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Electrostatic Charge Generation from Turbine Fuels

PURPOSE

Assess the electrostatic charging characteristics of
electrically isolated or partially isolated conductors when
subjected to turbine fuel impingement. Specific attention is
given to aircraft fuel system components that might be the
recipient of fuel impingement due to a leak in the pressurized
fuel system. Also determine the electrical properties of the
conductors (e.g., resistance and capacitance) used in (1) the
assessment of electrical isolation, and (2) the calculation of
discharge energy that might be achieved through the charging
process. Other goals were to ascertain whether significant
electrostatic energies could be obtained through fuel misting or
from fuel on fuel impingement.

BACKGROUND

Early in 1997 The National Transportation Safety Board
(NTSB) contacted Wright Laboratory (WL) concerning the
possibility of performing fuel tests in support of the ongoing
TWA-800 accident investigation. The tests were to assess the
charging characteristics of electrically isolated or partially
isolated conductors when subjected to turbine fuel impingement.
Conductors such as unbonded loop clamps and couplings were to be
used in the tests. The WL fuel laboratory, WL/POSF, had an
existing fuel rig capable of handling the fuel impingement and
test conditions to be investigated. The WL ESD control
laboratory, WL/MLSA, supplied the electrostatic equipment
necessary to perform the required measurements. This report
summarizes a series of tests at WL between 1 March 1997 and 30
May 1997. A description of the individual tests run can be found
in the Appendix and will be referred to throughout this report by
their number. NTSB funded the tests under two contracts with WL.

The Phase I program (tests 1 through 26) was a one-week
program to analyze electrostatic charging capabilities of fuel
spraying on actual aircraft hardware. The facility was altered
so that the NTSB investigation team could witness the tests by
remote video. The fuel used for the Phase I testing was Jet-A
from JFK. At the conclusion of Phase I the maximum charge

generated was approximately 650 volts on a Teflon® cushioned
loop clamp. The results of Phase I warranted further
investigation and a Phase II program was developed.
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The Phase II study (tests 27 through 69) was a continuation
of the Phase I study to further investigate electrostatic
charging from fuel impingement on electrically isolated
conductors. The Phase II study further investigated five
scenarios: (1) the breakdown voltage of actual aircraft hardware
under non fuel wetted conditions; (2) the potential of charge
build up in a fuel mist; (3) the potential for charge build up
due to fuel sprayed onto the surface of a fuel; (4) a parametric
study of fuel impinging upon an aluminum target plate; and (5)
further aircraft hardware studies as deemed necessary. The Phase
IT study was performed at WL over several weeks. The Safety
Board party was present during the week of 7 April 1997 to
witness parts 2, 3, and part of part 4. WL performed the
remainder of the tests with Dr. Joe Leonard from Naval Research
Laboratory representing the NTSB.

FACTUAL DATA

DEFINITION(S)

Triboelectrification/Tribocharging: The generation of
electrostatic charges when two materials make contact or are
rubbed together, then separated.

FUELS

For use in Phase I, fuel was shipped to WL from JFK. The
USAF Aerospace Fuels Laboratory at Wright-Patterson Air Force
Base, Ohio analyzed the fuel. The results of the analysis can be
found in Table 1.

For Phase II testing, a Jet-A fuel that was on hand at WL
was used. This fuel was known as 96POSF3305. The fuel was
analyzed and the results of the analysis can be found in Table 2.
For Phase II testing, several fuels were blended at WL by adding
additives to base fuel 96POSF3305. The additives used were
corrosion inhibitor, BHT antioxidant, metal deactivator (MDAa),
DiEGME icing inhibitor, and conductivity additive Stadis-450.
These additives were added to Jet-A to form JP-8. The amount of
additive added was the amount required by specification in JP-8
unless otherwise noted. Betz thermal stability additive,
currently under study to increase fuel thermal stability, was
also added at 260 ppm. JP-8 with the Betz additive will be
referred to as JP-8+100 in this report. Stadis-450 was added in
various quantities to control the conductivity level. For
several tests Jet-A fuel was clay treated to remove particulates,
this will be annotated under the test conditions where
appropriate.
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ORIFICES

Throughout Phase I and Phase II tests, six different
orifices were used to initiate a fuel leak. All of the orifices
were manufactured from stainless steel caps. All but one of the
orifices were manufactured using EDM. The diameter of the hole
or the shape of the hole will be used to refer to the orifices if
it was not round. The tests were run at three different
pressures, 15, 25 and 42 psig. The orifices were calibrated at
each pressure by collecting the spray in a bucket for a set time
and measuring the volume. All calibrations were done with the
test fuel at room temperature. A characterization of each of the
orifices follows.

0.04 Inch Orifice: A single holed orifice with a 0.04 inch
diameter was run at three pressures. Two calibrations were done
at each pressure. The results were:

Pressure . Time Volume Flow Rate
nsig minutes ml m/min
15 2 730 365
15 2 720 360
25 2 1000 500
25 2 1000 500
42 2 1310 655
42 2 1305 652.5

0.056 Inch Orifice: This orifice was only used at 42 psig. The
orifice was calibrated at 42 psig for two minutes. The collected
volume was 3740 ml, for a flow rate of 1870 ml/min.

0.07 Inch Orifice: This orifice was only used at 42 psig. The
flow rate was calibrated to be 2,700 ml/min at 42 psig.

Five Hole Orifice: This orifice was made with five 0.030 inch
diameter holes. There was one hole in the middle with four holes
equally spaced around it. The orifice was calibrated at 25 psig
for two minutes. The collected volume was 3900 ml, for a flow
rate of 1,950 ml/min.

Slotted Orifice: A 0.063 inch by 0.016 inch slot was
manufactured. The flow through the slot was very laminar so a
fine mesh screen was added to the orifice to break up the fuel
exiting the orifice. Two calibrations were run at 25 psig for 30
seconds. The collected volumes were 2100 ml and 1950 ml for a
flow rate of 4200 and 3900 ml/min. All tests, including the
calibrations, were run with the fine mesh screen inserted.
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Cracked Orifice: A cracked orifice was manufactured by first
freezing the orifice in liquid nitrogen and then cracking it
using a wedge. The crack was very irregular, resulting in an
unstable flow and thus was unable to be calibrated. The flow
rate of the crack was much higher than that of any of the other
orifices.

TEST FACILITY

The tests were conducted at the WL fuels laboratory in a
test chamber that could easily be modified to handle the required
tests. A diagram of the test facility, as altered for the tests,
can be found in Figure 1. The fuel was pumped from a
recirculation tank through 60 feet of line before being delivered
to the test chamber. The excess fuel was recirculated back to
the recirculation tank. A centrifugal pump with a 60 psig/50
g.p.m. capacity was used. The fuel in the recirculation tank
could be heated to 120°F. The 60 feet of line was installed
downstream of the pump to give the fuel time to relax before
reaching the test chamber. The test chamber was an enclosed
metal cabinet that was nitrogen purged during the tests to
eliminate the potential for fuel ignition. During Phase I
testing, a Lexan viewing window was constructed to seal the
entire front opening of the test chamber. This window was not
used during Phase II testing. Instead, the front metal doors of
the test chamber were closed to seal the chamber. For Phase II
testing, a small Lexan viewing window was constructed on top of
the test chamber. The fuel temperatures reported for Phase I
were measured by a thermocouple located in the recirculation
tank. For Phase II a thermocouple was placed in the fuel feed
line downstream from the orifice.

EQUIPMENT LIST

Hewlett Packard Model HP4192A Impedance Analyzer: Provided
capacitance measurements of isolated conductors.

Ion Systems Model 200 Charged Plate Monitor: Provided
voltage measurement of isolated conductors.

Monroe Model 268A Charged Plate Monitor: Provided voltage
measurement of isolated conductors.

Keithley Model 614 Electrometers: Provided current and
charge measurements.

3M Model 961 Ionized Air Blower: Used to neutralize charges
on insulative surfaces such as the Lexan viewing window.
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ETS Model 512 Humidity Controller/Sensor: Provided
percentage relative humidity measurements inside the enclosed
test chamber.

Prostat Model PFM-711A Field Meter: Provided electric field
strength measurements of various items. Used primarily to
measure the electric field strength on the Lexan viewing window.

ACL Model 400 Field Meters: Provided electric field
strength measurements during the fuel mist cloud testing and
during the fuel spray on a pool of fuel tests.

Beckman Industrial Model L-10A Megohmmeter: Provided
resistance measurements using variable test voltages.

ASTM F 150 Five Pound Electrodes: Used to measure the
volumetric resistance of various o-rings. The o-ring to be
tested was placed on a flat conductive surface with the ASTM F
150 electrode placed on top of it.

Hewlett Packard Model HP7132A Chart Recorder: Provided
strip chart recordings of various signals measured by the test
instrumentation.

Spool, 28 AWG Kynar Wiring: Provided electrical connection
between the test items and the test instrumentation.

Fluke Model 77 Multimeter: Provided digital voltage readout
of the output signal from the ACL 400 field meter.

Hewlett Packard Model E23782 Mulimeter: Provided digital
voltage readout of the output signal from the ACL 400 field
meter.

Prostat Model PHT770 Hygro-Thermometer: Provided room
temperature and percentage relative humidity measurements.

Lecroy Model 93141 Oscilloscope: Provided data acquisition
and storage of various signals measured by the test
instrumentation.

ISOLATED CONDUCTORS

Cushioned Loop Clamps: Loop clamps are used to support
aluminum tubing and parallel aluminum tubing from primary
fuel/vent lines in fuel tanks on aircraft. Per specification,
the clamps were constructed of aluminum alloy or low carbon steel
and cushioned with various materials. The cushion makes direct
contact with the clamped tube or fuel/vent line. The cushion
material of the clamps used for this study included,

000029



WL/MLS 97-097

Polytetrafluoroethylene, PTFE (Teflon®), fluorosilicon, and
nitrile. The type of cushion material will be noted for each
test involving a loop clamp. A picture of the loop clamps can be
found in Figure 2.

Wiggins Coupling: A fitting used to join adjacent sections
of fuel tubes or vent lines on aircraft. The fitting allows for
limited movement of connected lines through internal o-rings.
The o-rings can be made of various materials including, nitrile,

fluorosilicon, fluorocarbon, Viton, and Teflon®. The Wiggins
couplings used in the testing were provided by NTSB and will be
referred to by the “T” designation that was inscribed by NTSB.
The “T” designators were located at the end of each fuel tube
joined by a Wiggins coupling. A picture of a Wiggins coupling
can be found in Figure 3.

Target Plate: 2An 8 by 12 inch aluminum target plate was
used for the Phase II parametric study. The target plate was
coated on one side with Boeing MBS 10-20 epoxy chromate primer.
A smaller 4 x 3.5 inch uncoated aluminum target plate was also
used in a few of the tests.

Fuel Collection Tank: A 32 x 14 x 10 inch fuel tank was
used to collect the fuel being sprayed. The tank was coated on
the bottom and up to 6 inches on the sides with the same Boeing
MBS 10-20 epoxy chromate primer as the target plate. A siphon
drain was used to control the fuel level within the tank.

PHASE I TESTS

The tests conducted in Phase I have been summarized in the
Appendix, tests 1 through 26. The Appendix also gives a brief
description of the tests conducted, date performed, test
conditions, summary of results, and relative comments about the
test. A summary of the dry electrical measurements and breakdown
voltage measurements can be found in Tables 3 and 4,
respectively.

Dry electrical measurements were made on Wiggins couplings,
loop clamps, and o-rings supplied by NTSB. A one-inch Wiggins
coupling and three, one-inch o-rings numbered 7 through 9 were
supplied by WL/PO. The results of these measurements can be
found in Table 3. A megohmmeter set at the specified test
voltage was used for all resistance measurements unless otherwise
noted. The anodized surfaces of the components were filed down
to the underlying metal at the measurement connection points,
before connection with the megohmmeter or impedance analyzer.
O-ring volume resistance measurements were made by placing the
o-ring on an isolated conductive plate with an ASTM F 150
electrode on top of it. The female to male shell resistance was
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checked for electrical continuity between those components. The
male and female resistance to fuel tube measurements were a
measure of the electrical isolation between the conductive shell
components of a Wiggins coupling and its associated fuel tubes.
The fuel tube to fuel tube resistance measurement gives an
indication of the electrical isolation across a Wiggins coupling
without a tube to tube bond wire installed. An impedance
analyzer was used to measure the capacitance of the test items.
The quality (Q), dissipation (D), and conductance (G) parameters
were included with these measurements for supplemental
information. Also noted was whether or not a safety wire was
installed on the Wiggins coupling.

Fuel impingement tests were conducted in the test chamber

using the Teflon® loop clamp, fluorosilicon loop clamp, Wiggins
coupling T11/T12, Wiggins coupling T7/T8, and a WL/PO Wiggins
coupling. The results of these tests can be found in the
Appendix. Tests 3 through 5, 13 through 21, 23, and 24 were

conducted with the Teflon® loop clamp. The fluorosilicon loop
clamp was tested in test 10. Tests 7 and 8 were for Wiggins
T11/T12, tests 9 and 11 for Wiggins T7/T8, and test 26 for the
WL/PO Wiggins coupling. Test 26 was conducted after installing
the highest resistance fluorocarbon o-rings readily available.

To perform the fuel impingement tests, the test item was placed
on a support stand beneath the orifice. The associated fuel
tube(s) for the test item was bonded to the chassis of the
grounded test cabinet. The chassis grounds for the test
equipment used during these tests were also grounded at this same
location. A bond wire was attached to the test item and routed
through a small hole in the Lexan viewing window and attached to
a charged plate monitor. Before the start of each spray test,
any charge accumulated on the test item was removed by the “zero”
button on the charged plate monitor. The surface of the Lexan
viewing window was also ionized to reduce any electric fields
originating from it. Jet-A fuel from JFK was sprayed from the
orifice onto one of the isolated test items mentioned above. The
spray test continued until it was determined that little or no
additional gain in voltage potential would be achieved on the
test item as a result of continued fuel impingement. Test
variables, such as fuel temperature, orifice type, orifice to
test item distance, and fuel flow rate were changed in the
different tests. This was done in an attempt to achieve maximum
voltage on the test item. For each test item, at least one
resistance and capacitance measurement was made before and after
the item was wetted with fuel. These measurements were made with
the test item in place inside the test chamber and connected to
the charged plate monitor. Streaming current measurements were
also made during some of the fuel impingement tests. Streaming
currents were measured by attaching the input cable from the
electrometer to the electrically isolated section of tubing in
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the fuel supply lines. This section of tubing was located
downstream of the fuel orifice inside the test chamber. This
stainless steel section of three-quarter inch tubing measured 6
inches in length. Nylon ferrules were used to provide the
electrical isolation.

Breakdown voltages of the Teflon® and fluorosilicon loop
clamps, along with the T7/T8 Wiggins coupling, were measured.
Results for these measurements can be found in Table 4. The test
was conducted by applying voltage to the test article with the
fuel tube grounded. The voltage on the test article was
increased until a spark occurred. The breakdown voltage on the

Teflon® loop clamp was measured for several gap distances
between the clamp and fuel tube. Breakdown voltages for the
Wiggins coupling could not be measured, due to insufficient
electrical isolation between the coupling and the fuel tube.

PHASE II TESTS

The tests conducted in Phase II have been summarized in the
Appendix, tests 27 through 69. The Phase II summary is in the
same format that was used for Phase I. Dry electrical
measurements and breakdown voltage measurements were also taken
in Phase II. These results can be found in Tables 5 and 6,
respectively.

The first test of Phase II (test 27) involved resistance
measurements of the fuel collection tank described earlier in
this report. An ASTM F 150 five-pound electrode was placed in
the fuel collection tank. A megohmmeter was used to measure the
resistance from the electrode, through the thin layer of epoxy
chromate primer, to ground. The test voltage used on the first
measurement was 100 volts. The high resistance reading of the
first measurement (Appendix, test 27) prompted a second
resistance measurement using the next higher available
megohmmeter test voltage of 200 volts. These measurements were
taken in preparation for two tests. The first test measured the
electric field strength of a fuel mist cloud. The second test
measured the electric field strength on the surface of a pool of
fuel while fuel was spraved upon it. These two types of tests
were conducted concurrently with the use of two field meters.

One field meter was mounted in the upper area of the test chamber
to measure the electric field strength from a charged fuel mist
that might be present during the test. The direction of
measurement for this meter was horizontal across the width of the
chamber. A second field meter was mounted with a vertical
direction of measurement above the surface of fuel in the fuel
collection tank. This meter measured the electric field strength
originating from the surface of the fuel while fuel was sprayed
onto its surface. The output of each field meter was connected
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to separate digital multimeters located external to the test
chamber. The magnitude of voltage measured by the field meters,
while fuel was sprayed during the test, was observed and recorded
from the digital multimeters displays. The results of these
tests, along with the specific test conditions, can be found in
the Appendix, tests 28 through 31.

Fuel impingement tests were conducted in the test chamber
during Phase II using the target plate described earlier in this
report. A summary of these tests can be found in tests 32
through 42, 44 through 47, 49 through 51, and 56 in the Appendix.
The fuel impingement tests conducted in Phase II were performed
similarly to those conducted in Phase I. However, there were
several alterations made to the test chamber for Phase II. An
electrically conductive bar was mounted through the width of the
test chamber. The bar allowed for rotation of the target plate
that was attached to it. The bar was rotated during some of the
fuel impingement tests to change the angle of fuel impact.
Before test 49, this bar was grounded through contact with the
test chamber walls and by a ground wire bonded at one end of the
bar. The target plate was attached to the bar, but it was

electrically isolated from the bar with the use of Teflon®
sheeting. Beginning with test 49, the bar was electrically
isolated from the wall of the test chamber using insulative
sleeves and the grounded bond wire was removed. The target plate

was clamped directly to the bar without the Teflon® insulation
to provide electrical continuity to the bar. The reasons for
these changes can be found in the discussion section of this
report. The fuel collection tank was electrically isolated from
ground to allow for charge or current measurements when desired,
otherwise the tank was grounded through a bond wire. During some
of the fuel impingement tests, a conductive screen was inserted
into the fuel spray before the fuel spray reached the target.
The Appendix contains notation under the test condition portion
as to whether or not the screen was used for a specific test.
Wires were bonded to the target plate and the fuel collection
tank and routed through small holes in the wall of the test
chamber. These two wires were insulated from the wall of the
test chamber with insulative sleeving. These wires could be
individually grounded, attached to a charged plate monitor, or
attached to an electrometer as required for the particular test
to be conducted.

Tests were conducted to determine whether or not the fuel
spray exiting the orifice was charged before making contact with
the test item. A conductive container was electrically isolated
and suspended beneath the fuel orifice through the use of
insulative cable ties. The input wire on an electrometer was
connected to the conductive container. The amount of charge
collected in the container over a period of time was measured

0000354



WL/MLS 97-097

with the electrometer. Measurements of target plate current and
fuel collection tank currents were also recorded. The results of
these tests, along with the specific test conditions, can be
found in the Appendix, tests 52 and 53.

Several tests were conducted by dripping fuel onto a target
plate as opposed to the continuous stream type of sprays that
were used in the other fuel impingement tests. Test 54 in the
Appendix was performed using the same fuel supply tubing and
orifice configuration from the fuel impingement spray testing.
The orifice outlet cap was loosened just enough to allow fuel to
drip onto the target. Tests 55, 58, 61, 62, 64, and 65 were
performed using a glass burette container of jet fuel with a
grounded aluminum orifice for the source of the fuel drip. To
measure the resultant voltage for these tests, the target plate
was connected to the charged plate monitor. Fuel with and
without additives was used as noted for each test.

Fuel resistance measurements were performed using an
apparatus consisting of a glass beaker and two metal electrodes.
The electrodes measured 1 x 2 x 1/16 inches each. The electrodes
were submerged in the fuel with the face of the electrodes
parallel. The approximate electrode spacings used in these tests
were 1, 2, and 3 inches. A megohmmeter was used to measure the
resistance between the two electrodes using test voltages of 10,
50, 100, 500, and 1000 volts. The types of fuel used and the
results of the tests can be found in the Appendix, tests 57, 59,
and 60.

Further dry electrical and breakdown voltages measurements
were conducted on a Wiggins coupling as part of Phase II. These
measurements were made in a similar fashion as described in the
Phase I portion of this report. Measurements were made with both

Teflon® and Viton o-rings installed in Wiggins coupling T7/T8.
The results of these tests, along with the specific test
conditions, can be found in the Appendix, tests 43, 63 and 68.

In an attempt to electrically isolate the Wiggins coupling from
the internal fuel tube, various configurations were tried. The
configurations included the reduction in clamping force (shell
tightness), removal of the internal locking ring, removal of the
internal split rings, and changes in the relative position of the
fuel tubes with respect to the Wiggins coupling.

DISCUSSION(S)

When reviewing the results of the tests performed in the
Appendix, it is important to note there is some inherent
instability in the measurements performed based upon the nature
of the tests conducted. Factors such as electrical noise, test
instrumentation settling and display update time, stray electric
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fields, and other factors more specific to the type of test being
performed all contribute to this instability. Efforts were made
to record the most accurate results possible for all
measurements. It is understood the same measurements recorded by
different personnel may show small differences in values.

PHASE I TESTS

The objective of Phase I testing was to measure the amount
of charge produced on an isolated conductor due to impingement of
charged fuel on the conductor and triboelectrification from fuel
passing over the conductor. The conductors chosen for Phase I
testing were from actual aircraft hardware and included Wiggins
couplings and cushioned loop clamps. Both dry and wet tests were
performed. Dry tests focused on the resistance and capacitance
values of the couplings and clamps and components thereof. Wet
testing consisted of spraying jet fuels onto the chosen
conductors and measuring the generated voltage and fuel streaming
current. Jet-A fuel from JFK airport was used during Phase I as
mentioned previously in this report. Several variables were
monitored and controlled during the wet test portions of Phase TI.
Fuel type, temperature, conductivity and pressure were monitored
and controlled. Orifice (nozzle) type and orifice distance from
the target test item (e.g., Wiggins coupling or loop clamp) were
recorded. The initial and final resistance and capacitance
measurements of the target item were also recorded. Ambient
humidity within the test chamber was also monitored to ensure an
adequate nitrogen purge was achieved.

Dry testing provided very useful information in determining
the test item most likely to charge during wet testing. A
summary of the Phase I dry electrical measurements can be found
in Table 3. The goal was to find the item with the highest
electrical resistance, with respect to the fuel tube to which
each was connected. The higher the resistance, the better
isolated the item was from the fuel tube, thus allowing for more
charge or voltage to accumulate. Additionally, a larger item
capacitance would result in more energy (E = 1/2CV?) storage
within the test item before discharge, given the same voltage
potential on each item. The electrical isolation properties of
the Wiggins couplings were very poor. This was due in part to
the relatively low resistance of the inner o-rings that provided
freedom of movement of adjacent fuel tube sections that it
coupled together. As shown in Table 3, when measured
independently, these o-rings varied in resistance from thousands
of ohms to 1E12 ohms. The resistance of the o-ring dropped when
installed in the Wiggins coupling due to increased surface area
contact with the inner wall of the coupling. The o-rings were
thought to provide electrical isolation between the outer Wiggins
shell and the fuel tubes. It was discovered later that the
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internal conductive components of the Wiggins coupling were
almost always in contact with the surfaces of the Wiggins shell
and fuel tubes. All surfaces of the Wiggins coupling were
anodized and testing showed this anocdized layer broke down at
approximately 250 volts. Hence, when potentials reached
approximately 250 volts, the outer shell of the Wiggins coupling

would short to the fuel tube. The loop clamp with the Teflon®
cushion had the best electrical isolation with respect to its
fuel tube. The resistances measured were consistently much
greater than 1E12 ohms. Measured capacitance was found to be
much greater for the Wiggins couplings than the loop clamps. The
Wiggins coupling capacitance measurements ranged from
approximately 90 to 10,000 picofarads. The capacitance of the
loop clamps ranged from approximately 33 to 722 pF. The large
variation in capacitance can be attributed to the quality of the
insulating material between the conductive elements of the clamp
or coupling. Low resistance o-rings or cushiloning materials are
poor insulating materials. Because of this, the capacitance is
said to be of poor quality or “leaky”.

Based upon the results obtained during Phase I dry testing,

it was decided that the Teflon® cushioned loop clamp would be
the first item of choice for wet testing. During wet testing
conducted on 4 March 1997, the Lexan viewing window of the test
chamber, and similar materials used to support the item under
test, became highly charged. This charging process originated
from the fuel spray impinging upon the inner surface of the Lexan
and on the support stand. Using a field meter, voltages as high
as 5000 volts were measured. The highest charge concentration
was on the lower half of the Lexan window. Since this could
influence the item under test, a conductive mesh screen was
applied to the lower half of the Lexan window. Aluminum foil was
also placed around the support stand to suppress its electric
field. The highest voltage measured on these surfaces, after the
modifications, was approximately 350 volts with most areas less
than 200 volts. Initially, resistance and capacitance

measurements were made before and after the Teflon® cushioned
loop clamp was sprayed with fuel. Changes in these measurements
were found to be insignificant after monitoring them in the early
tests of Phase I. Because of this, only the initial measurements
of resistance and capacitance were recorded for the remaining
tests. The small change in capacitance from 74 to 86 picofarads,
in the early tests, was due to the additional length of wiring
required after adding the conductive mesh to the Lexan window.
The addition of the conductive mesh required the wire connecting
the test item to the test instrumentation be moved up above the
conductive mesh, thus the additional length of wire. The

Teflon® loop clamp test results can be found in the Appendix,
tests 3 through 5, 13 through 21, 23, and 24. Many factors had
an affect on the maximum voltage potential measured during these
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tests. Fuel flow rate, fuel pressure, fuel orifice to target
distance, fuel temperature, and isolation resistance generally
increased the magnitude of the resultant voltage. Changes in the
orifice style and in the fuel conductivity also had an affect on
the voltages measured. The highest voltage potential measured on

the Teflon® cushioned loop clamp during Phase I testing was -650
volts. A second loop clamp was also wet tested during Phase I.
The results for this flourosilicon loop clamp can be found in the
Appendix, test 10. The low voltage potential measured on this
loop clamp can be attributed to the decrease in electrical

isolation resistance when compared to the Teflon® loop clamp.

Wet testing of Wiggins couplings was also conducted during Phase
I and the results can be found in the Appendix, tests 7, 8, 9,
11, and 26. The maximum voltage potential measured during these
tests was -14 volts. The insufficient electrical isolation of
the Wiggins couplings as mentioned previously was responsible for
the low voltage measurements.

The resistance of many materials decreases with a
corresponding increase in applied test voltage. In an effort to
determine what affect this may have on jet fuels a test was

conducted. A Teflon® loop clamp attached to the small section
of fuel tubing was completely submerged in jet fuel. Resistance
measurements were made with a megohmmeter at different test
voltages. The results of these tests are shown in the Appendix,
test 25. As can be seen from the test results, the resistance of
jet fuel decreases significantly with an increase in test
voltage.

At the completion of Phase I wet testing, breakdown voltage

measurements were conducted on the Teflon® loop clamp, the
flourosilicon based loop clamp, and the T7/T8 Wiggins coupling.
A summary of the first phase of breakdown voltage measurements
can be found in Table 4. These data give an indication of the
relative voltage potential that might be required to cause a
spark to occur between the test item and its associated fuel
tube. It also allowed for a visual observation as to the
location where the spark may occur. The spark gap distance was

altered on the Teflon® loop clamp to demonstrate its
relationship to breakdown voltage. Breakdown voltage
measurements on the Wiggins coupling were not successful. The
low isclation resistance of 2E9 ohms, measured with a test
voltage of only 100 volts, loaded down the output of the high
voltage power supply.
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PHASE II TESTS

The objective of Phase II testing was to expand upon the
tests that were conducted during Phase I. Further work went into
optimizing conditions that would result in obtaining higher
voltage potentials on the test items during wet testing. Phase
IT testing also included additional dry electrical measurements,
breakdown voltage measurements, electric field strength
measurements of a fuel mist cloud, and measurements of the
electric field strength from the surface of a pool of fuel while
the same type of fuel was being sprayed upon it.

An attempt was made during Phase II testing to optimize
conditions that would yield the maximum voltage potential
possible on an isolated conductor. To simplify this task, an
epoxy chromate coated aluminum target plate was used as the
isolated test object. The epoxy chromate coating was similar to
that found on inner tank walls and fuel lines in fuel tanks of
commercial aircraft. Factors such as fuel flow rate, fuel
pressure, fuel orifice to target distance, fuel spray to target
impact angle, fuel temperature, orifice type, spray pattern,
plate coatings, and fuel conductivity were investigated. During
this portion of Phase II testing, electrical current measurements
were also taken of the target plate and fuel catch tank. The
current measurement represents the rate of charge transfer to the
target plate or catch tank. The resultant voltage on an isolated
conductor, if charged by a constant current source, is the
product of the charging current and isolation resistance. An
increase in the charging current, or the net resistance to
ground, or both, causes a corresponding increase in voltage. The
difficulty was in not being able to measure the net resistance to
ground during the fuel spray testing. Finding a variable that
increases the charging current will not necessarily increase the
voltage if that variable causes a corresponding decrease in the
overall resistance to ground. During some of the tests, a
conductive screen was inserted into the fuel spray between the
orifice and the target plate. This was done to alter the fuel
spray pattern which resulted in an increase in the fuel spray
breakup.

Resistance measurements were made on the thin layer of
yvellow epoxy chromate primer coating the interior of the fuel
catch tank. This primer was also on the fuel tubes of the test
items, and on one side of the 8 x 12 inch target plate. Using a
test voltage of 100 volts, the resistance measurement was greater
than 1E12 ohms. The same measurement at a test voltage of 200
volts resulted in a resistance that was less than 5E4 ohms.
Therefore, at voltages less than 100 volts, the fuel catch tank
would typically be classified as electrically insulative.
However, at voltages greater than 200 volts, the fuel catch tank
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would typically be classified as conductive. Under these
circumstances, little or no electrostatic voltage potentials
would be expected if the fuel catch tank was grounded. The
breakdown voltage of the epoxy chromate primer on the fuel catch
tank occured somewhere between 100 and 200 volts. This low
breakdown voltage may have contributed to the low electric field
strengths measured on the surface of the fuel in tests 27 through
31. The electric field strength measurements of the fuel mist
cloud were also minimal during these tests. There were several
possible reasons why this occurred. First, the spray patterns
originating out of the fuel orifices may not have been sufficient
to generate a charged mist cloud. Second, the exit vent required
for the nitrogen purge may have removed any mist cloud from the
upper area of the cabinet. Finally, the accumulation of
sufficient charge in the mist cloud to reach a level detectable
by the field meter, may take many minutes, or even hours, to
occur. The duration of the tests conducted during the fuel
misting tests only lasted a few minutes each.

A series of tests were conducted to determine the effect of
several variables on the voltage generated from fuel impingement
on the target plate. Specifically tests 32 through 42, 44
through 47, 49 through 51, and 56 (Appendix) were dedicated to
variable analysis. Several variables appeared to increase the
magnitude of voltage or current measured on the target plate.

The insertion of the conductive screen in the fuel flow increased
both the voltage and current. The impact of the insertion of the
screen is shown in Figures 4 and 6. Coating the plate with epoxy
chromate primer also produced higher charging currents. Charging
currents were also highly influenced by fuel temperature and
conductivity (Figures 5 and 6). As fuel temperature increased,
charging currents increased significantly. Charging currents
using fuels with conductivities of 31 and 94 picosiemens/meter
(pS/m) were significantly higher than those observed using fuels
with conductivities less than 10 pS/m. Note that fuels with a
higher CU also provided a lower resistive path for charge to flow
to ground through the fuel itself when a continuous stream

exists. Other variables such as target to orifice distance and
target plate angle had a less significant effect on charging
current (Figure 7). 1Increases in charging current and voltage

were observed for plate angles of 30, 45, and 60 degrees, as
opposed to 0 degrees (plate perpendicular to the flow) and 90
degrees (parallel). The concept of “residence time” should be
introduced here. Residence time is the amount of time a particle
of fuel resides on the target plate. Residence time decreases
with a corresponding increase in target plate angle when measured
from the horizontal. Increased fuel residence time allows
charged fuel particles a longer opportunity to neutralize before
leaving the target plate. The target plate was grounded by the
electrometer when measuring charging current.
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Additional attempts were made to increase charging current.

A Teflon® sheet was used to electrically isolate the target
plate from the rotating bar on which it was mounted. This

Teflon® sheet may have become saturated with the spraying fuel
creating a low resistive path between the target plate and bar.
The bar was grounded through contact with the walls of the test
chamber. The sheeting was removed and the target plate connected
to the rotating bar. The bar was then electrically isolated from

the test chamber walls with Teflon®. Electrical resistance
measurements were made to confirm isolation of the target plate.
JP-8 fuel was introduced to the test process at this time. Care
was taken to maintain test parameters at conditions suitable for
maximum charging based on prior Phase I and II tests. This
included a fuel temperature of approximately 105-110°F, a target
plate angle of 60°, a slotted orifice, a target to orifice
distance of 24 inches, and fuel pressure of 25 psig. A charging
current of 12.7 nA and -1132 volts was achieved on the target
plate during this test sequence. During test 51, an instability
in the test system caused the fuel spray pattern to fluctuate
between two distinct patterns. This variation also caused the
current on the target plate to fluctuate between two distinct
values. This indicates that fuel spray pattern impacts the
current achieved on the target plate.

Additional tests were conducted to determine whether or not
the fuel spray exiting the orifice is charged before making
contact with the test item. An electrically isolated, conductive
container was used to collect the fuel exiting the orifice during
the test. The amount of charge collected in the container over a
period of time was measured with an electrometer. The results of
these tests can be found in the Appendix, tests 52 and 53.
JP8+100 fuel was used for these tests. The two tests were run
with two different orifices. The five hole orifice was selected
in the second test to obtain a more consistent fuel flow spray
pattern. Test data showed that for the given conditions, the
fuel was charged before contact with the test item. 1In the
second test, target plate and fuel catch tank currents were
measured in addition to the collection tank charge. This was
done to examine the overall test system and to determine whether
the sum of all charge currents (e.g., orifice, target plate,
collection tank and misting) equaled zero or nearly zero. It was
noteworthy that the average value of the calculated fuel
collection currents was approximately equal to the sum of the
target plate and fuel catch tank currents. If this was not the
case, 1t would be expected there was a loss of charge in the test
chamber, most likely through fuel misting. The misting fuel
would not be collected in the fuel catch tank, therefore, causing
a change in the expected tank current measurement. These data
appeared to support the reason why little or no charge was
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measured during the misting tests. Although these limited test
data were not conclusive, it suggests that very little misting
may have actually taken place inside the test cabinet during wet
testing.

The test team pursued preliminary work using dripping fuel
(as opposed to a continuous stream) as the charging source
(Appendix, test 54). As mentioned previously in this report, the
fuel itself has been suspected to be a charge dissipation path to
ground due to relatively low resistive properties. It was
thought that interrupting the continuous stream of fuel would
eliminate this charge dissipation path and allow for larger
charge levels to remain on the target plate. It was also felt
that the overall charge build-up process might take much longer
due to the relatively small amount of charge transfer that may
occur for each fuel drop. Using JP-8 (CU approximately 450) as
the “dripping” fuel, voltages in excess of 400 volts were
observed during the first test. Several factors may have limited
the voltage level seen in this test. The fuel temperature during
the test was approximately 70°F, much lower than the 110°F value
found to produce maximum charging in previous tests. Charge
decay may have occurred through a fuel film that had accumulated
on the cabling used to measure voltage. The cabling exited the
test chamber through the grounded chamber wall thus providing a
potential ground path through the fuel film itself. Finally, the
ambient relative humidity was high at the time the drip tests
were conducted. This could impact the accuracy of voltage
measurements made by the charged plate monitor that depends on
electrical isolation of the 6 x 6 inch charge collection plate.
Additional drip tests were conducted, but several changes were
made from the original test. Fuel was dispersed from a glass
burette with a grounded aluminum foil orifice and not from the
original orifice used for the previous test. The drip rate was
also increased to nearly a continuous flow to minimize test time.
During much of the previous spray testing, Stadis 450 was added
to the baseline fuel in an attempt to increase the charging
capability of the fuel. Adding the Stadis 450 also increased the
fuel conductivity, creating a fuel wetted, low resistive path.
During this drip testing, an attempt was made to increase the
charging capability without increasing the conductivity by adding
various additives to the fuel. Fuel temperature also remained
far below what had produced maximum charging in previous tests.
Detalled information on these additional drip tests can be found
in the Appendix, tests 55, 58, 61, 62, 64, and 65. In summary,
clay filtered Jet-A fuel and Jet-A fuel with icing inhibitor,
showed the greatest tendency to charge the target plate.
Voltages in excess of 350 volts were recorded. The addition of
Stadis 450, BHT, MDA, and corrosion inhibitor produced much

smaller voltage levels. Water was also added during this series
of drip tests. Its impact on resultant voltage levels on the
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target plate was minimal.

Drip testing, and the use of test fuels with and without
additives, provided an opportunity to better assess the
electrical resistance of each. Fuel electrical resistance
measurements were made on the test fuels using the same test
apparatus and voltages described earlier in this report. The
Appendix, tests 57, 59, and 60 show the results of these tests.
The results of the tests showed a significant decrease in
resistance of both the baseline clay treated Jet-A fuel and the
same fuel with the icing inhibitor added. As mentioned earlier,
these fuels produced the most significant voltage levels during
the drip tests. Note that all fuels showed some degree of
sensitivity to increased voltage. As the voltage increased, the
resistance decreased.

Breakdown voltage tests were also conducted during Phase II
on the Wiggins coupling. The initial attempt to measure the
breakdown voltage on a Wiggins coupling in Phase I was
unsuccessful. A summary of the breakdown voltage test results
can be found in Tables 4 and 6. The original o-rings in the
Wiggins coupling were removed and replaced with a pair of higher
resistance Viton o-rings. Several attempts were made without
success to physically position the components of the Wiggins
coupling to achieve electrical isolation. The internal
conductive components of the Wiggins coupling were removed in an
effort to determine the cause of this problem. Electrical
isolation was obtained when the two split rings and locking ring
were removed. After completely reassembling the coupling, and
many attempts to physically position the components of the
coupling to achieve isolation, a breakdown voltage measurement
was taken. The breakdown voltage occurred at 1080 volts. It was
nearly impossible to configure the T7/T8 Wiggins coupling in such
a way to produce breakdown voltages that exceeded 1000 volts.
This was due to continuous contact between anodized surfaces
internal to the coupling and breakdown of that anodized layer at
fairly low voltage levels (i.e., less than 1000 volts). This was
not readily obvious during dry testing when test voltages of 100
volts or less were used to measure resistance between these
surfaces. When all the internal components of the coupling were
removed, except for the o-rings, a breakdown voltage of
approximately 5700 volts was achieved.

SUMMARY OF FINDINGS

As mentioned in the opening paragraph of this report, the
purpose of this work was to assess the charging characteristics
of electrically isolated conductors when subjected to fuel
impingement. Specifically, conductors that are commonly found in
aircraft fuel systems. Experiments were conducted on aircraft
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hardware (e.g., Wiggins couplings and cushioned loop clamps) as
well as simulated hardware (e.g., epoxy chromate coated metal
plate). The experiments were run to determine if the hardware
could become electrostatically charged when turbine fuels were
impinged upon them. Those properties, combined with the basic
electrical properties (e.g., resistance and capacitance) of each
test item, allowed for some estimation of the possible discharge
energies that could be expected if substantial charging did
occur. Figure 8 shows the potential energies achieved from the
measured voltages (maximum) and capacitances of the various test
items used in this study. This energy, expressed by the equation
E = % CV® is the energy dissipated in a discharge where C is the
capacitance between two conductors with a potential difference,
V, in volts. This value can be compared against the estimated
minimum ignition energy (MIE) for flammable fuel vapor-oxidant
mixtures at specific temperatures and pressures. This report
does not cover MIE for explosive vapor-oxidant mixtures, but
recognizes that other work has been done in this area.
AFWAL-TR-85-2057, “Aircraft Mishap Fire Pattern Investigations,"
August 1985, states that the MIE for many hydrocarbon
combustibles is approximately 0.25 mJ. This value may increase
substantially, however, with a decrease in pressure. The work
outlined throughout this report focused on three important items
that may aid in the estimation of discharge energy. First, the
voltage potential that could be achieved on each conductor
through fuel impingement was evaluated. Second, the capacitance
of each item when dry and when subjected to fuel impingement was
measured. Third, the electrical resistance to ground of each
item under test and how well each item was electrically isolated
from ground was assessed.

A large portion of the work accomplished during this study
was dedicated to experimentally finding the maximum voltage
potential that could be attained on each conductor through fuel
impingement. During the course of testing, a multitude of fuel
types, orifice styles, fuel temperatures and pressures, and spray
distances were tried to achieve maximum voltage and charging
current. Appendix provides a detailed summary of each of these
tests. Testing revealed that fuel temperature, flow rate and
conductivity, additive content, and spray pattern were the most
significant variables in the charging process. As fuel
temperature and flow rate increased, so did the maximum charging
current on the test item. The fuel spray pattern also increased
the measured current. The fuel spray pattern was influenced by
the insertion of the break-up screen, the distance from the
orifice to the target, the orifice style, and flow instabilities
in the system. As the spray pattern became more dispersed, the
charging current increased. Fuel conductivity significantly
influenced the maximum current measured on the test item. As
conductivity increased, the current increased. The highest
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currents were achieved using JP-8 fuels with a conductivity in
excess of 400pS/m. The resistance of the higher CU fuel also
decreased, providing a charge dissipation path for charge to flow
to ground. This resulted in lower voltage potentials on the test
item than those achieved with the lower CU fuel. A higher CU
fuel may also allow for recombination of charge te occur while
the fuel was still in contact with the target plate.

Of the items tested from actual aircraft, the Teflon®
cushioned loop clamp was the most susceptible to charging and
achieved the highest voltage potentials. The Wiggins couplings
could not be significantly charged due to the low electrical
resistance of thelr internal o-rings. The low breakdown voltage
and likelihood of physical contact of all internal surfaces and
components may also have contributed to the inability to

significantly charge the couplings. The Teflon® cushioned loop
clamp retained good electrical isolation throughout the
experiment and a maximum voltage of approximately 650 volts was
achieved. The capacitance of the clamp, without attached wiring
or test instrumentation, throughout the test process was

approximately 45 pF. A Teflon® loop clamp with these properties
could produce a discharge energy of approximately 0.0095 mJ.

A series of tests were done using an epoxy chromate coated
aluminum target plate. Testing produced a maximum voltage of

approximately 1150 volts. Assuming the Teflon® cushioned loop
clamp could also attain this voltage, a discharge energy of 0.030
mJ could be produced. Both values (0.0095 and 0.030 mJ) are well
below the 0.25 mJ MIE value discussed earlier.

Testing done to assess the impact of fuel misting, or fuel
on fuel impingement on the charging process, was also conducted.
Misting was analyzed by attempting to measure the electric field
strength in the upper area of the test chamber. Little, if any,
voltage was observed. This was most likely due to the lack of
fuel mist produced by the orifices used in these tests. Very
little voltage was produced during the flow of fuel onto a puddle
of similar fuel. Maximum charging is typically observed when
different materials contact and separate from one another. This
may have contributed to the relatively low results. Fuel
resistance may also have allowed charge to flow through the fluid
to the walls of the collection tank and then to ground. This too
would have minimized the voltage values observed.

Drip testing was conducted to eliminate any parallel
resistance that might exist when fuel flows to, and exits from,
the test item. It was thought the elimination of these paths
would allow for greater amounts of charge to reside on the test

item and, hence, increase the maximum voltage observed. It was
understood that the time for a maximum voltage level to be
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reached might be substantial when a drip was used as the charging
mechanism versus continuous flow. Preliminary drip testing
produced voltages over 400 volts on a small, electrically
isolated aluminum plate. Subsequent tests using various fuels,
additives, and drip rates, produced lower values.

The breakdown voltage measurement results for the Teflon®
cushioned loop clamp showed that increasing the spark gap
required an increase in voltage potential across the gap to
achieve the spark. Typically, the larger the spark gap, the more
energy discharged in the spark. The cushioned loop clamps have
two areas where breakdown could occur. Breakdown could occur
between the clamp and fuel pipe, through the cushioning material
itself or through air where voids in the cushioning material
exist between the clamp and the fuel pipe. For the clamps
tested, the discharge always occurred through air where voids in
the cushioning material existed. No physical damage to the
clamps was visible on inspected surfaces. Referencing the Phase
I breakdown voltage data, the air gap was varied between 0.018
and 0.033 inches. The respective breakdown voltages varied
between 2000 and 3550 volts. The capacitance of the clamp was
relatively stable between 49 and 46 picofarads over the gaps
mentioned. The corresponding discharge energies over this range
of voltage, capacitance and gap spacing varied between
approximately 0.1 and 0.29 mJ. Evidently the orientation of the
clamp was extremely important in determining the discharge energy
produced. During testing of the Wiggins couplings in Phase I and
II, breakdown voltages of any significance were extremely
difficult to achieve. The resistance of the outer coupling shell
to the inner fuel tube was very low (< 1E1l ohms), preventing
significant charge accumulation. This was due to the low
resistance of the inner o-rings as well as contact between
anodized surfaces inside the coupling.
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Figure 3. Wiggins coupling.
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Table 1

JFK Fuel Analysis

WL/MLS 97-097

SPECIFICATION: ASTM D-1655 JET-A
SPEC LIMITS LAB
METHOD TEST MIN | MAX |RESULTS
D3242 |Total Acid Number, MG KOH/gm 0.1 0
D86 Distillation, °C
10% Recovered 205 181
50% Recovered Report 212
90% Recovered Report 254
Final Boiling Point 300 280
Residue, % Volume 1.5 1.2
Loss, % Volume 1.5 0.9
D56 Flash Point, °C 38 49
D1298 Density at 15°,kg/cu meter 775 | 840 805
D130 Copper Corrosion 1 1b
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Table 2

WL/MLS 97-097

Wright Laboratory Fuel Analysis

SPECIFICATION TEST MIL-PER-83133D | ASTM D1655
JP-8 JET-A 96POSF3305
Specific Gravity @ 60°F 0.775 - 0.840 0.7753-0.8398 0.8076
Distillation, ASTM D86, °C (°F)
Initial Boiling Point Report No Rgmt. 158 (316)
10% Recovered 205 (401) max | 204 (400) max [ 172 (342)
20% Recovered Report No Rgmt. 185 (365)
50% Recovered Report Report 208 (406)
90% Recovered Report Report 248 (478)
End Point 300 (572) max | 300 (572) max [ 268 (514)
Residue, vol % 1.5 max 1.5 max 0.2
Distillation Loss, vol% 1.5 max 1.5 max 0.8
Sulfur, total, wt % 0.30 max 0.3 max 0.0587
Doctor's Test Negative Negative Sweet
Net Heat of Combustion, Btu/lb 18,400 min 18,400 min 18,552
Freezing Point, °F -53°F max -40°F max -52
Aromatics, vol % 25 max 20 max 19.5
Olefins, vol % 5.0 max No Rgmt. BDL
Smoke Point 25 min 25 min 20
Copper Strip Corrosion 1 max 1 max 1a
Viscosity @ -4°F, cSt 8.0 max 8.0 max 5.01
Water Reaction 1b max 1b max 1
Delta P, mm Hg 25 max 25 max 2
Deposit Code <3 max <3 max <1
Hydrogen content, mass % 13.4 min No Rgmt. 14.25

29

000114




WL/MLS 97-097

o, BZHM Ity
2000 laqany i
N S2€0°0 V/N V/N V/N V/N V/N 200XE< | L 0LXL< VN Z401XL< [ 0ix1< ANUM -
aqn] ajbuis vl ol ‘dwren <
v606€°0 ;buneod m
N 29800 G120 V/N V/N V/N V/N V/N %05> L01XE"L V/N Xoe|g/pey
9Ll agn L ojbuig ‘dwerp
0 49290
N L¥v0'0 V/N V/N V/N V/N V/N 200X1< | 0XL< V/N V/N V/N uoya|
aqn] a)buig ‘dwe|n
26'S £25°0 unony JFLEL
viA G120 96£'c 26010 8519’ LOIxge JOIX0'6 LOIXp L uado V/N V/N Bundnoo
9¢ 26 suibbim
862°0 Aluo S LEL
VoA 14> 00810 | ‘pubgl Budnog
9s £292°0 suibBim
1487 9/'9 ZLULLL ”
N 0210 628'€ £562°0 609°€ L01X0'S LO1X0'L ,01X0°L 00 V/N V/N Buijdnod - ,
8's a3 sulbbIpm A .
90°¢!l 90°€l ,8L/L1
A 88610 09t'01 8861°0 0901 LOIXLL LOLXLL A Y/N V/N Buydnog
0's 0s suibBim
ocy 12y 91/51
A 81£2°0 ¥88°¢ G2eg0 188C | g4 SOIX0'S QOEXLL LOLX0'L €0 V/N V/N Buidnod
R4 gy suibBim
S85°9 gz W 6980 2LLL
A ZL SvL0- 2 gbY' e | « JOIX9C Yos> Nos> 0L V/N VN Buydno)
0 0 suIbBIm
0, L8V€°0 9:8LPE0 oLL6L
A 24 80} 24 80°L w1 OIXSY %0s> %0S> 20 V/N V/N Bundnoo

(I ESVHd) SINIWTINSVEN TYOINIOHETHE X¥d

€ STqeL



WL/MLS 97-097

ge [and -l
N o OLXE'L 0, OkXG'L ‘Buydnop o
suIBBIA S
2t =)
1200 9100 qe jand
N LE0°0 66LL0 S20°0 0001°0 OHX9'L 0 0EXG'E LOLXeL 0 ObXP ‘Buydno)
9'9¢ 0oy suibBIpA
, uonoes
£60°0- Hoys L
LEVE'D 01X Buydnog
05620 ,,01X1 sulBbim
L5°€ 15°€ o hL/LLL
A 12¥2°0 00€'2 21¥2°0 ¥62'2 LOIX0'S QOIX0'L LOIX0'L 20 ulidnog
0¥ 0¥ suibBim
£8°€ €6°¢ goblLLL
A TAVANY 285'e ¥G/1°0 085'€ Buidnon
8'S LS subbim | —
o :
1000 »9¢9d m
N ¥6¥0°0 2 0EXE<< | o 0bX}<< ‘dwe)d m
uoyeL
82'v 62'Y gbl/LEL
A A AN €z8'c 88210 818°¢ OIX0'S LOIX0'L LOIXO'L L€l ujdno?
9's 9's suIBbIp
2, (1cind)
‘L#
18°L Gg'L ‘qe sien4
N 9LLP’0 | Juoy0'e | SLIYO | dupeoe A05> ,01X0°9 ,01X0'9 L0 ‘Buydnog
Ve (&4 suIbBip
ove'L ,,2€90
N 02ve0 G9/5°0 V/N V/N V/N V/N V/N 305> L0IX0'9 V/N ¥oelg
62 aqn] 9jbuig ‘dwe|n

(I FSVHd) SINTWANNSVAN TYITULOETHE X

€ oTqeL



WL/MLS 97-097

20IXL<

20IXE<

S
mwcm_h.o

£,01X0'6

0,01X6'6

L#
mm__-o

LO1X9'g

L1X0'L

9#
%_N_\_-O

J0°LE

S#
mwmc-o

31G'8¢

Vit
mm:-o

A8

e#
oww_h-o

OIXpE

LOIX0°L

oH#
mwm_h-o

359

L#
mrNc-O

(I EISVHd) SINAWIINSVIN

€ STqed

IVOTVLOETE A¥d

. ozo#
qeT jend
‘Buydnon

000117

32



WL/MLS 97-097

000118

(I ESYHd) SINIWINNASYAW TYOIVLOATH

€ oTqeRL

33



WL/MLS 97-097

‘oo sduejToeded

STeW SY3l UT pPopIodaI sem snies sS3I -dureTo p23RIOST Sl I0J JUsSUBRINSEIU souejToeded suo ATUO ST SI9YL ‘L6 ¥VH § o1
‘SUBWSTS ITITW UT PIPI0DSI JUSULINSESN 6

‘uunyToo eduejtoeded aTeW SYJ]

UT pepIodaI sem snlea S3T ~dureTo po3eTOST |8Yl I0J JUSWLINSESU opuejToeded 2uo ATuo ST S8I3UL (AY82d¥FOVYL) 106 dYH S 6

-uwn oo oouejToeded aTew 93

Ul peSpIODSI sem anlen s3I ‘dweTo pP23eTOST 89Ul JI0J JUsSWSINSeIW sourlToeded 2UO ATuo sT 218Ul ‘ (HI% ‘A5 TL) L6 ¥YR ¥
-quaweINnsSesw IouelToeded SOUSNTIUT O] SUEIS JFUSUSAOU 2ITM A3ajes
‘dureTo pue oToy PSTITIPp ybnoiyi psansesw j3eyi o3 oouejTorvded IRTTWIS paonpoad 30v3U0D LBUTYONOL, 116 YN G

T Jusuweansesu wUQQHHOMQMU SOUSNTIUT O] SWe3s JUSWDAOUW DITM %uwwﬂm

8

YL

w9

-fUTTdnOD STU3 JI0J SjusSuLINsesw yo 39S 939TAWOD Byl 0] L# IS8 995

-po909UUOD 30U SeM I0 JJO USTTeI Pey punoib I IeY3 POZITeSI Sem 3T 240399 USded SISM SHUSWSINSEaW 9Sayl ‘L6 ¥YVH §
L6 YW S

-puUTTANOD STY3 UO PSTTLISUT Sem SITM A39jes L6 ¥UW §

-JuoWeINSEaW STY] BUTAND POIOSUUODSTP 9ITM A333eS

L6 UYH S

-aqn] Tenj 03 BUTTdnod STewWS3 WOIF dDURISTSSI Oou 10 STIFTT 03 °Np souejtoeden aaTiebaN

,0TXZ ST ®Tew 03 TL ',0TXZ ST aTewsd 03 TI ~SWYO 30G> ST sTewsd X0 STeW I2Y3T2 03 I S0UR]ISTISSY

‘L6 Y¥W S

‘SUSWeTS TTTTW UT PIpPIODDI JUSUSINSEIN

-a2lkel pozIpour R sbutI-0 yioq ybnoxysa ssed jsnu JUSIIND

9

de

a2

A 44

a1

¥1

*8S3TOA Q67 ®© Jusuwsansesu

ooup]STSOI © 23e3 03 BuTAIl USUM (6 VW £ POIINDO0 ISART PIZTpouUR JO ybnoxys yound ‘! (HY%8°8T ‘d.€°CL) L6 ¥YH §

T

(I ASYHd) SINIWMNSVIEN TYOIYLOETIE Xdd

€ oTdqeL

34



0271000

TILNBUMIYO SXNTA UITM SpeWl JUSWSINSeSH /.6 NVH € vz

TISjs/uyo aS3NTA YITM 2pBU JUSUSINSEIN 116 OYKH 19 cz

WL/MLS 97-097

TISIBUNMYOLS UBUNOSY YITM SPBW SIUDWSINSEINW {16 UVH € ve

TASIBUMMO SHNTH YITM Spew JUSULINSeIN {16 UVH € 1z

‘butdureTo ou ‘ATuoc sansssid 310e3U0D YITM USR] JUSWSINSELS) a0z

'S0UR]STSAI YBTY 03 INp I2ISUMYOSSH ULUOSY UlTM POINSEs) oz
*3s@3 oTqrssod xo3J
butiedsigd ‘peTTeISUT STURITRAR ATTIpesa a1sM eyl sSBUTI-O S0Ue}STSDI 383YLTY oY3 YITM BuTTdnoo 393 UYDUT T  {/6 UVH L 0z

"PeTTRASUT sSHBUTI-O MU, YITm HurTdnoo 3s97 Usut T ‘.6 ¥YW 9 o1
‘seniea ojewrxoxdde

SI9M SQUSUISINSESW 9DURISTSSI aYL 3T UT 2I9M Jeyl sBuTa-0 TeUIBTIO U3 YITM ButrTdnos 231823 YoUT T L6 ¥YH 9 81
TA9]dummo S¥NTL puer Idjdummyobsw ueunoag 8yl

U30q U3ITM POIINODO 3I0US SYL "pausd3ybIl ‘310B3U0D TET3TUT ‘UOTIDIUUOD IS0O0T IR woljoq o3 doj wol] Ispio oyl -sinssaxd Bbutx

-0 9Y3 butdies S1TyM sjusweInsesw souelToeded pue SOURISTSOI JO UOTIRTIRA BYJ YOSUD 03 DUOP Sem 393 STUL (L6 UVH § L

‘I9j}sumnjobew Yitm s3Toa oGz Burkrtdde AT3usjIsapeul

Aq pesned 3TNDITO JI0YS Y3 SAOWSI OF jdws3jze ue ul paisnfpesx sem bBurrdnoo 39Ul JO SpPTS STRWSI BYL L6 UVH § o1
"I9ART POZIpoOUER SYI UMOp 330Iq PUR 3597 20UR]STSaI a8yl

butanp HBurTdnoo sy3 03 s3aToa 06Z peTTdde ATjusiIsapeUI -~3SITJ pPoInNsSesu SIom SjuswsiInsesw souejtoede) -HBUTTAnod ayl UC SITM
A39Jes 2y3 03 pPeIDSUUCD Sem aITM ybnoiyy psel 8yl - (puels 3s93 UT 30U) 2ITM ybroayl pssl JO UOTITIPPR I91IV ‘.6 MVH G -

106 9YH § .

‘L6 9YH § e

L6 YK § -

‘L6 WVH § :

"23eTd Telsw sseq e pue 2poIldsTe (GTJ WISY Ue Bursn °qn3 TSNF INOYITM usye] dWeTD JO JUSWSINSESW SDURISTSSI SWNTOA ot

(I ESVHE) SINTWTMNSVAW TYOINLOATHE Aud

€ STqeL

35



WL/MLS 97-097

*I93BUIYOLON ULUNDO9g UJITM Spell SIUSWSINSEI)
*I91/UNNOBIN ULUD{O9g YJTM SpPLWl SIUSWLINSEIR
*I9]2ULNOB/ URUMOSE YITM SPell SIUSWSINSESH
T IDIDUMYOLS UrUR{D9g UITM SPRU SIUSWSINSEIR

TA9IBUNNIO SINTJ UITM 2pLU JUSWSINSESIR

‘L6
‘L6
‘L6

‘L6

AV

AV

pA-408

YN

000121

36

6¢

8¢

Lz

9z

ST

(I FSVHI) SINAWTMNSVIW TVOINIOITE Aud

€ 9Tq®edL



WL/MLS 97-097

000123

S61°0

S61°0

>

SBLLL
Buydnon
suIbbBipy

961°0

9610

1>

S8L/LL
Buidnod
suibBIa

810°L

8€€°0

0cs

S8L/LL
Budno)
suIBbBIA

,BL/LL
Buydno)
suIBbIpm

SBULL
Buidno)d
suIbBiIp

SBL//.1
buydnon
suibBipm

HSYHA) SINIWIAN

| aielil

ook

SYHH

S STqelL

38



2
N~
S =
_ S
~ <
o =
MW
‘oq PINOD Aoyl St 9S00 Se I9Ulobol saqnly TSNI SUI YITM Speu sism SIUSWSINSesu 3s3YL ‘L6 AVA L .
‘uotaTsod
wnuTxew ITeyl Ag pejeaedss soqni [en oyl YITM pue pausajybTl HUTTdnod 8yl UITM Spew SI5M SIUSWSINSeIW 2S9YL ‘L6 AVW L 5

‘uoT3TSod WnNWTXew ITaY)

Aq peozexedss saqni Ieni oYyl YaTtm pue ‘psuaiybIl jou ‘BurTdnoo 95007 B YITM OpeRU 2I9M SIUSWSINSEIW OSBYL L6 AVH L S

* (xoy3asbol ut Aem a2yl TR Jou pue

ano Aem ayjl TTe 30U) I=ylo yoes woiJ obuer ptw ATajewrxoxdde saqni T=an3 oYyl YITM Speul sem jusweiInsesw STUL ‘L6 AVH L -
-I2yj0o yoea o3 aTqIissod se SSOTD Se UT saqni [aNJ 2yl UYITM Spew sem juswsiInsesw STUL ‘L6 AVA L .

-purtTdnoo ay3 Jo 3no parbue saqni TSNJ Yyijoq Y3Tm Speul sem juswsansesw STUL ‘L6 AVH L .

"a1grssod se jxede IeJ se poajeiaedss saqnly [N YL YITm sem JUsSWLRINSeLW STYL ar

‘poua3lybIl Jou sem 3T ‘SS00T ATATRI sem Huridnodn aylL -

‘purTdnoo syl Jo AJqWSSSe J0J PesSn UoTILOTIONT U3 UITM Spell Sem PUODIS 3Y]3 pue AIp sem jususInsesu
3sI13 9yl -Huridnoo sy3z ojuT Afquesse 03 I0Txd s3s9]) HUTI-O SI9M poiiodel sjusweINsesul 2OURISTSSI SUMTOA ‘L6 AVW L .

(II ISVHd) SINIWTINSVEAW TYOIVLOIETI X¥d

§ oIqeL

39



WL/MLS 97-097

007€-000¢€

«SbUTI-0

UOJTA YITM 8L/LL
furt1dnop surbbtm

005t =

Hﬂﬁ>m.@ﬁ_”..m.Hlo
UO3TA U3aTM 8L/LL
purTdno) sutbbtm

ebIeyosstg

aShuti-o
UOJ3TA YIATM 8L/LL

000125

ON PurtTdno) sutbhbTM
ASBUTI-0

UOJTA Y3ITM 8L/LL
PuTttdno) sutbbTMm
sbuta-o

UO3TA U3TM QL/LL
PutTdno) sutbbtpm
LSbuta-o

UO3TA UITM BL/LL
Burtdnop sutbbTMm
11 SPUTI-0

UO3TA U3ITM 8L/LL
BuTtTdno) sutbbTMm
SPuti-o

UO3TA Y3TM 8L/LL
puttdno) sutbbtm
.sbutx-o

UOQTA Y3TM 8L/LL

08LS-00LS 010 TX9 0TXS ¥ 10TXS ---

2c30Uq0047 ,0TXS >> L0TXP ;0T%9 -—-

£,230U1004d ,0TXG >> L0TX8 ,10TXZ -—-

(c230U3004 ,0TXG >> L0TXE L0TXZ -

¢z 30Ul004 ;0TXG >> 0f0TX8 T 0TXL T -

o30ulzood

JI03eIDUDDH DTJILIS YGZNd 'OOWTS HY%9 Tz :umyg
Iojsuumjobo YOT-1 ‘uewyoag A7 7L dusL
TozATeuy souepadul VYZeTydH ‘paeddoed-33o9TmoH :juswdinby 3so L6 AV [ :93ed 21sal

(II ISYHd) SINTWTUNSYIN FOVITIOA NMOMMVHEL

9 STqedL

40



WL/MLS 97-097

0001>

00§&<

9¢

~SPUTI-0
UOTISL Y3TM 8L/LL
ButTdnop sutbbHTM

080T

U

9L

xSBuUTI-O
UO3TA U3TM BL/LL
burtTdnop sutbbHTM

0621

i

9%

e SPUTI-0
UORTA Y3TM 8L/LL
puttdnod sutbbHTM

VL-68G

ﬁﬂxm.@QH.HIO
UO3TA UY3ITM 8L/LL
puttdno) sutbbhHTM

§9-9¢

wSbuta-o
UO3TA Y3TM 8L/LL
purttdno) sutbbHTM

(II ZSVHA) SININTINSVAN

T i ..

9 SIqeL

Sbutx-o
UO3TA YIATM 8L/LL

000126

41



WL/MLS 97-097

"PRIINODO UMOPMEDI] USUM SITOA (0009
pue goos ussmisq 39s Arddns asmod oowIs LI =qnl Teni popunorn -Iojtuowl @3eld psbieys yatm TroyYs/bBuridnod
oTewsy poIO3TUOCW pue 8L aqni Toni o3 AtmoTs Jemod pe1Tddy ~poaocwsi TTTas sbutx 3TTds pue HButx Bury20T ...

‘PBIINDOO UMOPHMEDIF USUM S3ITOA (0009

pue 00g usemiaq 195 ATddns asmod oodwIs Ll 2gn3 [eni popunoin - IojTuouw o3eTd pebieyos yatm Trays/bBurrdnod
sTews] poIOolTUCW pue gL =qni Tanjy o3 AtmoTs xamod paI1lddy -~psaowsi TTT3Is sbutx 3T1Tds pue Huta buryso1 __,
‘ATuo TTeys/burtrdnop aTew pepunord -IojTuow aje(d psbreys ylTm palojTuow pue g1 =qni Isngy o3 Ismod psTiddy
‘squauodwod Y7l 91RTOST ATTROTIIOST2 03 3dwojije ue Ul BuTx HUINDOT oYyl 03 uoTiTppe Ul sbutx 3TTds psaouwsy _,

*SATOA Q00T 3B JUSWSINSESUl S90URJISTSDI
futanp psIInoono umopyealIq Jo/pue HBurijroys -ATddns asmod odcwTs YATM poidwsije jou sbelTOA uUmopyeSld s

‘sjusuodwon Y3 93BTOST ATTRDTIADST2 03 jdwsilde ue Ul HuTTdnoo syl woxy Hutx HBUTYDOT paI pssouny

*S3TOA Q00T 238 JUSWSINSESW SOURISTISSI
fUTIND PSIINDDO uUMOpYeaIq Io/pue Hutiroys -Arddns zomod odwrs y3iTtm paidusije 30U a6e31TOA Umopyesid o

-sjusuodwos 8yl 83B[OST ATTesTijosTs 03 3dweilje ue ul BurTdnoo oyl 03 2px03 butdwels ssa1 paTlddy .

*S370A QQ0T 2 JUSWLaINSesu 20URISISaI

BUTIND POIINDDO UMOPIEaIq Io/pue Hurtjxoys -Arddns xsmod oowrs yitm peijdweiie jou sbejlTop umopesad e
*I2Y30 UDed UYITM 3DBIUOD UT S90RIINS Telaw om] usomiaq umop BuTyesiq ATjusiedde sT 19hel pezTpoue

8yl HuUTI BUTYDOT ISUUT =Yl WO s2gniy yjoq sjeredsas ATTedTIIoa9Te 03 AI3 03 saqni [snjy pauoTiTsodsy T

*SATOA Q00T 3B JUSWSINSEaUW 80UR]ISTSaI

Butanp paIInoono umopyesiq xo/pue Burjxoys -Arddns gsmod oowWTS YITM peidweije jou 26e3TOA uMopyesid -
*cI# 3593 ul perldde sem

gomod 19772 pPobuRyd 9ARY SIUSUSINSESW SOURISTSSOI Yl JT 995 01 SIUSWSINSLIW 9OUBISTSDI T4 3593 pajesdsy

T

*S1TOA () SPpIeMO] DB PISBSINdP UdY] S3IToA Q00T ATozewrxoxdde peyoeax a6ejiToa patldde syl -
-ATuo tT1oys/burTdnoo oTewWSI 9Y3 03 PIIOSUUOCD Sem oITMm punoib y -IojTuow s3eTd pabieyd e YiTm paIolTuouW pue
aqny 1ony LL o3 patTdde sem ab6e3ToA 38931 BUL o9pIs TToys/burtrdnon sTeW oYl U0 2gnil [N Y3l 03 sSpuodssiIod

8L pue ‘spIs Troys/Burrdnon eTewsj SYl Uo N3 TsNI oYl 03 spuodseirod LI IDTITIUSPT YL ~SHUTI-O UOITA
opuelsTsax Iaybty Jo Ited e PaTTR3ISUT pue BurTdnoo suibbTM 8L/LL WoXI sBUTI-0 Jo xTed TeUTHTIO SY] pPLAOWSY

T

(IT ISVHd) SILNIWIINSVIAN FOVLTIOA NMOTAVINL

9 STqeL

42

060127



WL/MLS 97-097

" SIUSWSINSESW 90URISTSaI

Butyes usym sbHurlzjzas gojsumioybsw ITOoA Q00T 22U PUBR Q0§ Ussm3lsd paIIndd0 HUTHIR TRUIDJIUI " PIIDSUUOD

asT2 HUTYIOU YATM =gni Tong osTews] o3 TIays/buridnoo sTewej WOl painsesu sduejToeded - (spIs TToys/burrdnod
OTRW 9Y3 U0 MOU ST LI "©°T) suoTllrsod pabueyoxs o2ARY saqny 1onI gL pue ,I ~I2UTelax pal pue sbuti 1TTds
yaTm Burtidnoo parquesse ArozoTdwo) -sHUTI-Q UOTISL UITM podeldsa pue poasousI sSHUTI-O UOITA L6 ABH 8

‘pe3osuuoD 9sT2 HBUTYIou YITM ogny TsnJ aTews] 03 [Iays/HburTdnod
oTeWSI Woxjy peansesw soueitorde) ‘LI 9Nl STRWSI PIPUNOID "WID YITM paIojTucw pue [lays/butidnod oTewsaly
03 xemod paTTddy -asurelsI BUTDOT pPaX pue sHUTI ITTAs Yatm HBuridnod psiquasse ATsisTdwod L6 ABH 8 .

‘p231d2uu0Dd IST2 BUTYIOU YITM oni Isni oT7ewsI 03 TI=2ys/bBurTdnod
oTeweJ woxJ painseaw sdouejToede) L N3 STRWSI PIPUNoIn "HID YITM paiolTuow pue TT1ays/buridnoo
oTewaI 03 Ixamod paTTddy -pasocwsI TTI3s aie sburx 3TTds om3 oyl -IsuTeldI HBUTIYDOT pax paflelisul ..

‘s ,9ouej3Toeded Jo abuex v 336 03 uoriTsod SNOTIRA UT 3Nl [9NJ pPSUCTlITIsod “popunoib sem gL aqni [anJ 3eyl
3dedx® SUOTIDdUUOD I\Y3o OouU Y3iTM (,J aqni [N oTeweI 03 TT9yUs/BurTdnod solewsI woxj oduejirdeded pPaInsesW .

‘s ,9oue3Toeded Jo obuer e 336 03 uotitsod snoTieA

UT 9qni [9NJ POUOT]ISod -~sSaqni [end Io0 [Iays/burtdnoo 1593 03 SUOTIDSUUOD ISYJ0 OU YITM LI 2n3d Teng
oTewsJ 03 TIoUs/Hurldnoo sTewaj woij souejroeded pPainsesy -poscwel [TTAS sbutx 3TTds pue Buti BUTHDOT _
‘popunoib ST LI odni

oTews3 9yl pue Tays/bBurTdnoo sTewa3 syl o3l patTdde sem Iamod eyl 3doOxXs g# 1593 §B SUOTITPUOD dnids auwesg

‘umopyesaq burtanp sitoa Q0 Inoge

paddoap ATuo 96e1T0A WD ‘PoIINDO0 UMOPMEaIdq 99Ul USUM SITOA (0009 ATo3ewrxoxdde je 39s ATddns gsmod odDWTS
‘LI eana Tenj pspunoxs CxojlTuow oj3eTd pebaeyuds Uy3zTm TIL9YUs/HBuTidnod afewsl paIojTuow puer g1 2qni T=snJ 03
A1moTs zemod pearTddy - TIoys/buridnoo oyl o3 deb IsJTews e o3ew 03 ATIYLITS =20ni [=ng LI pa1buy 06 prnom
Asya3 se IeJ Se I8Y10 Uoed wWoi Aeme N0 sagnl [9NJ paTInNd -poaocwsl TTTAS sOUTI 3TTdsS pue BUTI BUIYDOT _.

(II FSVHd) SINSWHMNSVIN HOV.LTOA NMOTAVHNL

9 oTqeL

000128

43



APPENDIX

0001239

44



PHASE I TESTS

Date: March 3
Test: 1

Test Conducted: Dry testing was conducted on nine o-rings and a Wiggins coupling. The o-rings were
individually sandwiched between an ASTM 150 electrode and an aluminum base plate. Resistance
measurements were also made on Wiggins coupling T9/T10.

Conditions:
Test Voltage: 10 and 250 Volts
O-ring Materials: #1-6 Nitrile, #7 Flourosilicon, #8 Flourocarbon, #9 Nitrile

Results: O-rings #2 and #6 were static dissipative (10E6 through 10E9 ohms). O-rings 1, 3, 4 and 5 were
conductive (less than 10E6 ohms) at 10 volts. The resistance of the flourosilicon o-ring was greater than
10E10 ohms. The flourocarbon o-rings resistance was greater than 10E12 ohms. The nitrile o-ring
resistance was 10E7ohms at 10 volts and less than 50,000 ohms at 250 volts. The Wiggins coupling
resistance measured from male shell to aluminum fuel tube at 10 volts was 10E8 ohms, at 250 volts the
resistance was less than 50,000 ohms. The results can be found in Table 3 of the main report.

Comments: The volumetric resistance measurement made did not duplicate the compressive environment
of an o-ring installed in a Wiggins coupling but was measured to determine the relative difference
between the various o-ring materials. Visual identification of the o-ring materials was not apparent. The
resistances were also measured with the o-rings installed in a Wiggins coupling. A resistance
measurement of 250 volts on Wiggins coupling T9/T10 broke down the inner anodized layer of the male
shell of the Wiggins coupling.

Note: There was concern that nylon ferrules used to isolate the streaming current measurement section
field might affect the streaming current measurement.

Date: March 4
Test: 2

Tests Conducted: Resistance between the fuel line and a metal, Teflon cushioned loop clamp, DG26, was
measured. Capacitance was measured with the fuel line grounded.

Conditions:
Capacitance: Measured at 1khz and 1 volt rms

Results: The loop clamp resistance measured was greater than 10E12 ohms, capacitance was 44.7
picofarads.

Date: March 4
Test: 3

Tests Conducted: Measured the voltage potential on an electrically isolated Teflon cushioned loop clamp
with fuel impinging on its surface at a low flow rate.

Conditions:
Nozzle: 0.040 inch orifice
Distance from nozzle to clamp: 1.75 inches
Fuel Pressure: 15 psig
Fuel Temperature: between 69 and 80°F
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Fuel Conductivity: 7 pS/m at 69°F

Fuel: Jet-A from JFK

Target: Teflon cushioned loop clamp (DG 26)

Initial Resistance: greater than 10E12 ohms

Final Resistance: greater than 10E12 ohms

Initial Capacitance: 74 picofarads (clamp, test wiring, charge plate monitor)

Results: The voltage stabilized at -87 volts after 12 minutes of spraying. Streaming current was -0.1
nanoamps.

Comments: Resistance and capacitance of the DG26 Teflon cushioned loop clamp changed insignificantly
during the test.

During this initial wet test sequence, significant charging (greater than Skvolt) of the Lexan viewing
window of the test chamber and sample holding stand was observed. Aluminum foil was placed around
the holding stand and wire mesh was added to the lower 1/2 of the Lexan window where fuel splashing
was most prevalent. The wire mesh and the section of fuel tube to which the test clamp was connected
were grounded to the same point and the voltage signal line from the target item was rerouted through the
viewing window well above the area where splashing occurred. This rerouting of the voltage line
increased the capacitance of the target, line and charge plate monitor from 74 pF to 86 pF. An unstable
streaming current measurement was also noted during this preliminary wet test. The input cable to the
electrometer was sensitive to movement when low currents were measured. The cable was immobilized
and all instrumentation was grounded.

Date: March 4
Test: 4

Test Conducted: Measured the voltage on an electrically isolated Teflon cushioned loop clamp with fuel
impinging on its surface at a higher flow rate.

Conditions:
Nozzle: 0.040 inch orifice
Distance from nozzle to clamp: 1.75 inches
Fuel Pressure: 42 psig
Fuel Temperature: approximately 86°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp (DG 26)
Initial Resistance: greater than 10E12 ohms
Final Resistance: greater than 10E12 ohms
Initial Capacitance: 86 picofarads (clamp, test wiring, charge plate monitor)

Results: The voltage on the clamp stabilized at -86 volts. The streaming current was -0.07 nanoamps.

Comments: Resistance and capacitance of the DG26 Teflon cushioned loop clamp changed insignificantly
when the fuel flow rate was increased.

Date: March 4
Test: 5

Tests Conducted: Measured the voltage on an electrically isolated, Teflon cushioned loop clamp with fuel
impinging on its surface at an intermediate flow rate.

Conditions:
Nozzle: 0.040-inch orifice
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Distance from nozzle to clamp: 2 inches

Fuel Pressure: 25 psig

Fuel: Jet-A from JFK

Target: Teflon cushioned loop Clamp

Initial Capacitance: 86 picofarads

Final Capacitance: 85.5 picofarads

Resistance: greater than 10E12 ohms both before and after the spray test

Results: The voltage on the clamp stabilized at -101 volts. The streaming current was -0.15 nanoamps.
Comment: The resultant voltage observed on the Teflon cushioned loop clamp increased slightly as the

fuel flow rate and pressure decreased. Also, the resistance and capacitance of the clamp changed very
little before and after the test.

Date: March 5
Test: 6

Test Conducted: Measured the resistance and capacitance of Wiggins couplings, T1/T2, T3/T4, T5/T6,
T7/T8, T9/T10, and T11/T12. Measured the resistance and capacitance of three additional loop clamps:
red/black (TA4C44D28AF); white (WH29); and black (DG32).

Conditions: Test voltages for both resistance and capacitance measurements were the same as test 2 on
March 4.

Results: See Table 4 of the main report.

Comments: Resistances for most Wiggins couplings were in the static dissipative range indicating that
they were poor candidates for isolated conductor fuel spray testing. Capacitance values were generally
greater than 2000 picofarads with the highest values correlating to those with the lowest male shell to fuel
tube resistance. The white loop clamp was the only clamp tested with a high enough resistance to be
considered for fuel spray testing.

Date: March 5
Test: 7

Test Conducted: Measured the voltage on an electrically isolated 2-inch Wiggins coupling (T11/T12) with
fuel impinging on its surface.

Conditions:
Nozzle: 0.040-inch orifice
Distance from nozzle to clamp: 1.75 inches
Fuel Pressure: 25 psig
Fuel Temperature: 81.3°F
Fuel Conductivity: 10 pS/m at 69°F
Fuel: Jet-A from JFK
Target: T11/T12 Wiggins coupling
Initial Resistance: 1E8 ohms
Final Resistance: 1E8 ohms
Initial Capacitance: 2606 picofarads
Final Capacitance: 2990 picofarads

Results: The streaming current was -0.22 nanoamps. There was no voltage build up on the Wiggins
coupling.
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Comments: The low resistance to ground of the outer surfaces of the fuel wetted Wiggins coupling were
insufficient to provide electrical isolation of the outer portion of the coupling and therefore insufficient to
allow the coupling to retain a charge.

Date: March 5
Test: 8

Tests Conducted: Measured the voltage on an electrically isolated 2-inch T11/T12 Wiggins coupling with
fuel impinging on its surface.

Conditions:
Nozzle: 0.040-inch orifice
Distance from nozzle to clamp: 1.75 inches
Fuel Pressure: 42 psig
Fuel Temperature: 83°F
Fuel: Jet-A from JFK
Target: T11/T12 Wiggins coupling

Results: The streaming current was -0.15 nanoamps. There was no voltage build up on the Wiggins
coupling.

Comments: The low resistance to ground of the outer surfaces of the fuel wetted Wiggins coupling were
insufficient to provide electrical isolation of the outer portion of the coupling and therefore insufficient to
allow the coupling to retain a charge.

Date: March 5
Test: 9

Tests Conducted: Measured the voltage on an electrically isolated 2-inch T7/T8 Wiggins coupling with
fuel impinging on its surface.

Conditions:
Nozzle: 0.040-inch orifice
Distance from nozzle to clamp: 1.75 inches
Fuel Pressure: 42 psig
Fuel Temperature: 85°F
Fuel: Jet-A from JFK
Target:T7/T8 Wiggins Coupling
Initial Resistance: 1.1E7 ohms
Final Resistance: 1.2E7 ohms
Initial Capacitance: 10380 picofarads
Final Capacitance: 10883 picofarads

Results: There was no voltage build up on the Wiggins coupling. The streaming current was -0.14
nanoamps

Comments: The low resistance to ground of the outer surfaces of the fuel wetted Wiggins coupling were
insufficient to provide electrical isolation of the outer portion of the coupling and therefore insufficient to
allow the coupling to retain a charge.

Date: March 5
Test: 10
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Tests Conducted: Measured the voltage on an electrically isolated white loop clamp, WH29, with fuel
impinging on its surface.

Conditions:
Nozzle: 0.040-inch orifice
Distance from nozzle to clamp: 1.75 inches
Fuel Pressure: 42 psig
Fuel Temperature: 84°F
Fuel: Jet-A from JFK
Target: White loop clamp, WH29
Initial Resistance: 1.4E10 ohms
Initial Capacitance: 73 picofarads

Results: There was -9 volt potential build up on the white loop clamp. The streaming current was -0.17
nanoamps.

Comments: Resistance to ground of the white loop clamp was much higher than that of the Wiggins
couplings allowing for some charge to remain beyond what could decay through the clamps resistance and
capacitance.

Date: March 5
Test: 11

Tests Conducted: Measured the streaming current and voltage on an electrically isolated Wiggins
coupling (T7/T8) with isolated (taped) o-rings with fuel impinging on its surface.

Conditions:
Nozzle: 0.056-inch orifice
Distance from nozzle to clamp: 1.75 inches
Fuel Pressure: 42 psig
Fuel Temperature: between 80 and 83°F
Fuel: Jet-A from JFK
Fuel Conductivity: 17 pS/m at 68°F
Target: Wiggins coupling (T7/T8) with taped, electrically isolated o-rings
Initial Resistance: 2.4E9 ohms
Final Resistance: 7E8 ohms
Initial Capacitance: 447 picofarads
Final Capacitance: 520 picofarads

Results: The measured potential on the Wiggins coupling was -1 volt. The maximum streaming current
was -0.16 nanoamps.

Comments: The resistance to ground of the outer surfaces of the Wiggins coupling (T7/T8) that were in
contact with the fuel during the spraying process, were too low to provide good electrical isolation of the
outer portion of the coupling.

Date: March 6
Test: 12

Tests Conducted: Dry resistance and capacitance testing conducted on an electrically isolated 1-inch
Wiggins coupling (WL/PO sample coupling).

Conditions: Test voltages for both resistance and capacitance measurements same as test 2 on March 4.
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Results: See Table 5 of the main report.

Comments: Raised the male shell to fuel tube resistance of the coupling to greater than 1E10 ohms by
inserting flourocarbon O-rings. Individual O-ring resistance prior to installation in Wiggins coupling
was greater than 1E12 ohms. Female and male shell to tube capacitance ranged from 100-120 picofarads.

Date: March 6
Test: 13

Tests Conducted: Measured the streaming current and voltage on an electrically isolated, Teflon
cushioned loop clamp (DG 26) with fuel impinging on its surface.

Conditions:
Nozzle: 0.040-inch orifice
Distance from nozzle to clamp: 2 inches
Fuel Pressure: 25 psig
Fuel Temperature: varied between 75 and 86.3°F
Fuel Conductivity: 9 pS/m at 70°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp, DG 26
Initial Resistance: greater than 1E12 ohms
Final Resistance: See Test 15
Initial Capacitance: 91 picofarads
Final Capacitance: See Test 15

Results: The maximum streaming current was -0.27 nanoamps. The maximum voltage was -201 volts.

Comments: Significantly higher voltages were observed due to the increased resistance to ground
properties of the clamp and Teflon cushioning.

Date: March 6
Test: 14

Tests Conducted: Measured the streaming current and voltage on an electrically isolated, Teflon
cushioned loop clamp (DG 26) with fuel impinging on its surface at a high flow rate .

Conditions:
Nozzle: 0.040-inch orifice
Distance from nozzle to clamp: 2 inches
Fuel Pressure: 42 psig
Fuel Temperature: varied between 75 and 86.3°F
Fuel Conductivity: 9 pS/m at 70°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp (DG 26)
Initial Resistance: Same as Test 13
Final Resistance: Same as Test 15
Initial Capacitance: Same as Test 13
Final Capacitance: Same as Test 15

Results: The maximum streaming current was -0.23 nanoamps. The maximum voltage was —276 volts.

Comments: Higher fuel flow contributed to higher resultant voltage on the Teflon cushioned clamp.
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Date: March 6
Test: 15

Tests Conducted: Measured the streaming current and voltage on an electrically isolated, Teflon
cushioned loop clamp (DG 26) with fuel impinging on its surface at a low flow rate.

Conditions:
Nozzle: 0.040-inch orifice
Distance from nozzle to clamp: 2 inches
Fuel Pressure: 15 psig
Fuel Temperature: varied between 92 and 99°F
Fuel Conductivity: 9 pS/m at 70°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp (DG 26)
Initial Resistance: Same as Test 13
Final Resistance: greater than 1E12 ohms
Initial Capacitance: Same as Test 13
Final Capacitance: 91 picofarads

Results: The maximum streaming current was -0.56 nanoamps. The maximum voltage was -227 volts.
Comments: The cushion material was scanned with a field meter at the end of this test (approximately 5
minutes) to measure residual voltage. The maximum voltage that was observed with the field meter was

approximately 60 volts.

The change in fuel flow rate due to a change in pressure did not significantly alter the voltage measured
on the clamp.

Date: March 6
Test: 16

Tests Conducted: Measured the voltage on an electrically isolated, Teflon cushioned loop clamp (DG 26)
using fuel flowing from a cracked orifice. Streaming current was also measured.

Conditions:
Nozzle: cracked orifice
Distance from nozzle to clamp: 2 inches
Fuel Pressure: 15 psig
Fuel Temperature: varied between 85 and 92.4°F
Fuel Conductivity: 9 pS/m at 70°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp (DG 26)
Initial Resistance: greater than 1E12 ohms
Final Resistance: not recorded
Initial Capacitance: 91 picofarads
Final Capacitance: not recorded

Results: The maximum streaming current varied between -0.38 and -0.54 nanoamps. The maximum
voltage was -351 volts.

Comments: The Lexan cabinet cover voltage was measured to be less than 100 volts at the completion of
this test.
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The maximum achievable charge on the clamp was higher for fuel flowing from a cracked orifice than for
fuel flowing from a single holed orifice.

Date: March 6
Test: 17

Tests Conducted: Measured the voltage on an electrically isolated, Teflon cushioned loop clamp (DG 26)
using fuel spraying from a cracked orifice and at a higher flow rate and pressure. Streaming current was
also measured.

Conditions:
Nozzle: cracked orifice
Distance from nozzle to clamp: 2 inches
Fuel Pressure: 42 psig
Fuel Temperature: varied between 90 and 93.4°F
Fuel Conductivity: 9 pS/m at 70°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp (DG 26)
Initial Resistance: Same as Test 16
Final Resistance: not recorded
Initial Capacitance: Same as Test 16
Final Capacitance: not recorded

Results: The maximum streaming current was -0.3 nanoamps. The maximum voltage on the clamp was
-517 volts.

Comment: The maximum voltage achieved on the Teflon cushioned loop clamp increased as the fuel flow
rate increased as a result of switching to a cracked orifice.

Date: March 6
Test: 18

Tests Conducted: Measured the voltage on an electrically isolated, Teflon cushioned loop clamp (DG 26)
using fuel spraying from a cracked orifice. Also used high flow rate and greater clamp/orifice separation.
Streaming current was also measured.

Conditions:
Nozzle: cracked orifice
Distance from nozzle to clamp: 5-6 inches
Fuel Pressure: 42 psig
Fuel Temperature: 83°F
Fuel Conductivity: 9 pS/m at 70°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp (DG 26)
Initial Resistance: Same as Test 16
Final Resistance: not recorded
Initial Capacitance: Same as Test 16
Final Capacitance: not recorded

Results: The maximum streaming current measured was -0.32 nanoamps. The maximum voltage on the
clamp was -544 volts.

Comments: From the fuel that was sprayed (prior to running out) on the Teflon clamp, it appears that
increases in the orifice to target distance further increases the voltage observed on the clamp.
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Date: March 6
Test: 19

Tests Conducted: Measured the voltage on an electrically isolated, Teflon cushioned loop clamp (DG 26)
using fuel spraying from a cracked orifice. Streaming current was also measured. Repeat of test 18 with
fuel supply refilled.

Conditions:
Nozzle: cracked orifice
Distance from nozzle to clamp: 5-6 inches
Fuel Pressure: 42 psig
Fuel Temperature: 83°F
Fuel Conductivity: 5 pS/m at 64°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp (DG 26)
Initial Resistance: Same as Test 16
Final Resistance: not recorded
Initial Capacitance: Same as Test 16
Final Capacitance: not recorded

Results: The maximum voltage was -168 volts. Low streaming current.

Comments: Test conditions were similar to Test 18. The refueling process may have contributed to the
different voltages observed between tests 18 and 19.

Date: March 6
Test: 20

Tests Conducted: Measured the voltage on an electrically isolated, Teflon cushioned loop clamp (DG 26)
from fuel spraying on its surface from a 0.07-inch orifice.

Conditions:
Nozzle: 0.07-inch orifice
Distance from nozzle to clamp: 5-6 inches
Fuel Pressure: 42 psig
Fuel Temperature: 65°F
Fuel Conductivity: 5 pS/m at 64°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp (DG 26)
Initial Resistance: Same as Test 16
Final Resistance: not recorded
Initial Capacitance: Same as Test 16
Final Capacitance: not recorded

Results: The maximum voltage measured on the clamp was 345 volts. Streaming current was
insignificant.

Comments: Orifice style (0.07-inch vs. cracked) contributed to higher resultant voltage on the Teflon
cushioned clamp.

Date: March 6
Test: 21
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Tests Conducted: Measured the voltage on an electrically isolated, Teflon cushioned loop clamp (DG 26)
after increasing the fuel temperature and changing to a 0.07 inch orifice.

Conditions:
Nozzle: 0.07-inch orifice
Distance from nozzle to clamp: 5-6 inches
Fuel Pressure: 42 psig
Fuel Temperature: 91°F
Fuel Conductivity: 5 pS/m at 64°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp (DG 26)
Initial Resistance: Same as Test 16
Final Resistance: not recorded
Initial Capacitance: Same as Test 16
Final Capacitance: not recorded

Results: The maximum voltage measured on the clamp was —512 volts. Streaming current was
insignificant.

Comments: Fuel temperature contributed significantly to the resultant voltage observed on the Teflon
clamp.

Date: March 7
Test: 22

Tests Conducted: Dry resistance and capacitance testing conducted on an electrically isolated, 1 inch
diameter Wiggins coupling (Supplied by WL/PO).

Conditions: Test voltages for both resistance and capacitance measurements same as prior test on March
4, capacitance measured at 1khz and 1 volt rms. See Test 2.

Results: See Table 6 of the main report.

Comments: Raised the male and female shell to fuel tube resistance to 1E11 ohms by inserting two new
O-rings that had the highest resistance that was readily available. Individual O-ring resistance prior to
installation in Wiggins coupling was greater than 1E12 ohms. Female and male shell to tube capacitance
ranged from 89-95 picofarads.

Date: March 7
Test: 23

Tests Conducted: Measured the voltage on an electrically isolated, Teflon cushioned loop clamp (DG 26)
after further increasing the fuel temperature.

Conditions:
Nozzle: 0.07-inch orifice
Distance from nozzle to clamp: 5-6 inches
Fuel Pressure: 42 psig
Fuel Temperature: 106°F
Fuel Conductivity: 9 pS/m at 86°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp (DG 26)
Initial Resistance: greater than 1E12 ohms
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Final Resistance: Same as Test 24
Initial Capacitance: 91 picofarads
Final Capacitance: Same as Test 24

Results: The maximum voltage measured on the clamp was -568 volts.

Comments: The resultant voltage observed on the Teflon cushioned loop clamp again increased as the fuel
temperature was increased.

Date: March 7
Test: 24

Tests Conducted: Measured the voltage on an electrically isolated Teflon cushioned loop clamp (DG 26)
with fuel spraying from an 0.07-inch orifice. In this test, the distance between the orifice and clamp was
increased. All other variables remained as stated in Test 23.

Conditions:
Nozzle: 0.07-inch orifice
Distance from nozzle to clamp: 8 inches
Fuel Pressure: 42 psig
Fuel Temperature: 104°F
Fuel Conductivity: 9 pS/m at 86°F
Fuel: Jet-A from JFK
Target: Teflon cushioned loop clamp (DG 26)
Initial Resistance: Same as Test 23
Final Resistance: greater than 1E12 ohms at 100 volts
Initial Capacitance: Same as Test 23
Final Capacitance: 91 picofarads.

Results: The maximum voltage measured on the clamp was -650 volts.

Comments: The resultant voltage observed on the Teflon cushioned loop clamp increased as the distance
between the orifice and clamp increased. Also at the end of this run, the resistance from the clamp to
ground was measured using 1000 volts. The resistance measured was approximately 8E12 ohms. The
resistance could be lower during the test if the voltage on the clamp increases beyond 1000 volts.

Date: March 7
Test: 25

Tests Conducted: Measured fuel resistance of Jet A fuel from JFK and JP8 from WL/PO. Measurement
made by submerging clamp and fuel tube in tested fuel. Test voltages varied from 25 volts to 500 volts.
Conductivity of each fuel was also measured.

Results:
Resistance Jet A: 6E11 ohms at 100 volts, Conductivity: less than 10 pS/m
Resistance JP8: 1.5E10 ohms at 25 volts, 1.5E8 ohms at 100 volts, 1.5E8 ohms at 500 volts;
Conductivity: 150 pS/m

Comments: The resistance of the fuel appears to drop significantly with increased voltage. This may be
significant in spray testing as voltage levels achieved increase.

Date: March 7
Test: 26
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Tests Conducted: Measured the voltage on an electrically isolated 1-inch Wiggins coupling, (O-ring
resistance greater than 1E11 ohms) with fuel spraying from a 0.07-inch orifice.

Conditions:
Nozzle: 0.07-inch orifice
Distance from nozzle to clamp: 8 inches
Fuel Pressure: 42 psig
Fuel Temperature: 96°F
Fuel Conductivity: 9 pS/m
Fuel: Jet-A from JFK
Target: 1 inch dia. Wiggins Coupling (WL/PO sample)
Initial Resistance: 1.2E11 ohms
Final Resistance: Not Recorded
Initial Capacitance: 131 picofarads
Final Capacitance: Not Recorded

Results: The maximum voltage measured on the Wiggins coupling was -14 volts.

Comments: The resultant voltage on the Wiggins coupling was minimal. The resistance to ground of the
outer coupling shell was 1E11 ohms when installed in the test chamber before testing. This was low, but
considerations should be made regarding the inner surfaces of the Wiggins coupling and breakdown of the
anodized layer if two surface contact one another.

PHASE I

Date: April 7
Test: 27

Tests Conducted: Measured the resistance of the yellow epoxy chromate primer on the inner surface of the
fuel catch tank. Also conducted tribocharging measurements of same surface.

Conditions:
Resistance Test Voltage: 100 volts
Coating Thickness: 0.0003 - 0.0008 inches
Tank Exterior: Anodized

Results: Resistance at 100 volts was greater than 1E12 ohms. Resistance was less than 50,000 ohms at
200 volts. Tribocharging produced minimal charging levels.

Comments: Minimal charge levels after the tribocharging test were credited to charge dissipation through
very thin epoxy chromate primer coating layer. The relatively low breakdown voltage of 200 volts
demonstrated this.

Date: April 8
Test: 28

Tests Conducted: Determined the maximum voltage that could be achieved by spraying low conductivity
fuel into a catch tank. Fuel (low conductivity , approximately 5pS/m) was sprayed onto the surface of fuel
(same conductivity ) collected in the catch tank till an approximate depth of 4 inches was reached. Field
meters were used to measure the voltage achieved on the fuel surface as well as a point removed from the
fuel surface and near the top of the test chamber.

Conditions:
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Nozzle: 5 hole, 0.07-inch diameter equivalent

Fuel: Jet A

Fuel Pressure: 25 psig

Fuel Temperature: 83°F

Fuel Conductivity: not measured, less than10 pS/m

Fuel Flow Rate: 3900 ml/ 2min.

Target: Fuel surface (4-inch depth)

Meter settings, conversion factor: Fuel Surface meter, 10X scale (0-10,000 volts), Output 0-1
volts; Air/Mist meter, 1X scale (0-1000 volts), Output 0-1 volts

Results: Minimal voltage levels were found on the surface of the fuel in the catch tank and in the remote
space within the test chamber. The offset output voltage of the fuel surface field meter was 0.03 volts and
remained near that value throughout the test. The offset voltage for the space field meter was 0.85 mV
and also remained stable throughout the test.

Comments: The functionality of both meters was checked after the test with a charged material to verify
full deflection of each field meter. Leads of both field meters were also switched to ensure that they were
functioning properly.

Date: April 8
Test: 29

Tests Conducted: Determined the maximum voltage that could be achieved by spraying low conductivity
fuel onto the surface of low conductivity fuel in the catch tank. Fuel was sprayed onto the surface of fuel
collected in the catch tank. Field meters were used to measure the voltage achieved on the fuel surface as
well as a point removed from the fuel surface but within the test chamber. Repeat of Test 28 with a
cracked orifice.

Conditions:
Nozzle: cracked orifice
Fuel: Jet A
Fuel Pressure: 25 psig
Fuel Temperature: not recorded
Fuel Conductivity: not measured, less than 10 pS/m
Target: fuel surface

Results: No appreciable surface or space voltages were attained during the test.

Date: April 8
Test: 30

Tests Conducted: Determined the maximum voltage that could be achieved by spraying low conductivity
fuel onto the surface of low conductivity fuel in the catch tank. Fuel was sprayed onto the surface of fuel
collected in the catch tank. Field meters were used to measure the voltage achieved on the fuel surface as
well as a point removed from the fuel surface but within the test chamber. Repeat of Test 29 with cracked
orifice realigned.

Conditions:
Nozzle: cracked orifice
Fuel: Jet A
Fuel Pressure: 25 psig
Fuel Temperature: not recorded
Fuel Conductivity: not measured, less than 10 pS/m
Target: fuel surface
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Results: No appreciable surface or space voltages were attained during the test.

Date: April 8
Test: 31

Tests Conducted: Determined the maximum voltage that could be achieved by spraying low conductivity
fuel onto the surface of low conductivity fuel in the catch tank. Fuel was sprayed onto the surface of fuel
collected in the catch tank. Field meters were used to measure the voltage achieved on the fuel surface as
well as a point removed from the fuel surface but within the test chamber. Repeat of Test 30 at 42 psig.

Conditions:
Nozzle: cracked orifice
Fuel: Jet A
Fuel Pressure: 42 psig
Fuel Temperature: not recorded
Fuel Conductivity: not measured, less than 10 pS/m
Target: fuel surface

Results: No appreciable surface or space voltages were attained during the test.

Date: April 9
Test: 32

Tests Conducted: Determined the maximum current and voltage that could be achieved by spraying low
conductivity fuel onto an isolated epoxy chromate coated aluminum target plate.

Conditions:
Nozzle: 5 hole, 0.07-inch diameter equivalent
Fuel: Jet A
Fuel Pressure: 25 psig
Fuel Temperature: 96°F
Distance to Target from Nozzle: 24 inches
Target Angle: 45°, measured from horizontal
Fuel Conductivity: Approx. S5pS/m at 72°F
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Target Plate Resistance: much greater than 10E12 ohms
Target Plate Capacitance: 23 picofarads (alone), w/electrometer 377 picofarads, 60-63 picofarads
in test chamber and wet with fuel

Results: The maximum charging current observed on the target plate varied between -0.29 and -0.40
nanoamps. The voltage after 12 minutes was 814 volts. A peak voltage of 860 volts was observed.

Comments: The higher capacitance value measured on the target plate when connected to the electrometer
was due to the added input capacitance of the electrometer. The electrometer was not intended to be
included in the overall system capacitance measurement.

Date: April 9
Test: 33

Tests Conducted: Determined the maximum current that could be achieved by spraying low conductivity
fuel onto an epoxy chromate coated isolated target plate. A screen was introduced to “break up” the fuel
in an attempt to increase the charging current on the target plate.
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Conditions:
Nozzle: 5 hole, 0.07-inch diameter equivalent
Fuel: Jet A
Fuel Pressure: 25 psig
Fuel Temperature: Not recorded, see test 32
Distance to Target from Nozzle: 24 inches
Target Angle: 45°, measured from horizontal
Fuel Conductivity: See test 32
Screen: located 18.25 inches below the orifice, ungrounded
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Target Plate Resistance: See test 32
Target Plate Capacitance: See test 32

Results: The maximum current varied between -0.39 and 0.75 nanoamps.

Comments: A slight increase in charging current was observed due to the introduction of the screen.

Date: April 9
Test: 34

Tests Conducted: Determined the maximum current that could be achieved by spraying low conductivity
fuel onto an epoxy chromate coated isolated target plate. Determined if the epoxy chromate coating on the
target plate surface effects the target plate charging.

Conditions:
Nozzle: 5 hole, 0.07-inch diameter equivalent
Fuel: Jet A
Fuel Pressure: 25 psig
Fuel Temperature: Not recorded, see test 32
Distance to Target from Nozzle: 24 inches
Target Angle: 45°, measured from horizontal
Fuel Conductivity: See test 32
Screen: located 18.25 inches below the orifice, grounded
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing away
from fuel flow). Isolated from ground with Teflon sheeting.
Target Plate Resistance: See test 32
Target Plate Capacitance: See test 32

Results: The maximum target plate current varied between 0 and -0.40 nanoamps.

Comments: A decrease in charging current was observed with the bare side of the target plate facing the
fuel flow.

Date: April 9
Test: 35

Tests Conducted: Determined the maximum current that could be achieved by spraying low conductivity
fuel onto an epoxy chromate coated isolated target plate. Also, determined if the grounding of the spray

breakup screen affects the current on the target plate.

Conditions:
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Nozzle: 5 hole, 0.07-inch diameter equivalent

Fuel: Jet A

Fuel Pressure: 25 psig

Fuel Temperature: Not recorded, see test 32

Distance to Target from Nozzle: 24 inches

Target Angle: 45°, measured from horizontal

Fuel Conductivity: See test 32

Screen: located 18.25 inches below the orifice, ungrounded
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.

Target Plate Resistance: See test 32

Target Plate Capacitance: See test 32

Results: The maximum target plate current varied between 0 and -0.42 nanoamps.

Comments: The ground connection to the spray break up screen had no influence on target plate charging
current.

Date: April 9
Test: 36

Tests Conducted: Repeated Test 33 and determined if grounding the break-up screen impacted charging
current.

Conditions:
Nozzle: 5 hole, 0.07-inch diameter equivalent
Fuel: Jet A
Fuel Pressure: 25 psig
Fuel Temperature: Not recorded, see test 32
Distance to Target from Nozzle: 24 inches
Target Angle: 45°, measured from horizontal
Fuel Conductivity: See test 32
Screen: located 18.25 inches below the orifice, ungrounded
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Target Plate Resistance: See test 32
Target Plate Capacitance: See test 32

Results: The maximum current varied between -0.38 and -0.70 nanoamps.

Comments: Optimum charging conditions from Tests 33 through 35 (9 April) were used to see if
unbonding the screen would lead to different results.

Date: April 9
Test: 37

Tests Conducted: Low conductivity fuel was sprayed onto an electrically isolated, epoxy chromate coated,
aluminum plate. Determined if changing the angle of the target plate changes the current measured on
the target plate.

Conditions:
Nozzle: 5 hole, 0.07-inch diameter equivalent
Fuel: Jet A
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Fuel Pressure: 25 psig

Fuel Temperature: 89°F

Distance to Target from Nozzle: 24 inches

Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.

Target Angle: varied between 0° and 60°, measured from horizontal

Break up Screen Inserted and Grounded

Fuel Conductivity: 5pS/m at 72°F

Results: The maximum current achieved on the target plate was approximately -1.00 nanoamps at a plate
angle of 45 degrees. Testing at 30 and 60 degrees also produced significant charging currents. The
current as a function of target plate angle is plotted in Figure 7 of the main report.

Comments: Although the maximum charging currents observed were at 45 degrees, significant values
were observed at 30 and 60 degrees.

Date: April 10
Test: 38

Tests Conducted: Low conductivity fuel was sprayed onto an electrically isolated, epoxy chromate coated
aluminum target plate. Determined the impact of fuel temperature on the charging current observed on
the target plate.

Conditions:
Nozzle: 5 hole, 0.07-inch diameter equivalent
Fuel: Jet A
Fuel Pressure: 25 psig
Fuel Temperature: Initial Temperature 58°F, increased tol15°F at conclusion of test
Distance to Target from Nozzle: 24 inches
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Target Angle: 30°, measured from horizontal
Fuel Conductivity: 6 pS/m at 83°F
No Screen here and ensuing tests in Phase II

Results:
Fuel Temp: 58°F, Target Plate Current: -170 picoamps
Fuel Temp: 71°F, Target Plate Current: -210 picoamps
Fuel Temp: 80°F, Target Plate Current: -260 picoamps
Fuel Temp: 90°F, Target Plate Current: -300 picoamps
Fuel Temp: 100°F, Target Plate Current: -390 picoamps
Fuel Temp: 115°F, Target Plate Current: - 450 picoamps

The target plate current as a function of fuel temperature is plotted in Figure 5 of the main report.

Comments: The charging current on the target plate increased significantly with increasing fuel
temperature.

Date: April 10
Test: 39

Tests Conducted: Low conductivity fuel was sprayed onto an electrically isolated, chromate coated,
aluminum target plate. Determined the impact of target distance from the orifice on target plate charging
current.
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Conditions:
Nozzle: 5 hole, 0.07-inch diameter equivalent
Fuel: Jet A
Fuel Pressure: 25 psig
Fuel Temperature: Relatively constant between 116 and | 18°F
Distance to Target from Nozzle: 18 inches
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Target Angle: Varied from 0° to 60°, measured from horizontal
Fuel Conductivity: 6 pS/m at 83°F

Results: The maximum target plate current varied between -0.29 and -0.42 nanoamps. The charging
current recorded at a target plate angle of 30° varied between -0.35 and -0.42 nanoamps. Target plate

current as a function of target plate angle is plotted in figure 7 of the main report.

Comments: There was a slight decrease in target plate charging current as target distance decreased.

There was a smaller contact area (fuel spray onto plate) as target distance decreased, which might result in

a slightly lower charging current.

Date: April 10
Test: 40

Tests Conducted: Low conductivity fuel was sprayed onto an electrically isolated, chromate coated,
aluminum target plate. Determined the impact of further decreasing target distance from the orifice on
target plate charging current.

Conditions:
Nozzle: 5 hole, 0.07-inch diameter equivalent
Fuel: Jet A
Fuel Pressure: 25 psig
Fuel Temperature: Relatively constant between 110 and 115°F
Distance to Target from Nozzle: 12 inches
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Target Angle: varied from 0O to 60°, measured from horizontal
Fuel Conductivity: not measured, less than 10 pS/m

Results: The maximum target plate current varied between -0.23 and -0.44 nanoamps. The charging
current recorded at a target plate angle of 30° varied between -0.32 and -0.44 nanoamps. Target plate
current as a function of target plate angle is plotted in figure 7 of the main report.

Comments: No appreciable difference in charging current was observed for target plate distances of 12
and 18 inches.

Date: April 10
Test: 41

Tests Conducted: Low conductivity fuel was sprayed onto an electrically isolated, chromate coated,
aluminum target plate. Determined the impact of further decreasing target distance from the orifice on
target plate charging current.

Conditions:
Nozzle: S hole, 0.07-inch diameter equivalent
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Fuel: Jet A

Fuel Pressure: 25 psig

Fuel Temperature: Relatively constant between 111 and 114°F

Distance to Target from Nozzle: 6 inches

Target Angle: Varied from 0 to 60°, measured from horizontal

Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.

Fuel Conductivity: Not measured, less than 10 pS/m

Results: The maximum target plate current varied between -0.22 and -0.43 nanoamps. The charging
current recorded at a target plate angle of 30° varied between -0.27 and -0.37 nanoamps. Target plate
current as a function of target plate angle is plotted in figure 7 of the main report.

Comments: There was a slight drop in charging current between that observed at a 12 inch target distance
and that at 6 inches.

Date: April 10
Test: 42

Tests Conducted: : Low conductivity fuel was sprayed onto an electrically isolated, chromate coated,
aluminum target plate. A slotted orifice was used with a fine mesh insert to provide better break up of the
spray. Determined the relationship between target plate current and target plate angle.

Conditions:
Nozzle: 0.086 X 0.640 inch slot, 0.055 square inch open area, mesh insert
Fuel: Jet A
Fuel Pressure: 25 psig
Fuel Bulk Temperature: 100 to 110°F
Distance to Target from Orifice: 24 inches
Target Angle: Varied between 30° and 45°, measured from horizontal
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Fuel Conductivity: 5 pS/m
Screen: See results.

Results: Using a target angle of 30° and no screen the charging current varied between ~0.4 and -0.5
nanoamps. When the screen was added and the target angle was increased to 45° the charging current was
-1.5 nanoamps with peaks greater than -2.5 nanoamps.

Comments: The addition of the screen again contributed to the larger charging current observed (See Test
33, April 9).

Date: April 11
Test: 43

Tests Conducted: Measured individual Viton O-ring resistances (4 samples). Conducted dry resistance
and capacitance testing on T7/T8 Wiggins coupling with Viton o-rings installed.

Conditions: Test voltage used for resistance testing was 100 volts. Test voltage for resistance and
capacitance measurements of assembled coupling were the same as those from Phase I, Test 1.

Results: Individual Viton O-ring resistance: All four o-rings were much greater than 1E12 ohms.

Assembled coupling T7/T8: Female to Male Resistance, 1.6 ohms
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Male Resistance to Fuel Tube, Approx. 2E11 ohms at 10 volts
Female Resistance to Fuel Tube, Approx. 2E11 ohms at 10 volts
Tube to Tube resistance, Approx. 9E11 ohms at 10 volts

Female to Tube Capacitance, 199 picofarads Q=20.1, D=0.05,
G=0.062

Male to Tube Capacitance, 199picoFarads Q=20.1, D=0.05, G=0.062

Comments: Raised the male and female shell to fuel tube resistance to 2E11 ohms by inserting different o-
rings. Individual o-ring resistance prior to installation in Wiggins coupling was greater than 1E12 ohms.

This again suggests that increasing the contact area between the o-ring and the walls of both the Wiggins

coupling outer shells and the fuel tubes decreases the overall resistance.

Date: April 11
Test: 44

Tests Conducted: Low conductivity fuel was sprayed onto an electrically isolated, chromate coated,
aluminum target plate. Monitored current flow from the fuel catch tank and target plate voltage with and
without the screen placed in the fuel flow.

Conditions:
Nozzle: 0.086 X 0.640-inch slot, 0.055 square inch open area, mesh insert
Fuel Pressure: 25 psig
Fuel Bulk Temperature: 103 to 108°F
Distance to Target from Orifice: 24 inches (same as prior day)
Target Angle: 30°, measured from horizontal
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Fuel Conductivity: 31pS/m at 72°F
Fuel: Jet-A with Stadis-450
Screen: Varied, both in and out depending on test sequence, installed 14 inches below orifice

Results: The maximum fuel tank current with the screen installed was between -6.9 and -7.6 nanoamps
and with the screen removed the maximum current was -3.5 nanoamps. The maximum target plate
voltage achieved during this sequence was +1080 volts.

Comments: Tank current was measured to determine if there was a relationship between charge generated
at the target plate/fuel surface interface and that collected in the fuel collection tank. This relationship
might be better understood through measurement of the current observed in the target plate and the fuel
collection tank. This test focused on the tank current. The ensuing test will focus on target plate current
keeping all test conditions constant. As was the case in prior tests with the target plate, the insertion of
the screen increased current levels observed in the fuel collection tank.

Also of significance was the change in target plate current polarity from negative to positive with the
change in fuel conductivity from 5 pS/m to 31 pS/m.

Date: April 11
Test: 45

Tests Conducted: Fuel with a higher conductivity (approximately 31 pS/m) was sprayed onto an
electrically isolated, chromate coated, aluminum target plate. Monitored current flow in the target plate
and tank voltage with and without the screen placed in the fuel flow. Also varied the target plate angle to
determine impact of target plate angle on target plate current and tank voltage.

Conditions:
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Nozzle: 0.086 X 0.640-inch slot, 0.055 square inch open area, mesh insert

Fuel Pressure: 25 psig

Fuel Bulk Temperature: 105 to 111°F

Distance to Target from Orifice: 24 inches (same as prior day)

Target Angle: Varied between 0 and 60°, measured from horizontal

Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.

Fuel Conductivity: 31pS/m at 72°F

Fuel: Jet-A with Stadis-450

Screen: Varied, both in and out depending on test sequence, installed 14 inches below orifice

Results: The target plate maximum current varied between +1.0 and +6.7 nanoamps and tank voltage
varied between -90 and -300 volts with the highest values for each reached with the screen inserted in the
fuel flow. 30, 45 and 60 degree target plate angles again produced the highest target plate currents and
tank voltages while O and 15 degree angles produced the lowest. Similar results but lower magnitudes of
target plate current and tank voltage were observed without the screen in place. The target plate current
as a function of target plate angle is plotted in figure 6 of the main report.

Comments: Similar correlation between target plate/tank current and voltage with respect to target plate
angle and the use of the screen were achieved with the higher conductivity fuel to those found earlier with
lower conductivity (~5pS/m) fuel. Fuel with a conductivity of approximately 31 pS/m produced higher
overall target plate currents and voltages than the SpS/m fuel. There was a slight increase (3-4 degrees)
in fuel temperature for this test sequence as opposed to the prior test and some of the increase in target
plate current and voltage may be attributed to this increase.

Date: April 11
Test: 46

Tests Conducted: Fuel with a higher conductivity (approximately 94 pS/m) was sprayed onto an
electrically isolated, chromate coated, aluminum target plate. Monitored current flow on the target plate
and voltage in the fuel tank, with and without, the screen placed in the fuel flow. Also varied the target
plate angle to determine the impact of the angle on target plate current and tank voltage.

Conditions:
Nozzle: 0.086 X 0.640-inch slot, 0.055 square inch open area, mesh inserted
Fuel Pressure: 25 psig
Fuel Bulk Temperature: 113 to 120°F
Distance to Target from Orifice: 24 inches
Target Angle: varied between 0 and 60°, measured from horizontal
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Fuel Conductivity: 94 pS/m at 72°F
Fuel: Jet-A with Stadis-450
Screen: Varied, both in and out depending on test sequence, installed 14 inches below orifice.
Screen resistance was measured when in place and not grounded with a ground line. Resistance
was 6 kohms.

Results: Initial testing was conducted with a target plate angle of 30 degrees, the screen removed and a
fuel temperature of 117 degrees F. Tank current was —3 nanoamps. The screen was replaced and tank
current increased to —11 nanoamps. Instrumentation was adjusted to measure both tank current and target
plate voltage again at 30 degrees (target plate angle) and with the screen in the fuel flow. Tank current
remained at -5 nanoamps and target plate voltage was 430 volts.
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With flow continuing, a sequence of tests were run with the screen in the flow, fuel temperature at 117-
118 degrees F, and varying target plate angles. Target plate current varied between -2.5 and +12.0
nanoamps. Negative target plate currents were achieved when target plate angle was perpendicular (zero
degrees) or nearly perpendicular (15 degrees) to the fuel flow. Tank voltage varied from -40 volts at a
target plate angle of zero degrees to ~-359 volts at a target plate angle of 60 degrees.

The screen was removed and the above sequence repeated under the same conditions. Target plate current
varied between +5 and +13 nanoamps. Tank voltage varied from —39 volts at a target plate angle of zero
degrees to -317 volts at a target plate angle of 60 degrees. Although a negative target plate current was
not achieved in this test sequence, the relative change in current between target plate angles was similar.

For the first time a measurement of tank current and target plate voltage were measured concurrently.
With the screen in, the voltage on the target plate reached +1000 volts. The current on the tank during
this time decreased in magnitude from the start of the test, until settling out at about -8 nanoamps at the
time the target plate voltage reached +1000 volts. Then the target plate was grounded and tank current
was measured at -19 nanoamps.

Comments: Similar correlations between target plate/tank current and voltage with respect to target plate
angle and the use of the screen were achieved with the higher conductivity fuel to those found earlier with
lower conductivity (~31pS/m) fuel. Fuel with a conductivity of approximately 94 pS/m did produce
higher overall target plate currents while target plate voltages remained similar, peaking at +1000 volts.
This suggested that fuel resistance was beginning to play a role in the charging process. Higher charging
current with little increase in voltage emphasized this point. Fuel temperature again was slightly higher
(3-4 degrees) for this test sequence as opposed to the prior test and some of the increase in target plate
current may be attributed to this increase.

Also in this sequence, target plate current fluctuated with respect to target plate angle such that current
went from positive values at 30, 45 and 60 degrees to negative values at 0 and 15 degrees. The concept of
residence time was considered here in addition to the effect of higher fuel conductivity . As target plate
angle decreased, fuel “resided” on the grounded surface of the target plate longer than the steeper target
plate angles. There were several contributors to the overall target plate current when the target plate was
perpendicular to the flow. They include the effect of frictional charging (fuel contacting the target plate),
the time the fuel resided on the target plate and the fuel flowing over the edges of the target plate.
Charged fuel from the orifice also may contribute to target plate current more significantly when target
plate angle was zero or nearly flat.

Date: April 17
Test: Test 47

Tests Conducted: Sprayed fuel onto an electrically isolated, chromate coated, aluminum target plate.
Measured current and voltage on the target plate to determine the equivalent resistance during fuel flow
and contact with the target plate.

Conditions:
Nozzle: 0.086 X 0.640-inch slot, 0.055 square inch open area, mesh inserted
Fuel Pressure: 25 psig
Fuel Bulk Temperature: Varied between 112 and 1 18°F
Distance to Target from Orifice: 24 inches
Target Angle: 60°, measured from horizontal
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Fuel Conductivity: 94 pS/m at 72°F
Fuel: Jet-A with Stadis-450
Screen: Varied, both in and out depending on test sequence, installed 14 inches below orifice
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Results: With the screen in the fuel flow path, the target plate current was approximately -6.25 nanoamps.
The target plate voltage was approximately -570 volts with an initial peak or “spike” of -850 volts. The
calculated resistance was 1E11 ohms. With the screen removed, the target plate current was +3 nanoamps
and the target plate voltage was +700 volts. In this case the calculated resistance was 2.3E11 ohms.

Comments: Tests conducted on April 17 were done using fuel that had been idle since April 11. Initial
target current and voltage were very erratic. A multitude of factors may have contributed to the erratic
readings initially. Consistency of fuel flow from the orifice, mixing of fuel that was idle for several days
and air in the fuel line all may have contributed. The final calculated resistance (after stabilized current
and voltage) of 2.3E11 ohms was low enough to influence charge dissipation rate at the fuel/target plate
interface. There was some concern however that the +3 nanoamps current used in the calculation was not
the maximum current that could be achieved under these test conditions. Values similar to those obtained
on April 11 were expected. No measurements of both target plate current and voltage WITHOUT the
screen were taken on April 11. Using the current and voltage values obtained on April 11, WITH the
screen, the resistance calculated, at a target plate angle of 60 degrees was 7.6E10 ohms.

Date: April 18
Test: 48

Tests conducted: Determined the impact of noise in test area on charging current measurements.

Comments: A review of the current measurement waveforms stored on the Lecroy 93141 Oscilloscope on
17 April revealed 60 cycle noise in the current waveforms. The 60 cycle noise was found to occur if the
electrometer input cable was connected external to the test cabinet. Very little 60 cycle noise was
observed if the electrometer input cable alligator clip was positioned internal to the test cabinet.

The effect, if any, of the 60 cycle noise on previous data collected by the electrometer was examined by
connecting the electrometer in series with a 1E9 ohm resistor connected to a function generator. The
function generator was set for a 5 VDC offset, including a 1| VRMS sine wave output to simulate noise.
The frequency was varied from O through 20 Megahertz. The output of the electrometer was examined
and it was found that it correctly obtained a DC offset corresponding to the 5 nanoamp DC current that
should have been obtained.

Date: April 21
Test: 49

Tests Conducted: Fuel was sprayed onto an electrically isolated, epoxy chromate coated, aluminum target
plate. Measured current (shielded electrometer alligator clamp) and voltage on the target plate to
determine the equivalent resistance during fuel flow and contact with the target plate.

Conditions:
Nozzle: 0.086 X 0.640-inch slot, 0.055 square inch open area
Fuel Pressure: 25 psig
Fuel Bulk Temperature: 94°F
Distance to Target from Orifice: 24 inches
Target Angle: 60°, measured from horizontal
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Fuel Conductivity: 94pS/m at 72°F (initial), 140 pS/m at 94°F (final)
Fuel: Jet-A with Stadis-450
Break up Screen: removed
Target Plate Isolation: greater than 1E12 ohms
Fuel Catch Tank Isolation: greater than 1E12 ohms
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Target Plate Capacitance: 54 picofarads (including wiring and charged target plate monitor)

Resuits: The current measured on the target plate was approximately +1.2 nanoamps. The maximum tank
current varied between -5.3 and -6.4 nanoamps. The target plate voltage reached a maximum of 630
volts. The calculated resistance of the isolated target plate to ground during the test was 5.25E11 ohms.

Comments: Tests conducted on April 21 were done using aged fuel that had first been placed in the test
apparatus on April 11. The observed charging current was much lower than expected. This may have
been due to substantial fluctuations in the relative humidity (0.8 to 11.7 %RH) observed in the test
chamber as well as a much lower fuel temperature and changes in fuel properties over time.

Date: April 22
Test: 50

Tests Conducted: Fuel (JP-8) was sprayed onto an electrically isolated, epoxy chromate coated, aluminum
target plate. The Teflon sheeting used to isolate the target plate prior to this date was removed. The target
plate was then electrically bonded to the target plate rotation bar that extended through the test chamber to
the outside environment on both ends. The charging current and voltage on the target plate were
measured during fuel flow from the orifice onto the target plate as well as the current in the fuel catch
tank. Voltage decay rate from the target plate was also recorded. Direct electrical resistance
measurements between the target plate and ground were made immediately after the fuel flow was stopped
to see how they compared to the calculated measurements made using the dynamic target plate current
and voltage. Voltage was increased during these resistance measurements to see if the resistance
measurements were voltage sensitive.

Conditions:
Nozzle: 0.086 X 0.640-inch slot, 0.055 square inch open area, mesh insert
Fuel Pressure: 25 psig
Fuel Bulk Temperature: 92 to 113°F
Distance to Target from Orifice: 24 inches
Target Angle: 60°, measured from horizontal
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Mounted to isolated rotational bar and Teflon sheeting removed.
Fuel Conductivity: 145 pS/m at 69°F (before test), 225 pS/m at 72°F (after 1* test), 275 pS/m at
95°F (after 2™ test)
Fuel: JP-8
Break up Screen: removed
Target plate/rotation bar capacitance (installed): 61 picofarads at 60° target plate angle
Target plate/ rotation bar resistance (installed): much greater than 1E12 ohms at 100 volts

Results: Two separate fuel flow tests were conducted. The maximum tank current varied between -10 and
-18.5 nanoamps. The target plate voltage varied between +775 and +1132 volts. The maximum target
plate current varied between +9.2 and +12.6 nanoamps. The target plate voltage decayed by one half,
from 1090 to 538 volts, in five minutes.

The resistance measured between the target plate and ground after the fuel flow was stopped was much
greater than 1E12 ohms at 100 volts, 6.5E12 ohms at 200 volts and 1.5E12 ohms at 1000 volts. The
calculated resistance after the first run was 2.2E11 ohms and 8.8E10 ohms after the second run.

Comments: The target plate was attached directly to the rotating bar and the Teflon isolation sheeting was
removed in an attempt to eliminate all parallel resistance paths associated with fuel that coated the sheets

and contacted the grounded rotating bar. Assuming all other variables remain constant elimination of this
resistance path should lead to increased charging currents and voltages. At the same time, new fuel, JP-8,
was introduced during this test sequence. It was difficult to determine whether the JP-8 or the elimination
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of the resistance path associated with the Teflon sheeting was the major player in the increased charging
current and voltage observed on the target plate. The calculated resistance after the second run was the
lowest value observed to date. This further emphasizes that the high currents and voltages observed were
offset by the reduced resistance of the fuel and parallel resistive paths that continue to exist in the system
(fuel falling to the collection tank and fuel flowing from the orifice).

The fuel resistance was sensitive to voltage. As the target plate voltage increased, the resistance decreased
requiring an increased charging source or current to produce a voltage.

Noise was a problem during the first test on 22 April. By removing the Teflon sheeting from the target
plate and bonding the target plate to the rotating bar the target plate and bar become the isolated
conductor, Portions of the bar were outside the test chamber and subjected to ambient noise in the test
facility. The exposed areas were shielded after the first run and the repeatability of the readings improved
during the second run.

Date: April 23
Test: 51

Tests Conducted: Fuel (JP-8) was sprayed onto an electrically isolated, epoxy chromate coated, aluminum
target plate (bonded to the rotating bar electrically). The charging current and voltage on the target plate
were measured with fuel flowing from the orifice onto the target plate.

Conditions:
Nozzle: 0.086 X 0.640-inch slot, 0.055 square inch open area, mesh insert
Fuel Pressure: 25 psig
Fuel Bulk Temperature: 106 to 108°F
Distance to Target from Orifice: 24 inches
Target: 8 1/2 X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Mounted to isolated rotational bar and Teflon sheeting removed.
Fuel Conductivity: 357 pS/m at 72°F; 429 pS/m at 82°F; 544 pS/m at 108°F
Fuel: JP8+100
Break up Screen: removed

Results: For the first run, the target plate current peaked at 6 nanoamps but decreased to 1 nanoamp as the
spray pattern became inconsistent. Target plate voltage peaked at 500 volts, but decreased to 300 volts
when the spray pattern narrowed. In the second run, the target plate current peaked at 6 nanoamps then
decreased to 3.3 nanoamps as the flow again fluctuated and narrowed. The target plate voltage peaked at
near 500 volts in the second run and diminished to about 420 volts when the flow narrowed. The
collection tank current was measured in the second run also while target plate voltage was recorded. Tank
current peaked at -6.2 nanoamps and decreased to -2.0 nanoamps when the flow decreased.

Comments: No explanation can be given for the change in flow from the orifice during this test sequence.
The fuel (JP8+100) had a much higher conductivity but should not have affected the flow pattern. A
change in flow did produce a change in target plate current and voltage. Since the surface area of the
target plate contacted by the flow decreased significantly, the contact surface area was another factor to
consider when trying to achieve maximum current and voltage on the target plate. The air/fuel volume
between the orifice and the target plate also changed with a change in flow pattern possibly creating more
or less charge within the stream prior to contact with the target plate. This may also contribute to changes
in the current and voltage values measured on the target plate. The fuel contact point on the target plate
also changed slightly during this test sequence from the lower portion of the target plate to the upper
portion. This did not appear to significantly change the current or voltage although concurrent changes in
flow rate influenced any significant change that might have occurred. The relative humidity also
fluctuated as the flow changed and the target current and voltage decreased. The nitrogen flow was not
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adjusted during this time frame so it appears that the flow pattern and changes in it might impact chamber
humidity. Changes in the number of airborne fuel particles or the influx of moist air from the fuel line
might have caused the change in relative humidity.

Date: April 23
Test: 52

Tests Conducted: Measured the amount of charge present in fuel exiting the spray orifice.
Fuel was collected in an electrically isolated, conductive container and charge was measured with an
electrometer. Also measured the target plate and collection tank currents.

Conditions:
Nozzle: 0.086 X 0.640-inch slot, 0.055 square inch open area, mesh insert
Fuel Pressure: 25 psig
Fuel Bulk Temperature: 115-122°F (initial), 108°F (final).
Fuel Conductivity: same fuel as test 21
Break up Screen: removed
Fuel: JP8+100

Results: The test was run twice. The first test, ran for 13.3 seconds, resulted in a charge accumulation of
-20 nanocoulombs and 810 ml of fuel being sprayed. The second test, ran for 10.6 seconds, resulted in a
charge accumulation of -18.8 nanocoulombs. The calculated current was between -1.48 and -1.77
nanoamps. Target plate and collection tank currents were also measured. The tank current (with target
plate grounded) was -9.6 nanoamps and the target plate current (with tank grounded) was +5.0 nanoamps.

Comments: The test showed that the fuel flow from the orifice was not electrically neutral and had a
negative current value. This was of significance when trying to determine where charge was located in
the overall test system. It was also important in determining whether fuel flowing from an orifice was
charged prior to contact with an isolated conductor and how that charge impacts the overall charge
generated at the fuel/target plate interface. When the current from the orifice, target plate, and collection
tank were added a net current still remained. Charge flow may exist at other points within the test
chamber (i.e. misting, larger mobile particles, etc.). Fuel temperature varied 14 degrees from the start of
the test to the finish and as mentioned prior, significant changes in current and voltage can occur with
changing fuel temperature.

Date: April 24
Test: 53

Tests Conducted: Rerun the tests of April 23 and analyze currents generated in the test chamber (i.e.
orifice, target plate and collection tank) while keeping fuel temperature as stable as possible. Changed to
the 5 hole orifice to obtain better flow pattern repeatability.

Conditions:
Nozzle: 5 hole, 0.07-inch diameter equivalent
Fuel Pressure: 25 psig
Fuel Bulk Temperature: 105 to 108°F.
Fuel Conductivity: 474 pS/m at 66°F; 666 pS/m at 107°F
Break up Screen: removed
Fuel: JP8+100

Results: Currents were measured at the orifice, target plate and within the collection tank with and
without the drain plug in place. Fuel temperature was held constant between 106 and 110°F. The orifice
current was calculated using the fuel collection and charge measurement technique described on April 23.
Two charge measurements were made at the orifice. For each measurement the charge was collected for
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100 seconds. The two measurements were -12.8 nanocoulombs and -14.8 nanocoulombs, resulting in
calculated currents of 0.128 nanoamps and 0.148 nanoamps. The other currents were measured directly
using the electrometer. The target plate current was +1.843 nanoamps. The tank current was -1.705

nanoamps with the plug and -1.804 nanoamps without the plug. A target plate voltage of +360 volts was
also measured.

Comments: Adding the resultant currents from the orifice, target plate and collection tank produced a net
current in the test system of near zero. Temperature was kept nearly constant throughout the test and the
5-hole orifice was used to minimize current fluctuations. Orifice current was much lower for this test
sequence than the prior test. This was due to the use of the 5-hole orifice, which produced a more
repeatable flow pattern, but less current. This was consistent with prior days testing where maximum
charging and current were achieved with the slotted orifice. Since a “balance” in current was achieved,
this suggests that losses due to misting and splashing fuel outside the collection tank were minimal for
this test.

Date: April 30
Test: 54

Tests Conducted: Fuel was “dripped” onto the surface of an electrically isolated, 4 inch X 3.5-inch
aluminum target plate. The resultant voltage on the target plate was recorded.

Conditions:
Nozzle: 5 hole, 0.07-inch diameter equivalent, mesh insert
Distance to Target from Orifice: 14-15 inches
Target Angle: Approx 40°, measured from horizontal
Target: 4 inch X 3.5 inch aluminum plate
Fuel Pressure: 25 psig
Fuel Bulk Temperature: 70-85°F
Fuel Conductivity: unknown, same fuel as test 53
Break up Screen: removed
Fuel: JP8+100
Target plate Capacitance: 2.5 picofarads (without charge target plate), 54 picofarads (with charge
target plate)
Target plate Resistance: much greater than 1E12 ohms at 10 and 1000 volts

Results: Maximum voltage achieved was 420 volts.

Comments: This “drip” test was done as an attempt to eliminate the continuous fuel flow path from the
orifice to the target plate and from the target plate to the collection tank. These steady streams of fuel
were thought to be resistive paths that allow charge to flow from the isolated target plate. Removal of
these paths through dripping might allow for higher voltage levels to be achieved. Because dripping fuel
was the charge generation source, maximum levels might take longer to achieve. The aluminum target
plate was isolated during this drip test with Teflon rods. Although only 420 volts were measured in this
test, several observations were made that might have limited the voltage level. First, the fuel temperature
was only 70 degrees F. Temperature severely impacts charging current and hence, voltage. Second, there
appeared to be a coating of fuel from the sample to the Teflon rods to ground. Using a high conductivity,
low resistivity fuel could allow substantial charge drain through this fuel coating. The voltage signal line
also had a substantial amount of fuel on it that also could have provided a low resistance path to ground.
Third, the ambient relative humidity was high and may have impacted the accuracy of the voltage
measurements made using the charge plate monitor. Its accuracy was dependent upon electrical isolation
of the 6 inch X 6-inch conductive plate used to collect charge during the test process.

Date: May 2
Test: 55
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Tests Conducted: Measured the charge obtained using a low conductivity, clay filtered, fuel dripping onto
an isolated 4 inch X 3.5-inch aluminum target plate.

Conditions:
Nozzle: glass burette
Fuel Pressure: gravity fed
Fuel Temperature: 58°F
Fuel Conductivity: 2 pS/m at 58°F
Target: 4 inch X 3.5-inch aluminum plate
Distance to Target: 15 inches
Fuel: Clay treated Jet-A

Results: No measurable charging.

Comments: Several variables were changed in this drip test that might provide insight as to why no
appreciable charging was observed during testing. The fuel used in this test was extremely low in
conductivity and void of many of the additives present in the fuel used for the preliminary drip test. These
additives might contribute significantly to charge generation. In prior tests, low conductivity fuel provided
little charge generation as compared to the 32 and 94 pS/m fuels. The temperature of the fuel was well
below what appeared to be necessary for maximum charge generation (see prior testing). Dripping was
done from a glass burette which may function as a charge generator to artificially charge the fuel prior to
dripping. Charging of the fuel while in the glass burette could offset charging that occurred through
dripping.

Date: May 2
Test: 56

Tests Conducted: Low conductivity, clay filtered fuel was sprayed onto an electrically isolated, epoxy
chromate coated, aluminum target plate. Measured the maximum voltage obtained on the target plate.

Conditions:
Nozzle: 5 hole, 0.07-inch diameter equivalent
Fuel Pressure: 25 psig
Fuel Temperature: 88°F
Target: 4 inch X 3.5-inch aluminum target plate
Distance to Target from Nozzle: 14-15 inches
Target Angle: 60°, measured from horizontal
Break up Screen: not used
Fuel Conductivity: 2 pS/m at 58°F
Fuel: clay treated Jet-A

Results: The maximum voltage measured was 8 volts.
Comments: Clay filtered, low conductivity fuel appeared to be very resistive to charge generation when it

contacts the target plate. Temperature again was low (88 degrees F) as compared to earlier tests (110-120
degrees F) where charge generation was greatest.

Date: May 2
Test: 57

Tests Conducted: Measured the resistance between two | X 2-inch conductive plates immersed in a glass
beaker filled with clay filtered, low conductivity fuel.
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Conditions:
Fuel Temperature: 70°F
Fuel Conductivity: 2 pS/m at 58°F
Fuel: clay treated Jet-A
Plate position/size: Parallel and facing each other, 1 X 2 X 1/16-inch (approximately)
Plate separation: 2.25 inches

Results:
~1E13 ohms at 10 volts
2.5E12 ohms at 50 volts
1.7E12 ohms at 100 volts
1.3E12 ohms at 200 volts
1.0E12 ohms at 500 volts
1.0E12 ohms at 1000 volts

Comments: The fuel resistance decreased with increased voltage potential between the conductive plates
by as much as one magnitude. A resistance of 1E12 ohms was high in terms of allowing for substantial
charge dissipation during the charging process. The impact of resistance would be minimal in the overall
voltage achieved during charge generation testing.

Date: May §
Test: 58

Tests Conducted: Measured the voltage obtained by using a low conductivity, clay filtered, fuel dripping
onto an isolated 4 inch X 3.5 inch aluminum target plate. Corrosion inhibitor, anti-icing, and MDA
additives were independently added to the fuel to evaluate their effect on the charging potential.

Conditions:
Nozzle: glass burette
Fuel Pressure: gravity feed
Fuel Temperature: 66°F
Target: 4 inch X 3.5-inch aluminum target plate
Distance to Target from Nozzle: 14-15 inches but stream break up (into drip) approximately 4
inches above the target plate
Target Angle: 60°, measured from horizontal
Fuel Conductivity: 13 pS/m at 65°F
Fuel: clay treated Jet-A (3305) with MDA, anti-icing, or corrosion inhibitor additive added

Results: The maximum potential achieved with the clay treated Jet-A was +340 volts. The Jet-A with
either MDA or corrosion inhibitor additive added had a charging potential of less than 30 volts. The
maximum potential achieved when using Jet-A with DIEGME icing inhibitor added at ten times the
normal concentration was +350 volts.

Comments: Clay treated Jet-A fuel with icing inhibitor showed a greater tendency to generate electrostatic
charge than the Jet-A with MDA or corrosion inhibitor. Grounded aluminum foil was inserted around the
burette orifice to try to neutralize the fuel upon exit from the burette and minimize any fuel tribocharging
effect that might occur by flow through a glass burette. Again, fuel temperature was lower than what was
measured during maximum charging conditions in prior tests.

Date: May 5
Test: 59

Tests Conducted: Repeated resistance measurements as conducted during test 57 between two 1 X 2-inch
conductive plates immersed in a glass beaker filled with clay filtered fuel with various additives (corrosion
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inhibitor, icing inhibitor, and MDA). Varied electrode spacing to determine impact on resistance
measurements.

Conditions:
Fuel Temperature: 65°F
Fuel Conductivity: 2 pS/m at 58°F (from 2 May), otherwise as stated in tables below
Fuel: clay treated JP-8
Plate position: Parallel and facing each other, 1 X 2 X 1/16 inch (approximately)
Plate separation: Approximately 2.0 inches

Results:

3 inch electrode spacing (approximately) (Note: MDA spacing between 2.5 - 2.75 inches)

Test Voltage | 3305 Baseline Fuel | Corrosion Inhibitor Icing Inhibitor MDA
2 pS/m at 64.5F 1pS/m at 64.5F 13 pS/m at 64.5F 1 pS/m at 64.5F

(OHMS) (OHMS) (OHMS) (OHMS)
10 >>1E13 >>1E13 1.5E12 >>1E13
50 3.0E12 >>1E13 4.5E11 >>1E13
100 2.0E12 >>1E13 4.2E11 >>1E13
500 1.1E12 1.5E13 3.7E11 1.0E13
1000 1.0E12 1.0E13 3.5E11 8.0E12

2 inch electrode spacing (approximately)

Test Voltage | 3305 Baseline Fuel | Corrosion Inhibitor Icing Inhibitor MDA
2 pS/m at 64.5F 1pS/m at 64.5F 13 pS/m at 64.5F I pS/m at 64.5F

(OHMS) (OHMS) (OHMS) (OHMS)

10 >>1E13 >>1E13 9.0E11 >>1E13

50 1.5E12 >>1E13 4.0E11 >>1E13

100 1.5E12 >>1E13 3.5E11 >>1E13
500 6.0E11 1.5E13 3.0E11 1.0E13
1000 4.8E11 1.0E13 2.8E11 8.0E12

1 inch electrode spacing (approximately)

Test Voltage | 3305 Baseline Fuel | Corrosion Inhibitor Icing Inhibitor MDA
2 pS/m at 64.5F 1pS/m at 64.5F 13 pS/m at 64.5F 1 pS/m at 64.5F

(OHMS) (OHMS) (OHMS) (OHMS)

10 5.0E11 >>1E13 4.8E11 >>1E13

50 2.8E11 >>1E13 2.6E11 >>1E13

100 1.7E11 >>1E13 24E11 >>1E13

500 1.5E11 9.0E12 2.0E11 7.0E12
1000 1.2E11 7.0E12 1.8E11 6.5E12

Comments: All fuel samples tested showed decreased resistance as the test voltage was increased. In
addition, resistance also decreased with decreases in electrode spacing. Note that the fuel with the largest
tendency to charge the target plate in the prior test was that with the lowest resistance.

Date: May 6
Test: 60

Tests Conducted: Repeated resistance measurements as conducted during tests 57 and 59 between two 1 X

2 inch conductive plates immersed in a glass beaker filled with clay filtered fuel with BHT antioxidant
additive. Varied electrode spacing to determine impact on resistance measurements.
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Conditions:
Fuel Temperature: 86°F
Fuel Conductivity: 10 pS/m at 86°F
Fuel: clay treated Jet-A with BHT antioxidant added at 25 mg/l
Plate position: Paraliel and facing each other, 1 X 2 X 1/16 inch (approximately)
Plate separation: Approximately 2.0 inches

Results:

3 inch electrode spacing (approximately)

Test Voltage | 3305 Baseline Fuel BHT Antioxidant
1 pS/m at 80°F 10 pS/m at 86°F
(OHMS) (OHMS)
10 >>1E13 >>1E13
50 >>1E13 >>1E13
100 >>1E13 >>1E13
500 >>1E13 9.0E12
1000 8.0E12 7.0E12

2 inch electrode spacing (approximately)

Test Voltage | 3305 Baseline Fuel BHT Antioxidant

1 pS/m at 80°F 10 pS/m at 86°F
{(OHMS) (OHMS)
10 >>1E13 >>1E13
50 >>1E13 >>1E13
100 >>1E13 >>1E13
500 6.0E12 1.0E13
1000 4.5E12 8.0E12

1 inch electrode spacing (approximately)

Test Voltage | 3305 Baseline Fuel BHT Antioxidant

1 pS/m at 80°F 10 pS/m at 86°F
(OHMS) (OHMS)
10 >>1E13 >>1E13
50 >>1E13 >>1E13
100 >>1E13 >>1E13
500 1.0E12* 6.0E12
1000 3.5E11* 5.0E12

*Note: Fluctuating measurement

Comments: As was found in test 59 all fuel samples that showed decreased resistance also showed
increased voltage. In addition, resistance also decreased with decreased electrode spacing.

Date: May 6
Test: 61

Tests Conducted: Measured the charge obtained using a low conductivity, clay filtered, fuel dripping onto
an isolated 4 inch X 3.5 inch aluminum target plate. The test was conducted with the BHT additive in the

fuel to determine its effect on charging.

Conditions:
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Nozzle: glass burette

Fuel Pressure: gravity feed

Fuel Temperature: 86°F

Target: 4 inch X 3.5-inch aluminum target plate

Distance to Target from Nozzle: stream break up approximately 4 inches above the target plate
Target Angle: 60°, measured from horizontal

Fuel Conductivity: 10 pS/m at 86°F

Fuel: clay treated Jet-A with BHT additive

Results: The maximum potential achieved after five minutes was 4 volts.

Comments: The BHT additive did not show a tendency to generate charge on the target plate.

Date: May 7
Test: 62

Tests Conducted: Measured the maximum potential achieved by dripping fuel on three different targets: 1)
Bare loop clamps mounted to an epoxy coated fuel tube with Teflon isolation sheeting; 2) Wiggins
coupling ferrule mounted to an epoxy coated fuel tube; and 3) 4 inch X 3.5 inch aluminum target plate.
The test fuel had various concentrations of Stadis-450 that produced various conductivities. Dripping was
categorized in two ways, with and without streaming.

Conditions:

Nozzle: glass burette

Fuel Pressure: gravity feed

Fuel Temperature: various, as stated prior to each test

Targets: 1) Bare loop clamps mounted to an epoxy coated fuel tube with Teflon isolation

sheeting;
2) Epoxy coated fuel tube, 3 ft X 1.75 inches with a Wiggins coupling ferrule mounted;
3) 4 inch X 3.5 inch aluminum target plate.

Distance to Target from Nozzle: not documented

Target Angle: 30°, measured from horizontal

Fuel Conductivity: Varied, depending on test from 27 to 360 pS/m

Fuel: Clay treated Jet-A diluted with Jet-A containing Stadis-450, added in various

concentrations depending on test

Results: The initial fuel used for testing had a conductivity of 27 pS/m at 60°F. Standard drip testing onto
the 4 X 3.5 inch bare aluminum target plate produced a voltage of 24 volts in 7 minutes. The same fuel
dripped onto the painted portion of a 1.75 inch diameter 3 inch long fuel tube, with a Wiggins ferrule
installed on the end produced a voltage of +12 volts.

The next fuel had a conductivity of 51 pS/m at 64°F. This fuel when tested on the bare 4 inch X 3.5 inch
aluminum target plate produced a voltage of +38 volts with a dripping flow and + 48 volts with a near
streaming flow.

Fuel with a conductivity of 74 pS/m at 64°F was then dripped onto the loop clamps using various drip
rates and produced voltages that ranged from -3 to -13 volts. The same fuel was then used on the
aluminum target plate and voltages between -2 and +5 volts were achieved. Target plate angle was varied
to greater than 80°F but produced no appreciable change in resultant voltage.

Stadis-450 was added to the fuel to bring the conductivity up to 161 pS/m at 65°F. The fuel was dripped

using a near streaming pattern onto the 4 inch X 3.5 inch aluminum target plate. The resultant voltage
was +55 volts after 5 minutes. The same fuel and drip rate/pattern was then used on the painted tube end
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of the Wiggins ferrule/fuel tube assembly. Using a streaming drip pattern, a maximum voltage of +68
volts was achieved after two and a half minutes.

Finally, a high conductivity fuel (360 pS/m) with water mixed in produced a maximum voltage of +67
volts after 4 minutes.

Comments: The addition of Stadis-450 to the Jet-A fuel produced a maximum voltage of +68 volts during
this test sequence. As has been the case in prior days testing, fuel conductivity had an impact on the
amount of charge produced. As the concentration of Stadis-450 in the fuel was increased to produce
higher conductivities, the amount of charge increased for a given target. The addition of water did not
have a major impact on the voltage produced.

Date: May 7
Test: 63

Tests Conducted: Determined the dry resistance and capacitance of Wiggins coupling, T7/T8 with Viton
o-rings. The breakdown voltage was determined by applying a test voltage to the outer shell and
monitoring current flow in the attached grounded fuel tube.

Conditions:
Capacitance: Measured at 1 kHz, 1 VRMS
Resistance: Test voltage varied
Test Surface: Plexiglas
Ambient Humidity: 21.6%
Temperature: 74.4°F

Results: Individual resistance measurements of the Viton o-rings used in Wiggins coupling T7T8 were
made first. All measurements were greater than 1E12 ohms measured at 10 volts using a 5 Ib, 2 ¥ inch
diameter test electrode. Dry resistance and capacitance measurements were made of the assembled T7/T8
coupling. Resistance and capacitance values were made to/from the same points on the coupling as in
prior dry testing using the same supply voltages and were as follows:

Female/Male Resistance: 2.1 ohms

Male Resistance to Tube: 7E11 ohms

Female Resistance to Tube: 4.5E11 ohms

Tube to Tube Resistance: 2.5E11 to 8E11 ohms (various tube orientations, fully expanded and
compressed) Note that with tubes fully compressed and in contact, resistance was SE11 ohms,
indicating that the anodized layer on mating surfaces of the Wiggins coupling was at least 1E11
ohms at 10 volts.

Capacitance with both fuel tube ends grounded (expanded tubes and loose clamping force):
Female to Tube, 338 picofarads; Male to Tube, 1018 picofarads

Capacitance with both fuel tube ends grounded (expanded tubes and tight clamping force):
Female to Tube, 196 picofarads; Male to Tube, 196 picofarads

Capacitance with both fuel tube ends grounded (contacting tubes and tight clamping force):
Female to Tube, 195 picofarads; Male to Tube, 195 picofarads

Capacitance with grounded female shell only (expanded tubes): 95 picofarads (%4 of prior)

Breakdown voltage testing was then conducted by applying a test voltage to the fuel tube under the female
coupling shell and grounding the female shell. Voltage was applied to the fuel tube and the resultant
voltage was observed on the female shell using a charge plate monitor. At +1kV the voltage decreased to
near zero. This suggested that a low resistive path had developed between the female shell and the fuel
tube before any audible arc had been achieved. Resistance was measured to verify the short and it was
present. The Megohmmeter was connected between the female shell and the fuel tube and various
coupling orientations were tried to alleviate the short circuit. During each attempt the resistance was
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measured by applying an increasing test voltage until 1000 volts was achieved at which time the power
supply would be reapplied and voltages greater than 1000 volts could be applied. A short circuit
continued to develop between 500 and 1000 volts for different configurations of the Wiggins coupling.
Various set ups were tried to increase resistance. Clamping force was minimized, the internal locking ring
was removed as well as the internal split rings and retainer ring. A resistance of 6E10 ohms was finally
achieved at 1000 volts with only the o-rings, outer shells and inner fuel tubes remaining. With this
configuration, breakdown voltages of between 3500 and 5700 volts were achieved. The different
breakdown voltages were achieved by angling the two fuel tubes and decreasing the spacing between the
end of the tube and any of the inner wall surfaces of the male or female shells. The final breakdown
voltage test was done with only the retainer ring in place internally. A resultant breakdown voltage of
1250 volts was observed.

Comments: It was nearly impossible to configure the T7/T8 Wiggins coupling in such a way to produce
breakdown voltage or arc externally or internally that exceeded 1000 volts. This was due to continuous
contact between anodized surfaces internal to the coupling and breakdown of that anodized layer at fairly
low voltage levels (less than 1000 volts). This was not readily obvious during dry testing when test
voltages of 100 volts and less were used to measure resistance between these surfaces. When all internal
components of the coupling had been removed, higher breakdown voltages were achieved.

Date: May 8
Test: 64

Tests Conducted: Evaluated the maximum potential achievable on a painted fuel tube by dripping Jet-A
fuel with Stadis-450 added.

Conditions:
Nozzle: glass burette
Fuel Pressure: gravity feed
Fuel Temperature: 62°F
Distance to Target from Nozzle: 8 inches
Target: Painted fuel tube, 3 ft X 1.75 inches with Wiggins coupling ferrule mounted on one end
Fuel Conductivity: 160 pS/m at 62°F
Fuel: Jet-A with Stadis-450 additive added to bring the conductivity to approximately 150 pS/m
at room temperature.

Results: The potential varied between -2 and +1 volts.

Comments: Fuel temperature and Stadis-450 additive contributed to the minimal charge generation
observed. Stadis-450 on prior days testing produced approximately 60 volts. Any residues from other
fuels from prior tests on the target surface could have interacted with the new fuel and impacted the
charge generation process.

Date: May 8
Test: 65

Tests Conducted: Evaluated the effect of aging clay treated fuel on the maximum potential achievable by
dripping the fuel onto a painted fuel tube.

Conditions:
Nozzle: glass burette
Fuel Pressure: gravity feed
Fuel Temperature: 65°F
Distance to Target from Nozzle: 8 inches
Target: Painted fuel tube, 3 ft X 1.75 inches with Wiggins coupling ferrule mounted on one end
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Fuel Conductivity: 2 pS/m at 65°F
Fuel: Clay treated Jet-A that has been aged for two weeks.

Results: The potential as a result of a slow drip was —6 volts. Increasing the flow to a slow stream resuited
in a potential of +3 volts.

Comments: Similar results were observed during this test as those on May 2 (test 55) using clay treated
Jet-A on a 4 X 3.5 inch target plate. Charging was minimal when the conductivity was low.

Date: May 8
Test: 66

Tests Conducted: Evaluated the effect of anti-icing additive on the maximum potential achievable by
dripping the fuel onto a painted fuel tube.

Conditions:
Nozzle: glass burette
Fuel Pressure: gravity feed
Distance to Target from Nozzle: 8 inches
Target: Painted fuel tube, 3 ft X 1.75 inches with Wiggins coupling ferrule mounted on one end
Fuel: Jet-A treated with anti-icing inhibitor
Fuel Temperature: Not recorded
Fuel Conductivity: Not recorded

Results: Using a streaming drip pattern, the potential after 2 minutes was +30 volts, after 3 minutes the
potential was +34 volts.

Comments: Anti-icing inhibitor from prior testing increased the overall fuel conductivity and showed a
greater tendency to charge. Although the magnitude of charge was less than prior testing on the 4 X 3.5-
inch aluminum target plate, measurable voltages were observed.

Date: May 8
Test: 67

Tests Conducted: Evaluated the effect of clay treated fuel with Stadis-450 by spraying through a slotted
orifice onto a fuel tube with a Wiggins coupling ferrule mounted on one end.

Conditions:
Nozzle: 0.086 X 0.640-inch slot, 0.055 square inch open area
Fuel Pressure: 35 and 25 psig
Distance to Target: 24 inches
Target: Painted fuel tube, 3 ft X 1.75 inches with Wiggins coupling ferrule mounted on one end
Fuel Temperature: 84°F
Fuel Conductivity: 50 pS/m at 84°F
Fuel: Clay treated Jet-A treated with Stadis-450

Results: At 35 psig the potential was —113 volts, at 25 psig the potential fell to —10 volts.

Comments: Fuel flow rate influenced the magnitude of voltage seen during charge generation testing.
This effect was observed during prior phase I testing. As stated prior, the target must be clean and free
from impurities or residues from prior tests. These residues may influence the charge generation process
and minimize charge levels observed. High internal humidity was also observed in the test chamber
(21%) which can also influence the charging process.
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Date: May 8
Test: 68

Test Conducted: Wiggins coupling T7/T8 was retested for breakdown voltage with both Viton and Teflon

o-rings installed. The supply voltage was applied between the outer female housing (shell) to the inner
fuel tube (T7).

Conditions:
Coupling Capacitance (from T7 tube to female shell): 77 picofarads (with Viton o-rings), 36
picofarads (with Teflon o-rings)
Test Surface: Plexiglas

Results: Internal arcing was observed at +1080 volts when the Viton o-rings were installed in Wiggins
coupling T7/T8. When Teflon o-rings were installed, the breakdown occurred between 500 and 1000
volts using the Megohmmeter as the power supply.

Comments: As observed earlier, the inner surfaces of the Wiggins coupling nearly always contact one
another. The anodized coating on these inner surfaces was voltage sensitive and breaks down between
500 and 1000 volts. This occurred in both tests during this sequence.

Date: May 9
Test: 69

Tests Conducted: Used fuel similar in conductivity to fuel used in prior testing to achieve maximum
charging (April 11, Test 44). The fuel was sprayed onto a loop clamp isolated with Teflon cushioning.
This test was done to produce maximum voltage on aircraft hardware (loop clamp) using the most
favorable conditions found throughout Phase I and II tests.

Conditions:
Nozzle: 0.086 X 0.640-inch slot, 0.055 square inch open area, mesh insert
Fuel Pressure: 25 psig
Distance to Target: 24 inches
Target: Teflon cushioned clamp on a chromate coated aluminum fuel tube
Fuel Temperature: 118°F and 1000 volts
Clamp Resistance: greater than 1E12 ohms at 10 volts
Capacitance (clamp, wiring, charge plate monitor): 85 picofarads
Internal Test Chamber Humidity: Start, 25%, Finish, 3.7%
Fuel Conductivity: Varied between 24 and 30 pS/m at 102°F
Fuel: Clay treated Jet-A treated with Stadis-450
Fuel Resistance (with 1 X 2 inch electrodes): 6E11 ohms at 10 volts

Results: The resultant voltage observed after 5 minutes of fuel flow was +34 volts.

Comments: The resultant voltage was substantially lower than that achieved with comparable fuel earlier
in Phase II. Several variables that have been explained throughout this report may have contributed to the
lower voltage levels. One may be the lower resistive fuel and wet clamp/Teflon/tube interface that would
provide for charge dissipation through that junction to ground. The measured resistance of 6E11 ohms
would provide a sufficiently low resistive path for charge to flow. Second, slightly elevated moisture
content in the test chamber may have contributed to lower charging levels. The test chamber may not
have been pressurized or sealed adequately to ensure that the nitrogen purge was sufficient to keep out
moisture. Clamp positioning may have influenced the charging process also. Finally, even though the
fuel conductivity was similar to the prior tests, it was not the same base fuel and other properties of the
fuel were different. Other factors such as impurities, including additives, in the fuel or molecular
structure may be altered when dynamically moved through the fuel lines as opposed to the static condition
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under which the conductivity was measured.
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