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EXECUTIVE SUMMARY

A series of ailrcraft piston engine .tests were conducted on a dynamometer located
at the Federal Aviation Administration {FAA) Technical Center. These tests
examined the effect of the various control variables on the occurrence of vapor
lock., Specific items investigated were initial tank temperature, fuel flow rate,
fuel system configuration (gravity feed versus suction feed), fuel heating
technique, fuel aging, ambient air temperature, and the differences between
carbureted and injected versions of the same engine, The results from these
tests are combined with an analysis of data from flight tests conducted at
Woodbine, New Jersey, to establish the following conditions as the worst case for
vapor lock testing with automobile gasoline (i.e., most likely to result in vapor
lock) :

1. Takeoff fuel flow.

2. Initial fuel temperature between 38 and 43 degrees Celsius (100 to
110 degrees Fahrenheit).

3. An ambient air temperature of 29 degrees Celsius or higher (85 degrees
Fahrenheit).

4, Engine operating temperature typically found after a period of prolonged
idling or a hot soak.

5. ASTM Class E (winter grade) fuel 1f rhe testing is to be conducted with
autogas, minimum Reid Vapor Pressure of 13.5 psi.

Other observations based on these tests include:

1. The technique used to heat the test fuel has no effect on the vapor lock
behavior provided fresh fuel is used and the fuel is heated within three hours.
Agitation of the fuel should be kept to a minimum, especially after heating.

2. In peneral, the higher the Reid Vapor Pressure, the greater the tendency
to vapor lock, This effect can be masked by the blending or refining technique
used by the supplier, such as, by the addition of additives or other components.

3. A system which will not vapor lock on avgas can be made to vapor lock on
autogas. Consequently, the hot fuels test need only be run using autogas if the
aircraft is to be certified for both avgas and autogas,

4. Evaporation and fuel venting can result in the loss of 33 percent
of the fuel in a tank when using autogas, which will significantly affect
aircraft range,.

5. Fuel system incompatibility with autogas may result in minor problems,
e.g., the o-rings in the fuel selector swelled, making the selector more
difficult to operate.

viii



The Motor Octane Number (MON) of an autogas 1s directly related to the onset of
detonation in the test engine. The relationship between the Research Octane
Number and detonation is not as well defined as it 1s for the MON. Detonation
was observed in the test engine (designed for 91/96 avgas) at what would be a
normal cruise power setting when using regular unleaded autogas.

1x






ITNTRODUCTION

The FExperimental Aircraft Assoclation (EAA) and other organizations have actively
pursued obtaining Supplemental Type Certificates (5TCs) which allow the use of
automobile gasoline (autogas) In low compression alrecraft engines., Typically,
the aircraft which qualify for these STCs are older aircraft whose engines were
originally certified for 80 octane aviation gasoline. The driving force behind
these STCs is the reduced availability of 80 octane aviation gasoline and the
large price difference between aviation gasoline (avgas) and autogas.

As the price differential between avgas and autogas grows, there 1s increasing
pressure to substitute autogas for other grades of avgas. This ralses a number
of questions which need to he answered. The broader distribution of constituents
in autogas, when compared with avgas, tends to increase the Reid Vapor Pressure
(RVP) of the fuel, which in turn adversely affects the amount of vapor formed in
the aireraft fuel system. The lower initial boiling point associated with
autogas means that vapor will be formed at lower temperatures than with avgas and
the use of 110 degree (9) Fahrenheit (¥) fuel during the certification of
aircraft (Federal Aviation Regulation 23,961) may not apply when certifying an
aircraft with autogas. The octane rating techniques differ between avgas and
autogas, and the ratings typically associated with autogas may not apply to
alrceraft engines. As the fuel ages, autogas will lose a greater percentage of
its constituents than avgas, and there 18 the poseibility that this loss will
adversely affect the octane rating.

The Central and New England Regions of the Federal Aviation Administration

(FAA), who are responsible for the certification of general aviation aircraft and
their engines, requested through the Office of Aviation Standards that a program
be initiated at the FAA Technical Center which would address these concerns. In
response, the Technical Center conducted a number of tests utilizing a
dynamometer, a Lycoming 0-320, and a Cessna 172 fuel system to investigate the
effects fuel temperature, engine cooling air temperature, tank fill level, and
fuel system configuration on the tendency to vapor lock.

The technique for heating the fuel in the aircraft tanks was investigated as were
the effects of long- and short-term storage on the characteristics of autogas.

In conjunction with these studies, the tendency to detonate on autogas was
investigated, and the results were correlated with the octane number of the fuel.

Select data from a series of flight tests conducted prior to the Inception of
this program were analyzed with the intent of identifying the effects of the
operational mode on the fuel temperature in two representative general aviation
aircraft.

This report summarizes the results from these tests and presents a number of
conziderations for future certification tests based on the analysis of these
results.



BACKGROUND .

Gasolines are iIntended to be volatlle, and the RVP 1s a general measure of the
volatility of a fuel. Essentially, the RVP is the vapor pressure of the fuel at
100° F, and it can be interpreted as an indicator of the amount of vapor a fuel
will generate when it 1s heated in the fuel system. An aireraft has higher
operating temperatures, and it operates at reduced atmospheric pressures when at
altitude. Both of these factors aggravate the formation of vapor. This explains
why the maximum RVP allowed for aviation fuels is lower than for autogas, The
maximum RVP for avgas is 7.0 psi. The maximum RVP for autogas varies with the
season [per American Society for Testing and Materials (ASTM) specification
p-439]. Class E fuels {(winter grades) are allowed to reach 15 psi, whereas Class
A fuels, which are sold in the Southwest during the summer, may have a maximum
RVP of 9.0 psi. Summer fuels in New Jersey are Class C fuels (11.5 pst
maximum) .

The longer the fuel remains in vented tanks, the more likely the fuel will lose
the more volatile components, and the loss of the more wvolatile components may
alter the octane rating of the fuel, In addition, the more heavy ends (higher
molecular weight and, conversely, higher boiling point), the greater the tendency
to form gum deposits as the fuel sits in the tank. A typical general aviation
alreraft will be operated about once a week, whereas a typical car 1s operated at
least once a day. As a consequence, fuel tends to remain in general aviation
alreraft tanks for longer periods of time than in an automobile tank, The
distillation procedure described in ASTM D-B6 is a rough measure of the
distribution of components found in the fuel. During a distillation, the
operator measures the temperature of the gas entering the condenser as a given
percentage of the fuel is collected from the condenser. (See figure 1 for a
schematic of the distillation apparatus.) For the above reasons, avgas has a
narrower distribution of constituents than autogas, and this is reflected in the
distillation curve. Typical distillation curves for avgas and autogas are found
in figure 2,

The initial beiling point (IBP) of a fuel is determined during a distillation by
recording the temperature of the gas entering the condenser as the first drop
falls from the outlet of the condenser. This leads to an important
distinction--the IBP is not the temperature of the liquid at the bottom of the
distillation flask, it is the temperature of the gases above the liquid. In
general, the temperature of the lliquid is slightly higher than the temperature of
the gas at the top of the flask. The Technical Center's experience is that the
1iquid in the flask is at least 152 Celsius (C) hotter than the gas entering the
condenser at the time the first drop falls.

The typical performance profile for an aireraft engine is substantially different
than the typical performance profile for an automobile engine, At cruise speeds,
an automobile engine will operate betwezen 10 and 30 percent of its rated
horsepower. An aircraft engine will operate between 50 and 75 percent of its
rated power during normal cruise conditions. During takeoff and climb an
aircraft engine will be operating at its maximum rated power (less the
performance loss due to the prevailing pressure altitude) for extended periods of
time. Even during acceleration, it is unusual for an automobile engine to
operate at its rated horsepower. The operating temperatures of an aircraft
engine are higher than those of an automobile engine, and the higher the
operating temperature, the greater the tendency for detonation to occur. This
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explains why there are different procedures for determining the octane rating of
autogas when compared to avgas,

There are three different octane rating techniques of interest to this program:
the Research Method, ASTM standard D-2699; the Motor Method, ASTM standard
D-2700; and the Aviation Supercharge method, ASTM D-909, The principle
difference between the methods involves changes in the operating speed and
temperature to reflect the operating environment to which the fuel will be
exposed. The Research Octane Number (RON) is generally applicable to engines
which are subject to relatively light duty cvcles, where as the Motor Octane
Number (MON) (which is related to the Aviation Lean Octane Number) is applicable
to engines which are subject to heavy or severe duty cyecles., The Aviation
Supercharge Octane Number is meant for heavy duty applications where the
fuel-to-alr ratio is kept rich to help suppress detonation. Table 1 outlines
some of the key differences between the techniques. For more detail refer to the
appropriate ASTM standards.

TABLE 1, SOME DIFFERENCES BETWEEN THE VARIOUS
ASTM OCTANE RATING STANDARDS

AVIATION

SUPERCHARGE RESEARCH MOTOR
TEST VARIABLE METHOD METHOD METHOD
Engine Speed (RPM) 1800 600 900
Timing (deg BTDC) 45 13 Variable
01l Temperature (degF) 165 135 135
Coolant Temperature (degF) 375 212 212
Air Temperature (degF) 125 83 100

(initial)
Manifold or Mixture Temperature
(degF) 225 N/A 300

Fuel System Injected ~=——————Carburetor-———————=
Key Variable Manifold

Pressure ——===Compression Ratio-———-

Fuel system designs fall into two broad categories, gravity feed such as found in
high wing aireraft and suction feed typleal among low wing aircraft, (reference
1). Gravity feed systems typically are the simplest to construct and have the
fewest parts. A typiecal suction feed system not only has engine-driven pump, it
has a pilot-operated electrical boost pump and the associated plumbing and
hardware (such as check valves) needed to provide a steady fuel supply should an
engine-driven pump fail. The greater the number of fittings, bends in the fuel
line, etec., the larger the amount of agitation the fuel encounters as it is



transported from the wing to the engine. Increasing the agitation increases the
amount of vapor formed which, in turn, increases the probability of wvapor lock.

Likewise, working the fuel in the pump and reclrculation around the pump not only
agitates the fuel, it raises the temperature of the fuel as it passes through the

pump.

In light of the above, this program studied the use of autogas in representative
fuel systems with special attention pald to the effects of increased wvolatility,
fuel system design, and changes in the octane rating. Findings are presented
which should help to insure the certification procedures provide the necessary
margin of safety with regard to vapor lock prevention.

TEST APPARATUS: Dynamometer

The wvapor lock and detonation tests were conducted using an eddy current
dynamometer. A Lycoming 0-320 engine was mounted on the dynamometer with a
Cessna 172 fuel system. Figure 3 shows the general location of the principle
components., The left fuel tank was used for avgas, and the right tank was used
for autogas for most of the tests.

The Cessna fuel system was mounted with the fuel tank outlet at the same relative
height, compared to the carburetor inlet, as in the C-172 aireraft. The fuel
tanks had the same angle as a C-172 setting on the ground. The fuel tanks were
modified to incorporate heat exchangers for regulating the fuel temperature.
Approximately 20 feet of 3/8-inch diameter copper tubing was installed 1/4 inch
from the Inside bottom of each tank in a regular pattern. Temperature
controllers regulated the supply of an ethelene glycol and water mixture to each
heat exchanger in order to maintain the required temperature., The fuel lines to
the engine were wrapped with electrical heating tape, and the temperature of the
individual sectlons of the fuel lines were controlled separately; one controller
for the avgas lines, one for the autogas lines, and one for the 1/2-ineh diameter
common line. A 180-degree travel, pneumatic operator was incorporated to quickly
move the tank selector remotely. This system allowed vapor lock studies to be
conducted with hot fuel in one tank and cold fuel in the other so that recovery
from a vapor lock conditioen could be accomplished without restarting the engine.

Some tests were conducted with the fuel system modified to see how fuel system
configuration affected the results (figure 4). An automobile gasoline was tested
in the C-172 fuel system used throughout the program as a basis for comparison.
The rear fuel line (figure 4A) was separated from the tank and plugged while the
tank fitting was capped, leaving only the crossover vent attached to the rear
Iine, A vapor lock test was conducted in this eonfiguration using the same fuel
as above, The front line was then disconnected, the rear line reconnected, and
the vapor lock sequence repeated.

The right Cessna tank was then removed and a low fuel tank and pump were
installed to simulate a suction feed system (figure 4B), The relative height
from the fuel tank outlet to the fuel pump inlet was the same as in a Piper
Cherokee, PA-28-140. An engine driven fuel pump was installed leaving the entire
fuel system from the selector valve intact. This tank had a heat exchanger
similar to the one found in the Cessna tanks. A vapor lock series was conducted
in this final configuratien.
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The Lycoming engine was similar to the 0-320 found in a Cessna 172 but was not an
airworthy engine and did not mateh an existing model designation. The engine had
an 8.5:1 compression ratio, a carburetor, and was designed to operate on 91/96
avgas (which is no longer available). The engine cooling air was regulated to
the proper temperature and pressure for the individual tests and was delivered
through a test cell cooling hood. The oil temperature was regulated by an
automatic controller which turns on the cooling water at specified temperature,
Induction air was supplied through two air conditioners, a device for regulating
the humidity, a plenum chamber, and a heater muff. The air conditioners provide
the plenum chamber with one inch of water pressure, which was reduced to about
1/2 ineh at full throttle. The air could he heated, cooled, dried, or humidified
at will, The engine speed and torque could be controlled and measured and
recorded automatically. The fuel consumption was measured by a fuel flow system
similar to those used in many airworthy aircraft.

When the carbureted engine tests were completed, the engine was converted to a
fuel injection type. The sump was changed along with the iIntake pipes., A fuel
injeetion control unit, four fuel injector nozzles, a high pressure fuel pump, a
flow divider with injector lines, and a boost pump were installed. An entire
vapor lock test series was completed using the same autogas as was used in the
various tank configuration tests discussed above.

The engine was equipped with a Lycoming Detonatien Analyzer which consists of
vibration pickups mounted on the four lower spark plugs, a timing generator, a
junction box, and the electronics which allow one to look at the proper stroke
for the eylinder selected. As the operating conditions approach those conducive
to detonation, the amplitude of the signal increases. When detonation occurs,
the region of high amplitude wvibration is fairly wide, and the oscilloscope
screen appears to "flash." The number of flashes coineide with the number of
times that cylinder detonmates. Typically, detonation is reported as the number
of flashes per minute.

The Technical Center's dynamometer system consists of the controls and
instrumentation package, the absorber and support equipment, and the mechanical
assembly. The controls and instrumentation package includes a Dynamometer
Control Module (DCM) which allows for regulation of either engine speed or load.
The control range extends from about 1000 to 5000 RPM, and about 10 to 2000
ft-1bs torque. A Data Display Module (DDM) is also included in the package. It
provides for the display of engine speed, torque, and up to 20 temperatures, The
absorber is a Midwest Dynamometer model 1519W eddy current brake. An Electronic
Control Module (ECM) supplies and regulates the eddy current field power. This
device is a full wave DC power supply with the phase angle of reetification
controlled by the condition of the current loop control signal from the DCM. The
mechanical assembly consists of the test bed, the drive shaft, the guard, and the
fly wheel.

Table 2 lists the data which is recorded on an automatic data acquisition system,
During a typical run, the data are recorded every 15 seconds, though the data
acquisition system can handle a scan rate of less than a second to several hours,.
The operator has the ability to trigger an event marker which is recorded along
with the other parameters., The detonation data is recorded separately, since it
requires some judgment on the part of the operator.



TABLE 2. DATA RECORDED ON THE AUTOMATIC DATA ACQUISITION SYSTEM

DESCRIPTION

Engine torque
Fngine speed
Manifold pressure

Engine cooling air
Fuel pressure at carburetor inlet
011 pressure

Event marker, operator triggered
Fuel flow
Throttle position

Mixture position
Tank in use indicator
Carburetor supply air dew point

#1 eylinder head temperature
#2 eylinder head temperature
#3 eylinder head temperature

ft4 cylinder head temperature
Fuel temperature, top of avgas tank
Fuel temperature, bottom of avgas tank

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

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

0il temperature
Air temperature, carburetor inlet
Air temperature, upstream of carburetor

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

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

#4 exhaust gas temperature

Ambient air temperature
Engine driven fuel pump pressure

10

UNITS

ft-1bas
RPM
inHg (absolute)

inHy0
inl20 or psig
psig

vDC

gph
percent

percent
VDC
degC

degC
degC
degC

degC
degC
degC

degC
degC
degC

degC
degC
degC

degC
degC
degC

degC
degC
degC

degC
degC
degC

degC
degC
psig



The RVP and distillation tests are conducted at the Technical Center using the
procedures and equipment specified in the appropriate ASTM specifications. The
octane measurements and selected RVP tests were conducted at Sun Refining and
Marketing, Marcus Hook, Pennsylvania, under contract to the Technical Center.

TEST APPARATUS: Fuel Aging Study

The environmental effects tests were conducted by using eight general aviation
wing sections that were mounted on stands designed to hold the wings at the same
height from the ground and attitude as would be found when the respective
aircraft is parked on a level surface. Two wing sections (one right, one left)
from each of the aircraft type are listed below.

ATRCRAFT MODEL FUEL TANK CONSTRUCTION
Mooney M20B Wet Wing
Piper Cherokee Wet Wing, Removable Tank
Piper Comanche Bladder Tank
Cessna 172 Metal Tank Within Wing

These selections represented the four wain types of fuel tank configurations
found in general aviatiom. All the tanks were painted white to eliminate the
variable of different heat transmission caused by wvarious colors. The wings were
arranged as shown iIn figure 5, in a curbed, concrete pad, which measured 16 by 36
feet with the leading edges facing south. FEach wing was inatrumented with two
thermocouples to measure the fuel temperature. As shown in figure 5 detail, one
thermocouple was located one inch above the bottom of the tank and the other
thermocouple was adjustable so that it could be set at a point approximately one
inch below the top of the fuel level. Each tank was equipped with a valve from
which samples were drawn for RVP and octane testing. The RVPs were initially
measured weekly. As the fuel aged, the decay in RVP slowed so the interval
between sampling the fuel In the tank was gradually increased to 16 days. This
increased the length of time the RVP of the fuel sample could be monitored.

Additional instrumentation included an anemometer and a thermocouple to measure
ambient ailr temperature, which were both mounted on a post located approximately
6 feet from the concrete pad. The anemometer was located 5 feet above ground
level, and the ambient temperature thermocouple, shaded by a metal shield was
located 3 feet above ground level. An automatic data recording system was
provided to record the 16 tank temperatures, ambient air temperature, wind speed,
and direction on an hourly basis,

TEST APPARATUS: Flight Tests

A series of flight tests was conducted under contract for the Technical Center.
In these tests, two general aviation aircraft were instrumented to determine the
effects of the operational mode on the temperature of the fuel in the aircraft
fuel systems. The instrumentation consisted of thermocouples placed throughout
the aircraft fuel system and the engine cowling and one thermocouple placed in
the free stream to determine the ambient temperature. Where local air velocities
warranted, total temperature probes were used. The signals were fed into an
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FIGURE 5. LAYOUT OF WING SECTIONS USED IN FUEL AGING STUDY
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automatic data acquisition system which operated off an inverter which was
powered by the alrcraft electrical system. During the course of the flight, the
data was stored in the data acquisition system, then it was transferred upon
landing to either hard copy or magnetic tape for further analysis.

The aircraft used for thils study were a Piper Cherokee (PA-28-140) and a Cessna
172 (€-172). The fuel used throughout the flight test was 100LL avgas. The
general locations of the test apparatus in the respective aircraft are shown
schematically in figure 6.

The times for engine start, takeoff, reaching attitude (in steps of 1000 feet),
beginning descent, landing, and engine shutdown were recorded manually as were
other pertinent observations about ambient conditions, the tank in use, and in
the case of the Cherokee, fuel boost pump operation.

The aircraft for these tests were operated under the experimental category by
Admiral Air Services of Woodbine, New Jersey.

TEST PROCEDURES

The procedures used during this program are broken into six general areas:
baseline tests, vapor lock tests, detonatlon surveys, horsepower correction
computations, fuel aging studiles, and flight tests., These procedures were
often modified to obtain specific goals and, where necessary, the modifications
are discussed in the appropriate results gection.

TEST PROCEDURES: Baseline Tests (Dynamometer)
The baseline performance tests were conducted as follows.

1. Fuel the tanks with avgas, draw a sample, and measure the RVP and
distillation curve.

2. Start the engine and allow the oil to rise to operating temperature.
Conduct a magneto check, then set the engine cooling alr temperature and pressure
so that the cylinder head temperatures are in the normal operating range (175
degrees to 200 degrees Celsius or 350 degrees to 400 degrees Fahrenheit),

3. Set the dynamometer to the speed control mode and select an engine speed
of 2000 RPM and a manifold pressure of 20 inHg. If necessary, set the mixture to
full rich.

4. Allow conditions to stabilize, then take a reading manually.

) 5. Increase (or decrease as appropriate) the manifold pressure in steps of 2
inHg to cover the full range of manifold pressures. Repeat step 4 for each
manifold pressure selected.

6. Increase the engine speed in steps of 100 RPM to cover the range of
engine speeds through 2700 RPM. Repeat steps 4 and 5 for each engine speed.

7. Gradually reduce the power and allow the engine to cool. Perform a
magneto check and shut the engine down using the mixture control.
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TEST PROCEDURES: Detonation Surveys (Dynamometer)
The onset of detonation was measured as follows.

1. Fuel the tank with the test fuel. Draw a sample and measure the RVP, the
distillation curve, and, as appropriate, the octane rating using the research and
motor methods.

2. Start the engine and allow the oil to reach normal operating temperature,
Perform a magneto check and set the cowling air temperature and pressure to
obtain cylinder head temperatures at or above the maximum limit (525 degrees
Fahrenheit).

3. Set the mixture to full rich if necessary; increase the engine speed to
2300 RPM and set the manifold pressure to 20 inHg. Allow conditions to
stabilize, Observe for signs of detonation.

NOTE: Whenever detonation occurs, trigger the event marker, and make a note of
the number of flashes per minute detected on the Lycoming detonation analyzer.

DO NOT OPERATE AT SETTINGS WHICH RESULT IN DETONATION FOR EXTENDED PERIODS OF
TIME.

4., 1If no detonation occurs, reduce the fuel flow in steps of 5 percent,
allowing conditions to stabilize between reductions in fuel flow. Repeat until
detonation or lean misfire occura.

5. Reset the mixture to full rich, and increase manifold pressure in
increments of 2 inHg until full throttle. Repeat steps 3 and 4 for each setting
selected,

6. Increase the engine speed in steps of 100 RPM up to 2700 RPM. Repeat
steps 3, 4, and 5 for each setting selected.

7. Reduce the power setting and allow the engine to cool. Perform a magneto
check, and shut the engine down using the mixture control.

TEST PROCEDURES: Vapor Lock Tests (Dynamometer)
The vapor lock tests were conducted In the following manner.

1. Fuel the tank with the proper test fuel, Select the desired initial tank
temperature, and turn the tank heaters on. Allow the fuel in the tank te rise to
the desired temperature,

2. Start the engine and allow the oil to rise to operating temperature.

Perform a magneto check. Make sure the engine cooling alr temperature and
pressure are set to the desired point,.

3. Set the engine speed and manifold pressure to obtain a fuel flow rate of

2.5 gallons per hour (gph). Allow conditions to stabilize. Observe for signs of
vapor lock.

16



4, If vapor lock occurs (as determinded by power interruption), switch to
the other tank; trigger the event marker; and note the temperature in the fuel
lines, the sediment bowl, and the ecarburetor bowl. As conditions stabilize, turn
the line heaters off.

If vapor lock does not occur, perform step 5, otherwise continue with step 6.

5. Turn the approprlate line heaters on to a setting of 150 (the line
heaters are proportional to the temperature of the outside wall of the fuel
lines; the inside wall never reaches this temperature). Observe for signs of
vapor lock.

If vapor lock does not occur within five minutes, set the line heaters to 250,
Terminate the run if the fuel temperature exceeds 75 degrees Celsius,

If vapor lock occurs, perform step 4.

6. Change the manifold pressure and engine speed to increase the fuel flow
in increments of 2.5 gph until maximum power (usually 13.5 gph). Allow
conditions to stabilize; observe for signs of wvapor lock; and repeat steps 4 and
5 as necessary.

7. 1f desired, select one of the above fuel flows and repeat that data
point. Make note of any significant changes that occurred between the initial
data point and this final data point.

8. Reduce the power, and allow the engine to cool. Perform a magneto check,
then shut the engine down by setting the mixture control te full lean.

9. Draw a sample of gasoline from the tank in use and measure the RVP, If a
drop of more than 3 psi is measured between the Initial RVP and the posttest RVP,
determine the distillation curve.

10, Prepare a time history plot of the various fuel system temperatures and
note the point where the individual temperature begins to rise abruptly. This
coincides with the onset of wvapor lock. Compare this temperature with the onset
of vapor lock for fuels with different Reid Vapor Pressures and initial tank
temperatures.

TEST PROCEDURES: Horsepower Correction Computations

The horsepower measured will vary from day to day depending on the atmospheric
pressure and the temperature of the air reaching the carburetor inlet. To make
valid comparisons, the horsepower is corrected to what would be expected at
standard atmospheric temperature and pressure. The computations were performed
using equations found in reference 2.

The calculated horsepower 1s determined from the torque and engine apeed using
the following relationship:

hp = RPM x Torque
5252

where the torque is in ft-1bs.
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The expected horsepower for standard sea level conditions is approximated by the
following relationship:

hpgr, = hp x 0.9
ADR - 0.1

where the air density ratio (ADR) is determined from the ambient atmospheric
conditions using:

ADR = 17.336 Paub/Tamb
where Pypp 1s In inHg absolute and Tgpp, is in degrees Rankine.
TEST PROCEDURES: Fuel Aging Studies

One of the wing sections used in this survey was filled to capacity with a test
fuel. A sample was immediately drawn, and the RVP was measured. In conjunction
with the detonation surveys, the test fuel was tested for its octame rating at
this time.

Periodically, samples were drawn from the wings, and the RVP of the samples were
determined. Initially, the samples were drawn a few days apart. As the test
fuel aged and the change in RVFP with time decreased, the time between sampling
was extended to approximately two weeks,

After the RVP of a sample stabilized, or just prior to exhaustion of the test
fuel in the wing, a sample is drawn, and the octane rating was determined.

Time history plots were prepared which compare the rate of change with peak tank
temperatures for the period between samples.

TEST PROCEDURES: Flight Tests

Both aircraft were operated under flight conditions similar to what one might
expect to experience during normal usage. A run sheet was prepared for each
flight listing the ambient conditions, tank in use, operational phase, tank f111
level, and the times as appropriate. The data acquisition system was initialized
and the engine started. The engine was operated until the oil was at operating
temperature, then the operation of the magnetos, flight control systems, and
instruments was checked prior to takeoff. Upon landing, the aireraft was taxied
to the flight operations building, the engine shut down, and the data transferred
as necessary.

The types of operations were broken into four phases. Phase 1 consisted of an
engine start, five touch and goes, an engine shutdown, a hot scak period of 10 to
15 minutes, a second engine start, five more touch and goes, a climb te 5,000
feet MSL (Woodbine has a field elevation of 39 feet MSL), a periocd of maneuvers
at altitude for up to 20 minutes, and a descent to landing and shutdown. Phase 1
was designed to approximate a flight profile during a typical training operation.
Phases 2, 3, and 4 were designed to show the =ffect of altitude on the
temperature in the fuel system. These phases all consisted of an engine start,
takeoff, climb to altitude, cruise for a minimum of 50 minutes, descent to
landing, and shutdown. The Phase 2 flights were conducted at 1,000 feet MSL;
Phase 3 flights were conducted at 3,000 feet MSL; and Phase 4 flights were
conducted at 5,000 feet MS5L. The ambient temperature at the field ranged from 3
degrees Celsius to 38 degrees Celsius (38 to 100° F).
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In addition to the above flights, the C-172 was flown to its absolute celling
using the best rate of climb speed (V,) and the best angle of climb (V). The
ambient temperature at the field was YOD C and -3° C, respectively. These tests
were conducted to see if the reduced alr density at altitude would result in
higher fuel temperatures despite the reduced air temperatures at altitude. The
Vy and V, flights were intentionally conducted on cooler days to avoid
overheating the engine. The mixture was leaned as necessary to obtain smooth
operation at altitudes above 5,000 feet MSL,

The automatic data acquisition system was set to take a reading every 30 seconds
during the Phase 1 and the Vy flights. The scan rate was four times a minute for
the Vy flight, and it was set to once a minute for the Phase 2, 3, and 4 flights,

SUMMARY OF RESULTS
BASELINE TESTS: Avgas

A series of tests were conducted on the dynamometer to establish operating
proficiency and familiarity with the engine's behavior. These tests were
conducted with 100LL avgas, which had an RVP of 5.3 psi and an IBP of 42 degrees
Celsius.

The first test sequence determined which cylinder had the leanest fuel-to-air
ratio. This Information is useful in predicting which cylinder would detonate
first, and it provided a feel for the fuel consumption at a given power setting.
For this sequence, the leanest cylinder wus determined by looking at exhaust gas
temperature {EGT) crossover for each eylinder. As the mixture is leaned, the EGT
rises until the cylinder is operating with a stoichiometric fuel-to-air ratio.

As the mixture is leaned further, the EGT drops until lean misfire occurs. The
number two cylinder consistently behaved as though it had the leanest mixture,
and during subsequent tests it was typically the cylinder for which detonation
was first detected.

An attempt was made to induce vapor lock in the C-172 fuel system with the same
sample of avgas as was used in the above test sequence. The fuel in the tank was
heated to 43° C (110° F), takeoff power selected, and the engine was allowed to
stabilize in this configuration, The line heaters were then turned on, and the
system temperatures were monitored. This sequence of events was terminated when
the sediment bowl temperature reached 75° C (167° F), not because the engine
vapor locked. During this sequence, the fuel flow became erratic when the
sediment bowl temperature exceeded the IEP of the fuel (429 C), Since the
sediment bowl is just upstream of the fuel flow transducer, the temperature of
the fuel passing through the transducer is close to the temperature of the fuel
in the sediment bowl. This leads to the conclusion that a significant amount of
vapor is generated when the fuel temperature exceeds the IBP of the fuel.
Likewise, the fuel pressure fluctuated whenever the temperature in the system
exceeded the IBP of the fuel.

A vapor lock sequence was performed using avgas in the low wing (suction feed)
configuration. The fuel temperature in the tank was 43° C (1102 F) and the full
range of fuel flows were tested. Vapor lock was encountered only at takeoff
power (13.5 gph) and with the line heaters set at the 250 setting. This was a
more severe case than would be found in a normal operation, but it demonstrates
the effect of changes in fuel system configuration.
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An attempt was made to induce detonation while using the same batch of 100LL
avgas as was used in the two tasks above. It was unsuccessful even though the
eylinder head temperatures (CHTs) and the oil temperature were at the limits for
this engine, the carburetor inlet air temperature was above 100° F, and the power
and mixture controls were adjusted to obtain the most severe condition possible.
This was as expected since the engine was designed to operate on 91/96 octane
avgas.

Two runs were conducted to generate a performance table, establish confidence in
system stability (by repeating points), and to investigate what effect, if any,
changes in the fuel system had on the power developed. These tests were
conducted using 100LL avgas with an RVP of 6.1 psi and an IBP of 46° C, Over the
range of power settings used (from cruise to takeoff) no significant differences
were detected as a consequence of changes Iin the fuel temperature, the tank in
use {(left or right), or repeating the test later in the day. 1In all cases, the
horsepower developed and the brake specific fuel consumption (BSFC) were normal
for a Lycoming 0-320,

Reference 3 contains a more detailed analysis of the tests which were conducted
as a part of this baseline.

DETONATION SURVEYS: Autogas

Six commercially available fuels were tested for detonation. Three were premium
unleaded, and three were regular unleaded autogas. Samples of these fuels were
then placed in the wing tanks as part of the fuel aging study. Originally, the
Technical Center intended to conduct detonation tests on the fuels which had been
aged in the wings described in the Fuel Aging Studies Section, but an
insufficient amount remained after aging to perform a detonation run.

There 1s a strong relationship between the MON and the occurrence of detonation.
(See reference 3 for more detail,) As the MON increases, the tendency to
detonate decreases. There is a similar relationship between the RON and the
onset of detonation, but it is not as defined as the relationship with the MON,

Table 3 shows the effects of aging autogas in aircraft tanks (described im the
Fuel Aging Studies Section) on the MON and RON. The MON increased an average of
0.5 with the range of changes lying hetween +1.6 to =0.5. The RON increased an
average of 0.7, and the changes ranged from 1.7 to -0.3. These results agree
with the data reported in reference 4. While the changes encountered are not
large, they are significant since a small change in the MON resulted in a large
change in the incidence of detonation for this installation. The changes
encountered would mot be expected to cause a problem for an engine certified for
80/87 octane avpas.
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TABLE 3, THE EFFECTS OF AGING ON THE OCTANE RATINGS

AUTOGAS AGE R+M

SAMPLE ID ASTM CLASS (MONTHS) MON RON 22 RVP
CRU E 0 83,2 91.4 87.3 13.1
CRU E 6 83.4 91.0 87.2 9.4
CPU E 0 87.5 96.4 92.3 13.6
CPU E 6 89,1 98.1 93.6 6.6
ERU D 0 82.5 94,0 88.3 14.0
ERU D 5 82.6 93.7 88.2 6.0
EPU D ] 86,9 98.0 92.5 oS
EPU D 5 87.8 99.0 93 4 9.0
HRU E 0 83.5 91.6 B7.5 13.3
HRU E 6 83.0 92,2 a7.6 T
HPU E 0 87.0 97.9 92.5 Yis7
HPU E 6 87.6 98.5 93.1 5.5

During the detonation rums, the engine was set at a specific power setting using
avgas before switching to the autogas being tested. The horsepower developed on
either fuel was compared and, unless there was detonation, there was no
significant difference. Light detonation (five flashes per minute or less) could
occur without noticeably affecting either the horsepower, the EGT, or the CHT,
which was unexpected. Unless the detonation was severe, the EGT and CHT would
show only slight changes which could go unnoticed if the operator did not expect
detonation was occurring. Not only was light to moderate detonation difficult to
detect using the instrumentation normally found in an aircraft, but even In the
test cell environment, detonation was inaudible unless it was severe. In the
nosier alrcraft environment, one could not be expected to detect detonation. As
with the onset of vapor lock, the EGT probes in this installation were slow to
reapond to onset of severe detonation.

All six commercially available autogas fuels detonated at one or more power
settings, whereas the 100LL avgas used to set the data points did not exhibit a
tendency to detonate, There was one exception, and that particular sample was
2-year-old avgas that was being used during some maintenance rums early in the
program. The Technical Center was unable to repeat this point and it is
inconclusive as to whether the age of the fuel was the cause of the detonation.

Oeccasionally during switchover from avgas to autogas, a brief period of
detonation was detected, It appeared to be associated with the mixing of the two
fuels. A number of samples were prepared where different percentages of avgas
were mixed with a regular unleaded ‘autogas. These samples were tested to
determine the octane rating of the blend, and the results are listed in table 4.
As can be geen, mixing avgas and autogas results in a higher octane number than
the autogas alone, so0 a reduction in octane number is not the cause of
detonation. One possible explanation for this phenomena 1s maldistribution
during the switch-over from avgas to autogas,
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TABLE 4. PROPERTIES OF SEVERAL MIXTURES OF AVGAS
IN REGULAR UNLEADED AUTOGAS

PERCENT RVP RVP

SAMPLE ID AVGAS (psi) (psi) RON MON R+M/2
ERU 0 14.0 14,0 94,0 82.5 88.3
sM1 10 9.0 9.1 96.0 84.3 90.2
M2 20 8.8 8.8 97.8 87.0 92.4
SM3 33 8.6 8.6 98.0 87.1 92.6
SM5 50 7.9 7.8 100. 1 91.1 95.6

During the vapor lock portion of the program, light detonation was occasionally
detected when operating at cruilse power settings on regular unleaded autogas.
The mixture was not leaned during the vapor lock runs as it would be in flight.
Since leaning aggravates detonation tendencies, one would expect to encounter
detonation when operating an engine designed for 91/96 octane avgas on regular
unleaded autogas., Figure 7, which contains the results from two of the
detonation runs, shows that detonation is encountered when operating at 24 inHg
and 2400 RPM or approximately 75 percent power. Efforts are underway to certify
select 91/96 octane aircraft engines on autogas, with the use of alcohol-water
injection to suppress detonmation during takeoff and climb. Tt may be necessary
to restrict such operations to premium unleaded autogas.

The design of the detonation experiments called for the engine cooling air
temperature to be at 38° C. While testing sample EPU, the boiler in the cooling
air blower failed. A repeat of several of the data points where detonation had
occurred (with sample EPU and elevated cooling air temperatures) resulted in only
incipient detonation. This demonstrated that the engine cooling air temperature
has a significant effect on detonation. It was also observed that the higher the
humidity of the carburetor inlet air the less likely detonation would occur.

During the vapor lock studies, detonation would occasionally occur as the fuel to
air ratio leaned with the onset of wvapor lock. More often, leaning would occur
s0 rapidly that detonation could not be detected even if it was expected.
Following one particularly severe case of detonation during a vapor lock run, a
boroscope was used to inspect the eylinders. Within the 45 seconds that
detonation had occurred, most of the deposited lead had been removed from the
piston and cylinder heads, and the top of the piston had begun to oxidize. No
other damage was noted, and no repalrs, except for cleaning debris from the spark
plugs, were made.

VAPOR LOCK TESTS: Autogas
Sixteen fuels were tested for vapor lock. 7Twe fuels were 100LL avgas, and one
was a specilally prepared blend of leaded autogas which was leftover from a

previous study. The remaining thirteen fuels were unleaded autogas purchased
from retailers in the vicinity of the FAA Technical Center.
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Table 5 1lists the ASTM volatility class; RVP; IBP; and, when available, the
performance numbers for all of the fuels tested. As mentioned earlier, the
Technical Center was unable to induce vapor lock in the C-172 fuel system with
the 100LL avgas but was able to induce vapor lock in the suction feed system when
using 100LL. All of the fuel samples were stored in sealed barrels prior to
beinp tested.

TABLE 5, PROPERTIES OF THE GASOLINES TESTED FOR VAPOR LOCK

ASTM TECH CENTER SUN REFINING AND MARKETING DATA
VOLATILITY I8P RVP RVP RON MON R4M/2
FUEL ID CLASS (degC) (psi) (psi)

HPU E 25 12.2 12.8 97.9 87.0 925
HRU E 25 12.4 13.3 91.6 83.5 87.5
cru E 25 13.3 13,6 96.4 87.5 92.2
CRU E 26 11.8 13.1 91.4 83.2 87.3
EPU D 26 12.7 12.6 98.0 86.9 92.5
ERU D 25 14,1 14.0 94.0 82.5 88.3
TPU D 25 11.3 11.3 97.8 86.2 92.0
SBL - 30 13.6 —— - - -
MPU C 35 9.3 - - - 92.5
MRU C 35 10.0 — —_ - 87.5
APU C 33 10.0 - - - 93.0
ARU ¢ 36 10.0 - - - 87.5
SPU C 32 10.9 e e = 93.5
SRU & 32 10.5 - - - 87.0
100LL - 42 5.3 s e - _—
100LL - 43 6.1 - — — i

Typically, the autogas tank was filled to the desired level and the fuel heated
to the desired temperature., The engine cooling air temperature and pressure were
set at 38 degrees Celsius and 2.3 in H»y0, respectively, the engine oil
temperature set to 859 C (185° F), and the carburetor inlet temperature was set
at 38° C. The range of fuel temperatures was from 21° C to 499 C (70 to 120° F).
Each fuel was tested at a minimum of three initial tank temperatures, and if
sufficient sample remained, it would be tested at a fourth temperature. Two
fuels were tested at their IBP's,

Each fuel was tested at the six fuel flow rates listed in the test procedure
section for each initial tank temperature. At the end of the run, cane of the
fuel flow rates was repeated to see 1f changes were apparent in either the
temperature or time required for wvapor lock to ocecur. For the most part, there
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were no significant differences between the initial and repeated data point. The
2.5 and 5.0 gph settings had a large variation between the initial and repeat
data points, but this was more a consequence of the random percolation phenomena
(where the cooler fuel would run down one leg of the C-172 fuel system and heated
fuel return via the other) than short-term aging at an elevated temperature. At
these lower fuel flows, vapor lock could cecur either very early or not at all.
In many cases, either the initial or the repeat data points resulted in vapor
lock, while the other data point did not.

When reviewing the following data, keep in mind the sediment bowl temperature was
normally the more consistent indicator of the onset of vapor lock. This
reinforces the impression that for a given fuel system, the formation of wvapor at
the lowest point in the system will result in vapor lock.

Fuel Aging Effects

The RVP and distillation were measured prior to each run and a sample was tested
after the run to measure any changes in the RVP. If the change in RVP was large
enough, the posttest sample's distillation curve was determined. On the average,
the RVP dropped about 1.6 psi during the course of a run, and typically the IBP
changed only 1 or 2° C.

The initial tank temperature had an effect on the magnitude of the drop in RVP.
As can be seen in table 6, the drop in RVP increases with the initial tank
temperature. There were only 15 data points in the 25° C temperature range, so
there is a limited confidence in this value.

TABLE 6. EFFECT OF INITIAL TANK TEMPERATURE ON THE DROP IN RVP

INITIAL TEMPERATURE RANGE DELTA RVP
DEGREES CELSIUS P51
18 to 21 -0.36
24 to 27 -1.20
29 to 32 -1.07
30 to 38 -1.77
41 to 43 -1.97
46 to 49 -2.38

AVERAGE RVP = =1.6 PSI FOR ALL RUNS

In general, these results agree well with those covered in references 4, 5, and
fi. The principal exceptions to these results were for sample SBL, the last test
sequence using TPU, and the samples which were allowed to age in a vented tank
overnight.

Sample SBL was prepared for the Technical Center approximately 2 years prior to
being tested. Even though thils fuel was stored in a sealed drum, the RVP decayed
from the initial value of 15 psi to 13.6 psi at the time of the first vapor lock
teat. This decay continued for the subsequent runs until it reached a value of
11.7 psi. The average drop from the pretest to the posttest RVP for this fuel
was 3.6 psi, with the largest drop being 5.1 psi. The data from the last test
sequence using sample TPU is contained in table 7. In this case, the fuel sat in
a partially full barrel for over 2 months prior to belng tested. The original
test sequence was to look into the effect of tank £f111 level and engine cooling
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air temperature on the incidence of vapor lock in a suction feed system. As

the test progressed, the temperature at which vapor lock occurred increased which
was contrary to what was expected, since the tank level was dropping as fuel was
used, When it was apparent that vapor lock could not be induced at 12.5 gph, the
run was terminated. Only after the large drop in RVP was noted did the age of
the fuel come into question. The data from these two cases indicate that once
the RVP begins to decay the drop is rapid and decay in RVP can occur even though
the fuel is stored in sealed drums,

TABLE 7. EFFECTS OF FUEL AGING ON VAPOR LOCK
IN SUCTION FEED SYSTEM

Fuel Sample Age: 8 Weeks

Initial Tank Temperature: 43 degrees Celsius (110 degrees Fahrenheit)
Fuel ID: TPU, IBP 25 degrees Celsius, RVP 11.3 psi

Posttest RVP: 7.8; Delta RVP = 3.5 psi

TIME AT SED. BOWL CARB. BOWL
FUEL FLOW 110°9F LINE HEATER LINE TEMP TEMP TEMP
(gph) (min) SETTING (oC) (oC) (oC)
10,0 20 150 55 53 55
10,0 65 150 57 % 52
10,0 81 250 58 55 55
12.5 a0 150 54 52 52
12,5 55 150 58 35 52
12.5 93 250 58 56 54
12.5 135 250 UNABLE TO VAPOR LOCK
13.5 35 OFF 54 52 52
13.5 43 150 54 52 51
13,5 105 250 57 57 56
1355 120 250 57 58 58

Conversely, the fuel can age without significantly altering the RVP, yet the
behavior of the fuel is affected. This was particularly evident when fresh fuel
was allowed to sit overnight at ambient temperatures in a vented container.
Table B shows what changes in behavior occur as the fuel is allowed to age
overnight, even though the initial RVP of the overnight sample has dropped only
0.2 psi (well within the accuracy of the test), the temperatures at which vapor
lock occurs has risen significantly. Just as important, the fresh sample
required little or no additional heat for vapor lock to occur (note the line
heater settings) whereas the overnight sample required additional heat at all
fuel flows and typically the line heater setting was higher. The results from
these tests indicate that fresh fuel, which Is stored in sealed drums, provides
the worst case for wvapor lock testing.
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TABLE 8. EFFECT OF OVERNIGHT AGING ON
VAPOR LOCK BEHAVIOR

ASTM INIT FUEL LINE SED CARB LINE
VOLATILITY TEMP FLOW TEMP TEMP TEMP HEATER RVE POSTTEST

CLASS degC gph degC degC degC SETTING NOTES psi RVP
E 49 255 55 47 42 150 OVERNIGHT 12.2 8.0
E 49 5.0 56 56 51 250 OVERNIGHT 12.2 8.0
E 49 78 54 62 57 250 OVERNIGHT 12.2 8,0
E 49 10.0 57 58 53 250 OVERNIGHT 12.2 8.0
E 49 12,5 54 58 5 250 OVERNIGHT 12,2 8.0
E 49  13.5 58 59 50 250 OVERNIGHT 12,2 8.0
E 49 2w NO VAPOR LOCK 250 OVERNIGHT 12.2 B.0O
E 49 2.5 53 53 45 150 FRESH 12.4 B.6
E 49 5.0 49 52 50 150 FRESH 12.4 8.6
E 49 D 55 54 51 150 FRESH 12.4 8.6
E 49  10.0 55 55 52 OFF FRESH 12.4 B.6
E 49 12,5 55 54 49 OFF FRESH 12,4 8.6
E 49  13.5 49 54 47 OFF FREESH 12.4 8.6
E 49 2.5 52 54 50 150 FRESH 12.4 8.6

Engine Cooling Alr and Fill Level Effects

The effects of cooling air temperature and tank £f1i11l level were investigated more
thoroughly using the C-172 fuel system. Early in the program, the boiler in the
engine cooling air unit failed and the test was conducted using an engine cooling
air temperature of 299 C (85° F). A repeat of that test with 38° C (100° F)
cooling air temperature did not result in any significant differences. A more
structured test was conducted in which the autogas tank was filled to capacity
and the 10.0, 12.5, and 13.5 gph fuel flow settings were repeated for various
combinations of tank level and engine cooling air temperature. The data in table
9 are listed in the same order as conducted, so the tank level decreases from top
to bottom. As can be seen, there is not a significant difference in the wvapor
lock temperature (especially the sediment bowl where vapor lock normally is
expected to occur) as time increases and tank level decreases. What does

change 1is the setting required to induce vapor lock as the engine cooling

air temperature is varled. The hotter the engine cooling air temperature,

the less supplemental heat is needed to induce vapor lock. With 38 degrees
Celsius cooling air, supplemental heat must be added at only the 10 gph

fuel flow setting. With a cooling air temperature of 17 to 189 C, supplemental
heat (1ine heater setting of 150) must be added for all three fuel flows.
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TABLE 9, EFFECTS OF COOLING ATR TEMPERATURE AND TANK
FILL LEVEL ON VAPOR LOCK TEMPERATURE

The initial RVP was 11.3 psi.

COOLING

TANK AIR FUEL LINE SED CARB LINE

TEMP TEMP FLOW TEMP TEMP TEMP HEATER
degC degC gph degC degC degC SETTING
43 17 10,0 54 50 44 150
43 17 1255 52 50 43 150
43 T3 13.5 48 49 43 150
43 38 10.0 51 50 47 150
43 38 12.5 4 49 45 110
43 k1] 1355 46 49 46 110
43 27 10.0 53 50 47 150
43 27 12.5 47 50 45 150
43 27 13.5 45 49 45 110
43 18 10.0 54 51 46 150
43 18 12.5 51 50 43 150
43 18 13.5 48 49 45 150
43 38 10.0 50 51 47 150
43 a8 12.5 45 49 45 110
43 38 13.5 44 49 4 110
43 27 10.0 54 52 48 150
43 27 12.5 48 51 45 150
43 27 1535 44 49 45 150

Heating Techniques/Initial Tank Temperature

The Technical Center also looked into what effect, if any, the heating technique
had on the incidence of wapor lock. Normally, the tank was heated using the heat
exchangers incorporated in the tank. Several runs were conducted whereby the
fuel was heated by heating the limnes and allowing the fuel in the lines to
percolate back into the tank. A few runs were made where the tank was heated
using forced hot alr from an aircraft preheater. Table 10 presents the data from
two runs. In the first case, the fuel was heated with the in-tank heat
exchanger, and in the second case, the fuel was heated using the aircraft
preheater. The results, which show no significant effects hoth in terms of what
temperature vapor lock occurred at or what setting the line heaters needed to be
set at to induce vapor lock, are typical of this series of tests. Regardless of
the heating technique used, the fuel would vapor lock under the same conditions.
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TABLE 10. COMPARISON OF TWO HEATING TECHNIQUES
ON VAPOR LOCK TEMPERATURE

FUEL LINE SED CARB LINE
FLOW TEMP TEMP TEMP HEATER RVP
gph degC degC degC SETTING NOTES psi
2.5 —--=N0 VAPOR LOCK--- 250 Heat Exchanger 11.3
5.0 ~—-NO VAPOR LOCK-—- 250 Heat Exchanger 11.3
75 41 51 49 250 Heat Exchanger 1143
10.0 48 50 48 150 Heat Exchanger 11.3
12.5 44 48 46 150 Heat Exchanger 11.3
135 42 47 45 100 Heat Exchanger 11.3
2.5 -—=NO VAPOR LOCE~-—— 250 A/C Heater 11.3
S5 —==NO VAPOR LOCK-——- 250 A/C Heater 1153
Tas 43 51 51 250 A/C Heater 11.3
10.0 48 51 47 150 A/C Heater s 12
12.5 42 48 45 150 A/C Heater 1.3
13.5 42 48 46 100 A/C Heater 113

As part of this investigation into heating technique, the Technical Center
reviewed all of the data and found that typically it would take an hour to one
and a half hours to heat the fuel in the tank to 43° C and at most it took three
bours between the beginning of the heating procedure and the beginning of the
test, The shortest time required to heat the fuel to 43° C was 20 minutes (using
the forced hot alr technique). No significant time effects are apparent within
this time frame (20 to 180 minutes).

A review of the data from the wings used in the fuel aging survey shows the C-172
construction is the worst case for heat transfer (i.e., the least amount of heat
addition). A test was conducted on a C-172 wing under the following conditions.

1. Ambient air from 29 to 31 degrees Celsius.

2. Winds southwest at 7 knots.

3. Scattered clouds, visibility 2 to 3 miles in haze.

4, Full tanks,

5. Forced hot air from a Herman Nelson heater, 93 degrees Celsius (200
degrees TFahrenheit).

6. Adr blowing on the bottom of the wing only; all inspection plates
closed.

7. The wing root and tip open to ambient air (to carry away heat).

A1l of these conditions, except ambient temperature, represented a worst case as
far as heating the fuel is concerned. The results are shown in figure 8. At
Point A, fuel 1s added to the tank, and the heater is turned on at Point B. It
took 2 hours and 20 minutes to heat the fuel to 439 C. At Point C, the heater
output was increased to 120° C (approximately 250 degrees Fahrenheit) and the
heat transfer rate was increased by about 50 percent. This implies it would have
taken between 90 and 100 minutes to reach 439 C with just this one change.
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HEATING EXPERIMENT, C-172 WING
FUEL TEMPERATURE vs TIME
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The vapor lock temperature as a function of tank temperature is presented in
figure 9 and table 11. The last column of table 12 is the average value of the
sediment bowl temperature minus the tank temperature. As can be seen, the
average temperature for the onset of vapor lock rises with the initial tank
temperature, What is more significant 1s that the difference between the
temperature of the fuel in the tank and the temperature at which wvapor lock
occurs decreases with the higher initial tank temperatures. This is particularly
true of the sediment bowl temperature where the Technical Center feels vapor lock
is actually occurring.

Based on observations during the test sequence and the need for supplemental heat
(see appendix D, reference 2), the 43 degrees Celsius fuel temperature is the
worst case for vapor lock. This observation is supported in part by the average
difference between the tank temperature and the sediment bowl temperature when
vapor lock occurs, The temperature difference decreases markedly until the 43° C
(110° F) fuel temperature is reached, then it stabilizes. Once the 43° C initial
tank temperature is exceeded, it becomes more difficult to induce wvapor lock,
partially because of the reduced temperature difference between the fuel flowing
through the system and the lower cowling air temperature, thus making heat
transfer more difficult, and partly because of the loss of some of the more
volatile components as reflected in the RVP (table 7). One observation of note
is, the tanks would normally begin to vent vigorously when heating the fuel above
439 ¢, DNormally this occurred from 43 to 44.5° (110 to 112° F), Sample SRU
began to vent at 42° C, but it was somewhat of a special case that will be
covered under the temperature versus RVP analysis.

The above demonstrates that any technique used to heat the fuel to 110° F
provides the worst case for wvapor lock testing and a time limit of three hours
from the start of the heating sequence to the start of the flight test is
reasonahble.

TABLE 11, VAPOR LOCK TEMPERATURE AS A FUNCTION
OF INITIAL TANE TEMPERATURE

INIT AVEG AVG AVG AVG
TANK LINE SED BOWL CARB BOWL SED-INIT
TEMP TEMP TEMP TEMP TANK TEMP
degC degC degC degC degC
18 to 21 35.50 44 .41 42,50 23.79
24 to 27 35.45 43.55 42.82 17.89
29 to 32 42,02 47.36 45.38 15.40
35 to 38 b4 .46 49.31 47.19 12.39
41 to 43 48.98 49.68 46.19 6.59
46 to 49 54.44 54.26 49.44 5.66

Analysis Criteria:

All Classes, C-172 Fuel System, All Initial Tank Temperatures, Fresh and
Overnight Fuel Samples
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Fuel Flow and Fuel System Effects

Table 12 lists the average vapor lock temperature as a function of fuel flow.
The temperature at which wvapor lock occurs declines with increasing fuel flow.
This is probably a consequence of the increase in turbulence as the fuel flow
increases which in turn increases the amount of vapor formed. This phencomena is
dramatically demonstrated when one spills some autogas on the ground.
Immediately following the spill, a significant amount of foaming is observed.
The lower vapor lock temperatures associated with the higher fuel flows imply
vapor lock is easier to induce at the higher fuel flows. This is what the
Technical Center has experienced; vapor lock at the higher fuel flows typdically
occurred without supplemental heat, and it often occurred almost immediately
after the engine ran long enough te purge the cooler avgas from the fuel system,

TABLE 12, VAPOR LOCK TEMPERATURE
AS A FUNCTION OF FUEL FLOW

AVG AVEG AVG

FUEL LINE SED BOWL CARE BOWL
FLOW TEMP TEMP TEMP
gph_ degC degC degC
2.5 47.95 50.65 45.18
5.0 47.29 50.18 48.64

Txd 45.42 49.32 48.68
10.0 44,87 48.92 47.17
12.5 43,85 47.35 44.13
13.5 43.06 46.92 43.57

Analysis Criteria:
All High Wing Data, Standard Configuration

All of the above was performed on the C-172 fuel system with only the
modifications necessary to provide for instrumentation needs. The

occurrence of percolation in the fuel system implied there might be a fuel
gystem design effect on vapor lock. Specifically, would the use of only a
single feed line result in vapor lock at lower fuel flows than the standard
configuration with two lines since there would be no path for the hot fuel/vapor
to return to the tank? A series of runs were conducted with either the front or
back fuel line capped in order to demonstrate what effect, if any, these changes
in the fuel system would have,

Tahle 13 lists the wvapor lock temperatures and the line settings of three types
of comparable runs. The first two runs listed are for the standard C-172 fuel
system with an initial tank temperature of 32 and 43° C. The second set of runs
had the front line from the fuel system capped so that the fuel fed from the rear
line only, and the final run in this sequence had the rear line capped. In
general, vapor lock was easier to induce with either line capped than with the
standard configuration, which was expected, since there is more turbulence with
one of the lines capped. There were no other significant differences, however.
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TABLE 13. FUEL SYSTEM CONFIGURATION EFFECTS;
GRAVITY FEED SYSTEM

INITIAL SED CARB

TANK FUEL LINE BOWL BOWL LINE INITIAL

TEMP FLOW TEMP TEMP TEMP HEATER RVP

degC gph degC degC degC SETTING NOTES* psi
32 2.5 --NO VAPOR LOCK-- 250 Standard 11.3
32 5.0 --NO VAPOR LOCK-- 250 Standard 1143
32 7D 44 51 51 250 Standard 11.3
32 10.0 38 48 48 150 Standard 1.3
iz 12.5 47 49 45 150 Standard 113
32 13.5 L6 47 45 150 Standard 11.3
43 245 —-=NO VAPOR LOCKE-- 250 Standard 13:3
43 5.0 -—=NO VAPOR LOCK—- 250 Standard 11.3
43 7.5 46 52 52 250 Standard 11.3
43 10.0 49 52 49 150 Standard 11.3
43 1245 46 51 45 OFF Standard 11.3
43 13.5 4 50 46 OFF Standard 11.3
32 245 54 47 42 150 FT CAPD# 11.3
32 Sl 54 54 52 150 FT CAPD 11.3
32 Tl 51 53 k| 150 FT CAPD 11.3
32 10.0 47 51 47 150 FT CAPD 11.3
32 125 44 48 4y 150 FT CAPD 11.3
32 13.5 42 47 46 150 FT CAPD Il.3
43 2.5 52 45 42 150 FT CAPD 11.3
43 5.0 58 54 50 150 FT CAPD 11.3
43 7.5 53 53 52 150 FT CAPD 11.3
43 10,0 46 a0 46 150 FT CAPD 113
43 125 45 50 45 OFF FT CAPD 11.3
43 13.5 45 49 46 OFF FT CAPD 11.3
43 243 ——N0O VAPOR LOCKE-- 250 BK CAPD* 11.3
43 5.0 --NO VAPOR LOCK-- 250 BE CAPD 11:3
43 IsB 48 53 53 150 BE CAPD ) B B |
43 10.0 46 52 49 150 BEK CAPD 11.3
43 12.5 45 56 45 OFF BK CAPD 123
43 13.5 46 51 46 OFF BE CAPD 11.3

#FT CAPD = Front Line Capped; BK CAPD = Rear Line Capped

The takeoff power setting was still the worst case as was an initial tank

temperature of 43° C (1109 F). As before, the ease of vapor lock is reflected in
the generally lower temperature at the takeoff (13.5 gph) power setting and the
use of lower line heater settings.

A short sequence was conducted to demonstrate that the 43° C initial tank

temperature and the takeoff fuel flow were the worst case for a generiec suction
feed (low wing) fuel system. The data from these runs are presented in table 14,
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TABLE 14. FUEL SYSTEM CONFIGURATION EFFECTS;
SUCTION FEED SYSTEM

INITIAL SED CARE

TANK FUEL LINE BOWL BOWL LINE INITTAL
TEMP FLOW TEMP TEMP TEMP HEATER RVP
degC gph degC degC degC SETTING NOTES psi
32 2.5 70 78 52 250 Low Wing 11.3
32 5.0 52 55 52 250 Low Wing 11.3
32 75 53 55 53 250 Low Wing 11,3
32 10.0 45 49 52 250 Low Wing 11.3
32 12.5 45 50 52 250 Low Wing 11.3
32 13.5 48 51 52 150 Low Wing 11,3
38 2.5 --NO VAPOR LOCK-- 250 Low Wing 11.3
38 5.0 58 56 53 250 Low Wing 11.3
38 7.5 54 54 54 250 Low Wing 11.3
38 10,0 52 54 54 250 Low Wing 11,3
38 12,5 50 53 52 250 Low Wing 113
EL) 3.5 48 51 52 150 Low Wing 11:3
43 2.5 --NO VAPOR LOCK-- 250 Low Wing 1.3
53 5.0 67 72 60 250 Low Wing 11.3
43 7.5 64 61 57 250 Low Wing 11.3
43 10.0 60 58 57 150 Low Wing 11.3
43 12.5 57 55 54 150 Low Wing 1.3
43 13.5 55 L 53 110 Low Wing 1143

As before, both of these conditions proved to be the worst case. There are some
differences; however, the most noteworthy is the elevated temperatures at which
vapor lock occurs for the lower fuel flow rates., With the additional working the
fuel receives and the additional exposure to heat, especially in the engine drive
fuel pump, the fuel gets hotter faster. Normally, this would result in vapor
lock sooner but with the excess capacity of the fuel pump, as compared to demand,
at the lower power settings, fuel starvation is delayed until higher temperatures
are reached.

The Technical Center encountered a phenomena which may have an Important
consequence, When using the line heaters to induce vapor lock in the suction
feed system, "carburetor foaming" was observed prior to the onset of vapor lock.
As the temperature 1n the carburetor bowl climbs, the liquid in the bowl boils
resulting in a foam which will not support the fleat. As the float drops, the
engine driven pump supplies excess fuel to the carburetor bowl which is then
drawn into the intake manifeld. In addition, vapor which is vented from the
carburetor bowl is ingested into the intake manifold (see figure 10). This
phenomena results in such a rich fuel-to-air ratio that the power developed is
substantially reduced (as much as 50 percent). A temperature increase of only a
few degrees will result in the onset of vapor lock which at first seems to
improve engine performance because of the shift to a leaner fuel to air ratio.
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Normally, this foaming phenomena would not be a problem since line heaters are
not found on general aviation aircraft, but there 1s an operating condition which
can result in a similar condition. This is an engine start after a hot soak.

The Experimental Aircraft Assoclation reports that certain model years of the
Piper Cherokee are apparently affected by carburetor foaming following a hot
engine start when using autogas (reference 7). This problem appears to be
associated with changes to the engine cooling design which were incorporated to
reduce engline cooling drag. These design changes do not affect the performance
of the aircraft when operating on avgas, however.

In addition to looking into the differences between gravity feed and suction feed
systems, the performance of a fuel injected engine was compared with a carbureted
engine. The 0-320 on the dynamometer was converted to a fuel injected engine by
removing the carburetor, Intake manifold, and engine oil sump and replacing these
items with the appropriate intake manifold, oil sump, and fuel injection system
for this engine. An engine driven pump was added as was an electrically operated
boost pump. The C-172 fuel system was left intact upstream of the boost pump.
During a test sequence, the boost pump was left off except for recovery from
vapor lock. More often than not, the electric boost pump was required to recover
from a vapor lock sequence with the fuel injected engine. Apparently, the engine
driven pump would become vapor bound, and the pressure available from the C-172
fuel system was Insufficient to displace this vapor.

Takeoff power and 43° C initial tank temperatures were the worst case for vapor
lock testing during these runs. When the results were compared with the
identical conditions for a carbureted engine, it was noted that vapor lock
occurred sooner with the fuel injected engine. This may be a consequence of the
fuel system design. It appeared as though the system would shut off suddenly at
the lower fuel flow rates whenever the system pressure dropped below 3.5 psi. At
the higher fuel flows, the loss of power was more gradual, indicating the pump
could not supply sufficient fuel to the injection system.

Effect of RVP on Vapor Lock

The Technical Center tested autogas whose RVP ranged from 9.3 to 14,1 psi.
Initially, an attempt was made to correlate the vapor lock temperatures with the
ASTM volatility class, table 15. The first analysis was based on the volatility
class as determined from the purchase date. Upon reviewing the results, it was
noted that class D (spring/fall) had lower vapor lock temperatures than class E
(winter) which was unexpected. It was noted that the RVP of two of the class D
fuels was higher than the ASTM specifications, and their RVP's were in the range
specified for class E fuels. When these two fuels were reclassified as class E
fuels, the results were as expected with the vapor lock temperature decreasing
with increasing RVP.
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TABLE 15. AVERAGE VAPOR LOCK TEMPERATURE
BY ASTM VOLATILITY CLASS

Class Determined by Purchase Date

AVERAGE AVERAGE AVERAGE
LINE SED CARB
TEMP TEMP TEMP
degC degC degC
Class C 50.74 51.64 48.52
Class D 40,60 47.16 45,24
Class E 43,05 47.41 44.61
Class Determined by RVP
AVERAGE AVERAGE AVERAGE
LINE SED CARR
TEMP TEMF TEMP
degC degC degC
Class C 50.74 51.64 48.52
Class D 45,43 51.50 48.04
Class E 42,04 46.77 44,32

Analysis Criteria:
High Wing, All Fuel Flows, All Fresh Fuel

A more detailed analysis was conducted whereby the RVP was grouped into 5 ranges
(see figure 11)., The data shows a consistent decline with exception of the fuels
in the 10,1 to 11 psil range. Sample SRU whose RVP was 10,5 psi fell into this
range.

Sample SRU was by far the worst case for vapor lock despite the fact it was a
class C fuel with an RVP of 10,5 psi. TIn addition to being the worst fuel in
terms of vapor lock it was also the worst fuel for venting when heating a sample
for a test. In the case of the 49° C (120° F) initial tank temperature, the
level in the tank fell from 3 inches of fuel to less than 2 inches. If thermal
expansion 1s taken into consideration, over one third of the initial volume of
fuel was lost during the heating process alone. The behavior of sample SRU is
probably related to how it is marketed. It is the second lowest octane fuel
available from a pump which dispenses several different octane fuels by blending
twe different constituents which are held in storage. Its performance number was
87, the lowest allowed by the various STCs which is how it was selected in place
of the lowest available octane fuel from the company. The Technical Center feels
that the RVP 1is not particularly affected by loading a fuel up with one
particular hydrocarbon, since the RVP is the sum of all the partial pressures of
the individual components. If one component is represented by more than a
minimum amount, it contributes little extra to the RVP but does affect the
physical behavior of the fuel,

Since SRU was by far the worst case for vapor lcck despite its relatively low

RVP, a second analysis was conducted whereby this sample was removed from the
data base. Figure 12 shows the results from this analysis. In this analysis,
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there 1s a strong linear relationship between the average sediment bowl
temperature at the time of vapor lock and the RVP of the fuel (the correlation
coefficient equals 0.94). The step associated with the line temperature at
approximately 11 psi reflects the need to use the line heaters to a greater
extent when testing with the class C fuels.

As a cross check on this analysis, the sediment bowl temperature at wvapor lock
for two aged fuels were averaged and the average compared with the predicted
value based on the RVP. In the first case, the average sediment bowl temperature
was 52,39 C for a fuel whose initial RVP was 9 psi. The predicted value from the
linear regression of the data in figure 12 was 54.6° C. For the second case, the
average temperature, the RVP, and the predicted values were 50.9 degrees Celsius,
11 psi, and 50.5% C, respectively. A linear regression of the raw data produced
similar results (see flgure 13). In this case, the predicted values for the 9
and 11 psi fuels were 55.0° C and 50,49 C, respectively. It should be noted that
some of the scatter observed In figure 13 is a consequence of changes in the fuel
flow rate in addition to changes in the RVP.

As can be seen, there is a general trend toward lower wvapor lock temperatures as
the RVP increases, but this trend can be affected by the individual refining
techniques. The average temperatures for the SRU sample were more indicative of
a fuel whose RVP was 12.6 to 13 psi, depending on which linear regression is
used. This implies that the use of an ASTM volatility class E fuel (RVP equals
13.5 psi or higher) will provide the worst case for vapor lock testing.

Miscellaneous Observations

During the vapor lock runs, the fuel flow and fuel pressure would become erratic
as the sediment bowl temperature exceeded the IBP for the fuel being tested.
Figure 14 shows how the fuel pressure and flow rate indication become unstable as
the sediment bowl temperature exceeded 26°, the IBP for this particular sample,
The pressure splkes are a consequence of the percolation that was discussed
earlier. Note that as vapor lock occurred, the line temperature climbed rapidly,
and the fuel flow and pressure dropped to near zero. In this case, the engine
ran for approximately one minute before it lost power. Under these conditioms,
the EGT provided a good indication that vapor lock had occurred at the higher
fuel flows where power interruption rapidly followed the onset of vapor lock,

The EGT system had too slow a response to provide useful information.

A normal vapor lock sequence ended with power interruption., On occasion, the
vapor in the fuel lines would restrict the flow sufficiently to result in rough
engine operation but nmot enough to cause the engime to quit. This condition
would continue indefinitely. If this condition occurred, manipulating the
throttle typically had little or no effect on engine operation as long as the
movements were gradual. Rapid advancement of the throttle would kill the engine,
whereas, retarding the throttle would improve the roughness but not the power
developed,

Te see if the technique of switching tanks after setting the fuel flow on avgas
had an effect on the results, the engine controls were gradually increased with
the intention of reaching the 10 gph power settings which had previocusly resulted
in the rough running condition discussed above. As the demand increased, power
was interrupted by vapor lock at what corresponds to a 9.3 gph setting. This
implies that the rough operation noted above in an unstable condition and any
outside influence, such as turbulence, could trigger a loass of power 1f omne is
operating under adverse conditions.
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In flight, as the power output drops, one would normally expect the engine speed
to drop. During the bulk of the testing, the dynamometer was operated in a
constant speed mode (variable load), since recovery was easier in this
configuration. Several data points were repeated to see if operating under the
constant load (variable speed) mode changed the results., In the limited number
of cases studied, vapor lock occurred in the same time frame and at the same
temperatures.

Another testing technique which may have affected the outcome of a test was the
use of the line heaters. As mentioned earlier, they were used to force the
system to vapor lock when it otherwise would not. Prior to needing the

heaters to induce vapor lock, they were set at a setting which kept the lines at
the initial tank temperature. A limited number of data points were repeated with
either the line heaters set as described or with the power to the line heaters
off. The only difference noted was when the lines had a chance to cool between
points. In this case, 1t would take about a minute, depending on fuel flow, to
heat the metal in the lines to the initial tank temperature, then the system's
behavior would mimic the runs with the line hesters on. This gave the Technical
Center confidence they were not inducing wapor lock by leaving the line heaters
set at the initial tank temperature,

During the wvapor lock sequence, a material compatibility problem arose, The
O-rings in the tank selector would swell when using autogas, and the additional
friction would keep the pneumatic actuator from reliably switching tanks. The
severity of this problem seemed to vary with the fuel being used and the fuel
temperature, but it was difficult to quantify. There did not appear to be a
correlation between the use of premium unleaded or regular unleaded autogas and
the onset of thie problem. Tt should be noted that the tank selector could be
moved by hand 1f the pneumatic actuator was unable to complete tank selection.

FLIGHT TESTS

Numerous time history plots, similar te figure 15 were prepared, the data with
similar ambient temperatures and different tank temperatures compared, and the
differences in overall system temperatures noted. Based on this analysis, the
highest fuel system temperatures occur during a takeoff and a maximum performance
climb to altitude following a hot socak. Also, higher temperatures are observed
during a descent which follows a period of operation at high power, than during
any other phase-of-flight., TIn the touch and go scenario, this sets the stage for
high fuel temperatures at the time of maximum fuel flow (i.e., go around) and,
hence, the greatest chance for vapor lock,.

The worst case (hot soak) can easily be approximated by conducting a static run-
up as the fuel is being heated; shutting down the engine and allowing the engine
to heat soak until the fuel in the tank reaches the desired temperature. An
alternative is to allow the fuel in the tank to reach the desired temperature,
start the engine and conduct a static run up (to takeoff power) for approximately
a minute, reduce the power to idle for approximately one minute, then commence
the flight tests.

Some other ohservations from the flight test are tabulated below.

1. For the Cessna 172 fuel system:
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a. The hottest sediment bowl temperatures occur during descent and
shutdown.

b. The hottest carburetor bowl temperatures occur during the takeoff
ground roll following a hot soak.

¢. Overall, the fuel system temperatures are hotter during a touch and
go sequence than they are for a climb to altitude/cruise scenario.

d. For takeoff climb and cruise, two thirds of the heat (as indicated
by the temperature rise) added to the fuel is added before the carburetor bowl.
For descent and taxi, 50 percent of the heat is added by the time the fuel leaves
the sediment bowl.

e, The temperature of the fuel in the tanks does not change
significantly during the course of a l-hour flight. This can be attributed to
the tank construetion which inhibits heat transfer. The size of the temperature
drop is related to two things. The most obvious 1s the difference between
ambient and the fuel temperature., The greater the difference, the greater the
temperature change. The second is the initial fuel temperature. The hotter the
fuel, the greater the temperature drop (given the same temperature difference
with the amblent air). This is probably a consequence of increased evaporation
from the tank at elevated temperatures. The largest temperature drop recorded
was 5,59 C (109 F) with a mean difference between ambient and tank temperature of
112 € (209 F) during the course of an 85-minute flight. In general, tank level
had a negligible effect on temperature drop because of the increased wetted area
with increasing tank level.

f. The hottest carburetor area ailr temperature recorded was 650 C
(1492 F) on a 37° C day, which 1s consistent with the 65 to 68° C observed on the
dynamometer installation during takeoff. Likewise, the carburetor bowl and the
sediment bowl temperatures which were observed were consistent with the
dynamometer data,

2, For the PA 28-140 fuel system:

a. The sediment bowl temperature tended to track the ambient
temperature because of its installation in a separate enclosure, Not all
Cherokee models have this feature.

b. The hottest temperatures recorded at the engine driven pump inlet
and engine driven pump outlets were recorded during a hot scak. The hottest
carburetor bowl temperatures occurred immediately following an engine start after
a hot soak.

c. Overall, the highest fuel temperatures occur during a descent
followed by a takeoff.

d. For takeoff and climb, 70 percent of the heat added to the fuel
system occurs between the sediment bowl outler and the engine driven pump inlet.
For cruise and descent, 50 percent of the heat i: added before the engine driven

pumn inlet and the balance is added as the fuel is pumped into the carburetor
bowl.



e. The tank temperature tends to collapse onto ambient after as little
as one hour, This is a wet wing design which maximizes heat transfer. Once
again, there does not appear to be a fill level effect due to inereased wetted
area with f11]1 lewvel. There does not appear to be a fuel temperature effect as
there was with the C-172 fuel system. In this case, the evaporative cooling is
probably masked by the large amount of heat conducted across the tank's skin.

f. The maximum temperatures recorded for the sediment bowl (engine pump
inlet, engine pump outlet, and carburetor bowl) were all consistent with the
temperatures noted during the dynamometer operations conduected with the suction
feed fuel system.

The above give credence to testing the hot fuel under takeoff and climb to
altitude conditions. Takeoff and climb power settings result in the most
turbulence in the fuel system, hence, the greatest probability for wvaper lock,
Takeoff conditions result in hot cowling temperatures, especially following a hot
soak or a period of extended i1dling. The reduced atmospheric pressure, as the
climb continues, Increases the probability of wvapor lock.

CONCLUSIONS

The conditions which define the worst case for vapor lock testing (i.e., most
likely to result in wvapor lock) are as follows.

1. Takeoff fuel flow.

2. 1Initial fuel temperature between 38 and 43 degrees Celsius (100 to 110
degrees Fahrenheit).

3. Ambient air temperature of 29 degrees Celsius or higher (B85 degrees
Fahrenheit).

4. Enpine at operating temperatures typlically found after a prolonged
idling or a hot soak.

5. ASTM elass E (winter grade) fuel if the testing is for autogas.

In preparing the aircraft for testing with autogas, the fuel temperature should
not be allowed to exceed 43 degrees Celsius (110 degrees Fahrenheit),.

The technique for heating the fuel used in vapor lock studies does not affect the
outcome of the test sequence provided the fuel is fresh; it is stored in sealed
barrels until the beginning of the test sequence, and the fuel is heated to
temperature within three hours.

For every condition tested, autogas was more severe than avgas for wvapor lock.
Hence, any fuel system which is capable of operating on autogas will be capable
of operating on avgas.

Detonation on autogas is related to the Motor Cctane Number (MON). An engine
certified for 91/96 octane avgas may detonate on regular unleaded autogas at

typical cruise power settings. The octane rating of autogas does not change

gignificantly when stored In wings for up to six months.
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There is a weak relationship between the Reid Vapor Pressure (RVP) of a fuel and
the tendency to vapor lock as measured by the sediment bowl temperature (figure
13). The blending technique used by the refiner will have a significant effect
on the vapor lock characteristics. As a group, the ASTM class E (RVP equals 13.5
pound per square inch (psl) or higher), autogases are the worst case for vapor
lock.

There was a minor material compatibility problem between the fuel system used
during these tests and autogas, but it would not present a serious problem in an
operational aircraft.

Evaporation can result in a significant loss of fuel when using autogas. In one
case, this exceeded 33 percent of the initial volume of the fuel.
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