's automotive engine is developed on current gasoline, only typical gasolines will operate well in these vehicles, w
	TABLE 1. AVGAS AND AUTOGAS SPECIFICATIONS (ASTM TESTS D 910 AND D 439, REF. 2).
	...­
	--_

	_.~ 
	-
	-"---~-,~. 
	----

	DETAIlED REQlJIRElENTS' FOR 
	KNOCK VALUE, MIN. OCTANE NU"sER, LEAN RATING 
	K~OCK VALUE, RICH RATING: MINIMUM OCTANE NUMBER MINJrlUM PERFORMANCE NUMBERo,. COLORo DYE CONTENT: 
	-PERltISSIBLE BLUE DYEf /lAX., NG/GAL. PERltISSI8LE YELLOW OY~ MG/GAL. PERltISSIBLE RED DYE~ MAX" MG/GAL. 
	TETRAETHYLLEAD! MAX., MUGAL 
	OISTILLATION TEMPERATURL"F ("0: 
	101 EVAPORATED, MAX., TEMP. 
	4111 EVAPORATED, MIN. TEMP. 
	501 EVAPORATED, MAX. mil'. 
	90% EVPORATED, MX., TEMP. 
	FINAL BOILING POINT, MAX" 'F ("0 
	SUM' OF 10 AND SOl EVAPORATED TEMPERATURES, MIN. 
	OISTlLLATION RECOVERY, MIN. 1 
	DISTILLATION RESIDUE, MAX. 1 
	DISTILLATION LOSS, MAX. 1 
	ACIOITY OF DISTILLATION RESIDUE 
	VAPOR PRESSURE, MAX" L8IlN2 (REID I'.ETHOD) 
	F

	NET HEAT OF COIIBUSTlON~ MIN" BTU/L8 COPPER STRIP CORROSION, MAX. POTENTIAL GUM, (5 HR. AGING GUM)~ MAX" MG/loo ML 
	VISIBLE LEAD PRECIPlTATE~ MAX" NG/loo NL 
	SULFUR, t([ .1, MAX. 
	FREEZING POINT, MAX" 'F ("C). WATER REACTION. PERMISSIBLE ANTlOXIDANTS~ MAX" L811000 88L (42 GAL>. 
	AVIATll* GASOLINES· 
	REQU I REllENTS FOR ALL GRADES: 
	167 (75) 
	167 (75) 
	221 nOS) 
	275 <1(5) 
	338 <170> 
	307 <1(5). 
	97 . 
	1.5 
	1.5 SHALL NOT 8E ACID 
	7.0 
	18,720 • NO. 1 6 
	3 
	0.05 
	-72 (-58) VOLUME CHANGE NOT TO EXCEED t 2 NL 
	4.2 
	PETHODB 
	PETHODB 
	PETHODB 
	PETROD 
	CLASS A 
	CLASS B 
	CLASS C 
	CLASS D 
	CLASS E 

	D 2700c 
	D 2700c 
	D 27oo 0R} D 2885 
	-­
	-­
	-­
	-­
	-­
	OCTANE NUIl8ER, It:lTOR /',ETHOD 

	D909 
	D909 
	D 2699 } D 2885 OR 
	-­85-97 
	-­85-97 
	-­85-97 
	-­85-97 
	-­85-97 
	OCTAIIE IlllIIBER, RESEARCH PETHOO ,•OCTANE IItlIIBER, R+fl (TABLE 3) 

	D 2392 
	D 2392 
	2 D m 

	TR
	LEAD Cl*TENT, IlAX., G/GAL (G/LITE 

	{D 25l!7 OR -D 2599 OR 
	{D 25l!7 OR -D 2599 OR 
	D25l!7 D 2599 OR 
	0.05 to.om 4.2 (1.1> 
	0.Q5 to.om 4.2 (1.1> 
	0.05 <0.013) 4.2 (1.1> 
	0.05 to.013) 4.2 n.1> 
	0.05 <O.om 4.2 (1.1> 
	UIlLEADEDB COIIVElllllllAL 

	D 33111 
	D 33111 
	DISTlLLATIl* lEIt'ERATURE~ "F ("0; 

	D 86 
	D 86 
	D 86 
	158 (70) 
	149 (65) 
	140 (60) 
	131 (55) 
	122 (SO) 
	1111 EVAPORATED, IlAX. TEll'. 

	TR
	170 (ll> 
	170 (77) 
	170 (77) 
	170 (77) 
	170 (77) 
	SOl EVAPORATED, MIN. lEIt'. 

	TR
	2SO (121) 
	245 (118) 
	240 (116) 
	m nH> 
	230 CllO> 
	SOl EVAPORATED, MAX. TEll'. 

	TR
	374 <190> 
	374 (190) 
	365 (185) 
	365 (85) 
	365 (185) 
	901 EVAPORATED, MAX. lEIt'. 

	TR
	437 (225) 
	437 (225) 
	437 (225) 
	437 (225) 
	437 (225) 
	END POINT, MAX. 

	D1093 
	D1093 
	D 2533 
	VAPOR/LIQUID RATIo' 

	TR
	140(60) 
	133 (56) 
	124 (51) 
	116 (47) 
	105 (41) 
	TEST TEIlPERATURE, "F ("0 

	TR
	20 
	20 
	20 
	20 
	20 
	VAPOR/LIQUID RATIO, MAX. 

	D323 OR D 2551 D1405 
	D323 OR D 2551 D1405 
	D 323 OR D 2551 
	9.0 (62) 
	10.0 (69) 
	11.5 (79) 
	13.5 (93) 
	15.0 (103) 
	VAPOR PRESSURE, !'lI\X" PSI (KPA) (REID PETItOD) 

	D130 
	D130 
	D130 
	NO.1 
	NO.1 
	NO.1 
	NO.1 
	NO.1 
	COPPER STRIP CORROSION, !lAX. 

	D 873 D873 
	D 873 D873 
	D 873 
	5 
	5 
	5 
	5 
	5 
	EXISTENT GUM, MAX., NG/100ML SULFUR, t([ 1, !lAX. 

	D1266 
	D1266 
	D1266 OR 
	0.15 
	0.15 
	0,15 
	0.15 
	0.15 
	LEADED 

	OR D 2622 D 2386 
	OR D 2622 D 2386 
	D 2622 
	0.10 
	0.10 
	0.10 
	0.10 
	0.10 
	UNLEADED 

	DI094 
	DI094 
	D 525 
	240 
	240 
	240 
	240 
	240 
	OXIDATION STA8ILlTY, MIN. 


	(footnotes for these specifications are on the following page) 
	-­
	-­
	-­

	~ 
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	DETAIlED REQUIRElENTS FOR 
	DETAIlED REQUIRElENTS FOR 

	AIITlJIlTlVE GASOLINES 
	AIITlJIlTlVE GASOLINES 

	ASlII 
	ASlII 
	ASlII 
	VOLATILITY CLASS 

	TEST 
	TEST 
	TEST 


	GRADE 100 LL 
	100 
	130 
	130 
	SLUE 
	5.7. NONE. NOllE. 
	R) 
	2.0 
	GRADE 80 
	80 
	87 
	87 
	RED' 
	0.5 NOft: 
	8.65 
	0.5
	F 

	GRADE 100 
	100 
	130 130 GREEN 
	4.7 
	5.9 NONE 
	4.0 
	AVGAS AND AUTOGAS SPECIFICATIONS (ASTM TESTS D 910 AND D 439, REF. 2) (Continued) 
	TABIB 1.. 

	Footnotes for autogas specifications ASTM D,439 
	•AI'to_ H,,..-(IOUIt".. 
	• ,... .....ioul .wilioa or Iacl compounds is not ..,.illed. Currnl E'~ ,,-ul.-liaaI,call ~or O.DS I or lead .... 
	plloe (0.01' afIiuc) muimum .nd 0.005 I or phCllphonal per pilon (0.00/3 afIllre) mUlmum. effective July I. 1"74.. ,.Sec Table ,. '. 
	. 
	Footnotes for avgas specifications ASTM D 910 
	• Itequi_nll conlained herein .....baoIute .nd.re nollUhject 10 correction for toler.nce oflhe Ilell_thods.lfmultip~ 
	determinalions.re m.de••ver.ge results sh.1I be used. I The lesl melhods indicaled in Ihis t.ble .re referred 10 in Sa1ion 9. "The v.lues Ihown in T.ble I represenl Avi'lion Melhod It.linls. Molor oct.ne ratings oht.ined hy ASTM Meth.>d 
	D 2700 should be c:ntIverted 10 .vi.lion r.tinp by Convenion T.hle 2. If mUlu.lly .greed helween the purchaser and the seller. Method D 614 m.y be used loobt.in .vi.lion r'linp directly. " " These colon h.ve been .pproved by Ihe Medic.1 Director Chier. Division ofOc:Cup'li"n.1 Health. U.S. Departmenl "f Hcalth. Educalion .nd Welf.re. 
	A: Ifmulu.lly 'Irccd upon belween Ihe purch.ser.nd lhe lupplier. Or.de 80 may be rCOjuired Ii' be free fmm telraelhyllead, IIIIIICIt a cue, lite fuel ....11 not conwin .ny dye .nd Ille color u determined in .ccord.nce ..ilh ASTM Melhod D 156. Test for Sayboll Color of Petroleum Produc:ll (Sayboll Chromomeler Melhod)' Ih.lll1ot ~.rker Ih.n '''20. 
	"The only blue dye which sh.1I be preHnI in Ihe finished psoline shall be es.'iCnlia 1.4·dialkylamino·anthra'lu,n"ne, "The only yellow dye which sh.1I be present in the finished psoline Ihall be essenlial l'·diethyl.minol7.obenzcne ICol"r IlIdell No. 11020). • The only red dye which sh.1I be present in the fini.hed I.soline sh.1I be essentially methyl derivatives of.roben1.ene...• azo-2·n.phthol (methyl deriv.tives or Color Indu No. 26105). ' 
	'The letr.ethyllead shall be .dded in the form of .n .ntiknock millture containing not les.. thiln 61 weight percent "I' letr.ethyllead .nd sufficienl ethylene dibromide to provide two bromine atoms per atom of lead. The halance .h.1I contain no .dded ingredients other than kerosine. and .n .pproved inhibitor••nd blue dye. as spte:ified. herein. 
	J Use lhe value calc:ul.ted from T.ble I in ASTM Method D 1405. for EIIimalion or Net Heat ofCombustion of Aviation Fuels.' ASTM Method D 2312, Tell for Heat or Combustion or Hydnx:arbon Fuels by lomb Calorimeter (High·Precision Method)" may be used u .n .Ilem.ti" method. In case or dispute. Method D un must be used. In this Jauer c:asc:. the millimum v.lues for lhe net heal ofcombuslion in Btu'l per pound IllaH be 11.700 for Orades 80.100••nd 100LL. 
	• "'ote Ih.llIte: lemperalure convcnion for the sum is CI +C,-j(F,-32+F,-32). 
	-IfaUluaUy.greeduponbetwcenlhepurc:huer .nd!he.upplier,.vialiongasolinemayberequirccltomeet .t l6-haging pm tesl (ASTM Melhod D 173, Tal for Oddalion Slabilily of Avi.tion Fuels (Potenti.1 Residue Method)') instead of the 5-11 'Iinlsum tesl. In luch • c:asc:. Ihe sum contenl IhaU not uc:ccd 10 ml per 100 ml .nd the vi5ible lead prte:ipit.te shall DOl ...... 4 ... per 100 ml. ID IUcIl fuel !he permiuible .ntiollidanll ibiD DOl ellc:ccd 1.4 Ib per 1000 bbl (42 pi). 
	L The visible lead prce:ipilale requiremenl .pplies GIlly to leaded .... ' • 
	.. I'c,nll""hl(' ant,o.idants .re ... follow.:. N.N·-diisopropyl.para-phenyIeMdi.mine. N.N·-di-occ:ondary-butyl-para·phenylenediamine. 2.4-dimethyl-6-tertiary·butylphenol. 2.I>·ditertiary butyl...·mclhylphenol. 2.I>·ditertiary hutylphenol. Mlled tertiary bUlylphen"ls. composition:. 
	7~ percent 2.6-diterti.ry butylphenol. lilt" 15 per<ocnt 2.4.6-tritertiary butylphenol .. III ... I~ per<ocnt ".tertiary hutylphen,,1. 72 per<'Cnt min 2.4-d,methyl-6·terti.ry butylphenol••nd 21 'pen:cnl mill monometbyl .nd di­.me'hyl terti.ry butylrhenols.. 
	Thc,(' lnhihit"n m.y be added to the gasoline separ.tely or in combination. in lot.1 concentr.lion, not 10 ellCCed 4.2 Ib of 
	mhll>l"'r In"t including weight of solvent) per 1000 bb! (42 pi). , '-"IIII! of and re'luiremenll for Orades 91-98. 101-135••nd 115-145 aprear in lhe 1967 venion of tllis specification. " ,,\ nllnimum performance number of 130 is equiv.lenlto • knock v.lue determined using lsooc:laJte plus 1.28 ml TEL/pi 
	III 33 ml TrL/litr('). " All perl"rmancc numben ....11 be reported to Ihe ne.ral whole number. 
	6.. 
	TABLE 2. STATES WHICH DEFINE AUTOGAS PROPERTIES. 
	Considering the following eight major specification areas of ASTM D 439: 
	Octane Sulfur Existent gum Copper strip corrosion Lead content Reid vapor pressure Vapor/liquid ratio Distillation 
	Key: 
	--..J 
	A -A state requiring all ASTM D 439 specs. or at least six of the above. 
	B -A state requiring some ASTM D 439 specs. from one to five of the above. 
	C -No requirement. 
	(Data from Ref. 4) 
	(Data from Ref. 4) 
	1. Alabama 

	2. Alaska 
	3. Arizona 
	4. Arkansas 
	5. California 
	6. Colorado 
	7. Connecticut 
	8. Delaware 
	9. Florida 
	10. Georgia 
	11. Hawaii 
	12. Idaho 
	13. Illinois 
	14. Indiana 
	15. Iowa 
	16. Kansas 
	17. Kentucky 
	18. Louisiana 
	19. Maine 
	20. Maryland 
	21. M~ssachusetts 
	22. Michigan 
	23. Minnesota 
	24. Mississippi 
	25. Missouri 
	26. Montana 
	A.BC
	-.x 27. Nebraska. x 28. Nevada·. x 29. New Hampshire. x 30. New Jersey. x 31. New Mexico. x 32. New York. x 33. North Carolina. x 34. N~rth Dakota. x 35. Ohio. 
	x . 36. Oklahoma. x 37. Oregon. x 38. Pennsylvania. 
	x 39. Rhode Island. x 40. South Carolina. x 41. South Dakota. x 42. Tennessee. 
	x 43. Texas. x 44. utah. x 45. Vermont. 
	x. 46. Virginia. x 47. Washington. x 48. West Virginia. x 49. Wisconsin. x 50. Wyoming. x 51. District of Columbia. x. 
	A.BC 
	x. 
	x. x. x. 
	x. x. x. 
	x. x. 
	x. x. x. x. 
	x. x. 
	x. x. x. 
	x. 
	x. x. x. 
	x. 
	x. x. 
	TABLE 3. 
	State Colorado 
	2. 
	2. 
	2. 
	Connecticut 

	3. 
	3. 
	Hawaii 

	4. 
	4. 
	Minnesota 

	5. 
	5. 
	Nevada 

	6. 
	6. 
	North Dakota 

	7. 
	7. 
	Oklahoma 

	8. 
	8. 
	South Dakota 

	9. 
	9. 
	Wyoming 


	STATES WHICH DEFINE AVGAS PROPERTIES (Data from Ref. 4) Avgas Definition ASTM specifications and definitions Must be of United States Standard Any product conforming to the standards of ASTM D 910 (1970) Definesavgas with a very loose specification, which could include most autogas Set by State Sealer of Weights and Measures, may be the same as ASTM D 910 Specifications on sulfur, Reid vapor pres­sure, cooper strip corrosion, potential gum, freezing point, octane, and distillation Specifications on distilla
	their performance in tests rather than by their actual composition. Performance 
	8pe~1fications are a successful and practical method for controlling the performance t~e product in the vehicle, while still allowing some variability of the composi­tion of the product. Some of thest most significant performance specifications are now considered in more detail in the following sections. 
	of 

	PERFORMANCE REQUIREMENT SPECIFICATIONS 
	OCTANE RATING. 
	Octane rating is a measure of a fuel's antiknock quality, that is, its ability to resist autoignition and preignition. These cause loss of power and efficiency, and can lead to the damage of engine parts. For these reasons, specifications exist for controlling the octane ratings of both autogas and avgas. 
	Regarding avga~, Grade 100 for example, is often expressed as 100/130 in which the 
	first number is termed the Lean Aviation Rating and the second number is termed the Rich Rating Performance Number. This Rich rating is determined according to ASTM Test D 909 (2), which establishes the knock-limited power achieved for the given fuel under supercharged conditions. The Rich rating below 100 is the Supercharge octane number equal to the percent volume of isooctane in a blend of n-heptane which matches the knock intensity of the sample fuel. The Rich rating above 100 is given as mg/gal of tetr
	The Lean Aviation Rating is found according to ASTM Test D 2700 (2), which determines the knocking tendency of a fuel under standard operating conditions which are common to both automotive and aviation gasolines. This test yields the Motor octane rating, which below 100 is expressed at the percent volume of isooctane in a blend of n­heptane which matches the knock intensity of the sample fuel. For avgas, a Motor octane number above 100 is given as a performance number, and then converted into the Aviation 
	(where "P.N." is "performance number" and "O.N." is "octane number"). 
	For Motor P.N. less than 93 (i.e., less than 97.89 Motor O.N.): 
	Aviation P.N. = (1.08) (Motor P.N.) (1) 
	For Motor P.N. greater than 93: 
	Aviation P.N. = 12.07 + (0.89) (Motor P.N.) ( 2) 
	For octane numbers below 100: 
	P. N. = 2800/(128-0. N. ) 
	For octane numbers above 100: 
	P.N. = 100 + (3) (O.N.-lOO) (4) 
	For automotive gasolines, the antiknock index is defined as the average of the Re­search method octane number and the Motor method octane number. The Motor method test is considered to be more severe than the Research method test due to the higher speeds and inlet temperature of the Motor method. Similar to avgas, the Motor oc­tane number of autogas below 100 is the percent volume of isooctane in a blend of n-heptane which matches the knock intensity of the sample fuel. But, the Motor oc­tane number above 1
	Th~ Research octane number for autogas is determined by the ASTM Test D 2699 (2). The values of this Research method octane number, above and below 100, are ex­pressed in the same terms as those values of the autogas Motor method octane num­bers, respectively. 
	In comparing avgas and autogas on the basis of octane ratings, no direct comparison can be made between the two fuels when considering the avgas Rich rating octane number versus the autogas Research method octane number. Not only are the tests run at different engine conditions, but the avgas test is run with rich mixtures, whereas the autogas test is run lean. As a result, the different hydrocarbon classes may be expected to rate differently on the two tests, especially for fuel of high aromatic content. 
	In analyzing this same subject, an Avco Lycoming report (6) of some gasoline in­spection results showed the Aviation Motor octane numbers and th~ Rich rating oc­tane numbers of five various autogas samples. The resulting ratings varied greatly between the gasolines. For example, the lowest rated sample had an Aviation Motor octane number of 84.0 and a Rich rating octane number of 90.9. In contrast, the 
	highest rated sample had an Aviation Motor octane number of 9!~. 7 and a Rich rating octane number of 126.4. Therefore, all of these samples satisfied the octane re­quirements of grade 80/87 avgas. However, they were considerably below the re­quirements of the higher grades of avgas. 
	A 1976 Exxon letter of C. T. Stone (7) states that tested samples of their unleaded autogas indicat~d a Rich octane number of 88 to 89, which also meets the require­ment of 80/87 avgas octane ratings. This letter further emphasized though that in the future, samples may not meet this requirement since no control of this charac­teristic is exercised on autogas; 
	The situation therefore still remains that no comparison can be made betwen autogas and avgas when considering the Rich rating octane number. In reviewing the limited 
	data available an obvious need appears for a general correlation to be made for 
	fuels of various hydrocarbon classes in order to aS8urethat autogas possesses suf­
	ficient octane quality to satisfy the rich rating for grade 80/87 avgas. 
	In considering the avgas Lean rating octane number, this rating is very close to the Motor method octane rating of autogas, and has been correlated with it formally ac­cording to equations (1) -(4). Some typical values are: 
	80 Aviation number = 80.7 Motor octane number 
	100 Aviation number = 99.7 MOtor octane number 
	DISTILLATION. 
	Distillation is a measure of the relative volatility of fuels. The lower the tem­
	perature is for a given percent evaporation, the greater the volatility is at that 
	point. The standard ASTM test for this distillation is D 86 (2). Considering now 
	a distillation curve, the 10% evaporation region or Ilfront end" is considered to 
	represent the relative starting quality of the gasoline. The lower the front end 
	temperature, the easier the starting. The ASTM specifications contain five vola­
	tility classes (A through E) for automotive gasoline, of which class E is the best 
	for cold weather starting. The starting characteristics of the different classes 
	get progressively poorer from E through A. The front end distillation temperature 
	is also an indicator of the relative vapor lock tendency of the fuel, although the 
	Reid vapor pressure and the vapor/liquid··ratio are considered to better vapor 
	lock indicators than this 10% point region. Also,the front end temperature indi­
	cates relative evaporation tendencies of fuels, where again the lower temperature 
	of the 10% point would imply greater evaporation losses. 
	In regards to higher percent evaporation points, the 40%-70% evaporation range is 
	considered indicative of the engine warm-up characteristics resulting from the fuel 
	in question. 
	Considering now the 90% evaporation region or "back end,1l a low back end distilla­
	tion temperature may possibly result in increased deposits and poor fuel distribu­
	tion. This relative potential for increased deposits refers to cylinder deposits 
	and spark plug fouling. The back end also gives a relative indication of the oil 
	dilution and smoky combustion tendency of the fuel. This characteristic is due to 
	the fact that some high temperature boiling component s in the gasoline may reach the 
	cylinders in liquid form if the fuel volatility is too low. This phenomenon could cause cylinder wall washing and oil dilution if liquid fuel flows past the rings. 
	Within the petroleum industry, the sum of the (10% temp.) + (50% temp.) + (90% temp.)/5 is often used informally as an index of the relative carburetor icing tendency of a fuel. In automotive applications a carburetor icing problem may arise if this sum is less than 390°F. 
	These above points regarding the distillation curve values of a fuel demonstrate the importance of distillation temperature values relating to engine performance pE~rtain to serious 
	characteristics. Some of these performance characteristics 

	safety problems and therefore specifications governing these fuel properties are 
	important to know. Figure 1 portrays the relationship between automotive engine performance and the ASTM curve. No comparable .correlation hElS been made for air­
	craft engines, although the outcome may be expected to be similar. 
	Specifications for the distillation properties of autogas and avgas are listed in Table 1. The maximum distillation specifications are also plotted in Figure 2. Inspection of this figure shows a lower 10% evaporation point temperature specified for Butogas than for avgas, especially that of autogas volatility class E. This figure also shows the much higher back end of the distillation curve specified for autogas than that of avgas. 
	With the distillation curve characteristics, some of which are mentioned above, one can clearly see how avgas is specified such that it should have, for example, less deposit-forming potential, less carburetor icing tendencies, and less relative vapor lock tendencies than autogas. This figure also shows a characteristic of much easier starting of autogas volatility class E than that of avgas. 
	VOLATILITY. 
	The volatility of a fuel is its tendency to evaporate or to change from a liquid to a gaseous state. The ASTM distillation curve is one measure of the relative vola­tility of fuels. Reid vapor pressure is a front end volatility indicator. It is measured at 100°F (37.8°c) and is essentially equal to the vapor pressure. Com­pared to ASTM distillation, the Reid vapor pressure and the vapor/liquid ratio are more specific measures of the front end volatility and the vapor lock tendency of a 
	fuel. This characteristic of the fuel is very important for aircraft applications. Reid vapor pressure is .also a good measure of the relative evaporative loss ten­dency of a fuel. Given two gasolines with approximately the same distillation curves, but different Reid vapor pressures, the fue1 with the higher vapor pressure will tend to develop vapor lock more readily. 
	ASTM specifications require a maximum Reid vapor pressure of '7.0 psi for aviation gasoline, and a range from 9.0 to 15.0 psi for automotive gasolines (2), which is divided into the five volatility classes. Although not specified in ASTM D 910 the minimum Reid vapor pressure for aviation gasolines is controlled by the refinery not to be less than 5.5 psi (41). Both avgss and autogas volatility are season­ally adjusted with the highest values in the coldest ambients. It may be noted that this minimum R.V.P. 
	The vapor/liquid ratio of a gasoline is the ratio, at atmospheric pressure, of the volume of vapor formed to the volume of the liquid sample. Gasolines may have 
	identical Reid vapor pressures, but yet their vapor forming characteristics (V/1 
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	FIGURE 1. RELATIONSHIP BETWEEN ATYPICAL AUTOGAS ASTM DISTILLATION. CURVE AND ENGINE PERFORMANCE (REFERENCE 10). 
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	FIGURE 2.. MAXIMUM ASTM DISTILLATION REQUIREMENTS FOR AVGAS AND AUTOGAS 
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	ratios) may be different because one fuel may have a lower distillation curve than another. ASTM specifications D439 for automotive gasolines do have vapor/liquid ratio requirements, whereas the ASTM aviation gasoline specifications do not. This is because the tight specifications on avgas make a vapor/liquid ratio specification redundant. It is well to note that automotive systems are commonly designed to handleV/L ratios up to 20, whereas some aircraft develop vapor lock problems with V/L ratios slightly 
	COMPOSITION. 
	Gasolines are made from crude oils whose properties and composition may vary con­
	siderably. Crudes may be as thin and colorless as water, or as thick and black as 
	liquid tar. Crude oil is a mixture of thousands of hydrocarbons. The hydrocarbons are classified as paraffins, olefins, naphthenes, and aromatics. 
	High octane number is associated with small and compact molecules, aromatics such as toluene and xylenes or branched paraffins such as isooctane. Paraffins produce less carbon deposits than aromatics. Paraffins have t,he highest heating value per unit mass due to high percentage of hydrogen in the molecule. Paraffins have the 
	least octane number sensitivity* of the four hydrocarbon groups. Olefins have a 
	higher sensitivity and a lower octane rating than paraffins. Autogas often con­tains a much higher quantity of olefins than avgas which makes them less stable in storage than avgas (8). Aromatics have a relatively high sensitivity~ They also have high self-ignition temperatures as compared to straight chain hydrocarbons. Aromatics tend to produce smoke when burned, and are major contributors to combus­tion chamber deposits. Aromatics contain much less energy per unit weight than paraffins, and therefore the
	Sulfur is found in gasoline as either free sulfur or hydrogen sulfide. In the com­bustion process, sulfur will also unite with oxygen to form sulfur dioxide and some small fraction forms sulfuric acid in the presence of combustion generated water. This sulfuric acid corrodes engine parts including rings and cylinder bores. A por­tion of this sulfur is known to combine with TEL forming lead sulfates which re­duces the antiknock quality of the mixture. These potential problems with sulfur show why a sulfur sp
	*Sensitivity is defined as the difference between the Research octane number and the Motor octane number. 
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	fuels is also controlled through federal, state and local regulations, primarily for air pollution considerations (9). Various dyes ~re also specified to be added tp gasoline, though merely for visual identification purposes. 
	In considering water in gasoline, the ASTM test D 1094 (2) determines the presence of water-miscible components in aviation gasoline and the effect of these components on the fuel-water interface. A separate water phase can be found as a result of a temperature decrease when, enough water is present in the fuel. In some cases, water freezes in finely dispersed crystals and plugs fuel filters. In other cases, ice crystals accumulate and plug the fuel line. When water is found in the fuel, it is often the res
	a practice to drain tank 

	ADDITIVES. 
	An additive is a chemical compound added to a fuel to create certain desirable properties of that fuel or eliminate another undesirable property. For gasolines, any compound added in quantities of 5% or less is termed an "additive." Greater amounts are termed blending agen~s. Many additives are used at a level of a few parts per million by weight. 
	Below are some important additives (or additive groups) typically found in gasoline and not previously discussed. 
	-Phosphorus compounds--these are added to reduce glowing deposits and 
	spark plug fouling 
	Tetraethyllead--this is added to increase fuel octane 
	-Scavengers--these are added to chemically remove the otherwise non­
	volatile lead products from the combustion chamber. -Antioxidants--these are added to reduce gum formation. 
	In regard to additives in autogas, the Environmental Protection Agency regulates the maximum amount of lead and phosphorus (5). Also required is that all fuels and fuel additives must be registered with EPA. The reason for this registration is for emission control and for the protection of emission control devices on vehicles. ASTM D 439 has no specifications on additives in autogas. ASTM D 910 specifica­tions for avgas does specify a maximum amount of tetraethyllead and its scavenger 
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	ethylene dibromide. It also requires identifying dye and antioxidants. A list of permissible antioxidants is also given. A more detailed analysis of additives 
	fpliows later in this report. 
	STABILITY. 
	Stability of a gasoline is its ability to maintain its antiknock properties and to resist gum formation. 
	Gum, peroxides, and insoluble precipitates may form when the unstable hydrocarbons (for example, olefins) oxidize or combine with. each other by a type of polymeriza­tion, forming viscous liquids or.· solids. As noted in the composition section, automotive gasolines contain more olefins (8), therefore making them less stable in storage than avgas. In contrast to avgas, autogas is not expected to undergo stor­age much beyond six months un~ess it is fortified with higher levels of antioxi­dants (39). Autogas 
	Testing a gasoline for actual gum content at the refinery is required for autogas, according to ASTM D 439. Gums form with time, and high temperatures. Copper­containing materials and tetraethyllead are catalysts for gum formati?n. Avgas may age quite a while in the field before being used. The gum present at the time of use after aging is thus very important. ASTM D 910 has a potential gum, not ex­
	istent sum, specification for avgas, as can be seen in Table 1. This potential gum test not only measures existing sum, but measures the potential of the fuel to 
	form gum in the future also. Recently a test called Oxidation Stability (ASTM D 525) which is similar to, but not identical to the potential gum test Of avgas, was added to ASTM D ·439 for autogas. Therefore the stability specifications for autogas and avgas are now more similar. Given just a small tightening of these autogas requirements, both fuels would be almost the same.with respect to stability 
	specifications. 
	DEPOSIT CHARACTERISTICS. 
	A high back end distillation temperature range (10) and high gum content ir.dicate potential combustion chamber, piston ring groove, lower crankcase, and valve stem deposits. Gum deposited on intake valve s:1;ems may contribute to intake valve 
	sticking. ASTM specifications for avgas require relatively low temperatures at the back end of the distillation curve. The previous section on stability pointed out the differences in gum specifications for autogas and avgas. 
	Deposits are also related to the aromatic content of the fuel. A higher aromatic content indicates potentially more deposits. A low heating value per pound of fuel is an indication of higher aromatic content. ASTM D 910 has a specification for the heating value of avgas, but not for autogas, and this effectively limits aro­matic contents, as was discussed previously. 
	Tetraethyllead, contributes greatly to deposits in engines. ~~o scavenge out the lead_compounds, avgas typically contains one theory of ethylene dirbomide, whereas aut9gas contains one theory of ethylene dichloride .and 1/2 theory of ethylene di­bromide. (A theory is the theoretical amount required to combine with the lead additive.) Ethylene dibromide is more effective for high temperature operation, whereas ethylene dichloride is better at lower temperatures. ASTM specifies two bromine atoms per atom of l
	Tetraethyllead, contributes greatly to deposits in engines. ~~o scavenge out the lead_compounds, avgas typically contains one theory of ethylene dirbomide, whereas aut9gas contains one theory of ethylene dichloride .and 1/2 theory of ethylene di­bromide. (A theory is the theoretical amount required to combine with the lead additive.) Ethylene dibromide is more effective for high temperature operation, whereas ethylene dichloride is better at lower temperatures. ASTM specifies two bromine atoms per atom of l
	Tetraethyllead, contributes greatly to deposits in engines. ~~o scavenge out the lead_compounds, avgas typically contains one theory of ethylene dirbomide, whereas aut9gas contains one theory of ethylene dichloride .and 1/2 theory of ethylene di­bromide. (A theory is the theoretical amount required to combine with the lead additive.) Ethylene dibromide is more effective for high temperature operation, whereas ethylene dichloride is better at lower temperatures. ASTM specifies two bromine atoms per atom of l

	EXTENT OF 
	EXTENT OF 
	SOME 
	RELEVANT MANDATORY REQUIREMENTS 

	The U.S. Clean Air Act requires the registration of all fuels and fuel additives and concentrations of the additives. This is accomplished through the Environmental Protection Agency. The EPA closely regulates the lead content in automotive gaso­lines. It also requires that each retail outlet must sell at least one grade of unleaded gasoline of not less than 91 research octane number, and it pro\Tides for a decrease in this octane number requirement with altitude. The EPA also regulates fuel dispenser nozzl
	The U.S. Clean Air Act requires the registration of all fuels and fuel additives and concentrations of the additives. This is accomplished through the Environmental Protection Agency. The EPA closely regulates the lead content in automotive gaso­lines. It also requires that each retail outlet must sell at least one grade of unleaded gasoline of not less than 91 research octane number, and it pro\Tides for a decrease in this octane number requirement with altitude. The EPA also regulates fuel dispenser nozzl

	The Federal Trade Commission has procedures for determining,certifying, and posting on the fuel dispenser the octane rating of automotive gasoline intended for sale to consumers (5). 
	The Federal Trade Commission has procedures for determining,certifying, and posting on the fuel dispenser the octane rating of automotive gasoline intended for sale to consumers (5). 

	FAA REQUIREMENTS. 
	FAA REQUIREMENTS. 

	The Federal Aviation Administration has requirements (5) for the certification of aircraft and aircraft engines. For engine certification, the applicant must desig­nate the fuel, lubricani; and hydraulic fluid that may be used in the engine. It is at this step where a grade of avgas is usually specified as the fuel. Engine ratings and operating limitations are established by the Administrator according to various criteria which include the engine fuel and oil grades or specifications. The FAA also requires 
	The Federal Aviation Administration has requirements (5) for the certification of aircraft and aircraft engines. For engine certification, the applicant must desig­nate the fuel, lubricani; and hydraulic fluid that may be used in the engine. It is at this step where a grade of avgas is usually specified as the fuel. Engine ratings and operating limitations are established by the Administrator according to various criteria which include the engine fuel and oil grades or specifications. The FAA also requires 
	/ ~ 

	For the aircraft certification the FAA requires the fuel grade be established so that it is not less than that required for the operation of the engine within the limitations of specified takeoff and continuous operations. The FAA also requires 
	For the aircraft certification the FAA requires the fuel grade be established so that it is not less than that required for the operation of the engine within the limitations of specified takeoff and continuous operations. The FAA also requires 


	the fuel filter openings be marked with the minimum fuel grade. Regarding the fuel 
	system, the FAA also requires that each fuel system must be free from vapor lock when using 110°F fuel under critical operating conditions•. In addition to this re­
	quirement, each fuel system must be constructed and arranged to insure a flow of 
	fuel at a rate and pressure established for proper engine functioning under each 
	likely operating condition, including any maneuver for which certification is re­quested. Also regarding fuel flow, the ability of the fuel system to provide fuel at the rates specified (in the section 23.955, subpart E) and at a pressure suffi­cient for proper carburetor operation must be shown in the attitude that is most critical with respect to fuel feed and quantity of unusable fuel (5). 
	STATE REQUIREMENTS. 
	More specific mandatory regulations of gasolines and their properties are on the state level. According to the' "Digest of State Inspection Laws Relating to Petro:­leum Products" (4), some states require that these automotive gasolines meet all the requirements of ASTM specification D 439. Some states require different maxi­mum and minimum values for some properties determined by the various autogas tests. Some states require only a few tests and some states have no inspection laws re­garding petroleum prod
	have a definition for avgas covering such characteristics as distillation, octane number,' lead content and gum content. Table 3 shows which states have such a defi­
	nition. 
	GASOLINE VARIABtLITY IN THE UNITED STATES 
	Twice a year, summer and winter, the Department of Energy tabulates data on the performance properties of autogas. The Appendix to this report'contains six tables (Table A-l through Table A-6) of data taken from these Department of Energy 
	reports for winter of 1978-79 and summer of 1979 (11,12). 
	Inspection of these tables reveals a wide range of autogas properties between the 17 different districts across the nation, and often a wide variation within each district itself. Figures 3 through 8 were constructed using data available for avgas, the winter of 1978-79 Department of Energy autogas survey, and the summer of 1979 Department of Energy autogas survey. The 80/87 avgas data of the 1969 survey 
	(13) is in Table A-7. 1969 is the last year for which avgas survey data is avail­able. 
	Figure 3 shows the national average distillation curve for winter of 1978-79 regular autogas, along with curves of the maximum and minimum values of this winter regular autogas. This band demonstrates a wide range of volatilities of regular winter autogas throughout the nation. Also shown on Figure 3 is the same band for 80/87 avgas, from the 1969 data (13). This avgas band demonstrates a much narrower range 
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	Avgas maximum, average, and minimum Reid vapor pressure data from the Bureau of Mines survey of 1969 (Ref. 13) 
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	FIGURE 6. COMPARISON OF ACTUAL AVGAS AND AUTOGAS REID VAPOR PRESSURE DATA FROM SURVEYS. 
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	Avgas maximum, average, and minimum lead content data from the Bureau of Mines 
	survey of 1969 (Ref. 13) 
	Autogas maximum, average, and minimum lead content data from the D.O.E. surveys of the. winter '78~'79 and the summer '79 (Refs. 11,12) 
	(Considering all lead in autogas to be tetraethyllead, the units of g/gal. were converted to ml/gal. using the relationship: (g/gal.) (0.946)=(ml/gal.) for the autogas lead content.) 
	FIGURE 7. COMPARISON OF ACTUAL AVGAS AND AUTOGAS LEAD CONTENT DATA FROM SURVEYS 
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	Autogas maximum, average, and minimum sulfur content data from the D.O.E. surveys of the winter '78-'79 and the summer '79 , (Refs. 11,12) 
	FIGURE 8. COMPARISON OF ACTUAL AVGAS AND AUTOGAS SULFUR CONTENT DATA FROM SURVEYS 
	of volatilities of avgas across the nation than that of autogas. 
	Figure 4 shows average distillation curves for 1978~79 winter regular autogas taken 
	from two different districts. These curves demonstrate a difference between the South Mountain States district and the North Plains district of about two vola­tility classes in the front end distillation range, during the same, season. 
	Tables A-l through A-6 and Figures 5 through 8 show large variations in gasoline properties also existing between summer and wihter autogas, depending on location. 
	For example, considering unleaded gasoline; the national maximum Reid vapor pressure was in Michigan (district 5) in the winter of 78-79, and was 15.6 psi. The minimum Reid vapor pressure was in the Mid-Atlantic coast region (district 2) in the summer of 1979, and was 7.0 psi. Inspection of Figure 6 shows this comparison easily. 
	This example demonstrates a substantial variation of a critical performance char­acteristic of autogas across the country throughout the year. 
	Figure 5 shows some decrease in average octane rating of regular autogas for the 
	summer of 1979 from that of the previous winter, though these ratings are quite 
	similar. But, Figure 7 shows very large variations of lead content in autogas for both summer of 1979 and the previous winter, especially with premium autogas. This 
	figure also shows a large variation of lead content for 100/130 avgas of 1969. In addition to lead content, large variations in sulfur contents of some autogas are 
	shown in Figure 8. 
	An important point to be considered here with Tables A-l through A-6 and Figures 3 through 8 is that for the 80/87 avgas data, only 24 samples were used whereas for the summer of 1979 autogas, 1,001 samples, 955' samples, and 445 samples were used for the unleaded, regular and premium gasolines, respectively. But, Tables A-l through A-6 show that in the individual districts, ranges of values of the various properties are still quite large for a much smaller number of samples. Therefore one conclusion is tha
	same district at the same time of year, and between different districts at the same time of year, as well as at different times of the year. 
	In contrast to the widespread variation of some performance characteristics of autogas, avgas typically has a relatively small spread of values. For 1969, Figure 6 shows that both the 80/78 and 100/130 avgas had maximum Reid vapor pres­
	sures of 7.0 psi, and minimum values of 6.0 psi. This is a spread of 1.0 psi 
	R.V.P. for avgas compared to a spread of 8.6 psi for unleaded autogas. Also, the spread of Reid vapor pressure values of regular gasoline was 10.1 psi (from 4.8 to 14.9), and the spread of those values for premium was 8.6 psi (from 6.7 to 15.3). 
	26. 
	WHIC H AVGAS CAN BE REPLACED BY AUTOGAS AND WHY. 
	Based on data from the U.S. Department of Energy (11,12) a comparison of all auto­motive gasolines (unleaded, regular, and premium) with grades 100/130 and 100 LL aviation gasoline on the basis of motor octane numbers shows that automotive gaso­
	lines, with their range ofM~tor octane numbers· of 84 to 90, fall far short of the 
	required 99.6 M..)tor octane number of each of the 100 grade aviation gasolines, and 
	precludes use of aqtogas as a substitute for those grades or higher grades. 
	In comparing automotive gasolines with grade 80/87 avgas, the automotive gasolines appear to exceed the aviation requirement for the Lean octane rating. Some question exists as to whether the automotive gasolines would meet the Rich octane number re­quirement. Therefore considering octane quality only, grade 80 avgas is the only grade which might be replaced by au1;.ogas, a topic· to beeonsidered :inmuch mOl'e de­tail in the remainder of this report. The preceding sentence is not intended to mean that autog
	DETAILED DISCUSSION OF POTENTIAL PROBLEM AREAS 
	COMBUSTION PROBLEMS. 
	KNOCK. Knock is a spontaneous combustion of part of the fuel-air mixture resulting in rapid gas pressure oscillations. Knock continuing even over a relatively short period of time in an aircooled engine can lead to engine damage. The pressure fluc­tuations cause a large amount of heat transfer to the piston an9-combustion chamber. In an aircooled engine, which is very limited in its ability to remove excess heat, a hot spot is likely to form at an overheated valve or spark plug. If the hot spot is in the ra
	The Motor Gasoline survey published by the u.S. Department of Energy (11,12) indi­cates the Motor octane numbers for the three grades of autogas (regular, lead free and premium) are high enough to satisfy the aviation lean mixture octane require­ments of those engines designed to use 80/87 avgas, at least when these engines are clear of deposits. This is true even with the lowest octane autogas which is 
	supplied in high altitude mountain states. None of the samples collected from this area were reported to have less than 80 Motor octane number. The lowest numbers are for unleaded grade. Tne average for samples of unleaded collected allover the 
	supplied in high altitude mountain states. None of the samples collected from this area were reported to have less than 80 Motor octane number. The lowest numbers are for unleaded grade. Tne average for samples of unleaded collected allover the 
	nation (winter 78-79 survey) was 84.3. The mlnlmum Research octane number for un­leaded was not less than 88 for any samples while the national average was 93. 

	On the other hand, it cannot be determined if the aviation Supercharge Rich mixture octane number requirements would be satisfied by any grade of autogas. This is be­cause the Rich Aviation octane rating is measured in a test quite different from the Research method used for ,au:togas. In an earlier section of this repcr t some data correlating the Research octane rating method and the Rich Aviation method were discussed and no specific conclusions could be reached. Although it is prob­able that most, if no
	tane, standard correlating 

	A subtle factor is the octane requirement increase with running (ORI). The fuel octane required to prevent knocking in an engine increases as the engine deposits form. Deposits build up from partial combustion products of both fuel and oil. Leaded fuels build up deposits in a different way than unleaded fuels. It is ex­pected that autogas may cause more problems in this regard in that it has more heavy ends and a higher aromatic content than avgas. With leaded fuels the octane requirement usually builds up 
	I~NITION. Preignition has been a greater problem in piston engine aircraft than it has in automobiles. The engine operating conditions most common with aircraft engines coincide with those which are most likely to result in preignition. These conditions are high speed, high output and high cylinder head surface temperature (14). 
	PREIGNITION AND DEPOSIT 

	Preignition is the premature start of combustion. This occurs when normal flame propagation begins at a time before that programmed into the ignition system. This phenomena is distincly different from knock which is the normal flame propagation followed by spontaneous combustion of part of the charge. Preignition can be caused by a hot spot somewhere in the combustion chamber. If the temperature of a part in the combustion chamber, such as a spark plug or a valve, becomes higher than the autoignition temper
	critical surfaces. In fact deposits may be burned off eliminating the preignition. Reports in the literature indicate that the temperature of the combustion chamber 
	hot spots must be a minimum of 1600 to 1765°F (15), to cause continuous runaway preignition. When runaway preignition is occurring it is usually inaudible. This 
	is because the ignition of the charge is so far advanced that the engine does not knock. Some backfiring through the intake may sometimes be heard, however. 
	Causes of runaway preignition include broken spark plug insulators, defective ex­haust valve sealing and excessive spark knock. The spark plug is chosen with a heat range that will allow the tip of the spark plug to reach temperatures just under those that would cause preignition under the most severe operating conditions. This is to burn off deposits. If the heat flow path is disrupted in any way, such as 8 cracked insulator, leak.ing seal or loose spark plug, the temperature may in­crease high enough to c
	Knock may be brought on by fuel of too Iowan octane rating or it may be caused by deposit ignition. Some combustion chamber deposits can glow at a temperature high enough to ignite the mixture. This can cause preignition, but of a more stable type. Deposits can cause the ignition to occur before the time dictated by the ignition system, causing knock. The' increased heat input from the knocking combus­tion to the walls causes the deposits to burn away at a faster rate, so the amount of unauthorized advance 
	From this discussion it is seen that the major impact of gasolines with regard to the problem of preignition is the character of the deposits formed by the fuel. Deposits are actually formed in the combustion chamber from two sources, the fuel and the oil including their additives, and these sources interact in two ways. One is the octane requirement increase effect. This is when the engine requires a higher octane fuel to prevent knocking as deposits in the combustion chamber build up. ORI is thought to be
	sociated knock. 
	One factor which has been found to be significant in the control of preignition 
	29. 
	tendency of gasoline is its aromatic content. In general aromatic hydrocarbons (which are good ~ntiknocks) are chemically more susceptible to preignition (15). 
	Not all aromatic compounds are poor for resisting preignition. Toluene is said to be good for avoiding hot spot ignition (17). Benzene and xylen~are poor for igni~ion. Gasolines usually contain more toluene than any other aromatic. Very little benzene is included since this 
	resisting both deposit and hot-spot surface 

	is a valuable chemical feedstock. 
	Most autogas contains a high percentage of aromatics. This is particularly true of unleaded grades. These aromatics (mostly toluene and some xylenes) are added to these fuels in place of lead antiknock compounds. Unleaded premium grades have the highest percentage of aromatics, sometimes exceeding 50% (18). Unleaded, regu­lar and premium grades also tend to have high aromatic contents. Regular grade 
	(autogas) is generally lower in aromatic content since lead anitknocks can still be Used to good effect. Compared to avgas even regular autogas is considered rela­tively high in'aromatics however. 100LL is the aviation grade with the highest aromaticity. In order to keep the lead content low, aromatics have been added. 
	The amount of aromatics that can be blended into aviation gasoline is limited by the necessity of meeting the heating value specification. Aromatics have a lower 
	heat content per pound than the other hydrocarbon components used and this has lim­
	ited the amount of aromatics to an average of 10% and to a maximum less than about 25%. Most regular grade autogas has at least this much if not more. 
	Autogas often contains higher concentrations of olefins, which are also considered poor for preignition resistance (15). This is because olefins promote deteriora­tion of gasoline and the aviation potential gum specification cannot be met if ole­fins are present in large quantities. 
	The market forces and government regulations are causing many changes in autogas 
	~uels derived from coal, shale or tar sands tend to be highly aromatic. Some autogas will contain MTBE (methyl tertiary-butyl ether) (19) or alcohols such as ethanol and methanol as octane extenders. Alcohols contribute to preignition problems while the effect 
	composition. In the future the aromatic content may increase. 

	of MTBE is not known. 
	Potential solutions to reduce the susceptibility to prei~nition problems may be a slight increase in spark retard and the addition of phorphorus compounds to the fuel. These compounds reduce glowing deposits and also reduce spark plug fouling. Since the phorphorus reacts with lead to form a complex lead phosphate (20), its use to prevent surface ignition with unleaded fuels would be questionable. MOre fre­ma~ be required with use of autogas. 
	quent engine teardown and deposit removal 

	To satisfactorily answer questions related to preignition tendency, long term tests similar to those suggested in the previous section under knock problems are required., In fact, since knock is often a precursor to preignition, the two problems are not entirely separable. 
	VOLATILITY RELATED EFFECTS. 
	VAPOR LOCK. Vapor lock is a partial or complete stoppage of fuel flow to an en­gine's carburetor caused by the formation of vapor in the fuel system. Its onset in an aircraft can be disastrous. Much of the following discussion is based upon references (21,37,40). 
	Vapor lock is probably the most serious problem to be overcome if autogas were to be used in place of avgas. Vapor lock is affected by the temperature and pressure of the gasoline in the fuel system, vapor forming characteristics of the gasoline, ability of the system to handle vapor, and the operating conditions of the engine. Vapor bubbles may occur anywhere in the fuel system, but the most critical point is usually the fuel pump. This is where the most heat transfer to the fuel will occur (with engine dr
	~s the ratio of vapor to liquid of a gasoline at a specific fuel temperature is called the V/L ratio. This is useful for predicting vapor locking tendency. V/L ratios can be measured in the laboratory with temperature--V/L equipment or approximately calculated using the ASTM D 439-Xl.2 method from vapor pressure and distillation data (2). The Reid vapor pressure is a reasonably good predictor of vapor-locking tendency in aircraft. The Reid vapor test is performed at a V/L ratio of 4 and this is close to the
	A parameter that 

	s~mple to sample. If the fuel temperature becomes higher than that temperature corresponding to the V/L tolerance of the aircraft, as indicated on the Temp-V/L curve, then vapor lock will begin to occur. 
	function of fuel system temperatures and the variability from 

	The V/L tolerance of most automobiles is between 15 and 25. Several surveys indi­cate that with some aircraft, V/L ratios less than 1 (17,22) can affect fuel pump operation and fuel metering with higher ratios causing stalling. When V/L ratios this low have such an influence on engine performance, then the release of dissolved air in the fuel becomes a significant factor. The amount of air which will dissolve in gasoline is. small. It is usually not more than 20% by volume, but it is impor­tant from the sta
	in gasoline depends on the fuel vapor pressure. The sum of the partial pressures of the dissolved air and the fuel must equal atmospheric pressure (at equilibrium). Air is released with altitude and temperature increase. 
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	EFFECT OF ALTITUDE/PRESSURE ON THE TEMPERATURE-V/L RELATION OF ONE SAMPLE OF 80/87 GRADE AVGAS 
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	Figure 13 shows the effect altitude (decreasing pressure) has on the temperature­V/L relationship. This indicates that an aircraft with a given V/L tolerance would vapor lock at 10,000 ft with a fuel temperature 16°F lower than it would at sea level, all other factors being equal. Fi~re 14 shows that rate at which at­mospheric temperature drops with altitude. This shows that a 10,000 ft gain in altitude decreases the ambient temperature an average of 35°F. If the fuel tank temperature could come to equilibr
	aggravate vapor lock characteristics during an 



	In considering the use of autogas in an aircraft, it is important to know the V/L 
	tolerance of the aircraft. This is the ratio above which the engine leans out and 
	has an unacceptable reduction ih power. The way to determine this is to measure 
	pressure and temperature at the location along the fuel system where vapor lock is 
	expected. Then if the V/L vs. temperature data are available for the fuel, the 
	limiting V/L ratio can be found. Having measured the temperature rise above ambi­
	ent for different operating conditions, the limiting fuel volatility that may be 
	used without encountering vapor lock can be predicted. Operating conditions af­
	fecting vapor lock tendency are initial fuel temperature, ambient temperature, al­
	titude and rate of climb. If the V/L ratio tolerance measured for a particular 
	aircraft is very low, much less than 20, fuel system modifications would be of 
	help. The modifications might include increasing the fuel pump capacity by the 
	addition of a\larger capacity fuel pump, or the reduction of heat transfer to the 
	fuel~ystem parts. One potential modification to consider would be the 
	critical 

	elimination of.the engine-driven diaphragm pumps completely. Placing centrifugal 
	fuel pumps in the tank reduces the temperature rise of the fuel while pressurizing 
	the fuel system. BY pressurizing the fuel system along its entire length, the dan­
	ger of air introduction into the suction piping is also eliminated. 
	Some studies of automotive fuel systems indicate that a "bottleneck point" usually 
	occurs at the fuel pump inlet. Most carburetors can handle V/L ratios upwards of 
	45, but with some loss of fuel economy due to excessive richening. The low pres­
	sure fuel injection systems as used on some aircraft are relatively intolerant of 
	vapor and are likely to be the bottleneck point. The fuel tends to pick up heat 
	at the engine-driven fuel pump because of the pump's large surface area and the 
	relatively low fuel velocity through it. The pressure is reduced at the inlet 
	check valve which increases vapor formation. Fuel not used by the engine is by­
	passed in the pump back to the inlet which further increases the temperature of 
	the fuel. To solve automotive vapor locking problems, pumps have been sized to 
	handle V/L ratios of 15 to 25, and mounted upstream of the engine to minimize heat 
	pick up. Current aircraft fuel pumps have not been designed to handle V/L ratios much above 4 because the V/L curve for avgas starts to become flat at this point .as Figure 12 shows and thus if fuel temperatures exceed this point very large V/L ratios are readily generated. This design was recommended in a paper by the CFR 
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	FIGURE 14. REDUCTION OF ATMOSPHERIC TEMPERATURE WITH ALTITUDE (DATA FROM NACA STANDARD ATMOSPHERE TABLE) 
	Aviation Fuels Division (37) since large increases in pumping capacity allow very little gain in vapor lock safety margin. The VjL curves for autogas, Figures 9 through 11, do not level off like those for avgas so increasing pump capacity is more effective. Other Sililutions used in automotive fuel system design practice 
	include careful routing of fuel lines away from heat sources and vapor separatorsj return lines in troublesome applications. 
	It should be kept in mind that fairly small differences in the ASTM 10, 20 and 50% distillation points can have significant effects on the VjL vs. temperature curve. Particularly the steepness of the curve is imporatnt. If the curve is nearly level the difference in critical fuel system temperature betweena VjL ratio which begins to cause leaning and the VjL ratio which causes stopping of the engine is vary small. This means that tQere is even less warning time to recognize the symptoms of vapor lock. 
	Tests to examine the impact of" autogas on light aircraft fuel systems are needed. 
	Mock-up fuel systems can be set up in the laboratory and subjected to a variety of 
	temperature and pressure or. vacuum. conditions. Some aircraft may be "fixed" by 
	the addition of suitable intank pumps. Prototype systems need to be developed and 
	evaluated. Solutions appear possible but. aircraft fuel system modifications may 
	be required, especially in sensitive aircraft such as low-wing models. 
	ICING. 
	Carburetor ~c~ng can result in engine malfunction or power reduction, and arises from ice formation in the carburetor (23). It has been observed that this is due to the restriction of air flow past the throttle plate caused by formation of ice am the throttle plate and interior of the carburetor barrel; particularly during light-load operation. Under higher load conditions, ic e is most likely to form in the venturi area, choking the air flow and richening the mixture. The atmo­spheric conditions most likel
	The 10% and 50%.points of 80/87 avgas as reported in the 1969 fuels survey are 146±6, and 198±18°F, respectively. The winter 78-79 MOtor Gasoline survey shows the national average 10% point for winter gasolines are unleaded 106±5°F, regular 106±7, premium 107±6. (The ± temperature indicated is the average variation in each district.) The 10% point for summer gasolines were all higher at 120°F. The 50% points for winter autogas are unleaded 215°F, regular 202, premium 209, all 
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	FIGURE 15.. CANADIAN DEPARTMENT OF TRANSPORT ICING PROBABILITY CURVES (Ref. 24).. 
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	FIGURE 16.. EFFECT OF FUEL VOLATILITY ON THROTTLE-BLADE TEMPERATURE At 400 F ambient temperature. (Figure from Reference 23) 
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	±15°F. Summer autogas 50% points are about 6F higher. 
	e

	Tlais information indicates that the front half (that between the initial boiling. and 50% points) of autogas is more volatile than avgas. Figure 3 indicates this,. and also the variation likely to be encountered, graphically. This front half is. 
	. the portion of the fuel which evaporates in the .carburetor area of the intake tract. As the throttle is opened, less of the fuel is evaporated at the carbu­r~tor. Also, as the airflow increases, the pre~sure drop due to throttling of the air increases. The fuel added to the airstream at the venturi acts as a liquid refrigerant. ·As the vapor pressure of a refrigerant increases, the temperature at which it can evaporate and provide cooling decreases. Since the .front end of auto­gas has a higher vapor pre
	One way to estimate the potential for carburetor icing with a given fuel and an engine which is sensitive to icing is a carburetor icing index which some fuel system engineers use. This index is the sum of the 10 and 50% point temperatures plus one-fifth of the 90% poin~ temperature. The higher the index, the less likely the fuel is to cause icing because larger numbers arise from fuels of low volatili­ty. This index was developed for idleltype icing in automotive engines. 
	Using distillation data from the fuel surveys, some calculations were made as. follows. Eor 80/87 avgas the average carburetor icing index is 391. The lowest. was 369. For autogas some numbers are:. 
	Average Lowest 0 Sample Sample 
	Average Lowest 0 Sample Sample 

	Winter unleaded = 387 347 Sununer unleaded 410 361 Winter regular 376 .350 Sununer regular 398 ·363 Winter premium 382 350 . Summer premium = 402 354 
	• Indexes below 390 ~re considered borderline without antiicing additives. The aver­indic~,e that the more volatile winter autogas probably will cause slightly greater carburetor icing problems while summer gas would be slightly better than avgas in this regard. Individual samples of autogas can be much worse teI~s of carburetor ice because of the extreme variability of autogas. 
	age index numbers 
	in 

	Some autogas may contain additives to reduce carburetor icing, either freezing point depressants or surface active agents. The ASTM specifications for autogas allow these but do not require them. Since most automobiles now have automatic in­take air heaters, the need for antiicers has diminished. 
	f~el filter icing. This occurs when water which is dis­solved in the fuel becomes insoluable and freezes into. firie ice crystals which can 
	f~el filter icing. This occurs when water which is dis­solved in the fuel becomes insoluable and freezes into. firie ice crystals which can 
	Another icing phenomena is 

	rapidly clog a fuel filter. Autogas has a larger proportion of aromatic hydrocar­bon compounds than does 80/87 avgas. Aromatic compounds can hold more water in so­lution than other hydrocarbon types. If on cooling, the water is thrown out of so­lution and phase separation occurs, there is danger that slugs of this water can get into the fuel lines and freeze, blocking the flow. 

	A potential solution to carburetor icing and fuel system icing might be the addi­tion of an approved antiicing compound at the time of refueling. Ethylene glycol monomethyl ether at 0.10-0.15% by volume is said to be particularly effective (24). Also, it has been reported that the installation of a teflon-coated throttle plate can be effective in preventing ice adhesion to the throttle plate (24). More in­
	formation is required on possible solutions to the icing problem. 
	COLD START AND WARM UP. The best indicators of the starting characteristics of a fuel are its Reid vapor pressUre and the ASTM distillation test 10% point. A high Reid vapor pressure and low 10% temperature indicate a more volatile fuel. 
	According to the fuel survey data~ 80/87 avgas on the average had a Reid vapor pres­sure of 6.5 (nationwide average) compared to the annual average range of 9.5 to 
	12.5 for autogas. The ASTM 10% point of 80/87 is very high at 146°F compared to the range of 105 to 120°F for autogas (the lower value is found in winter gas). With autogas fuels of such high volatility, the starting routine would have to be modified somewhat to avoid creating a mixture which is too rich to permit the en­gine to start. In general, however, improved cold starting would be expected with more volatile fuels sucn as autogas. The reason that avgas is made with such low volatility is because the 
	The ASTM 50% point indicates the ability of the gasoline to supply a proper mixture during the warm-up period particularly during sudden throttle openings. The 50% ~o occur during warm up. 80/87 avgas has a 50% point of 198°F compared to the 200-220 range for autogas. This would indicate that the avgas should have a slightly better warm up and re­sponse to throttle opening than autogas. Because the front end volatility of auto­gas is so high, the carburetor icing tendency of autogas is greater than avgas as
	point also critically affects carburetor icing which is likely 

	MALDISTRIBUTION. The ASTM 90% point indicates the amount of high boiling compo­nents in a gasoline. The amount of these boiling components determines how good the mixture distribution will be, particularly in an unheated intake manifold. Poor distribution causes rough running, resulting in more stress in propeller and crank. It can also lead to knocking in OBe or more cylinders, piston damage and spark plug fouling. Maldistribution is also associated with worsened fuel economy. Too much high boiling point c
	Based on the 1969 survey (13) the average 90% point of grade 80/87 was 236°F 
	compared to a range of 330 to 340°F for automotive gasolines (11,12). In automo­
	tive engines these high boiling components are tolerated because the engtne de­
	signer was willing to trade off some maximum power (through loss of volumetric 
	efficiency) by heating the intake manifold and heating the intake air. Also, the 
	piston to cylinder clearances are very small so relatively little liquid fuel can 
	blow by into the crankcase oil. 
	The temperature at which the last of the liquid fuel evaporates in the ASTM dis­tillation test is called the end point. Like the 90% point, it also indicates the presence of heavy ends. If the difference between the 90% point and the end point is greater than about 70 to 80°F there maybe a cleanliness problem depending on the hydrocarbons making up these heavy ends (25). The average end point of 80/87 is only 294°F, 58°F above the 90% point. For automotive fuel it is 410 to 430°F, about 80°F above the 90% p
	The extent to which the greater maldistribution expected with autogas will adverse­ly affect the aircraft engine performance needs some study. Long-term tests are required to study deposit formation and crankcase dilution. Cylinder-to-cylinder 
	fuel distribution measurements under various engine operating conditions and atti­tudes are needed to quantify the 'increased maldistribution problem. 
	SPARK PLUG FOULING. 
	The nature of deposits on a spark plug depends on the plug ir1sulator tip tempera­
	ture, time of exposure, fuel/air ratio, tetraethyllead content of the fuel, scav­
	enger used in.the fuel, and contaminants in the atmosphere. Low temperature de­
	posits which accumulate on the spark plug commonly are electrically conductive. 
	These deposits therefore provide an electrical contact from the spark plug center 
	electrode to a ground (the cylinder head). 
	Spark plug fouling arises from two main sources, the fuel and the oil. Oil con­
	sumption in an aircraft engine is high, as compared to an automotive engine. Of 
	the oil which enters the combustion chamber, some may not burn and may accumulate 
	on the spark plugs, especially on the lower plug. Oil fouling of spark plugs is 
	thought to be independent of fuel type. 
	Another major cause of spark plug fouling is associated with the higher boiling 
	compounds in the gasoline. Some of these fail to burn completely and accumulate 
	on the spark plugs, especially on the lower ph,g. Figure 1 shows that the 80 to 100% evaporation region of the distillation curve is indicative of spark plug 
	on the spark plugs, especially on the lower ph,g. Figure 1 shows that the 80 to 100% evaporation region of the distillation curve is indicative of spark plug 
	fouling. Figure 3 shows that autogas has a much higher 90% distillation tempera­ture and therefore a larger volume of heavy ends compared to avgas. Thus autogas can be expected to increase plug fouling problems. 

	A further complication in using autogas in aircraft which affects spark plug fouling ~ previous section in this report. As noted there, these small aircraft engines are subject to maldistribution due to the design of their intake manifolds and due to various attitudes which they may experience. Given maldistribution, use of autogas would result in more of the high boiling compounds of the fuel entering the rich cylinders and this would amplify fouling tendencies in those cylinders. 
	is that of maldistribution. This was covered in 

	Lead in the fuel also contributes to deposits on spark plugs, and is well known to 
	be the major cause of plug fouling. In 1974, the FAA Aviation News B6) reported experimental data which shows hew spark plug fouling increases with increased lead content of the fuel. Their curve is reproduced as Figure 17. 
	Figure 7 shows actual lead content of avgas and autogas surveyed across the United states. This figure shows the average lead content of 80/87 avgas to be about 0.3 ml/gal, whereas the average lead content of autogas is shown to vary between about 
	1.7 ml/gal for winter regular and about 2.2 ml/gal for summer premium. Note that the lead content of unleaded autogas is so low that it is not even rated. Comparing the above with the results in Figure 17, it is obvious that using regular or premium autogas in an aircraft engine designed for 80/87 avgas probably will result in more spark plug fouling. 
	Another example which illustrates lead fouling is the lengthening of recommended spark plug change intervals by the automotive industry. A short while ago a typi­
	cal spark plug change interval suggested by the manufacturer was around 12,000 
	miles. Today with use of lead-free gasolines a typical spark plug change interval is about 22,500 miles or nearly twice that with the leaded fuels. 
	It is well to point out that using unleaded autogas exclusively in an aircraft en­gine designed for 80/87 avgas may result in valve seat recession. To the extent 
	• 
	that such valve problems may arise, a mixture of unleaded and leaded grades may 
	alleviate the problems. However standard tests will be required to determine the 
	extent of any problems and the effectiveness of solutions. 
	HOT RESTART. 
	Hot restart is a problem of starting a previously run hot engine. Deposit ignition and vapor lock are two key factors which contribute to the inability to re-start a hot engine. TWo situations can be distinguished, hot restart on the ground and in 
	the air. 
	When on the ground and the engine has been off for a short period of time, it may be difficult to restart. One cause is heat transferred from the engine to the fuel 
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	FIGURE 17.. RELATIVE PLUG FOULING TIME VERSUS LEAD CONTENT FOR A LABORATORY, FOUR CYLINDER, AIR COOLED AIRCRAFT ENGINE (REF. 36) 
	system. With no fuel or air flow to cool the fuel system, enough vapor is formed 
	to cause vapor lock. Another cause is preignition. Preignition causes high com­
	pression pressures and slow cranking. In an extreme case the engine may fail to 
	rotate. 
	The severity of the hot restart problem depends on the nature of combustion chamber deposits and the temperature of the parts. These problems will be more likely to occur with automotive gasolines because of their higher volatility, greater deposit forming tendency and higher aromatic content. Automotive starters are chosen on the basis of maximum torque needed to crank a hot engine with deposit ignition. This can be greater than that required to crank a cold engine. High power starters and batteries are to
	In flight, a hot restart problem is less likely to occur. This is because there is some cooling air available to minimize ,heat buildup and ,thus vapor formation is re­duced. Moreover the windmilling forces on the propeller help provide the power to overcome the kicking back of the engine encountering preignition. Nevertheless any greater hot restart problem arising from use of autogas poses an increased safety problem for the aircraft. 
	FUEL SAFETY. 
	Toxicity and fire hazard are fuel safety problems. Key factors affecting the fire 
	r~k of a fuel are its flash point, spontaneous ignition temperature, flammability 
	limits and the temperature range over which a combustible mixture will be formed 
	over the liquid in a closed tank. This flash point is defined as the lowest tem­
	perature of the sample corrected to apressure of 760 mm Hg at which application 
	of an ignition source causes the vapor of the sample to ignite under specified con­
	ditions of test (ASTM D'56). The flash point of avgas is about -40°F (27). Auto­
	motive gas has a flash point somewhat lower because of its higher volatility and 
	vapor pressure. The flash point is useful for predicting the fire hazard caused 
	by spillage during refueling operations or at an accident site. It seems that both 
	avgas and autogas are extremely dangerous in this regard. 
	• 
	The self-ignition temperature (SIT) of a fuel represents the mlnlmum temperature 
	above which it will burst into flames without the aid of a source of ignition and 
	relates to fires arising from fuel spills on hot surfaces. The SIT of avgas is 
	about l329°F (22). In the case of a fuel line leak in the engine compartment, fuel 
	spilled on a hot exhaust manifold may burst into flames (22) although such occur­
	rences are rare. The high boiling point fuel components tend to have lower self­
	ignition temperatures than the more volatile components. If fuel splashes on the 
	hot manifold and the more volatile components vaporize, the remaining heavy ends 
	self-igni~e. In theory since autogas contains a larger volume of high boiling 
	may 

	point constitu~nts, its fire potential is at least as great if not greater than 
	avgas. 
	Another factor to consider is under what conditions will the vapor mixture above the fuel in the fuel tank be fiammab1e. When the mixture is richer than the lean limit of flammability (26 to 30 to 1 air-fuel ratio) a sufficient source of igni­tion wi11cauae this mixture to ignite. The air-fuel ratio of the vapor space de­pends on tank temperature, pressure and fae1 volatility. For avgas at ground level, the :f1ammab1e tank temperatures are about 14 OF for the rich limit to -40°F for lean limit. These temper
	required to produce combustible tank vapor mixtures. Therefore autogas may be 
	exp1os~ons although such explosions are not 
	slightly safer with regard to fuel tank 

	common. 
	In general skin contact with autogas may be slightly more hazardous than avgas be­cause of its higher volume of aromatic compounds of which some are known carcino­gens. Further, exhaust emissions from autogas may be slightly more toxic to breathe due to their greater aromatic content as well. 
	In conclusion there appears 
	In conclusion there appears 
	In conclusion there appears 
	to be only 
	very minor differences between the fire haz­

	ard 
	ard 
	or toxicity of avgas and autogas. 
	They 
	are 
	both about equally safe 
	or 
	unsafe 

	depending 
	depending 
	on one's point of view. 


	ENGINE DURABILITY. 
	EXHAUST VALVE LIFE. Much development work has been done and much has been pub­
	lished on the effects of fuels and oils on exhaust valve life, in particular lead 
	antiknock concentration. Problems attributed to lead antiknocks in gasoline have 
	generally been solved. In most cases, the solution has been a matter of design, metallurgy operating conditions, o¥erheating and in some cases, the fuels and lub­
	ricants. An example is the carbonaceous deposit accumulation in the thin annular 
	space between the valve stem and guide. This accumulation can cause sticking and 
	eventually valve burning. 
	Another of the common causes of exhaust valve sticking arises from cylinder head temperatures which are periodically too low. Many small aircraft do not have cowl flaps that are adjustable, hence under idling or low output approaches for a land­ing, temperatures in the exhaust valve guide area can be quite cool. Cool tempera­tures cause deposits from unburned fuel and oil to accumulate between the valve stem and the guide and subsequently during high output operation these deposits will form hard coke and i
	VALVE SEAT RECESSION. Valve seat recession is a phenomenon that can be described 
	as the valve head walking down into the valve seat. It is also called "valve seat 
	wear" or "valve seat pickUp. " This phenomenon occurs only with unleaded gasoline, 
	wear" or "valve seat pickUp. " This phenomenon occurs only with unleaded gasoline, 
	and can be quite severe under high temperature, high output conditions. The prob­lem can occur with air-cooled or liquid-cooled engines. It became well understood years ago and has in general been solved with proper metallurgy of the valve seat. Prior to the development of adequate seat metallurgy, small air-cooled aircraft en­gines were operated on a run-in schedule using leaded gasoline before being re­leased for subsequent operation on unleaded gasoline. The seat recession problem was reduced considerabl

	There have been cases where small engines designed for low lead or no lead subse­
	quently became distressed when higher lead concentrations were used. Minor changes 
	in design or changes in metallurgy usually took care of the problem. It is not 
	known whether any valve recession problems would arise with the use of lead free 
	autogas. 
	It has been found that the heavy ends or the high boiling portions of gasolines makes the greatest contribution to deposits in the engine. This generally applies to combustion chamber deposits, exhaust valve deposits and deposits on valve stems. A wide range of additives is used in motor gasolines and oils to handle these de­posits and their effects. 
	Aviation oils do not contain the large compliment of additives that are used in motor oils. Only non-metallic antioxidants and polymeric dispersants are used. Metallic dispersants and detergents used in motor oils could cause preignition in the aircraft engine. In order to provide adequate lubricity and load-carrying 
	capacity, aviation oils contain components which tend to cause slightly more de­posits. Except for deposit problems mentioned above, the effects of these deposits 
	are small. 
	Use of autogas in aircraft with their higher blowby rate is expected to deteriorate the aviation oil rapidly with resulting problems of crankcase sludge and varnish. Automotive oils are proven in ASTM Sequence tests which to a significant extent are designed to exacerbate autogas induced problems. For that reason aviation oil would be totally inadequate in a modern automobile engine. Standard tests need to be developed which can correlate exhaust valve deposits and sticking to the heavy 
	ends of the fuel. 
	ENGINE WEAR. A search of the literature shows a paucity of engine wear data and engine wear reporting. This is probably due to the fact that an engine has to qual­ify adequately before it is certified for aircraft use. Implied in the certifica­tion is acceptable wear and freedom from problems associated with high wear. 
	There occasionally are situations wherein because of the habits of the operator, can'a~ if the engine is allowed to idle or taxi for long periods of time with the carburetor fairly rich and the engine quite cool. If the engine is shut down at the ignition switch rather than by turning the fuel off, and is then allowed to remain idle for long periods of time without turning over,barrel rusting can and does occur. This can be 
	cylinder bore rusting will arise. This situation 

	aggrevated somewhat during fairly long approaches at constant low throttle opening. 
	The engine tends to operate rich and liquid fuel tends to get on the cylinder walls, w.shing away a part or most of the protective lubricating oil. It is a combination of the rich mixture washing oil off the walls and low temperature that sets the 
	stage for eventual cylinder bore rusting. The greater aromatic and sulfur content of autogas and the generally higher chlorine and bromine content (higher lead 
	level) may intensify this problem. 
	In the past, engine failures have occurred due to some deficiency in the oil or 
	fuel. Fuel-related failures such as those caused by detonation and ppeignition 
	have been covered elsewhere. These failures resolve themselves in broken, burned, or sei.zed pistons, burned valves, broken spark plug insulators, and broken or stuck piston rings; 
	relativel~ few problems in the cam and tappet area of the small air-cooled, aircraft engine. Developments in design and metallurgy (compatibility) rE~sponsible for the advances in this area. Generally the cam tappet area will have the highest lI1Qmentary pressure in the engine. This occurs at the start of the 
	There appears to be 
	are 

	lift of the valves. It is particularly true with the exhaust valve where it 1:13 desirable to pop off the seat quickly so as to drop the pressure in the combustion chamber and reduce the velocity of the gases exiting the combustion chamber past 
	the valve and seat thus reducing heat transfer to the valve and seat. 
	In swmnary, use of autogas is expected to accelerate oil degradation and the higher 
	sulful~ content will increase engine corrosion. Standard durability tests need to be run with fuels having a large volume of heavy ends and a "high" sulfur content 
	in order to establish any necessary change in overhaul or oil change interval. 
	Possible solutions are an increase in oil detergency and a bypass type full flow 
	oil filter. 
	COMPATIBILITY WITH MATERIALS AND CORROSION. 
	NON-METALLIC MATERIALS. Problems with the polymeric materials in the fuel systems 
	of both aircraft and automobiles have been reported recently. The problems in air­
	craft systems have been associated with those regions where the newly introduced 
	1001.1. was particularly high in aromatics (20% or more). The following table from 
	Reference (26) reports some malfunctions and their causes experienced by new or 
	nearly new light aircraft shortly after the introduction of this fuel. 
	The potential problems of non-metallic materials in contact with fuels are difficult to quantify. Non-metallic materials are generally organic and include plastics, elastomers and cork or leather for some gaskets. These materials consist of blends of high molecular weight polymers or molecular networks and may contain low molecu­~Teight additives to protect the polymers from ultraviolet radiation, heat and chemical degradation and to reduce cost. Non-metallic materials in contact with fuel are subject to th
	lar 

	• 
	• 

	Malfunctions and their causes experienced in light aircraft after introduction of 100LL Avgas (Ref. 26). 
	Part 
	Part 

	Fuel Selector Valves-­Spool type 
	Shear plate type 
	Ball and cam type 
	Electric Fuel Pumps 
	\J1 t-' 
	Fuel Flow Detection Switches 
	Gaskets--Fuel Filler Adaptors and Inspection Covers 
	Fuel Flowmeter 
	Fuel Flowmeter 

	Submerged Electrical Connectors 
	Tank Vent Lines, Blader Assemblies and Fuel Hose 
	*Float Bowl Carburetor Gasket 
	*Data from Reference (18). 
	Problem 
	Problem 
	Hard to turn, leaked 
	internally when dried 
	out-loss of function 
	Internal leakage, external leakage at shear plate shaft seal 
	Externa1· discharge at 
	shaft seal 
	Leakage of fuel at pump 
	shaft lip seals 
	False indications 
	lock-up of elements 
	Leaks 
	Metering rotors locked 
	. Swelling and cracking of potting compounds 
	Deterioration 
	Loss of sealing and 
	engine mixture leaning 
	Cause 

	Swelling of "0" ring seals 
	Material migration or 
	Material migration or 
	excessive shrinkage 

	Swelling of sealing "0" rings Shaft seal swelling 
	Excessive swelling of shaft 'seals 
	Swelling of seal increases 
	diameter of lip 
	diameter of lip 
	Swelling of "0" rings 

	Excessive shrinkage when 
	exposed to dry-out 
	exposed to dry-out 

	Swelling of plastic bearings 
	Shrinkage 
	Shrinkage 

	swelling or when low molecular weight materials are leached out leading to shrink­age. In those applications where dimensional stability is important excessive swelling or shrinkage can cause binding or leakage. Changes in physical properties usually accompany changes in volume. As the.volume increases, the tensile strength, modulus, hardness and tear resistance decrease. Chemical attack may cause large ~bsorption. 
	changes in p20perties independent of the changes caused by fuel 

	The volume increase of a polymeric material is a function of the nature of the mate­rial B,nd of the fluid medium. The basic property defining swell behavior is known as the solubility parameter. This is composed of three interaction modes consisting of dispersion (5), dipole (5) and hydrogen-bonding (5). These are known as par­
	D
	p

	H
	H

	tial parameters. The overall solubility parameter (5) is defined as the square root of the cohesive energy ?ensity: 
	where: ~E = energy of vaporization 
	v = molar volume, molecular weight (rnw)/density (d) 
	~H = heat of ¥aporization 
	R = gas constant, 1.978 cal/(deg)(mole) 
	T = absolute temperature 
	The units of these parameters are Ccalories/cm3)1/2 (called Hildebrand units). 
	The overall solubility parameter is the vector sum of the three interaction modes. 
	The overall parameter (5) and partial parameters (5D,Op,fH) for some liquids and polymer materials are listed in Table 4. 
	When the partial solubility parameters of the fluid equal those of the material, the maXimllln swelling results. When the differences in the parameter values of fluid and material are greatest the lowest swell occurs. This solubility parameter con­
	cept can be applied to mixtures also. The Hildebrand Linear volume blending rule can be used to calculate partial parameters for amulticomponent mixture (28). ~ 
	For a three component mixture: 

	OD(1,2,3) CP10D+ CP20D+ CP3OD3 
	= 
	l 
	2 

	0p( 1,2,3) = CP10Pl + CP2OP2 + CP3OP3 
	°H( 1,2,3) CP10Hl + CP~H2 + CP3OH3 
	= 

	where cP is the volume fraction 
	.. 
	.. 
	TABLE 4. SOLUBILITY PARAMETERS 
	(Data from Refs. 27 and 28) 

	Material 
	Benzene 
	Toluene 
	Isooctane 
	Methanol 
	Ethanol 
	TEAl 
	MTBE2 
	Water 
	Fluorohydrocarbon rubber (Viton A)3 \.)l 
	VI 

	(Viton B)4 
	(Viton B)4 

	Fluorosilicone rubber (LS-63U)5 
	Acrylonitrile/butadiene copo~er 
	(Buna N, Nitrile) 
	Epichlorohydrin/ ethylene oxide copolymer 
	Polyethylene po~ethyl methacrylate polyurethane Nylon 66 Cellulose Polyacrylonitrile Epoxy Polyvinyl chloride Polytetrafluoroethylene 
	Footnotes for Table 4 are 
	.. 
	.. 
	on the following page. 

	Solubility Parameters (calories/cm3)1/2 
	Overall. B. 
	Overall. B. 
	9·2 
	8.9 7.0 14.5 13·0 
	10.5 
	7.4 
	23.4 
	8.7 
	10.5 
	8.2 
	8.8 9·2 
	11.2 10.6 7·9 
	9.5 
	10.0 13·6 
	15.65 
	15.4 
	10.9 
	9.7 
	6.2 
	Partial 
	Bop 
	D 

	8.8 0.7 
	7.0 0 
	7.4 6.0 
	7.7 4·3 
	7.4 2.7 
	6.9 
	6.9 
	6.9 
	1.1 

	7.6 
	7.6 
	7.8 


	7.5 3·5 
	7.5 5.0 
	7.5 
	7.5 
	7.5 
	3.5 

	8.8 
	8.8 
	2~0 

	9.0 
	9.0 
	2.5 


	9.1 4.0 
	8
	8
	H 

	1.0. o. 
	10.9 
	9.5 
	7.0. 2·3. 
	20.7 

	Bimodal swel1
	~:;J 
	6 

	3.0 2.0]. 6
	6.2 Bimodal swell 
	3·5 
	3·5 

	Footnotes for Table 4: 
	1.. 
	1.. 
	1.. 
	Tertiarybutyl alcohol. 

	2.. 
	2.. 
	2,methyl,2-butyl ether 

	3.. 
	3.. 
	DuPbnttradename, a copolymer of vinylidene fluoride and hexafluoropropylene. 

	4.. 
	4.. 
	DuPont tradename, a tripolymer of the two components in Viton A plus tetrafluoroethylene. 

	5.. 
	5.. 
	Dow trademark. 

	6.. 
	6.. 
	Copolymer (composed of two monomeric species) may have partial.parameters and swelling behavior reflecting the properties of each monomeric species. 
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	The avgas seal swelling problems can be associated with fuel aromatic content. The 
	solubility parameters of the aromatic materials in most gasolines are B=8.7, Bp =0.4, B~ = 1.1 (28). This is very close to those for toluene. The aliphatic 
	D 

	components (paraffins, olefins and naphthenes~ all have low, nearly equal solu­bility parameters. These average B= 7.0, B= 0, B=0. These are also the 
	D 
	p 
	H 

	solubility parameters for isooctane. This information supports the use of toluene 
	vol~e change problem. 
	apd ieooctane blends to.study the 

	Nersasian (27) has soaked materials in a two component blend to study the problem. 
	The two components were isooctane and toluene. Some results are shown in Figure 18. 
	These indicate that many fuel systemelastolllers swell nearly linearly with increase 
	in toluene concentr~tion; This implies that an autogas with an aromatic content of 40% will probably cause swellfng which is twice as great as that from a 20% aromatic avgas. MTBE (2,methyl,2-butyl ether) when tested in isooctane/tolueneblends pro­swel~ing with concentrations likely to be present in autogas. The effects of alcohols on swelling behavior aan be nearly as great as aromatics but are less consistent from compound to compound. 
	duced a moderate amount of 

	Problems have been experienced by the automotive industry recently related to chem­ical attack of autogas on fuel system elastomers. This has been traced to gasoline which has reacted with oxygen to form hydroperoxides and turned "sour." The hydro­peroxides decompos~forming free radicals which can cause reversion (chain breaking resulting in softening)o~ vulcanization (continued cross linking resulting in em­brittlement). These large changes in physical properties are independent of those 
	expected ,from solubility effects. The olefins in cracked gasoline are the least 
	stable and the first to oxidize and the olefinic content of autogas is generally relatively high compared to avgas. ,Gasoline blended with alcohol also tends to be unstable. Fuel composition, storage time, exposure to heat, light and trace metals determine the amount of oxidation. 
	da~age from autogas which may, on occasion be "sour," contain very high percentages of aromatics, have MTBE or be contaminated with alcohol. Materials which can withstand these conditions are being developed for use in the automotive industry. The problems with the in­
	The non-metallic materials in current aircraft may experience 

	s,tallation of these new materials in aircraft is that they must be capable of main­taining dimensions and properties over a wide variety of fuel types (high and low aromatics). A problem of retrofitting any aircraft for autogas use would be to identifY susceptible materials and suitable replacements. Decisions must be made on a plane to plane basis from material information supplied by the manufacturers of the various non-metallic materials. This would be a formidible task since the materials themselves we
	METALLIC MATERIALS. Corrosion and wear will be influenced most by the lead, sUlfur, and halogen scavenger content of the fuel. Some of the halogen acids produced on combustion find their way inte the crankcase and combine with water. This is a 
	METALLIC MATERIALS. Corrosion and wear will be influenced most by the lead, sUlfur, and halogen scavenger content of the fuel. Some of the halogen acids produced on combustion find their way inte the crankcase and combine with water. This is a 
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	Figure
	FIGURE 18.. THE EFFECT OF TOLUENE/ISOOCTANE BLENDS AT 21°C ON THE VOLUME INCREASE OF SOME FUEL SYSTEM RUBBERS (Ref. 27) 
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	particular problem in those engines which have high blowby rates. It has long been recognized that mineral acids and those formed from sulfur and halogens in gasolines are corrosive and promote wear and rust. Aviation mix is sold to be used with avgas and has 1.0 theory ethylene dibromide. ASTM specifications for avgas limit the scav­enger content to this amount. Because in 1942 ethylene dibromide appeared to be both expensive and in short supply for the large amounts needed for automotive uses, a compromis
	the 
	were nearly 

	The aspect of engine performance mos't suspeot when changing tetraethyllead! scaven­ger combinations is intake and, particularly, exhaust valve durability. Valve dura­bility is also a major problem when considering the use of unleaded fuels. Test data on the effects of scavenger type in automotive engines running under high out­put conditions tend to agree that the chlorine scavengers must be used with valve materials which are more resistant to hot corrosive attack. The valve and valve seat systems have be
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	be under the maximum lead contents of unleaded autogas (0.05 gm/gal). However, 
	since lead content of 80/87 avgas is variable some lead is passed through the engine from time to time and this appears sufficient to circumvent valve problems. Automotive catalytic converter poisoning limitations do not allow either lead or phosphorous to be inciuded in unleaded autogas. 
	The use of leaded grades of autogas, desirable.because of their lower cost, higher 
	octane reserve, and lower aromatic content is less desirable in aircraft because in~reased spark plug fouling, engine wear and particularly increased exhaust 
	of 

	valve failures. Leaded autogas grades have been averaging about 2 gms/ga1. lead with extremes to over 4 gms/gal. This is greater than the average amount in 
	100 IlL, 1-1/4 gram/gal, an amount which has produced some adverse valve effects and i.ncreased spark plug fouling compared to grade 80/87. 
	GASOLINE STORAGE STABILITY. 
	Gasolines are subject to deterioration when exposed tb the atmosphere by the action of oxygen. This may take place during manufacture, storage, and use, and the effect of deterioration may be serious insofar as product performance is con­cerne:d. Many variables affect the length of time that a gasoline can be stored without unacceptable deterioration. Today's gasolines, in particu~ar autogas, are mixtures of a large number of different hydrocarbons. Not all hydrocarbons com­pounds are equally stable. 
	In ge:neral, cracking processes result in the introduction of olefins and diolefins 
	into the gasolines. These compounds greatly reduce the oxidation stability of a 
	fuel. Prior to the advent of cracking, gasolines were free of olefins and problems due to storage of the gasolines were minimal. Olefins are not found naturally in crude! oil because they are unstable. The cracking process splits the larger hydro­carbon molecules of heavy residues into smaller components and although it provides gasoline at increased quantity and of higher octane quality, the oxidation 
	stability of the fuel is in general seriously reduced. 
	The c:onsequences of the reduced stability is the formation of gums and peroxides upon storage. Gum is a high boiling, sticky, viscous material which if present in hi.gh concentrations, may deposit in fuel tanks, fuel lines, carburetors, intake systems, including intake valves and in general cause malfunctioning in the Emgine. It is important that the gum formation in gasoline during storage be ke!pt at a low level. ASTM specifications for gum appear elsewhere in this report. Gum is formed by the oxidation 
	WherE!as gasoline stability can be improved by various treatments such as caustic washing, acid washing, contact with absorbent solids such as activated clays, partial hydrogenation, etc. it is frequently more economical to add an 
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	antioxidant. Excellent antioxidants are available and over the years there has 
	been a shift in their use becaJ. se of the changefl in processing and composition of 
	the gasoline. Antioxidants are very effective arid their concentration can be 
	varied depending on need. 
	Widespread adoption of catalytic cracking and catalytic reforming and the increas­
	ing use of alkylate in autogas have greatly increased the stability of modern 
	gasolines. Unstable components such as those from thermal cracking and from 
	polymer gasolines are disappearing from use. As a result of these changes, the 
	stability problem and the amount and type of antioxidant needed in today's gasoline have also changed. In the past, the principal antioxidants have been the phenylene diamine or aminophenol types in addition to the alkylated phenols. Several factors 
	have resulted in a gradual change from the phenylene diamine antioxidants to the alkylated phenols. 
	The gasolines of several years ago required relatively high concentration of anti­oxidants, for example, 12-50 Ibs. active ingredient per 1,000 barrels, depending 
	upon the type. The amine type additives tend to have an adverse effect on engine cleaniness, causing deposits in the intake manifold and in the crankcase area. Current gasolines use considerably less antioxidant in the 2-3 Ibs/l,OOO barrel 
	range in order to provide adequate storage stability. 
	The presence of antioxidants in almost all commercial fuels has in the past pro­vided a beneficial side effect by stabilizing the tetraethyllead antiknock in the fuel. In recent years decomposition of the lead antiknock has become the dominant stability problem. If the protection is inadequate and oxidation occurs, the hydro­carbon portion will contribute peroxides and gum while TEL decomposition will eventually produce an insoluble precipitate. The ill effects of gum have already been mentioned. The sole a
	Excessive amounts of precipitate can be formed from the 

	The changes in gasoline composition in recent years has reduced the reliability of the ASTM induction period as a predictor of fuel stability. ASTM Test D525-55, Oxidation Stability of(Gasoline Induction Period Method) has in the past been quite pr~dicting oxidation stability of gasoline. The marked decrease in the reliability of this method for predicting storage behaVior has resulted in a gradual lessening of antioxidant use until occasionally the point is approached where the amount of antioxidant requir
	reliable in 

	Temperature has a very strong influence o.n stability. Peroxide formation (with 
	Temperature has a very strong influence o.n stability. Peroxide formation (with 
	accoml~nying gum formation and octane reduction) is a chain reaction which occurs after an induction period. Once this chain reaction begins, deterioration of the g~Bol:l.ne proceeds at an accelerated rate. The induction period (the time period that the gasoline can be stored before the chain reaction begins) very likely follows a common empirical chemical rate equationlwhere the rate of reaction increELses exponentally with absolute temperature. It is this exponential relation­ship which makes possible acc
	2 


	A May 1974 Exxon technigram "Gasoline storage Life" (39) an a.utogas, suggest .. "if 
	gasoline is stored for over six months additional oxidation inhibitors should be added to the fuel. The normal antioxidant and metal deactivator treating levels are 2 to 4 pounds per 1000 barrels., As a rule of thumb, these levels should be 
	doublE!d, and the gasoline should be checked for increased gum content at quarter­
	ly intervals." While Maxwell Smith in his book, "Aviation Fuel" (23) says of avgas ••• "The specification units for dissolved gum and precipitate are chosen to provide satisfactory storage stability, this means at least two,years under the worst conditions, i.e., in the tr9Pics, and considerably longer in temperate climates." 
	IArrhenius Equation: -lIE*/RT
	o

	k == Ae. wher,e k is the temperature function, A == constant for each reaction, lIE* =. activation energy (constant;, Ro = ideal gas constant, T = absolute temperature.. 
	2ASTM D525 Oxidation Stability of Gasoline (Induction Period Method) (for autogas), 100 Iml sample in glass container, 212°F, 100° psi oxygen pressure, induction period = minutes to pressure break point (pressure falling at greater than 2 psi/ 15 min.). 
	3ASTM D873 Oxidation Stability of Aviation Fuels/Potential Residue Method, 200 lnl sample in glass container, 212°F, 100 psi oxygen pressure, exposure for specified period of time (5 or 16 hrs.) Measure for gum and precipitate content-­shows failure due to both oxidation and TEL breakdown. 
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	FIGURE 19.. EFFECT OF TEMPERATURE ON STABILITY OF TYPICAL LEADED AVIATION GASOLINE (REFERENCE 44) 
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	Footnote K of ASTM D910 says that by agreement between purchaser and supplier the oxidation stability of avgas test (potential residue) can be run to 16 hours instead of 5 hours. In this case a doubling of antioxidant to 8.4 .lb. per 1000 bbl is permitted. 
	Whether or not storage stability would be a greater problem with autogas could also depend on its rate of use. If the storage time· is relatively long, which is the case for some avgas stored at small fields" then the problems arising from instabi­lity are potentially serious for users of the fuel. On the other hand, if automo­biles and aircraft are fueled from the same tank, then storage stability would probably not be a problem since the rate of use would be high. 
	ADDITIVES FOR PETROLEUM PRODUCTS 
	ADDITIVES FOR PETROLEUM PRODUCTS 

	Additives are chemical compounds added in small quantities (in most cases less than 1%) to the primary product. However, some additives are used in automotive lubricants at concentrations much'higher than 1%. In the case of fuels, a chemical used in such high concentration (5% or more) would probably be considered a blend­ing agent rather than additive. 
	An additive can be defined as a chemical compound which imparts new and desirable properties either not originally in a product or not obtained by processing. It can also be used to produce superior properties at lower cost and has been shown to conserve crude oil. As a rule, different chemicals are used to obtain different m~t be chemically active to perform their function, hence they can affect or interact with each other when used in the same medium. Additives can complement or supplement each other, or 
	properties. These compounds 

	Examples of additive classes used in autogas, avgas and lUbricating oil are shown in Tables 5, 6 and 7 from Reference (32). 
	ADDITIVES FOR LUBRICANTS. 
	Additives are used in lubricants to a very considerable extent and probably to a greater degree than any other group of petroleum products. The purpose of many of these additives is to counteract the effects of the chemically active products of combustion which blow by the piston into the crankcase. With the high level of additives in automotive lubricants and small. piston clearances (low blowby rates), autogas containing a broader range of composition than avgas can be used with acceptable engine wear rat
	Additive Type Antiknock agent 
	Additive Type Antiknock agent 
	Scavenger Antioxidant 

	Metal deactivator 
	Q'\ 
	.~ 
	Corrosion inhibitor 
	Anti-icing agent 
	Anti-icing agent 

	Upper-cylinder lube 
	Deposit Modifier Dye 
	Deposit Modifier Dye 
	Detergent 
	TABLE 5. EXAMPLES OF ADDITIVES USED Chemical COmposition 
	Tetraethyl lead Metal carbonyls Ethylene dihalfdes 2,6 Di-tert. butyl-4-cresol 
	N,N-N' Di-sec. butyl-4-phenylenediamine Disalicylidene propylenediamine 
	Ammonium sulfonates Dimethylformamide alcohols Light lubricating oils 
	Tributyl phosphite p-Dimethylaminoazobenzene 
	1,4-DQalkyla~inoantraquinone 
	Amine phosphonates 
	IN AUTOGAS Purpose 

	Prevent engine knocking and to increase. octane number.. React with the lead residues.. Prevent gum formation.. 
	Overcomes catalytic effects of dissolved. copper.. Prevent corrosion in carburetor.. 
	Prevent stalling due to icing.. Minimize intake valve deposits.. Lubricate top ring area.. 
	Minimize glow in combustion chamber.. Impart color for identification.. 
	Provide cleanliness to the intake. system and carburetor.. 
	~ 
	~ 
	. 

	" 

	TABLE 6. EXAMPLES OF ADDITIVES USED IN AUTOMOTIVE LUBRICATING OILS 
	Additive Type Viscosity index improver 
	Pour point depressant Detergent dispersant 
	Oxidation inhibitor 
	s;' 
	Rust inhibitor Corrosion inhibitor 
	Extreme pressure agent 
	Foam inhibitor Antiscuff-wear agent 
	Chemical Composition 
	Chemical Composition 
	Methacrylate polymers, butyle~e polymers 
	Alkylated naphthalene Alkyl P2S5 products, metal sulfonates, alkylpolyamide, 
	metal alkyl phenolates Zinc dialkydithiophosphate Alkylamines Basic metal sulfonates 
	Sulfurized olefins, chlorinated paraffins 
	Silicone polJIDers 
	Metal salts of alkyl acid phosphates. 

	Purpose Lower the rate of change of viscosity with temperature. Decrease pour point of oil. Keep insolubles in suspension and maintain cleanliness. 
	Retard oxidation of oils.. Prevent rusting of ferrous metals.. Prevent acidic materials from attaching to. 
	metal surfaces.. Prevent seizure of metal surfaces.. 
	Decrease tendency to foam.. Provide chemical polishing and reduce wear.. 
	TABLE 7. EXAMPLES OF ADDITIVES USED IN AVGAS. 
	TABLE 7. EXAMPLES OF ADDITIVES USED IN AVGAS. 

	Product Aviation gasoline 
	(j'\ (j'\ 
	Additive Type Antioxidant Corrosion inhibitor Octane improver Dye Metal deactivator Corrosion inhibitor Icing inhibitor 
	Additive Type Antioxidant Corrosion inhibitor Octane improver Dye Metal deactivator Corrosion inhibitor Icing inhibitor 

	a. 
	a. 
	a. 
	Optional in U.S. militaryavgas 

	b. 
	b. 
	Ethylene gly.col monomethyl ether-optional. 


	Chemical Composition 2,6 Di-tert-butyl-p-methylphenol ~f fatty acids Tetraethyl lead Organic compound None NoneNone
	Chemical Composition 2,6 Di-tert-butyl-p-methylphenol ~f fatty acids Tetraethyl lead Organic compound None NoneNone
	Esters 
	a 
	b 


	Purpose. Arrest gum formation.. Arrest rust.. Increase octane number.. Identification.. 
	,.. 
	,.. 

	loads. Additives, particularly those designed to cope with automotive gasoline 
	are discussed briefly below. Given also are some details of standard automotive 
	testing required to ensure that lubricants are compatible with autogas in automo­
	tive engines. 
	ANTIOXIDANTS. Antioxidants prevent oils from oxidizing, particularly under pro­longed exposure to high temperatures and in the' presence of catalytic metals. Oil oxidization can produce undesirable sludge and varnish deposits, corrosive acids, and excessive oil thickening -all of which can lead to shorter engine life. Zinc dialkyl dithiophosphate is the most widely used antioxidant. Internal combustion engines are quite effective oxidizing machines since the oil in these engines is violently aerated at high
	~, , 
	~, , 

	products and unburned fuel and oil residues, can also catalyze the oxidation 
	reaction. 
	Aminophenols are also used as oxidation inhibiters in motor oils, but not to the 
	same extent as zinc dithiophosphate as will be shown later. Zinc dithiophosphate 
	imparts additional beneficial properties to the motor oil by inhibiting corrosion 
	and wear. 
	CORROSION INHIB!TERS. Corrosion inhibiters prevent attack on non-ferrous metals 
	such as engine bearings by forming a protective film on the metal surface. Zinc 
	dithiophosphate and other chemicals provide anticorrosion pr.otection. 
	ANTI-WEAR AGENTS. Anti-wear agents prevent or reduce wear of heavily loaded engine parts, such as cams and lifters. They are also known as extreme pressure agents. They concurrently reduce friction somewhat. Zinc dialkyl dithiophosphate also provides this function. The zinc dithiophosphate and other compounds of phosphorus, sulfur and chlorine used as anti-wear agents are present in concentra­tions sufficient to control corrosion and oxidation. 
	DETERGENTS. Detergents tend to eliminate high temperature engine deposits. These high temperature deposits on the piston and in the ring belt zone are harmful because they interfere with the sealing action of the rings thus causing a loss in performance and an increase in oil consumption. TYPical detergent additives are barium, calcium sulfonates, phenates or phosphonates. These additives not only prevent deposits from forming on engine surfaces, but they also remove previously for~ed deposits. 
	gJSPERSANTS. Dispersants are blended into motor oils to keep engines clean by holding in suspension the insoluble products of oil oxidation and fuel combustion formed during low and medium temperature engine operation. The contaminants in suspension are then drained from the engine with the oil. Without this cleaning and dispersant action, such contaminants would tend to settle out of the oil 
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	onto engine parts. Since dispersant additives are soluble in oil, they keep the 
	en~h so they are not trapped by the oil filter. 
	sludge particles separated and suspended in the oil in a form fine 

	Ashless dispersants are popular because of their high effectiveness in handling low temperature sludge in passenger car operation. Some ashless compounds qualify as multipurpose additives by improving viscosity index while acting as dispersants to control sludge and deposits. Because of their aShless nature they are one of the 
	few additives used in some aviation piston engine oil. 
	Principal deleterious effects of low temperature sludge are ring plugging, plugging of oil screens, and other oil passages, resulting in oil starvation to critical engine areas. Engine failure can occur due to starvation of oil in critical areas. 
	VISCOSITY INDEX IMPROVERS. An important propE!rty of oil is the rate at which its viscosity changes with changes in temperature. This property is usually expressed by viscosity index (VI), an arbitrary number that describes the relative viscosity­temperature characteristics of an oil by a single number. 
	A VI improver is usually desirable in a motor oil since this material reduces the decrease in the viscosity of an oil with increase in temperature. Thus a single oil c:an be used over a. much wider range of ambient temperatures. Such an oil not only provides easier starting, better lUbrication, and less power loss at low temp­erature (by minimizing viscosity drag), but also reduces oil consumption and lubri­cates: better at high temperature by maintaining a more viscous film of oil on moving parts. 
	This class of additive is used extensively in motor oils to increase viscosity beyor.d that which could be obtained by ordinary refining methods. Refiners often proce:ss oil to an intermediate VI quality rather than add an VI improver to reach the final level. These additives are essential ingredients in multigrade oils. 
	RUST INHIBITORS. Iron and steel parts will rust if they are not adequately protect­ed from the chemical effects of water and acids. Such rust is especially critical in the close dimensional tolerance of some operating parts of an engine, such as hydraulic valve lifters. Rusting can be particularly troublesome during engine storELge or as a result of short trip operation. Although petroleum oils do have some natural protection against rusting, they do not have sufficient anti-rust propE!rties under most oper
	POUR POINT DEPRESSANTS. The pour point of an oil is defined as the lowest tempera­ture at which a motor oil will flow. If the pour point is too high, bearing oil starvation during cold weather operation can cause bearing failure. Wax content 
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	of the oil is the major variable affecting pour point. Wax raises the pour point 
	by precipitating in a honeycomb-like structure during cooling, thus inhibiting 
	flow. 
	The wax content of an oil can be reduced to a tolerable level by processing, but 
	extensive dewaxing is costly. Therefore refiners frequently use pour point depres­
	sants as an economical means of producing oils of low pour point without severe 
	dewaxing. The pour point depressants currently marketed are effective at very 
	small concentrations (from 0.02 to 0.2 weight percent). The actual amount used 
	depends on oil composition (selection of blending stocks), the degree of process, 
	dewaxing, andtthe pour point desired. Most of the popular VI improvers also 
	effectively lower the pour point. 
	Pour point depressants probably achieve their performance by preventing the tiny wax crystals from agglomerat:Lng to form the matrix that traps the oil and holds 
	it in a semi-solid condition. 
	ANTI-FOAM AGENTS. The environment in the engine crankcase tends to promote motor 
	oil foaming. As the oil circulates through the engine lubricating system, it 
	becomes thoroughly mixed with engine blowby gases and air drawn in through the 
	breather system. Considerable amount of the oil leaves the connecting rod bearing 
	area by being thrown off against the wall of the block and crankcase, thus subject­
	ing it to break-up and exposure to gases. This continuous aeration can produce 
	oil foaming as well as oil oxidation. 
	Excessive foaming is undesirable because it can impair engine operation by vapor 
	locking the oil pump or reducing the amount of available lubricant at crHical 
	points. Foam can also cause a faulty reading of the oil level in the sump. Only 
	trace amounts (2-10 ppm) of certain chemicals are needed to eliminate the foaming 
	tendency of most oils. 
	ASHLESS ADDITIVES. There is incentive to reduce both octane requirement increase 
	and sludge deposits in light-duty passenger car operation and to combat destructive type pre-ignition in heavy-duty truck operation. This has lead to the development 
	of ashless oil additives. These additives differ from the conventional additives 
	in that they do not contain high melting point metallic compounds which tend to 
	form engine deposits that cause preignition. 
	fuuong the current available ashless additives are: ashless disperants and anti­oxidants. Although not in universal use at the present time, these new additives are finding wider acceptance and have made possible the marketing of oil with reduced ash content. The only additives used in aviation oils are ashless dis­persants and antioxidants. 
	ADDITIVE CONCENTRATION. Concentration of additives in motor oils can vary consider­ably depending on the selection of base stocks, crude source, and viscosity and service classifications that the finished oil mu~~isfy. Generally, more additives 
	are used as the viscosity index level of the oil is increased, or as the API 
	service classification (see Table 8) is made more severe. Additive concentration 
	is based on need to satisfy a given performance. Additive content can be as high 
	as 20% by volume in a high performance oil such as MSgrade. 
	A summary of the various ASTM tests for automotive oils is given in Table 8.. Many of these tests are designed to explore problems arising from autogas proper­.ties. No comparable tests have been established for aircraft engines. The manu­.
	facturers have developed their engines to certify with the ashless oils marketed 
	for aircraft. The low sulfur and low volume of heavy ends in avgas coupled with 
	limited use of the bromine scavenger provide a relatively easy task for the 
	lubricant. 
	ADDITIV~S FOR GASOLINE 
	Today's gasolines are earefully blended using products from a variety of crude oils and refining processes. Processing includes catalytic cracking, catalytic reforming, polymerization, alkylation, hydrocracking, etc. Gasoline produced today bears little resemblence to the forerunners of years ago when most gasolines were produced either by straight distillation to separate the gasoline fractions from the whole crude oil or by thermal cracking of heavy fractions to convert them to hydrocarbons in the gasolin
	Today's refining processes have been developed to perform one or more of the followi.ng functions:· 1) increase the gasoline yield from a barrel of crUde, 2) raise the antiknock qualities of the gasoline, or 3) convert the gases to liquid 
	hydrocarbons boiling in the gasoline range. In catalytic processing the catalysts ope~rating conditions are changed so as to maximize either gasoline or middle distillates. 
	and 

	The demands of the modern highly efficient gasoline engine exceeds what the refin­
	ing processes alone can give. Chemical compounds are required to produce gasoline 
	qualiti.es needed for these engines. Additives and modern refining methods have been combined to give modern gasoline good service performance. 
	ANTIKNOCK COMPOUNDS. Engine knock or detonation is well known and fairly well understood. Knocking causes a very rapid pressure rise and high frequency shock waves that produce a sharp metallic noise in the engine. Knocking also can cause loss of power, poor fuel economy, and higher temperatures in the engine. Severe knock also tends to increase piston ring wear and to cause overheating of valves, 
	spark plugs, and pistons thereby shortening their service life. In some cases, severe knock has a tendency to promote destructive or runaway preignition which can cause engine failure in a relatively short time. Failure can result from holes burned through pistons" broken spark plug insulators, and/or badly burned or 
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	TABLE 8. ASTM TESTS FOR MOTOR OILS (1978 SAE HANDBOOK) 
	-DESIGNATION, IDENTIFICATION AND DESCRIPTIONS OF CATEGORIES 
	-DESIGNATION, IDENTIFICATION AND DESCRIPTIONS OF CATEGORIES 
	Lett.,

	API Engine Service Description 
	API Engine Service Description 
	API Engine Service Description 
	API Engine Service Description 
	API Engine Service Description 
	ASTM En"lne Oil D..cription 

	API Engine Service D.,cripti." 

	ASTM Engine Oil O.scription

	D••lgnallan 

	usual requirements fOf wear ond deposit pro­
	usual requirements fOf wear ond deposit pro­

	Table
	TR
	unlity G.o'01l"8 
	U,ht Duty Diesel 

	SA 
	SA 
	and Di•••1 Engine Service 
	Oil wilttout additive except that 
	CA 
	Engine Service 
	Oil meeting the requirements of 

	TR
	5.-vice typical of engine. operated under such 
	it may contain pour ond/or foam 
	fa< 
	Service typical of die'el engines operot~d in 
	MIL-L-21 O.4A. For use in gasoline 

	mikl conditions thot the protection afforded by 
	mikl conditions thot the protection afforded by 
	depressants. 
	01•••1 
	mild to moderate duty with high quality fuels. 
	and 
	naturally 
	aspirated 
	diesel 

	compounded oils i, not required. Thi' c1onifl.. 
	compounded oils i, not required. Thi' c1onifl.. 
	Engln. 
	Occasionally has included gasoline engines in 
	engines operated on low 
	sulfur 

	cation hal no performance requirements. 
	cation hal no performance requirements. 
	Service 
	mild service_ Oil. deligned for this service were 
	fuel. The MIL-L-210.4A Specifica­

	----j-------------+--~------__11 
	----j-------------+--~------__11 
	widely used in the 
	late 
	19.cO~ and 
	1950s. 
	tion was inued in 195.4. 

	TR
	Minimum Duty Gasolin. En,in_ Service Service typical of engine. operated under luch mild conditions that only minimum protection 
	Provide, lome antioxidant antiscuff capabilities. 
	and 
	These oil. provide protection 'rom bearing corrosion ~d from high temperature deposits in normally ospirated die.el engine. when using fuels of such quolity Ittat they impose no un­


	afforded by compounding is desired. Oil, de· 
	afforded by compounding is desired. Oil, de· 
	tection. 

	signed for this service have been used since the 1930. and provide only an.iscuff capability, and re,i"once to oil oxidation and bearing 
	Moderate Duty Diesel corrosion. 
	c_ 
	c_ 
	Engine Service 
	Oil for use in gasoline and notu· fa, Service typical of diesel engines operared in 
	rally aspiroted die~el engines. 
	mild to moderate duty, but with lower quolity 
	mild to moderate duty, but with lower quolity 
	Includes MIL·L-21 O.4A oils where 

	01...1

	1964 Gasoline Engine 
	1964 Gasoline Engine 
	fuels which necessitate more protection from 

	the diesel engine test was runEn,ine
	the diesel engine test was runEn,ine

	sc 
	. Warranty Service 
	. Warranty Service 
	. Warranty Service 
	Oil mee';ng tt-. 196~-1967 

	wear and deposits. Occasionally has included 

	using high lulfur fuel. Service
	using high lulfur fuel. Service

	S.vice typical of gasoline engines in 196.4­
	requirements of the automobile 
	requirements of the automobile 
	requirements of the automobile 
	gasoline engines in mild service. Oils designed 


	manufacturers. Intended primarily '967 models of possenger cars and trucks 
	for this service were introduced in 19.c9. Such 
	for this service were introduced in 19.c9. Such 
	for this service were introduced in 19.c9. Such 
	for this service were introduced in 19.c9. Such 
	for this service were introduced in 19.c9. Such 
	operating under engine manufacturers war· 

	fOl use in possenger col's. Pro­

	oils provide necessary protection from bearing


	vides low temperature anfislvdge ranties in effect during those model years. Oils 
	corrosion and from high temperature deposits 
	corrosion and from high temperature deposits 
	corrosion and from high temperature deposits 
	corrosion and from high temperature deposits 
	corrosion and from high temperature deposits 
	corrosion and from high temperature deposits 
	corrosion and from high temperature deposits 
	d-signed for this service provide control of high 

	and antirust PElrfarmance. • 

	in normally aspirated diesel engines with higher 

	and loW' temperature d-posits, wear, rust, ond 

	.u1fur 'uels. 


	corrosion i~ gasoline engines. 
	corrosion i~ gasoline engines. 
	Moderate Duty Dielel 
	Moderate Duty Dielel 
	Moderate Duty Dielel 
	Moderate Duty Dielel 
	1961 Gasoline Engine 

	and Gasoline Engine Service 

	Oil meeting requiremenh of MIL­


	CC
	CC
	CC
	SD 


	Warranty Maintenance Service 
	Oi' meeting the 1968-1971 Service typical of gasoline engines in 1968 
	l-2 10.48. Provides low tempera· Diesel 
	l-2 10.48. Provides low tempera· Diesel 
	Service typical of lightly supercharged diesel 
	f""
	requiremenh of the automobile 
	requiremenh of the automobile 
	requiremenh of the automobile 
	requiremenh of the automobile 
	requiremenh of the automobile 
	engines operated in moderate 'fo severe duty 

	ture anti sludge, antirust, and 

	through 1970 modellof possenger carsand some 

	manufocturers.lntended primarily 


	lightly supercharged diesel en­and has included cef'tain heovy duty, gaJaline 
	lightly supercharged diesel en­and has included cef'tain heovy duty, gaJaline 
	Engine
	Engine
	Engine
	Engine
	Engine
	Engine
	Engine
	trucks operoting under engine manufacturers' 

	for use i.n possenger cars. Pro­

	engines. Oils designed for this service were 

	gine performance. The MIL·L­

	Service

	warranties in effed during those modeJ yean. 


	vides low temperature antisludge 
	vides low temperature antisludge 
	vides low temperature antisludge 
	vides low temperature antisludge 
	introduced in 1961 and used in many trucks 

	210.48 specification waJ iuued 


	Also may apply to certain 1971 and/or later 
	Also may apply to certain 1971 and/or later 
	and antirust performance. 

	in 196.4.
	in 196.4.
	and in industriol and construction equipment 
	and in industriol and construction equipment 
	and in industriol and construction equipment 
	models, 01 specified (Of recommended) in the 

	and fOlm tractors. These oils pra..-ide protection 


	owners' manuals. Oils designed for this service 
	owners' manuals. Oils designed for this service 
	from high temperature deposits in lightly super~ 

	provide mOle protection ogainst high and low 
	provide mOle protection ogainst high and low 
	charged diesels and also from rust, corrosion, 

	temperature engine deposits, wear, rust, and 
	temperature engine deposits, wear, rust, and 
	and .law temperature deposits in ·goJaline en­

	corrosion in gasoline engines than oils which are 
	corrosion in gasoline engines than oils which are 
	gines.

	IGtisfactory for API Engine Service Classification 
	If------+---------------+------------­
	If------+---------------+------------­

	SC and may be used when API Engene Service Classification SC is recommended. 
	Severe Duty Diesel ----j-------------+---------__11 CD 
	Engine S.,vice 
	Engine S.,vice 
	Oil meeting Caterpillar Tractor fa. 
	Ser..-ice typical of supercharged dieJel engines 
	Ser..-ice typical of supercharged dieJel engines 
	Co. cef'tirlca,ian requirements lor 


	1972 Gasoline Engine 
	1972 Gasoline Engine 
	1972 Gasoline Engine 
	1972 Gasoline Engine 
	in high speed, high output duty requiring highly 

	Superior lubricanh (Series 3}/or

	Diesel

	Oil meeting the 1972 require­Warranty Maintenance Service 
	effecti..-e control of wear and deposits. Oils 
	effecti..-e control of wear and deposits. Oils 
	effecti..-e control of wear and deposits. Oils 
	effecti..-e control of wear and deposits. Oils 
	Caterpillar diesel engines. Pro­

	Enginlf


	ments of the automobile manu­Service typical of gasoline engines ih possenger 
	designed for this service were introduced in 
	designed for this service were introduced in 
	designed for this service were introduced in 
	designed for this service were introduced in 
	designed for this service were introduced in 
	designed for this service were introduced in 
	designed for this service were introduced in 
	designed for this service were introduced in 
	vides moderately sup~rcharged

	Service 

	cars and some trucks beginning with 1972 and 

	foeturen. Intended primarily for 

	1955, and provide protection from bearing 

	diesel engine perfornlaflce. The 


	us. in possenger can. Providescertain 1971 models operating under engine 
	corrosion and from hi;h temperature depoJits 
	corrosion and from hi;h temperature depoJits 
	corrosion and from hi;h temperature depoJits 
	cef'tiflCation of Series 3 oil was 


	high temperafure antiaxidafjan, manufacturers' warranties. Oils designed fOl 
	in supercharged diese' engines when using fuels 
	in supercharged diese' engines when using fuels 
	in supercharged diese' engines when using fuels 
	estoblished by Caterpillar Tractor 


	low temperafure antistudge, andthis service provide more protection against oil 
	of a wide quality range. 
	of a wide quality range. 
	Co. in 1955 The related MIL·

	antirust performance. oxidation, hi;h temperature engine deposits, 
	l-45 199 specification was iuued 
	l-45 199 specification was iuued 
	l-45 199 specification was iuued 
	l-45 199 specification was iuued 
	rust, and corrosion in gasoline engines than oils 

	;n 1958_


	which are satisfactory for API Gasoline Engine 
	Warranty Maintenance Clossifkat;or1\ SO or Sl and may be used when t!ithN of thest! c1o~si(j catic.\s are recommc"d,·<i. . 
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	TABLE 8. ASTM TESTS FOR MOTOR OILS (1978 SAE HANDBOOK) (tontinued) 
	TEST TECHNIQUES AND pilMARY PERFORMANCE CRITERIA 
	TEST TECHNIQUES AND pilMARY PERFORMANCE CRITERIA 

	LeN.. De••notien 
	LeN.. De••notien 
	LeN.. De••notien 
	Te,' Technique.­
	Primary Performance (,it.r.­
	Letter Delignation 
	Tel' Te<hn/"u..­
	Primary Pe,formonce C,it.riaa 

	TR
	-

	SA 
	SA 
	None 
	Non. 
	SE 
	Sequence IIIC 
	per roting method of CRC Manuol 

	TR
	L·4 
	L-31 
	No. , 
	9.3 

	SI 
	SI 
	L·4 or L·38" Sequence IV 
	BearinG weigh. 1011, mg, mox Com acuff'lng Lifter .cuft' roting, mox 
	500 None 2 
	500 
	Avg oil ring and vornilh rating, min Avg sludge roting, mm 
	6.0 9.0 

	TR
	Ring tticking 
	None 

	Ie 
	Ie 
	Sequenc.1 IIA and iliA 
	Cam and lifter Icuffing A....g Com plul lift.r wear, in 
	None 
	lif'.r tticking Scuffing and weor at 6,. 
	None 

	TR
	mOJl 
	0.0025 
	teot h 

	TR
	Avg rust rating, min 
	8.2 
	Com or lift., ,cuffing 
	None 

	TR
	Avg sludge rating, min 
	9.5 
	Cam plus lift.r wear. in 

	TR
	Avg varnish rating, min 
	9.1 
	Average 
	0.0010 

	TR
	Sequence IV 
	Com scuffing Lifter leuff rating, mox 
	None 2 
	Sequence VC 
	Maximum Avg engine sludge rating, min 
	0.0020 8.5 

	TR
	Sequence V 
	Total engine Iludge rating, min 
	40 
	Ayg pilton Ikirt vornilh rating, min 

	TR
	Avg pilton skirt vornish 
	per rating method of ford 

	TR
	rating, min 
	1.0 
	Motor Co. 
	8.2 

	TR
	Total engine varnish 
	per rating method of CRC 

	TR
	rating, min 
	35 
	Monuol No.9 
	7.9 

	TR
	Avg inloke valve tip 
	Ayg engine yornilh rating, min 
	8.0 

	TR
	wear, in mox 
	0.0020 
	Oil Icreen clogging, -I., mox 
	5 

	TR
	Ring ,ticking 
	None 
	Oil ring clogging, %, max 
	5 

	TR
	Oil ring clogging, -I., max 
	20 
	Comprellion ring Ilicking 
	None 

	TR
	Oil ,creen plugging,·1., max 
	20 
	L·38 
	Bearing weight 1011, mg, max 
	40 

	TR
	L-38" 
	Bearing weight lou, mg max 
	50 
	L-4 
	L-31 

	TR
	L-l (O.95'Y. min ,ulfur fuell 
	Groove No. 1 (top) carbon fill, ·1. vol, max 
	25 
	CA 
	L·4 or L-38b 
	Bearing weight 1011, mg,-max Pi,ton ,kirt vornilh rating, 
	120-135 
	50 

	TR
	Groove No. 2 and below 
	Euentially clean 
	min 
	9.0 
	9.0 

	TR
	L-l (0.35% min 
	Groove No. 1 (top) 

	SD 
	SD 
	Sequencel liB 
	Com and lifter lCuffing 
	None 
	lulfur fuel) 
	carbon fill, % vol, max 
	25 

	TR
	and 1118 
	Avg cam and lifter wear, in 
	Grooye No.2· and below 
	Euential.ly clean 

	TR
	mo. 
	0.0030 

	TR
	Avg rUlt rating, min 
	8.8 
	CI 
	L-4 or L·38b 
	Same 01 CA 

	TR
	Avg Iludge rating. min 
	9.6 
	L·l (0.95% min 
	Same 01 CA, except 

	TR
	Sequence IV 
	Avg varnilh rating, min Cam scuffmg 
	9.6 None 
	,ulfur fuel) 
	Groove No. 1 (top) carbon fill, ·1. yol, max 
	30 

	TR
	Lifter $Cuff rating, max 
	1 

	TR
	Sequence VB 
	Total engine ,Iudge rating, 
	CC 
	L-38 
	Bearing weight Ion, mg, max 
	50 

	TR
	min 
	42.5 
	Pi'ton ,kirt varnilh rating, 

	TR
	Avg piston skirt varni,h 
	min 
	9.0 

	TR
	roting, min 
	8.0 

	TR
	Totol engine varnish rating, 
	LTD Mod. LTD 

	TR
	min 
	37.5 
	LTD or Modifled 
	Pilton skirt \"arnish rating, 

	TR
	Avg intake valve tip wear, 
	min 
	1.5 
	1.5 

	TR
	in max 
	0.0015 
	LTD" 
	Total engine varnilh rating, 

	TR
	Oil ring clogging, .1., max 
	5 
	min 
	-
	42 

	TR
	Oil Jereen plugging, lIf., max 
	5 
	Total engine ,Iudge rating, 

	TR
	L-38' 
	Bearing weight Ion, mg max 
	40 
	min 
	35 
	42 

	TR
	Qil ring plugging, .1., max 
	25 
	10 

	TR
	L-l 
	l-H 
	Oil Jereen clogging, ~., max 
	25 
	10 

	TR
	L-l (0.95% min) lulfur 
	Groove No. 1 (top) carbon 

	TR
	fuel)' or l-H' 
	fill, -I. vol, max 
	25 
	30 
	IIA 
	118 

	TR
	Groove No. 2 lacquer 
	Sequence IIA 
	Avg engine rUlt rating, 

	TR
	co\"erage, % area, max 
	-
	50 
	or 118b 
	min 
	8.2 
	8.2 

	TR
	Graa\"e No.2 and below 
	Enen· 
	-
	l·H 
	Groove No. 1 (top) 

	TR
	tiolly 
	carbon All, ". vol, max 
	30 

	TR
	clean 
	Groove No. 2 lacquer 

	TR
	Land No. 3 and below 
	-
	Enen· 
	coverage, -I. area, mo. 
	50 

	TR
	tially 
	Land No. 3 and below 
	Enentiolly clean 

	TR
	clean 

	TR
	Falcon{' 
	Avg engine rylt rating, 
	CD 
	1-0 
	Groove No. I (top) 

	TR
	min 
	9.0 
	carbon fiU, % val, max 
	15 

	TR
	Groove No. 2 and below 
	Enentially clean 

	51 
	51 
	ISequence 118 or IIC 
	Avg engine rust rating, min 
	118 8.9 
	IIC 8.4 
	I·G 
	Groove No. 1 (tap) carbon fill, ·1. val max Land No. 2 carbon and 
	60 

	TR
	Sequence IIIC 
	Viscolity increa,e at 
	lacquer coveroge, lIf. area, 

	TR
	100'F and 40 te,t h, %, 
	mOll 
	50 

	TR
	mo. 
	400 
	Groove No. 2 carbon and 

	TR
	Avg engine rotingl at 6" 
	lacquer coveroge, % area, 

	TR
	te,t h 
	mOll 
	30 

	TR
	Avg pi,ton ,kirt varnilh 
	Lond No. 3 and below 
	Euentiolly dean 

	TR
	rating, min 
	L-38' 
	Bearing weight loll, 

	TR
	per rating method of 
	mg, max 
	50 

	TR
	CRC Manual 
	Avg piston varnish ratinG, 

	TR
	No.1 
	9.5 
	min 
	9.0 


	72. 
	72. 

	I ........ -,.., DI.~I.c.",...' TYIIO T.r.l, h 10' .",' --­l·4 l6 216 3540 36 --­l·31 ~ 42.5 696 40 I-----m-~· --­l-31 IR.vi••~1 Sin,l. 42.5 LTD I Sina'. 42.5 1 696 ~ Modiried~ Sina'. 42.5 696 110 Sequence' I VI 394 6456 5 ~uen~_II__ V8 394 6456 30 Sequence "' VI 394 6456 1­40 Sequence 11" VI 394 6456 22 -----­I .sequence iliA V8 394 6456 40 Sequence "' VI 425 6964 24 ----­---­Sequence IIC V8 425 6964 32 -_.------­Sequence lUI V8 425 6964 56 Sequence IIIC V8 I~--I~ 64 S.qu~."c. IV VI 361 5916 24 ISequence V
	TABLE 8. ASTM TESTS FOR MOTOR OILS (1978 SAE HANDBOOK) (Continued) 
	GASOLINE ENGINE Tun 
	GASOLINE ENGINE Tun 
	Tim. 
	L..~ ,,,.I'lew 
	'emper.lur. 
	I 
	Ip..... I 
	1 
	Coolon' 
	Coolon' 
	Oil 

	. r~", I
	E.ch 
	kW 
	1~/h
	1~/h
	~hll 

	I Nih
	I Nih
	Pha.. 

	·f 
	·C 
	1 
	·f I ·C 
	----._----­
	--~
	-

	30 
	30 
	22.4 

	3150 200_~ 280 
	~ 
	3lS0 200 93.3 
	143.3 4.5-5.0 
	I 20.0-22.2 

	4.5-5.0 
	I 20.0-:­

	290 
	143.3 47 
	3lS0 200 93.3 
	290 
	1100 ~I~
	20.9
	~~~ -1= 
	4.7 
	20.9
	47 
	20.9 
	3 I
	1
	1
	hh 

	4.7 

	20.9. 10 min -2-1 __3_h___25__ 11.6. 
	1.5. 

	15 63.4. 20h 25. 
	11.6 
	2h 
	2h 
	25 

	11.6 
	I
	15 
	63.4 ______ 20 h 
	25 
	25 
	11.6 

	25
	25
	25
	2h 

	11.6 

	2h 
	100 
	74.6. "21 h. 
	25 
	25 
	11.6 

	25
	2h 
	18.6
	2h 
	100 
	74.6 
	I 

	I 
	7h 
	100 
	100 
	74.6 

	H 
	100 
	74.6 100 
	I 
	~ 
	2h 
	Non. 
	Wone 
	2h 
	I 
	.45 min 
	Hona 
	None 
	2h 
	105 
	78.3 
	I

	75 min 
	105 
	~ 
	.4, min 
	Non. 
	Non.
	2h 
	86.6 
	64.6 
	75 min 
	~ 
	~ 
	2h 
	2h 
	64.6

	B6.6 
	75 min 
	86.6 
	64.6 
	045 min 
	2 
	__'_.5_
	min 
	.4, 

	Hon. 
	None 
	2h 
	30.9 
	23.0 
	I 
	Evaluation 
	I 
	lUI' and 
	S1udg. Varnish Wear 
	S1udg. Varnish Wear 
	Corrollon 

	I~ 200 ~------­1100 120 48.9 1100 200 93.3 I I 2500 95 --35--~ 4B.9 lSOO 95 35 _120· .~ 3400 200 -93.3 265 129.4 1500 95 35--~ 4B.9 lSOO 120 -~.!-~-4B.9 3400 . 200 ~~ 129.4 lSOO 105 40.6 120 4B.9I 1500 120 4B.9 120 4B.9 3600 200 93.3 275 135.0 1 1500 110 43.3 120 4B.9 1500 '20 4B.9 120 48.9 3600 200 93.3 260 126.7 3600 150 65.6 200 93.3 3600 200 93.3 275 ~ 3000 245 118.3 300 14B.9 3600 110 82.2 220 104.4 0 55 12.B Not controlled --­500 115 46.1 120 4B.9 2500 125 51.7 175 79.4 2500 170 _76'71~ 96.1 500 115 4
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	warped valves. 
	A variety of antiknocks are currently available and their selection is dependent upon fuel composition, engine design, operating conditions, transmission type used in vehicles, etc. Tetraethyllead has been the principal antiknock, and was the only antiknock used commercially in the u.s. until 1959. In 1959 a managanese anti­knock (methylcyclopentadienyl maganese tricarbonyl) was introduced either as a synergist or supplementary antiknock agent for TEL or as an antiknock to be used alone. In 1960 a more vola
	In the recent past the variety of cars to be satisfied has become greater than ever before, ranging from high performance, automatic transmission models to compa1ct and foreign models with manual transmissions. During the same period the introduction of new refining methods has created a wider range of available hydro­carbons for use in gasoline blending. The availability of a number of antiknocks enabl,es refineries to tailor blend a selected antiknock compound and their particu­lar hydrocarbon components 
	Because TML is more volatile than '1'EL (TML boils at 23) OF vs. 390°F for TEL) it reaches the cylinders more readily and follows the gasoline more readily than TEL during rapid engine acceleration. Also because the boiling point of TML is closer to the midrange of commercial gasolines it tends to distribute to the individual cylinder in proportion to the gasoline thereby supplying antiknock quality more uniformly. 
	Mixed-lead alkyls were introduced to provide a range of antiknocks having both compositions and volatilities intermediate to those of either TEL or TML. The 
	same :is true with physical mixtures of TEL and TML. The mixed-lead alkyls are available as triethyl methyllead (MLA 2~), diethyl dimethyl lead (MLA 500) and ethyl trimethyl lead (MLA 750). These mixed-lead alkyls are actually equilibrium mixtures of the two basic antiknocks TEL and TML. 
	The physical mixtures are available in ratios such as 25% TEL and 75% TML, a 50/50 mixture and a 75% TEL and 25% TML. 
	The various antiknocks and mixtures make available a wide variety of combinations, and again fuel composition largely determines how effective these compounds will be. Specifications for avgas permit use of TEL as an antiknock. Some autogas employs TEL, but unleaded grades have used other materials including ethanol and higher 
	The various antiknocks and mixtures make available a wide variety of combinations, and again fuel composition largely determines how effective these compounds will be. Specifications for avgas permit use of TEL as an antiknock. Some autogas employs TEL, but unleaded grades have used other materials including ethanol and higher 
	alcohols as antiknock. components. 

	When a gasoline containing antiknock alone is burned in a spark-ignition engine, it produces non-volatile combustion products. Therefore, commercial antiknock fluids contain scavenging agents -combinations of ethylene dibromide and ethylene dichloride and in the case of aviation gasoline, ethylene dibromide alone. These transform the combustion products of the antiknock into forms that vaporize readi­ly from hot engine surfaces. Scavengers are included as a part of any antiknock compound containing lead. 
	Earliest antiknock compound formulations were based on use of ethylene dibromide as the scavenger. Interest in the use of ethylene dichloride as a scavenger developed when it appeared the world supply of bromide was being used at a rapid rate. It was determined through extensive automotive testing that a combination of EDB and EBC was actually better on a cost performance basis than EDB alone. The change to a mixture of EDB.and EDC occurred in the 1930's for automotive gasolines. At that time ethylene dibro
	An antiknock compound based on methyl cyclopentadienyl manganese tricarbonyl (MMT) has found use in some applications as a complimentary antiknock which promotes the 
	antiknock value of TEL. Adding a very small amount of this manganese compound to leaded gasoline provides a synergetic (greater than proportional) gain in octane numbers. An antiknock compound mixture, Motor 33 Mix, sold by the Ethyl Corpora­
	tion uses a small amount of MMT along with TEL. 
	MMT can also be used as a primary antiknock compound to increase octane rating of 
	gasoline when lead is not desired. It is used in small concentrations and can 
	produce up to 4 octane numbers improvement at a concentration of only 0.25 grams 
	per gallon. The octane improvement depends on gasoline hydrocarbon composition, 
	working best in highly paraffimcgasolines. MMT has never been ~sed in avgas and is no longer used in autogas for emission control reasons, at least in the unleaded 
	grades. 
	DEPOSIT MODIFIERS. Deposit modifiers combat surface ignition and spark plug foul­ing by altering the chemical characteristics of combustion chamber deposits . 
	.. 
	Phosphorous compounds are widely used as deposit modifiers. These additives sup­press surface ignition by raising the temperature required to initiate glowing of deposits and by reducing the rate of heat release from oxidation of deposits. Phosphorous compounds are limited in unleaded autogas since phosphorous deteriorates the efficiency of catalytic converters. They are not used in avgas. 
	SURFACE IGNITION. Surface ignition or deposit ignition occurs when the fuel/air 
	charge is ignited by hot spots within the combustion chamber, most of the time 
	from glowing deposits. To the motorist surface ignition usually causes a sporatic 
	high frequency knocking called "wild ping" or a low frequency noise, similar to 
	that produced by bad main bearings, called rumble. Wild ping results when the 
	surfac:e ignited flame front causes the pressure and temperature in the unburned 
	portion of the fuel/air change to rise much faster than in normal combustion. Con­
	seque[~ly, the unburned fuel/air mixture is stressed far beyond its antiknock 
	quality and knock results. Rumble on the other. hand, is a form of non-knocking 
	combustion. It occurs when ignition from a number of sources produces a very 
	rapid pressure rise and high-peak pressures during the combustion (34) .. 
	In extreme cases, surface ignition can heat deposits or engine parts to a point where ignition occurs progressively ea~lier (preignition) in the cycle. Such 
	runawe.y preignition can burn holes in pistons or seriously damage exhaust valves 
	and fe.ces within minutes. 
	Spark plug fouling is covered·in some detail in another section of this report, 
	but it is mentioned here because the same compounds which are effective in suppres­
	sing surface ignition and rumble are also effective in reducing spark plug fouling. 
	Refere!nce 23 discusses performance of specific alkyl and aryl phosphorous compounds which are effective in a11ievating surface ignition and spark plug fouling, and 
	have been used extensively commercially. 
	ANTIOXIDANTS. Antioxidants are added to gasoline to provide storage stability (retard the formation of gum and precipates) by delaying the oxidation of both reacti.ve hydrocarbons in commercial gaso1ines and other materials, such as lead add~ to the gasoline. There are many variables which affect the length of time that gasoline can be stored deterioration~ Variables such as crude source, olefinic content, sulphur content, and additive treatment can all influence the storage sta­bility of gasoline. Other fa
	alkyl antiknocks and manganese compounds that may have been 
	without unacceptable 

	Gums fbrm in gasoline when the unstable hydrocarbons combined with oxygen (oxidize) or pol.ymerize with each other. Gum formation, in addition to the variables mention­ed above, can be influenced by storage temperature, extent to which air is present, and length of storage. When gum is formed it produces a varnish-like deposit that tends to coat and clog fuel lines, carburetor jets, and intake manifolds, and may cause intake valves to stick. In severe cases it can increase exhaust system deposits significan
	In many cases the stability of gasoline can be improved by various refining treat­ments but more often than not, it is economical to use an antioxidant to accomplish the same purpose. 
	The insoluble precipitate that can form when a lead antiknock decomposes is promot­ed by the presence of trace amounts of copper or peroxide in the gasoline. In addition to loss of octane quality, one consequence of the insoluble precipitate is the possibility of fuel line filter pluging. The same antioxidant which pro­tects the gasoline itself is also effective in preventing the decomposition of lead antiknocks. When antiknock decomposition does occur, only a small fraction is involved even though there ap
	Many gasoline antioxidants are available. The most common are alkylated phenols and amines. In recent years there has been a trend toward the use of alkylated phenols and reduced used of phenyline diamine types. This has been due to a gradual change in gasoline composition (lower olefin content) and increase in use of catalytic desulphurization processes which tend to eliminate the need for inhibitors or inhibitor sweetening. Amine type inhibitors permit inhibitor sweetening whereas the phenols do not. Thes
	METAL DEACTIVATORS. It is known that only trace quantities of many metals will catalyze the oxidation of gasoline. Of the several metals having this property, copper is by far the most important. Trace quantities of copper can get into fuel systems by way of some sweetening processes and from contact of refinery 
	streams with brass fittings, copper lines and numerous copper-containing alloys. The presence of as little as 0.1 ppm of soluble copper can have a considerable effect on gasoline stability. In fact, the effect can be so great that even the most effective antioxidants cannot provide adequate stability by themselves. Additives have been found that will effectively destroy the catalytic activity of the dissolved metal. These additives are referred to as metal deactivators and they function by formation of a st
	is inactivated and has no catalytic effect on oxidation. The use of 

	ANTIRUST AGENTS. Rusting can be a problem in fuel systems and in tanks, pipe­lines, and tankers used to bring the gasoline to the motorist. It is not only costly to the petroleum transportation people, but can cause the motorist trouble in the form of leaky gas tanks, plugged gasoline filters, faulty carburetion, etc. In recent years the automobile carburetor has become more complex, making it more critical to dirt and requiring finer gasoline filters. Rust particles lodging in the needle valve or jets of a
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	Rusting is promoted by water which can enter the car and/or gasoline transportation 
	and storage system by condensation or gross contamination. Sea water is particular­ly hElrmful and is a constant problem where gasoline is transported by sea. It is 
	difficult to keep water out of a gasoline system even though considerable effort 
	is made to keep the systems dry. Consequently most gasolines contain considerable water which often forms a separate layer on tank bottoms. 
	Several types of hydrocarbon soluble compounds are used as rust inhibitors. Most 
	gasolines including avgas contain them and these inhibitors are often put in the 
	gasoline at the refinery. Compounds which can impart antirust properties to a 
	gasoline include various fatty amines, sulfonates, alkyl phosphates, and amine 
	phosphates. Several of these compounds, including the fatty amines, not only 
	inhibit rust but have antiicing and carburetor detergency properties. Most of 
	the above additives act by coating metal surfaces with a very thin protective film 
	which keeps water from contac.ting these surfaces. The fatty amines impart good 
	surfa~ce active properties to gasoline and thus reduce carburetor icing, icing in 
	fuel lines and build up of carburetor deposits. 
	\. 
	ANTIICING AGENTS. Ice can interfere with engine operation either by plugging fuel 
	lines or by upsetting carburetion. Fuel lines can be plugged by ice crystals 
	presemt in the fuel. Carburetor icing however is caused by freezing of the water 
	vapor in the air which the engine inducts. The vaporization of gasoline in the 
	carburetor venturi cools the adjacent parts during the period while the engine is warming up. These parts, under some atmospheric conditions, can become cool 
	enough to condense water from the incoming moist air and form ice in the carburet­
	or. When sufficient ice has accumulated at the throttle plate, stalling of the 
	engine during idle can occur. Ice, buildup in the venturi can reduce power under 
	high load conditions. The most critical conditions are ambient temperatures of 
	about 40°F and relative humidity of above 60% (23). 
	It has been shown that the throttle plate temperature in ambient conditions of 
	about 40°F, 100 humidity, will decrease to a value in the neighborhood of 5-7°F, 
	and can accumulate large quantities of ice which tend to cut off the air supply 
	to the engine when the throttle is closed. Usually this condition will persist 
	until the engine and intake system have fully warmed up. Figure 16 shows some 
	test results and the influence of fuel volatility. High volatility promotes 
	icing. 
	Another type of carburetor icing referred to as "running icing" or turnpike icing 
	is a build up of ice in the carburetor venturi and this tends to act as a choke 
	cons~derable loss of power and fuel economy due to rich mixtures. 
	and cause 

	There are two types of carburetor antiicing additives: freeze point depressants 
	and the surface active agents. Freeze point depressants act as antifreezes and 
	are generally of the alcohol or glycol-type materials. Surface active agents 
	are described in the paragraphs above. 
	Some freeze point depressants and to a lesser extent, the surface active agents 
	are also effective in preventing ice plugging of fuel lines. Some surface active 
	agents have been ~sed specifically for the purpose of preventing this class'of 
	problem. It has been suggested that the surfactants act by coating the ice parti­
	cles and carburetor walls so that they will not cling together or agglomerate. 
	Thus the tiny particles proceed through the intake system unimpeded. Antiicers 
	are not regularly used in avgas. Some experimental antiicers have been developed 
	for avgas however. 
	DETERGENTS. Basically two classes of detergents are used in autogas. One is 
	designed primarily for keeping carburetors clean or cleaning up dirty carburetors 
	and the other is commonly referred to as the extended type. The most common 
	detergent used is the one for keeping the carburetor clean. 
	The detergent designed for carburetors alone functions because it prevents the 
	accumulation of or causes the temoval of carburetor deposits in the throttle body 
	area. Such deposits are formed mostly during idle operation and arise from air­
	borne contaminants drawn into the carburetor, and deposited on the inside surface 
	of the throttle body just below the throttle plate. These deposits interfere with 
	the air flow past the edge of the throttle'plaX.e and richen the air-fuel ratio 
	during low speed and light-load operation. This produces rough idle, frequent 
	stalls, and reduced performance and economy. These deposits by virtue of causing_ 
	the carburetor to run richer also increase unburned hydrocarbons and carbon monoxide emissions. Use of detergents reduces the need for carburetor adjustment. 
	The effectiveness of these detergents stem from their surface active properties. 
	Such detergents include amines and alkyl amine phosphates. 
	Detergents referred to commonly as the extended range type are designed to not 
	only clean carburetors, but also the underhead area of the intake valves, intake ports, and in some cases, positive crankcase ventilator. Detergents are not used 
	in avgas because the periodic overhaul eliminates the need for them since critical 
	parts are cleaned at that time. 
	UPPER CYLINDER LUBRICANTS. Some refineries use light lubricants as gasoline addi­tives to help lubricate cylinders and top piston rings, to reduce valve and ring sticking, and to reduce intake system deposits. These upper cylinder lubricants are usually light mineral oil or low viscosity naphthenic distillates. In some cases they are compounded so as to provide some detergency in the engine crankcase. These oils tend to remain liquid in the intake system thereby keeping the contami­nants in solution or in s
	DYES. Dyes are added to all gasolines for a number of reasons including indicat­ing the presence of lead antiknocks, to promote sales appeal, to identify various makes or grades of gasoline and to conform with the laws of some states which 
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	• 
	• 
	require that fuels used for off-highway purposes have a different and distinct color. Gasoline dyes are hydrocarbon soluble organic compounds. Concentrations 


	in gasoline depend on the intensity of the color desired to meet a color standard 
	(this is influenced by the color of the base gasoline). 
	Most unleaded gasolines require a dye to produce a water-white appearance. The 
	selection of blending compounds for unleaded gasoline is the determining factor whether the dye is needed or not. Dyes are required in avgas. 
	OXGENATED FUEL BLENDING AGENTS. Over the years there has been much time and effort expended in the possible use of several of the alcohols for automotive and aircraft purposes. Both ethanol and methan~have good antiknock properties and they are in the gasoline boiling range. Use of alcohol as fuels or as blending agents in fuels 
	has occurred to a very limited extent, mostly because of cost performance or prob­
	lems associated with their u~e. It is believed there has been greater use of alcohols in foreign countries than in the U.s. In most cases, use in foreign countries was legislated, usually because of an excess of raw materials for making the alcohol or an excess of alcohol itself. 
	The !:J.se of alcohols in aviation gasolines in the past has generally been limited to 
	injection of blends of water-alcohol during take-off to increase knock-limited power. Water-alcohol injection provided cooling in the combustion chamber and the alcohol provided some antiknock quality. These were generally not used during cruise condi­tions. The quanity of water-alcohol blend was limited to that needed for take-off and elimb. 
	The alcohols are hydroscopic and qave an affinity for water with methanol more 
	hydroscopic than ethanol. This has been one of the main drawbacks associated with the use of alcohol in automotive service. In the past it has been found that alcohol, in particular methanol, was prone to preignite and in some cases could cause serious preignition. 
	Another major problem associated with methanol-gasoline blends is corrosion of the ternplate lining of the vehicle fuel system and attack by methanol of magnesium and some aluminum. Methanol and ethanol have an effect on many of the elastomers used in the current passenger car. A common problem is increased swelling of gaskets and seal materials compared with gasoline alone and deterioration ,of celluar foam floats. 
	In recent years because of the energy problem and high cost of crude there has been considerable interest in use of ethyl alcohol in autogas to conserve energy. Ethanol is now being widely used in Gasohol -a term copyrighted by the state of Nebraska for 10 vol.% alc~hol plus 90 vol.% unleaded gasoline. 
	In the absence of recalibration of the carburetor, alcohols tend to lean out mixtures, causi.ng engine roughness. Starting and warm-up characteristics are deteriorated in the \oJ'inter and possible vapor lock is enhanced in the swrnner. 
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	Ethanol and water are miscible in all proportions and dry ethanol and gasoline are likewise miscible. On the other hand, gasoline and water are essentially immisc­ible. A mixture of alcohol, gasoline and water can remain as a mixture in relative­ly narrow limits of composition. Outside of these limits, separation occurs. With­out going into technical details this can cause problems because the alcohol and water tend to go to the bottom and gasoline will remain at the top. In a large storage container and wi
	The potential problems of poor engine performance and fuel system deterioration tend to preclude consideration of any autogas blended with ethanol or methanol to 
	a level more than about 5%. These problems are solvable but extensive research on materials is required. 
	In addition to methanol and ethanol mentioned above, there are some recent develop­ments in other oxygenates. Getting special attention are: 1) tertiarybutyl alcohol, or t-butyl alcohol or t-butanol (TEA) and 2) 2,methyl,2-butyl ether (MTBE) (19). 
	TEA has been used in this country for a number of years by companies who produce it 
	in large volume as a byproduct from acetone manufacture. They blend it into gaso­
	line as a convenient way of disposing of a chemical which is in over supply. MTBE 
	has been manufactured and used in gasoline in Italy and Germany for some time. Manufacture has now begun in the United States. 
	EPA has approved the use of 50/50 methanol/t-butanol, t-butanol alone, and MTBE up to 7 volume %, and ethanol up to 10% volume. 
	A review of the antiknock characteristics of the oxygenates would lead one to believe there is much incentive to use them for antiknock purpo~es. With increasing use of unleaded gasoline, there is considerable competition for the high octane unleaded gasoline components such as alkylate and reformates. Some of the alcohols have drawbacks that are inescapable. MTRE shows considerable promise even though methanol is used in its manufacture. MTRE does not produce any problems when blend­ed into gasoline and al
	The distillation curve of mixtures of gasoline and alcohol have a rather unusual shape because alcohols and hydrocarbons form azetropic mixtures, or lower boiling mixtures than would be expected from their individual boiling points. Thus, es­sentially all the alcohols are removed at the midpoint and the balance of the curve 
	is nearly the same as for gasoline alone. Reid pressures andV/L ratios are great­ly increased. 
	MTBE does not form azetropic mixtures with hydrocarbons. The distillation curve of a mixture tends to follow that of a normal gasoline. This is true notwithstand­
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	ing the fact MTBE has a lower boiling point than that of either methanol or ethanol. This means that MTBE distills throughout the boiling range of the gaso­
	line. 
	Water separation is not a problem with either t-butanol or MTBE. These larger molecules have a greater ratio of organic carbon atoms and are less soluble in water. 
	In summary, the use of oxygenates in autogas has been increasing. This further complicates consideration of autogas as a substitute for avgas. Information is needed on any harmful effects of these fuel additives in aircraft fuel systems. At present there is no reliable information related to aircraft fuel system performance and thus any positive recommendation with respect to such blending agents is not possible at'this time. 
	SUMMARY 
	SUMMARY 

	In the preceding sections several problems were discussed associated with matching gasolin.e fuels to engines. Much information is available for automat i ve systems and relatively little for aircraft. Table 9 summarizes the problems discussed and 
	indicates differences between avgas and autogas and the nature of the problem. In terms of antiknock quality, all autogases meet the lean requirement of Grade 80/87 avgas and probably meet the rich requirement as well, but this cannot be proven at this time. Autogas antiknock quality is far too low to satisfy the higher avgas grades. In one problem area only is there a large difference between avgas and autogas, that is vapor lock. with the exception of icing the other problems are relatively moderate and m
	Filter and fuel line freezing problems can be alleviated by the addition of anti­icers and by careful draining of tank bottoms. Carburetor icing can be controlled by suitable air preheating, a common practice on modern automobiles. 
	The vapor lock problem is most difficult to solve. In terms of fuel metering two possibilities present themselves. One is to fully and continuously evaporate the fuel prior to metering and thus entirely circumvent the problem associated with metering evaporating fluids. For this, a separate system is required for starting and warm up until exhaust heat is available for vaporization. The other possibility is to employ high pressure individual cylinder fuel injection or si ngle point injection above the throt
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	TABLE 9. 
	TABLE 9. 
	TABLE 9. 
	PROBLEM SEVERITY COMPARISON 

	TR
	Severity Difference 
	Suddenness 

	TR
	Problem 
	Between Autogas and Avgas 
	of Onset 

	Immediate or 
	Immediate or 
	Short Range 

	Knock 
	Knock 
	Little 
	Rapid 

	Preignition 
	Preignition 
	Moderate 
	(worse) 
	Very rapid 

	Deposit ignition 
	Deposit ignition 
	MOdeFate 
	(worse) 
	Rapid 

	Vapor lock 
	Vapor lock 
	Large (worse) 
	Rapid 

	Icing 
	Icing 
	-carburetor 
	Moderate. (worse) 
	Rapid 

	filters & 
	filters & 
	lines 
	Moderate 
	(worse) 
	Rapid 

	Cold 
	Cold 
	start 
	Moderate 
	(better) 
	Rapid 

	Hot 
	Hot 
	restart 
	Moderate 
	(worse) 
	Rapid 

	~ 
	~ 
	Spark plug 
	Moderate 
	(better with unleaded) 
	Rapid 

	TR
	(worse with leaded) 

	TR
	Fuel safety 
	Little 
	Rapid 

	TR
	Long Term 

	TR
	Drivability (maldistribution) 
	Moderate 
	(worse) 
	Continuous 

	TR
	Valve 
	sticking and wear 
	. 
	MOderate 
	(worse) 
	Very gradual 

	TR
	Compatibility with materials and corrosion 
	Moderate 
	(worse) 
	Very gradual 

	TR
	Lubrication and wear 
	Moderate 
	(worse) 
	Very gradual 

	TR
	Storage instability 
	MOderate 
	(worse) 
	Rapid 


	adquate systems of either type. 
	The Vf~por lock problems associated with fuel line and pump volume can be alleviated by a c:ombination of: 
	~~. larger diameter lines 
	b. 
	b. 
	b. 
	b. 
	in-tank pump 


	e. 
	e. 
	routing of lines for minimum heat pick-up 


	Centrifugal in-tank pumps have good potential for minimal suction pressure drop, 
	high pressure and high flow. Perhaps more than one stage is required depending on presst~e requirements or two pumps in series of different design. 
	By eml)loying advanced technology, future aircraft may be built to be insensitive thE~ widely varying properties of autogas, properties whose variations appear to be increasing as refiners attempt to improve refinery efficiency. The use of 
	to 

	oxygenates as supplements in autogas opens up a new degree of autogas variation and 
	is likely to introduce severe material problems both in automobiles and aircraft whose materials have not been selected for use with these blending agents initially. 
	Use of automotive oils with their greater capability for neutralizing acids and their improved detergent and dispersant properties could alleviate problems produc­
	ed by increased sulfur and higher volumes of high boiling point constitutents in 
	autog~LS. However, the high blowby and oil consumption rates of aircraft-engines must be reduced through improved design to minimize oil contamination and to mini­mize combustion chamber deposits from the ash-forming additives of automotive oils. A Waru,el engine has an advantage in this regard in that the lubricating oil is 
	isolated from the blowby. 
	In order to provide a basis for change it may be desirable to design a standard 
	fu~l system certification test. Such a test may be similar in concept to the ASTM Sequence Test for automotive lubricants, but rather employ standard lubricants and standard test fuels representative of the extremes of expected autogas propert­
	ies and composition. Engines and fuel systems thought to be most sensitive would be used as test beds. Obviously considerable effort will be required to design 
	app:topriate tests, but in the absence of established procedures as a baseline, it will be difficult if not impossible to effect any change in the status quo. 
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