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TWA 800 Switch Analysis

PURPOSE

Exami ne and electrically characterize switches for any
anomal i es and witness marKks.

BACKGROUND

The three switches, scavenge, right, and left jettison
swi tches, had been previously exam ned by personnel at NASA. The
scavenge punp switch was reported to be in the “off” position and
volt neter tests confirmed this concl usion. The contacts
exhibited a high resistance of 400 ohnms when the scavenge punp
switch was in the “on” position. Both jettison swtches were
observed and confirmed with the volt nmeter to be in the “off”
position. The S-16 (left -jettison switch) switch had 0.3 ohm
contact resistance, while S-17 (right jettison switch) had 0.28
ohm contact resistance in the “on” position. The left jettison
punp switch toggle was observed to be smashed downward toward the
“of f” position. The toggle seal was damaged. The toggle of the
right jettison switch was observed to be in the “off” position
The seal was al so damaged

FACTUAL DATA

As part of the TWA 800 m shap investigation, three
environmental |y sealed switches were analyzed as requested by
NTSB. Another |ike design switch (,S-11) was exam ned for
conpari son. The three switches consisted of the Right and Left
Jettison Switches and Scavenge Punp Switch. The one of simlar
construction to the Right and Left Jettison Switches exam ned for
conpari son was the S-11 switch fromthe flight engineer’s fue
control panel. Al three switches were photographed as received
(Figures 1 and 2). The flight engineer’s fuel control panel from
whi ch the swi tches had been renoved was al so received (Figures 3
and 4).

Initially, the three switches were exam ned using real tine
X-ray’- The results were docunented on video tape. No anomali es
wer e not ed.

The right and left jettison switches were the sanme nodel

(1TL-3) and date code 7042. The switches had been labeled with a
bl ack marker to indicate the switch functions and term na
posi tions.
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The left jettison switch knob was bent towards the “off”
position (botton) 50 degrees beyond normal. The markings and the
bent knob are shown in Figures 1 and 2. Corrosion was noted
around the three contact screws (designated as top, left, and
bottom) (Figure 5). The terminal wire was attached to the bottom
screw term nal . The left screw termnal contact was in place but
the wire had broken away at the lug termnal. There was no wire
attached to the top termnal. There was green-col ored corrosion
around the termnal attachnent. The exposed copper was al so
green col ored. The copper was partly shiny on the broken
sol derless term nal connector (see arrow, Figure 5) . The top
terminal appears to have been unused. Corrosion was noted on top
of the switch and around the securing threads and inside the top
one. There was a deep gouge in the securing thread. The case
exhi bited some corrosion and the blue colored case material was
flaking off. The corrosion was primarily white in color with
sone green coloration- The netal surrounding the environnenta

seal had corrosion and salt water-like and sand deposits (Figure
6) .

The right jettison switch had a simlar appearance. 't was
received in the “off” position. There were gouges in the
securing bushi ng. The screw terminals (labeled top, right, and
botton) were simlar in appearance to the left jettison switch
The metal surrounding the environnental seal had corrosion and
salt water—like deposits. There was green and white col ored
corrosion on the screws and threads. The right and bottom screw
termnals had wires attached.

The scavenge punp switch had a |ocking feature (M524658-23G
in the “off” position. By design the knob would have to be
pul l ed out and over the stop to nove to the “on” position. It
was received in the “off” position. The date code on the swtch
was 7038. The screw termnals were intact and connected to the
center and bottom positions. They exhi bited green-col ored and
whi t e—col ored corrosion and salt water-like residues. A gouge
was found on the forward side (as installed) of the switch knob,

15° above the knob center line (Figures 7 and 8) . This gouge was
examned in the scanning electron mcroscope (SEM and anal yzed
usi ng energy dispersive spectroscopy (EDS) (Figure 9) . The netal

di spl acenent in the gouge was consistent with a tangential inpact
to the switch knob in the direction as diagramed in Figure 10.
The EDS anal ysis of the gouge area (Figure 11) indicates the knob
construction materials are a nickel plated brass (zinc and

copper) . No foreign materials were identified in the areas

anal yzed to reveal the nakeup of the object that inpacted the
knob. The knob | ocki ng cam exhi bited rust-col ored corrosion and
salt water—like residues around the base and al ong the back side
of the knob. Exam nation of the switch knob placenent while in
the | ocked “of f” position reveal ed evidence it had been displ aced
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toward the right side of the switch. Optical inspection also
showed evi dence the knob was displaced towards the right side of
the locking cam (Figure 12) . The | ocking cam groove for the
“off” position on the right side had netal displacenent in the
shape of a lip (Figures 13 and 14) . The environnmental seal

sl eeve around the knob was stretched away from the knob towards
the “on” position (Figure 15) . The |ocking cam surface was

exam ned for any wtness marks which would indicate a blow to the
knob and none were found. The wear pattern appeared nor nal

El ectrical neasurenents consisting of insulation resistance
and contact resistance were nmade on the three sw tches.
I nsul ation resistance neasurenents were made using an HP 4329A
hi gh resistance neter at 500 VDC after one mnute stabilization

at 23°c and 62% RH. Contact resistance neasurenents were nade at
10 mA, using the four point probe nethod. A Keithley 2001 was
used to neasure the voltage. The constant current was supplied by
an HP6227B and neasured by an HP3478A. A Tektronix 576 curve
tracer was used to nmake the initial neasurenents on the scavenge
punp switch so as not to destroy any failure evidence. The

resi stance exceeded the internal resistance of the instrunent.

The results are conpiled in Table 1.

Actuation forces were determned for the three sw tches

using a Chatillon digital force gauge (DFGLOO) . The results are
conpiled in Table 2.

The switches were opened for internal inspection by the
foll ow ng process. Each plastic case was thinned on both sides
by sanding with 240 grit sand paper. The thinned cases were then
cut and pried open using a knife. The internal sw tching
mechani sms could then be exanmined in detail. Al three switch
pl unger gui des showed evidence of renoval from an injection nold
runner (Figures 16 and 17) . Al three switches had various
anounts of salt-like deposits on nost of the internal part
surfaces (Figure 18) . I nside the switches, there is a rocker arm
that contains a noving contact on each end and pivots at the
center when the switch is activated or deactivated (Figures 19-
21) . A plunger attached to the external knob noves l|aterally
along this rocker armalong a track (Figure 17) . The plungers
all exhibited black marks resulting from actuation inpact with
the plunger stop (Figure 22) . Along the track of the plunger,
there is a red colored lubricant, applied during manufacture
(Figure 22). Resi dues fromthis brown and red col ored | ubricant
were found outside the normal plunger track marks and on the
plunger in all four swtches exam ned. The change in color found
in the right and left jettison and scavenge punp switches is
consistent with sea water exposure based on chem cal analysis.
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The contact surfaces of all three switches were exani ned and

only the normal wear pattern was found (Figure 23) . The normally
open contact surfaces in right jettison punp switch were covered
with salt water-like residues (Figure 24) . Contact resistance

for the nornally open contacts when actuated was 825 mQ. The
normal |y closed contact surfaces did not exhibit any salt water-—
like residues (Figure 25) . The contact resistance as expected
was nuch lower at 2.7 mQ. There appeared to be little or no

salt water—li ke residues on the contact surfaces of the |eft
jettison swtch. The contact resistances for the normally open

and nornmally closed were 17.3 mQ and 20 m€, respectively. The
normal |y closed contact surfaces of the scavenge punp switch were

clean with a contact resistance reading of 3.8 mQ. There were
slight salt water-like residues on the normally open contact

surfaces resulting in a 22.2 kxQ contact resistance (Figure 26)

Switch nunber S11 was renoved as a test specinen to
ascertain the effects of a static 25 pound side thrust on the
actuat or knob. This value was the maxi mum specified in the
mlitary specification M524523 for this switch design. Sideways
di spl acenent of the knob was neasured at 5 pound increnments up to
t he 25 pound maxi num This was done to both sides of the swtch.
The maxi mum knob di spl acenent was 0.085 inch one direction and
0.066 inch in the other direction. Internal parts woul d be
di spl aced approxi mately seven eighths of this amount. This value
was determned fromthe ratio of the distance fromthe pivot axis

to the internal plunger (0.7 inch) to the distance fromthe pivot
axis to the actuating knob end (0.8 inch)

Switch nunber S11 was al so used as a test specinen to
observe the effects of inpacts on the actuator knob. The test
apparatus was a Universal |npact Tester Mdel #172. This tester
consists of a set of weights and a drop tube. One of the weights
of this tester had a threaded hole on one end. A large bolt was
installed in this hole and the bolt head was used as the .
contacting surface that collided against the switch knob. Thi's
assenbly wei ghed 2. 15 pounds and was dropped from a hei ght of 1,
2, 4, and 8 inches. The bolt head height bel ow the bottom stop
of the tester drop tube was adjusted to the thickness of the
switch knob of 0.24 inch. This produced an overtravel of |ess
than 0.24 inch for the knob and guaranteed nost of the drop
energy was transferred into the switch. The inpacts from four
different heights were applied in the “on” to “off” direction of
knob travel. The switch was set to “on” position for each
inpact . Then the inpacts were repeated at right angles to the
previous inpact direction and parallel to the pivot pin of the
knob. This test produced nicks in the actuator knob netal at the
area of inpact. I nternal inspection found additional black
residue on the white plunger guide where it would contact the
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switch front faceplate during overtravel. The side inpacts

| oosened the knob pivot pin from one side of the nounting

bushi ng. The test scraped off-center tracks into the contact
rocker arm The switch was disassenbled and is shown in expl oded
view in Figure 27.

The S-11, left and right jettison, and the scavenge punp
switches were subnmitted for chem cal analysis. The areas of
interest were deposits found on the rocker arns and inside the
casings of the switch sanples. The rocker armrefers to the
silver-colored netal plate that noves when the switch is
oper at ed. The sanpl es were exam ned by neans of |ow power
optical mcroscopy and portions of the deposits were renoved and
anal yzed by neans of mcroscopic Fourier transform infrared
spectronetry (FTIR) . The results are as foll ows. FTIR spectra
were obtained for the sem —solid red deposit on the S-11 rocker.
The spectra obtained were consistent wwth references that
suggested the deposit was an ester based |ubricant with [ithium

stearate (Figure 28) . Spectra for deposits on the rocker of the
left jettison switch indicated the presence of the sane
[ ubricant. Various deposits were observed inside the casings of

the left, right, and scavenge sw tches. These included nethyl
silicone materials, phthalate ester based materials, polyam de or
urea type resins, hydrated inorganic oxides or hydroxides,

i norgani ¢ carbonates and an unidentified material that exhibits
absorption in a spectral region expected for inorganic nitrates
and organic nitro conpounds.

Summary of Fi ndi ngs

Al'l three switches were received in the “off” position. The
wor st external damage, a bent knob, occurred on the left jettison
swi tch.

Salt water-like residues and contam nation on the contact
surfaces of the switches indicate the contacts were received in
the sane position as they were in when recovered fromthe m shap
site. Resi dues and contam nati on prevented accurate contact
resi stance neasurenents and resulted in higher readings. The
right jettison switch contained the nbst contam nation

No discernible witness marks were found on any of the
switches to indicate switch position during the initial stages of
t he m shap. Mechani cal operation and contact appearance of all
three switches were nornal.

The netal displacenent in the gouge found on the scavenge
punp switch knob was consistent with an inpact to the switch knob
in the direction as diagraned in Figure 10. Si nce the inpact
was forward of the knob center line, the resultant force on the
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knob woul d be towards the “off” position. The EDS anal ysis was
unable to determ ne the nakeup of the material that caused the
gouge. This was due to insufficient amount of naterial for
anal ysis or because the inpact object was constructed fromthe
same material as the knob

There was no evidence to support any forced novenment to the
“off” position by inpact or sonme other neans from the m shap
breakup energy.

RECOMMENDATION(S)

None. Data submitted as request ed.
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Figure 1,
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Side 1 of the three switches received for analysis.
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Side 2 of the three switches received for analysis.
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Figure 3. Face side of flight

engineer’s fuel control pansel as
recelved.
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Figure 4.

Back side of flight engineer’s fuel control panel as
received.
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Figura 5. Left jettisen switch screw terminals exhibiting
corrosion from salt water exposure. MNote the exposed copper from
the solder lug (arrow].

“ - E—-F -

Figure 6. The environmental seal of the left jettison switch
exhibiting corrosion and salt water-like deposits.
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Figure 7. Gouge found on the left side of the scavenge pump
gwitch knob 15 degrees forward of the knob center line.
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Figure 8. Close-up of the gouge. Note the metal displacement
used to determine the gouge direction.
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Figure %. 5EM view of the gouge found on the scavenge pump
switch knob (arrow).
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Tangential strike angle
of foreign object

Location of gouge

Knob center line
and direction of
knob displacement

\ Resultant force vector
on knob, towards
the off position

Figure 10. Overall view of scavenge pump switch knob showing the
impact gouge (white arrow), the kneb center line, the direction
of the impact, and the displacement of the knob in the cam
Ggroove.
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The areas

(1,
energy dispersive spectroscopy and the resultant spectra.
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and 3)
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of the gouge analyzed using
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2 mm

Figure 12. Scavenge pump knob exhibiting displacement towards
the right side of the locking cam (left in the photograph).

I mam

Figure 13. Close-up showing the lip shaped metal displacement of
the locking cam {arrow).
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Figure 14. The left side of the scavenge pump switch indicating
the knob had been displaced towards the right.

Figure 15. The environmental seal sleeve was displaced from the
knob towards the *on” position.
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Figure 1l6. Scavenge pump switch plunger guide exhibiting surface
cracks from the mold runner (arrow).

Figure 17. Right jettison switch plunger guide exhibiting
typical mold runner marks [(arrow).
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-

Figure 18. EBEwvidence of internal salt water-like deposits on the
scavenge pump switbtch case near the contact.

Figure 19. Internal view of the scavenge pump switch mechanism.
The arrow indicates the lubricant material on the rocker arm
which was chemically analvzed,
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Figure 20. Internal view of the switch mechanism of the left
jettison ewitch. The track 13 apparent as indicated between the
ATrTowWs .,

Figure 2Z1. Internal view of the switch mechanism of the right
jettison switch,
00007
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Figure 22. Internal wview of the plunger and guide, red
lubricant, {(at white arrow, chemically analvzed) and rocker arm
of awitch 511. The mold runner mark on the plunger is apparent
at the black arrow. The larger black arrow indicates the typical

lack marks on the plunger resulting from actuation impact with
the plunger stop.
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Figure 23, HNormally open conktact surface from the left jettison
switch exhibiting typical wear

Figqure 24. Normally open statbtionary contact surface of the right
jettison switch exhibiting salt water-like residues.
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Figure 25. Normally closed stationary contact surface of the
jettison switch which exhibited likttle or no salt water-
like residues.

Figure 26. Normally open stationary contact surface of the
scavenge pump exhibiting some szalt water-like residues.
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Figure 27. Exploded wview of switcvh 5-11 following disassembly.
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Figure 28. FTIR spectrum of the red lubricant in 5-11 switch
which was similar to the raference spectrum of ester-based

lithium stearate.
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Table 1

| nsul ati on and Cont act Resi stance Measurenents

I nsulation  Contact
Resi st ance Resi stance

Switch ID Term nal / Case (_ohns) (mohns )

Left Jettison nornally open 4E10 17.3
normal Iy cl osed 2E12 20
case to top 7E9
case to center 7E9
case to bottom 1E10

Ri ght Jettison normally open 6ES 825
normal Iy cl osed 4E11 2.7
case to top 3E9
case to center 3E9
case to bottom 3E9

Scavenge normal |y open 2E9 22.2KQ
normal |y cl osed 4E12 3.8

Table 2

Act uati on Forces

Left Jettison 1.2 Ib

R ght Jettison 1.0 Ib

Scavenge 3.2-3.51b -pull out of “off” position
0.67 |Ib “on” to “off” position
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Scavenge punp relay, as received.

Scavenge punp relay. Arrows show the brown
and white residues on the case of the relay.

Radi ograph of relay. Arrow indicates the coi

that is tilted off its axis.

Radi ograph of relay. Arrow shows the N.C.
cont act s.

Radi ograph of relay. Arrow shows the N.O.
contacts.

El ectrical connector. Arrow shows the
white residue on the mating surface.

El ectrical connector pins of the relay.
Arrows indicate a browm and white residue
on the mating surface.

Resi dues on and surrounding the glass to
metal seal of N.O. contact Al.

wL/MLS 97-078

Page

Corrosion products on glass to netal seal of N.O.

contact Al.

Corrosion products on base of relay near Al .

The glass to nmetal seal area of N.O. contact

after the residue was brushed away.

Base of the relay surrounding the glass to netal

seal of N.O. contact Al.

Base of the feedthrough pin and glass to netal

seal of N.O. contact Al.

10

11

12
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Fi gure Page
14 Mating surface of stationary contact Al.
Arrow shows the residue covering the contact
ar ea. 13
15 Mating surface of noving contact A2. Arrow
shows the contact area. 14
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Scavenge Punp Rel ay

PURPOSE

Determ ne the condition of the scavenge punp rel ay
following its recovery.

FACTUAL DATA

The relay, as received, is shown in Figure 1. The case
of the relay was deforned on the top and sides. The case had
a white filmcovering it. There was al so a reddi sh brown
corrosion in various locations on the case of the relay
(Figure 2). Radi ographs of the relay indicated the coil was
tilting at approxinmately a 10 degree angle (Figure 3) . The
radi ographs also revealed the normally open (N.O) and
normally closed (N.C.) contacts were all open (Figures 4 and
5).

El ectrical neasurenents were nade between the termnals
of the coil. Measurenents were also rmade between the N.O. and
N.C. contacts to their comobn and the N.0. and N.C. contacts
to the case of the relay. The neasurenents were nade with a
HP E2378A multimeter. The resistance of the coil was 109
ohms . The resistance neasurenent of the N.0. and N.C.
contacts to comon indicated they were all electrically open
(greater than 20 M ohns). The resistance neasurenent of the
N.O. and N.C. contacts to the case of the relay indicated they
were also electrically open except N.O. contact Al. It had a
resistance to the case of the relay of approxinmately 800 K
ohns .

The socket of the relay was renpbved so the inner
surfaces, pins, and glass to netal seals underneath the red
environnmental seal could be exam ned. Wiite and reddi sh brown
residues were present on the environnental seal, inner
surfaces of the relay, and socket. These residues were al so
present on the mating nale and femal e contacts of the socket
and relay (Figures 6 and 7) . The glass to netal seals were
exam ned, no cracks were observed. The base of the pins for
N.O. contact Al and N.c. contacts B3, C3, and D3 had a reddish
brown corrosion.

The sol der seal at the base of the relay was carefully
thinned with a file until it fractured. The case was renopved.
The N.O. and N.C. contacts were in the sane position as
previously shown by the radiographs. The coil and nechanics
of the relay were separated fromthe base of the relay. The
internal base of the relay was relatively bright and shiny
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except for the area surrounding N.O. contact Al. The area
surrounding its glass to netal seal had a white residue
(Figure 8). Analysis in the SEM by energy dispersive
spectroscopy (EDS) suggests the area is conposed prinarily of
the elenents sodium chlorine, and tin. M nor anpunts of
iron, nickel, copper, and zinc are also present (Figure 9)

The glass to netal seal of Al had a red, yellow, white, and
green residue surrounding approximately one-third of the seal
(Figure 8). Analysis of the area in the SEM found it to
consist of the elements sodium chlorine, tin, iron, nickel,
copper, and zinc (Figure 10)

El ectrical neasurements were nade again between the N O
contact Al and the case of the relay. The resistance was as
bef or e. The residue was renoved and the electrical resistance
neasur enment was repeat ed. The resistance increased and Al to
the case of the relay could now be considered as electrically
open (greater than 20 M ohns) . The area between the pin of A
and the case of the relay was examned in the SEM for evidence
an electrical short could have existed before the area had
become corroded. The evidence would consist of nelting of the
pin or case material; no evidence of nelting was found
(Figures 11, 12, and 13).

The mating surfaces of the stationary and noving N O and
N.C contacts were examned in the SEM see Figures 14 and 15
for exanples of Al and A2. The mating surfaces of the
contacts were generally free of residue except for the surface
of stationary contact Al. Analysis in the SEM by EDS suggests
the residue is conposed primarily of the elenments sodi um
chlorine, and silver. The mating surfaces of the contacts did
not exhibit arc erosion or excessive wear. The mating
surfaces of the contacts did not exhibit signs of wtness
mar ks whi ch could be distinguished from their normal making or
br eaki ng acti on.

SUMVARY COF FI NDI NGS

A summary of the significant findings is offered as a
result of the exam nation of the scavenge punp relay.

Ext er na

The relay has inpact damage as indicated by the defornmed
case and the tilted actuator coil inside the relay.

The N.C closed contacts are in the open position.
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The case of the relay as well as the mating surfaces of
the electrical connector exhibit signs of being in a corrosive
envi ronment (white and reddi sh brown residues)

The N.O contact (Al) had aresistance of 800 K ohns to
the case of the relay.

| nt er nal

The base of the relay was bright and shiny except for the
area surrounding N.O contact Al.

Anal ysis of the white residue suggests it is primarily a
conmpound of tin(chloride)

A nulticolored residue lying on the glass to netal seal
of Al suggests it consists of conpounds of iron, copper, and
tin(chloride)

The resistance of the NNO contact A increased once the
residue on the glass to netal seal was renoved.

Evi dence that an electrical short could have been present
before the formation of the nulticol ored residue was not
f ound.

The mating surfaces of the NO and N.C. contacts did not
exhi bit signs of wtness marks.

The mating surfaces of the N O contacts did not exhibit
arc erosion or excessive wear.
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Figure 1. Scavenge pump relay, as received.
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Figure 2. Scavenge pump relay. Arrows show the reddish brown
and white residues on the case of the relay.
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Scavenge Fump Relay WL/MLE 37-07

Figure 3. Radiograph of relay. Arrow indicates the coil that is
tilted off i1ts axis.

Figure 4. Radiograph of relay. Arrow showing the N.C. contacts
Are open.
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Figure 5. HRadiograph of relay. Arrow showing the N.0. contacts
are oparn.

SCAVENGE PUMP REL AYY

T ——

Figure 6. Electrical connector. Arrow shows the white residue
on the mating surface,

|
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Bcavange Pump Helay WL/MLE %7=07H
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SCAVENGE PUMPE REL AY

Figure 7. Electrical connector pins of the relay. Arrows
indicate a brown and white residue on the mating surface.

Figure B. Residues on and surrounding the glass to metal seal of
N.O. contact Al.
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Scavenge Pump Helay WL/HMLE §¥7-07E

Series II Weight Patterson AFE THU 1@=-JL-97 @7id3
Curgor! @ 208ksv = @ ROI (8 @ 200: 2 200
S S ROV e (L) S b b U

2 Baa SH-S@ WS = R4S
To0 Corrosion products on AL glasemetal seal

Figure 9. Corrosion products on glass to metal seal of N.O.
contact Al.

SeFied Il Hright Fatterson FFE THEU 10=JUL =87 BEI145
Cursor: @ DDAKev = @ BT (@) 2. D3 @ DD

2 oad SH=10 VFE & BI5@ 1@ 248
72 Corrosion or base of relay rear B1

Figure 10. Corrosion products on base of relay near Al.
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Figure 11. The glass to metal seal area of W.0. contact Al after
the residue was brushed away.
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Figure 12. Basge of the relay surrounding the glass to metal seal
af H.O. contackt Al.
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Scavenge Fump Ralay WL/MLE 7-078

Figure 13. Base of the feedthrough pin and glass to metal seal
of H.0. contact Al.
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Scavenge Pump Helay WL/HLS F7-07EB

Figurea 14. Mating surface of stationary contact Al. Arrow shows
the residue covering the contact area.

13
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Socavenge Pump Relay WL/MLE 97-078

Figure 15. Mating surface of moving contact AZ. Arrow shows the
contact area.

14
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LI ST OF FI GURES

Fi gure Page

1 As received condition of the SPR circuit
breaker. The upper arrow highlights the
corroded term nal hardware. The | ower
arrow highlights the m ssing actuator
stem and nounting bushi ng. 6

2 As received condition of the SPR circuit
breaker. The upper arrow highlights the
corroded term nal hardware. The | ower arrow
hi ghl i ghts the cracked housi ng. 6

3 Various mnechani cal conponents of the SPR
circuit breaker are corroded. The noving
contacts are lying against the stationary
cont act s- I

4 The nmoving contacts of the SPR circuit breaker
have a tarni shed appearance. \White arrows
hi ghl i ght the nechanical wear from the naking
and breaking of the contacts. Bl ack arrow
hi ghlights the fibrous residue. 7

5 The noving line contact of the SPR circuit
breaker has a tarnished appearance. Bl ack
arrow highlights the nechanical wear from the
maki ng and breaking of the contacts. Wiite
arrow highlights the fibrous residue. 8

6 The noving |load contact of the SPR circuit
breaker has a tarni shed appearance. The arrow
hi ghlights the mechani cal wear from making and

break of the contact. 8
7 The stationary line termnal and contact of

the SPR circuit breaker have a tarnished

appear ance. 9
8 The stationary load term nal and contact of the

SPR circuit breaker have a tarni shed appearance. 9
9 The stationary line contact of the SPR circuit

breaker has a tarni shed appearance. Arrow
hi ghlights the mechanical wear from the making
and breaking of the contacts. 10

000053



W./M.S 97-086

Fi gure Page

10 The stationary |oad contact of the SPR
circuit breaker has a tarni shed appearance.
Arrow highlights the nechanical wear from the

maki ng and breaking of the contacts. 10
11 Energy Dispersive Spectronetry (EDS) spectrum

of the fibrous material on the nmoving |ine

contact of the SPR circuit breaker. 11
12 EDS spectrum of a area described as being

tarni shed on the stationary line contact of

the SPR circuit breaker. 11
13 As received condition of the RTV circuit

br eaker. Upper arrow highlights the corroded

term nal hardware. Lower arrow highlights

the mssing actuator stem and nounting bushing. 12

14 As received condition of the RTV circuit breaker
Upper arrow highlights the corroded term na
hardware. Lower arrow highlights the cracked
housi ng. 12

15 The various nechanical conponents of the RTV
circuit breaker are corroded. The noving
contacts are lying against the stationary
contacts . 13

16 The nmoving contacts of the RTV circuit breaker
have a tarni shed appearance. \Wite arrows
hi ghl i ght the nechanical wear from the naking

and breaking of the contacts. Bl ack arrow

hi ghlights the fibrous residue. 13
17 The stationary line termnal and contact of

the RTV circuit breaker have a tarnished

appear ance. 14
18 The stationary load term nal and contact

of the RTV circuit breaker have a tarnished

appear ance. 14
19 EDS spectrum of the noving | oad contact

surface of the RTV circuit breaker. 15
20 EDS spectrum of the stationary |ine contact

surface of the RTV circuit breaker. 15
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TWA 800 R296 Scavenge Punp Rel ay and Reserve Transfer Valve

Circuit Breakers
PURPCSE

Determine the condition of the two submtted circuit
breakers following their recovery.

FACTUAL DATA

R296 Scavenge Punp Relay G rcuit Breaker (B #15)

The R296 Scavenge Punp Relay (SPR) circuit breaker, as
received, is shown in Figures 1 and 2. The circuit breaker was
manuf actured by the KLIXON division of Texas Instrunments (Tl) .
The following information was nolded and printed on the sides of
the circuit breaker:

KLI XON

METALS & CONTRCOLS | NC
CORPORATE DI VI SION OF
TEXAS | NSTRUMENTS

I NCORPCRATED
MADE | N USA
1273

The following was printed on a fiberglass panel riveted to
the body of the circuit breaker.

2TC6-1
MFD- 0174A

Appendi x 1 gives a breakdown of the mechanical and
el ectrical conponents conprising a Tl circuit breaker of this
desi gn.

A visual examnation of the circuit breaker revealed the
actuator stem and nounting bushing of the circuit breaker were
m ssi ng. The plastic housing of the breaker was cracked in
several |ocations. The load and line termnal hardware were
still intact, however, they were corroded.

The Klixon side of the breaker was thinned by sanding
through the wall of the plastic case. A knife was then used to
carefully renmove the remaining plastic to expose the interior of
the breaker (Figure 3) . An examination of the inside of the
breaker reveal ed corrosion and a fibrous material. The therma
and conpensator elenents were observed to be corroded. The
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position of the bell crank on the conpensator suggests the
breaker is still in the set position. The spring between the
bell crank and actuator stem assenbly was no |onger attached to
the stem assenbly. The noving line/load contacts were |ying

| oosely against the stationary line/load contacts.

The noving contacts were renoved for examination (Figure 4)
The surface of the contacts has a tarnished appearance. A
fibrous material was present on the surface of the line contact.
No arc erosion of the mating surfaces of the contacts was noted.
No obvious w tness marks were observed on the surfaces of the
contacts . Sone evidence of mechanical wear (snearing of the
contact material) was evident on the surfaces of the contacts
(Figures 5 and 6).

The stationary line/load contacts were also renoved for
exam nation (Figures 7 and 8) . The appearance of their surfaces
was simlar to that of the noving contacts. They have a
tarni shed appearance. No arc erosion of the mating surfaces of
the contacts was noted. No obvious wi tness marks were observed
on the surfaces of the contacts. Sone evi dence of nmechani ca
wear (snearing) was evident on the surfaces of the contacts
(Figures 9 and 10).

Anal ysis of relatively clean areas on the surface of the
contacts in the scanning electron mcroscope (SEM wth energy
di spersive spectroscopy (EDS) suggests the contacts are primrily

silver . Analysis of areas on the contacts with the fibrous
material suggests it is conposed primarily of the elenents
carbon, oxygen, alum num and silicon. M nor anmounts of sodi um
magnesi um chlorine and calcium are al so present. The spectrum

(Figure 11) of the fibrous nmaterial on the noving line contact is
offered as an exanple. Analysis of an area of the contact
described as having a tarni shed appearance suggests it was
conposed primarily of the elements carbon, oxygen, sodium
magnesium, alumnum silicon, chlorine, calcium manganese, and
iron. The spectrum (Figure 12) is offered as an exanple of a
tarni shed area on the stationary |ine contact. The silver in
both spectruns is primarily from the contact nateri al

Reserve Transfer Valves 1 and 4 Circuit Breaker (B #16)

The Reserve Transfer Valve (RTV) circuit breaker, as

received, is shown in Figures 13 and 14. This circuit breaker
was al so manufactured by the KLIXON division of Texas
Instruments . The following information was nolded and printed on

the sides of the circuit breaker:
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KLI XON

METALS & CONTRCLS | NC
CORPCRATE DI VI SI ON OF
TEXAS | NSTRUVENTS

| NCORPCRATED
MADE I N USA
1070

The following was printed on a fiberglass panel riveted to
the body of the circuit breaker.

2TC6-7%
BACC18Z7R
MFD-0370A

A visual exam nation of this breaker reveal ed danmage simlar
to that seen in the scavenge punp breaker. The actuator stem and
nmounti ng bushing of the breaker were mssing and the housing of
t he breaker was cracked. The load and line term nal hardware
were still intact, however, they were corroded. I nsi de the
circuit breaker corrosion and a fibrous material were observed.
The thermal and conpensator elenents were also observed to be
corroded. The position of the bell crank on the conpensator
suggests the breaker was still in the set position. The spring
between the bell crank and actuator stem assenbly was no | onger
attached to the stem assenbly. The noving line/load contacts
were lying |loosely against the stationary |ine/load contacts
(Figure 15).

The noving and stationary line/load contacts were renoved

for exam nation (Figures 16, 17, and 18) . These contacts have a
simlar appearance to the ones examned from the scavenge punp
circuit breaker. The surfaces of the contacts have a tarnished
appearance . A fibrous material is covering the surface of the
i ne contact. No arc erosion of the mating surfaces of the
contacts was noted. No witness marks were observed on the
surfaces of the contacts. Some evidence of nechanical wear

(snearing) was evident on the surfaces of the contacts.

Anal ysis of the surfaces of the contacts by EDS produced
spectruns simlar to those of the scavenge punp circuit breaker
The spectruns of Figures 19 and 20 are from the noving |oad and
stationary |ine contact surfaces. The silver in both spectruns
is primarily from the contact material
SUMVARY OF FI NDI NGS

A summary of the significant findings is offered as a result
of the exam nation of the scavenge punp and reserve transfer
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valve circuit breakers.

Ext er na

The circuit breakers have inpact danage as indicated by the
m ssing actuator stens, nounting bushings, and cracked housi ngs.
The nounting hardware for the load and line termnals was
corroded.

The nounting hardware for the load and line termnals were
i ntact

| nt er na

A fibrous material was present on nmany of the nechanical and
el ectrical conponents of the circuit breaker

The thermal and conpensator elenments of the circuit breakers
wer e corroded.

The position of the beak of the bell crank on the
conpensators suggests they are still in the set position

The noving load/line contacts were lying |oosely against the
stationary line/load contacts.

The mating surfaces of the line/load contacts did not
exhibit signs of arc erosion.

The mating surfaces of the line/load contacts had sone
evi dence of nechanical wear.

The mating surfaces of the line/load contacts did not
exhibit signs of wtness marks.

000058



W/ M.S 97-086

REVIEWED BY

Elicaecd Z loisicse

EDWARD L. WHI TE, Actg Team Lead
El ectronic Failure Analysis
Materials Integrity Branch
Systens Support Division
Materials Directorate

PUBLI CATION REVIEW  This report has been reviewed and approved.

/

GEORGE A SLENSKI, Acting Branch Chi ef
Materials Integrity Branch

Systens Support Division

Materials Directorate

000059



WL/MLS 97-086

Figure 1. As received condition of the SPR circuit breaker.
The upper arrow highlights the corroded terminal hardware.
The lower arrow highlights the missing actuator stem and

mounting bushing.

Figure 2. As received condition of the SPR circuit breaker.
The upper arrow highlights the corroded terminal hardware.
The lower arrow highlights the cracked housing.
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Various mechanical components of the S5PR circuit

Figura 3.
The moving contacts are lying against

breaker are corroded.
the stationary contacts.

UHdEnmmn

Figure 4. The moving contacts of the SPR circuit breaker
have a tarnished appearance. White arrows highlight the
mechanical wear from the making and breaking of the
contacts. Black arrow highlights the fibrous residue.
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:

R e
1.6 mm

Figure 5. The moving line contact of the SPR circuit
breaker has a tarnished appearance. Black arrow highlights
the mechanical wear from the making and breaking of the
contacts. The white arrow highlights the fibrous residue.

1.6 mm

Figure 6. The moving load contact of the 5PR circuit
breaker has a tarnished appearance. The arrow highlights
the mechanical wear from making and break of the contack,
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Figure 7. The stationary line terminal and contact of the

SPR circuit breaker have a tarnished appearance.
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The staticnary line contact of the SPR circuit
tarnizhed appearance. Arrow highlights the

Figure 9.
from the making and breaking of the

breaker has a
mechanical wear

CONCACCS .

1.6mm

Figure 10. The staticonary load contact of the SPR circuit
breaker has a tarnished appearance., Arrow highlights the
mechanical wear from the making and breaking of the

concaccs.
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Figqure 12, EDS spectrum of a area described as being
carnished on the stationary line contact of Ehe SPR circuik
breaker. The silver in both spectrums is primarily from the

contact material.
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Figure 13. As received condition of the RTV circuitc
breaker. Upper arrow highlights the corroded terminal
hardware. Lower arrow highlights the missing actuator stem

and mounting bushing.

Figure 14. As received condition of the RTV circuit
breaker. Upper arrow highlights the corroded terminal
hardware. Lower arrow highlights the cracked housing.
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6.2 mm

Figure 15. The various mechanical components of the RTV
circult breaker are corroded. The moving contacts are lying
against the stationary contacts.

.

- g

The moving contacts of the RTV circuit breaker

Figure 15.
the

have a tarnished appearance., White arrows highlight
mechanical wear from the making and breaking of the
contacts. Black arrow highlights the fibrous residue.
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Figure 17. The stationary line terminal and contact aof thea
RTV circuit breaker have a tarnished appearance.

Figure 18. The stationary load terminal and contact of the
RTV circuit breaker have a tarnished appearance.
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Figure 19. 205 apectrum of the moving leoad contackt surface

of the BET™ circuit breaker. The silver in both spectrums is

primarily from the contact material.
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Figure 20. EDZ specktrum of the stationary line contact
surface of the RTV circuic breaker. The silver in both
spectrums 1s primarily from the contact material.
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LI ST OF FlI GURES

Fi gure Page

1 Wre sanple submtted for analysis. The
i nsul ati on exhi bited bl ackened areas
(black arrows) and nechani cal danmage

(white arrows). 1
2 Multiple inmages of the |argest blackened
and thermally damaged area on the submtted
Wre. 2
3 Bl ackened and thermally danaged area on wring.
Note raised area (arrow) . 3
4 Typi cal nechanically danaged insul ation area.
Note the danage reveals the nmultiple |ayered
i nsul ati on construction. 4
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Analysis of A Submitted Wire

FURFOSE

Examine submitted wire for evidence of electrical arc
damage .

FACTUAL DATA

A 73 em length of primary wire was submitted by the
Hational Transportation Safety Board (NTSB) for analvsis (Figure

Figure 1, Wire sample submitted for analysis. The insulatiocn exhibited
blackened areas (black arrows) and mechanical damage (white arrows).

The wire was removed from TWA B00 wreckage on 26 June 1997 and
was reported to be a BMS 1342A (Poly-X) type wire that was
associated with the routing of center wing tank probe wires.
There were three blackened areas (black arrows, Figure 1) and at
least four mechanically damaged areas (white arrows, Figure 1) on
the wire insulation. The blackened areas were typically
assocliated with thermal damage. Multiple orientation images of
the largest blackened area are shown in Figure 2,
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Figure 2. Multiple images of the largest blackened and thermally damaged area
ocn the submitted wirae.

NHote the black residue on the insulation surface and mechanical
damage to the multi-lavered insulation. The amber tape was not
carbonized and only exhibited mechanical damage. The black
residue was easily removed mechanically from the insulation
surface. Another blackened and raised area is shown 1in Figure 3.
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I
Figure 3., Blackened and thermally damaged area on wiring. Hote raised araa |
[AaFrEaw) . |

Note the crazed and melted appearance of the raised area. In all
casez, the thermal damage progressed from the ocutside towards the
conductor. A typlcal example of a mechanically damaged
insulation area is shown in Figure 4.
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White layer

Amber tape layer
d white layer

Figure 4. Typical mechanically damaged insulation area. Note the damage
reveals the multiple layered ifnsulacion ConsStruction.

[}
[

The insulation was flexible and bending the insulation outside

damaged areas did not produce cracks.

SUMMARY OF FINDINGS

There was no evidence of carbonization of the insulation or
melting of exposed conductors which are typically associated with
aAre damage.

The thermal insulation damage progressed from tche outside
toward the conductor. This implies the insulation was exposed to
an external thermal source.

The black residue could be removed mechanically.

Mechanical damage was 1sclated and there was no evidence of
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El ectrostatic Charge Ceneration from Turbine Fuels

PURPOSE

Assess the electrostatic charging characteristics of
electrically isolated or partially isolated conductors when
subjected to turbine fuel inpingenent. Specific attention is
given to aircraft fuel system components that m ght be the
reci pient of fuel inpingement 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
assessnment of electrical isolation, and (2) the calculation of
di scharge energy that m ght be achieved through the charging
process. O her goals were to ascertain whether significant
el ectrostatic energies could be obtained through fuel msting or
from fuel on fuel inpingenent.

BACKGROUND

Early in 1997 The National Transportation Safety Board
(NTSB) contacted Wight Laboratory (W.) concerning the
possibility of performng fuel tests in support of the ongoing
TWA-800 accident investigation. The tests were to assess the
charging characteristics of electrically isolated or partially
i sol ated conductors when subjected to turbine fuel inpingenent.
Conductors such as unbended | oop clanps and couplings were to be
used in the tests. The W fuel l|aboratory, W/POSF, had an
existing fuel rig capable of handling the fuel inpingenent and
test conditions to be investigated. The WL ESD contro
| aboratory, W./M.SA, supplied the electrostatic equipnent
necessary to perform the required measurenents. This report
sunmari zes a series of tests at W. 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
t hei r numnber. NTSB funded the tests under two contracts with W.

The Phase | 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 NTISB investigation team could witness the tests by
renot e video. The fuel used for the Phase | testing was Jet-A
from JFK. At the conclusion of Phase | the maxi mum charge

generated was approximately 650 volts on a Teflon® cushioned
| oop cl anp. The results of Phase | warranted further
investigation and a Phase |l program was devel oped.
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The Phase |l study (tests 27 through 69) was a continuation
of the Phase | study to further investigate electrostatic
charging from fuel inpingenent on electrically isolated
conductors . The Phase Il 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 mst; (3) the potential for charge build up
due to fuel sprayed onto the surface of a fuel; (4) a paranetric
study of fuel inpinging upon an alum num target plate; and (5)
further aircraft hardware studies as deened necessary. The Phase
Il study was perfornmed 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. W perforned the
remai nder of the tests with Dr. Joe Leonard from Naval Research
Laboratory representing the NTSB.

FACTUAL DATA

DEFI NI TI O\( S)

Tri boel ectrification/Tribocharging: The generation of
el ectrostatic charges when two materials make contact or are
rubbed together, then separated.

FUELS

For use in Phase I, fuel was shipped to W. from JFK The
USAF Aerospace Fuels Laboratory at Wight-Patterson Air Force
Base, Onio anal yzed the fuel. The results of the analysis can be

found in Table 1.

For Phase Il testing, a Jet-A fuel that was on hand at W
was used. This fuel was known as 96POSF3305. The fuel was
anal yzed and the results of the analysis can be found in Table 2.
For Phase Il testing, several fuels were blended at W. by adding
additives to base fuel 96POSF3305. The additives used were
corrosion inhibitor, BHT antioxidant, netal deactivator (woa)
D EGVE icing inhibitor, and conductivity additive Stadis—450.
These additives were added to Jet-A to form JP-8. The anount of
additive added was the anount required by specification in Jp-8
unl ess ot herw se not ed. Betz thermal stability additive,
currently under study to increase fuel thermal stability, was
al so added at 260 ppm JP-8 with the Betz additive will be
referred to as JP-8+100 in this report. St adi s-450 was added in

various quantities to control the conductivity |evel. For
several tests Jet—A fuel was clay treated to renove particul ate,
this will be annotated under the test conditions where

appropri ate.
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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 Oifice: A cracked orifice was manufactured by first
freezing the orifice in liquid nitrogen and then cracking it
usi ng a wedge. The crack was very irregular, resulting in an
unstable flow and thus was unable to be cali brated. The fl ow
rate of the crack was much higher than that of any of the other
orifices

TEST FACILITY

The tests were conducted at the W. fuels |aboratory in a
test chanber that could easily be nodified 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 punped from a
recirculation tank through 60 feet of l|ine before being delivered
to the test chanber. The excess fuel was recirculated back to
the recirculation tank. A centrifugal punp 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 punp to give the fuel tinme to relax before
reaching the test chanber. The test chanber was an encl osed
nmetal cabinet that was nitrogen purged during the tests to
elimnate the potential for fuel ignition. During Phase |
testing, a Lexan viewi ng w ndow was constructed to seal the

entire front opening of the test chanber. This w ndow was not
used during Phase Il testing. Instead, the front nmetal doors of
the test chanber were closed to seal the chanber. For Phase 11
testing, a small Lexan viewi ng w ndow was constructed on top of
t he test chanber. The fuel tenperatures reported for Phase |
were neasured by a thernocouple located in the recircul ation

t ank. For Phase Il a thernocouple was placed in the fuel feed

line downstream from the orifice.
EQUI PMENT LI ST

Hew ett Packard Moddel HP4192A | npedance Anal yzer: Provi ded
capaci tance neasurenents of isolated conductors.

lon Systens Mbdel 200 Charged Plate Mnitor: Provi ded
vol tage neasurenment of isolated conductors.

Monroe Model 268A Charged Plate Mnitor: Provi ded voltage
measur enent of isolated conductors.

Keithl ey Mddel 614 El ectroneters: provi ded current and
charge neasurenents.

3M Model 961 1onized Air Bl ower: Used to neutralize charges
on insulative surfaces such as the Lexan view ng w ndow.
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ETS Model 512 Humidity Controller/ Sensor: Pr ovi ded
percentage relative humdity neasurenents inside the enclosed
test chanber.

Prostat Mbdel PFM 711A Field Meter: Provided electric field
strength neasurenents of various itens. Used primarily to
nmeasure the electric field strength on the Lexan view ng w ndow.

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

Beckman Industrial Mdel L-10A Megohmmeter: Provided
resi stance neasurenents using variable test voltages.

ASTM F 150 Five Pound El ectrodes: Used to neasure the
vol unmetric resistance of various o-rings. The o-ring to be
tested was placed on a flat conductive surface with the ASTM F
150 el ectrode placed on top of it.

Hewl ett Packard Mddel HP7132A Chart Recorder: Pr ovi ded
strip chart recordings of various signals neasured by the test
i nstrunent ati on.

Spool, 28 AWG Kynar Wri ng: Provi ded electrical connection
between the test itens and the test instrunentation

Fluke Mbdel 77 Miltineter: Provided digital voltage readout
of the output signal fromthe ACL 400 field neter.

Hew ett Packard Mddel E2378A Milineter: Provided digita
vol tage readout of the output signal fromthe ACL 400 field
meter.

Prostat Mdel PHT770 Hygro—Ther noneter: Provi ded room
tenperature and percentage relative humdity neasurenents.

Lecroy Moddel 93141 Gscill oscope: Provi ded data acquisition
and storage of various signals neasured by the test
i nstrunent ation.

| SOLATED CONDUCTORS

Cushi oned Loop d anps: Loop clanps are used to support
al um num tubing and parallel alumnum tubing from primary
fuel/vent lines in fuel tanks on aircraft. Per specification
the clanps were constructed of alum num alloy or Pow carbon steel
and cushioned with various material s. The cushi on makes direct
contact with the clanped tube or fuel/vent I|ine. The cushi on
material of the clanps used for this study included,
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Pol yt etraf | uor oet hyl ene, PTFE (Teflon®) , fluorosilicon, and
nitrile. The type of cushion material will be noted for each
test involving a loop clanp. A picture of the |oop clanps can be
found in Figure 2.

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

fluorosilicon, fluorocarbon, Viton, and Teflon®. The Wggins
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 Wggins coupling. A picture of a Wggins coupling
can be found in Figure 3.

Target Plate: An 8 by 12 inch aluminum target plate was
used for the Phase Il paranetric study. The target plate was
coated on one side with Boeing MBS 10-20 epoxy chromate priner
A smaller 4 x 3.5 inch uncoated alum num target plate was al so
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 sane Boeing
MBS 10-20 epoxy chromate priner as the target plate. A si phon
drain was used to control the fuel level within the tank.

PHASE | TESTS

The tests conducted in Phase | have been summarized in the
Appendi x, tests 1 through 26. The Appendi x al so gives a brief
description of the tests conducted, date perforned, test
conditions, summary of results, and relative comments about the
test . A summary of the dry electrical measurenents and breakdown
vol tage measurenments can be found in Tables 3 and 4,
respectively.

Dry electrical measurenments were nmade on Wggi ns couplings,
| oop clanps, and o-rings supplied by NTSB. A one-inch Wggins
coupling and three, one-inch o-rings nunbered 7 through 9 were
supplied by W/PO The results of these neasurenents can be
found in Table 3. A negohmeter set at the specified test
voltage was used for all resistance neasurenents unless otherw se
not ed. The anodi zed surfaces of the conponents were filed down
to the underlying netal at the neasurenent connection points,
bef ore connection with the megoheter or inpedance analyzer.
Oring volune resistance neasurenents were nmade by placing the
o-ring on an isolated conductive plate with an ASTM F 150
el ectrode on top of it. The fermale to male shell resistance was
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checked for electrical continuity between those conponents. The
mal e and fenale resistance to fuel tube neasurements were a
nmeasure of the electrical isolation between the conductive shel
conponents of a Wggins coupling and its associated fuel tubes.
The fuel tube to fuel tube resistance measurenent gives an
indication of the electrical isolation across a Wggins coupling
without a tube to tube bond wire installed. An inpedance

anal yzer was used to neasure the capacitance of the test itens.
The quality (Q, dissipation (D), and conductance (G paraneters
were included with these neasurenments for supplenmenta

i nformati on. Al so noted was whether or not a safety wire was
installed on the Wggins coupling.

Fuel inpingenent tests were conducted in the test chanber

using the Teflon® |oop clanmp, fluorosilicon |loop clanp, Wggins
coupling T1I/T12 Wggins coupling T7/T8, and a W./PO Wggins
coupl i ng. The results of these tests can be found in the
Appendi x. Tests 3 through 5, 13 through 21, 23, and 24 were

conducted with the Teflon® | oop clanp. The fluorosilicon |oop
clanp was tested in test 10. Tests 7 and 8 were for Wggins
T11/T12, tests 9 and 11 for Wggins T7/T8, and test 26 for the
WL/ PO W ggi ns coupl i ng. Test 26 was conducted after installing
t he highest resistance fluorocarbon o-rings readily avail able.

To perform the fuel inpingenment 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

equi pnent used during these tests were also grounded at this sane
| ocati on. A bond wire was attached to the test item and routed
through a small hole in the Lexan viewi ng wi ndow and attached to

a charged plate nonitor. Before the start of each spray test,

any charge accunulated on the test item was renoved by the “zero”
button on the charged plate nonitor. The surface of the Lexan

vi ewi ng wi ndow was also ionized to reduce any electric fields
originating fromit. Jet-A fuel from JFK was sprayed from the
orifice onto one of the isolated test itens nentioned above. The
spray test continued until it was determned that little or no
additional gain in voltage potential would be achieved on the
test itemas a result of continued fuel inpingenent. Test

vari abl es, such as fuel tenperature, orifice type, orifice to
test itemdistance, and fuel flow rate were changed in the
different tests. This was done in an attenpt to achi eve maxi mum
voltage on the test item For each test item at |east one

resi stance and capacitance neasurenent was made before and after
the itemwas wetted with fuel. These neasurenents were nmade with
the test itemin place inside the test chanber and connected to
the charged plate nonitor. Stream ng current neasurements were
al so made during sone of the fuel inpingenent tests. St ream ng
currents were neasured by attaching the input cable fromthe
electrometer to the electrically isolated section of tubing in
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the fuel supply lines. This section of tubing was | ocated
downstream of the fuel orifice inside the test chanber. Thi s
stainless steel section of three—quarter inch tubing neasured 6
inches in length- Nylon ferrules were used to provide the

el ectrical isolation

Breakdown voltages of the Teflon® and fluorosilicon |oop
clanps, along with the T7/T8 Wggins coupling, were neasured.
Results for these neasurenents 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® | oop clanp was neasured for several gap distances
between the clanp and fuel tube. Breakdown voltages for the
Wggins coupling could not be neasured, due to insufficient
el ectrical isolation between the coupling and the fuel tube.

PHASE |1 TESTS

The tests conducted in Phase Il have been summarized in the
Appendi x, tests 27 through 69. The Phase Il sunmary is in the
same format that was used for Phase I. Dry electrica
measur enments and breakdown voltage neasurenents were also taken
in Phase II. These results can be found in Tables 5 and 6,
respectively.

The first test of Phase Il (test 27) involved resistance
measurenents of the fuel collection tank described earlier in
this report. An ASTM F 150 five-pound el ectrode was placed in
the fuel collection tank. A megohmmeter was used to neasure the
resi stance fromthe electrode, through the thin |ayer of epoxy
chromate priner, to ground. The test voltage used on the first
neasurenent was 100 volts. The high resistance reading of the
first neasurenent (Appendix, test 27) pronpted a second
resi stance neasurenent using the next higher available
megohmet er test voltage of 200 volts. These neasurenents were
taken in preparation for two tests. The first test neasured the
electric field strength of a fuel mist cloud. The second test
nmeasured the electric field strength on the surface of a pool of
fuel while fuel was sprayed upon it. These two types of tests
were conducted concurrently with the use of two field neters.

One field nmeter was nounted in the upper area of the test chanber
to neasure the electric field strength from a charged fuel m st
that mght be present during the test. The direction of
measurenent for this neter was horizontal across the wdth of the
chanber . A second field neter was nmounted with a vertica
direction of neasurenent above the surface of fuel in the fuel

col l ection tank. This neter nmeasured the electric field strength
originating from the surface of the fuel while fuel was sprayed
onto its surface. The output of each field nmeter was connected
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to separate digital nultinmeters |ocated external to the test
chanber. The magni tude of voltage neasured by the field neters,
while fuel was sprayed during the test, was observed and recorded
fromthe digital multinmeters displays. The results of these
tests, along with the specific test conditions, can be found in
the Appendix, tests 28 through 31.

Fuel inpingenent tests were conducted in the test chanber

during Phase Il 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 Appendi x.
The fuel inpingenent tests conducted in Phase Il were perforned
simlarly to those conducted in Phase I. However, there were
several alterations made to the test chanber for Phase 1. An
electrically conductive bar was nounted through the width of the
test chanber. The bar allowed for rotation of the target plate
that was attached to it. The bar was rotated during sone of the

fuel inpingenent tests to change the angle of fuel inpact.
Before test 49, this bar was grounded through contact with the
test chanber 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 fromthe bar with the use of Teflon®
sheeti ng. Beginning with test 49, the bar was electrically

isolated fromthe wall of the test chanber using insulative
sl eeves and the grounded bond wire was renoved. The target plate

was clanped directly to the bar wi thout the Teflon® insulation
to provide electrical continuity to the bar. The reasons for

t hese 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 neasurenents when desired
ot herwi se the tank was grounded through a bond wire. Duri ng sone
of the fuel inpingenent tests, a conductive screen was inserted
into the fuel spray before the fuel spray reached the target-
The Appendi x contains notation under the test condition portion
as to whether or not the screen was used for a specific test.
Wres were bonded to the target plate and the fuel collection
tank and routed through small holes in the wall of the test
chanber . These two wires were insulated fromthe wall of the
test chanber with insulative sleeving. These wires could be

i ndividually grounded, attached to a charged plate nonitor, or
attached to an electronmeter as required for the particular test
to be conduct ed.

Tests were conducted to determ ne whether or not the fuel
spray exiting the orifice was charged before naking contact with
the test item A conductive container was electrically isolated
and suspended beneath the fuel orifice through the use of
insul ative cable ties. The input wire on an electroneter was
connected to the conductive container. The anount of charge
collected in the container over a period of tinme was neasured
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with the electroneter. Measurenents 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
pl ate as opposed to the continuous stream type of sprays that
were used in the other fuel inpingenent tests. Test 54 in the
Appendi x was performed using the sane fuel supply tubing and
orifice configuration from the fuel inpingenent spray testing.
The orifice outlet cap was |oosened 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 al um num orifice for the source of the fuel drip. To
neasure the resultant voltage for these tests, the target plate
was connected to the charged plate nonitor. Fuel with and
wi t hout additives was used as noted for each test.

Fuel resistance neasurenents were performed using an
apparatus consisting of a glass beaker and two netal el ectrodes.
The el ectrodes neasured 1 x 2 x 1/16 inches each. The el ectrodes
were subrerged in the fuel with the face of the el ectrodes
parallel. The approxi nmate el ectrode spacings used in these tests
were 1, 2, and 3 inches. A negohnmeter was used to neasure the
resi stance between the two el ectrodes 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 Appendi x, tests 57, 59,
and 60.

Further dry electrical and breakdown voltages neasurenents

were conducted on a Wggins coupling as part of Phase 1i1. These
measurenments were nmade in a simlar fashion as described in the
Phase | portion of this report. Measurenents were made with both

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

In an attenpt to electrically isolate the Wggins coupling from
the internal fuel tube, various configurations were tried. The
configurations included the reduction in clanping force (shel
tightness) , renoval of the internal |ocking ring, renoval of the

internal split rings, and changes in the relative position of the
fuel tubes with respect to the Wggi ns coupling.

DI SCUSSI ON( S)

Wien reviewing the results of the tests performed in the
Appendix, it is inportant to note there is sone inherent
instability in the measurenents perfornmed based upon the nature
of the tests conducted. Factors such as electrical noise, test
instrunentation settling and display update tinme, stray electric
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fields, and other factors nore specific to the type of test being
performed all contribute to this instability. Efforts were nade
to record the nost accurate results possible for al

neasurements . It is understood the sane neasurenents recorded by
di fferent personnel may show small differences in val ues.

PHASE | TESTS

The objective of Phase | testing was to neasure the anount
of charge produced on an isolated conductor due to inpingenent of
charged fuel on the conductor and triboelectrification from fue
passi ng over the conductor. The conductors chosen for Phase |
testing were from actual aircraft hardware and included W(ggins
couplings and cushi oned | oop cl anps. Both dry and wet tests were
per f or ned. Dry tests focused on the resistance and capacitance
val ues of the couplings and clanps and conponents thereof. Wt
testing consisted of spraying jet fuels onto the chosen
conductors and neasuring the generated voltage and fuel stream ng
current. Jet—-A fuel from JFK airport was used during Phase | as
mentioned previously in this report. Several variables were
nmoni tored and controlled during the wet test portions of Phase I.
Fuel type, tenperature, conductivity and pressure were nonitored
and controll ed. Oifice (nozzle) type and orifice distance from
the target test item (e.g., Wggins coupling or loop clanp) were
recorded. The initial and final resistance and capacitance
nmeasurenents of the target item were al so recorded. Ambi ent
humdity wthin the test chanber was also nonitored to ensure an
adequate nitrogen purge was achieved.

Dry testing provided very useful information in determning
the test item nost likely to charge during wet testing. A
summary of the Phase | dry electrical neasurenents can be found
in Table 3. The goal was to find the itemwth the highest
electrical resistance, with respect to the fuel tube to which
each was connect ed. The higher the resistance, the better
isolated the item was from the fuel tube, thus allowng for nore
charge or voltage to accunulate. Additionally, a larger item
capacitance would result in nore energy (E = 1/2CV?) storage
within the test item before discharge, given the sane voltage
potential on each item The electrical isolation properties of
the Wggins couplings were very poor. This was due in part to
the relatively I ow resistance of the inner o-rings that provided
freedom of novenent of adjacent fuel tube sections that it
coupl ed toget her. As shown in Table 3, when neasured
i ndependently, these o-rings varied in resistance from thousands
Of ohmsto 1E12 ohms. The resistance of the o-ring dropped when
installed in the Wggins coupling due to increased surface area
contact with the inner wall of the coupling. The o-rings were
t hought to provide electrical isolation between the outer Wggins
shell and the fuel tubes. It was discovered |ater that the
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i nternal conductive conponents of the Wggins coupling were
alnost always in contact wth the surfaces of the Wggins shel
and fuel tubes. Al surfaces of the Wggins coupling were

anodi zed and testing showed this anodized |ayer broke down at
approxi mately 250 volts. Hence, when potentials reached

approxi mately 250 volts, the outer shell of the Wggins coupling
woul d short to the fuel tube. The loop clanp with the Teflon®
cushion had the best electrical isolation with respect to its
fuel tube. The resistances neasured were consistently much
greater than 1E12 ohns. Measured capacitance was found to be
much greater for the Wggins couplings than the |oop clanps. The
Wggi ns coupling capacitance neasurenents ranged from
approximately 90 to 10,000 picofarads. The capacitance of the

| oop clanps ranged from approximately 33 to 722 pF. The | arge
variation in capacitance can be attributed to the quality of the
insulating material between the conductive elenents of the clanp
or coupling. Low resistance o-rings or cushioning nmaterials 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 |oop clanp would be

the first itemof choice for wet testing. During wet testing
conducted on 4 March 1997, the Lexan viewi ng w ndow of the test
chanber, and similar materials used to support the item under
test, becanme highly charged. This charging process originated
from the fuel spray inpinging upon the inner surface of the Lexan
and on the support stand. Using a field neter, voltages as high
as 5000 volts were neasured. The highest charge concentration
was on the |lower half of the Lexan w ndow. Since this could
influence the item under test, a conductive nmesh screen was
applied to the |lower half of the Lexan window. Al uminum foil was
al so placed around the support stand to suppress its electric
field. The highest voltage neasured on these surfaces, after the
modi fications, was approximately 350volts with nost areas |ess

t han 200 volts. Initially, resistance and capacitance
nmeasurenents were nade before and after the Teflon® cushioned
loop clamp was sprayed with fuel. Changes in these neasurenents
were found to be insignificant after nonitoring themin the early
tests of Phase I. Because of this, only the initial measurenents
of resistance and capacitance were recorded for the renaining
tests. The small change in capacitance from 74 to 86 picofarads,
inthe early tests, was due to the additional length of wiring
required after adding the conductive nmesh to the Lexan w ndow.

The addition of the conductive nmesh required the wre connecting
the test itemto the test instrunentation be noved up above the
conductive mesh, thus the additional length of wire. The

Teflon® | oop clanp test results can be found in the Appendi X,
tests 3 through 5, 13 through 21, 23, and 24. Many factors had
an affect on the nmaxi mum voltage potential neasured during these
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tests . Fuel flow rate, fuel pressure, fuel orifice to target

di stance, fuel tenperature, and isolation resistance generally

i ncreased the magnitude of the resultant voltage. Changes in the
orifice style and in the fuel conductivity also had an affect on
t he vol tages neasured. The hi ghest voltage potential neasured on

the Teflon® cushioned |oop clanp during Phase |I testing was -650
volts . A second loop clanp was also wet tested during Phase I.
The results for this flourosilicon |loop clanp can be found in the
Appendi x, test 10. The | ow voltage potential neasured on this

| oop clanp can be attributed to the decrease in electrica

i sol ation resistance when conpared to the Teflon® |oop clanp.

Wet testing of Waggins couplings was al so conducted during Phase
| and the results can be found in the Appendix, tests 7, 8, 9,

11, and 26. The maxi num vol tage potential neasured during these
tests was -14 volts. The insufficient electrical isolation of
the Wggins couplings as nentioned previously was responsible for
the | ow vol tage neasurenents.

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

conduct ed. A Teflon® | oop clanp attached to the small section
of fuel tubing was conpletely subnerged in jet fuel. Resi st ance
nmeasurenents were made with a nmegohmmeter at different test

vol t ages. The results of these tests are shown in the Appendi X,
test 25. As can be seen fromthe test results, the resistance of
jet fuel decreases significantly with an increase in test

vol t age

At the conpletion of Phase | wet testing, breakdown voltage

measurements were conducted on the Teflon® |oop clanp, the
flourosilicon based |oop clanp, and the T7/T8 Wggi ns coupling.
A summary of the first phase of breakdown voltage neasurenents
can be found in Table 4. These data give an indication of the
rel ative voltage potential that mght be required to cause a
spark to occur between the test item and its associated fuel

t ube. It also allowed for a visual observation as to the

| ocation where the spark may occur. The spark gap di stance was
altered on the Teflon® |oop clanp to denonstrate its
relationship to breakdown voltage. Br eakdown vol tage
measurenents on the Wggins coupling were not successful. The
| ow isolation resistance of 2E9 ohns, neasured with a test
voltage of only 100 volts, |oaded down the output of the high
vol t age power supply.
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PHASE |1 TESTS

The objective of Phase Il testing was to expand upon the
tests that were conducted during Phase |I. Further work went into
optim zing conditions that would result in obtaining higher
voltage potentials on the test itens during wet testing. Phase
Il testing also included additional dry electrical mneasurenents,
breakdown voltage neasurenments, electric field strength
nmeasurements of a fuel m st cloud, and neasurenents of the
electric field strength fromthe surface of a pool of fuel while
the sane type of fuel was being sprayed upon it.

An attenpt was made during Phase Il testing to optimze
conditions that would yield the maximum voltage potentia
possible on an isolated conductor. To sinplify this task, an
epoxy chromate coated alum num target plate was used as the
i sol ated test object. The epoxy chromate coating was simlar to
that found on inner tank walls and fuel lines in fuel tanks of
conmmercial aircraft. Factors such as fuel flow rate, fuel
pressure, fuel orifice to target distance, fuel spray to target
i npact angle, fuel tenperature, orifice type, spray pattern
pl ate coatings, and fuel conductivity were investigated. Duri ng
this portion of Phase Il testing, electrical current neasurenents
were also taken of the target plate and fuel catch tank. The
current measurenment represents the rate of charge transfer to the
target plate or catch tank. The resultant voltage on an isol ated
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 nmeasure the net resistance to
ground during the fuel spray testing. Fi nding a variable that
increases the charging current will not necessarily increase the
voltage if that variable causes a correspondi ng decrease in the
overal |l resistance to ground. During sone 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 fue
spray pattern which resulted in an increase in the fuel spray
br eakup.

Resi stance neasurenents were nade on the thin |ayer of
yel |l ow epoxy chromate priner coating the interior of the fue
catch tank. This priner 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 neasurenment was greater
t han 1E12 ohns. The sanme neasurenent at a test voltage of 200
volts resulted in a resistance that was |ess than 5E4 ohns.
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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woul d typically be classified as conductive. Under these
circunstances, little or no electrostatic voltage potentials
woul d be expected if the fuel catch tank was grounded. The
breakdown voltage of the epoxy chromate priner on the fuel catch
tank occured sonmewhere between 100 and 200 volts. This | ow
breakdown voltage may have contributed to the low electric field
strengths neasured on the surface of the fuel in tests 27 through
31. The electric field strength neasurenents of the fuel mst
cloud were also mnimal during these tests. There were severa
possi bl e reasons why this occurred. First, the spray patterns
originating out of the fuel orifices may not have been sufficient
to generate a charged m st cloud. Second, the exit vent required
for the nitrogen purge may have renoved any m st cloud fromthe
upper area of the cabinet. Finally, the accumul ation of
sufficient charge in the mst cloud to reach a |evel detectable
by the field nmeter, may take many mnutes, or even hours, to
occur. The duration of the tests conducted during the fuel
msting tests only lasted a few m nutes each

A series of tests were conducted to determne the effect of
several variables on the voltage generated from fuel inpingenent
on the target plate. Specifically tests 32through 42, 44
through 47, 49 through 51, and 56 (Appendix) were dedicated to
vari abl e anal ysi s. Several variables appeared to increase the
magni tude of voltage or current neasured on the target plate.

The insertion of the conductive screen in the fuel flow increased
both the voltage and current. The inpact of the insertion of the
screen is shown in Figures 4 and 6. Coating the plate wth epoxy
chromate primer also produced higher charging currents. Char gi ng
currents were also highly influenced by fuel tenperature and
conductivity (Figures 5 and 6) . As fuel tenperature increased,
charging currents increased significantly. Charging currents
using fuels with conductivities of 31 and 94 picosienens/ neter
(pS/mM were significantly higher than those observed using fuels
with conductivities less than 10 pS/m. Note that fuels wth a

hi gher CU also provided a lower resistive path for charge to flow
to ground through the fuel itself when a continuous stream

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

were observed for plate angles of 30, 45, and 60 degrees, as
opposed to O degrees (plate perpendicular to the flow and 90
degrees (parallel). The concept of “residence tinme” should be

i ntroduced here. Residence tinme is the anpunt of tine a particle
of fuel resides on the target plate. Resi dence tine decreases
with a corresponding increase in target plate angle when neasured
from the horizontal. I ncreased fuel residence tine allows
charged fuel particles a longer opportunity to neutralize before
| eaving the target plate. The target plate was grounded by the
el ectronmeter when neasuring charging current.
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Additional attenpts were made to increase charging current.

A Teflon® sheet was used to electrically isolate the target
plate fromthe rotating bar on which it was nounted. Thi s

Teflon® sheet nay have becone 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
chanber. The sheeting was renoved and the target plate connected
to the rotating bar. The bar was then electrically isolated from

the test chanber walls with Teflon®. Electrical resistance
nmeasurements were made to confirmisolation of the target plate.
JP-8 fuel was introduced to the test process at this tinme. Care
was taken to maintain test paranmeters at conditions suitable for
maxi mum chargi ng based on prior Phase | and Il tests. Thi s
included a fuel tenperature of approximtely 105-110'F, a target
plate angle of 60°, a slotted orifice, a target to orifice

di stance 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
bet ween two distinct patterns. This variation also caused the
current on the target plate to fluctuate between two distinct

val ues . This indicates that fuel spray pattern inpacts the
current achieved on the target plate.

Additional tests were conducted to determ ne 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 anount of charge collected in the container over a
period of tinme was measured with an electroneter. The results of
these tests can be found in the Appendi x, 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 nore consistent fuel flow spray
pattern. Test data showed that for the given conditions, the
fuel was charged before contact with the test item In the
second test, target plate and fuel catch tank currents were
nmeasured in addition to the collection tank charge. Thi s was
done to examine the overall test system and to determ ne whether
the sum of all charge currents (e.g. , orifice, target plate,
collection tank and m sting) equaled zero or nearly zero. It was
noteworthy that the average value of the cal cul ated fuel
collection currents was approximately equal to the sum of the
target plate and fuel catch tank currents. If this was not the
case, it would be expected there was a |loss of charge in the test
chanmber, nost likely through fuel m sting. The m sting fue
woul d not be collected in the fuel catch tank, therefore, causing
a change in the expected tank current neasurenent. These data
appeared to support the reason why little or no charge was

000101

16



W/ MLS 97-097

measured during the msting tests. Although these linmted test
data were not conclusive, it suggests that very little nisting
may have actually taken place inside the test cabinet during wet
testing.

The test team pursued prelimnary work using dripping fuel
(as opposed to a continuous strean) as the charging source
(Appendi x, test 54) . As nentioned 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
t hought that interrupting the continuous stream of fuel would
elimnate this charge dissipation path and allow for |arger
charge levels to remain on the target plate. It was also felt
that the overall charge build-up process night take nuch | onger
due to the relatively small anmount of charge transfer that nay
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 linted
the voltage |level seen in this test. The fuel tenperature during
the test was approximately 70°F, nuch |ower than the 110 F val ue
found to produce maxi mum charging in previous tests. Char ge
decay may have occurred through a fuel film that had accumul at ed
on the cabling used to neasure voltage. The cabling exited the
test chanber through the grounded chanber wall thus providing a
potential ground path through the fuel filmitself. Finally, the
anbient relative humdity was high at the tinme the drip tests
wer e conduct ed. This could inpact the accuracy of voltage
nmeasurements made by the charged plate nonitor that depends on
electrical isolation of the 6x 6inch charge collection plate
Addi tional drip tests were conducted, but several changes were
made from the original test. Fuel was dispersed from a gl ass
burette with a grounded alum num foil orifice and not fromthe
original orifice used for the previous test. The drip rate was
al so increased to nearly a continuous flow to mnimze test tinme.
During much of the previous spray testing, Stadis 450 was added
to the baseline fuel in an attenpt to increase the charging
capability of the fuel. Adding the Stadis 450 also increased the
fuel conductivity, creating a fuel wetted, |ow resistive path.
During this drip testing, an attenpt was nade to increase the
charging capability wi thout increasing the conductivity by adding
various additives to the fuel. Fuel tenperature also renained
far bel ow what had produced nmaxi mum charging in previous tests.
Detailed 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.
Vol tages in excess of 350 volts were recorded. The addition of
Stadis 450, BHT, MDA, and corrosion inhibitor produced much
snmal l er voltage levels. \Water was al so added during this series
of drip tests. Its inmpact on resultant voltage |evels on the
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target plate was mni mal .

Drip testing, and the use of test fuels with and without
additives, provided an opportunity to better assess the
el ectrical resistance of each. Fuel electrical resistance
nmeasurements were nmade on the test fuels using the sane test
apparatus and voltages described earlier in this report. The
Appendi x, tests 57, 59, and 60 show the results of these tests.
The results of the tests showed a significant decrease in
resi stance of both the baseline clay treated Jet—A fuel and the
sane fuel with the icing inhibitor added. As nentioned earlier,
these fuels produced the nost significant voltage |evels during
the drip tests. Note that all fuels showed sone degree of
sensitivity to increased voltage. As the voltage increased, the
resi stance decreased.

Breakdown voltage tests were also conducted during Phase 11
on the Wggins coupling. The initial attenpt to measure the
br eakdown voltage on a Wggins coupling in Phase | was
unsuccessful . A summary of the breakdown voltage test results
can be found in Tables 4 and 6. The original o-rings in the
W ggins coupling were renoved and replaced with a pair of higher
resistance Viton o-rings. Several attenpts were made without
success to physically position the conponents of the Wggins
coupling to achieve electrical isolation. The interna
conductive conponents of the Wggins coupling were renoved in an
effort to determine the cause of this problem El ectrica
i sol ation was obtained when the two split rings and | ocking ring
were renoved. After conpletely reassenbling the coupling, and
many attenpts to physically position the conponents of the
coupling to achieve isolation, a breakdown voltage measurenent
was taken. The breakdown voltage occurred at 1080 volts. [t was
nearly inpossible to configure the T7/T8 Wggins coupling in such
a way to produce breakdown voltages that exceeded 1000 volts.
This was due to continuous contact between anodi zed surfaces
internal to the coupling and breakdown of that anodized |ayer at
fairly low voltage levels (i.e., less than 1000 volts) . Thi s was
not readily obvious during dry testing when test voltages of 100
volts or less were used to neasure resistance between these
sur f aces. Wien all the internal conponents of the coupling were
renoved, except for the o-rings, a breakdown voltage of
approxi mately 5700 volts was achi eved.

SUMVARY OF FI NDI NGS

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 sub-jetted to fuel

i npi ngement . Specifically, conductors that are commonly found in
aircraft fuel systens. Experinents were conducted on aircraft
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hardware (e.g., Wggins couplings and cushioned |oop clanps) as
wel | as sinmulated hardware (e.g., epoxy chromate coated neta
plate) . The experinments were run to determine if the hardware
could becone electrostatically charged when turbine fuels were

i mpi nged upon them Those properties, conbined with the basic
electrical properties (e.g. , resistance and capacitance) of each
test item allowed for sonme estimation of the possible discharge
energies that could be expected if substantial charging did
occur. Figure 8 shows the potential energies achieved fromthe
neasured voltages (nmaxi munm) and capacitances of the various test
items used in this study. This energy, expressed by the equation
E =% CVis the energy dissipated in a discharge where C is the
capaci tance between two conductors with a potential difference,
V, in volts. This value can be conpared against the estimated
m nimum ignition energy (ME) for flammble fuel vapor-oxi dant

m xtures at specific tenperatures and pressures. This report
does not cover ME for explosive vapor-oxidant m xtures, but
recogni zes that other work has been done in this area.

AFWAL- TR-85-2057 , *“Aircraft Mshap Fire Pattern Investigations, *
August 1985, states that the ME for many hydrocarbon
conbustibles is approxinmately 0.25 ml. This value may increase
substantially, however, wth a decrease in pressure. The work
outlined throughout this report focused on three inportant itens
that may aid in the estinmation of discharge enerqgy. First, the
vol tage potential that could be achieved on each conductor

t hrough fuel inpingenent was eval uat ed. Second, the capacitance
of each item when dry and when subjected to fuel inpingenent was
nmeasur ed. 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 acconplished during this study
was dedicated to experinmentally finding the maxi num voltage
potential that could be attained on each conductor through fuel
i npi ngenment . During the course of testing, a nmultitude of fuel
types, orifice styles, fuel tenperatures and pressures, and spray
di stances were tried to achieve maxi num voltage and charging
current. Appendi x provides a detailed sumrary of each of these
tests . Testing revealed that fuel tenperature, flow rate and
conductivity, additive content, and spray pattern were the nost
significant variables in the charging process. As fue
tenperature and flow rate increased, so did the naxi mum charging
current on the test item The fuel spray pattern also increased
t he nmeasured current. The fuel spray pattern was influenced by
the insertion of the break-up screen, the distance fromthe
orifice to the target, the orifice style, and flow instabilities
in the system As the spray pattern becane nore dispersed, the
charging current increased. Fuel conductivity significantly
i nfluenced the maxi mum 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 | ower voltage potentials on the test
item than those achieved with the |ower CU fuel. A higher CU
fuel may also allow for reconbination of charge to occur while
the fuel was still in contact with the target plate.

O the itens tested from actual aircraft, the Teflon®
cushioned | oop clanp was the nost susceptible to charging and
achi eved the highest voltage potentials. The Wggi ns couplings
could not be significantly charged due to the |ow electrica
resistance of their internal o-rings. The |ow breakdown voltage
and likelihood of physical contact of all internal surfaces and
conponents nmay also have contributed to the inability to

significantly charge the couplings. The Teflon® cushioned | oop
clanp retained good electrical isolation throughout the
experinment and a maxi num voltage of approximately 650 volts was
achi eved. The capacitance of the clanp, wthout attached wring
or test instrunentation, throughout the test process was

approxi mately 45 pF. A Teflon® |oop clanp with these properties
coul d produce a discharge energy of approximately 0.0095 ml.

A series of tests were done using an epoxy chromate coated
al um num target plate. Testing produced a maxi num vol tage of

approxi mately 1150 volts. Assum ng the Teflon® cushi oned | oop
clanp could also attain this voltage, a discharge energy of 0.030
mJ coul d be produced. Both values (0.009 sand 0.030mJ) are wel
bel ow the 025m)] ME value discussed earlier.

Testing done to assess the inpact of fuel msting, or fuel
on fuel inpingenent on the charging process, was al so conduct ed.
M sting was analyzed by attenpting to neasure the electric field
strength in the upper area of the test chanber. Little, if any,
vol tage was observed. This was nost likely due to the |ack of
fuel m st produced by the orifices used in these tests. Very
little voltage was produced during the flow of fuel onto a puddle

of simlar fuel. Maxi mum charging is typically observed when
different materials contact and separate from one another. This
may have contributed to the relatively |ow results. Fue 1

resi stance may also have allowed charge to flow through the fluid
to the walls of the collection tank and then to ground. This too
woul d have mnim zed the voltage val ues observed-

Drip testing was conducted to elimnate any paralle
resi stance that mght exist when fuel flows to, and exits from
the test item It was thought the elimnation of these paths
woul d allow for greater anounts of charge to reside on the test
item and, hence, increase the nmaxi mum voltage observed. It was
understood that the tinme for a maxi mum voltage |evel to be
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reached m ght be substantial when a drip was used as the charging
mechani sm versus continuous fl ow. Prelimnary drip testing
produced voltages over 400 volts on a small, electrically

i sol ated al um num pl ate. Subsequent tests using various fuels,
additives, and drip rates, produced |ower val ues.

The breakdown voltage neasurenent results for the Teflon®
cushioned | oop clanp showed that increasing the spark gap
required an increase in voltage potential across the gap to
achi eve the spark. Typically, the larger the spark gap, the nore
energy discharged in the spark. The cushioned | oop cl anps have
two areas where breakdown could occur. Br eakdown coul d occur
between the clanp and fuel pipe, through the cushioning materia
itself or through air where voids in the cushioning naterial
exi st between the clanp and the fuel pipe. For the cl anps
tested, the discharge always occurred through air where voids in
the cushioning nmaterial existed. No physical damage to the
clanps was visible on inspected surfaces. Ref erenci ng the Phase
| breakdown voltage data, the air gap was varied between 0.018
and 0. 033 inches. The respective breakdown voltages varied
bet ween 2000 and 3550 volts. The capacitance of the clanp was
relatively stable between 49 and 46 picofarads over the gaps
nment i oned. The correspondi ng di scharge energies over this range
of voltage, capacitance and gap spacing varied between
approximately 0.1 and 0.29 ml. Evidently the orientation of the
clanp was extrenely inportant in determning the discharge energy
pr oduced. During testing of the Wggins couplings in Phase | and
Il, breakdown voltages of any significance were extrenely
difficult to achieve. The resistance of the outer coupling shel
to the inner fuel tube was very low (< |Ell ohns), preventing
significant charge accunul ation. This was due to the |ow
resi stance of the inner o-rings as well as contact between
anodi zed surfaces inside the coupling.
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WL/MLS 97-097

NITRILE TEFLON FLUOROSILICON
Figure 2. Cushioned loop clamps.
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FUEL TUBE O-RINGS RING FUEL TUBE
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SHELL RING RING SHELL

Figure 3. Wiggins coupling.
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WL/MLS 97-097
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WL/MLS 97-097
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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

28
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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
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ST1000

Table 3

DRY ELECTRICAL MEASUREMENTS (PHASE I)

g
Coupling N/A N/A 0.2 <50k <50k 45x10° 2 1.08 F2 1.08 F2 Y
T9/T10 0.3478™ 0.3487'®
Wiggins 0 0
Coupling N/A N/A 1.0 <50k <50k 2.6x10° * | -2.49% F2 -0.145 7.2 Y
T1/T2? 0.869 mF*® 6.585
Wiggins 4.3 4.3
Coupling N/A N/A 0.3 1.0x10° 1.1x10° 5.0x10° *® | 2.887 0.2325 2.884 0.2318 Y
T5/T6° 4.21 4.20
Wiggins 5.0 5.0
Coupling N/A N/A 0.2 1.1x10’ 1.1x10 10.460 0.1988 | 10.460 | 0.1988 Y
T7/T8* 13.06 13.06
Wiggins 34 5.8
Coupling N/A N/A 0.0 7.0x107 1.0x10° 5.0x10° 3.609 0.2953 3.829 0.1720 N
T11/T12 6.76 4.14
Wiggins 0.2627 5.6
Coupling T3gnd. | 0.1800 3.4 ysA
T3/T4° Only 0.298
Wiggins 9.2 3.6
Coupling N/A N/A Open 1.4x10 9.0x10° 3.8x10° 6158 0.1092 3.396 0.2775 YA
T3/T4’ Circuit 0.423 5.92
Clamp, " 12 Single Tube
Tefion N/A N/A N/A >1x10 >1x10 N/A N/A N/A N/A N/A 0.0447 N
DG26 0
Clamp, , Single Tube 11.6
Red/Black N/A 1.3x10 <50k N/A N/A N/A N/A N/A 07215 | 0.0862 N
Coating 0.390
Clamp, oA b Single Tube
White >1x10" | >1x10" N/A >1x10" | >1x10™ N/A N/A N/A N/A N/A 0.0325 N
Rubbe{) 0.002
WH29
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Table 3

DRY ELECTRICAL MEASUREMENTS (PHASE I)

Clamp, Single Tube 2.9
Black N/A 6.0x10° <50k N/A N/A N/A N/A N/A 0.5765 0.3420
DG32" 1.240
Wiggins 24 2.4
Coupling, 0.7 6.0x10’ 6.0x10’ <50k 3.034nF | 0.4115 | 3.040nF | 0.4116
Fuels Lab, 7.85 7.87
(purple)”
Wiggins . s s 5.6 5.6
Coupling 13.7 1.0x10 1.0x10 5.0x10 3.818 0.1788 3.823 0.1782
T11/T12" 4.29 4.28
Teflon
Clamp, >>1x10"? | >>1x10"2 0.0494
DG26" 0.001
Wiggins 57 58
Coupling 3.580 0.1754 3.582 0.1714
T11/T127 3.93 3.83
Wiggins 4.0 4.0
Coupling 0.2 1.0x10° 1.0x10° 5.0x10° 2.294 0.2477 2.300 0.2471
T11/T12'° 3.57 3.57
Wiggins 1x10" 0.2950
Coupling 2.5x10° 0.3431
T Short -0.093
Section
Wiggins 40.0 26.6
Coupling, 4x10"° 1.2x10° 3.5x10'"° 1.6x10° 0.1000 0.025 0.1199 0.037
Fuel %.Bab, 0.016 0.027
#2
Wiggins .
Coupling, 1.5x10"° 1.3x10"
Fuel Lab,
#219

L60-/6 STH/TM
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Wiggins

Coupling,

Fuel Lab,
#220

Table 3

DRY ELECTRICAL MEASUREMENTS (PHASE

0.089%®

e

6.5k

s

7.0x107

2.4x10’

8.7k

28.5k

37.0k

1.0x107

2.6x10°

9.5x10"°

9.0x10"

>1x10'2

>1x10"
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4.75x10"

Table 3

DRY ELECTRICAL MEASUREMENTS (PHASE I)

ST1000
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Table 3

DRY ELECTRI CAL MEASUREMENTS (PHASE 1)

1

5 MAR 97 (72.3°F, 28.8u%RH); Punch through of anodized | ayer occurred 3 MAR 97 when trying to take a resistance

measur enent a 250 volts.

1A

1B

2A

28

3B

5

6

Current nust pass through both O-rings & anodized |ayer.

Measurement recorded in mini Sienens.

5 MAR 97,

Resistance T2 to either Male or Female is <50k ohns. T1 to Female is 2x10°, Tl to male is 2x10°.
Negative capacitance due to little or no resistance from femal e coupling to fuel tube.

5 MAR 97;

Safety wire disconnected during this neasurenent.

5 MAR 97; Safety wire was installed on this coupling.

5 MAR 97;

5 MAR 97: These neasurenents were taken before it was realized that T4 ground had fallen off or was not connected.

See test #7 for the conplete set of neasurements for this coupling.

6a

q
|

7A

8

9

Safety wire novenent seenms to influence capacitance neasurenent.

5 MAR 97; “Touching” contact produced Sinmilar capacitance to that measured through drilled hole and clanp.

Safety wire novenent seems to influence capacitance neasurenent.

4 MAR 97 (71.5°F, 3RH); There is only one capacitance neasurenent for the isolated clanp. Its value was recorded in
the nal e capacitance col um.

5 MAR 97, (TA4C44D28AF) There is only one capacitance neasurenent for the isolated clanp. Its value was recorded

the nal e capacitance col um.

9A

30

Measurenent recorded in mni Siemens.

5 MAR 97; There is only one capacitance neasurenent for the isolated clanp. Its value was recorded in the male

capaci tance col um.

000119
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Table 3

DRY ELECTRI CAL MEASUREMENTS ( PHASE 1)

1oA Vol ume resistance neasurement of clanp taken w thout fuel tube using an ASTM F150 el ectrode and a base netal plate.

" 5 MAR 97;
1t 5 MAR 97;
& 5 MAR 97;
i 5 MAR 97;
B 5 MAR 97; After addition of feed through wire (not in test stand). The feed through wire was connected to the safety
wire on the coupling. Capacitance neasurenents were neasured first. I nadvertently applied 250 volts to the coupling during

the resistance test and broke down the anodi zed |ayer.

1 5 MAR 97; The fermale side of the coupling was readjusted in an attenpt to renpve the short circuit caused by
i nadvertently applying 250 volts w th megohmeter.

v 5 MAR 97; This test was done to check the variation of resistance and capacitance measurenents while varying the O
. ring pressure. The order fromtop to bottom are |oose connection, initial contact, tightened. The short occurred with both
o the Beckman negohmeter and Fl uke ohmmeter.

18 6 MR 97; 1 inch test coupling with the original O-rings that were in it. The resistance neasurenents were

approxi mat e val ues.

1 6 MAR 97; 1 inch test coupling with “new O-rings installed.

20 7 MAR 97; 1 inch test coupling with the highest resistance Orings that were readily available installed. Prepari ng

for possible test.

2o Measured with Becknan Megohmmeter due to high resistance.

208 Measurement taken with contact pressure only, no clanping.

2 3 MAR 97; Measurement made with Fluke ohmmeter.
2 3 MAR 97; Measurenments made with Beckman Megohmmeter.
2 3 MAR 97; Measurenent made with Fluke ohmmeter.
# 3 MAR 97; Measurement nmade with Fluke ohmeter.

L60-L6 STR/TM
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Table 3

DRY ELECTRICAL MEASUREMENTS (PHASE I)

25

26

27

28

29

9¢€

127000

MAR 97;

MAR 97;

MAR 97;

MAR 97;

Measurement made with Fluke ohmmeter.

Measurements made with Beckman Megohmmeter.
Measurements made with Beckman Megohmmeter.
Measurements made with Beckman Megohmmeter.

Measurements made with Beckman Megohmmeter.

L60-/L6 STW/TM
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Test Date: 26 MAR 97
Temp: 71.9°F
Hum: 24.8%RH

rTabple 4

BREAKDOWN VOLTAGE MEASUREMENTS (PHASE I)

Test Equipment:

Hewlett-Packard, HP4192A Impedance Analyzer

Beckman, L-10A Megohmmeter
Simco, PN25A Static Generator

Teflon Clamp' 49 > 10% 0.018 2000 2240 2270
Teflon Clamp’ 48.6 > 10%2 0.025 2430 2420 2420
Teflon Clamp’ 45.6 > 10% 0.033 2920 3110 3550
Silicon Based 43.9 > 10* 0.150 7400 6900 7000
Clamp’

Wiggins 530 2 x 10° Not Measured See See See
Coupling T7/T8° Footnote®® | Footnote®® | Footnote®

! Teflon thickness approximately 0.020 inches
? meflon clamp located over coated area of fuel tube
® Teflon thickness doubled under clamp near arc point to increase spacing (gap)

* Test conducted 2 April 97,

71.5°F, 13.8%RH

> Wiggins Coupling still containing the electrical tape modification from 5 March 97 fuel spray testing.
(power supply voltage set to +20KV but output appears

5a

Little or no potential observed on outer shell

loaded down by a low resistance load)

L60-L6 STH/IM
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Wiggins
Coupling
T7/T8’

Table 5

Wiggins
Coupling
T7/T8°

Wiggins
Coupling
T7/T8°

Wiggins
Coupling
T7/18*

Wiggins
Coupling
T7/18°

720

0.338

1.018

Wiggins
Coupling
T7/T8°

<1

0.196

0.196

Wiggins
Coupling
T7/T8’

<1

0.195

0.195

£21000

£60-16 STW/TIM
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Table 5

DRY ELECTRI CAL MEASUREMENTS (PHASE 11)

1

nmeasur enent

1A

1B

2

3

4

7 MAY 97;

Vol une resistance neasurenents reported were O-ring tests prior to assenbly into the coupling.

was dry and the second was made with the lubrication used for assenbly of the coupling.

The coupling was fairly loose, it was not tightened.

This neasurenent was with the fuel tubes separated as far apart as possible.

7 MAY 97;
7 MAY 97;

7 MAY 97;

and not all the

5
their

6

7 MAY 97;

This measurenent was made with both fuel tubes angled out of the coupling.
This measurenent was made with the fuel tubes in as close as possible to each other.

This neasurenent was nmade with the fuel tubes approximately nid range from each other
way in together)

These neasurenents were nmade with a | oose coupling, not tightened, and with the fuel

nmaxi mum posi ti on.

7 MAY 97;

position.

7

27000

7 MAY 97;

(not all

The first

the way out

tubes separated by

These measurenents were nade with the coupling tightened and with the fuel tubes separated by their maxi mum

These neasurenents were made with the fuel tubes together as close as they could be.

L60-L6 STW/IM



Table 6

BREAKDOWN VOLTAGE MEASUREMENTS (PHASE II)
Test Date: 7 MAY 97 Test Equipment: Hewlett-Packard, HP4192A Impedance Analyzer

Temp: 74.4°F Beckman, L-10A Megohmmeter
Hum: 21.6%RH Simco, PN25A Static Generator

0%

21000

Wiggins Coupling
T7/T8 with Viton
O-rings®*

95

~ 1012

1A

Footnote

Wiggins Coupling
T7/T8 with Viton
O-rings™*

1.8x10%°

<< 5x10%

Footnote®®

Wiggins Coupling
T7/T8 with Viton
O-rings™*

2x10**

3x10°

<< 5x10%

Footnote®®

Wiggins Coupling
T7/T8 with Viton
O-rings™’

2x10%°

8x10°

<< 5x10%

Footnote®®

Wiggins Coupling
T7/T8 with Viton
O-rings”

6x10*

4x10t

<< 5x10°?

Footnote™

Wiggins Coupling
T7/T8 with Viton
O-rings”

5x10%

4.5x10%

6x10*°

5700-5780

Wiggins Coupling
T7/T8 with Viton
O-rings’*

No
Discharge

Wiggins Coupling
T7/T8 with Viton
O-rings’***

= 3500

Wiggins Coupling
T7/T8 with Viton
O-rings™

3000-3400

L60-L6 STH/TIM
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\ngglns Coupling

T7/T8 with Viton
O-rings™

BREAKDOWN VOLTAGE MEASUREMENTS (PHASE II)

Table 6

Wiggins Coupling
T7/T8 with Viton
O-rings™

36-45

Wiggins Coupling
T7/T8 with Viton
O-rings™*

59-74

Wiggins Coupling
T7/T8 with Viton
O-rings™**

56

Wiggins Coupling
T7/T8 with Viton
O-rings™"

76

Wiggins Coupling

T7/T8 with Teflon

O-rings™

36

L60-L6 STW/TIM



221000

Y

Table 6

BREAKDOWN VOLTAGE MEASUREMENTS (PHASE 11)

‘'Renoved the original pair of Orings from T7/T8 Wggins coupling and installed a pair of higher resistance
Viton Orings. The identifier T7 corresponds to the fuel tube on the female coupling/shell side, and 18

corresponds to the fuel tube on the nale coupling/shell side. The test voltage was applied to T7 fuel tube
and nonitored with a charged plate nonitor. A ground wire was connected to the fermale coupling/shell only.

1A The applied vol tage reached approxi mately 1000 volts then decreased back towards O volts.

‘i Repeated test #1 resistance measurenents to see if the resistance measurements have changed after power
was applied in test #1.

2A Breakdown Voltage not attenpted with Sinto power supply. Shorting and/or breakdown occurred during
resi stance measurement at 1000 volts.

“ii Repositioned fuel tubes to try to electrically separate both tubes from the inner |ocking ring. The
anodi zed layer is apparently breaking down between two metal surfaces in contact with each other.

3A Breakdown Voltage not attenpted with Sinto power supply. Shorting and/or breakdown occurred during
resi stance measurement at 1000 volts.

‘v Applied less clanmping force to the coupling in an attenpt to electrically isolate the conponents.

4A Breakdown Vol tage not attenpted with Sinto power supply. shorting and/or breakdown occurred during
resi stance measurenent at 1000 volts.

*Renmoved red locking ring from the coupling in an attenpt to electrically isolate the conponents.

5A Breakdown Voltage not attenpted with Sinto power supply. Shorting and/or breakdown occurred during
resi stance measurement at 1000 volts.

“i Renoved split rings in addition to the locking ring in an attenpt to electrically isolate the conponents.
Applied power to fuel tube 78 and monitored with charged plate nonitor. Gounded male coupling/shell only.

vii Locking ring and split rings still renoved. Applied power slowy to fuel tube 18 and nonitored fenale
coupling/shell with charged plate nmonitor. Gounded fuel tube T7. Sinto power supply set between 5000 and
6000 volts when breakdown occurred.

“iii Locking ring and split rings still renoved. Applied power slowy to fuel tube 18 and nobnitored female
coupling/shell with charged plate nonitor. Gounded fuel tube T7. Sinco power supply set between 5000 and
6000 volts when breakdown occurred.

L60-L6 STR/IM
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Table 6

BREAKDOMWN VOLTAGE MEASUREMENTS ( PHASE 11)

‘“Locking ring and split rings still renoved. Pul l ed fuel tubes out away from each other as far as they
would go. Angled T7 fuel tube slightly to make a smaller gap to the coupling/shell. Applied power slowy
to fuel tube ™8 and nonitored female coupling/shell with charged plate nonitor. G ounded fuel tube T7.

Sinto power supply set at approximately 6000 volts when the breakdown occurred. CPM vol tage only dropped
about 400 volts during breakdown.

*Same setup conditions as test #9 except that power was applied to the femal e coupling/shell and the female
tube T7 is grounded.

* Locking ring and split rings still renoved. Measured capacitance from femal e coupling/shell to fenmale
fuel tube T7 with no other connections to test coupling/shell or fuel tubes. positioned fuel tube in
various position to get a range of capacitances.

‘“ii Measured capacitance from fermal e coupling/shell to female fuel tube T7 with no other connections except
that fuel tube 18 was grounded. positioned fuel tube in various position to get a range of capacitances.

“iii Installed red |ocking retainer. The two split rings are still renoved. Applied power to fenale
coupling/shell and nonitored with CPM G ounded femal e tube T7. Capaci tance neasured from fenale

coupling/shell to fermale fuel tube with nothing else connected.

‘“iv 8 May 97. Conpletely assenbled coupling with split rings and red locking retainer. Applied power to
femal e coupling/shell and nonitored with CPM G ounded female tube T7. Capacitance neasured from female
coupling/shell to fermale fuel tube with nothing else connected.

x 8 May 97. Viton Orings renoved and replaced with Teflon O rings. Conpl etely assenmbled coupling with

split rings and red retainer. T7 and 18 fuel tubes have exchanged positions (i.e. T7 is now on the male
coupling/shell side) . Capacitance neasured from female coupling/shell to female fuel tube with nothing else
connect ed. Internal arcing occurred between 500 and the 1000 volt meghommeter settings when taking

resi stance neasurenents.

L60-L6 STH/TM
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PHASE | 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 TY/TIO.

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

Results: O-rings #2 and #6 were static dissipative (1OE6 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 10E70hms 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 aso measured with the o-rings installed in a Wiggins coupling. A resistance
measurement of 250 volts on Wiggins coupling T9/Tl O 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 alow 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

0001390
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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 5kvolt) 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 10E1 2 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, TUT2, T3/T4, T5/T6,
T7/T8, TYTI O, and T1I/TI 2. 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 (T1 1/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: 8 1.3°F
Fuel Conductivity: 10 pS/m at 69°F
Fuel: Jet-A from JFK
Target: TL1/TI 2 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 buildup 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 buildup 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
Fina Resistance: 1.2E7 ohms
Initial Capacitance: 10380 picofarads
Final Capacitance: 10883 picofarads

Results: There was no voltage buildup 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 upon 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
Fina 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 werein

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 I-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 |E 12 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
Fina Resistance: greater than IE12 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 1 El 2 ohms
Fina 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 naxi num achi evabl e charge on the clanp was higher for fuel flowng froma cracked Orifice than for
fd flow ng from asngleholed 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.

Comrent s:  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 1E 12 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 IE12 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 I-inch Wiggins coupling, (O-ring
resistance greater than IE11 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: 1.2E1 1 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 1E 11 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 11

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 thanlO pS/im

Fuel Flow Rate: 3900 ml/ 2min.

Target: Fuel surface (4-inch depth)

Meter settings, conversion factor: Fuel Surface meter, 10X scale (O- 10,000 volts), Output O-1
volts; Air/Mist meter, 1X scale (O-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 meterswere used t 0 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. 5pS/m at 72°F
Target: 8 1/2X 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 1/2X 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 dlight 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 1/2X 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 O 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 1/2X 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 O and -0.42 nanoamps.

Comments: The ground connection to the spray breakup 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 1/2X 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
unbending 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 1/2X 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 tol 15°F at conclusion of test
Distance to Target from Nozzle: 24 inches
Target: 8 1/2X 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 Il

Resullts:
Fuel Temp: 58°F, Target Plate Current: -170 picoamps
Fuel Temp: 7 I1“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 118°F
Distance to Target from Nozzle: 18 inches
Target: 8 1/2X 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 atarget 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 dlight 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 dightly 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 1/2X 12-inch epoxy chromate coated aluminum target plate (coated side facing fuel
flow). Isolated from ground with Teflon sheeting.
Target Angle: varied from O 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 atarget 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: 5 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 O to 60°, measured from horizontal

Target: 8 1/2X 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 1/2X 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 atarget 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 |, Test 1.

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

Assembled coupling T7/T8: Female to Mae 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 |[E12 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 1/2X 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 O and 60°, measured from horizontal

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

Fuel Conductivity: 3 IpS/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 afunction 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
overal target plate currents and voltages than the 5pS/m fuel. There was a dlight 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 O and 60°, measured from horizontal
Target: 8 1/2X 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: Initia 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 —5 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 (-3 1pS/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 dlightly 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 O 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 118°F
Distance to Target from Orifice: 24 inches
Target Angle: 60°, measured from horizontal
Target: 8 1/2X 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 1 El 1 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 2.3E 11 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) of2.3E11 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 a5 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 1/2X 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 IE12 ohms
Fuel Catch Tank Isolation: greater than IE12 ohms
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Target Plate Capacitance: 54 picofarads (including wiring and charged target plate monitor)

Results: 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 .25E 11 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 1/2X 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 nanoarnps. The target plate voltage decayed by one half,
from 1090 to 538 valts, in five minutes.

The resistance measured between the target plate and ground after the fuel flow was stopped was much
greater than 1 E12 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 al 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 1/2X 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 aso contribute to changes
in the current and voltage values measured on the target plate. The fuel contact point on the target plate
also changed dlightly 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 dlot, 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 11 0°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 IE12 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: Severa 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 1 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
Fudl: clay treated Jet-A
Plate position/size: Parallel and facing each other, 1 X 2 X I/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
1.3E1 2 ohms at 200 volts
1.0E12 ohms at 500 volts
1.0E1 2 ohms at 1000 volts

Comments: The fuel resistance decreased with increased voltage potential between the conductive plates
by as much as one magnitude. A resistanceof|[E12 ohms was high in terms of alowing 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 5
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 breakup (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:

3inch 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

2inch el ectrode spacing (approximately)

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

(OHMS) (OHMYS) (OHMS) (OHMYS)

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 2.4E11 >>1E13

500 1.5E11 9.0E12 2.0E11 7.0E12
1000 1.2E11 7.0E12 1.8F11 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/1
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)

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) (OHMYS)
10 >>1E13 >>1E13
50 >>1E13 >>1E13
100 >>1E13 >>1E13
500 1.0E12* 6.0E12
1000 35E11* 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 breakup 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) 4inch X 3.5 inch duminum 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 of51 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.

Finaly, 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 a5 Ib, 2 Y2 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/Mae 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 5E11 ohms,
indicating that the anodized layer on mating surfaces of the Wiggins coupling was at least IE11
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 (¥2 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 +1 kV 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 voltsand lesswere used t 0 measure resistance between these surfaces. When al 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. Stadls-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 resulted
in apotentia of +3 volts.

Comments: Similar results were observed during this test as those on May 2 (test 55) using clay treated
Jet-A on a4 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 valts.

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 | 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 | and 11 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 pSIm 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 I1. 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 of6E11 ohms
would provide a sufficient y low resistive path for charge to flow. Second, sightly 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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W/MS 97-101

LI ST OF FI GURES

Fi gure Page
1 Scavenge punp relay with connector wring
at t ached. 4
2 Typi cal exanple of hot stanp markings on relay

connector Wwring. Not e depth penetration of
the mark. A close-up of the seven mark is shown
at the top. 4

3 Note the lack of hot stanp penetration into the
insulation of the top wire sanple. Thi's was
stanped using a current generation nachine. 5

4 Crack found to propagate from a hot stanp mark.
Optical inspection revealed the conductor was
exposed. 5

5 Cross section of the wire showng three |ayer
construction and depth penetration of the hot
stanmp mark. Note thickness of layers and tota

t hi ckness at bottom right. Consi der abl e
t hi ckness variability was noted in the inner
white layer. Al so note deformation in the

inner layer at the mark sites.

6 Per pendi cul ar cross section show ng depth
penetration of the hot stanp marks. Not e
that all three insulation |ayers were
penetrated (0.07 mm insulation was renaining
at the mark site) and the inner white |ayer
was defornmed by the stanping process. 7

7 Lateral cross section showi ng multiple hot
stanp sites. Note variability of depth
penetration fromright to left. Also note
cl ose-up of upper left mark show ng that
the mark penetrated all three insulation
| ayers .
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Fi gure

10

11

Lateral cross section of a different wire
than from Figure 9. Again note depth
variability of the mark fromright to left.
The inset image shows a close-up of a single
mark site. Note all three insulation |ayers
were agai n penetr at ed.

FTIR spectrum of the outer white insulation
| ayer

FTIR spectrum of the m ddle anber or brown
i nsul ation | ayer.

FTIR spectrum of the inner white insulation
| ayer.
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W./MS 97-101

Anal ysis of Hot Stanmped Wring

PURPOSE

Exam ne submtted wire for electrical or nmechanical danage.

FACTUAL DATA

The National Transportation Safety Board (NTSB) requested
analysis of a scavenge punp relay with an attached connector and
wire bundle renmoved from 747 aircraft N93119 weckage (Figure 1)
Submitted hardware was renoved from the ocean and had been
identified, inspected, and tagged by investigators. Fi ndi ngs
concerning the relay are given in evaluation report W/MS 97-86.
The connector wiring portion was inspected and the w re markings
had deeply penetrated the insulation (Figure 2) . These narks
were consistent with a hot stanp marking process. For conparison
purposes a hot stanp nmarked wire in 1997 is shown next to a relay
wire in Figure 3.

The relay wiring was reported to be 20-gauge BMS 1342A
(Poly-X) insulation. Two mar ki ngs were not ed. One was narked

using ink and consistent on all wires (w42/1/1/20) . The other
was hot stanped and different for each wire (as an exanpl e:

W 74- Q 06) In at |east one location, a crack was noted in a hot
stamp mark (Figure 4) . I nspection with an optical m croscope

reveal ed the conductor was exposed. Exposed conductors were
al ways associated with a crack. There was no evidence of arc
tracking or thermal degradation from sustained current flow

Sections of four wires were renoved from the relay connector
and cross sectioned to ascertain the depth of the hot stanp
marks . Perpendicular and lateral cross sections are shown in
Figures 5, 6, 7, and 8. The multiple insulation |layers can be
seen clearly in Figures 5 and 6. Three wapped |layers (white,
anber, and senitransparent) were noted. An average thickness of
each layer is given in Figure 5. The average total insulation
t hi ckness was 201 urn (Figure 5) . Consi derabl e thickness
variability was noted in the inner white |ayer (Figures 5 and 6)
Also note deformation in the inner layer at the mark sites in
Figures 5 and 6. The insulation thickness was significantly
reduced in the nmarked areas (Figures 5 and 6)

Figures 7 and 8 show the uneven mark depth in the |ateral
cross sections and penetration into the inner layer insulation in
cl ose—up areas. The mninmum insulation thickness found in a
marked area was 28 urn (1.1 roils) as shown in Figures 7 and 8.

Each layer was chemcally identified using FTIR The outer
white and inner white, semtransparent |ayers were nearly
identical and the spectra nost closely matched references for
polyim de nmaterials based on pyronellitic anhydride and an
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al i phatic di am ne. The FTIR spectra for the mddl e anber | ayer
nost closely matched references for polyimde nmaterials based on
pyronellitic anhydride and di am nodi phenyl ether. A spectrum for
each layer is given in Figures 9, 10, and 11)

SUMNARY OF FI NDI NGS

In many areas the hot stanp marking process penetrated al
three layers of wre insulation

There was considerable variability in the depth penetration
of the hot stanp marks.

Cracks initiated from several hot stanp marks.

The mark sites did not exhibit any arc tracking or

?Topagation damage typically associated with sustained current
oW.
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Figure 1. Scavenge pump relay with connector wiring attached.

Figure 2.

Rotated
90 degrees

Typical example of hot stamp markings on relay

connector wiring. Note depth penetration of the mark. A
close=-up of the seven mark is shown at the top.

Mag: 17X
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MIL-W-22759/34 wire
Hot Stamped in 1997

Figure 3. Note the lack of hot stamp penetration into the
insulation of the top wire sample. This was stamped using a
current generaticon machine.

Figure 4. Crack found to propagate from a hot stamp mark.
Optical inspection revealed the conductor was exposed.
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White outer layer

'Hnt Stamp Mark Areas

Amber middle layer

White inner layer

Insulation Thickness
(average- 201um)
White outer layer-38um

Amber middle layer-41um

White inner layer-122 um

Figure 5. Cross section of the wire showing three layer
construction and depth penetration of the hot stamp mark. HNote
thickness of layers and toral thickness at bottom right.
Considerable thickness wvariability was noted in the inner white
layer. Also note deformation in the inner laver at the mark
sites.
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Hot Stamp Mark Areas

Figure 6. Perpendicular cross section showing depth
penetration of the hot stamp marks. Note that all three
insulacion layers were penatrated (0.07 mm insulation was
remaining at the mark site) and the inner white layer was

deformed by the stamping process.
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50 um

Hot Stamp Mark

Figure 7. Lateral cross section showing multiple hot stamp
gites. MNote wvariability of depth penetration from right to
left. Alsoc note close-up of upper left mark showing that the
mark penetrated all three insulation layers.
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50 um

Hot Stamp Mark

Figure 8. Lateral cross section of a different wire than from
Figure 7. Again note depth wvariability of the mark from right
to left. The inset image shows a close-up of a single mark

site. Note all three insulation layers were again penetrated.
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.

PR o | — . ' . ,.ﬁ.-._.‘z...._._.r.,w. S

04. wo -—rma. g g ; 3 . e
HE
Lo
| i
| B
T T s S A ¢
H i
-
| i
82,000 v o e R et & SN
! :
] i
il :
18. 000 #- .- DS SR e { SR | S
t ]
{ H
3 1
: i
l ;
i

0.000p - + oo ——
4000 socn 2000 1e00
FILE NAME, 68138-2 CONMENT: #8 INNER BROWN LAYER

Figure 10. FTIR spectrum of the middle amber or brown
insulation layer.
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Figure 11. FTIR spectrum of the inner white insulation layer.
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