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Figure 10. Electron microprobe elemental surveys of dark deposits sampled from the fuel quantity tank 
unit F44 Hi-Z terminal block (A) before and (B) after the month long sea water exposure. 
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Figure 2. Electron microprobe elemental surveys of (A) the gray deposits indicated in Figure lB, 
(B) an aluminum fragment and (C) a corrosion-resistant steel fragment from the surfaces 
shown in Figure 1 .  
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\sould require strict record keeping t h a t  includes applied I oltcigc. t e h t  cqiiipiiiciit 
t! pe. and any other parameters. 

7. Elcctrical testing of the same tcrminnl strip f'oiind that tliicl,cr deposits liad 
increased resistance. Resistance \\;is l ~ [ \ \ e e i i  101-4 to greater tlian 101. 7 oliiiis in 
the laboratory tests that did not con(rol opcr;itional altitude. li i i i i i idit!  . i i i i d  other 
atmospheric lwiables. 

8. Boeing reported testing two shipsets of' f3-747 liiel probes and coiiipensators tha t  
had been recei\.ed. The Yafet!. I 3 c ~ a r i l  subsccliientl!~ rccci\ ccl tiirthcr detail i n  
Bocing report 7564R. dated April 78.  1000 (desci-iption attaclic'il 1 .  

APRIL 20, 1999, MEETING AT AFRL 
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lJse of fbld-plated ring conncctoi .  
Sealant used in sh r ink  tubes. 
Separate inner a n d  outer la! e n  ot. \hi i n I \  tiibc 
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Feriule 
Shield Ground ‘Wire 

l rner  Shrink Tubing 

13FGoodrich Illustration of FQIS King Connector .Itt;ichmcnt to \\ irc 

‘l’he BFGoodricli representative stated that the impro\uiicii i  rcsulted in  ;I large 
reduction it1 FQIS accuracy problems and that the inaccuracies had heeii l w x d  on IeiiliLige 
currents through thc deposits. The BFGoodrich rcprescntati\citati\,e notccl t h a t  iipproxiiiiiitel! 
six 1 ears liad elapsed siiicc the change and that the time \\:is ncal-l! cqiial to the period 
t h a t  preceded the AFRL report. 

REPLACEMENT OF WIRING IN FUEL TAYKS 

L3oeing was asked about feasibilitl. o1’replacing I:QIS \\iring in  t\iel tanks \\ irh 
nickel-plated \\.iring as is used on the Model 777 airplane. In ;I letter 0 1 ’  I>ecember 7. 
1999. Doeiiig wrote that “overall, the \vholesale replacenicnt of’ 1’01s hiindles i i i  the 
t ank  is not recommended.“ The Boeitig letter is attached. 

On .Innuarlf 20. 2000. Boeing \\-rote that in addition t o  13I.~[ioodl-icli. at least t \ i o  

other companies prwide Lvire harness that  ha\^ terminations t1l;it ;ire resistant t o  
sullidation and the companies are Smiths Industries Aerospace - C ‘ i \  i I  S! stems - I IK. ;iiicl 

C‘inch Connector. Inc.: both of which supply fuel tank \\ire liarnesse:, t o  Ihwing. 
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16 June 1999 
B-H200-1671O-ASI 

490 L'Enfant Plaza East, SW 
Washington DC 20594 

Dear Mr. Swaim: 

The reference (a) letter forwarded seven terminal strips and provided total time and 

V4T 
onald J. Hinderberger 

Telex 32-9430, STA DIR AS 
Phone (425) 237-8525 
Fax (425) 237-81 88 

'CC Mr. A. Dickinson, IIC 



FROM : 42523781L?8 I N U  

I 

Org. B-H200, MC 67-PR 
Telex 32-9430, STA DIR AS 
Phone (425) 237-8525 
Fax (425) 237-8188 

TO : 

7 December, 1999 
B-H2OO-I 6839-ASI 

Mr. R. Swaim, A S 4 0  
National Transportation Safety Board 
490 L'Enfant Plaza East, SW 
Washington DC 20594 

Subject: Nickel-Plated FQIS Wiring, TWA 747-1 00 N93119 Ac i d e r  t ~ f f  
Long Island, N.Y. - 17 July 1996 

TUU rflrZaUui idu WI i w i i  IUI 11 ha 1wa;z iu ic  LU I ~;pidl;t: 11 IG ruts uuai iriiy II IUILCI IL)I I 

System (FQIS) wiring in fuel tanks with r ickel-plated wiring as is us 3d or the 
model 777 airplane. 

In order to replace silver plated wiring with nickel-plated wiring in th ? tan c, the 
entire harness would have to be removed and replaced. This is a c ifficult task 
on all of our airplanes. Every airplane requires a confined space erltry if an 
area with fuel vapor, requiring maintenatice personnel to wear the zlppropiiate 
safety gear. In addition, working in confined spaces of fuel tanks ciirries t7e 
risk of damage to the surrounding fuel system equipment. Replacsmenl clf wire 
bundles in center fuel tanks is somewhat easier than in the main ta 7ks, 
especially on the wide body airplanes, due to the large size of the Link. Ir our 
narrow body airplanes, even the center tanks are small and the wing tank:; 
have very small areas for access to the  wiring and probes. 

Overall, the wholesale replacement of R31S bundles in the tank is tlot 
recommended. I 

If you have any questions, please do no1 hesitate to call. 

Very truly yours, 

I 

fip* onald J. Hi derberger 



23 April 1998 
B-B600-16396-ASl 

. ~. . . _ -  

7; f 

~, 
, i. 

Mr. R.  Swaim, AS-40 
National Transportation Safety Board 
490 L’Enfant Plaza East, SW 
Washington DC 20594-2000 

AVU€-dME 

Dear Mr. Swaim: 

In your reference (a) email, you requested copies of reports on copper/siIver 
sulfides found on fuel probes and other components. In reference (b) you 
requested copies of reports on fuel pumps that may have had evidence of 
arcing as a result of coppedsilver sulfides. 

Subject: Copper/Silver Sulfides, TWA 747-1 00, N93119 Accident off Long 
Island, NY, 17 July 1996 

il .  Summary statement in response to reference (b) 
2. Letter No T-6757-1 -T1541, Boeing to Hydro-Aire 
:3. Engineering Report No. MS21053, dated June 17, 1988 
4. EQA Report No. 5892, dated April 15, 1991 
‘5. Laboratory Report No. 9-5576-P+CA-O25P, dated March 30, 1993 
‘6. Laboratory Report No. 9-5576-P+CA-O25PlI dated April 29, 1993 
,7. Report No. 9-5596-P+CA-212, dated Aug 15, 1994 
8.  Report No. 9-5576-P+CA-201, dated March 14, 1996 
9. Paper on Copper and Silver Corrosion by Aviation Turbine Fuel, by 

1 Raghunath P. Tripathi et al Apr 22, 1973 
, l o .  Institute of Petroleum, Silver Corrosion by Aviation Turbine Fuel, by B. J. 

Budd and R. P. Sanger, Sep 1970 
11 1. Report by Parker Hannifin Corporation, dated Sep 18, 1992 
12.Analytical Engineering Report No. 9-5576-WP-97-272, dated Aug 5, 1997 
13 Analytical Engineering Report No. 9-5576-WP-97-230, dated June 17, 1997 

1 
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Swaim 
B-B600- 1 6396-AS1 

If you have any questions, please do not hesitate to call. 

John W. Purvis 
Director, Air Safety Investigation 
Org. B-B600, M/S 67-PR 
Telex 32-9430, STA DIR PURVIS 
Phone (425) 237-8525 
Fax (425) 237-8188 

Enclosures: As noted 

cc: Mr. A.  Dickinson, IIC (w/o Enclosure) 
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RESULTS 

1. GENERAL CESC2IPTION OF FUEL 900ST PUMP A N D  COFPONENTS 

A .  BOOST PURP 

The main func t ion  o f  t h e  fuel  b o o s t  pumps i s  t o  supply fuel  
p re s su re  t o  t he  engine d r iven  fuel p u m p s .  There a re  f o u r  b o o s t  
pumps per  w i n g  ( F i g .  l ) ,  two f o r  each m a i n  fuel  t a n k .  Power f o r  
the pumps i s  115 vol ts ,  400 c y c l e s ,  3 phase a l t e r n a t i n g  c u r r e n t .  
External r e s e t t a b l e  10 amp c i r c u i t  b reake r s  a r e  i n  s e r i e s  w ’ t h  
each phase.  The pump m o t o r  i s  cooled by forced c i r c u l a t i o n  o f  
f u e l .  Consequently,  t h e  fuel  i s  in  d i r e c t  c o n t a c t  with t h e  wi re  
windings o f  t h e  motor s t a t o r  a n d  armature.  

E. STATCR 

The s t a t o r  component o f  t h e  p u m p  m o t o r  ( e . g .  F ig .  2 )  i s  composed 
o f  t h r e e  s e t s  o f  copper wire windings w o u n d  o n  a laminated s t e e l  
co re .  C o i l s  o f  wire frrjm the t h r e e  d i f f e r e n t  phases a r e  
sepa ra t ed  by i n s u i a t i n g  Faper.  E a c h  s e t  o f  wir,dings has a non- 
r e s e t t a b l e ,  i n - s e r i e s ,  thermal fuse  so lde red  t o  the end o f  t h e  
w i n d i n ? .  The o t h e r  1ez.d o f  t h e  fuse  i s  so lde red  t o  e l e c T r i c a 1  
l eads  c3vered w i t h  r e d ,  c r e e n ,  o r  b l a c k  colorer’  t e f i o n  
i r s u . a t j s n .  (The fuses  c r  windjncs w i l l  be referre.’  tz a s  
belgnging to e i t h e r  the r e d ,  green c r  black p h a s e s ) .  E2ch f u s e  
l e a d  c o r n e c t i c r :  i s  wra3ped w j t h  a t ” n  p l a s t i c  insulat‘ns f i l m .  
T3e f u s e  a n d  wrapped l eads  a r e  encased i n  a f i b e r c l z s s  s h e a t h  or 
sometimes m u ?  t i  ple shea ths  a n d  i nco rpor2 ted  i n t o  the windins w r a p  
a t  one e n d  of the s t a t o r  ( e . g .  F i g .  2 1 .  Durinc f a b r i c a t i o n ,  the 
efics c f  t he  s t a t c r  ? r e  ccnpressed ( r e c u i r e d  t c  s 2 t : s f y  a 
d i c e n s i c n a l  envelope)  w h i c h  r e s u l t s  i n  t he  fuse  c a s e s  b e i n s  
pressed i n t o  t k ~  ad jacen t  w ; n d i r , c s .  A f ’ n a l  s t e : :  i n  s t a t o r  
f a b r i c a t i c n  i s  a v a c u u i n  i n9 regna t ion  with ar, e ? o x y  varn i sh  a n d  a n  
over: bake. 

I I. DESC?:PT!CN CF STATOR COP?9NEYTS 

A .  WINDING #!?E 

The Ah’G 2 4  gauge wire ( C l a s s  2 2 0 ,  Type M 2  per M J L - U - 5 Z 3 C )  i s  
composed o f  a copper conductor surrounded by m u 1  t i p l e  l a y e r s  
(eich: were counted in seve ra l  i n s t a n c e s )  of  a polyimide f i l m .  
E a c ?  l a y e r  i s  approximately . O C O ! 3  inches t h i c k .  A f t e r  t h e  
s t a t o r  i s  v a c u u m  impregnated with t h e  epoxy v a r n i s h ,  a t h i n  epoxy 
f i lm  o f  va ry ing  th i ckness  (.00005 inches was  measured i n  one 
case!  c o v e r s  the polyimide l a y e r s  ( i n  a r eas  where t h e  v a r n i s h  had 
a c c e s s ) .  The i n s u l a t i n g  l a y e r s  may be seen i n  F i g .  9 .  

E .  FUSES 

The thermal fuses  a r e  composed o f  a non-conductive thermal p e l l e t  
ma te r i a l  ( p - t e r p h e n y l )  compressing t w o  s p r i n g  loaded s i l v e r  
plated c o n t a c t s  t o s e t h e r .  These components a r e  con ta ined  i n  2 
s i l v e r  p l a t e d  b ras s  fuse  c a s e .  One o f  t h e  i n t e r n a l  c o n t a c t s  
makes e l e c t r i c a l  c o n t a c t  with t h e  i n s i d e  o f  t h e  f u s e  c a s e ,  
r e s i ; : i nc  i n  a n  e l e c t r i c a l l y  h o t  c a s e .  A w i r e  i s  braze,? t o  t h e  
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end o f  t h e  f u s e  c a s e  p rcv id . , ng  one o f  t h e  fuse l e a d s .  The o t h e r  
l e a d  c o n s i s t s  o f  a w i r e  connec ted  t o  t h e  i n t e r n a l  c o n t a c t  2 n d  
i s o l a t e d  from t h e  c a s e  by a c e r m i c  i n s u l a t o r .  The f 2 s e  mode 
(No. 4 1 5 )  used i n  t h e  s t a t c r s  a c t i v a t e s  a: 4 2 0 O F .  

I I I. DESCR! F T I O N  C F  STATOF! DAMAGE 

A .  G E N E k 4 L  

T h e  e i g h t e e n  s t a t o r s  were examined and t h e  f i n d i n g s  r e c o r d e d  i n  
T a b l e  I .  There  were r u s t e d  a r e a s  on a lmos t  a l l  o f  the s t a t o r  
l a m i n a t e d  s t e e l  cores .  No s i S n i f i c a n c e  was a t t a c h e d  t o  t h ’ s  
s i n c e  No. 16  s t a t o r  e x h i b i t e d  n o  rus t ,  y e t  s t i l l  m a l f u n c t i o n e d .  
The e l e c t r i c a l  r e s i s t a n c e  o f  the  i n d i v i d u a l  phase  windings  was 
n o t  r e c o r d e d  s i n c e  i n  some c a s e s  wind ings  t h a t  were  o b v i o u s l y  
d e s t r o y e d  measured 1 ow r e s i  s t a n c e ,  i n d i c a t i n g  wi r e s  had f u s e d  
t o g e t h e r .  

S i x t e e n  o f  t h e  l e  s u b m i t t e d  s t a t c r s  e x h i b i t e d  e x t e n s i v e  a r c  
burned ? r e a s  covered  wi th  a b l ack  s o o t y  a p p e a r i n g  d e ? o s i t ,  ( r e f e r  
t c  F i g .  2 ) .  A f t e r  r e r o v ? l  o f  t h e  i n s u l a t i o n  wrappin:, t h e  a r c  
burned a r e a s  apclezrec a s  showr i n  F i g .  4 wi th  numerous w i r e s  
mey ted  t h r o u g h  a n i  i n  some i n s t a n c e s  f u s e d  t o  a d j a c e n t  w i r e s .  
Eich; c f  t h e  e i ; h t e e n  s t a t 3 r s  h a d  a r c  burned a r e a s  i n m e d i a t e l y  
benea th  o r e  c f  t:e thermai  f u s e s  ( r e f e r  t o  F i c .  3 ) .  I n  a l l  t h e s e  
i a ; t e r  c a s e s ,  wher; t h e  i n s a l a r ’ c n  and  l e a d  w i r e s  were removed a 
r ,o ;e  w a s  four,! i n  t h e  f u s e  c ? s e  ( s e e  F i s .  1 0 ) .  I n  t h e  r emz in ing  
t e n  s t z t s r s ,  ;:ve ha.’ a r c  b u r n e d  a r e a s  on t h e  end c f  t h e  s t a t o r  
o p p c s i i e  t’;e f u s e s  w h i i e  f c ,u r  !,ad z r t  b u r n e d  a r e z s  on t h e  f u s e  
e n d ,  b u t  n e x t  t o  t + e  c 3 r e .  One of t h e s e  s t a t c r s ,  Nc. E which 
e x h i k i t e . ’  on::/ a m i r , o r  a r c  b u r n  c n  t h e  s t a t o r  end o p p c s i t e  t h e  
i a s e s  { i i s .  :, ?issei t h e  E C r ,  e i e c t r i t a :  t e s t  i n s p e c t i o r .  The 
r e m z i n i n c  s t z t o r  ( N o .  18)  e x h i b i t e d  n~ s e v e r e  a r c  burns b u t  had a 
f g s e  wh’c5 10s: e l e c t r i c a :  cor;inui::i w i t h  no e v i d e n c e  o f  a r c i n g  
or b u r n i n s .  E x a m ’ n a t i o r  o f  t h ‘ s  f u s e  r e v e a l e d  e x t e n s i v e  
c c r r o s ’ o n  p i t z i n c  had p e n e t r a t e d  t h e  f u s e  c s s e  ( F i g .  6) e x m s i n g  
t h e  t h e r m :  p e . l e t  m z t e r i ? l  t o  fue:  (f:el has bee? shc’*,n c a p a b l e  
o f  d i s s o l v i n c  t k e  p e l l e t  m a t e r i a l ,  r e f e r e n c e  i c ) ) .  

- I  

c \  

S t a t o r  : ic. 1 E  wi th  t h e  c o r r o d e d  f i l se  c a s e  and S t z t o r  No. E were 
c o n s i d e r e d  t . + e  b e s t  examples  :s exsrr ine f o r  i n c i p i e n t  c a u s e s  o f  
tAe s t a t o r  r z z l f u n c t i c n s .  Any detects obse rved  o n  t h e  o t h e r  
s e v e r e l y  burned s:ators may have Seen produced by h i g h e r  c u r r e n t  
a n d  o v e r h e z t i n g  a s  a r e s u l t  c f  t h e  o r i g i n a l  m a l f u n c t i o n .  

B. C 2AC KS IN W!?E INSULATION 

Numerous c i r c u m f e r e n t i a l  c r a c k s  were o b s e r v e d  i n  t h e  c o p p e r  w i r e  
i n s u l a t i o n  ( F i g .  7 )  from a l l  s t a t o r s ,  i n c l u d i n g  t h e  new s t a t o r .  
These c r a c k s  were v i s i b l e  t o  t h e  naked e y e ,  a n d  t h u s  n o t  i n  
c o c p l i a n c e  w i t h  t h e  wi re  s p e c i f i c a t i o n  r e q u i r e m e n t s .  The c r a c k s  
were c o n s i s t e n t l y  obse rved  o c l y  a t  t he  convex s i d e s  o f  bends.  
There  was no c o r r e l z t i o n  w i t h  s e v e r i t y  o f  bend s i n c e  some o f  t h e  
nos t s e v e r e  c r a c k i n g  o c c u r r e d  O R  re1 a t i  vel y gen t1  e bends .  A i  S O ,  
s e v e r i t y  o f  c r a c k i n g  v a r i e d  c o n s i d e r a b l y  from s t a t s r  t o  s t z t o r .  

Scann ing  e l e c t r o n  i r i c r o s c o p j c  ( S E M )  a n a l y s i s  i n d i c a t e d  t h e  
c r a c k i n s  o c c g r r e d  i n  t h e  po iy imide  l a y e r s ,  F i c .  8 ( a  a n d  b )  
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shows t h e  u n d e r l y i n g  c r a c k s  a r e  b r i i g e d  by a s u r f a c e  f i l r n  
i n d i c a t i n g  t h e  epoxy f i l m  t o  be i n t a c t .  In  F i g .  0 ,  a w j r e  w i t h  
c r a c k s  i n  t h e  i n s u l a t i o n  was s e v e r e l y  ben t  t o  open t h e  c r a c k s  u p .  
T h i s  r e v e a l e d  t h e  f l a t  f r a c t u r e  s u r f a c e  o f  a p r i o r  c r a c k  i n  t h e  
po ly imide  l a y e r s  wi th  t h e  p l a s t i c a l l y  deformed e n d  o f  t h e  epoxy 
f i l m  s t r e t c h e d  o v e r  the l i p .  

When a s i m i l a r  w i r e  wi th  c r a c k s  on the  one s i d e  was squeezed  i n t o  
a z e r o  bend r a d i u s  i n  t h e  o p p o s i t e  d i r e c t i o n  no c r a c k s  o c c u r r e d  
i n  t h e  poly imide  o r  epoxy l a y e r s .  T h i s  t e s t  was performed on 
w i r e s  from t h e  n e w  and used s t a t o r s  w i t h  t h e  same r e s u l t .  T h i s  
showed t h a t  t h e  poly imide  i n s u l a t i o n  i s  c a p a b l e  o f  e x t e n s i v e  
d e f o r m a t i o n  w i t h o u t  c r a c k i n g  i n  a i r  a t  room t e m p e r a t u r e .  

These o b s e r v a t i o n s  and t e s t s  i n d i c a t e  t h a t  c r a c k i n g  o c c u r s  i n  t h e  
po ly imide  w i r e  i n s u l a t i o n  d u r i n g  s t a t o r  p r o c e s s i n g  s i n c e  t h e y  
were a l w a y s  on t h e  convex s i d e  o f  bends and were  o b s e r v e d  i n  a 
new s t a t o r .  The c o n d i t i o n s  p r e s e n t  d u r i n g  s t a t o r  p r o c e s s i c g  a r e  
unknown. T h e r e f o r e ,  t h e  c a u s e  o f  t h e  c r a c k i n g  was c c t  
i nves t i  g a t e d  f u r t h e r ,  

C .  FUSES 

A no ted  i n  S e c t i o n  I ? I A ,  one o f  t h e  most  f r e q u e n t  l o c a t i o n s  f o r  
a r c ' n a  ( e  ol ; t  o f  ! e  s t a t o r s )  wzs i n m e d i a t e l y  benea th  one  o f  t h e  
t h e m a l  f u s e s .  :r, 2 1 :  such c a s e s  t h e  f u s e s  were s e v e r e l y  danaged  
wi:h l a r s e  h c l e s  burned tqr3u:h :be f u s e  c a s e s .  T h e  burr, h c l e s  
d i d  n o t  o c c u r  i c  2 ' i y  cne l o c a ; i o n  CI: t h e  f u s e  c a s e s .  L,s showr, i n  
F i c .  1 0 ,  t h e y  occurr.6 ( A :  cn t h e  thermal  p e l l e t  e c d ,  ( 5 )  a l o n g  
t 5 e  s i d e  o f  :ne whcle c d s e  z n d  C C )  o n  t h e  end o p z o s i t e  t h e  
:herrnal p e l l e t .  M : t h  twc e x c e p t i o r s ,  a i :  t h e  damaged f u s e s  had  
1 0 s :  e l e c t r i c a :  con:inu!t-;. :n  cne  of t h e s e  e x c e p t i o n s  ( t h e  
o t h e r  was u n a v a i l a b l e  f o r  e x a x i n a t i c n )  t h e  b u r n  h o l e  was l o c a t e d  
on t h e  f u s e  c z s e  end o p p o s i t e  :!,e t h e r m 1  p e l l e t .  The c a s e  h z l  
me1 zed z r d  fused  t o  a n  i r .ner  c o n t a c t  i e a c  r e s u l  t i n s  i r ,  permnacent 
c o n t i n u i t y .  A I  1 t h e  unburned f u s e s  s t i  1 1  h a d  e l  e c t r i c a l  
c 3 n t i n u i t y  e x c e s i  f c r  t h e  cne  c o r r o d e d  f u s e  frcm No. If! s 7 a t c r  
( s e e  I I I A ) .  

A n  a n a l y s i s  o f  t h e s e  sarte t ype  o f  f u s e s  ( r e p o r t e d  i n  r e f e r e n c e  
[ c ) )  i n d i c a t e d  a poor  braze  j c i n i  c o n n e c t i o n  a t  one  end o f  t h e  
f u s e  m i g h t  be a s o u r c e  o f  s t e t o r  m a l f u n c t i o n .  T h i s  d i d  n o t  
a p p e a r  t o  be a common d e f e c t  i n  t h e s e  s t a t o r s  s i n c e  i n  irany c a s e s  
even though the  f u s e  c a s e  was s e v e r e l y  damaged. The b r a z e  j o i n t s  
were i n t a c t  wi th  no e v i d e n c e  o f  damace. 

To d e t e r n i n e  i f  t h e  remain ing  f u s e s  f u n c t i o n e d  n o r r a l l y  a number 
o f  the,? were  hea ted  i n  a n  oven t o  t e m p e r a t u r e s  between C O O O F  a n d  
4 5 0 0 ' .  A s  shown i n  Tab le  11, a l l  o f  t h e  n ine  f u s e s  t e s t e d  were 
a c t i v a t e d  i n  t h i s  t e m p e r a t u r e  r a n g e  i n d i c a t i n g  t h a t  o v e r -  
t e m p e r a t u r e  o p e r a t i o n  was n o t  a c o n t r i b u t i n g  f a c t o r  t o  t h e  S t a t o r  
damaoe. A s  n o t e d ,  two o f  t h e  f u s e s  had o b v i o u s l y  l e a k e d  s i n c e  
t h e  n o r m a l l y  d r y  thermal  p e l l e t  m a t e r i a l  was found t o  be wet  a n d  
s n e l l e d  s t r o n g l y  o f  f u e l  a f t e r  c u t t i n o  open t h e  f u s e  c a s e s .  
However, even t h e s e  f u s e s  a c t i v a t e d  p r o p e r l y .  

I n  numerous c a s e s ,  when undamaged f u s e s  s t i l i  e c c a s e d  i n  t h e  
shez:hs were  m e c h z n i c a l l y  s e p a r a t e d  from t h e  t o p  o f  t h e  coppe r  
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windings,  a powdery cor ros ion  product was observed a t  cracks i n  
the copper wire i n s u l a t i o n  ( F i g .  i i ) .  I n  severa l  c a s e s ,  a t r a i l  
of green cor ros ion  products could be followed from t h e s e  
l o c a t i o n s  through the f i b e r g l a s s  sheath d i r e c t l y  t o  cor ros ion  
p i t s  o n  t h e  fuse s u r f a c e .  
noted i n  S t a t o r  No. 18 where t h e  p i t s  penetrated the fuse c a s e .  
This cor ros ion  product was i d e n t i f i e d  a s  a copper c h l o r i d e  
compound, probably C u 2 C 1  (OH)3, by energy d i s p e r s i v e  X-ray 
a n a l y s i s  a n d  X-ray d i f f r a c t i o n .  

Page 5 

An extreme case o f  t h i s  w a s  a l r e a d y  

C l e a r l y ,  i n  some c a s e s ,  a n  e l e c t r o l y t i c  cor ros ion  couple had 
formed between the s i l v e r  plated brass  fuse case a n d  the copper 
wire .  Examining the  fuse  cases  c l o s e l y ,  inc luding  one from the 
new s t a t o r ,  revealed t h a t  a h i g h  percentage o f  t h e i r  s u r f a c e s  
were n o t  coated w i t h  epoxy. D u r i n g  s t a t o r  f a b r i c a t i o n  t h e  epoxy 
h a d  f a i l e d  t o  c o n s i s t e n t l y  pene t ra te  t h r o u g h  t h e  f i b e r s l a s s  
sheath t o  the fuse case s u r f a c e .  Examination o f  the f i b e r g l a s s  
sheaths  revealed t h a t  o c c a s i o n a l l y  t h e  epoxy f a i l e d  t o  bridge t h e  
gaps in t h e  f i b e r g l a s s  c l o t h  aliowing fuel  access  thrcugh t h a t  
b a r r i e r .  The major i ty  o f  the  fgse c a s e s  h a d  a black t a r n i s h  
( A g z S )  o n  the s i l v e r  p l a t i n g  which o u t l i n e d  the weave o f  the  
f i  berg lass  s h e a t h ,  providing f u r t h e r  evidence o f  fuse  c o n t a c t  
w i t h  f u e l .  When tihe fuse a s  well as  the lead connect ions were 
wrapye? w i t h  E p l a s t i c  f F l n ,  a s  wzs observed i n  severa l  s t a t o r s ,  
t h e  fuse cases  were observe6 t o  be i n  e x c e l l e n t  c o n d i t i o n  with no 
t z r - i  s h .  

F\s r c t e c  e a r l i e r ,  s t z t o r  ?is .  !E w a s  the o n l y  s t a t o r  w i t h o u t  an  
obv iz :s  a r c  bGrr, s x t  (czrrosicr, h a d  penetrated t h e  fuse c a s e ) .  
Lset2.i 1 ed  e x a s i n a t i c n  reveal ed v e r y  sna l :  1 ccal ized b u r n  s p o t s .  
There was a b l a c k  sooty appearing d e p c s i :  cover ing  the  wire i n  
a c e  case ( F i s .  12) w h i i p  i n  ar,o:ner there  was no d e p o s i t  p resent  
b u t  the  epoxy c o z t i n c  was d isco iored  a n d  s l i g h t l y  bubbled ( F i g .  
1 3 ) .  These b u r n  s ? o t s ,  sometiriles found cn the  o t h e r  s t a t o r s ,  
always occurred a t  a crack i n  the  wire i n s u l a t i o n .  Scraping the  
i n s u l a t i o n  f r c m  t h e s e  l o c z t i o n s  revealed a s l i g h t l y  t a r n i s h e d  or 
o x i d i z e d  copper s u r f a c e .  I t  appears  l i k e l y  t h e  b u r n  s p o t s  a r e  
the  e a r l y  s t a g e s  o f  the more ex tens ive  Erc burns cbserved i n  the  
o t h e r  s t a t o r s .  

DISCUSS ION 

There were severa l  c o n t r i b u t i n s  f a c t o r s  t o  tbe  s t a t o r  mal f u n c t i o n i n g .  
However, the primary one was cracking in  the  wire i n s u l a t i o n  which provided 
l o c a t i o n s  f o r  a r c i n g  t o  ad jacent  metal components inc luding  o t h e r  w i r e s .  
The observa t ions  of the  e l e c t r o l y t i c  corrosion products between the  wire and 
fuses  a t t e s t  t o  t h e  presence o f  e l e c t r o l y t e  and thus s u i t a b l e  c o n d i t i o n s  
fo r  a r c i n g  a t  a l l  l o c a t i o n s  i n  the  s t a t o r .  
l o c a t i o n  f o r  a r c i n s  was underneath the t h e m a ;  f u s e s .  

A p a r t i c u l a r l y  vulnerable  
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I .  Arc b u r n  a r e a s  o f  vary ing  d e s r e e s  were obse rved  in  :ne copper  windings  
o f  a l l  18 s t a t o r s .  The a r c  burns o c c u r r e d  a t  v a r i o u s  l o c a t i o n s  on t h e  
s t a t o r s ,  a l t h o u g h  i n  many c a s e s  unde r  a t h e r n z l  f u s e .  

2 .  C i r c u r f e r e n t i a l  c r a c k s  were obse rved  ( v i s u a l l y :  i n  t h e  po ly ix i i l e  
i n s u l a t i o n  o n  t h e  copper  wire i n  a l l  o f  t h e  s t a t o r s  ( i n c l u d i n g  t h e  new 
o n e ) .  These c r a c k s  were n o t  i n  compl i ance  wi th  t h e  wire s p e c i f i c a t i c n  
(MIL-W-583C). 
t h e  c a u s e  o f  t h e  c r a c k i n g  cou ld  n o t  be de te rmined .  

A 1  though c r a c k i n o  o c c u r r e d  d u r i n g  s t a t o r  p r o c e s s i n g ,  

3 .  The c r a c k s  i n  t h e  w i r e  i n s u l a t i o n  were t h e  pr imary  c a u s e  o f  t h e  a r c  
b u r n s  and r e s u l t i n g  s t a t o r  mal f u n c t i o n i n g .  

4 .  Most o f  t h e  f u s e  c a s e s  were t a r n i s h e d  a n d l o r  c o r r o s i o n  p i t t e d  a1 thcugh 
t h e y  s t i l l  r e t a i n e d  f u n c t i o n .  I n  t h e  few i n s t a n c e s  where t h e  f u s e s  
were wrapped i n  p l a s t i c  f i l m  t h e  c a s e s  e x h i b i t e d  n o  e v i d e n c e  o f  
t a r n i s h  or c o r r o s i c n  p i t s .  There i s  no requirement i n  t h e  
s p e c i f i c a t i o n s  for t h e  method o f  f u s e  in su1a ; i cn .  

ACK"OYLED6EHEHT.S 

Backsround i n f c r m z t i o n ,  ~ p c h . e r ,  i d e n t i f i c a t i o z ,  a n d  ne! ; fu l  d i s c u s s i c n s  
Rick S p a r k s .  
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TABLE I 
B A C K G R O U N D  INFORMTION A N D  VISUAL OBSERVATIONS 

a .  P l ane  
R e g i s t r y  No. 

b .  Date removed 
from p l a n e  Fuse W i n d i  ng  

No. 
d .  Date s tamped 

on s t a t o r  
e .  R e v i s i o n  

S t a t o r  1.D. c .  S t a t o r  S e r i a l  Condi t i  o~ C o n d i t i o n  Rerriar ks 

No. 1 a .  N . A .  
b .  N . A .  
c .  Y . A .  
d .  N . A .  
e .  Rev. E 

@ l a c k  f u s e  open ,  Large a r c  burn 
h o l e  burned i n  1 oca t e d  u n d e r  
f z s e  c a s e ;  Other  b l a c k  f u s e  
f u s e s -  ~ 3 0 6  

F e d  f u s e  o p e r ,  Larce  z r c  b u r n  
b ~ ' e  burned i.1 r e o i c r  l c c a t e d  b .  N . 4 .  

c .  0€8.1!66? c:se; OtTer f u s e s -  unde r  red  f u s e  
d .  N . S .  S Z C C  

e .  3 e v .  F 

Nc. 2 a .  - 
L a r s e  a r c  burr: 
r e g i o n  or i  f u s e  
s i c e  o f  s:ztor 
n e x t  t o  c o r e ;  
h ' i n d i  n c s  s r , c j r t e d  
t c  cere 

? l a c k  f u s e  o p e r ,  L a r g e  a r c  b u r n  
a .  " ; ' , e  burned i r :  r e s i o n  l s c a t e d  
c .  l l 8 2 1 i 3  f u s e  c a s e ;  
6 .  ? i / A  Ctner  f u s e s - s o c d  f u s e  
e .  R e v .  E 

Nc. 4 
b .  l / l - ; L ~  

under  b 'ack 

No. 5 a .  m B l a c k  f u s e  open ,  Laroe a r c  b u r n  
h o l e  burned i n  f u s e  r e g i o n  l c c a t e d  b .  1988 

c .  118dI!02 c a s e ;  under  b l  ack 
d .  3 /17/86  Other  f u s e s  good f u s e  
e .  Rev. F 
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TABLE I (Con t inued :  

a .  P l ane  
Resi s t r y  h'o. 

b .  Date removed 
f r o m  p l a n e  Fuse k ' jndi  n ?  

S t a t o r  I .D .  c .  S t a t o r  S e r i a l  C o n d i t i o n  Condi t i  or: Remarks 
No, 

d .  Date s tamped 
o n  s t a t o r  

e. R e v i s i o n  

Black f u s e  o p e n ,  Large a r c  b u r n  
h o l e  burned i n  r e g i o n  1 o c a t e d  

No, 6 a -  u 
5 .  1/24/88 
c .  06841167 f u s e  c a s e ;  unde r  b l a c k  f u s e ;  
d .  4 / 2 9 / & 4  Other  f u s e s  :cod k ' i n d i n c s  s h c r t e d  
e .  R e v .  F t o  c o r e  

No. 7 a . N I! ,A 

Nc. e a . Y ,' ,: F y s e s  cocc  Sma:: b u r i e d  ReFcr ted  t o  
b . N , ' .:, ( w r a ; 9 e d  < r l o c a t i c n  on  be a p rope r  

p ;  2s t i c :  end 0 u p c ~ 1 : e  f u n c t i o n i n g  c .  1CE::l:: 
d . x ;, f I L S € S  s t a t o r ,  
e .  2 e v  F Cne o f  the 

s t a t 3 r s  f ror  
t h e  two pumr 
s e c t  t o  EQA 
wi th  t h e  
w a r r a n t y  
s e a l s  i n -  
t a c t  

No. 9 a .  N / A  Green f u s e  open ,  Larce  a r c  burr .  One o f  t h e  
b .  N / A  h o l e  burned irr recji o n  1 o c a t e d  s t a t o r s  fror; 
c .  0?&41:76 f u s e  c a s e ;  unde r  g r e e n  fuse  t h e  two pumi 
d .  N I F ,  Other  f u s e s  g o c c  s e n t  t o  EQA 
e .  N / A  w i t h  t h e  

w a r r a n t y  
s e a l s  i n -  
t a c t .  
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TABLE I ( C c n t i n u e d :  

a .  Plane  
Reg’s t r y  No. 

b .  Date removed 
from p l a n e  Fuse Windin9 

S t a t o r  I.D. c .  S t a t o r  S e r i a l  Cond i t ion  C o n d i  t i  c n  Remarks 
No.  

d .  D a t e  s t a m p e d  
on s t a t o r  

e .  Revi s ion  

Fuses good Large a r c  b u r n  
r e g i o n  on f u s e  b .  NIF, 

c .  1184118E s ’ d e  o f  s t a t o r  
6 .  6 / 7 / E c  nex t  t o  c o r e ;  
e .  Rev. F 

No. 10 a. 

W i n d i  ngs s h o r t e d  
t o  c 3 r e  

e .  ? e v .  F. 

c .  @ 5 & 5 1 2 2 4  
d .  4 / 0 / & 5  

r u s e s  3coc 

e .  Rev. i C s s e s  

No. 1 3  ab: e!! 
c .  04861304 
d .  N / A  
e .  R e v  F 

Fuses good LarGe a r c  bur:: 
r e g i o n  on f u s e  
s i d e  o f  s t a t o r  
n e x t  t o  c o r e ;  
Windi ngs s h o r t e d  
t o  c 3 r e  

B l a c k  f u s e  good,  Large a r c  burn 
2 .  _I Other  f u s e s  ! /A r e o i o n  on op- b. 3/1/88 
c .  028CC683  p o s i t e  s i d e  
d .  N . A .  

No. 14 

o f  s t a t o r  fro;;: 
e .  Rev E f u s e s  
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TABLE I ( C c n t i n u e d !  

a .  Plane 
R e g i s t r y  N o .  

b .  Date removed 
f r o m  p lane  F u s e  M i n d i n g  

S t a t o r  I.D. c .  S t a t o r  S e r i a l  Condition Condit ion Remarks 
No. 

d .  Date stamped 
on s t a t o r  

e .  Revis ion 

No. 15 a .  N / A  Green fuse  oper,, Large a r c  burn 
b .  N / A  hole burned in r eg ion  1 o c a t e c  
c .  ti/:. fuse  c a s e ;  under green 
d .  2 / 2 a / e 7  Other fuses  good  f u s e  
e .  R e v .  F 

' J S S S  3 0 0 3  S n i a l l  2 - c  b u r l  Very c l ean  
resi or i  1 c c a t e d  appearing b .  !/!8/52 
on f u s e  s i d e  s t a t o r  (1 .e  c .  ?, 0 0 5 4 c  

d .  3;2s::'25 c f  s:2:or next no rust o n  
e .  " e v .  F :c ccr f? ;  c o r e ,  windi 

! I  n ; n c i n z s  s?cr:ed r e l z t i v e l y  
t o  c G r e  f r e e  of re- 

No. 16 
..- 

s i d u e ) .  

c .  02e:1c;1 
d .  6/6/85 
e .  R e v .  F 

L z r s e  a r c  b u r n  
regiGn 1oca;Ec 
3 c  s ; d e  o f  
s t a t c r  c p p s i  t e  
fu ses  ; 
Windincs s h o r t e d  
t c  c o r e  

No. 18 a .  N / A  
b .  N / A  
c .  N / A  
d .  N / A  
e .  Rev. E 

B l a c k  fu se  c F e n ,  Windings appear  
co r ros ion  hole t o  be g o o d ,  
t h r o u g h  fuse  c a s e ;  no r e a d i l y  v ? s -  
Other fuses  ?cod i bl e ev idence  

o f  a r c i n g  
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L/' purrip rnctor , 

Fig. 1 Illustrations showing t h e  locations of t h e  fuel boost pump. 

location o f  f u s e  

/- 
Y I 

Fig. 2 Photograph o f  a stator c o m p o n e n t  Fig. 3 Photograph showing the thermal 

f rom a f u e l  b o o s t  pump (Mag. 0.75X) . f u s e  incorporated i n  t h e  winding 
insulation wrap (Mag. 1 . 7 5 X ) .  

Fig. 4 Photograph showing a typical arc burn 

after removal o f  insulation layers 

(Mag. 1 .6X) .  

ORIGINALS I H  
CENTRAL FILE 



arc +. n 

F i g .  5 P h o t o g r a p h . o f  t h e  S m a l l e r  F i g .  6 Pho tog raph  o f  t h e  f u s e  case  fr 

b u r n  a rea  l o c a t e d  on S t a t o r  No. 8. 
T h i s  s t a t o r  had passed t h e  EPA c o r r o s i o n  p i t t i n g  w h i c h  p e n e t r a t e d  

e l e c t r i c a l  t e s t s  (Mag. S X )  . t h e  c a s e  (Mag. 2 1 X ) .  

S t a t o r  No. 18 showing t h e  e x t e n s i v e  

F i g .  7 Pho toc raph  showing t y p i c a l  

c i r c u r n f e ~ e n t l a l  c r a c k s  i n  t h e  w i r e  

I n s u l a t i o n  ( F a g .  1 6 x 1 .  

F i g .  8 SEY p h o t o m i c r o g r a p h s  showing t h e  
u n d e r l y l n g  i n s u l a t l o n  c r a c k s  b r i d g e d  by a 
s u r f a c e  f i l m  ( M a g . ( a )  190X. ( b )  4000X). 



F i g .  9 SEI4 p h o t o m i c r o g r a p h  o f  t h e  

f r a c t u r e d  w i r e  i n s u l a t i n g  f i l m s  a f t e r  
s e v e r e  l a b o r a t o r y  b e n d i n g  (Mag. 1 O O O X ) .  

F i g .  1 1  P h o t o g r a p h  s h o w i n g  c o r r o s i o n  

a d j a c e n t  t o  a f u s e  (Mag. 1 6 X ) .  
p r o d u c t s  a t  c r a c k s  in t h e  w i r e  i n s u l a t i o n  

F i g .  13 P h o t o g r a p h  s h o w i n g  a h o t  s p o t  where  
s l i g h t l y  t h e  epoxy  f i l m  was d i s c o l o r e d  and 

b u b b l e d  (Mag. 3 2 X j .  

ay layer 

c 0 p p t? 1 .  . 
F i g .  10 Pho tog raph  of  t h r e e  a r - :  bu rned  

fuses  show ing  t h r e e  d i f f e r e n t  b u r n  h o l e  
l o c a t i o n s ,  A )  t h e r m a i  p e l l e t  end, 6) a1 
t h e  who le  l e n g t h ,  and C )  o p p o s i t e  t h e  
t h e r m a l  p e l l e t  end (Mag. 2 . 5 X ) .  

F i g .  1 2  P h o t o g r a p h  s h o w i n g  b u r n  s p o t s  

a t  c r a c k s  i n  t h e  w i r e  i n s u l a t i o n  

( M a a .  1 6 X ) .  
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TO: J .  I .  Murphy 
237-7410 

M/S 66-19 
R-6711 

NO.: 2-5323-UP-91-97 

ITU NO.: CHEM 8825 

DATE: March 20 ,  1991 

MODEL: EQA-757 

GROUP INDEX: 2-5323 - Analyt ical  Engineering, Chemical/Physical 

SUBJECT: Analysis of Wing T a n k  Indicator  Si lvered Braid 

BACK6ROUND 

quant i ty  i n d i c a t o r  from the  r i g h t  w i n g  tank of an 
had  a long h i s t o r y  of blanking a f t e r  only 750 ho 

The s i l v e r  
coated copper wire o f  both the  red and  the black harness  b ra ids  were observed t o  
exhibi t  a black coat ing where they protrude from t h e  terminal crimp connector,  
as shown in Figures 1 and 2 .  
contaminant and  t he  f a i l u r e  mode f o r  the ind ica to r  blanking problerr,. 

from t h i s  assembly which i s  submerged in  fue l  was removed. 

A request  w a s  received t o  i d e n t i f y  both t h e  black 

EXPERIMENTAL AND RESULTS 

The extent of t he  black contamination was determined by disassembly o f  the  
terminal crimp connectors .  
s leeve,  which was then removed t o  expose the  crimp connect ion.  
displays a photomicrograph o f  t h i s  crimp connection f o r  t h e  red termir,al a f t e r  
prying t h e  crimp a p a r t  enough t o  observe the  s i l v e r e d  wires  o f  t h e  b r a i d .  
F i g u r e  4 shows t h e  same region of the  black coded bra id  a f t e r  again using the  
jeweler’s  saw t o  remove h a l f  o f  the  crimp connector.  I t  i s  r e a d i l y  observed 
from these f i g u r e s  t h a t  t h e  black contaminant has migrated u p  i n t o  the  crimp 
connector even a f t e r  only 750 hours in  se rv i ce .  

A jeweler’s  saw was used t o  cu t  t h r o u g h  the  outer  
Figure 3 

The black coat ing on t h e  s i l v e r e d  wires was i d e n t i f i e d  by e l e c t r o n  microprobe 
spectroscopy t o  be composed o f  s i l v e r ,  copper and s u l f u r ,  as shown f o r  b o t h  t h e  
red and the black t e rmina l s  i n  Figures 5 and 6 .  
were a l so  acquired using an in f r a red  microscope, and a r e  presented in  Figures 7 
and,8. 
show t h a t  a hydrocarbon such as j e t  fuel remains adsorbed t o  both bra ids .  
addi t ion,  t he  o the r  bands in  the  spectra between 1100 and 1200 wavenumbers, more 
prevalent on the  red t e rmina l ,  a r e  due t o  the presence of s u l f a t e .  Bo th  s i l v e r  
and copper s u l f a t e  are white  and  therefore  d o  not account f o r  t h e  co lor  o f  t he  
contaminant. 
r i s e  t o  in f ra red  absorp t ions  in the region detected by t h e  in f r a red  microscope. 
Thus the inf ra red  s p e c t r a  shown are cons is ten t  with t h e  presence o f  s i l v e r  a n d  

Spec t ra  of t hese  contaminants 

From the  bands a t  1375, 1460 and near 2900 wavenumbers, t hese  spec t ra  
I n  

However, s i l v e r  and copper s u l f i d e s  a r e  b lack ,  and  d o  n o t  give 

copper s u l f i d e s ,  some of  which has been oxidized t o  s u l f a t e  e s p e c i a l l y  o n  the 
red braid.  
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PISCUSSION AND COHCLUSTONS 

Both silver and copper sulfides and sulfates are highly electrically insulating. 
Although the black contamination does not appear visually to have fully 
penetrated the crimp connection, the failure of these harnesses indicates that 
the contamination has disrupted electrical continuity even after a short service 
lifetime. The source of the sulfur in the contaminant is most likely jet fuel. 
Because o f  i t s  susceptibtlity to sulfidation, elemental silver should never be 
placed in contact with sulfur containing liquids. The sulfidation o f  the silver 
braid due to contact with jet fuel wil l  continuq to worsen w i t h  time, probably 
leading to more frequent blanking. A solution to this problem is to prevent the 
jet fuel from reaching the silver. At the terminal of the braid, this can be 
achieved by solder dipping of the crimp connector. 
alloys are not susceptible to sulfidation. 

Typical lead/tin solder 

'r 
\ 

Prepared by : 

Approved by : 

I 4  d& 
K. JJ. Ward, 2 - 5 3 2 3  
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LABORATORY REPORT 

Repon #: 9-5576-PeA-025P 
Date: March 30, 1993 

To: Don Fmwater 
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m: 
Phone: 

Subject: Preliminary R e p n  on Elccuical Connector anb Accessory Hardware Testing 
Sourct: 747,737, and DC- 10 Materials 
References ' \  

INTRODUCTIOIU': 
\ 

This is a preliminary rcpon on thc study of corrosion on clccrrical hardwarc from f u t l  ranks of 747, 
737, and DC- 10 aircraft O p c r a t c d  b -. Additional reports will bc issued as the srudy 
con tinucs. 

Mulnplc examples of c1ccmca.l hardwarc and connccton wcre rcccive for an evaluation of corroded 
wiring and terminals. The samples wcre from 747,737 and DC-10 aircraft. Additional marrriah will be 
evaluated as a conrinuation of h i s  study and will include testing to evaluate the nsistance to corrosion on 
exposure to commcrcial jet fuel for materials not previously exposed on aircraft 

Onc question to tx nsolvcd by this invcstiganon was LO dctermine the rclativc susceptibility of silver or 
nickel plared coppcr Win to corrosion i n  fucl tank environments and the mcchanism for that corrosion. A 
second question was rhc reliability of connecton amchcd to multisu-and coppcr wiring that has betr, nickcl 
or silver plated This report prcsenrs preliminary findings on both  of thcsc questions. 

RESULTS: 

Photographs 1, 2, 3, 4, 5, 6, 7,and 8 show the sarnplcs received to date. All of the silver plated 
copper wire exposed to fuel exhibited corrosion (Photographs 9, 10, and 11) .  Thc nicklc plarcd wirc 
showcd no corrosion. Thc relarivc exposure time of these samples in not known so care must bc takcn i n  
interpming these preliminary rcsults. Thc results to date do i n d a t e  that the silver plated copper Vnrc 
exposed to fuel does c o d e  over time. The nickel plated copper wire may corrode but the samplcs 
providd to dare do not exhibit the effects of even thc earlicst stages of corrosion. 

Thc corrosion on the silver plated copper wire contained nduccd sulfur spccics. Tests of the dark 
discoloration on the Teflon m p  insulation was also positive for rcduccd sulfur. Thc brown shrink wrap 
over the Teflon exhibited a very srrong reduced sulfur response. MicrcsFourier i n f m d  spccuoscopy 
indicated no hydrocarbon in these deposits after clcaning. This indicates that thc dcposirs arc sulfidcs. 
The black film seen on the corrcdcd wire is easily reduced to metallic silver by heating over an alcohol 
flame. This is also consistent with sulfidcs of silver. Rcduccd s u l f u r  docs play a significanr rolc in thc 
corrosion of thc silvcr. 

A n  cxamination of rhc cnmpcd and soldered terminals on the nickcl plated copper w i n  from thc 737 
aircraft appcarcd to be acccptablc (Photog3ph 12, 13, and 14). Tnc wiring formed 3 good cornprcssion 



. .  

. joint with the connector and the solder fomcd a tight seal 31 [he optn end of the connccror (Photograph 
15). The solder did not wcr the nickcl plate as well as it did thc dn platc on thc connccfor and a void can bc 
Sfen down thc ccnicr of thc wuc bundle bencath rhc terminal soldcr cap. Addirional sarnplcs will have IO 
be examin4 bur preliminary rcsulrs indicarc that nickcl plated copper wire would bc acccptablc in this 
app licari on. 

CON CLU S ION : 

Preliminary results indicate corrosion is degrading thc silver plated coppcr wire exposed to fucL The 
nickcl plated copper Wirt does not exhibit this corrosion but may not have been exposed as long as thc 
silver plated copper win may have been. The connector joint with the nickel plated coppcr wirt looks 
acceptable. The invcsdganon is mntinuing to evaluafe the mechanism mponsiblc for the cornsion of thc 
silver plated copper Wirt and to evaluate the nickel plaud wire as an acceptable replaccmcnt if it is 
demonstratad to bt less susceptible to corrosion. Reduced sulfur specics in the fucl are a likely corrosion 
initiator. Mv Orgn: 9-5576 

For W. L. Ragemann 
&pared By: AppmvcdBy: 

E. R. Crutchcr 
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Repon #: 9-5576-PtCA-025Pl 
Date: April 29, 1993 

To: Don Fitzwater 
orgn: 
M I S :  02-AK 
Phone: 294- 1857 or 773-7297 

Subject: Test Plan for Evaluadng Electrical Connector aiid Acccssory Hardwarc 

References: Repon 9-5576-P+CA-O25P 
Source: Fuel Tank Wiring and Connector Materials '1 

INIRODUCIION: 

This is the second prcIiminary repon on the studv of corrosion on clecmcal hardware from fuel tanks 
of 747,737, and DC- 10 aircraft operated by- Additional repons will be issued as the 
study continues. 

Many of the supplied samples from various aircraft have been studied in derail to characterize thc 
corrosion sccn on thc silver plated copper wire. A l i t e ram s m h  has also been conducted. One of the 
more interesting papers found in this search is included with this report It presenrs the rcsults of a series 
of experiments performed to charactcriz the relative fucl srability of silver and copper in airra.fr fucl 
systems. Their study was conducted in rtsponse to the grounding of an entire flect of aircraft in which 
silver had been used on the fuel pump slipper pads. We propose to design our performancc est of Wiring 
components in fuel bas& on some of their discoveries. This repon prcscnts additional findings on wiring 
removed from aircraft fuel tanks and ouches the Est procedun we intend to use for the evaluation of new 
wiring configurations. 

RESULTS: 

Earlier (see referenced repon) the corrosion on the silver plated copper win was found to be thc rcsdt 
of sulfidation, corrosion by the presence of rcduccd sulfur species. The two most active forms of sulfur in 
fuel are hydrogen sulfide from biological acdvity and elemental sulfur in solution from the mdc oil 
prccursor or as a result of fuel "sweetening" processes. Examination of cross-sectioned ConnectorS 
(Photographs 1 rhru 6) confmed  the role of sulfur i n  the comsion process (Photographs 7 thru 9). 
Photographs 7 and 8 illusmite the corrosion process seen in one of the DClO ConneCtorS (seen in 
Photograph 4, left side). It is typical of that seen in all of the silver coated copper w i n  connectors. The 
silver has been entirely convened to black silver sulfide (gray halo) and the copper wirc itself has bccomc 
severely pirted and in  some cases is completely corroded away. Photograph 9 shows the corrosion of 
brass bepnning in  rhc same conncctor.This corrosion took place along a small section of the brass only 
whek i t  contacted the Teflon insulation ncar whcrt the wire exited the connector at the end without 
shielding. The brass adjacent to the corroded silver and copper of the shield win exhibited no corrosion 
(Phoropph 8). Corrosion of silver and copper i n  aircraft fuel systems as a result of cxposurc to su l fur  is 
a well documcntcd problem (see papers auached). In thc case of silver coatcd copper wire i n  thc fucl 
System failure is most often due to corrosion based on unpublished custome: claims. This  claim would 
not setm unreasonable based on our cxaminarion of the wirinf, from fucl systems and thc l i icrature  on 



.- 

corrosion of copper and silver i n  fuel systems. Over time spans of many years i t  would be unusual if the 
wiring d d  nor fail as a result of corrosion. 

The dcvelopmenr of an experiment to evaluatc the relative age srabiliry or rcsistancc 10 corrosion of 
different combinarions of metals i n  &ng assemblies has progressed rapidly. Initially some of the older 
sections of wiring that &dn't exhibit corrosion wen placed in clean fuel from Boeing Field No 
degradation was evident over two weeks exposure. This was the expected result based on h e  non- 
corrosive rquircments of commercial jet fuel. We had performed this initial test in  clear glass bottles 
which compromised the results due 10 the case with which corrosion inhibiting peroxides are crcated in 
fuels by exposure to light This fact was dixoveruj in the subsquent lieram rtview. The design of the 
experiment we arc now proposing includes the use of dark containers, tlevatcd temperatures (40 C), 
copper sheet, silver sheet, a synthedc fuel of iscw>ctanc and toluene, and an elemental sulfur challenge. 
We propose to place each component to be evaluated in a test tank with a small snip of copper @er ASTM 
D 130), a small snip of silver (per British standard IP 227). and sufficient fuel to meet the volume to 
surface area nquircments of the standard m e t h d .  A budget for materials will be requ id  to implement 
the test (see attached list of supplies and quipmenr). 

' h  
CONCLUSION: 

Elemental sulfur in solution and hydrogen sulfide in the fuel an the most likely causes for the 
corrosion of the wiring in the fuel system. Elemental sulfur is a natural impurity in  fuel and can be 
introduced during thc normal fuel production processes. Hydrogen sulfide is often produced in fuel as a 
nsul r  of biological activity in storage tank water bottoms. Commercial aircraft can bc expectd to 
encounter these problems ar various times over the life of thc aircraft To evaluatt the pc;fomance over 
rime of different Wiring materials an experiment has been devised based on both American and British 
standarb to track thc rate of corrosion of these materials in  a synthetic fuel with a prtdctcrmined corrosion 
challenge. This experiment will qualitarively compare the corrosion rcsisrancc of these materials to one 
anorhcr and to pure copjxr and pure silver. A list of supplies needed 10 perform this experiment is 
anachcd. 

For W. L. Plagcmann 

2 
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Copper and Silver Corrosion by Avia t ion  Turbine  Fuels 

Raghunath P. Tripathi,’ lnder B .  Guloli, Shyam S .  Pandey,  a n d  Hor 5 .  Rohatgi 
lndron I r u w u t c  a/ Petroleum, Dchradun (U. P. ) ,  lnc‘a 

The corrosion in the fuel s y r k m  of oeroenginer hos been invoriobly ottribuled to some undesirable sulfur 
compounds present in  oviolion turbine f u e l s  (ATF’s). The corrosiveness of the fuel i s  meosured by  o combino- 
iim of copper  strip ond s i lver  strip corrosion tests. The present pope r  reloter v o r i m  aspects of corrosiveness 
of different types of sulfur compounds in ATF’s toword coppe r  and  silver. The corrosive oction of elemenlo1 
rullur in the presence of noturolly occurring sulfur compounds and  orgonic peroxides hor  been fully dis- 
cussed on the boris of erperimentol dolo. Of the various types  of sulfur c o m p m d r  likely to be present in 

ATF‘s, only hydrogen sulfide a n d  elemenlol sulfur were  f a n d  lo be corrosive io  copper  ond  silver ot very 
low dosoges. Noturolly occurring sulfur compourds and  peroxides were ob,e&ed io inhibit t h e  corrosive 
action of elemental sulfur to some exlent.  Si lver  i s  more susceptible t o  corrosion l h o n  copper .  

I .  Introduction 

The  problem of corrosion of metals i n  aeroe~igiiie fue l  sys- 
tems b), Aviatior. Turbine Fuels (ATF’s) arises maiidy from 
the c h m i m l  composition of the fuel and  the e n v i r o n m e n d  
conhtions during storage, Ast ibu t ion ,  and use of tlre product. 
The chcmiu! constituents n s p o u i b l e  for corrosion either 
originate from the source crude a d  the subsequent refining 
p r o a s w  used or arise thiougli bacterial contamination of 
the fuel depending on conditions ol storage and  subsequent 

The corrosion by ATF’s has beeii attributed b tlre preseiicc 
of sulfur mrnpounds (hentur,  e1 d., 1963, 1964). These may be 
inherently present in the  fue l  or ma). conierimes get introduced 
during sweetening trtntments such as i i i  “ D o c b r ”  and 
“Bender” procmes which use elenrentai sulfur for removal 
of mercapbns.  Besides, certain inicroorgoiiism, Vu., the 
sulfatereducing bacteria (R’achs, ei af., 1964) -11 g i v e  rise 
b corrosive hydrogen subide if the fuel is stored over stagnant 
mater bottoms containing inorganic sulfates. More  recently 
fuel-soluble chlorides (Love, CI ai., 1967) auociaLed witti 
“hypocliloritc and copper chloride sweekiiiiig proccscs” have 
a h  been report& to muse sticking aiid corrosio~i problen~s  in 
aircraft fuel pumps. 

In a majority of the chses, howver ,  tlie co r ros ivu im of 
Lbe ATP6 has been h c e d  to undcsirahle sulfur compounds. 
Owing to a number of copper and bran prrts used in the 
acrwipne fuel system, the corrosiveness of ATF’s is d e  
termined by the well-know1 ASThf D 130 ( !956,19a)  copper 
strjp corrosion Lest, which is based on discoloration o l  stan- 
dard copper strip immersed in the fuel a t  103” lor 2 hr. HOW- 
ever, kter rrhen some of the  aircraft fuel punips wd silver- 
Phld sliiiper pads on account of IlIei: satisfactory bearing 
Propertics CThompson, cf ol., 19C4),  i t  was observed t h a t  the 
CGSbl lg  colq)er strip corrosion test not  adequate t.a ensure 
t ~ ~ ~ ~ c o r r o s i v i t ~ ~  of the fuel LO tiicw sil\.cr surfarcs and  iieed 
ma: felr 10 ~ r ~ o r l i o r a k  n silver strip corrocion ~ e c i  flhornpsoil, 

ol., 19G1, Lludd nnd SJiiFe:, 1970) i i i  thc A’I‘F’s 5l)eci f ica- 
tion.. Duriiiz . \ u p ~ s t  1965 similar c a s u  of corrosion or siiver- 
Plated dipper pads of Carawlle aircraft lucl ]n.~rnps occurred 
111 India rlx, (Krishna, t i  a!., 19Gi), l a d i n g  to groundiilg o! 
t h e  entire Beet. The  fuel in  queztion p m e d  the existing copper 
Strip corrosion test and still C J W W ~  the  corrosion of silver- 
plaLed componenk. 

I handling facilit~es. 

’ 

1 
’ \  

I n  the light of these obxrvrtions, systematic s tud i t s  on 
t h e  muss and mode of corrosion of cop ie r  and silver surfacts 
n-ere considered. T h e  object of die present iiivestigzltion WAS 

to study the typs of sulfur compounds h t  un caux cor- 
rosion and t h e  maximum ratios of thcx compounds which un 
be tolvrted without -using corrosion ta either copper or 
silver strips under s t rnd r rd  conditions of the tats. The v a r k  
Lions in  composition of sulfur compounds and the inhibiting 
efiect of organic peroxides (Bentur ,  ef ol., 1962, 19crl) ~ O K A K I  
c o m i o n  b!- cleniental sulfur have also bee11 investigated. 
Three commercial ATF’s  m d  one sulfur-free ATF were 
c h o w .  Y a F i n g  r m o u n k  of hydrogen sulfide, elemental sulfur, 
m e r c a p u w ,  nlonorulhdes, disulfides, and  thiophene were 
added individually or i i i  d m i x t u r e  with elemental sullur, and 
t h e  corroziverius o! the resulting ATF’s tmvard copper and 
silvrr :trips was e u m i n e d .  T b e  eflect of pcrosides was studied 
by c \px ing  the ATF’s to sunlight aiid sulsequeiitl>, ex- 
amhi l ip  the e@ samples for tlicir corrosivrty. 

2. Experimental Section 

2.1. Materials. 2.1.1. Bulk ATF Stocks. For tliesc in- 
vestiptiouc t h e  follo\riiig four bulk ATF stocks ne re  u.4: 
( i )  ATF-.i, s h i c h  WAS obtained from Air  Service Statioii A ;  
(ii) ATF-B, lrhich WAS obtained from motlie: Air S e n i c e  
S h t i o n  B; (iii) ATF-C, which is a misture  of vrrious com- 
mercially acceptable ATF’s; (iv) ATF-D, wllich is a Ion  sulfur 
level -1TF (140-240° t r u e  boiling p i n t  cu t )  and  wes preparcd 
by catalytic hydrosul funut ion  using Co-hto catalyst  over 
aluniiur support, t he  to&\ sullur conten t  Leiirg broughl 
d o n n  too.4 ppm from a n  initial value of 24 pl)m. 

.\I\ these ttock were examined as such 3s pel- UERD 2494 
( I s sut l )  rpccihutions lor avlatioii rurbiire luck ol tlic 
kcrosi-irie type. The stocks were louiid to coiiforni LO all the 
required rpecihcrtionr. I n  rdditioii,  t h e  concciitrnlioiis of t o ~ l  
sulfur, h!drogcii sulfidc, mercaptans, aiid c l rn i c i i t~ l  s u l f u r  
iniii~ll:. p r w n t  iii u c h  o! til- lurnlilr: werc alw dcrcriiiiiicd. 

C o i i i p ~ u i i d ~  
of thic type are ( I )  h y d r o p i  sulfide (freshly i)rqni.cd I I I  L l i i s  

laboratory), (ii) elemcntal sulfur ( p r e c i 1 ) i ~ t d  siilfur of I i iy t i  
punt!,), (iii) niercapuirs (kr t ia r ) ‘  butyl air(! l)lirii!.l n i c rcap  
hip from Pliilli~n Petroleum Co ) ,  (11.) sulfide a n d  disulhdc 
(Phenyl ethyl sulfide and di-fer/-butyl disulhdr from I’hillips 
P ~ t m l e u m  CO.), and ( v )  thiophene (high-punty product 
from S. h i e d ,  A .  G.). 

2.1.2. lndividual Sulfur Compounds  U s e d  



.. 

ioble I. Sulfur compounds Init ial ly Present 
in the ATF Stocks 

ChaioclrrrII8CI A 7 r - A  A 1 f . B  A1f .C  A T f - D  

O l a l  sullu:, V L  0 os1 0 0;s 0 0;s 0 0'9-1 
Q /C 

fidc, ppm 
liydrogcn sul- Xi1 h'il t i l l  hi1 

( n / w )  

fur, P P ~  
( n / n )  

fur, PPm 
( W / W )  

mcquiv ol 
osygoi/kg 

copper s tnp 
c o d o n  test, 
2 hr at 100" 
(bomb) 

h ic rcapim sui- 3 4 3 h'il 

Elcrncntnl S U I -  10 G G N1 I 

Peroside vr luc ,  0 32 0 24 0 '22 0.13 

CIaTp6cp~oii of < l e  < l a  < l a  < l a  

CLsification of 0 0 0 0 
sllver strip 
corrosion tes t ,  
16 h r  at 45" 

2.2. Aepuation of Blends.  Sainplcs of ATF's coiitainiii: 
var+ng m o u n t s  o! difiereiit t)'pu of sulfur compounds xere 
p m p a r d  by proper dilutio~l o l  concentrate3 solutiois n.liicl. 
\rem made b), ver). accurate weighinp .  Syntlictic m i s t u r c  

Intniniiig clemuital sulfur and otlie: types of s u l f u r  con)- 
e u n d s  were alsa prepared by su ibble  d i lubon Tlie h>.droge:: 
sulfide conccntntion in prepared sample. \ v a s  measured b:, 
r h e  potentiometric method 

All the blends were stored 11: dark bottles in order to ai.oid 
peroxide I o m t i o n  on exposure to sunlight.  The "csjmec!" 
ssmples for determining the efiect o! peroxides n e r c  prepared 
by exyosing d i e  ATF s LO S U I I I I ~ I I ~  in t rans l )a re i i~  glass botilec 
for 0.5 lir. 
2.3 Test Procedures. Thc  lolion.iiig analytical  pro- 

cedures were adopted io: testing the corrasive propertier aiid 
determiniiig the concei~trat~oii  of difieren: sulfur compouiidc 
(i) copper strip co:rosioli, ;\ST11 D I3G-GS/IP 15CGi (19GS), 
(ii) silver stnp corrosioi1, IP 227-68 (19GS), b s e d  oii the 
method proposed bx Thompson, et al. (1964); (iii) @ta l  suliuI 
(50-300 ppm), I P  IOi/C5 (19G8); ( i v )  total sulfur (&200 
ppm), UOP 35-64 (1908); (v) hydrogtii sulfide and mereal+ 
U.N, UOP 163-67 (1968); (vi) Doctor test, IP  30/56 (196S;  
(6 ; )  elemental sullur, colorimetrically (Bnrtlctt  aiid Skwg, 
19%); (viii) peroxide content, S T A I  D 1832-65 (196s). 

3. Rrrults ond Discussion 

3.1. Corrosion Studies  with Indiv idua l  Sulfur Com- 
Pounds. LThc coiicentratioiic of the  dificrent sullur coni- 
Imurids ini~iall! prexiit i n  the threc commercial ,4TT c ~ o c k c  
(.is n,  C), a< ~ c l l  a c  ruliui-[ree .4TF-D prcl)nretl I I I  t!tir 
l a h n l o r ) - ,  arc FIWI 1 1 ;  7 ~ I J I c  I .  The  total s u l i u ~  III tlir w;e 
'f three comrnercinl .4TF's I C  1 0 1 ~ .  i t  kiiip I I I  t r ~ c e -  III ~ I I V  

!'drosulfurircd c i o c k  .\TI.-D Ilydrogcn sultide i s  nl,acii\ I I I  

all Lhc lour S L O L ~ C  Tlioupl; 3-4 ppm of naturall! o rcu r r i i i~  
m c r a P l a ~ i s  and 6-10 ppn! of e lcmenbl  sulfu: arc ~)recerit III 
Ule three cornmcrical .\Tf SLOCL, t l i t y  do  110: shon cor- 
ro5ivit)' bot11 i n  the copper aiid iii UIC silver strip iecti. 

p e r  Bntish DERD 2494 ( I s s u d )  atid Indinit Standards 
1571-GS spccificauo:ls, hTF's wtl l  a copper s t r i l i  co,-rosioi~ 

, 

Table I I .  Description of Copper ond Silver S!rip 
Corrosion Ratings 

Col)\)ci SLril) 
l a  Sligltt b r i i i s l i  L I ~ I I L  or3tt:c, nlinost the 

Ynic  35 3 f r d i l j ,  polislicd 
strip 

l b  D3i.k orniizr 
21 l iodcra tc  k \ r i \ i > l i  Clarct rcd 
31, h v c i i d e r  
2c 3lulticoloicd n.it.Ii kvendcr-  

blue or silver or both, 
ovcrlaid oi l  A r c 1  rcd 

2d SII\.tr). 
2 c  Brau!. or gold 
33 Dark tariiisli hlagiieta ovcrcast 011 brassy 

3b 
SLn p 

-: hiult.rolored with rea and  
grecn showing (penwck) 
but  no gray 

4 3  C o r r o y i i  Trans ; )a rcn t  black, dry gra! 

4 I1 Graphite or lusterless black 
4 c  Gioss), 01 jet blark 

0 Xo kri i is l i  Same LS Irrslily p l i s l i c d  

t or brown ~ i t l i  peacock 
green barcl). slion-ing 

Silver Strip 

stnp, except +bIy for 
some veq '  slight loss ol 
luster 

1 Slight taniisli F a i n t  b row)  or wliitc dis- 
coloratloll of s tnp 

2 . \ l d e r a t e  tariiiah Suriacc o! strip shorving 
vanous shades of bluc 
and m a u w  

or uiiilorni rl i in film 0 1  
black delmsit 

!villi or \v~tI tout  swlc 

3 Sliglit blarkeiiiitg PaLciiu of black OII surlace 

4 U l S C k C l l l l l f .  Uiiiforni Iicsi.!. blackc~iiiig 

r a ~ i i i y ,  of l b  max ("slight tarnisl;") aiid s . ~ l \ ' e ~  stril) corrosioii 
ratiii; ol 1 n u l  ("slight tariiisl:") a re  acceptable for coni- 
mercia! use i i i  a i r c ra fu  Bcj,ond the  "sligIi1 cinish" rauiig 
the fuelj a r t  known to a u s c  corrosioii to coplwr and  silver 
] , a rb  i n  actual servicc. The  rauiig syskms of Ute two metliods 
arc described in TaLlc 11 for u s y  in te rprcuboi i  o l  the resu lu .  

3.1.1. Corrosion Studies with Hydrogen  SuLdde and 
Elementa l  Sulfur. The data  OH C O ~ ~ O E ~ I ~ C I I C S S  of tlic fou r  
different ATF s t o c k  with vary ing  doxigez o l  added hydrogen 
sulfide and e lemenbl  sulfur individually are reported i i l  

Table 111. T h e  results shon- that hydrogui sulfide is corrosive 
IO copper as well ns sili.er even at  levels of 1 ppm i n  all lour 
fucls studied hcrc. Also a; a psrticular lcvcl o l  added 1ij.drogcii 
sulfide, ;lie corrosi\.clie-;s of tlie lour fuels i s  almost ideii~ic31 
iii bot11 tlic case\ irrcspccti\.e of t l ic LOU! zullur preseiit 0 1  t l i c  
t~.pc ui fuel. l i t  tltc pre;ciicc o! hydropeji sulfidt, Ll ic  luck  
thcteiui-t do  iio: ai)l)wr differ 11) tllcir 3b1itt.v to causc cor- 
ro;ioii LO copper and  to sil\.cr str11)s 

7'lie d a b  011 t i l e  corroci~eiiess of the . I l 'T 's  111 U I C  prcsciicc 
o! addcd e i c n i c t i ~ ~ l  suliui iiioiczte t l i a t  t h e  fuels diner in 
tlicir a h l i t y  LO cauw corrosioii to cop~)c: 3s ~ v e l l  as z i l w r  
strips. .iTF-.\ liaviiig 0"giiially O.OS2C;, LOU] suliu: and IO 
ppn) or clcmental su l fur  c ~ u s e s  corrosioii of Uie sil\,er s t n l )  
(ratin< 2)  on additloll O !  2.5 pl)m of e l e m e n ~ l  suliur, n.lte:eas 



TobIe 111. Effect of Hydrogen Sulfide a n d  Elemenlal Solfur 
Hydroprn svlndr oddcd. p p m  

I  . o  1 . 0  3 .O - 5 . 0  10.0 30.0 

ATF-.4 2c 2 9c 2 2 6 2  31 3 4a 3 4b 4 
2c 2 2c 2 32 3 3b 3 43 4 ATF-i3 2c 2 

ATF-C 2 c  2 2c 2 2 . 4 3 2  33 3 3c 3 42 4 
ATF-D 2L 2 2c 2 2c 2-3 33 3 3b 3-4 43 4 

.$TF-.4 < l a  0 < l a  0 l a  1-2 2b 2 2d 3 3b 3-4 
ATF-D < l a  0 < l a  0 la 1 < l b  2 3 1 3  3b 3 
ATF-C < l a  0 < l a  0 < l a  0 13 1-2 2b 3 2d 3 
ATF-D < l a  0 13 1-2 2 a 3  3C 3 33 3-4 l a  4 

Cu rod Ag ri@y t h e  copper and silvcr strip le&. rcsyccljvel~,  in LIik and ollier trblcs 

Table IV. Effect or?&crcop:sn, Monosulfide, Disulfide, a n d  Thiophene Type Sulfur 
M C r C O D I M  dfu oddrd, ppm 

200 350 
c u  A9 C U  AE 

10 5 0  

CU A9  CY A9 

.4TF-.I + l ~ t - b ~ t y l  < I 3  0 < l a  0 < l a  0 < l a  0 < l a  0 

ATF--4 + phenyl l a  0 13 0 l a  0 IO 0 
rnercaptaD 

mercaptan 

rnercapbu 

mercaptan 

-4TF-D + ~al-buLy1 < l a  0 < l a  0 < 13 0 < l a  0 < l u  0 

-4TF-D + phenyl < l a  0 < l a  0 < l a  0 < l a  0 < l a  0 

Marnvlfidr rullvr or dnulfidc rdfw oddrd. ppm 

1 5 0  500 1000 

c u  A9 c u  A9 c u  A t  

.ITF-.4 + phenyl ethyl sulfide 12. 0 l a  0 l a  0 
-1TF-B + phenyl ethyl sul6de 13 0 la 0 la 0 
.iTF-D + phen).] ethyl sulfidc 13 0 l a  0 l a  0 
.ITF-.4 +- di-tu/-butyl dlsulfdc l a  0 la 0 l a  0 
-4TF-B + di-tcrr-butyl disulfidc l a  0 la 0 13 0 
ATF-D + di-td-butyl dijulfidc l a  0 l a  0 13 0 

-\TF--A i- tkioplieiir I n  0 13 I l a  1 l u  1 
ATF-D + tboplienc l a  0 I i i  0 l a  0 l a  U 



Table V. Effect of Elemental Sulfur olong with Mercap tan ,  Sulfide, Disulfide, ond Thiophene  T y p e  Sulfur 

Fuel 

ATF-A 
ATF-D 

Eicmrnlol ~v l lv r  oddcd. ppm 

2 . 5  5 . 0  10.0 

c u  *9 C V  *F C" *e 
la 1-2 2L 2 2d 3 
2a 3 2 c  3 3a 3-1 

Effect of h l e r c 3 p . n  Typc Sul lur '  
ATF-A + 50 pprn of mercapbii  < l a  0 < l a  0 l a  2 

.4TF-.4 + 50 ppni of mcrup ta i i  13 0 13 0 1L I 

ATF-D + 50 ppm of mcrcuptm la 0 l a  0 1L 1 

ATF-D + 50 ppm of mcrcspun  I &  0 l a  0 Ib 0 

sulfur 

sulfur' 

sul fur  

sulfu? 
Effect 01 Sulfidc and Disulhdc Tppc S u l f u r  

.4TF-.4 + 100 ppm of moiiasulfidc < l a  I < l a  1-2 IlJ 2 
FJlf'Lr 

ATF-D + 100 ppm of monosulfrde < l a  0 1 
.. 
0' I b  1-2 . .  

rUUW 

sulfur \ 

sulfur 

ATF-A + 250 pprn of disulfrdc < l a  1 18 2 2a 2 

ATF-D + 250 ppm of drsulfidc < l a  0 I i?  0 2 b  2 

ATF-.4 + 100 ppm of thiophcnic < l a  1-2 l a  2 23 3 

ATF-D + 100 ppm of thiophenic < l a  2 < l a  3 241 3 4  

EfTcct of Thiophcnic Typc Sulfur'  

sulfur 

SUlfUT . fcrt-Bugl mercaptan ' Phenyl m e r u p t r n  ' Phenyl eLhyl sulfide md dr-td-butyl dlsulfde dThiophene 

arc not pcmita k u r u s e  these are  h o n - n  to be reactivc 
with certrin elastomers and rlsa they impart obnoxious 
odor to Uie fuel. The data, however, run contraq' Lo the o b  
sewations of Ikntur, el d .  (1962) that tertiary m m p t a i l s  
m d  disul6des CLO also be  corrosive. 

3 3 .  Combiaed Corrosive Action of Elementxl Sulfur and  
Other Sulfur Compounds. Since the t h r t c  comnicrcial 
ATFs showed a ~ a r l y  identical behrvior on  addition of various 
sulfur compounds, only one of these, uiz., ATF-A, wu h k e n  
for further work, besides the su l fu r - fm ATF-D. These two 
stock were taken to s tudy  the combined modifying acLion 
of iddcd elcniental sulfur and otlier types of sulfur conilmunds 
ton i rd  copper and silver strips under standard conditioiis of 
the two  tesl~. The data on the combined diect of JementAl 
sulfur with mercaptan, m o m  s n d  disulfide, and  thiophenic 
type sulfur are reported iii Table V. 

The data &OW that mercaptans have a krideiicy to inhibit 
the  cormsi\~eneu 01 elemental sulfur to a c u t a i i i  cx;Leiit. T h e  
AFT-.4 containing 50 pprn of niercapbn sulfur shows no 
t a d l i n g  of copper (rating I r )  or silver strips (nt ing 0 )  00 

the addition of S ppm of elemvlhl  sulfur. I n  the absence of 
d d e d  mmptans, the same fuel had shown good corrosivitJ* 
Lonardshc silver strip (rating 1-2) cveri on tlie additioii of 
2.5 Pi)m of clunuital sulfur. Thc inAueiice of niercaptaris i i i  

cout~knctiitp thc ef fect  of e l e n i c n ~ l  s u l f u ~  is more pro- 
nounced i n  tlie u s e  of sulfur-lrcc ATF-D. l r i  c h i c  ax of coil- 
hlninatiiig tlic fuel \ v i ~ I i  X, 1q)ni of rnerca1)iaii sulfur (at 
P h c n ~ l  mercapta~i),  even a 10-pp111 oddcd dos3Ce of clciiteiital 
sulfur ~1ion-z wry little corrasivity of tlic fuel t o w r d  copper 
(nti l ig Ib) a ~ r d  silver strips (ritiiig 0). T h e  s i h e r  stril) is 
o k r v d  b be more sensitive to t h e  actiorl of clcnicntal 
sulfur  t h i n   it coplnr strip. 

The monosulfide and  drsulhde tnxs of sulfur were also o b  
wmd 14 modify the action 01 clerncnL11 sullur. ATF-A con- 

t a m i n a d  x i t h  5 ppm of elunenbl sulfur and  100 ppm of 
monosulfide sulfur gives a lower rrtiiig of corrosioii of copper 
and  silver strips thaii in the a k i n  of any monosulfide 
sulfur.  A t  the same time, this fuel tluces corrosiou of t he  
silver s t r i p  (rating 2) but p w  the coplnr  strip corrosion 
test (rating Ib). I n  mse of ATF-D aLw, Uierc his heir n coii- 
sidemble d u c t i o i i  in the corrosive action of elemciital sulfur 
in the presence of 100 ppm of added monosul6de type sulfur. 
At  titis lerel of monosulfide sulfur, the conwsioii or thc silver 
strip (ntii ig 1-2) takes phce only on the idditioii of 10 pprn 
of elenxntal  sulfur. Without addition of rnoiiosulfide iii this 
fuel, even 2.5 ppm of added elementPl sulfur caused corrosiori 
of b o t l i  copper as \t.ell silver surfat=.  The disulfides also 
antagonize the action of elemental sulfur to t h e  u m e  erkiit 
LS monosulfide sulfur. A t  the same level of added elemental 
sulfur the antagonistic action of man* and disulfides hss  
becn mom pronounced in the of sulfur-lree hTF-D tltrii 

the commercial ITF-A. 
T h e  data OH thiophenic type sulfur (Tnble V} also iiidicatt 

its antagonistic action on Uie corrosive tfiect of tlerntntd 
sullur. The  inliibitivc efiect is more pronounced oii tiic cor- 
rosii'ity tonard t h e  copper strip Uuri tonard  t h c  silver rlnlr. 
For the =me added amount of added e l e n i c n d  and tliiol~liciric 
sulfur, thc  sulfur-fm ATF-D gives a liiglier corrocioii mting 
for the silver strili Uiail for tlit .4TF-.4 =inplc. Tlic ATF-I), 
coirtriiiinatcd t v i t l i  100 ppni 01 t h i o ~ ~ ~ i t i i i c  s u l l u r  31id 3.5 plm 
of clcinenhl sulfur, c d u s  corrozio~i of Oie siIi.cr s ~ r i l ,  (ntiiiy, 
2) and still pa-- the coppcr stril) corrocio:i t c c t  (ra[irig 1n) 
iridiutirig LhaI tlic lat ter t s t  aloiie iniglit 1101 k adCqt1nlc to 
dctcct corrosioii of  silver siirfaces or aircraft lucl I ~ I ~ ~ I I : .  

I t  is tvidciii froin these results (Table \'), t l i 3 t  311 noriilnl 
commercial fuels containing more than 20 ppm of elenlcljbl 
sulfur would be rendered corrctsive t o \ ~ a r d  copper and silver 
Strips even in t h e  presence 01 maximum permissible a m o u n t s  



- .  . . 
, Table VI. Effect of Peroxides on the Corrosivity of Elemcntol Sulfur 

Elcmrnlol d f v t  o d d c d .  p p m  

1 .o 2.5 5.0 10.0 
F u r l  C. Ag Peroa.dr* Cu Ap P c r o l i d e '  Cu Ag P c r o x * d t '  c u  hs )cronidc. 

.\TF-.i (unexposed) < l a  0 0.37 I S  1-2 0.33- 2b 2 0.32 2d 3 0.32 

.4TF-D ( u ~ c s ~ o ~ )  < l a  1-2 0.13  2a 3 0 13 2c 3 0 . 1 3  3a 3-4 0 . 1 3  

.4TF-D (c\lm:rd) < l a  0 0.25 < l a  0 0.30 13 0 0 40 I b  I 0 40 

.%TF-.4 ( C X ~ O S C ~ )  < l a  0 0.40 la 1 OU 2a 2 0 4 C  2d 3 0 44 

Peroxide ~ a l u e  U e r p r u v d  berc in milliequivdcnb of oxygen per kjlogmi of r m p l c  

of meruptam, d f ~ d e s ,  or disulfides. In oLlier words some 
commciical fucls can to lmte  up Lo 20 ppni of elemental 
sulfur depending upon the totd sulfur content of the fuel m d  
other typesof sulfur compunds  present. 

A p i a  from Lhe type of rullur c o m p u n d s  studied here, a 
=ru in  amount of sulfur is presuit as nonresclive "residual 
sulfur." V c q  l i t tk  information is available regarding it, 
role in inhibiting corrmjon. 

3 3 .  Corrosion Studies *ith Elementd Sulfur in the 
Presence of Peroxides. I t  lis. d r e a d >  bee11 reported Lhnt 
t h e  pnsenct of peroxide reduces t h e  conosivity of sviation 
gwl ine  (Bentur, el d, 1962, 1964). Same of these peroxides 
are Iormed by imb ien t t empcn tu re  oxidation on eiposure 
of b e  fuel Lo sunlight 

I n  order to detcrrniue the  inhibiting deet of t h w  peroxides 
on ATFr orpennien~s were conduct& on ATF-A and ATF-D. 
The two  samples containing varying amounts of elemental 
d f u r  r e r e  exposed to direct sunlight; the  pewxides so gener- 
atcd were de tumbed  qunt i ta t ively and the fu& were 
csamined for corrosivit! ton.ard copper and silver strips. 
Tbe dah reported i l l  Table 1'1 shon. Uiat in w e  of ATF-.\, 
t h e  geneak? prosid,:- did not have a marked influence in 
inhibiting t h e  corrosive deet ol elemenhl sulfur,  m tlre un- 
rrpmed sample originrllj- c o n b i n d  a fa i r  n t io  of pcrosidts. 
In -e of ATF-D, there h s  betn a considerable reduction 
in the corrosiven~ of the  fuel totw~rd both copper m d  silver 
strips. This fuel even n-i t t i  10 ppm ol elcmeu~al sulfur on ex- 
posure to d g b t  is rendered com~)letel!~ noncorrosive, 
n h e m  t h e  uncrposed fuel nitli the s t m e  amounl  or tie- 
mental sulfur UILW sufficient corrosion of bot 1 1  copper hs well 
i l vc r  strips. 

The k h r i o r  .Ji ..\IT-..\, lionever, sbor~s that there is a 
limit of pcroide formation 111 a fuel under 3 glveii set ol con- 
ditions md be perosides so Iormed c a n  inhibit the corrosive 
action of elemental sulfur up to a certaii, level depending 
upon the tjpc of fuel.  

! 

4. Conclusions 

The data prcsn ted  i i i  this paper rndicatc that hydrogen 
rulhde is corrosi!.e to copper as well ILS si lver  sirips evell a t  

the I-ppm level in a11.4TFr. The corrosive levrl ol elemental 
sulfur difien from fuel LO fuel; it m y  varx fronr 1 to 20 ppm 
depending upon the lohl 6 d f U r  content and  types of oLhtr 
sulfur compounds p e n t  in the ATF. 

Afe rup t rn ,  m o n e  m d  disulfide, and Lhioplienic sulfurs 
arc noricorrosive b copper and si lver  at  dl concentrations 
under Uie conditions of t h e  two tests. Tt ie~ . ,  in fact, tend lo 
inhibit the corrosive action'of elcmcnhl sullur up  to a - d i n  
extent. The peroxides have a h  been o b x n d  LO inhibit  h e  
corrosiveness of the fuels up LO a Certaiii level of elemental 
sulfur. ',\ 

At  tlie same level of total sulfur Ll ie fuels differ in their 
ability to muse corrosion to copper aiid silvrr strips. FucL 
wliidi pass the copper strip mrrotiotl can still muse 
corrosion of silver surfaces, thoupli 110 cnce 1 1 1  (lie reverse 

\ 

type Ka5 not ind.  
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Silvcl- Corrosion by Aviation Turbine Fuel 
B,* B. 1. nllnD 

(Skrll ILItrnch Lfd, Aghorn, J'unty) 

and R, I', SANGER 
(Shell Intnnutional Fcfroluun CO. I&, Shrll t'nrtrc, London S.E.I) 

S U M M A R Y  
t 

1 K'I'KODUCTlON 
IN order to provide sntisfactov rubbing rurfnce.: withiti 
b c  votiablc dkpliccmcnt, piston-typc 1iiCh-pretsurc 
furl pump: ti:.trl in ~ I C  mnjorit)' of Hnlirh aircraft 
tnginu, thv manufactum l iavc found it neccsrary to 
a t  t h c  rurfoces of thc "dipper pads'' with rilrcr. 
A l b u g h  piiirp using other mntrrialr have k e n  devcl- 
oped lor w f c n :  and fvtiire rpplimtionc, i t  L. mptqkd 
t h t  h e  rikcr-phtcd units will continue in rcrvicc for 
wrricyura. 

Prcmrtirrc pump war, lcadiri~ it1 sonic cnm I O  rapid 
failure. hx bttn attributed to dpli idi i ig  a! t h e  rilvcr 
rurfscu.1  CRUX of r ~ c h  ocnirrcnccs, I simple tC6I 
procedure for detcainc corrosivity of  f d a  toward, 
d l v n  woz developcd Ly Slidl Kewarch h d .  '1Lc 
amriiliom of thi; test w r w  verified in a rig w i n g  II T A I C A ~  
Model B pump from 8 Rollr-Koycc Don engine. T h e  
hckpround r i d  dcub o! this vmrk were prerenred by 
Thonipson, Iii l lr,  nniwn. ond Lewi~m 

Ax 0 t h  rpec&c,tiur~ tau, includinx thc AS'l'hl 
D I~O/IP 61 mpper corrosion t-1, were nor .able to 
predict silvcr corrtrsiuii problem&, the Shcll CL 1 silver 
corroiion t a t  IYC, introtluced DS 3 rcquircmnrt in the 
n r i h l l  Govcmmcnt s~mificntion U Eng RIB 1494 in i r p t .  

With rotne J iph t  mudificitionr the test bcclnie M 

1P rlondjrd in I@.' Etctntinlly a 3 inch rilvcr strip js 
immcncd in one 1 of f d  at 45' C for 16 hr, Thc rvip 
i s  ratcd ;iwirclidl~' 0-4 dcpuidirig upon the find d o u r  
produd .  7hc U Eng RD ypli spccificrtion m h u m  

T h i s  pipcr I]L*!~ with nn invrrriptiun into some r c x -  
Lions httrvtm silrcr and sulphur mnipundt in furl 
and rlsn thi. dcrclopmcnt of a quickcr test method. 

IS 1. 

fu&, Our invccti&ioas were conduacd in a model fuel 
consisting of 15 pcr ccui vol tolucnc and 8s pcr ccnt vol 
i n h - O r r U l C .  

P 
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'I'ADLL! 111 
h r r o r i o n  hy Hydrapn Sulphldt nnd 

J3emcntal Sulphur 
Hydropen Sulphur Str ip  

Suljdrur d p h d c  on omp nhr  

aoo 0 0 0 

JW 0 I 'J 1 
P 10 6 0 1 4  

t L y l  IO J t  I la 
300 30 1 8  3 

G g n )  (rn.fl) (M.) (IP =WT 

4 ,  With clcrncntrl sulphur, in t h e  nbtencc of 
h y d r o p  aulphidc, no oomriori octum for sulpliur 
rontmts bclow ZOO pgf l ;  thcrc is L grrdud incruFr  
in reaction between 300 and 500pgfl ,  thcn ihovc 
5 0 3 p ~ A  thcre  i: a rnpid increase in rlic c i icni  of 
conmion durinc the  test pcriod (Fig 2). 

5 .  \Vith the niodel fuel cycteni, h c  si>prorirnite 
ririoiint of hydrogm iulphide or elemental sulphur 
rcquircd t o  give o I or 2 strip rnting is PO  follow^: 

k i t i n g  I 2 
Llcnrcntrl sulphur (pg/l) 300 503 

ilydropen rulpliidc (&I) 8 60 

'I'ibc vahieb ill bnc.hcis arc tlic amounts of sulphur 
found on t h e  rtrip in pg. 

l 'ht  m o u n t  of rilvcr culplridc furrrlcd ai a 
plniculrr Btrip ratinc i K  cnrrridr.r*bly highrl for 
ilydrogcn idphidc.  

( I n s l a )  (=5/$ 

(SI (20) 

f O U n N A L  OF T l f L  l N ! i l ' I T U T L  O F  I ' f T R O L L U H  

The d o u r  r ~ d a r t j  used for "Thcrmal Suliility crf 
Aviation Tur1,inc Fuel" (ASThI D 166c-E 197) b 
ntirfrctnr). for difir.rtntiativ htrvztcn the brown color- 
otioru and has been incorporated in dit la ta t  method 

Choogen during Stsrrgo 
Sllrnpks of ~ d o u r l c u  kerosine were flushed wid1 a t h e r  

dr or nitrogen nnd npprox. 14 pg/l fir llydrogai d p h i d t  
oddcd t o  uch. 'I'm 1 of each sample wcrc r toru l  io 
n x u l  cotibynerr, one-I pottionr Ircing i n k n i  nt inten.& 
up to 1 6  drp for h y d r g e n  riilphide and rilvcr corrosion 
de:erminitioru. 

171c r a u l t r ,  shoim in Fip 3 md 4,  indicate that with 
Llic tir-fluclbcd rxrriplc thcrc w a ~  an increase in Lilvtr 
comnivity, cvcn though thc content of hydrgm aulphidt 
dccrcucd \Yith thc nitroccn-flurhcd fuel, rhc tihe: 
Corrorivity d n x u c d ,  ai  did thc hydropen culpLide 
c o n t a r .  ' I t  k asumtd t b t  with the nir-flurlcd fucl, 
sonic liydroycli rulpltidc v"u oridizcd to sulphur, ~d 
thrrcl), musinx tht  rynnKktic corrosive action rcfcncd 
to wrliu. 

IAIPRO\'EAIEK\'TS IN TEST hfETIIOD 
Lain of Hydrogcn Gulphidc* 

In our crrIier work it waz found i l io t  r h e  u n o i r t l t  or 
hydrogen sulpludc rcquircd in  L rnodcl fiicl of rs per 
cent vnl idiicw, 85 prr ccn! vol i m - m n c  t o  ciuze 

1 



When the rum of the amount of rulpllur d c p i t c d  
on h e  strip snd the find hydrogen rulpltide cunccntrn- 
tion L compared with thc initial hyhogtn rulphidc 
cvncentration, it  k apparent thnt there is an rpprcarblc 
10s of hydrogen aulphidc during t l ~ e  t e r t .  

I40ro d w  to Oddadon 

rulphidc concentrotion w u  b r i d y  ammincd. T l t c  ~u lvcn t  
wa1 flushed for 2 hr wit11 rir or t i t r q m  prior t o  t h e  
addition of t h c  h y d r o p  culphidt. One-1 sarnplrs wcrc 
rhcn rtorcd at 45' C for 16 hr in i fiuk s topped  with a 
cork covered with ilwnirliwlrr foil. The initinl md firul 
hydrogen sulphide mncmtriuon9 arc given in ?'able VI, 

'l'hc dicct or dicwlvcd oxygcn on t h e  h y d r o p  ' 



TADLS VI 
Ef7cct or Dirrolvcd Oxypcn on Hydrorcn 

fiulphlclc Conwntrntion 
17urhin; prc Nitrogen Air Oryyer~ 

I iydropn rulphirh 
( P C i l )  

hnirl.1 , . 18  I4 34 

Lm 5. . . a i  18 1s 
Fulrl. . . 12 a6 2q 

'Ihe reculls indimtc that diere is no rignificrtit hw ur 
hydtoeen rulpliidc due to oxidation dur;rig tlrc l e t  

lrriod. 

Loss duc to Adsorption 
1(oninklijtc/Shcll Jhoratorium, h t t r d n m .  rhowed 

that rouhc can be rffmcd by rdlorption of hydrogen 
miIptdr. nil thc. mmplr. rnntninem. Katurd or spthei ic  
rubber seals must be ovoideh Adxxption of k y d W p l  
rulphidc nlm OCCUIK on the urllr nr qlru miilrincrs. 
'J?un drat wah only imall during the relative chon 
duration nf thc tut, hut cmu1t-l hccorne fignifrant for thc 
longrr ptriod: involved during trlnsportrtitn of thc 
carnple. 'l'he odrnrption nf hydmgrn t\clphidc could bc 
ripifinntly reduced by prior acid denning of the 
conLtineir. 

flEVLLOPhlENT OF M P I D  'l*LS'l' 
Siiicc Lite d c l e h n  of p t c n i i r l  p i n  from thc D EnE 

rill 249+ rpcrification, thr rilver corrosion t a t  is t h e  
only rquiicrucnt rhidi curnot Lc cuanylctccl duriq a 
Korkinc day. *lLc hiinirtry or 'l'ecl~ciology rrld alx, thc 
~~trtrlnirn cornprnicr wcre, thereforc, intcruted i n  
rcduciq t h c  t a t  duration to 6hr  or 1-9 uid &Lo, if 
pwsihlc, reducint the sample sire.  T h e  IP Stnbility uf 
1 l i~$it I h t i l h t u  h n c l  (Kl'-H-8) acted ns the ro-ordinn- 
tinfi body in this w o r t  

ncductlon of Sample Slza 
FCI cuiiveriience of LuidlLig i t  WIY cumidcrcd dedir- 

&IC to reduce the rzmplc size ms much as practice!!). 
pDrrib!t from thc  present t a t  requirement of one L 

V J ~ ~ D U ~  umplc rirer of prepared COKOS~VC owui were 
twtrd for t i l v v  rtnp corrorion by II' 227/6bT (r6 hr 0 1  
4.;' C). The results nre given in Table VII.  
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meet of Tor1 Duration 

Cornpariron wlth Fuclo Containing Hydrogen 
Gulphide 

EvaluPliou of Test by Other Labomtorkc 

In order to permit thc use of I rtrndard 6-oz bottlc 
for l l i c  dcspatch of tamples, it urn decided to nrodify 
the tu! furher to t m  rnl m p l e  circ urd ow-fiftli 
lo:& (14-.x6 mi) rilvcr strip. T h e  * p p a n t u ~  u m  
cuppticd tn nriour Iabornioricr with the requeri that 
rynbtric or naturally Corrosive ruclr bc uunined  lby thc 
p r o p c d  t a t  in campubon with IT :27/66T. 

T h e  rrmhr obtnincd by BP, Chemical Iriapctorntc, 
( I i d t l d ) ,  LUCIU, and Shdl Oil (U.SA)  arc given iri 
Table XI\'. I n  addition, it wn; a u l c d  by hlobil tlut 
they u u n i n c d  futlr toncirniq odded clunentd rulphur 
and had oLtnincd Grrdu rcrultc by both melhodr. Also 
three S)idl U.K refincrier carried out nrmplntivc t c m  
on their n o m 1  amur pmducrioni. Some j 3  fucis wtrc 
a d e d ,  u i d  with onc accprion both pmcdurts grvc 
zcro ratings. Thc exception p v e  i ZOO raring by t hc  
pr~porcd nrclhod Ind a 95 pu cent rcrol5 per cent O I I C  

rating IY z27/GGT. 
It w u  piicrdly considered thrt the chon tat  \ v u  

rliglirly lun cevere than t h e  rurrcnt IT t 2 7 / 6 8 l '  B I I ~  that 
ol'uitots would prcfq thc use of one-qutrter sulc  
rather t h n n  one-hfth mule test. 11 UII. dm'dcd h i  t h c  
quor le r - rdc  t e ~ t  &odd be uscJ in rny future wnrk. 

T h c  preliminary rc:aulrs obtain:d wirh thc 6horttned 
t a t  by tlic vrrioua laboratories wcrc cnnsidtrcd t o  I>c 
sufficiently cilLyw.+gink for thc pa:~el tu proctcd with 1 



BP 

6hcll Oil- 
Hnrictot~ rcbcv 

being P t m i  m t i q  4th thrce laboratories rqmrting 8 
I rtrip by IP227/G6T. In coch casc the I d t t p  wtrt 

due to hint d i a l o n t i o n  at t h e  cdgc of the ntr ip ,  LO 
CJic difivtnces berwrm the tests \vm ruargnrl. With the 
eruption of onc rogue result, Rood tgrcuncnt w h o b  
taincd on umple E; if mything, tJtc proposed test r d  
thc fuclr rlightly mom scw~ely ~ I U I  thc IP 227/6gT t d .  

T h e  nAlr rIificrmccr betwren metho& o m r c J  wih 
runplc D. In ncruly n c r y  case thc propmd t u t  p v c  
tbc fucii I r ntiy, uhcrcas t h e  IP tt7/66T‘ iert p r  1 
: =Lug. ‘Ihc umple Wac intended LO rcpracnt I cam- 
rnerci.1 fud which had become mltbuninatcd wirh 
u c w t e d  fuel. T h e  rnnipie fdcd  thc D Eng IU) yp( 
rpccihmtion on mercoptsn wiitmt The  wnple  nr) 

x?pxrcntly rornru-hot umt rh lc  rnd bcczrnc more w e -  
t iw on prolonged henring, bus EiVjng mort dcposiu in 
t h c  h n p r  la. It muld even bc a r p d  h a t  the propscd 
short ttrt is more rtprscii \ativc of the rctuil rPidenP 
time Of dic fucI rt cievattd rcmperoturct i l l  tiic nircrrfl 
p u p .  H f i w t r c : ,  thc pump mnd cnginc manufraimra 
rtquucd b t  t1ic yropoicd c e ~ t  ahould be no ILT* ICWK 
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September 18,, 1 9 9 2  

A t t e n t i o n :  

Dear Dave : 

The a t t a c h e d  r e p o r t  w a s  
r e p o r t i n g  DC-10 i s o l a t e d  f u e l  
could  n o t  be d u p l i c a t e d  on t h e  

Parker Hannifin Corpotabon 
GJ ElectrorPc Syjrm DNlpon 
70 Drwe 
P.0 B O X S Q O O  
SmntuM, NY 1 1  787 USA 
phone (516) 231-3737 

based on s e v e r a l  ma jo r  a i r l i n e s  
q u a n t i t y  a n o m a l i e s  i n  f l i g h t  which 
ground. 

Sample w i r i n g  was f u r n i s h e d  by R o b e r t  S c h w a r z ,  A i r c r a f t  
Systems Engineer ,  a t  Federal  Express .  

T h i s  r e p o r t  is forwarded t o  you f o r  your  g e n e r a l  i n f o r m a t i o n .  
p l e a s e  c o n t a c t  Parker/GESD I f  you have any f u r t h e r  q u e s t i o n s ,  

Customer Service Eng inee r ing .  

Very t ru ly- ,your ,  

f l s t o m e r - S e r v i c e  Eng inee r  
Customer S e r v i c e  Eng inee r ing  

J D  : pd 

Enclosure  

. .  



TO : J. Dungee, G u l l  ESD 
PROM : R. Cashman 
DATE : August 1 8 ,  1 9 9 2  
SUBJECT: LR 6 4 2 4 6  

' 

Parker Benea Aerospace 
Parker Hamfin Corporailon 
18321 Jamboree Road 

IrWe. CA 92713 USA 
P.O. BOX C-1951~1 

phone (714) 833-3ooo 

f e r r u l e - t e r m i n a l  lug i n f  i n  f 
l u g - c e n t e r  c o n d u c t o r  ' 0 . 2 .  0.1 

s h i e l d  t o  center  ----- i n f  
cond. . 

f e r r u l e - f e r r u l e  500 

. .  
ferrule t o  s h i e l ' d ' .  ----- 0 . 0 6  

30 
I 

PRO B LEH 

ir if  
0.25 

----- 
----- 

200' 

Seven c o n n e c t o r s  were removed from a D C - l a , f u e l  t a n k  after t e n  
y e a r s  of exposure  to f u e l .  The c o n n e c t o r s  w e r e  c o a t e d  w i t h  a 
b lack/green-b lack  d e p o s i t  which was p a r t i c u l a r l y  t h i c k  on t h e  
ferrule of t h e  t e r m i n a l  connec to r s .  F i g u r e  1, F i g u r e  2 ,  a n d  
F i g u r e  3 i l l u s t r a t e  t h e  t y p i c a l  appearance  o f  this d e p o s i t .  
t r i a x  c o n n e c t o r ,  three s h i e l d e d  t e rmina l  c o n n e c t o r s ,  and three 
non-shielded t e r m i n a l  c o n n e c t o r s  were s u b m i t t e d  f o r  a n a l y s i s .  

One 

i n f  i n f  
2 0 0  9 0  

---- 
---- 
0.65 ----- 0.26 

i n f  inf 

0.07 -015 .011 

ANALYSIS 

A .  Electrical R e s i s t a n c e  

The electrical r e s i s t a n c e  between d i f f e r e n t  c o n n e c t o r  components 
w a s  measured u s i n g  a one ampere source .  All measurements  w e r e  a t  
70F. Table I summarizes t h e  r e s u l t s :  

Table I: Resist ance o f c o n n e c t o r  co mDon en t s 

. .  
R e s i s t a n c e  w a s  measured through two l a y e r s  of 0 . 0 1 0 "  

t h i c k  d e p o s i t  



The e l e c t r i c a l  r e s i s t a n c e  of t h e  t r i a x  connec tor  
The r e s u l t s  a r e  l i s t e d  i n  Table  11. . .. . . 

--. . 
was measured. 

s h i e l d  to o u t e r  s h e l l  infin*e 
w i r e  s h i e l d  -conductor  s h i e l d  .072 

B. ProDex,ies of t h e  coat -  ..* 

The black/green b l a c k  d e p o s i t  was ana lyzed  us ing  Energy 
Dispers ive  Spec t roscopy (EDS). The g e n e r 4  e lement  composi t ion 
is i l l u s t r a t e d  i n  F i g u r e  4 .  The compounds b r e s e n t  i n  t h e  d e p o s i t  
a r e  copper (11) s u l f i d e ,  copper  (11) ox ide  and free copper  me ta l .  
The b l ack  d e p o s i t ,  which was p r e s e n t  on the l u g ,  on t h e  f e r r u l e ,  
and on t h e  s o l d e r  j o i n t ,  was predominantly coppe r  s u l f i d e .  
S u l f i d e s  are p r e s e n t  i n  j e t  fuel. 

I n  a c r o s s  s e c t i o n  th rough  t h e  f e r r u l e  of  c o n n e c t o r  f 5 ,  
cons ide rab le  c o r r o s i o n  of  t h e  base meta l  was no ted .  
i n  t h i s  a r e a  c o n t a i n e d  b o t h  free copper  metal and c o n s i d e r a b l y  
more copper ox ide  t h a n  was p r e s e n t  i n  o t h e r  a r e a s  of the d e p o s i t .  

D I S C U S S I O N  

The d e p o s i t  

N o  problem w a s  found w i t h  t h e  conductance th rough  t h e  s o l d e r  
j o i n t  a t  t h e  l u g  end ,  
d e p o s i t  was p r e s e n t  on the j o i n t .  Also, no problem w a s  found wi th  
t h e  s h i e l d  of t h e  s h i e l d e d  connec tors  (Table  I ) .  

The e l e c t r i c a l  p r o p e r t i e s  of t h e  d e p o s i t  were var iable  as would 
be expected from the v a r i e d  composition and t h i c k n e s s  of t h e  
coat ing .  The general  e lectr ical  resistance on t h e  coppe r  s u l f i d e  
d e p o s i t  on t h e  ferrule w a s  roughly 80  t i m e s  t h e  res i s tance  of  
copper. However-, v e r y  h i g h  r e s i s t a n c e  was o b t a i n e d  on t h e  t i n  
p l a t ed  l u g s  where there  w a s  no copper i n  d i r e c t  c o n t a c t  w i t h  t h e  
copper s u l f i d e  d e p o s i t .  

The co r ros ion  of the ferrule is impor tan t  because  of t h e  
increased  r e s i s t a n c e  of  copper  oxide  and because  t h e  uneven 
s u r f a c e  produced r educes  t h e  c o n t a c t  f o r c e  o n  t h e  f e r r u l e .  

T h i s  w a s  t r u e  even though c o n s i d e r a b l e  

. .  
I) 

Robert Cashman 
Senior  Engineer  
Mate r i a l s  & Processes  



. ' .  ANALYTICAL ENGINEERING REPORT 

TO: T. M. Mitchell 

cc: 
( - . .  - 

49-57 NO.: 9-5576-WP-97-272 

ITEM NO.: Chem 6007 

DATE: August 5,1997 

MODEL: 747 

GROUP INDEX: 9-5576 - Analytical Engineering, ChemicaVPhysid 

SUBJECT: Analysi; of Fuel Quantity Tank Units for Copper Sulfide 

f 
'i BACKGROUND 

Four fuel quantity tank units from 747 aircraft were submitted for analysis for copper-sulfur 
compounds. The parts had been labeled F40, F41, F42 and F44, respectively. The part number, serial 
number and manufacture date of each are listed in Table 1. Prior to t h i s  analysis, the four units had 
been subjected to elecmcal testing involving the application of high potential, and the possibility existed 
that they had sustained arc damage. Copper-sulfur compounds were of interest as a means by which a 
conductive path to ground might form in  service. c: 
CONCLUSIONS 

Dark deposits on the terminal blocks from all four fuel quantity tank units have been identified as 
copper-sulfur compounds. The data are indicative primarily of reduced sulfur (copper sulfide), and not 
of sulfur in a higher oxidation state (sulfate or thiosulfate). The terminal blocks themselves were found 
to consist of 300-series corrosion-resistant steel which appeared to have been plated uith copper, at 
least in some locations. Metallurgical evaluation of a cross-sectioned block is recommended if any 
question exists as to their composition. Black silver sulfidc was identified on the HI-2 terminal block 
hold-down nut from F44, the only nut from which dark deposits were sampled. Silver sulfide and 
copper sulfide tarnish can be expected to form on copper and silver surfaces in the presence of 
elemental sulfur or mercaptans. 

Electrical arc damage was prcsent on three of the fuel quantity tank units P O ,  F42 and F44). In t w ~  
units, arcing took place at the outer edge of the copper shield In the third instance (F42), the arcing 
kcurred between the shield and the lip of the opening in the outer 
damage spots in F42 were too small to observe without magnification. Elecuon microscopic analysis of 
the rnicmarc sites is recornmended as a means of characterizing the signature of arcing accompanied by 
minimal damage. 

aluminum tube. The an: 

Additional analysis of the shields from F40 and F41 is recommended as well. The shield from F40 
appearcd to have experienced some corrosion, giving it a slightly red color. The laminated copper in 
the shield from F41 was nearly uniformly blackened. Analysis to determine composition of the black 
substance (copper oxide or copper sulfide) is recommended 

C 
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EXPERIMENTATION A h D  RESULTS 

The fuel quantity tank units were disassembled and inspected for arc damage. Samplings from the 
terminal blocks were analyzed by infrared microspectroscopy and electron microprobe. 

r 
I -  

f . ..- 

Disassemblv and Inswction. The four probes arc shown as received in Figure 1, and the terminal 
assembly of F40 is shown at higher magnification in Figure 2 for illustration. Arc damage, shown in 
Figurts 3 and 4, was present at the edge of the copper shield that is indicated in Figure 2. The copper 
shield within the plastic laminate appeand to be slightly reddened in color, and what appears to be 
corrosion was present at one comer (Figure 5) .  Analysis of the corrosion product, the arc site and the 
shield surface is rccommended Dark deposits were present on the terminal assemblies, but to a mater 
degree on the b Z  terminal (Figure 6). 

No arc damage was found on F41, but the copper shield was nearly uniformly blackened (Figure 7). 
Analysis to determine the identity of the black substance is m m m e n d e d  Dark deposits were present 
on the surfaces of the terminal blocks. In this instance, the Hik block had been more severely affected 
(Figure 8). 

Micro-arc damage was present on F42 right at the edge of the opening in the outer Lo-Z aluminum tube 
(Figures 9 and 10). Eleccron microscopy of the arc-sites on the tube might be useful in characterizing 
arcing where minimal damage has been incurred. Heavy accumulations of dark deposits were present 
particularly on the Hi-Z terminal block from this unit (Figure 11). 

c-. Arc damage to F44 occurred along the same edge as in F40, but somewhat closer to the opening in the 
h - 2  outer tube (Figures 12 and 13). Dark deposits were present on both terminal blocks, one of which 
is shown in Figure 14. 

Analysis of the Dark Deposits. An infrared specmm representative of the dark deposits from the 
tcnninal blocks is presented in Figure 15 dong with a reference spectrum of copper sulfide (cuprous 
sulfide, 012s). Condensed phase hydroxyl absorbs near 3400 wavenumbcrs, indicating the presence of 
some water of hydration or hydroxyl functional groups. The absorption near 1100 wavenumben in 
both spectra in Figure 15 could be due to a sulfate impurity, but silicates also absorb near 1100 
wavenumbcrs. Representative electron microprok elemental surveys of the dark deposits, presented in 
Figure 16, provide clear indication that the deposits consist of copper-sulfur compounds and most likely 
of copper sulfide. 

Varying concentrations of silicon and low concentrations of chromium, manganese and iron were also 
detected (16B). Essentially only silicon was detectable in the filaments observed on the terminal blocks 
Figure 17A), shown in Figure 6, perhaps accounting for the silicon signal in the deposits. The blocks 
themselves were identified as a 300-series corrosion-resistant steel alloy which appeared to be plated 
$th copper, at least in some locations. Metallurgical analysis is recommended to c o n f m  composition 
if it is in question. Black deposits lifted from a hold-down nut on the F44 Hi-2 terminal block wcre 
identified as silver sulfide (Figure 17B). 
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The above results confm that copper suifide deposits formed on the fuel quantity tank units terminal 
blocks in service. 

D. B. Skoropinski I 
M / S  73-09,234-2666 

Approved by 
W. L. Plagemann 
M / S  73-09.234-3025 

Elecuon Microprobe: J. C. Wessel 
Photography: J. A. Brewer 
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Table 1. Part Data and Observations for the Four 
Fuel Quantity Tank Units 

Label m PIN S/N MF Date Observations 

F40 FG420A 12 W-66 Nov 1973 Arc Damage, Shield Corrosion, Dark Blocks 
F4 1 FG420A 13 W-29 Apr 1973 No Arcing; Copper Shield Black; Dark Blocks 
F42 FG420A 15 W-25 Oct 1973 Arc Damage, Terminal Blocks Darkened 
F44 FG420A 13 W-23 Mar 1973 Arc Damage, Terminal Blocks Darkcncd 
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F42-2: Dark Deposm from F42 Terminal Block Base 
I 

4000 

Figure 15. 

Wavenumber (cm- 1) 

F R E Q U E N C Y .  C Y "  

(A) An infrared spectrum of dark deposits on a terminal block from fuel quantity tank unit 
F42. (f3) An infrared reference spectrum of cuprous suIfide, cU2S (0 1967, Sadder 
Research Laboratories). 
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I 
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Y d 

A 

B 

Figure 16. Electron microprobe elemental surveys of (A) dark deposits from the Hi-2 terminal block of 
F41 and (E3) dark deposits from the Hi-Z terminal block of F42. 
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Figurc 17. Electron microprobe elemental surveys of (A) filaments from the b Z  terminal block of F40 
and (B) dark deposits from the €5-2 terminal block hold-down nut of F44. 





B 

9-5576-WP-97-272 
Page 13 



9-5576-WP-97-272 
Page 16 

) Figure 12. Arc damage to the outer Lo-2 aluminum tube of fuel quantity tank uni t  F44 (12X; inset, 
49X). 



ANALYTICAL ENGINEERING REPORT 

TO: J.I. Murphy 

cc: 

M.S. 96-03 NO.: 9-5576-WP-98-250 

ITEM NO.: Chem 7 148 

DATE: October 2, 1998 

MODEL: 747 

GROUP INDEX: 9-5576 - Analytical Engineering, ChemicalPhysical 

SUBJECT: Analysis of Fuel Quantity Indicating System (FQIS) Components 

REFERENCE: Analytical Engineering Report 9-5576-WP-98- 136, Sulfide Deposits - 
Recommendations for Testing, May 20, 1998, D.B. Skoropinski. 

Components from several different Fuel Quantity Indicating System (FQIS) tank units and one 
compensator were submitted for identification of contaminants/deposits as well as material 
identification. The parts, labeled F10 (shown in Figure l), F1 1,  F30 and F48, were removed from 
Corsair 747 airplane RG124. The part number, serial number and manufacture date of each are listed 
in Table 1. Prior to this analysis, the four units had been subjected to electrical testing involving the 
application of high potential voltage, and the possibility existed that they had sustained arc damage. 

CONCLUSIONS 

The majority of the deposits identified on the FQIS components were identified as copperhlfur 
compounds specifically copper sulfide and/or copper sulfate. These compounds are corrosion products 
that form when copper is exposed to sulfur. The primary source of sulfur in the fuel system is the fuel 
itself. Testing of copper sulfur compounds has indicated that copper (I) sulfide (CuzS) is not a 
conductive material, but that copper (II) sulfide (CuS) conducts quite well (reference). Thus, the 
presence of these deposits could, over time, provide a conductive path on the FQIS components. In 
addition, cadmium and silver compounds with sulfur were identified. 

Exposure of the copper layer in the laminated copper shields was found to have occurred by a variety 
of mechanisms. For example, one shield had a hole in the polymer layer. In other places, the presence 
of copper/sulfur compounds suggests that the copper layer became exposed, perhaps through flow of 
the polymer with time under load. Finally, solder spatter on the surface of the shield was observed to 
penetrate the polymer layer. Exposure of the copper layer is of interest because it could provide a 
conductive path. 

EXPERIMENTATION AND RESULTS 

Identification of Materials. The materials from selected FQIS units were analyzed using infrared 
microspectroscopy (IR) and electron microprobe elemental analysis for the purpose of identification. 
Summarized results of these analyses are presented in Table 2. Supporting data is available on file. 
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Identification of Deposits. Representative deposits on the surface of the terminal block are shown in 
Figures 2 and 3. Deposits on the terminal studs can be seen in Figures 4 and 5. Samplings of 
depositdcontaminants from the FQIS units were analyzed using infrared microspectroscopy (IR) and 
electron microprobe elemental analysis. Summarized results of these analyses are presented in Table 3. 
Supporting data is available on file. The majority of the diposits identified are copper/sulfur 
compounds, specifically copper sulfide andor copper sulfate. Determination of the form of copper 
sulfur compounds present (i.e.: copper (I) sulfide, Cu2S; copper (E) sulfide, CuS; copper (I) sulfate, 
Cu2SO4; or copper (n) sulfate, CuSO4) was not possible due to insufficient quantity of deposits to 
perform X-ray diffraction. These compounds are corrosion products that form when copper is exposed 
to sulfur. The primary source of sulfur in the fuel system is the fuel itself. In addition, cadmium and 
silver compounds with sulfur were also present. 

Laminated Comer Shields. Several unique features were noted on the laminated copper shields. For 
example, several of the laminated copper shields were observed to have a mark on one side which 
appears to be a fingerprint apparently introduced during manufacturing (see Figure 6, for example). 
Dark deposits within the polymer layers are shown in Figure 7. A hole in the polymer laminate with 
exposed copper is shown in Figure 8. Evidence of holes in the polymer layers is of interest because 
they could provide a conductive path in service where the copper shield is exposed. Dark deposits 
were observed on several shields (see Figures 9 through 12). Dark deposits on the F30 shield around 
the center hole, shown in Figure 12, were identified as copperhlfur compounds most likely copper 
sulfide and/or sulfate. The deposits shown in Figure 12 are consistent with exposure of the copper and 
subsequent corrosion. 

Solder spatter, similar to that shown in Figure 13, was observed on multiple shields. The spattering 
presumably occurred during soldering of the shield to the screw. Although many of the solder spatter 
balls did not penetrate the polymer insulation layer, there was evidence that some solder balls had 
penetrated allowing exposure and subsequent corrosion of the copper shield. Penetration of the 
polymer layer is significant since exposure of the copper shield could provide a conductive path in 
service. The dark deposits on the surface of the collection of solder balls, shown in Figure 11, were 
identified as copper/sulfur compounds. The melting point of the fluorinated ethylene propylene 
polymer layer is approximately 545 OF, higher than the melting point of the solder (338 OF). Therefore, 
it is hypothesized that the penetration of the FEP layer occurred as a result of mechanical penetration 
over time rather than melting the polymer on initial contact. 

C.A. Barron 
WS 73-09,237-8073 

W. L. Plagemann 
M I S  73-09,234-3025 

Photography by J. Brewer. 
Electron microprobe elemental analysis by J. Wessel. 
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Position 
F10 Compensator 60B92010-41 
F11 Tank Unit 60B920 10-38 FG420A38 I u-7 I January 1975 

I F30 I TankUnit I 60B92010-21 I FG420A21 I v-75 I December 1974 

Table 1. Part Data for the Four Fuel Quantity Indicating Components. 

Position 
F10 
F11 

Installation I Type I BoeingP/N I HoneywellP/N 1 SerialNumber I Manufacture I 
Date 

Compensator 60B92010-41 F G420A4 1 v-2 January 1974 
Tank Unit 60B920 10-38 F G420A38 u-7 January 1975 

F30 Tank Unit 60B92010-21 F G420A2 1 v-75 December 1974 

I I Date I 
F G420A4 1 

I F48 I TankUnit I 60B92010-26 I FG420A26 I w-60 I October 1973 1 

I -I-- 

I v-2 I January 1974 

Table 2. Material Identification. 

Tank 
unit 
F10 

F11 

Table 3. Results of DepositdContaminants Analysis. 
~~ 

Component Photograph Elements Detected and Most Likely Identification 

Terminal block - Figure 2 
top surface 
Terminal block - Figure 3 Copper/sulfur compounds 

Yellowed areas contain copper and sulfur 
Unstained areas contain only sulfur, no copper 

base 
HiZ terminal stud 

- 
F11 

F11 

F30 
F30 
- 

Caddudsulfur compound(s) 
Dark deposit: copper/sulfur compounds Figure 4 

F30 
F30 

Lo2 terminal stud 

HiZ terminal stud 
Lo2 terminal stud 

Insulation strip 
Laminated copper 

Gray deposits: Copper/chromium/sulfur 
Green deposits: Chromiudcarbordoxygen, most likely 
chromium (m) sesquioxide (Cr203) 
Mustardcolored deposits: cadmium sulfide (CdS) 
Dark deposits: copper/sulhr compounds 
Green deposits: chromium, oxygen; most likely chromium (m) 
sesquioxide (Cr203) 
Brown deposits: copper/sulfur compounds 
Solder spatter: 60/40 tidlead solder 

Figure 5 

Figure 13 

F30 
shield 
Laminated copper Figure 10 and Dark deposits on solder spatter: coppedsulfur compounds 

F30 I Laminated copper I Figure 13 I Dark deposit next to solder spatter: Copper/sulfur compounds 
shield 
Nut F30 Black deposits: silver/sulfur compounds; most likely sulfides 

I I I and/or sulfates. 
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Ronald J. Hinderberger 
Director P.0 Box 3707 hlC 67-XK 
Airplane Safety Seattle. VJA 981242201 
Commercia Airplanes Group 

The Boetni ? - , - . Q ? T ~  

131 August 1999 
'B-H200-16754 -AS1 

IMr. R. Swaim, AS-40 
Transportation Safety Board 

90 L'Enfant Plaza East, S.W. 
ashington DC 20594 

bubject: 
I 

737 FQlS Tank Units Examination, TWA 747-1 00 N93119 
Accident off Long Island, NY - 17 July 1996 

Reference: B-HZ00-16677-AS1, dated 29 April 1999 

Dear Mr. Swaim: 

*Enclosed with the referenced letter we have provided a laboratory report of the 
examination of Fuel Quantity Indication System (FQIS) components from two 
in-service 747 airplanes. We have recently completed similar laboratory 
rxaminations on 737 components in conjunction with the evaluation of the 

1 

ffects of aging on FQlS components. A copy of this 737 report is enclosed for 
our information. 

If you have any questions, please do not hesitate to call. 

bery truly yours, 
~ 

I 

irector, Airplane Safety 
rg. B-H200, MIS 67-PR 
elex 32-9430, STA DIR AS 
hone (425) 237-8525 
ax (425) 237-81 88 

nclosure: 

C Mr. A. Dickinson, IIC 

EQA Report 7895R, dated June 7, 1999 



EQUIPMENT QUALITY ANALYSIS REPORT 

BOEING COMMERCIAL AIRPLANES 
Renton, WA 

TO: Jerry Hulm 04-JU EQA NUMBER: 7895R 

CC: R. Breuhaus 
T. Dunnigan 
R. Graham 
J. Everett Groat 
F.A. Jaques 
Richard Lidicker 
K.K. Longwell 
M. Penty 
N. Tavernarakis 

67-PR DATE: June 7, 1999 

70-09 CUSTOMER: Boeing 
04-JU 

04-JU 
70-09 MODELS: 737-200, 300 
04-JU 
04-JU LINE NUMBERS: 527,640, 1221 
70-09 
04-JU 

SUBJECT Emmination of In-Senice FQIS Tank Units and Compensators 
Removed from Three 737 Airplanes. 

IDENTIFICATION: Part name Tank Units & Compensators 
Part numbers 10-6 12 19-XXX* 
Supplier Simmonds Precision Products 
Supplier part number 
* detailed parts lists are enclosed in the separate tables. 

391041-xxX* & 391046-XXX* 

REFERENCE (a) Specification Control Drawing (SCD) 10-61 2 19, Indicating 
System, Fuel Quantity. 
Specification Control Drawing (SCD) 10-60875, Cable 
Assembly, Fuel Tank. 
Specification Control Drawing (SCD) 10-60479, Connecting 
Components, Fuel and Oil Quantity Systems. 
Specification Control Drawing (SCD) 10-61 827, Fuel Gauge 
Wire Bundle Assembly. 

(b) 

(c) 

(d) 

BACKGROUND 

Tank units, compensators and wiring were removed from the center and numbers one and two 
main tanks and submitted for analysis, in conjunction with the evaluation of the effects of 
aging on Fuel Quantity Indication System (FQIS) components. The tank units and 
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compensators are the capacitance type where the dielectric difference between the air ( 1 )  and 
fuel (-2 188) is used to measure the height of the fuel. They were removed from two 737- 
200 and one 737-300 airplanes, from separate customers These airplanes had accumulated 
totals of 53,109 hours/44,367 cycles, 60,773 hours/67,895 cycles; and 37,200 hours/26,23 1 
cycles. 

The tank units were visually/microscopically examined and subjected to various electrical 
tests. All testing was performed in ambient conditions of 70 degrees F. at sea level. Testing 
was performed after all of the removed components had been allowed to dry. Dielectric and 
insulation resistance testing was conducted through the cut ends of the wires attached to the 
component terminals. The tank units and compensators were submitted with approximately 
12 to 18 inches of wire length still attached to the terminals in order to maintain the 
installation integrity of the wirehermind junctions. The test data requires cautious 
interpretation as the test voltage requirements for the wire and components are different per 
the two, reference (a) and (c) specification control drawings. Due to the different test voltage 
requirements, some exceptions had to be made in order to make some comparative 
determination of the condition of the wires and components. Unfortunately, some of these 
test voltages exceeded the wire rating. The observations and results were documented. 

SUMMARY: 

The results of the examination and testing found that the tank units and compensators were in 
relatively good condition, especially considering their age and lengths of time in service. 
However, copper and silver sulfidehlfate corrosiodcontamination was evident. The 
amounts of visible fbeVcorrosion staining varied, depending upon the number of hours that the 
components had accumulated and upon other variables (e.g. cle,aning/overhaul, maintenance, 
etc.). Concentrations of conductive corrosion products were observed on the terminal ends, 
wire insulation, heat shnnk and probe bodies. Analysis has disclosed that the contaminants, in 
evidence on both the components and the wire harnesses removed !?om inside the he1 tanks, 
are primarily copper/sulfur compounds, specifically copper sulfide and/or copper sulfate. 
These compounds are corrosion products that form when copper is exposed to sulfbr. The 
primary source for the sulhr is the fuel, itself. Sulhr is present in fuel in several different 
forms, including fiee sulfbr, mercaptan sulhr, sulfides, disulfides, thiophenes, sulfates, organic 
sulfate acids, sulfones and sulfoxides. The reaction mechanisms between the various forms of 
sulhr and available copper, as well as controlling variables (e.8. temperature, moisture 
availability, oxygen availability, pH, pressure, etc.) are unknown. Testing of reagents has 
confirmed that copper (I) sulfide (Cu2S) is not a conductive material but that copper (11) 
sulfide (CuS) conducts well. See enclosed Conductivity Table. Although the contamination 
can reduce insulation resistance and dielectric strength, the contamination is yet to be fully 
characterized or understood. 

It is difficult to draw conclusions regarding contamination buildup as only a result of age. 
There are many factors that can either exacerbate or retard the contamination buildup. Any 
attempt to correlate the units, which provided anomalous electrical test results, to installation 
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locations needs to be interpreted cautiously for a variety of reasons. Very few, if any, 
installations are intact from the “as delivered” condition (although some may be). Individual 
components or wire harnesses have been changed for a variety of reasons. In some cases, 
maintenance or other reasons may have dictated changing out equipment (e.g. overhaul, 
compliance to checks, etc.). The fuel used over the years and any additives, etc. also plays a 
part in the reaction and eventual formation rate of copper/silver sulfidsulfide corrosion 
products. Temperature exposure, moisture content, biological influences and pressure altitude 
are all likely contributors to the formation of corrosion products as well. So many variables 
contribute to variation in the individual airplanes examined that no clear associations of 
maintenance practices, installation location or other major factors could be identified, at this 
time, as being the “most significant variable” that may accelerate the formation of 
contamination and eventual corrosion products. Copper and silver exposed to fuel over time 
will result in corrosion products. 

Two distinctly different style wire harnesses were attached to the probes. Some tank units 
and compensators were submitted with old wire harnesses (brown) and the newer harness 
(green). The newer green harnesses are made of nickel coated copper wire; the older brown 
harnesses were made of silver coated copper wire. Some of the newer nickel harnesses’ 
terminal ends were crimped and soldered with no bare copper conductors visible. The 
soldering process had effectively covered the bare, cut ends of the wire strands and prevented 
the copper from easily reacting with sulfur (from fuel and polysulfide sealant) thereby 
reducing the resulting corrosion products on the new style harness. Most of the older silver 
wire harnesses’ terminal ends were only crimped, not soldered, exposing the bare ends of the 
copper wire to the sulfur in the fuel. Chemical reaction of the fuel with the silver of the eyelet 
terminal end and the copper of the exposed conductor wire strands (at the crimp) had resulted 
in the formation of corrosion products which (in some cases) had coated the crimp junction 
and had migrated along the length of the wires and onto the probe body as well. This 
accumulation of corrosion products resulted in a number of tank unitdcompensators having 
lower insulation resistance and dielectric strength properties when compared to new parts 
acceptance standards. One older silver harness was found to have terminal ends that had been 
crimped and soldered; these had been reworked and the tank units and compensators had been 
overhauled. This overhaul process had effectively reduced the corrosion. 

The examination of the components and harnesses has found that it is typical to find wiring 
harnesses and tank units or compensators that have been replaced over time in-service. Of the 
three airplanes examined, only line number 122 1 .is believed to have had all original equipment 
(and this is not known for certain). Although this airplane had the newer style nickel 
harnesses, the terminal ends were only crimped and not soldered. There was an interim period 
of time where several new style harness configurations were manufactured. Some were made 
using the older style, square, silver coated terminal ends and some with the newer round, 
nickel coated terminal ends. Some of these interim harnesses were made with only crimped 
terminal ends prior to being both crimped and soldered. Soldering initiated in production with 
line number 1576. Although this condition exposed the copper wire ends to fuel, the electrical 
tests noted no adverse condition with the wire harnesdterminal junctions (L/N 1221). 
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An inspection of all of the associated FQIS tank wiring submitted noted a location at tank unit 
F5 (I"), of line number 640, where the braided shielding and the wire insulation for the LoZ 
(red) had been chafed at one location. The LoZ conductor was not exposed. The wire had 
been looped in a tight circle through a clamp (approximately 3-4 loops) adjacent to that 
location. It is not known why the wire had been looped several times through the clamp 
What caused the wear is also unknown. A second wire was found with the shield wire 
insulation and shield braid chafed through at position F8 (R/H). This location also occurred at 
a series of looped wires attached to and adjacent to F8 Any positive identification, of the 
locations where chafing occurred (between the wires and some place in the installation), was 
not established due to the fact that the units had been removed from the installation and 
submitted for examination. The two preceding locations were the only two locations where 
any wire chafing or wear was noted. The wire harness lengths (attached to the connectors) 
were free of any wear or chafing. An examination of tank unit F18 L/H, noted a location 
where the anodize coating of the outer tube had been worn through. See photograph 1. A 
corresponding location of superficial wear of the outer protective sheath was found on the 
wires attached to F 1 8. 

All electrical tests of the tank units and compensators were conducted through the cut ends of 
the remaining, attached wire segments. A Vitrek, model 9441 dielectric analyzer was used to 
test the subject units for dielectric withstanding voltage/current values and insulation 
resistance values below 10 gigohms. A Guideline Instruments, model 6500A digital 
teraohmeter was used to veri& resistances in excess of 10 gigohms. The specification control 
drawing (SCD) 10-61219 was used as the reference for comparative acceptance testing. 
Although the reference (a) document requires a test voltage of 3000 VDC, only 15OOVAC 
was used initially. When interpreting the test results, it should be taken into consideration that 
the SCD testing is typically performed on the tank unit or compensator by itself and not 
through the associated wiring. The wiring has a different test voltage rating. Per the reference 
(c), test voltage for the wire is rated at 1000VAC. Testing was halted automatically when the 
resistance dropped below the low preset threshold of one megohm on the tester (SCD 
requirement [for tank unit/compensators] is 1-1 1 megohm depending upon the specific dash 
number of the part). All of the tank units and compensators, themselves, were found to be 
fhctionally acceptable. M e r  the initial testing at 1500 VAC, one ship set (only line number 
527) was subsequently subjected to 3000 VDC through the wires attached. This test 
condition exceeds the wire rating of 1000 VAC. The one dielectric breakdown of the F18, 
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IUH wire, occurred between the coax and shield at 2758 VDC. This dielectric breakdown of 
the wiring occurred at a voltage well above the rating of the wire and may in fact, have 
occurred as a result of over-stress of the wire by the test itself The breakdown occurred 
between one strand of the shield wire which had been entrapped between the heat shnnk 
sleeve and the insulation of the coax conductor, during an isolated manufacturing flaw. 
However, it should be noted that initial testing of this wirehank unit, at 1500 VAC (still above 
the 1000 VAC requirement), noted no discrepancies at all. 

EXAMINATION RESULTS: 

Line Number 527: 

A total of 22 tank units and 2 compensators (24 total) were received for test and analysis from 
line number 527. They had been removed from the numbers 1 and 2 main tanks. No FQIS 
parts were received from the center tank installation. This airplane (737-200) had 
accumulated 53,109 hours and 44,367 cycles. It had been delivered in August of 1978. It had 
been in service for 21 years. An identification table, detailing part numbers, dates of 
manufacturing and serial numbers, is enclosed as Table I, section A. 

Examination revealed that the majority of the components removed from the L/H main tank 
may have been original installation with the exception of one newer unit. The wiring harness 
from the L/H installation was newer and not original equipment. The examination of the 
components removed from the WH main tank revealed a mix of dates including 7 units that 
were significantly older than the delivery date of the airplane. The wire harnesses and 
respective connectors were not received for analysis. Only the sections of the harnesses that 
remained attached to the submitted tank units and compensators were examined. Although 
some of the older units exhibited some staining on the outer tube body (in comparison to the 
other units examined), all of the units were in relatively good condition. Detailed examination 
observations are documented in Table 1, Section B. 

The majority of tank unitdcompensator removed from the R/H (#2) main tank were 
manufactured in the 1960s. The majority of tank unitdcompensator removed from the L/H 
(#1) main tank had been manufactured in the 1970s. The wire harness segments, attached to 
the tank units/compensator, from the R/H main tank, were an older style, silver harness; the 
sheathing was brown in color and the wire was a silver plated type. In contrast, the wire 
segments fiom the L/H main tank probes were of a newer style with green sheathing and 
nickel plated wire. There were no part numbers or wire identification on the remaining wire 
segments (attached to the tank units and compensators) to positively identie the wires, wire 
harnesses or dates of manufacture. 

The manufacturing dates of the tank units and compensator in the # I  UH tank were as 
follows: 

1976 - qty. 10 
1977 - qty. 1 
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1980 - qty. 1 

The manufacturing dates of the tank units and compensator in the #2 R&I tank were as 
fo I 1 ou's . 

1967 - qty. 2 
1968 - qty. 5 
1976 - qty. 2 
1978 - qty. 1 
1988 - qty. 1 
1991 - qty. 1 

(The airplane was delivered on August 4, 1978). 

An examination of all units noted that the older tank unitdcompensator, from the #2 €UH main 
tank, were reasonably clean and free of stains on the outside of the tubes. All of the units that 
were manufactured prior to 1978 are not likely to be original equipment since the airplane was 
delivered in 1978. In comparison, however, the newer tank unitdcompensator fiom the #1 
L/H main tank were stained and dirtier. 

All wire harness segments (both older [silver] and newer [nickel]) attached to tank probes had 
eyelet terminal ends that had been both crimped and soldered. There were two styles of eyelet 
terminal ends that corresponded to the old [silver] or new [nickel] harnesses respectively. The 
older, silver wire had rectangular, silver plated eyelet terminals and the new nickel wire had 
round, nickel-plated eyelet terminals. The terminal ends of the nickel wire harnesses were 
relatively free of staining or discoloration from corrosion products. Some dark contamination 
was observed on the silver wire harnesses between the terminal end and heat shrink, covering 
the shield termination. It appeared that the older silver harness terminations had been 
reworked. The older silver, square terminal ends were not soldered until mid 1988 and this 
airplane had been delivered prior to that. 

Most of the tank units and conipensators had some varying amount of green primer (from fie1 
tank) that had splashed onto the exterior probe body (at the bottom of the units). 

The R/H, F2 compensator, R/H, F18 tank unit, and L/H, F10 tank unit were observed to have 
cracked coax insulator blocks. This condition did not affect their dielectric or insulation 
resistance values negatively. 

Line Number 640: 

A total of 24 tank units and 3 compensators (27 total) and their respective wire harnesses 
were received for test and analysis from line number 640. They had been removed fiom the 
center and numbers 1 and 2 main tanks. This airplane (737-200) had accumulated 60,773 
hours and 67,895 cycles. It had been delivered in March of 1980. It had been in service for 

Q 
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19 years. An identification table, detailing part numbers, dates of manufacturing and serial 
numbers, is enclosed as Table 11, section A. 

Examination noted one Lo2 conductor wire insulation chafed at F5, R/H. What caused the 
chafing is not known. A photograph shows an overview of the tank unit, F5, R/H with the 
chafed LoZ wire insulation. A second photograph shows a close-up detail view of the actual 
chafe location. See photographs 2 and 3. 

Photograph 2 Photograph 3 

A second wire was found chafed at F8, I". The chafing had worn through the protective 
outer sheath, the shield wire insulation and the shield wire itself The wear had not gone 
through the underlying conductor insulation. Again, the chafing had occurred at a location 
where the wires were looped several times through a clamp, adjacent to the tank unit. See 
photographs 4,5,6 and 7. 

Photograph 4- F8 R/H . Photograph 5- Coiled Wire 

The gray mass attached to the wires in photographs 4 and 5 is fbel tank sealant. It is not a 
condition that is typical of production. 
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Photograph 6- Chafed Wire Photograph 7-Detail of Wear 

All of the wire harnesses were of the older [silver] style, with silver terminals that were 
crimped and not soldered. There was contamination evident on all of the termindwire 
junctions 

Of the three ship sets examined, this set appeared to have suffered the most degeneration as a 
result of multiple factors (e g. age, maintenance, physical damage, etc.). Several units were 
submitted with wire segments looped several times through the first, adjacent clamps that 
were not attached to the units, themselves. This practice may have been initiated in order to 
support extra wire length The wire harness sheaths were stained, presumably fiom exposure 
to fuel over time. An examination of some of the cut wire ends, attached to the tank units and 
compensators, noted discoloration and staining of the shield wire which had migrated 
approximately 12 to 14 inches down the length of the shield 

Some of the tank units displayed physical damage (dents and bent terminals). See 
photograph 8. It was not known, in every case, whether the damage occurred prior, during 
installation, in the installation or during the removal process. A detailed list of the physical 
observations is enclosed as Table 11, section B. 

Photograph 8. F3 LM 
Clamp mount is bent inward into 
body of tube a--per - 

All of the tank unitslcompensator removed from the M-I (#2) main tank were manufactured 
in1979. The majority oftank units/compensator removed fiom the LM (#I) main tank had 
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been manufactured in the 1970s with the exception of three units The center tank contained 
two units manufactured in the 1990s The wire harness segments, attached to the tank 
units/compensators, from the R/H and L/H main tanks, were the older style harness; the 
sheathing was brown in color and the wire was a silver type. In contrast, the wire segments 
from the center tank probes were of a newer style with green sheathing and nickel wire. 
There were no part numbers or wire identification on the remaining wire segments (attached 
to the tank units and compensators) to positively identify the wires, or dates of manufacture. 

The manufacturing dates of the tank units and compensator in the #1 LM tank were as 
follows: 

1968 - qty. 1 
1969 - qty. 1 
1977 - qty. 2 
1979 - qty. 7 
1980 - qts I 

The manufacturing dates of the tank units and compensator in the #2 IUH tank were as 
follows. 

1979 - qty. 12 

The manufacturing dates of the tank units and compensator in the center tank were as follows: 
1977 - qty.  1 
1991 - qty.  1 
1994 - qt). 1 

The airplane was delivered on March 27, 1980 

Some of the units were not original equipment delivered with the airplane. The number of 
units replaced during the service life of this airplane is not unusual and is considered typical 
for an airplane of this age. It is possible (although not confirmed) that all of the units in the #2 
or right main tank may be original equipment. An examination of all units noted that the tank 
units/compensators, from the #1 and #2 main tanks, were stained heavily and dirty on the 
outside of the tubes. In comparison, however, the tank unitdcompensator from the center 
tank were relatively clean. 

Both main tank wire harnesses were of the older 'silver style (with brown protective sheath) 
and were likely original equipment. The center tank wire hamess was of the newer nickel 
style (with green protective sheath) and most likely, was not original equipment. Both (older 
style) main tank wire harnesses segments, attached to the tank unitdcompensators, had eyelet 
terminal ends that had only been crimped. They had not been soldered. There were two 
styles of eyelet terminals ends that corresponded to the silver or nickel harnesses respectively. 
The older [silver] wire had rectangular, silver-plated eyelet terminals and the new [nickel] wire 
had round, nickel-plated eyelet terminals. The nickel harness (center tank only)had nickel- 
plated, round terminal ends that had been both crimped and soldered. The terminal ends of 
the nickel wire harness were relatively free of staining or discoloration from corrosion 
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products. Heavy, dark colored contamination (in comparison to others examined) was 
observed on the older silver wire harnesses, where the exposed copper wire strands projected 
from the terminal crimps and between the terminal end and heat shrink covering the shield 
termination. Migration of the corrosion products along the length of the outer tube, 
downward, away from the terminals, was readily apparent. See photograph 9. 

Photograph 9. Detail of tank 
unit F18, LM showing stain 
migrating down the tube from 
LoZ terminal. 

t 

Most of the tank units and compensators had some varying amount of green primer (from fbel 
tank) that had splashed onto the exterior probe body (at the bottom of the units). 

Several tank units and wire harnesses had fuel tank sealant adhered to the outer tubes and 
wires. 

Line Number 122 1 : 

A total of 26 tank units , 3 compensators (29 total) and their respective wire harnesses were 
received for test and analysis from line number 122 1. They had been removed from the center 
and numbers 1 and 2 main tanks. This airplane (737-300) had accumulated 37,200 hours and 
26,23 1 cycles. It had been delivered in April of 1986. It had been in service for 13 years. A 
detailed part number and serial number list of the items examined is enclosed as Table 111, 
section A. 

Examination of the submitted components and wiring noted no anomalies. All of the parts 
were in very good condition. 

The manufacturing dates of the tank units and compensator in the # I  UH tank were as 
follows: 

1985 - qty. 12 
Unmarked - qtv. 1 

The manufacturing dates of the tank units and.compensator in the #2 R/H tank were as 
follows: 

1984 - qty. 1 
1985-qty 12 

The manufacturing dates of the tank units and compensator in the CTR tank were as follows: 
1985 - qty 2 



. .  
EQA 7895R 

Page 11 

1986 - qty. 1 

The airplane was delivered on April 23, 1986. All of the submitted units may be original 
installation. 

An examination of all tank units and compensators noted that they were reasonably clean and 
only very lightly stained on the outside of the tubes. 

The wire harnesses were of the newer nickel style. Contamination by copper, 
silver/sulhr/sulfide corrosion products was minimal and had not resulted in any anomalous 
conditions or performance. All wire harness segments attached to tank probes had square, 
silver plated eyelet terminal ends that had been crimped and not soldered. The exposed copper 
wire strands, in the end of the terminal end crimps, were exhibiting early signs of discoloration 
from corrosion products. The older silver, square terminal ends were not soldered until 1988 
and this airplane had been delivered prior to that. The amount of black colored corrosion 
products was relatively minor but had initiated on all exposed wire terminal ends examined. 

Most of the tank units and compensators had slight amounts of green primer (from he1 tank) 
that had splashed onto the exterior probe body (at the bottom of the units). 

A detailed list of the observations is documented in Table 111, section B. 

Examination Summary 

A number of the units were not original equipment delivered with the airplanes. Both (older 
[silver] and newer [nickel] style) main tank wire harnesses segments, attached to the tank 
units/compensators, had eyelet terminal ends that had been either crimped or both crimped 
and soldered. There were two styles of eyelet terminals ends that were “mixed” with the old 
[silver] or new [nickel] harnesses. The silver wire had rectangular, silver-plated eyelet 
terminals and the nickel wire had round, nickel-plated eyelet terminals. The set from L/N 
1221 however, had nickel style harnesses with square, silver teminal ends. Some dark 
colored contamination was observed on the older wire harnesses, where the exposed copper 
wire strands projected from the terminal crimps and between the terminal end and heat shrink 
covering the shield termination. Migration of the corrosion products along the length of the 
outer tube, away from the terminals, was also apparent in some of the tank units. 

Most of the tank units and compensators had some varying amount of green primer (from fuel 
tank) that had splashed onto the exterior probe body (at the bottom of the units). Several 
tank units and wire harnesses had fuel tank sealant adhered. 

In general, the contamination was progressively more noticeable on the older units, with the 
exception of the overhauled components removed from line number 527. 
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TEST RESULTS 

The tank units and compensators were tested for dry capacitance, insulation resistance and 
high potential characteristics. Due to the fact that all electrical testing was conducted through 
the attached wires, an exception to the specification requirement was made relative to the high 
potential testing. SCD 10-61219, reference (a), requires high potential testing at 3000 VDC 
[tank units and compensators]. SCD 10-61 827, reference (d), requires a dry dielectric test 
voltage of 1000 VAC RMS [FQIS wire harness assembly]. In order to obtain comparative 
results in relation to earlier testing of 747 tank units and compensators, the high potential tests 
were conducted using 1500 VAC. The test using the required 3000 VDC, per paragraph 
4.2.24.2 of SCD 10-61219, for tank units and compensators, was withheld in order to 
preserve evidence with the exception of the units removed from line number 527. The results 
of the insulation resistance tests at 500 VDC and the dielectric tests at 1500 VAC noted a 
number of units exhibiting lower insulation resistance and dielectric test values in comparison 
to others. 

Line Number 527: 

Of the tank units and compensators examined, all met the new part acceptance test 
specification requirements. The testing disclosed no discrepancies with any parts when testing 
at 1 SOOVAC. Subsequent exceptional testing at 3000 VDC (exceeding the wire rating), 
yielded one unit that incurred dielectric breakdown at 2758 VDC within the wire. The wiring 
attached to F18, RM, did exhibit a dielectric breakdown between the coaxial conductor and 
the shield as a result of an isolated case, manufacturing process flaw which allowed a strand of 
the shield to become entrapped under the heat shrink (adjacent to the end termination), 
providing a path for conduction under the presence of an extremely high voltage. The wiring 
is supposed to be tested to only 1000 VAC. The test procedure using 3000 VDC may have 
damaged the wire under test. 3000 VDC is used as a measure for acceptance of new tank 
units and compensators, not wire harnesses. The wiring survived prolonged exposure to 1500 
VAC with only 0.1 10 milliamp leakage. This condition is not likely to have resulted in any 
discrepancy in the airplane installation. 

Line Number 640: 

Of a total of 27 units iested for insulation resistance using 500 VDC, (6) units failed the 
insulation resistance test requirement of one megohm minimum between Coax (HZ) and 
Shield; (8) units had resistance values between 1.2 to 108.9 megohms; (2) units had resistance 
values between 3.3 and 7.2 gigohms. The remaining (1 1) units had resistance values in excess 
of 10 gigohms. All of the discrepant or lower insulation resistance test values (in comparison 
to other units) occurred between the Coax (HZ) to Shield combination. Testing across the 
remaining combinations, Tank (LoZ) to Shield and Coax to Tank (lz to LoZ) yielded no 
anomalies at all. 
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Dielectric testing noted 8 units of 27 total exhibiting discrepancies when testing at 1500 VAC. 
It should be noted that this test value exceeds the wire test value of 1000 VAC and may have 
caused some stress to the wire. Of the 8 units exhibiting anomalous performance, 7 exceeded 
the maximum allowable leakage current of 0.5 milliamp when tested at 1500 VAC. (wire 
requirement of max. 1.5 mA @ 1000 VAC). One unit failed as a result of breakdown 
between the Coax and Shield. The lowest test anomaly occurred at 641 VAC. 

Line Number I22 1 : 

The results of the initial testing at 500 VDC and at 1500 VAC noted no anomalous 
performance characteristics. Of the tank units and compensators examined, all met the new 
part acceptance test (747 test) specification requirements. The unitdwiring survived 
prolonged exposure to 1500 VAC with only 0.195 milliamp maximum leakage. The 
maximum allowable leakage (for the wire), per the reference (d), is leakage current no greater 
than 1.5 milliamps when testing at 1000 VAC. The higher leakage values (for all units tested) 
were typically associated with the HiZ (Coax) to Shield wire combination. It was found that 
the leakage was associated with the wiring and not the unit, itself. 

ANALYSIS 

The request for this analysis was made with incomplete background information provided 
regarding the service history of the airplane/fbel tanks from which the subject tank 
units/compensators had been removed. 

Airplane PK552 (Line Number 640) had accumulated 60,773 hours and 67,895 cycles. The 
examination of the attached wire segments, their respective terminal ends and tank 
unitlcompensator eyelet terminals, noted a pronounced buildup of a dark colored 
contamination (in comparison to the other ship sets). This ship set appeared to exhibit the 
most “age” with respect to condition of parts, test results and with respect to the 
accumulation of dark deposits. For these reasons, two tank units exhibiting more 
contamination deposits (in comparison to other units) were selected from this ship set for 
chemical analysis of the deposits. 

Analysis has identified the dark deposits as sulfur corrosion products of copper and silver. See 
the enclosed Analytical Engineering Report No.: 9-5576-WP-99-021. Findings were 
consistent and similar to previous chemical analyses of 747 FQIS components. For this 
reason, chemical analyses were not requested of components removed fiom line numbers 527 
and 1221. 

Wire chafing was found in two separate instances with wires attached to two tank units. In 
one case, the shield insulatiodwire had been chafed through and in the second case, the Lo2 
wire insulation had been chafed into but no conductor was exposed. In both cases, the wires 
had been looped several times through a clamp (as if to take up slack in extra length). This 
condition (looped wires) is unique to only line number 640; it was not witnessed in either of 
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the other two ship sets of components/wiring submitted. It is not known whether this unusual 
routing may have been a result of maintenance practices or original installation. Additionally 
applied sealant was evident on individual units, wiring and on connectors suggesting that they 
were applied after original installation. 

SUMMARY and DISCUSSION: 

Of the tank units and compensators examined, all met the new part acceptance test 
specification requirements for dry capacitance. They were hnctionally acceptable. Although 
a number of insulation resistance and dielectric test discrepancies were noted, they were not 
likely to have resulted in any discrepant performance in the airplane installation. The 
degradation of insulation resistance and dielectric strength over time is not unusual or 
unexpected. 

Observations were noted that might warrant further investigation. The most notable finding 
was the confirmation that contaminants, introduced by the reaction reagents in the fie1 with 
copper, can be conductive. However, the biggest drawback to any meaningfbl interpretation 
of any of the results is that the contamination is yet to be h l ly  understood. The contaminant 
varies by airplane, location, consistency, and composition, among other variables. Any 
number of other factors may also affect the contamination or its conductivity while in-service. 
These may include, but are not limited to, pressure altitude, humidity and moisture, 
temperature, and (wet) fie1 exposure. One of the key issues regarding the variation in the 
contaminant is with regards to the fuel that an airplane is exposed to over timdife. Various 
hels contain different additives, different sulfir levels and forms of s u b  as well as other 
constituents. Exact fuel composition can be different and still meet the requirements for 
commercial aviation fuel. In addition, maintenance (tank cleaninghspection, repair and/or 
alteration) may also add unknown elements into the “picture” as well. Any or all of these 
variables can affect the make-up of the contamination, its growth rate as well as its 
conductivity. No obvious correlation between the presence of observable contaminants and 
the electrical breakdown was observed. Specifically, units that experienced insulation 
resistance or dielectric strength breakdown appeared to be no more heavily contaminated than 
units, which did not exhibit any breakdown at all. 

A number of additional topics may need to be explored m h e r  before any interpretation of the 
preceding results can be made. These may include, but are not limited to, (1) additional 
chemical characterization of the contamination deposits, (2) effect of humidity on the 
electrical properties of the deposits, (3) effect of the presence or absence of liquid he1 and 
fuel vapor on the electrical properties of the contamination deposits, (4) effect of reduced 
pressure altitude on the electrical properties of the deposits, and ( 5 )  effect of applied voltage 
on rate and geometry [and location] of the deposition. 
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The voltages used to test insulation resistance and dielectric properties are far in excess of 
system voltages that it would seem unlikely that the corrosion related issues would negatively 
affect system performance in the airplane installation 

The preceding information is being submitted to the concerned personnel for action as 
necessary. This EQA is considered closed. 

r 

i-, ' 1  

Prepared by -. , i' LfL- Concurrence 
J .  Murphy/ ' M. Noble 
M / S  96-03, (425) 237-7410 M / S  63-11, (425) 965-3164 

ENCLOSURES: 

A. 
B. 
C. 
D. 
E. 
F. 
G. 
H. 
I .  
J. 
K. 
L. 
M 
N. 
0. 
P. 

Table I, Section A: Identification Table, L/N 527 
Table I, Section B: Examination Observations, LR\J 527 
Table I, Section C: Dry Capacitance and Insulation Resistance, L/N 527 
Table I, Section D: Dielectric Tests, LRV 527 
Table 11, Section A: Identification Table, LRV 640 
Table 11, Section B: Examination Observations, L/N 640 
Table 11, Section C: Dry Capacitance and Insulation Resistance, L/N 640 
Table 11, Section D: Dielectric Tests, L/N 640 
Table 111, Section A: Identification Table, L/N 122 1 
Table 111, Section B: Examination Observations, L/N 1221 
Table III, Section C: Dry Capacitance and Insulation Resistance, L/N 122 1 
Table III, Section D: Dielectric Tests, L/N 122 1 
Analytical Engineering Report No. 9-5576-W-99-02 1 
Conductivity Table from American Institute of Physics handbook, 3d edition. 
Photographs 1- 9 : Details of findings 
Photographs 10-33: Representative pictures of tank units and compensators 
removed from line number 527. 

' 
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The voltages used to test insulation resistance and dielectric properties are far in excess of 
system voltages that it would seem unlikely that the corrosion related issues would negatively 
affect system performance in the airplane installation 

, 

The preceding information is being submitted to the concerned personnel for action as 
necessary. This EQA is considered closed. 

Prepared by - Concurrence 
J Murphy' M Noble 

M / S  63-1 1, (425) 965-3 164 
% 
M / S  96-03, (425) 237-7410 f 

ENCLOSURES: 

A. Table I, Section A: Identification Table, L/N 527 
B. Table 1, Section B: Examination Observations, WN 527 
C. Table I, Section C: Dry Capacitance and Insulation Resistance, L/N 527 
D. Table I, Section D: Dielectric Tests, L/N 527 
E. Table 11, Section A: Identification Table, L/N 640 
F. Table 11, Section B: Examination Observations, LM 640 
G. Table 11, Section C: Dry Capacitance and Insulation Resistance, L/N 640 
H. Table 11, Section D: Dielectric Tests, L/N 640 
1. Table 111, Section A. Identification Table, LM 1221 
J .  Table 111, Section B: Examination Observations, LM 1221 
K. Table 111, Section C: Dry Capacitance and Insulation Resistance, LM 122 1 
L. Table 111, Section D: Dielectric Tests, L/N 1221 
M. Analytical Engineering Report No. 9-5576-WP-99-02 1 
N. Conductivity Table from American Institute of Physics handbook, 3d edition. 
0. Photographs 1- 9 : Details of findings 
P. Photographs 10-33: Representative pictures of tank units and compensators 

removed from line number 527. ' 
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#1 Tank 

F2 L/H 

S I N  3793 AC 

2480 

10-6 12 19- 1 

39 104 1-05007 

F3 LIH 

S I N  1715 K 

2Q76 

10-6 12 19- 10 

39 1046-04 137 

F4 L/H 

S / N  1722L 

2Q76 

10-61219-1 I 

391046-04136 

F5 L/H 

S I N  1765 J 

1477 

10-6 12 19- 12 

39 1 046-04 1 3 5 

F6 LIH 

S I N  1662 J 

2Q76 

10-61 2 19- 13 

39 1046-04 134 

F7 L/H 

S I N  1694 M 

2Q76 

10-6 12 19- 14 

39 1046-04 1 33 

Table I, Section A 

Identification 

L/N: 527 Main Tank Units & Compensators 

#2 Tank 

F2 RIH 

S I N  868 U 

9/26/67 

10-61 2 19- 1 

39 104 1-05007 

F3 R/H 
10-6 12 19- 10 
S I N  793 E 
39 1046-04 137 
2Q68 

F4 R/H 

S I N  4059 N 

1 Q88 

10-61219-1 1 

391046-04136 

F5 RIH 

S I N  981 E 

4468 

10-6 12 19- 12 

391046-04135 

F6 FUH 

S I N  5160 B 

612 719 1 

10-6 12 19-2 13 

39 1046-05 134 

F7 R/" 
10-6 12 19- 14 
S I N  629 ? 

1467 
39 1046-04 133 
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FB Lm 
10-61 2 19- 15 
S/N 1666 J 

2476 
39 1036-03 132 

~9 Lm 
10-61 2 19- 16 
S I N  1705 L 

3Q76 
39 1046-04 13 1 

F ~ O  Lm 
10-612 19-17 
S / N  1682 J 

2476 
39 1046-03 130 

F11 L/H 

S / N  1715 J 

3476 

10-61 2 19- 18 

39 1046-04 129 

F12 L/H 

S I N  1704 J 

2476 

10-6 12 19- 19 

39 1046-04 128 

F18 L/H 

S/N 1713 J 

2Q76 

10-61 2 19-20 

39 1046-04 138 

F8 R/H 

S I N  1810 J 

2Q78 

10-61 2 19- 15 

39 1046-04 132 

F9 R/H 

S / N  1699 L 

2Q76 

10-61 2 19- 16 

39 1046-04 13 1 

F10 R/H 
10-61 2 19- 17 
sm 975 E 
39 1 046-04 130 
4468 

F11 FUH 

S I N  938 E 

4Q68 

10-6 12 19- 18 

39 1046-03 129 

F12 R/H 

S/N 1703 J 

2476 

10-6 12 19- 19 

39 1046-04 128 

F18 FUH 

S / N  713 D 

1468 

10-6 12 19-20 

391046-04138 
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1. F2R/H- 
10-61 2 19- 1 
S/N 868 U 

2. F2L/H- 
10-6 12 19- 1 
SA' 3793 AC 

3. F3R/H- 
10-6 12 19- I O  
S/N 793 E 

4. F3Lm 
10-612 19- 10 
S/N 1715 K 

5. F4R/H 
10-61219-1 1 
S/N 4059 K 

6. F4L/H 
10-61219-1 1 
S/N 1722 L 

Table I, Section B 
Examination Observations 

L/N 527 
Main (#1) & (#2) Tank Units 8r Compensators 

* Old style brown harness 
* Square silver crimpedsoldered terminal ends 
* Outer tube relatively clean 
* Cracked insulator block 

* New style green harness 
* Round crimpedholdered terminal ends. 
* Clean outer tube 
* Some green primer splash at bottom of O.T. 

* Old style brown harness 
* Square silver crimped/soldered terminal ends 
* Clean outer tube 

* Round crimpedsoldered terminal ends 
* Unit is most discolored probe of this ship set 
* New style green harness 

* Square, silver crimpedsoldered terminal ends 
* Old style brown harness 
* Very clean outer tube 
* Minor sealant at bottom 

* Dent in outer tube 
* New style green harness 
* Very'dirty on upper Y2 of tube 
* Green primer at base 
* Round crimped/soldered terminal ends 
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7. F5R/H 
10-6 12 19- 12 
S f i 9 8 1  E 

8. F5LM 
10-6 12 19- 12 
S/h! 1765 J 

9. F6RM 
10-6 12 19-2 13 
S/N 5160 B 

10. F6 L/H 
10-6 12 19- 13 
S/N 1662 J 

11. F7 R/H 
10-6 12 19- 13 
Sm 629 ? 

12. F7 LM 
10-6 12 19- 14 
S h '  1694 hl 

13. F8 R/H 
10-6 12 19- 15 
S/N 1810 J 

14. FS L/H 
10-6 12 19- 15 
S/N 1666 J 

15. F9 R/H 
10-6 12 19- 16 
S / N  1699 L 

* Silver. square crimpedkoldered terminal ends 
* Old style brown harness 

* Dirty exterior tube 
* New style green harness 
* Round crimpedlsoldered terminal ends 

* Square silver crimpedkoldered terminal ends 
* Old style brown wire harness 

* New style green wire harness 
* Outer tube discolored heavil 
* Round crimped/soldered terminal ends 
* Green primer at bottom of probe 

* Old style brown harness 
* Square. silver crimpedsoldered terminal ends 
* Outer tube slightly stained 

* New style green harness 
* Round crimpedholdered terminal ends 
* Outer tube heavily stained 
* Green primer at base of outer tube 

* Very clean outer tube 
* Old style brown sheath harness 
* Square, silver crimpedlsoldered terminals 

* Moderately stained outer tube 
* New style green harness 
* Round crimpedsoldered terminals 
* Green primer at bottom of tubes 

* Old style brown harness 
* Square silver crimpedkoldered terminal ends 
* Green primer at base 
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16. F9 L/H 
10-6 12 19- 16 
s a  1705 L 

17. F10 FUH 
10-6 12 19- 17 
S I N  975 E 

18. F10 L/H 
10-6 12 19- 17 
SA4 1682 J 

19. F11 R/H 
10-6 12 19- 18 
S/N 938 E 

20. F11 L/H 
10-6 12 19- 18 
S/N 1715 J 

21. F12 R/H 
10-6 12 19- 19 
S/N 1703 J 

22. F12 L/H 
10-6 12 19- 19 
S/N 1704 J 

* Slightly discolored outer tube 

* Heavily stained 
* New style green harness 
* Round crimpedsoldered terminal ends 
* Green primer at base 

* Old style brown harness 
* Square silver crimped/soldered terminal ends. 
* Outer tube is quite discolored 

* New style green harness 
* Round crimpedsoldered terminal ends 
* Heavy staining on tube. 
* Green primer at base 
* Cracked insulator block 

* Old style brown harness 
* Square silver crimpedsoldered terminal ends 
* Clean outer tube 

* New style green wire harness 
* Round crimpedsoldered terminals 
* Heavily discolored outer tube 
* Green primer on bottom of outer tube 

* Old style brown wire harness 
* Square silver crimped terminal ends 
* Moderately clean outer tube 

* Reasonably clean probe. 
* Round style silver eyelet terminals. 
* New style green harness 
* Some minor green primer at base. 



. .  

26. F18 R/H 
10-6 12 19-20 
S/N 713 D 

27. F18 L/H 
10-6 12 19-20 
S/E 1713 J 
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* Old style brown sheath harness. 
* Square silver crimped terminals 
* Cracked insulator block 

* New style green harness 
* Round crimpedsoldered terminal ends 
* Bottom half of tube heavily stained 
* Green primer at bottom 
* Moderately stained 
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Tank Position 

Table I, Section C 

Dq, I.R. Coax to I.R. Tank to I.R. Coax to 
Capacitance Shield Shield Tank 

F2 RM ( -1)  
F2 UH (-1) 
F3 R/H (-10) 
F3 UH (- 10) 

39 pF > 10 Gigohm > 10 Gigohm >10 Gigohm 
39.1 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
73.2 pF >IO Gigohm > 10 Gigohm > 10 Gigohm 
71.6 uF >10 Gigohm > 10 Gigohm > 10 Gigohm 

F4 R/H ( - 1 1 )  
F4 UH (-1 1)  
F5 RM (-12) 
F5 UH (-12) 
F6 R/H (-213) 

73.1 pF > 10 Gigohm >10 Gigohm > 10 Gigohm 
73.9 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
64.7 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
64.7 pF > 10 Gigohm >10 Gigohm >10 Gigohm 
42.2 DF > 10 Gigohm > 10 Gigohm > 10 Gigohm 

F6 L" (-13) 
F7 R/H (-14) 

42.5 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
23.5 UF > 10 Gigohm > 10 Gigohm >10 Gigohm 

F11 RM (-18) 1 35.1 pF I >10 Gigohm I >10 Gigohm I >10 Gigohm I 

F7 L" (-14) 
F8 R/H (-15) 
F8 UH (-15) 
F9 R/H (-16) 
F9 I-44 (-16) 

22.6 pF > 10 Gigohm > 10 Gigohm >10 Gigohm 
35 pF >10 Gigohm > 10 Gigohm > 10 Gigohm 
33.8 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
30.6 pF > 10 Gigohm > 10 Gigohm >10 Gigohm 
30.1 uF > 10 Gigohm > 10 Gigohm > 10 Gigohm 

F18 L" (-20) I 31.4pF I > I O  Gigohm 1 >10 Gigohm 1 >10 Gigohm I 

F10 R/H (-17) 
F10 L/H (-17) 

30.8 pF > 10 Gigohm > I O  Gigohm > 10 Gigohm 
30.2 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 

F11 UH (-18) 
F12 R/H (-19) 
F12 UH (-19) 
F18 R/H (-20) 

35 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
26.5 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
26.4 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
31.4 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
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Tank 
Position I 

Table I, Section D 

Lh’ 527: Dielectric Tests 

1500 VAC 1500 VAC 1500 VAC 
Coax to Tank to Coax to 
Shield Shield Tank 

3000 VDC 
Coax to 
Shield I 3000 VDC 3000 VDC 

Tank to coax to 
Shield Tank 

F 2 E 1 0 . 0 8 2  mA I 0.041 mA I 0.044 mA 

F3 R/H 

F3 UH 

F2 UH I 0.065 mA I 0.037 mA I 0.042 mA 
0.087 mA 0.053 mA 0.065 mA 

0.055 mA 0.037 mA 0.058 mA 
F4 R/H 
F4 UH 

0.093 mA 0.054 mA 0.068 mA 
0.048 mA 0.037 mA 0.059 mA 

F5 R/H I 0.063 mA 0.042 mA 0.058 mA 

39 Gohm 
45 Gohm 

F5 UH 0.075 mA 0.050 mA 0.061 mA 
F6 R/H 0.098 mA 0.047 mA 0.048 mA 

25 Gohm 26 Gohm 
38 Gohm 36 Gohm 

F8 R/H 

i 38 Gohm 32 Gohm 37 Gohm 
52 Gohm 42 Gohm 56 Gohm 

F9 R/H I 0.061 mA 
F9 UH I 0.052 mA 

0.035 mA 0.035 mA 
0.029 mA 0.032 mA 

F10RA-I 
F10 UH 

I I I 

F18 UH I 0.055 mA [ 0.032 mA I 0.034 mA 

0.041 mA 0.025 mA 0.030mA 
0.060 mA 0.034 mA 0.035 mA 

19Gohm I14Gohm 123Gohm 1 

25 Gohm 
53 Gohm 

24 Gohm I 14 Gohm I 17 Gohm 

26 Gohm 27 Gohm 
42 Gohm 27 Gohm 

F11 R/H 
F11 UH 
F12R/H 
F12 UH 
F18R/H 

32 Gohm I 29 Gohm I 33 Gohm 

0.045 mA 0.028 mA 0.034 mA 
0.053 mA 0.033 mA 0.037 mA 
0.052mA 0.027 mA 0.029mA 
0.048 mA 0.027 mA 0.029mA 
0.llOmA 0.051 mA 0.050mA 

21 Gohm I 54 Gohm I 34 Gohm I 

6.2 Gohm 
31 Gohm 

45 Gohm 142Gohm I34 Gohm I 

39 Gohm 35 Gohm 
52Gohm 57 Gohm 

41 Gohm I51 Gohm 148Gohm I 

42 Gohm 
27 Gohm 
e lMohm 
@ 
2758VDC 
35 Gohm 

I - 1 1 

36 Gohm 47 Gohm 
36 Gohm 39 Gohm 
17 Gohm 25 Gohm 

38 Gohm 38 Gohm 

~ ~~~ ~~ 

25 Gohm 135 Gohm- 138 Gohm 1 

* This part was removed and sent to Boeing Field for tests prior to the high potential 3000 
VDC test. 
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Table 11, Section A 

Identification 

L/N 640: Main & Center Tank Units & Compensators 

#1 Tank #2 Tank Center Tank 

F2 L/H 

S / N  3213 AC 

2Q77 

10-6 12 19- 1 

39 104 1-05007 

F3 L/H 

S/N 1987 K 
391036-01137 
3479 

10-612 19- 10 

F4 L/H 

S / N  1974 L 

2Q79 

10-61219-1 1 

39 1036-04 136 

F5 LM 

S/N 1515 J 
10-6 12 19- 12 

39 1046-04 135 
41 1 8r7 7 

F6 L/H 

S / N  1938 J 

2479 

10-6 12 19- 13 

391046-04134 

~7 Lm 
10-61 2 19- 14 
S / N  1171 J 

4Q69 
391046-041 33 

F2 R/H F14 Ctr. 

S/N 35 15 AC 
10-61 2 19-1 10-61 2 19- 1 

S / N  4249 AD 
391041-05007 39 104 1-05007 
3Q79 5/94 

F3 R/H F16 Ctr. 

Sm 2001 K 

3479 81 17/77 

10-612 19- 10 10-61 2 19-44 
S h '  361 C 

39 1046-01 137 39 1046-299 

F4 R/H F17 Ctr. 

S / N  1951 L 

- 7Q79 1491 

10-61219-1 1 10-6 1 2 1 9-245 
S / N  2030 B 

39 1046-04 136 39 1046-235 

F5 R/H 

SAT 1992 J 

2479 

10-6 12 19- 12 

39 1046-04 1 35 

F6 R/H 

S / N  1928 J 

2479 

10-61 2 19-1 3 

39 1046-04 134 

F7m 
10-6 12 19- 14 
S/N 1986N 

2479 
39 1046-04 1 33 
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F8 L/H 

S/k' 2155 J 

2Q80 

10-61 2 19- 15 

39 1046-04 132 

F9 LM: 

S/N 1951 L 

2Q79 

10-61 2 19- 16 

39 1046-04 13 1 

FIO Lm 
10-61 2 19- 17 
S/h' 1949 J 

2Q79 
39 1046-03 130 

~ i i  Lm 
10-6 12 19- 18 
S h '  903 E 

4Q68 
39 1046-04 129 

F12 L/H 

S / N  1960 J 

2Q79 

10-612 19- 19 

391046-04128 

F18 L/H 

SM 1968 J 

2Q79 

10-6 12 19-20 

39 1046-04 138 

F8 R/H 

S / N  1968 J 

2Q79 

10-6 12 19- 15 

39 1046-04 132 

F9 R/H 

S/N 1974 L 

2Q79 

10-6 12 19- 16 

3 9 1 046-04 1 3 1 

F10 R/H 

S/N 1924 J 

2Q79 

10-6 12 19- 17 

39 1046-04 130 

F11 R/H 

S/K 1974 J 

2479 

10-6 12 19- 18 

39 1046-04 129 

F12 R/H 

S/?i 1949 J 

2479 

10-612 19-19 

39 1046-04 128 

F18 R/H 

SM 1985 J 

2479 

10-61219-20 

39 1046-041 38 
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L/N 640: Wire Harness Identification: 

Center tank: Assembly Pm: 10-61827-24 
Connector: 10-60479- 134. 
Cinch P/N: CN09.10- 134 
Date Code: 9327A 

R or L tank: 
(unmarked) Connector: 10-60479-35 

Assembly P/N: 10-61827-1 

Amphenol P/N: 217-101-3 
Date Code: 7939-2 

L or R tank: 
(unmarked) Connector: 10-60479-35 

Assembly P/N: 10-6 1827- 1 

Amphenol P/N: 217-101-3 
Date Code: 79 18-3 

* Heavily coated whew sealant 

Bussing Plugs: 

m: 

Ctr. or R :  
(unmarked) 

R or Ctr.: 
(unmarked) 

Plug P/N: 10-60479- 137 
Cinch P/N: CN0940- 137 
Date Code: 9330A 

Plug PA': 10-60479-3 1 
Cinch PA': CN0940-3 1 
Date Code: 8921 

Plug P/N: 10-60479-31 
Amphenol P/N: 2 17- 100 
Date Code: 7934 



EQA 7895R 
Page 27 

Table 11, Section B 

Examination 0 bservations 

L/N 640: Center and Main (#1) & (#2) Tank Units & Compensators 

1. F2lUH- 
10-612 19- 1 
S/N 35 15 AC 

2. F2LM- 
10-6 12 19-1 
S h T  3213 AC 

3. F 3 W -  
10-6 12 19- 10 
S / N  200 1 K 

4. F3L/H 
10-6 12 19- 10 
S/N 1987 K 

5. F4R/H 
10-61219-1 1 
S/N 1951 L 

* Old style brown harness 
* Square silver crimped terminal ends 
* Outer tube moderately stained 
* Paint splash onto bottom of tube 
* Some slight discoloration at terminals 

* Old style brown harness 
* Square silver crimped terminal ends 
* Moderately clean outer tube 
* CoaxMiZ terminal end bent 
* LoZ terminal end heavily stained 

* Old style brown harness 
* Square silver crimped terminal ends 
* Upper ‘/2 of tube stained 
* Paint splash on bottom of tube 
* Indentation in outer tube, V’2 inch from bottom 

* Square silver crimped terminal ends 
* Unit is most discolored probe 
* Old style wire harness (brown sheath) 
* Clamp mount dented inward into tube 
* Upper 1/3 tube - heavily stained 
* Lower 2/3 tube - moderately stained 
* Paint splash on bottom of tube 
* Coax/HiZ terminal end bent 
* Dent‘in lower 1/3 area in outer tube 
* This unit in “rough” shape 

* Square, silver crimped terminal ends 
* Old style brown harness 

i 
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6.  F4L/H 
10-61219-1 1 
S / N  1974 L 

7. FSR/H 
10-6 12 19- 12 
S / N  1992 J 

8. F5L/H 
10-6 12 19- 12 
S f i  1515 J 

9. F6R/H 
10-6 12 19- 13 
S / N  1928 J 

10. F6 L/H 
10-6 12 19- 13 
S / N  1938 J 

* Fuel tank sealant all over top of outer tube 
* Upper 'A outer tube heavily stained 
* TerminaUwire junctions dark 

* Upper 1/3 tube heavily stained 
* Old style brown harness 
* Lower 2/3 of tube moderately stained 
* Green primer at base 
* Square, silver crimped terminal ends 

* Silver, square crimped terminal ends 
* Old style brown harness 
* Shield wire and HiZ insulation heavily stained 
* Upper '/2 of outer tube stained heavil 
* HiZ terminal bent 
* Sealant & paint on lower part of outer tube 
* LoZ wire insulation braid chafed through * 
* Lo2 insulation chafed- no conductor shouring * 

* Fairly clean 
* Old style brown harness 
* Square, silver crimped terminal ends 
* HiZ conductor very darkened 
* Heavy black stain at terminals/crimp & insulation 
* Stains on top 1/6 of outer tube 

* Square silver crimped square terminal ends 
* Old style brown wire harness 
* Upper 1/3 of outer tube is stained heavil 
* Paint splashed onto bottom of tube 
* Wire insulation dark 
* Inner tube wear pattern '/z way around (bottom) 

* Old style brown wire harness 
* Outer tube discolored heavil 
* Square, silver crimped terminal ends 
* Terminals heavily stained 
* Green primer at bottom of probe 
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11. F7 R/H 
10-61 2 19- 13 
S/N 1986 N 

12. F7 L/H 
10-612 19- 14 
S / N  1171 J 

13. F8 R/H 
10-61 2 19- 15 
SiX 1968 J 

14. F8 L/H 
10-61 2 19- 15 
S/N 2155 J 

15. F9 R/H 
10-61 2 19- 16 
S / N  1974 L 

16. F9 L/H 
10-6 12 19- 16 
S / N  1951 L 

* Old style brown harness 
* Square, silver crimped terminal ends 
* Outer tube discolored and stained 
* Minor paint splash on bottom 
* HiZ wire at terminal crimp quite dark 

* Old style brown harness 
* Square, silver crimped terminal ends 
* Outer tube very clean 
* Terminals/wire junctions dark 

* Fuel tank sealant all over top of tube 
* Old style brown sheath harness 
* Square, silver crimped terminals - dark 
* Minor paint splash on bottom 

*Outer tube clean. 
* Old style brown harness 
* Square, silver crimped terminals 
* Terminal/wire junction heavily stained 
* Shield wire heavily discolored 

* Old style brown harness 
* Square silver crimped terminal ends 
* Green primer at base 
* Very heavily stained outer tube 
* Terminals and wire insulation dark 

* Heavily stained - both tubes 
* Old style brown harness 
* Square, silver crimped terminal ends 
* Lots of green primer at base 
* Both crimps blackened 
* Shield heavily stained 



17. F10 R/H 
10-6 12 19-1 7 
S/N 1924 J 

18. F10 L/H 
10-6 12 19-1 7 
S / N  1949 J 

19. F11 R/H 
10-6 12 19- 18 
S / K  1974 J 

20. F11 L/H 
10-61 2 19- 18 
S / N  903 E 

21. F12 FUH 
10-6 12 19- 19 
S/N 1949 J 

22. F12 L/H 
10-6 12 19-1 9 
S/N 1960 J 

t 

* Old style brown harness 
* Square silver crimped terminal ends. 
* Outer tube is quite discolored 
* Paint splash on bottom of tube 
* Both terminals, wire insulation darkened 

* Old style brown harness 
* Square, silver, crimped terminal ends 
* Heavy staining on tube. 
* Green primer at base 
* Shield wire black 
* Terminals/wire insulation black 

* Old style brown harness 
* Square silver crimped terminal ends 
* Medium staining on tube 
* Paint splash on bottom of tube 
* LOZ terminal end very dark 

* Old style brown wire harness 
* Square, silver crimped terminals 
* Tube relatively clean 
* Shield wire and terminal ends discolored 
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* Old style brown wire harness 
* Square silver crimped terminal ends 
* Medium stained probe 
* Wire insulation and crimps black 
* Terminal flats are clean 
* Paint splash on bottom of outer tube 
* Shield wire black 

* Reasonably clean probe. 
* Round style silver eyelet terminals. 
* New style green harness 
* Some minor green primer at base. 
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23. F14 CTR 
10-61 2 19- 1 
S/N 4249 AD 

24. F16 CTR 

S / N  361 C 
10-6 12 19-44 

25. F17 CTR 
10-6 12 19-245 
S / N  2030 B 

26. F18 FUH 
10-6 12 19-20 
S / N  1985 J 

27. F18 L M  
10-61 2 19-20 
S / N  1968 J 

* New style green wire harness 
* Round style nickel terminal ends 
* Terminal ends crimped and soldered 
* Green paint splashed onto bottom of tube 
* New style probe base 
* Very clean tube 

* New style harness 
* Round style nickel terminal ends. 
* Terminal ends crimped and soldered. 
* Upper clamp cracked. 
* Very clean tube and terminals. 
* Minor paint on bottom of outer tube. 

* New style green wire harness 
* Tube extremely clean 
* Round terminal end crimped and soldered 

* Old style brown sheath harness. 
* Square silver crimped terminals 
* Shield wire heavily blackened 
* Outer tube moderately stained 
* Paint splash on bottom 

* Old style brown harness 
* Square, silver crimped eyelet terminal ends 
* Bottom half of tube heavily stained 
* Green primer at bottom 
* Wire harness looped 5 times inside clamp 
* Wire terminals dark with contamination 
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Tank Position Dry I.R. Coax to I.R. Tank to I.R. Coax to 
Capacitance Shield Shield Tank 

I 

Table 11, Section C 

L/N 640: Dry Capacitance & Insulation Resistance 

F10 R/H (-17) 
F10 L/H (-17) 

31.2 PF 5.8 Mohm 
31.4 DF Fail 96 Koh 

F2 R/H (-1) 39.9 pF > 10 Gigohm 
F2 UH (-1) 40.6 DF >10 Gigohm 

> 10 Gigohm 
>10 Gieohm 

F14 CTR (-1) 39.5 pF > 10 Gigohm 
F3 R/H (-10) 72.8 pF > 10 Gigohm 
F3 UH (-10) 72.9 DF Fail 400 Koh 

>10 Gigohm 
> 10 Gieohm 

F4 R/H (-1 1 )  74.2 pF > 10 Gigohm 
F4 UH (-1 1 )  74.6 pF > 10 Gigohm 

F11 R/H (-18) 
F11 UH (-18) 

F7 UH (-14) 23.9 pF > 10 Gigohm 
F8 FVH (-15) 35.2 pF 13.2 Mohm 

36.1 pF Fail c1Moh 
36.2 pF 5.19 Mohm 

~ L/H 7: 1 5 ) 35.7 pF 108.9 Mohm 
F9 FVH (-16) 30.8 pF Fail 200 Koh 
F9 UH (-16) 31.2 DF 7.2 Gigohm 

F12 RJH (-19) 
F12 UH (-19) 

I Y 

27.3 pF 4.2 Mohm 
27.6 pF 2.45 Mohm 

-E8 R/H (-20) ~ 

F18 UH (-20) 
F? CTR (-44) 

32.1 pF 2.42Mohm 
32.8 pF Fail 59 Koh 
79.6 DF >10 Gigohm 

IF? CTR (-245) I 87.3 pF I >10 Gigohm 

Y Y 

> 10 Gigohm >10 Gigohm 
> 10 Gigohm >10 Gigohm 
> 10 Gigohm > 10 Gigohm 
>10 Gieohm >10 Gigohm 
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Table 11, Section D 

L/IV 640: Dielectric Tests 

4 
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F11 L/H 
F12 FUH 

Page 

0.188 mA 0.024 mA 0.031 mA 
0.066 mA 0.01 8 mA 0.026 mA 

F12 LM 
F18 IUH 
Fl8 UH 

F? CTR (- 
44 1 
F? CTR (- 
245) 

0.158 mA 
0.030 mA 
> O S  mA 
@ 773 
VAC 
0.030 mA 

0.077 mA 

0.044 mA 
0.018 mA 
0.091 mA 

0.027 mA 

0.052 mA 

0.029 mA 
0.074 mA 

0.060mA I I 
0.075 mA 

34 

i 
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#1 Tank 

Table 111, Section A 

Identification 

L/h’ 1221: Main 8r Center Tank Units & Compensators 

F2 LM 

Sm 5271 AF 

2485 

10-6 1 2 19- 1 

39 104 1-05007 

F3 L/H 

S f N  3149 L 

2Q85 

10-6 12 19- 10 

39 1046-03 137 

F4 L/H 

S h ’  3080 M 

N/A 

10-61219-1 1 

39 1046-04 136 

F5 L/H 

S I N  426 A 

2485 

10-61219-1 10 

39 1046-480 

F6 L/H 

S / N  3247L 

4485 

10-612 19- 13 

391046-04134 

F7 L M  

S / N  3160 P 

2Q85 

10-61 2 19- 14 

39 1046-04 1 33 

#2 Tank 

F2 IUH 

S / N  5254 AF 

2Q85 

10-612 19- 1 

39 104 1-05007 

F3 R/H 

S / N  3146 L 

2Q85 

10-6 12 19- 10 

391046-04137 

F4 R/H 

S/N 3050 M 

4Q83 

10-61219-1 1 

39 1046-04 136 

F5 R/H 

S I N  443 A 

2Q85 

10-61219-1 10 

39 1046-480 

F6 RM 

S / N  3255L 

4485 

10-61 2 19- 13 

39 1046-04 134 

F7m 
10-61 2 19- 14 
S / N  3154 P 

2485 
39 1046-04 1 33 

Center Tank 

F14 CTR 

S I N  5538 AG 

1486 

10-6 12 19- 1 

391041-05007 

F16 CTR 

S / N  1138 E 

3Q85 

10-61219-43 

39 1046-299 

F17 CTR 

S / N  1153 D 
10-6 12 19-45 

39 1046-45 
3Q85 
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~8 Lm 
10-6 12 19-90 
S/h' 369 

1Q85 
39 1046-479 

F9 LM 

S / N  3083 M 

2Q85 

10-6 12 19- 16 

39 1046-04 13 1 

F10 LM 

S / N  3 165 K 

3Q85 

10-612 19- 17 

39 1046-04 130 

F11 LM 

S / K  3037 K 

2Q85 

10-6 12 19- 18 

39 1046-04 129 

F12 LM 

S / N  3085 K 

2485 

10-6 12 19- 19 

39 1046-04 128 

FIS Lm 
10-61219-20 
S / N  3168 K 

2485 
391046-04138 

F21 L/H 

S / N  337 D 

2Q85 

10-61 2 19-83 

39 1046-83 

F8 R/H 
10-6 12 19-90 
SrN 374 
39 1046-479 
1 Q85 

F9 R/H 

S / N  3113 M 

3485 

10-6 12 19- 16 

39 1046-04 13 1 

F10 R/H 

S/N 3145 K 

3Q85 

10-612 19- 17 

39 1046-04 130 

F11 R/H 

SA' 3040 K 

2Q85 

10-61 2 19- 18 

39 1046-04 129 

F12 R/H 

S / N  3108 K 

2485 

10-6 12 19-19 

39 1046-04 128 

F18 R/H 

S / N  3188 K 

2Q85 

10-612 19-20 

39 1046-04 138 

F21 R/H 

S I N  348 D 

2485 

10-612 19-83 

391046-83 

4 
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Center tank 

R tank: 

L tank: 

L/N 1221: Wire Harness Identification 

Assembly P/N: 10-6 1827- 14 
Connector: 10-60379-35 

Date Code: 8550 
TRW P/N: CN0940-35 

Assembly P/N: 10-6 1827-6 
Connector: 10-60479-35 

Date Code: 8541 
TRW P/N: CN0940-35 

Assembly PAT: 10-61 827-6 
Connector: 10-60479-35 

Date Code: 8703 
TRW P/N: CN0940-35 
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Table 111, Section B 

Examination Observations 

LAY 1221: Center and Main (#1) & (#2) Tank Units & Compensators 

1. F2R/H- 
10-61 2 19- I 
S/N 5254 AF 

2. F2L/H- 
10-61 2 19- 1 
S/N 5271 AF 

3. F3R/H- 
10-6 12 19- 10 
S / N  3146 L 

4. F3L/H 
10-6 12 19- 10 
S/K 3149 L 

5. F4R/H 
10-61219-1 1 
S/N 3050 M 

* New style green harness 
* Square, silver crimped terminal ends 
* Dark stains at Lo2 crimp 
* Minor primer splash on bottom of tube 

* New style green harness 
* Square silver crimped terminal ends. 
* Clean outer tube 
* Light primer splash on bottom of outer tube 
* Wires stained at crimps 

* New style green harness 
* Square silver crimped terminal ends 
* Very light stained outer tube 
* Minor primer splash on bottom of tube 
* Radial wear pattern on inside of inner tube at top 
* Darkened wires at terminal ends 

* Square silver crimped terminal ends 
* Light stain on outer tube 
* New style wire green harness 
* Light primer splash on bottom of tube 
* Radial wear on inside of inner tube at top 

* Square, silver crimped terminal ends 
* New style green harness 
* Minor sealant at middle of outer tube 
* Light’staining of outer tube 
* TerminaVwire junctions dark 
* Light primer overspray on bottom of O.T. 
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6. F4 L/H 
10-61219-1 1 
S/N 3080 M 

7. F5IUH 
10-61219-1 10 
S / K  443 A 

8. F5L/H 
10-61219-1 10 
S I X  426 A 

9. F6R/H 
10-61 2 19- 13 
Sh'  3255 L 

10. F6 L/H 
10-6 12 19- 13 
S I N  3247 L 

11. F7 R/H 
10-6 12 19- 14 
S/N 3154 P 

* Minor sealant on outer tube 
* New style green harness 
* Light stain of outer tube 
* Green primer at base 
* Square, silver crimped terminal ends 
* LoZ terminal slight corrosion 
* Darkened terminal enddwires 
* Data plate loose 

* Silver, square crimped terminal ends 
* New style green hamess 
* Sealant on outer tube 
* Primer splash on bottom of outer tube 
* Relatively clean outer tube 

* Light staining of outer tube 
* New style green harness 
* Square, silver crimped terminal ends 
* Sealant on top and bottom of outer tube 
* Wires at terminals dark 
* Light primer splash at bottom 

* Square silver crimped square terminal ends 
* New style green wire harness 
* Light staining on outer tube 
* Paint splashed onto bottom of tube 

* New style green wire harness 
* Outer tube lightly stained 
* Square, silver crimped terminal ends 
* Green primer at bottom of probe 

* New-style green harness 
* Square, silver crimped terminal ends 
* Outer tube lightly stained 
* Minor paint splash on bottom 
* LoZ terminal crimp dark 
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12. F7 L/H 
10-6 12 19- 14 
S / N  3160 P 

13. FS R/H 
10-6 12 19-90 
s/N 374 

14. F8 L/H 

S/N 369 
10-6 12 19-90 

15. F9 R/H 
10-6 12 19- 16 
S/N 3113 M 

16. F9 L/H 
10-6 12 19- 16 
S/N 3083 M 

17. F10 R/H 
10-6 12 19- 17 
S/N 3145 K 

* New style green harness 
* Square, silver crimped terminal ends 
* Light staining of outer tube 
* Terminaldwire junctions dark 
* Minor primer splash on bottom of outer tube 

* Light staining of outer tube 
* New style green harness 
* Square, silver crimped terminals 
* Minor paint splash on bottom 
* 2 wires per terminal (in parallel) 
* LoZ terminal dark 

* Outer tube very clean. 
* New style green harness 
* Square, silver crimped terminals 
* 2 wires per terminal (in parallel) 
* Minor paint splash on bottom of outer tube 

* New style green harness 
* Square silver crimped terminal ends 
* Slight amount of green primer at base 
* Lightly stained outer tube 
* Wires at terminals dark 

* Very lightly stained tubes 
* New style green harness 
* Square, silver crimped terminal ends 
* Light green primer at base 
* Both crimps darkened 
* Outer tube, anodize coating lightly worn through b 
contact with wire harness sheath. 

* New style green harness 
* Square silver crimped terminal ends. 
* Outer tube is lightly stained 
* Minor paint splash on bottom of tube 
* Exposed wires at terminals darkened 

c 
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18. FlO L/H 
10-61 2 19- 17 
S/N3165 K 

19. F11 R/H 
10-6 12 19- 18 
S / N  3040 K 

20. F11 LM 
10-612 19- 18 
S/N 3037 K 

21. F12 R/H 
10-61 2 19- 19 
S/N 3108 K 

22. F12 LM 
10-6 12 19- 19 
S / N  3085 K 

23. F14 CTR 
10-6 12 19- 1 
S / N  5538 AG 

* Kew style green harness 
* Square, silver, crimped terminal ends 
* Light staining of outer tube. 
* Slight amount of green primer at base 
* Lo2 terminal has slight corrosion 
* Terminaldwire ends are dark 

* New style green harness 
* Square silver crimped terminal ends 
* Terminal ends & wires darkened 
* Paint overspray on top & bottom of tube 

* New style green wire harness 
* Square, silver crimped terminals 
* Tube lightly stained 
* Wires at terminal ends discolored 
* Some primer at bottom of outer tube 

* New style green wire harness 
* Square silver crimped terminal ends 
* Lightly stained outer tube 
* Wire insulation at terminals are dark 
* Paint splash on bottom of outer tube & on Hi2 
terminal. 

*Very lightly stained outer tube. 
* Square silver, crimped eyelet terminals 
* New style green harness 
* Some minor green primer at base. 
* Wires at terminals dark. 

* New style green wire harness 
* Squve, silver crimped terminal ends 
* Dark stain on HiZ terminal 
* Green paint splashed onto bottom of tube 
* Darkened wire end at LoZ terminal. 
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23. F16 CTR 
10-6 12 19-44 
Sm 1138 E 

25. F17 CTR 
10-61219-245 
S / N  1154 D 

26. F18 R/H 
10-6 12 19-20 
S/N 3188 K 

27. F18 L/H 
10-6 12 19-20 
S / N  3168 K 

28. F21 R/H 
10-6 12 19-83 
S/N 348 D 

29. F21 L/H 
10-6 12 19-83 
S/N 337 D 

* New style harness 
* Square. silver crimped terminal ends. 
* Very light primer on bottom of outer tube 
* Clean outer tube 
*Darkened HiZ terminal. 

* New style green wire harness 
* Outer tube clean 
* Square, silver crimped terminal ends 
* Light paint on bottom of outer tube. 

* New style green sheath harness. 
* Square silver crimped terminals 
* LoZ wire end at terminal dark. 
* Paint overspray all over outer tube 

* New style green harness 
* Square, silver crimped eyelet terminal ends 
* Light staining of outer tube 
* Green primer at bottom 
* Wire terminals dark with contamination 

* New style green harness. 
* Square, silver crimped terminal ends 
* Very lightly stained outer tube. 
* Light primer spray on top & bottom of outer tube 
* Wires dark at terminals. 

* New style green harness. 
* Square, silver crimped terminal ends. 
* Lightly stained outer tube 
* Sealant on top & bottom of outer tube. 
* Primer at bottom of outer tube 
* Wires dark at terminals. 
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Tank Position 

Table 111, Section C 

L/IV 1221: Dry Capacitance & Insulation Resistance 

Dry I.R. Coax to I.R. Tank to I.R. Coax to 
Capacitance 

F4 UH ( - 1  1 )  
F5 R/H (-12) 

Shield Shield Tank 

I F10 FUH (-17) 
F10 UH (-17) 
F11 FUH (-18) 

1 F17 CTR (-45) 

65.9 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
42.9 pF > 10 Gigohm >10 Gigohm > 10 Gigohm 
42.9 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
24.5 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
24.3 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
34.8 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
34.9 pF > 10 Gigohm >10 Gigohm > 10 Gigohm 
31.1 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
31.0 pF > 10 Gigohm > 10 Gigohm >10 Gigohm 

27.3 pF > 10 Gigohm >10 Gigohm >10 Gigohm 
32.2 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
32.4 pF > 10 Gigohm > 10 Gigohm > 10 Gigohm 
33.1 DF >10 Gigohm > 10 Gieohm > 10 Gicrohm 



. .  

Tank 1500 VAC 1500 VAC 1500 VAC 
Position Coax to Tank to Coax to 

Shield Shield Tank 

Table 111, Section D 

3000 VDC 3000 VDC 3000 VDC 
Coax to Tank to Coax to 
Shield Shield Tank 

L/Iv 1221: Dielectric Tests 
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F 2  R/H 10.082 mA 10.044 mA 
F2 IA-I 0.102 mA 0.049 mA 
F3 RfH 0.086 mA 0.054 mA 
F3 UH 0.087 mA 0.054 mA 
F4 R/H 0.080 mA 0.050 mA 

F6 R/H 0.08 1 mA 0.044 mA 
F6 L./H 0.195 mA 0.049 mA 

F 7  R/I--- I 0.088 mA I 0.042 mA 
F7 UH 0.083 mA 0.038 mA 
F8 RM 0.1 10 mA 0.052 mA 
F8 UH 0.140 mA 0.056 mA 
F9 RM 0.069 mA 0.038 mA 

F l l  R/H 0.077 mA 0.043 mA 
F11 UH 0.069 mA 0.038 mA 
F12 R/H 1 0.075 mA 0.038 mA 
F12 UH 10.049 mA 0.029 mA 
F18RfH 0.090mA 0.044mA 

l F18 UH 0.075 mA 0.038 mA 

;??: 

1 0.076 mA 1 0.042 mA 
0.055 mA 0.033 mA 

F14 CTR 0.055 mA 0.035 mA 
F16CTR 0.044mA 0.037m.A 

, F17 CTR 0.079 mA 0.057 mA 

0.046 mA 1 I I 
0.048 mA 
0.068 mA 
0.067 mA 
0.068 mA 

0.062 mA I I I 
~ 

0.061 m A l  1 
0.047 mA 
0.050 mA 
0.038 mA 
0.035 mA 
0.048 mA 
0.052 mA 
0.037 mA 
0.040mA I 
0.038 mA 
0.036 mA 
0.042 mA 
0.040 mA 
0.036 mA 
0.031 mA 
0.042 mA 
0.039 mA 
0.042 mA 
0.036 mA 

1 0.040 mA 
0.067 mA 
0.077 mA 

F 



Ronald J. Hinderberger Boeing Commercial Airplane Group 
Director PO BOX 3707 MC 67-PR 
AII Lfelv it wed Y ~ I I L I I  k e t i i c -  ‘ ) t  L - I L, 

29 April 1999 
B-H200-16677-ASl 

Mr. Robert Swaim 
National Transportation Safety Board, AS-40 
490 L’Enfant Plaza East, SW 
Washington, D.C. 20594-0003 
Phone: 202-31 4-6394 

By Express Mail 

Subject: In-Service FQIS Components and Wiring Examination Report - 
TWA 747-100, N93119 Accident off Long Island, NY - 17 July 
1996 

Reference; Boeing Equipment Quality Analysis Report 7564R, dated 28 April 
1999 

Dear Mr. Swaim: 

Enclosed with this letter is a copy of the Reference examination report for the 
fuel quantity indication system (FQIS) components from two in-service 747 
airplanes. The components consisted of a complete shipset of probes, 
>ompensators, wiring harnesses and connectors from airplanes RD412 and 
RG124. 

If you have any questions, please do not hesitate to call. 

Very truly yours, 

fonald J. Hinderberger 
Director, Air Safety Investigation 
3rg. B-H200, MIS 67-PR 
Telex 32-9430, STA DIR AS 
Phone (425) 237-8525 
F ~ x  (425) 237-81 88 

Enclosures: EQA Report 7564R (1 07 pages), Analytical Engineering Report 9- 
5576-WP-97-272 (21 pages), Analytical Engineering Report 9-5576-WP-97-318 
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swairn 
B-B600- 1 6677-AS1 

(1 3 pages), Analytical Engineering Report 9-5576-WP-97-329 (1 3 pages), 
Analytical Engineering Report 9-5576-WP-98-127 (4 pages), Analytical 
Engineering Report 9-5576-WP-98-135 (1 3 pages), Analytical Engineering 
Report 9-5576-WP-98-136 (3 pages), Analytical Engineering Report 9-5576- 
WP-98-250 (16 pages), and EQA Report 7564R Photographs (58 pages) 

Cc: AI Dickinson, NTSB, AS-10 (without enclosures) 



EQUIPMENT QUALITY ANALYSIS REPORT 

BOEING COMMERCIAL AIRPLANE GROUP 
Renton, WA 

TO: J. Hulm 04-JU EQA NUMBER: 7564R 

CC: E. Groat 04-JU DATE: April 28, 1999 
R. Lidicker 04-JU 
D. Rodrigues 67-PR CUSTOMER: COR / TLS 
M. Shander 04-JU 

MODEL NUMBER: 747-200 

AIRPLANE RG124 & RD412 
NUMBERS: 

LINE NUMBERS: 293 & 423 

SUBJECT: Evaluation of In-Service FQIS Components and Wiring. 

IDENTIFICATION: Part name: Fuel Tank Units (probes & compensators) 
Boeing part numbers: 60B92010-* 
Supplier part numbers: FG420A-* 
Serial numbers: multiple* 
Supplier: Honeywell Inc. 
Date codes: multiple* 
* A detailed parts list is provided in Tables II & III. 

REFERENCES: (a) Analytical Engineering Reports, No’s.: 9-5576-WP-97-272,9- 
5576-WP-97-3 18 and 9-5576-WP-97-329. Previous test 
results of tank unitdcompensators from NWA. This included 
intentional destructive testing, elevated sulfur and salt water 
exposure testing. 

(b) Analytical Engineering Reports, No’s.: 9-5576-WP-98- 127, 9- 
5576-WP-98- 135,9-5576-WP-98- 136, and 9-5576-WP-98- 
250. 



EQA 7564R 
Page 2 

BACKGROUND: 

Previous limited testing had been performed on some tank unitlcompensators received from 
NWA. The units had been submitted without any associated wiring harnesses. Insulation 
resistance and dielectric testing of those units disclosed no insulation resistance or dielectric 
strength breakdowns. The units were functionally acceptable. Destructive testing was 
performed on several of the units. This consisted of increasing the test voltage until 
breakdown occurred. Breakdown occurred at voltages in excess of 3000 VAC. The 
evaluation of these units is detailed in the reference (a) Analytical Engineering Reports, 
No’s.: 9-5576-WP-97-272 and 9-5576-WP-97-3 18. Subsequent to the preceding tests, one 
tank unit was subjected to a one month exposure to Jet A with elevated sulfur and a second 
unit was exposed to Puget Sound sea water for one month. The results of the tests are 
detailed in the reference (a) Analytical Engineering Report, No.: 9-5576-WP-97-329. 

Subsequent to the preceding tests, two complete ship sets of fuel quantity indication system 
components and related wiring removed from in-service airplanes were submitted for 
evaluation. The analyses were conducted to evaluate the existing conditions of the 
components and wiring and to gain a better understanding of the effects of aging upon the 
FQIS tank components from in-service airplanes. Specific requests were made to preserve 
the attached wire harness to terminal block configuration. 

Initially, a complete ship set of probes, compensators, wiring harnesses and connectors, from 
RD412, were received. RD 412 had accumulated 72,5 18 hours and 14,603 cycles. 
Subsequently, a second ship set was received from RG124. RG124 had accumulated 62,758 
hours and 12,688 cycles. 

* 

SUMMARY: 

The analysis was comprised of detailed visudmicroscopic examination, electrical testing, 
limited temperature/altitude testing, chemicaYmetallurgica1 analyses, assessment of condition 
and determination of any possible issues of concern. 

Insulation resistance and dielectric tests were performed with dry parts at sea level at 70 
degrees F. Testing was performed in comparison to specification tolerances for acceptance of 
new parts. In addition, testing was more severe than when testing new parts. Successive 
dielectric tests were performed on some units using 1500 VAC repeatedly. Specifications 
typically require that each successive test be performed at a test voltage of 20% less than each 
preceding test. Test results disclosed issues with regards to degradation of dielectric strength 
and insulation resistance properties over time, with the wiring harnesses and with some of the 
tank units, but the effects of these dielectric breakdowns, with regards to system function, is 
not considered to be significant since the (installation) system voltages are significantly lower 
than that of the insulation resistance or dielectric strength test voltages (500 VDC and 1500 
VAC respectively). However, repeated testing at these high voltages can damage the 
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insulative properties of the components under test such that failures can be introduced by 
repeated applications of this nature (the testing, itself). 

Copper sulfide/sulfate deposits were observed in various concentrations around the terminal 
strips and the exposed copper wires (primarily at the terminal ends and shield terminations). 
Some of the copper sulfide/sulfate deposits were found to be conductive under certain 
conditions. See Analytical Engineering Reports Number: 9-5576-WP-98- 136; and 9-5576- 
WP-98-250. 

CONCLUSION: 

The most notable finding was the confirmation that some of the contaminants, introduced by 
the reaction of reagents in the fuel to copper, are conductive. However, the biggest drawback 
to any meaningful interpretation of any of the results is that the contamination is yet to be 
fully characterized or understood. 

Some conditions were found which were to be expected with aging parts. The tank units and 
compensators exhibited contamination. The wiring was attached to the terminal block studs 
in a variety of configurations and orientations. Various wire terminations on some of the 
units had been reworked after initial installation. Some shield pigtail wires were not 
terminated correctly. See photographs 1 through 26 for both airplanes. 

Neither airplane’s FQIS components/wiring were in the original, “as delivered” 
configuration. A number of components and wire harnesses had been replaced from the 
original installation. RD4 12 is believed to have had some rework with the installation of 
reserve tanks. The wire harnesses were in remarkably good condition with no chafing 
evident at any locitions. Several nicks were found on wire hamesses but these were believed 
to have occurred either during installation or in the process of removal. Microscopic 
examination of these areas confirmed that the damaged areas were created by mechanical 
means and that there was no evidence of electrical arcing. See photographs 27 through 3 I .  
No visible evidence of electrical arc was observed on any of the wiring and tank 
unitskompensators as received. All of the submitted tank units and compensators were found 
to be functionally acceptable. However, when testing to the new part acceptance test 
requirements of SCD 60B920 10, insulation resistance and dielectric strength, several of the 
units exhibited dielectric breakdown. These breakdown voltages were still sufficiently high 
enough to not be considered a significant variable with respect to voltages in the system 
(FQIS) installation or the airplane. The findings were not unusual for units that had been in 
service and exposed to fuel for a long time. 

Dielectric breakdown was found to have occurred between (1) the HiZ and the Shield via the 
contaminant on the outside of the wire insulation and (2) between LoZ to Shield via the 
contaminant on the underlying coated copper strip. In either case, it was suspected that the 
contamination appeared to be the conductive path even though this could not be verified in 
all instances. 



EQA 7564R 
Page 4 

Any interpretation of the correlation of anomalous units to tank location needs to be made 
with caution. A number of units and wiring harnesses of each ship set had been replaced 
over time. The condition of the tanks, any repairs, alterations or maintenance the airplane 
had experienced and other issues, that may have affected the airplane FQIS over the life of 
the airplanes, remain unknown. 

EXAMINATION AND TEST RESULTS: 

The examination and testing of the units and wiring consisted of several parts. The dry 
capacitance values of all tank units and compensators were checked prior to removal from the 
airplane. The tank units and compensators were re-tested for dry capacitance immediately 
after arrival and unpacking at EQA. This second check was performed in order to verify the 
airplane removal, packaging, shipping and unpacking processes to insure the units had not 
become altered from the time of removal. All dry capacitance values (of both ship sets of 
tank units and compensators) were consistent with values recorded at the airplane. 

For the purposes of presenting the results in a clear manner, the tests and results will be 
separated by airplane. 

The test results were recorded when testing each ship set of tank unitlcompensators for 
insulation resistance and dielectric strength properties. The tests were conducted in relation 
to specification requirements for acceptance testing per SCD 60B92010. paragraph 4.3.3.3. 
See test results, Table I. Any successive dielectric test is supposed to be conducted using a 
source voltage at a value 20% less than each preceding test. An exception to this tule was 
used when testing the subject components. Successive dielectric tests (for items of specific 
interest) continued to be performed at a voltage of 1500 VAC. This repeated testing at high 
voltages can sometimes damage the insulative properties of the component under test such 
that failures can be introduced by the test itself. 

Identification of every unit and wire bundle removed from RD412 is provided in Table II. In 
addition, observations of note were recorded during initial examination. 

Identification of every unit and wire bundle removed from RG 124 is provided in Table m. In 
addition, observations of note were recorded during initial examination. 

* When interpreting the test values of the compensators and tank units, it should be noted that 
the tests were conducted through the airplane wire leads still attached (approximately 18 
inches long) to the terminals. 

Of a total of 80 tank units and compensators examined and tested, 76 units were 
functionally acceptable and 3 tank units and 1 compensator exhibited unusual 
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characteristics. Three had low insulation resistance vaiues although none of the values 
were out of specification. One compensator failed dielectric testing when testing to new 
part standards. 

0 The date code breakdown of the removed units was as follows: 
(2) - 1977 
(1) - 1978 
(62) - 1979 
(8 ) -  1980 
(7) - 1986 * 
* All date code 1986 units had been located in the reserve tanks. 

0 The low insulation resistance and dielectric strength readings of the three unusual tank 
units occurred between the Hi2 and Shield. Dielectric breakdown of the compensator 
occurred between Hi2 and Shield. High-speed video and still photography captured 
breakdowns of F58 and F67 during testing. See photographs 32 through 35. 

All four unusual units were 1979 date code. 

0 All discrepant or unusual readings occurred through the wiring and not the units, 
themselves. Subsequent testing, after removing the wires from the terminal studs, 
disclosed no anomalous readings of the tank units and compensator. 

The low insulation resistance values and dielectric breakdown have been attributed to a 
mildly conductive contaminant film on the wire insulation and terminal blocks. The 
contaminant was identified as copper sulfides/sulfates with traces of silver and nickel. 

c 

0 The origin of the copper sulfides/sulfates is exposed copper (primarily from the exposed, 
terminated wire ends) reacting with sulfur in fuel. A secondary source for sulfur may be 
the polysulfide sealant used to seal the fuel tanks. 

0 The tank units and compensators, removed from the reserve tanks, typically exhibited 
more visible dark deposits than units removed from the main tanks. This finding is 
unusual with respect to the fact that the reserve tank unitlcompensators were newer. 

0 There was no discernible pattern to tank location with respect to the unusual units. All 
four unusual units came from different tanks. 

0 The “unusual” units were from positions: F35 (#2 main tank); F58 (#3 main tank); F67 
(#4 main tank); F74 (#4 reserve tank). 

0 Various wire routing configurations were observed with respect to the wire terminals and 
the terminal block assembly. Years of maintenance and modifications have resulted in a 
significant variety of wire routing configurations. A significant number of the 
configurations were not in accordance with production drawings. 
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Of all of the wire harnesses examined, only two appear to be original; the others were all 
newer. The wires showed no signs of abrasions or wear. A few nick and cut marks of the 
insulation were observed but exposed shiny copper suggests that this damage occurred 
recently during the removal process of the harnesses from the airplane. 

Limited altitude/temperature tests were conducted on one “unusual” tank unit (F67). 
Results of testing with a limited sample suggest that temperature is a more significant 
variable, as opposed to altitude, with regards to lowering the insulation resistance and 
dielectric strength values. See Table IV. 

Some units were used to evaluate cleaning methods for the removal of the contamination 
that had accumulated over time. Initially, isopropyl alcohol was applied with vigorous 
scrubbing of the contamination on both the wires and terminal blocks. This procedure 
did not result in higher insulation resistance. In fact, immediately after cleaning with 
alcohol, the insulation resistance and dielectric strength values decreased (still within 
specification limits). This was believed to be due to greater dispersion of contaminants, 
in suspension, across the terminal block. After sufficient drying time was allowed, the 
values did increase slightly. The drying time required was approximately 12 hours. See 
enclosed Analytical Engineering Report No.: 9-5576-WP-98- 135. 

Some of the units were used as samples to test the effectiveness of potting as a means of 
possible protection against degradation of insulation resistance and dielectric strength 
properties. The parts were initially cleaned using isopropyl alcohol, dried and then 
potted. Initial testing noted slight increase in dielectric strength and insulation resistance 
properties. Further testing and evaluation of both the cleaning and potting yielded little 
change in dielectric strength and insulation resistance properties. Tests are on-going to 
verify the lon i  term integrity of this potting method. 

* When interpreting the test values of the compensators and tank units, it should be noted that 
the tests were conducted through the airplane wire leads still attached (approximately 18 
inches long) to the terminals. 

0 Of a total of 80 tank units and compensators examined and tested, 63 units were 
functionally acceptable, 6 tank units exhibited low insulation resistance between Hi2 and 
Shield and 11 (9 tank units + 2 compensators) failed dielectric test. 

Of the 11 tank units and compensators that failed dielectric testing, 7 failed between Hi2 
and Shield and 4 failed between LoZ and Shield. 

0 Of a total of 80 tank units and compensators received, 15 were received with no wires 
attached to the terminal studs. 
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0 The 7 tank units and compensators that failed dielectric tests between HiZ and Shield 

failed in the attached wiring and not within the components. Contamination was 
suspected as the path for breakdown but in some instances, where a visual indication was 
not evident, the breakdown path could have been internal to the wire around the HiZ 
shield, ferrule. 

0 The four tank units and compensator that failed dielectric tests between LoZ to Shield, 
failed between the Teflon coated copper shield strip, under the terminal blocks and the 
outer tube. See photograph 58. Manufacturing flaws were observed which allowed 
exposure of the copper strip, allowing corrosion of the copper to occur. The corrosion 
was a byproduct of the copper strip being exposed to fueYsulfur resulting in formation of 
copperhlfur  corrosion products that can be conductive. See the enclosed Analytical 
Engineering Report No. 9-5576-WP-98-250. 

0 The date code breakdown of the removed units was as follows: 
(3) - 1973 
(40)- 1974 
(27)- 1975 
(4) - 1976 
(2) - 1980 
(3) - 1988 
(1) - 1989 

0 Of the 1 1  units that failed dielectric tests, 2 failed due to current draw exceeding 0.5 mA 
of current prior to reaching 1500 VAC (SCD limit). The tester automatically terminated 
the test on ramp up when draw exceeded 0.5 mA. The other 9 units failed due to 
dielectric bredcdown between either HiZ to Shield or between Lo2 to Shield. 

0 Of the 6 units that had lower insulation resistance, 3 were from the number 2 main tank, 1 
from the center tank, one was from the number 3 main tank and 1 was from the number 4 
main tank. 

0 Of the eleven units that failed dielectric tests, 2 were from the number 1 main tank, 1 was 
from the number 2 main tank, 6 were from the number 3 main tank, 1 was from the 
number 4 main tank and 1 was from the number 2 reserve tank. 

Other than very minor removal damage, there was no evidence of any chafing or wear 
damage on any of the wire harnesses. The wire harnesses were in exceptionally good 
condition. 

ANALYSIS DISCUSSION: 

c 
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Analysis has disclosed that the contaminants, in evidence on both the components and the 
wire harnesses removed from inside the fuel tanks, are primarily copper/sulfur compounds, 
specifically copper sulfide and/or copper sulfate. These compounds are corrosion products 
that form when copper is exposed to sulfur. The primary source for the sulfur is the fuel. 
itself. Sulfur is present in fuel in several different forms, including free sulfur, mercaptan 
sulfur, sulfides, disulfides, thiophenes, sulfates, organic sulfate acids, sulfones and 
sulfoxides. A secondary source (but not considered significant) may be the polysulfide 
sealant used to seal the tanks. However, the effect of the possible secondary source (i.e., the 
polysulfide sealant) was not examined during this analysis. The reaction mechanisms 
between the various forms of sulfur and available copper, as well as controlling variables 
(e.g. temperature, moisture availability, oxygen availability, pH, pressure, etc.) are unknown. 
It was also found that the contamination can be conductive. Additional testing of reagents 
has confirmed that copper (I) sulfide (CuzS) is not a conductive material but that copper (II) 
sulfide (CuS) conducts well. See Analytical Engineering Report No.: 9-5576-WP- 98- 136. 

The greatest drawback to any consistent, meaningful testing regarding contamination is that 
samples are not identical and that there are a number of extraneous variables which can 
influence the conductivity or resistivity of the contaminant, itself. The contamination is in 
essence, a “soup’’ or mixture with different concentrations of compounds and percentages of 
trace elements. The samples differ slightly between different tank units and compensators 
from the same airplane, at different locations, and between different airplanes, since they 
have been exposed to various subtle differences in fuels (additives, etc.) over time. There 
was insufficient sample (in any concentration) of contamination such that a precise 
determination of percentages of constituents could be made. Most of the identification of the 
contamination was made by infrared spectroscopy and EDX. Humidity and fuel (wet) would 
also be expected to influence the properties of the contaminant. These issues were not fully 
examined in this analysis. 

Conductivity of the contamination found on tank units, probes and wiring is not consistent. 
The dielectric and insulation breakdowns (in relation to new part requirements) displayed 
various characteristics. One of the primary findings was that the chemicdconductivity 
characteristics changed with repeated applications of test voltages such that insulation 
resistance and dielectric strength properties increased. Due to the fact that application of 
voltage appeared to change the electrical properties of the contamination, interpretation of 
any subsequent test results or analytical results (based on the tested units) should be made 
with caution. 

* 

SUMMARY and DISCUSSIONS: 

Observations were noted that might warrant further investigation. The most notable finding 
was the confirmation that contaminants, introduced by the reaction reagents in the fuel with 
copper, can be conductive. However, the biggest drawback to any meaningful interpretation 
of any of the results is that the Contamination is yet to be fully understood. The contaminant 
varies by airplane, location, consistency, and composition, among other variables. Any 
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number of other factors may also affect the contamination or its conductivity while in- 
service. These may include, but are not limited to, pressure altitude, humidity and moisture, 
temperature, and (wet) fuel exposure. One of the key issues regarding the variation in the 
contaminant is with regards to the fuel that an airplane is exposed to over time/life. Various 
fuels contain different additives, different sulfur levels and forms of sulfur as well as other 
constituents. Exact fuel composition can be different and still meet the requirements for 
commercial aviation fuel. In addition, maintenance (tank cleaninglinspection, repair andlor 
alteration) may also add unknown elements into the “picture” as well. Any or all of these 
variables can affect the make-up of the contamination, its growth rate as well as its 
conductivity. No obvious correlation between the presence of observable contaminants and 
the electrical breakdown was observed. Specifically, units that experienced insulation 
resistance or dielectric strength breakdown appeared to be no more heavily contaminated than 
units, which did not exhibit any breakdown at all. 

A number of additional topics may need to be explored further before any interpretation of 
the preceding results can be made. These may include, but are not limited to, (1) additional 
chemical characterization of the contamination deposits, (2) effect of humidity on the 
electrical properties of the deposits, (3) effect of the presence or absence of liquid fuel and 
fuel vapor on the electrical properties of the contamination deposits, (4) effect of reduced 
pressure altitude on the electrical properties of the deposits, and ( 5 )  effect of applied voltage 
on rate and geometry [and location] of the deposition. 

The preceding information is being submitted to the concerned personnel for action as 
necessary. This EQA is considered closed. 

c 

Concurrence 
J. Voss 
M / S  96-04, (425) 237-9610 

ENCLOSURES: 

A. Table 1. Insulation resistance and dielectric test results of all tank units and 
compensators removed from RG 124 and RD4 12. 

Table 1I. Identification table for all FQIS components received from RD412. 

Table m. Identification table for all FQIS components received from RG124. 
Table IV. Limited altitude/ temperature testing of F67 tank unit removed from 
RD4 12. 

B. 

C. 

D. 
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E. Table V. lnsulation Resistance/ Dielectric testing of wiring harnesses from RD412. 

F. Photographs 1- 13, the various wire configurations at the terminal blocks of all 
compensators and tank units removed from RG 124. 

G. Photographs 14-26, the various wire configurations at the terminal blocks of all 
compensators and tank units removed from RD412. 

H. 

I. 

Photographs 27-3 1, damage areas of the wire harnesses. 

Photographs 32-35, dielectric breakdown of F58 and F67 (RD4 12) during extended 
testing. 

J .  Photographs 36-57, miscellaneous receiving, unpacking, wire harness connectors, and 
various panels and instruments received from RD412. 

K. Analytical Engineering Reports, No's. : 9-5576-WP-97-272,97-3 18,97-329,98-127, 
98-135,98-136, and 98-250. 
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F2OProbe 
F2l Probe 

/ 

>lOGohm >lOGohm >IOGohm 0.170mA 0.053mA 0.056mA 
>10Gohm >lOGohm >lOGohm 0.149mA 0.055mA 0.059mA 

Table I. Test Results 

F22 Comp >10 Gohm 
F23 Comp >10Gohm 
F24Probe >10Gohm 
F25Probe 4 W M @  
(SCD = 496 VDC 
> I  Mohm) 
F26Probe 4 W M @  

Tank Unit Test Results: RG124 

>10 Gohm >IO Gohm 0.187 mA 0.052 mA 0.056 mA 
>lOGohm >lOGohm 0.127mA 0.047mA 0.052mA 
>lOGohm >lOGohm 0.245mA 0.121 mA 0.127mA 

Position Insulation Dielectric 
Number Resistance Withstanding 

No.1 RESERVE 
HiZShd I LoZShd I HiZLoz HiZShd I LoZ-Shd I HiZLoz 

No.1 MAIN 
4 

i . 
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>IO Gohm 
>IO Gohm 
>10Gohm 

CENTER FUEL TANK 
F36 Comp I >IO Gohm I >10 Gohm 
F38 Probe I >10Gohm I >IO Gohm 

0.169 mA 0.051 mA 
0.142 mA 0.070 mA 
0.134mA >0.5mA 

F39 Probe I >10 Gohm I >IO Gohm 
F40 Probe I >IO Gohm I >IO Gohm 

>IO Gohm 
>10 Gohm 

F41 Probe I >IO Gohm I >10Gohm 

0.149 mA 0.067 mA 
10.24 Na 0.015 mA 

F42Probep( >10Gohm 1 >10Gohm 
F43 Probe I <200Mohm I >IO Gohm 

>10Gohm 

F44 Probe I >IO Gohm I >IO Gohm 

arc@ 
830 VAC 

No.3MAm 

>10 Gohm 
>10Gohm 

>IO Gohm I 0.289 mA 1 0.094 mA 1 0.086 mA 
>10Gohm I0.183mA I O . 1 O O m A  I0.126mA 

VAC 
0.150 mA 0.073 mA 
arc@ 

>10 Gohm 1 0.156 mA I 0.074 mA 1 0.095 mA 
>IO Gohm I 0.165 mA I 0.074 mA I 0.094 mA 

>IO Gohm 

>lOGohm I0.306mA I0.118mA IO.155mA 
>10Gohm I 0.165 mA 1 0.087 mA 1 0.135 mA 

996 VAC 
arc 0 1139 

- 1 I I 

>10Gohm 

>IO Gohm I 0.116 mA I 0.065 mA I 0.128 mA 

0.082 mA arc 0 1222 
VAC 

F45. Comp 
F47 Probe 
F48 Probe 

No wires 
F63Probe 

F49 Probe 
FSO Probe 

>10Gohm >IOGohm >10Gohm 0.156mA 0.057mA 0.064mA 

No wires 
F51 Probe 

F52 Probe 
F53 Probe 

F54 Probe 
F55 Probe 

F56 Probe 

F58 Probe 

>IO Gohm >10 G o b  + >lOGohm >lOGohm 

-4 

I I 
>10Gohm I arc 0 1112 I 

I I VAC 

0.056 mA 
0.096 mA 
0.089 mA 

0.082 mA 
0.065 mA 

0.065 mA 

0.095 mA 

F59Comp I >10Gohm I >10Gohm I >lOGohm I arc @ 1077 I I 
F60 Comp 
F61 Probe 
F62 Probe 

>10 Gohm I >IO Gohm 
>10Gohm 1 >10Gohm 

I VAC I I 
>10 Gohm I 0.205 mA I 0.076 mA I 0.072 mA 
>10 Gohm I 0.191 mA I 0.06OmA I 0.068 mA 
>IO Gohm I 9.07 Na I0.015mA I0.068mA 
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F64 Probe 
F65 Probe 
F66 Probe 

>IO Gohm >10 Gohm I >10 Gohm 0.llO mA 0.058 mA 0.083 mA- 
>10 Gohm >10 Gohm I >10 Gohm 0.136 mA 0.057 mA 0.059 mA 
<200 Mohm I 

F74Comp 
No wires 
F76 Probe 
F77 Probe 
No wires 
F78 Probe 
F79Probe 
No wires 

No.2 RESERVE 

parallel 

parallel 

>10Gohm >10Gohm >10Gohm 0.035mA 0.043mA 0.049mA 

>IO Gohm >10 Gohm >10 Gohm 0.103 mA 0.053 mA 0.068 mA 
>10 Gohrn >IO Gohm >IO Gohm 0.016 mA 0.018 mA 0.041 mA 

>IO Gohm >10 Gohm >IO Gohm 0.184 mA 0.015 mA 0.014 mA 
>10Gohm , >10Gohm >10Gohm 0.014mA 0.019mA 

-7 303' mA 

*>lo Gohm 

F85 Probe I >10 Gohm 

>10 Gohm 
*>lo Gohm 

>IO Gohm 

*>lo Gohm 

0.04OmA 
*0.104mA 

0.082 mA 
*0.391 mA 

0.045mA 
*0.093mA 

*OB93 mA 

$87 
F87Comp 

arc @ 1090 

*>lo 

I 

F86 Probe 1 *>IO Gohm 
*parallel w/ 

F86 WI I 

*>lo Gohm 

* >IO Gohm 

>10 Gohm 
* > 10 Gohm 

* >10 Gohm 

0.111 mA 
*0.393 mA 

*0.393 mA *0.104 mA *0.093 mA -t 

. .  
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Tank Unit Test Results: RD412 

Position I Insula tion I Dielectric I 
Number Resistance Withstanding 

HiZShd I LoZShd I HiZ-Loz HiZShd I LoZShd I HiZ-Loz 



! 

F42 Probe 
F43 Probe 
F44 Probe 

>10 Gohrn >10 Gohrn > I O  Gohrn 0.22 mA 0.10 mA 0.14 mA 
>10 Gohrn >IO Gohm >10 Gohm 0.13 mA 0.07 mA 0.10 mA 
>10 Gohm >10 Gohm >10 Gohrn 0.09 mA 0.07 mA 0.13 mA 
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w F 8 4  

parallel 
wF83 

F84 Comp *>lo Gohm *>lo Gohm *>lo Gohm *0.34 mA 0.08 mA 0.08 mA 

F85 Probe >IO Gohm >IO Gohm >10 Gohm 0.08 mA 0.04 mA 0.04 mA 
F86 Probe >10 Gohm >IO Gohm >10 Gohm 0.1 1 mA 0.04 mA 0.05 mA 
F87 Como >10 Gohm >10 Gohm >10 Gohm 0.16 mA 0.06 m'A 0.06 mA 

4 - 4  
i T -4 
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. 
PACKAGEYBOX MARKINGS 

Tank Name: FNumber: F12 

Tank Number: Unknown Numbers: 01 36 S / N  223 

Airline: PAUATLAS Airplane Model: 747-2F6 Airplane Variable Number: RD 412 

Nomenclature : Fuel Probe Serial Number: Q-111 

Boeing Part Number: 60B92010-36 Supplier Part Number: HONEY WELL FG420A36 

Manufacturer Date: 8/79 Series: 7 

Drawing Number: Revision / Date: 

TESTING: 

1. Dry Capacitance Test: 
106.0 Pf 

(Using A/P test equipment) 

(Using EQA test equipment 
1 a. Dry Capacitance Test: 

Hi Z to Lo Z Hi Z to Shield Lo Z to Shield 

2. Insulation Resistance Test: 19 Gigohms 20 Gigohms 22 Gigohms 

0.08 mA 0.10 mA 0.06 mA 3. Dielectric Test: 

OBSERVATION: 

1 Terminal Block Data 

Excessive dark deposits on Hi 2 and shield. Darkened copper on Teflon shield. 

W776-Q I 1 1-20 F12 Hi Z connection: Wire Number: 

6OB40037-906 LO 2 F 12W64 Lo Z connection: Wire Number: 

Shield connection: Wire Number: W776-Q 1 1 1-20 F12 
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PACKAGEIBOX MARKINGS 

Tank Number: Left wing 

Terminal Block Data 

Tank Name: FNumber: F25 

Unknown Numbers: 0 I26 225 

~~ 

Teflon laminated shield, copper Slightly discolored. Dark deposits on terminal hardware. 

W524-Q122-20 W524-Q 130-20,6 1B40524-3 Hi Z connection: Wire Number: 

Shield connection: Wire Number: 'W524-Q 122-20 W524-Q 130-20,6 1 B40524-3 

Airline: PAWATLAS Airplane Model: 747-2F6 Airplane Variable Number: RD 412 

Nomenclature: Fuel Probe Serial Number: 4-37  

Boeing Part Number: 60B92010-26 Supplier Part Number: HONEYWELL FG420A36 

Manufacturer Date: 2/79 Series: 8 

TESTING: 

1. Dry Capacitance Test: 

la. Dry Capacitance Test: 

2. Insulation Resistance Test: 

3. Dielectric Test: 

117.0 Pf 

(Using A/?' test equipment) 

(Using EQA tesr equipment 

Hi 2 to Lo Z Hi Z to Shield Lo Z to Shield 

21 Gigohms 17 Gigohms 23 Gigohms 

0.09 mA 0.16 mA 0.07 mA 

OBSERVATION: 
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PACKAGEYBOX MARKINGS 
Tank Name: 

1 Terminal Block Data 

FNumber: F26 

Teflon laminated shield, copper clean. Dark deposits on terminal hardware. 

Wire Number: W524-4135-20 W524-Q132-20 F25,69B40524-3 Hi 2 connection: 

LOZ F25 Lo Z connection: Wire Number: 

Wire Number: W524-Q135-20 W524-Q132-20 F25.69B40524-3 Shield connection: 

Wire Clamp Position: Wire Number: 
Clamp stud appears slightly discolored. 

11 Length of probe 

Airline: PAWATLAS Airplane Model: 747-2F6 Airplane Variable Number: RD 412 

Nomenclature: Fuel Probe Serial Number: Q-44 

Boeing Part Number: 60B92010-20 Supplier Part Number: HONEYWELL FG420A20 

Manufacturer Date: 2n9 Series: 8 

Drawing Number: Revision / Date: 

Functional Test Date: 2/79 Installation Position: F26 TankNumber: M 2  

1 Tank Number: I Unknown Numbers: 0120 sm 21 1 I 
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TESTING: 

1. Dry Capacitance Test: 

la. Dry Capacitance Test: 

84.1 Pf 

(Using MP test equipment) 

(Using EQA rest equipment 

Hi 2 to Lo Z Hi Z to Shield Lo 2 to Shield 

2. Insulation Resistance Test: 22 Gigohms 17 Gigohms 23 Gigohms 

3. Dielectric Test: 0.07 mA 0.12 mA 0.06 mA 

OBSERVATION: 

1 Terminal Block Data 

Teflon laminated shield, copper clean. Dark deposits vary in discoloration on terminal hardware. 

~ 

F26 F26 
W524-Q128-20,61B40524-3 W524-Q123-20,61B40524-3 Hi Z connection: Wire Number: 

Lo Z connection: Wire Number: 

F26 F26 
Wire Number: W524-Q128-20,61B40524-3 W524-Q 123-20,6 1 B40524-3 Shield connection: 

Wire Clamp Position: Wire Number: 
Clamu stud amears sl i~ht lv  discolored. 

11 Length of probe 



3. Dielectric Test: 

OBSERVATION: 

Terminal Block Data 
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0.08 mA 0.10 mA 0.06 mA 

Teflon laminated shield, copper clean. Darkened deposits on terminal hardware. 
LoZ Terminal hardware has excessive deposits. 

Wire Number: F32 W524-Q129-20 F32 Hi Z connection: 

Wire Number: LOZ F32 Lo Z connection: 

Wire Number: F32 Shield connection: W524-0 129-20 F32 

Wire Clamp Position: Wire Number: 
Clamp stud appears slightly discolored. 

11 Length of probe 

Airline: PAWATLAS Airplane Model: 747-2F6 Airplane Variable Number: RD 412 

Nomenclature: Fuel Probe Serial Number: 4-68 

Boeing Part Number: 60B92010-25 Supplier Part Number: HONEYWELL FG420A25 

Manufacturer Date: 5/19 Series: 8 

Drawing Number: Revision I Date: 

Functional Test Date: 5/79 Installation Position: F33 TankNumber: M2 
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PACKAGE/BOX MARKINGS 
Tank Name: FNumber: F33 

TESTING: 

Tank Number: 

76.7 Pf 

Unknown Numbers: 0125 225 

1. Dry Capacitance Test: 

la. Dry Capacitance Test: 

2. 

3. 

(Using A/P test equipment) 

(Using EQA test equipment 

Hi Z to Lo Z Hi Z to Shield Lo Z to Shield 

Insulation Resistance Test: 22 Gigohms 16 Gigohms 22 Gigohms 

Dielectric Test: 0.07 mA 0.13 mA 0.06 mA 

OBSERVATION: 

1 Terminal Block Data 

Teflon laminated shield, copper Discolored. Darkened deposits on terminal hardware. 

Wire Number: W524-Q129-20 F33,61B40524-3 W524-QI 67-20 F33,61B40524-3 Hi 2 connection: 

Wire Number: LO2 F33 Lo 2 connection: 

Shield connection: Wire Number: W524-Q129-20 F33,61B40524-3 W524-Q167-20 F33.61B40524-3 

Wire Clamp Position: Wire Number: 
Clamp stud appears slightly discolored. 

11 Length of probe 
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PACKAGE/BOX MARKINGS 

Tank Name: CWT 

11 Length of probe 

Tank Number: F Number: F4 3 

Unknown Numbers: 

Airline: PAUATLAS Airplane Model: 747-2F6 Airplane Variable Number: RD 412 

Nomenclature: Fuel Probe Serial Number: Q-14 

Boeing Part Number: 60892010-16 Supplier Part Number: HONEYWELL FG420A16 

Manufacturer Date: 2/79 Series: 8 

Drawing Number: Revision / Date: 

TESTING: 

1. Dry Capacitance Test: 

la. Dry Capacitance Test: 

2. Insulation Resistance Test: 

3. Dielectric Test: 

OBSERVATION: 

120.0 Pf 
~~~~ ~ 

(Using A/P test equipment) 

(Using EQA test equipment 

Hi Z to Lo Z Hi Z to Shield Lo Z to Shield 

21 Gigohms 17 Gigohms 22 Gigohms 

0.10 mA 0.13 ma 0.07 mA 

Terminal Block Data 

All terminal hardware very clean. 

Wire Number: W498-Q137-20 W498-Q136-20,61 B40498-2 Hi Z connection: 

60B40037-308 LO Z F43 Lo Z connection: Wire Number: 
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PACKAGElBOX MARKINGS 

Tank Name: CWT 

Wire Number: W498-Q 137-20 W498-Q136-20,61B40498-2 Shield connection: 

Tank Number: FNurnber: F44 

Unknown Numbers: 

Wire Clamp Position: Wire Number: 

11 Length of probe 

Airline: PAUATLAS Airplane Model: 747-236 Airplane Variable Number: RD 412 

Nomenclature: Fuel Probe Serial Number: P-90 

Boeing Part Number: 60B92010- 13 Supplier Part Number: HONEYWELL FG420A13 

Manufacturer Date: 4/80 Series: 7 

Drawing Number: Revision I Date: 

TESTING: 

1. Dry Capacitance Test: 183.9 Pf 
(Using ALP test equipment) 

la.  Dry Capacitance Test: 
(Using EQA test equipment 

Hi 2 to Lo 2 Hi Z to Shield 

2. Insulation Resistance Test: 

3. Dielectric Test: 

OBSERVATION: 

18 Gigohrns 19 Gigohms 

0.13 mA 0.09 mA 

Lo Z to Shield 

21 Gigohms 

0.07 mA 
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PACKAGE/BOX MARKINGS 
Tank Number: 3 

Airline: PALJATLAS Airplane Model: 747-2F6 Airplane Variable Number: 

FNumber: F48 

RD 412 

Nomenclature: Fuel Probe Serial Number: Q-34 

Boeing Part Number: 60B92010-26 Supplier Part Number: HONEYWELL FG420A26 

Manufacturer Date: 2/79 Series: 8 

Drawing Number: Revision / Date: 

I Tank Name: I Unknown Numbers: 0 126224 I 
TESTING: 

1. Dry Capacitance Test: 

1 a. Dry Capacitance Test: 

2. Insulation Resistance Test: 

3. Dielectric Test: 

OBSERVATION: 

1 Terminal Block Data 

117.1 Pf 
(Using A/P test equipment) 

(Using EQA test equipment 

Hi 2 to Lo 2 Hi Z to Shield Lo 2 to Shield 

17 Gigohms 

0.10 mA 

15 Gigohms 

0.17 mA 

19 Gigohms 

0.07 mA 

Teflon laminated shield, copper clean. 
Discolored terminal hardware. 

W1178-Q147-20 
W1178-Q149-20 Hi 2 connection: Wire Number: 

60B40037-807 LO Z F48 Lo Z connection: Wire Number: 

Shield connection: Wire Number: 
W 1 178-4 147-20 
W1178-4149-20 
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PACKAGEJBOX MARKINGS 

Tank Name: 

Wire Clamp Position: Wire Number: 
Clamp stud discolored. 

Tank Number: 3 FNumber: F49 

Unknown Numbers: 0120 s/N 212 

11 Length of probe 

Airline: PAWATLAS Airplane Model: 747-236 Airplane Variable Number: RD 412 

Nomenclature: Fuel Probe Serial Number: Q-47 

Boeing Part Number: 60B92010-20 Supplier Part Number: HONEYWELL FG420A20 

Manufacturer Date: 2/79 

Drawing Number: 

Functional Test Date: m 9  Installation Position: 

Series: 8 

Revision / Date: 

F49 TankNumber: M 3  

84.1 Pf 

la. Dry Capacitance Test: 

2. 

3. 

(Using ALP test equipment) 

(Using EQA test equipment 

Hi 2 to Lo Z Hi Z to Shield Lo Z to Shield 

Insulation Resistance Test: 21 Gigohms 18 Gigohms 23 Gigohms 

Dielectric Test: 0.07 mA 0.12 mA 0.06 mA 

OBSERVATION: 

I Terminal Block Data 

Teflon laminated shield, copper clean. 
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I a. Dry Capacitance Test: 
(Using EQA test equipment 

2. Insulation Resistance Test: 

3. Dielectric Test: 

OBSERVATION: 

Hi 2 to Lo Z Hi Z to Shield Lo 2 to Shield 

22 Gigohms 19 Gigohms 25 Gigohms 

0.07 mA 0.08 mA 0.05 mA 

Terminal Block Data 

Teflon laminated shield, copper discolored. 
Discolored terminal hardware. 

Lo Z connection: Wire Number: 

Wire Clamp Position: Wire Number: 
Clamp stud discolored. 

11 Length of probe 

Airline: PAUATLAS Airplane Model: 747-2F6 Airplane Variable Number: RD 412 

Nomenclature: Fuel Probe Serial Number: Q-106 

Boeing Part Number: 60B 920 10-64 Supplier Part Number: HONEYWELL FG420A64 
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PACKAGEBOX MARKINGS 
Tank Number: 3 

Manufacturer Date: 7179 Series: 2 

FNumber: F58 

Drawing Number: Revision / Date: 

Functional Test Date: 7179 Installation Position: F58 TankNumber: M3 

Tank Name: RIGHT WING I Unknown Numbers: 0164 224 1P42792 I 
TESTING: 

1. Dry Capacitance Test: 141.6 pf 
(Using A/P test equipment) 

I a. Dry Capacitance Test: 
(Using EQA test equipment 

Hi 2 to Lo Z Hi Z to Shield Lo Z to Shield 

2. Insulation Resistance Test: Failed @300V 

3. Dielectric Test: 

4. Insulation Resistance Test: ~ 2 0 0  MOhms 

OBSERVATION: 

1 Terminal Block Data 

Teflon laminated shield, copper discolored. 
Discolored terminal hardware. 

Wire Number: 60B40037-807 LO C F58 Lo Z connection: 
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PACKAGE/BOX MARKINGS 
Tank Number: FNumber: F68 

Unknown Numbers: 01 29 sm22a Tank Name: 
L 

Wire Clamp Position: Wire Number: 
Clamp stud discolored. 

11 Length of probe 

Airline: PAWATLAS Airplane Model: 747-2F6 Airplane Variable Number: RD 412 

Nomenclature : Compensator Serial Number: 4-348 

Boeing Part Number: fiOB92010-62 Supplier Part Number: HONEY WELL FG6C4 

Manufacturer Date: 8n9 Series: 3 

Drawing Number: Revision / Date: 

TESTING: 

1. Dry Capacitance Test: 

1 a. Dry Capacitance Test: 

2. Insulation Resistance Test: 

3. Dielectric Test: 

OBSERVATION: 

1 Terminal Block Data 

52.3 Pf 

(Using A/P test equipment) 

(Using EQA test equipment 

H i Z t o L o Z  

20 Gigohms 

0.07 mA 

Hi Z to Shield 

15 Gigohms 

0.18 mA 

Lo Z to Shield 

20 Gigohms 

0.07 mA 

Discolored terminal hardware. 
Two mechanical ferrules on HIZ exposed. 
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PACKAGEYBOX MARKINGS 
TankNurnber: R4 

COMP GA HI Z F7W9 
Wire Number: COMP GA HI Z F59 60840037-906 COMP GA LO Z Hi Z connection: 

FNumber: F78 

COMP GA HI 2 F7W59 
60B40037-906 COMP GA LO 2 Lo 2 connection: Wire Number: 

COMP GA HI Z F7F59 
Wire Number: COMP GA HI Z F59 60B40037-906 COMP GA LO 2 Shield connection: 

Wire Clamp Position: Wire Number: 
Clamp stud dicolored. 

11 Length of compensator 

Primer/ paint on outer tube. 

Airline: PAWATLAS Airplane Model: 747-2F6 Airplane Variable Number: RD 412 

Nomenclature: Compensator Serial Number: Q-364 

Boeing Part Number: 

Manufacturer Date: 

Drawing Number: 

Functional Test Date: 

60B92010-62 Supplier Part Number: HONEYWELL FG6C4 

8n9 

8R9 Installation Position: 

Series: 3 

Revision / Date: 

F60 Tank Number: M4 

I Tank Name: 1 Unknown Numbers: 0108 S/N231 I 
TESTING: 

52.4 Pf 
1. Dry Capacitance Test: 

(Using ALP test equipment) 

la .  Dry Capacitance Test: 
(Using EQA test equipment 
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b 
PACKAGE/BOX MARKINGS 

Tank Number: 4 FNumber: F66 

Wire Number: W1180-4152-20, 61B41180-5 W 1 I 80-Q 153-20 Shield connection: 

Wire Clamp Position: Wire Number: 
Clamp stud discolored. 

11 Length of probe 

Airline: PAWATLAS Airplane Model: 747-2F6 Airplane Variable Number: FtD 412 

Nomenclature: Fuel Probe Serial Number: Q-43 

Boeing Part Number: 60B92010-32 Supplier Part Number: HONEYWELL FG420A32 

Manufacturer Date: 5/79 Series: 7 

Drawing Number: Revision / Date: 

Functional Test Date: 6R9 Installation Position: F66 TankNumber: M4 

Tank Name: Unknown Numbers: 0132 S I N  215 I 
TESTING: 

1.  Dry Capacitance Test: 88.1 Pf 
(Using A/P test equipment) 

I a. Dry Capacitance Test: 
(Using EQA test equipment 

Hi 2 to Lo 2 Hi Z to Shield Lo Z to Shield 

2. Insulation Resistance Test: 30 Gigohms 27 Gigohms 35 Gigohms 

3. Dielectric Test: 0.07 mA 0.09 mA 0.05 mA 

4. Insulation Resistance Test: 

OBSERVATION: 

I Terminal Block Data 
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Teflon laminated shield, copper discolored. 
Discolored terminal hardware. 
Perforations in both sleeves over ferrules 

PACKAGElBOX MARKINGS 

Wire Number: W1180-4153-20, 61B41180-5 W 1 1 80-Q 154-20 Hi 2 connection: 

Tank Name: 

Wire Number: 60B40037-906 LO Z F14-F66 Lo 2 connection: 

~ ~ ~~ 

Unknown Numbers: 0130 S / N  21 1 

Wire Clamp Position: Wire Number: 
Clamp stud discolored. 

11 Length of probe 

Airline: PAWATLAS Airplane Model: 747-2F6 Airplane Variable Number: RD 412 

Nomenclature: Fuel Probe Serial Number: 4-44 

Boeing Part Number: 

Manufacturer Date: 

Drawing Number: 

Functional Test Date: 

60B92010-30 Supplier Part Number: HONEYWELL FG420A30 

8/79 Series: 7 

Revision / Date: 

8/79 Installation Position: F67 TankNumber: M4 
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I 

PACKAGE/BOX MARKINGS 
Tank Number: M4 F Number: F69 

Tank Name: Unknown Numbers: 0131 SIN231 .. 

Wire Number: w 1562-unidentifiable TaDe F82 Shield connection: 
~~ 

Also connected to shield of compenstor F84 

Wire' Clamp Position: Wire Number: 
Clamp stud discolored. 

11 Length of probe 

Inner tube is out of round. 

Airline: PAWATLAS Airplane Model: 747-2F6 Airplane Variable Number: RD 412 

Nomenclature: Compensator Serial Number: H-1088 

Boeing Part Number: 60B92010-62 Supplier Part Number: HONEYWELL FG6C4 

Manufacturer Date: 1986 Series: 3 

Drawing Number: Revision / Date: 

TESTING: 
55.1 Pf 

(Using A/P test equipment) 
1. Dry Capacitance Test: 

la. Dry Capacitance Test: 
(Using EQA test equipment 

Hi Z to Lo Z Hi Z to Shield Lo 2 to Shield 

2. Insulation Resistance Test: 17 Gigohms 13 Gigohms 17 Gigohms 

3. Dielectric Test: 0.08 mA 0.34 rnA 0.08 rnA 

4. Insulation Resistance Test: 

OBSERVATION: 



EQA 7564R 
Table I1 
Page 99 

PACKAGElBOX MARKINGS 
Tank Number: R4 

1 Terminal Block Data 

FNumber: F79 

All terminal hardware appears clean. 
No heat shrink sleevine on mechanical all ferrules. 
Termination at HIZ has broken wires and insulation not captured in  the terminal lug. 

COMP GA HI Z F84 
Wire Number: W1562-41267 COMP GA HI Z F84, COMP GA LO Z Hi 2 connection: 

Also connected to HIZ on Probe F83. 

- 

Wire Number: COMP GA HI Z F84, COMP GA LO Z Lo Z connection: 

COMP GA HI 2 F84 
Wire Number: W1562-41267 COMP GA HI 2 F84, COMP GA LO Z Shield connection: 

Also connected to shield on Probe F83. 

Wire Number: Wire Clamp Position: 

ClamD stud clean. 

I1 Length of compensator 

PainAprimer on inner and outer tube. 

Airline: PAWATLAS Airplane Model: 747-2F6 Airplane Variable Number: RD 412 

Nomenclature: Fuel Probe Serial Number: H-0166 

Boeing Part Number: 60B920 10-66 Supplier Part Number: HONEY WELL FG420A66 

Manufacturer Date: 8/86 Series: 2 

Drawing Number: Revision / Date: 

Functional Test Date: 8/86 Installation Position: F85 TankNumber: R2 

I Tank Name: I Unknown Numbers: 01 I O  s/N 229 I 







ANALYTICAL ENGINEERING REPORT 
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CC: R. S. Breuhaus OT-72 
S. M. Hatch OT-62 
R. J. Lidicker 04-JU 
J. D. Rodrigues 67-PR 
E. M. Sedenquist 02-EL 

ITEM NO.: Chem 6533 

DATE: May 15,1998 

MODEL: 747 

GROUP INDEX: 9-5576 - Analytical Engineering, ChemicaVPhysical 

SUBJECT: Mechanical Removal of Sulfur-Bearing Deposits from FQIS Hardware 

REFERENCE: Analytical Engineering Report 9-5576-WP-98- 127, Trip Report - Meetings at 
NTSB Office, April 28 & 29, 1998 

BACKGROUND 

Air Force personnel report instances in which malfunctioning fuel quantity indicating system (FQIS) 
components have been restored to proper function by mechanically cleaning them with a brush wetted 
with isopropyl alcohol (PA)  (Reference). The cleaning operation is believed to remove sulfur-bearing 
deposits that form on insulating surfaces in service, thereby lowering insulation resistance. In order to 
evaluate the practicability of the method for treating FQIS components in situ, five components with 
attached wiring from the ship-set removed fiom airplane RD412 (Atlas) were selected for testing. The 
purposes of the testing were to visually determine the effectiveness of mechanically cleaning the 
surfaces and to quantify effects on electrical properties. 

CONCLUSIONS 

Mechanical cleaning using a nylon brush wetted with IPA solvent, followed by rinsing with P A ,  
effectively removes much but not all deposit build-up fiom wire insulation and other exposed surfaces. 
Cleaning increased insulation resistance (IR) by more than a factor of two in most instances. Dielectric 
withstanding voltage @WV) remained essentially unchanged in all but two instances, where modest increases 
in leakage current were measured. These results provide justification for considering mechanical cleaning as a 
means of removing deposits that have formed in service. Removal of discolored or damaged heat shr ink 
sleeving might also be considered, since deposits covered by the sleeving could then be removed as well. 

EXPERIMENTATION AND RESULTS 

The five FQIS probes selected from airplane RD412 (Atlas), listed in Table 1, included two compensators and 
three probes. The probes were photographed prior to and after cleaning. Cleaning was accomplished by 
brushing the terminals, wire insulation and connections with a soft nylon bristle brush wetted with IPA, 
followed by rinsing with a stream of clean P A .  
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Views of the parts prior to and following cleaning are presented in Figures 1 through 10. Improvement in 
appearance at some locations, particularly on the wire insulation, is obvious in every instance. It is also clear 
that not all discoloration was removable, even from the wire insulation. Nor was it possible to significantly alter 
the appearance of the heat shrink sleeving. t 

IR and DWV were measured using a Vitrek 844i Dielectric Tester. Insulation resistance was measured at 500 
volts DC. DWV was measured at 1500 volts AC, with a maximum allowable leakage current of 0.5 milli-Amp. 
Results are presented in Table 2, where values before cleaning represent measurements made at the time the 
entire ship-set of FQIS components was first characterized. Note that insulation resistance values improved in 
every case, and by a factor of 2 or more in all but one instance. Dielectric values were essentially unchanged in 
all but two instances (emboldened), In those two cases, leakage current increased slightly, but remained well 
below the specified 0.5 milli-Amp limit. 

These results indicate that mechanical cleaning will remove deposits sufficiently to improve insulation 
resistance without damaging the parts. 

Prepared by 

73-09,234-2666 

Approved by 

M / S  73-09,234-3025 

Electrical Characterization: J. I. Murphy 
Photo graph y : J. A. Brewer 
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Table 1. Listing of Hardware Selected for Evaluation 
of the Effects of Mechanical Cleaning 

Probe # Location 

F45 (Compensator) No. 3 Main 

F59 (Compensator) No. 4 Main 

F6 1 No. 4 Main 

F76 No. 4 Main 

F79 No. 4 Main 

Table 2. Insulation Resistance and Dielectric Withstanding Voltage 
of the Test Hardware Prior to and Following Mechanical Cleaning 

F59 F6 1 F76 F79 
Before After Befor rMer  BeforeAfter BeforrAfter Before After 

Insul.  Resistance (C-Ohm): 

Hi-Z to Shield 13 26 15 36 17 34 22 61 14 29 
LQ-2 to Shield 17 52 20 31 26 57 23 88 17 56 
Hi-z to Lo-z 17 60 20 62 25 56 22 69 18 54 

Dielectric (milli-Amp): 

Hi-Z to Shield 0.26 0.27 0.18 0.18 0.07 0.18 0.07 0.07 0.07 0.22 
LeZtoShield 0.06 0.06 0.07 0.07 0.06 0.06 0.05 0.04 0.05 0.06 
Hi-z to Lo-z 0.06 0.06 0.07 0.07 0.07 0.06 0.07 0.06 0.05 0.06 



Figure 1. Terminations on compensator F45 before mechanical cleaning (4.4X). 



9-5576-W-98-135 
Page 5 

Figure 2. Terminations on  compensator F45 after mechanical cleaning (4.4X). 



Figure 3. Terminations on compensator F59 before mechanical cleaning (4.2X). 

-- - -r  T,- 
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Figure 4. Terminations on compensator F59 after mechanical cleaning (4.2X). 1 
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- TO: T. M. Mitchell 

cc: 

ANALYTICAL ENGINEERING REPORT 

04-Ju NO.: 9-5576-WP-97-329 

ITEM NO.: Chem 6007 

DATE: September 17,1997 

MODEL: 747 Fuels 

GROUP INDEX: 9-5576 - Analyhcal Engineering, Chemical/Physical 

SUBJECT: Immersion Testing of Two Fuel Quantity Tank Units 

REFERENCE: Analytical Engineering Report 9-5576-WP-97-272, Analysis of Fuel Quantity Tank Units 
for Copper Sulfide 

BACKGROUND 

Two fuel tank quantity units previously analyzed for copper sulfide (Reference) have, respectively. completed a 
one month exposure to Jet A with an elevated sulfur concentration and to Puget Sound sea water. Tank unit Ell 
was selected for the fuel exposure. No electrical arcing was observed to have occumd during previous testing of 
tank unit F41, but the laminated copper film in the shield assembly of that unit had been nearly uniformly 
blackened In order to preserve the blackened shield laminate for funher study in the event that it was discovered 
to be significant, the shield assembly frwn F42, which had experiend very minimal arcing, was installed on F41 
for the immersion test. Unit F44, with minor arc damage to its shield and outermost tube, was selected for 
exposure to sea water. 

CONCLUSIONS 

The electrical properties of fuel quantity tank unit F41 (with the shield assembly from F42) were found to have 
remained within what appear to be acceptable bounds in spite of the month long exposure to fuel with a high 
concentration of sulfur. Sulfur compounds of silver, copper and cadmium were present on the terminal assembly, 
as expected The sulfur appeared to also have reacted to a slight degree with the laminated copper shield at some 
locations. If further exposure testing is desired, immersion of a source of additional copper in the test vessel is 
recommended in order to accelerate the formation of conductive paths, if possible, and to more accurately 
represent the condition internal to a fuel tank. 

Components of the terminal assembly of fuel quantity tank unit F44 were found to have corroded due to expos= 
to the Puget Sound sea water. Copper sulfide was still present on the Hi-2 terminal block, as it had been prior to 
immersion in sea water but additional deposits had formed and the laminated copper shield had been substantially 
darkened Electrical an: damage that was present on the assembly prior to immersion was still visible at the end 
of the exposure test. 

EXPERIMENTATION AND RESULTS 

The fuel quantity tank units were immersed to a depth sufficient to fully cover the terminal block assemblies. 
Following immersion, the unit that had been immersed in fuel was characterized electrically. Both units were 
inspected optically and disassembled for further inspection Samplings of deposits were characterized chemically. 
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- Tank Unit F41 - High Sulfur Fuel Exwsure. Powdered elemental sulfur was mixed with U.S. Oil Jet A fuel at 
the rate of 0.30 percent by weight. which is the maximum allowable sulfur content for Jet A as listed in ASTM 
D1655. The sulfur dissolved slowly, and a small quantity remained undissolved at completion of the test The 
sulfur-laden fuel and test article remained at ambient conditions bf temperature and humidity thnxlghout the test 
The tank unit was to be removed from test for an intewal of roughly two hours twice daily, excluding weekends, 
for the duration of the test. Due to manpower difficulties, that schedule was not strictly followed, adding an 
element of randomness to the cycling. Twenty-one cycles were recorded on the daily log, reported here as Table 
1. 

The terminal assembly, shown in Figure 1, did not appear to have been sigruficantly changed by the testing. Nor 
had the individual terminal blocks, which were removed for inspection. Copper within the laminated shield had 
darkened at some locations where sulfur might have gained entry (F&ures 2 and 3). 

The capacitance of F41 was determined using an Andeen Hagerling Model 25OOA Ulm-Precision Capacitance 
Bridge. Dielectric properties at 225 VAC were determined for a one minute duration with a Vieek !M4i Dielectric 
Analyzer, and the insulation resistance was determined at 225 VDC with the Vi* Mi, also over a one minute 
duration. Lower than standard test voltages were selected to preclude the possibility of inducing arcing during 
testing. Results, presented in Table 2, do not indicate that exposun= to the fuel was detrimental to the probe. 
Certainly no paths for leakage current were created by the exposure. Inclusion of wiring or other copper 
components would likely provide a more realistic s&o for a long-term study, however, since the tank unit 
itself has no immediate source of copper (for formation of conductive paths based on copper sulfide) other than 
that which had previously been deposited on the terminal blocks in seMce. 

Electron microprobe elemental surveys of samplings of dark deposits from the Hi-2 tenninal block and from a 
silver-plated nut associated with that terminal block are presented in Figw 4. These data are essentially 
Consistent with past analyses, confirming that sulfur compounds are present on the terminal block assembly and 
that copper from (ii service) sources within the fuel system has been deposited there. 

Tank Unit F44 - Purret Sound Sea Water Exwsure. 'Ihe terminal assembly on F44 was Continuously immersed in 
Puget Sound sea water from 3:OO p.m. on August 5 until 2:OO p.m. on September 2 As shown in Figure 5, 
m d m  ofthe t e h a l  blocks occurmi during the exposure. The Lo-2 outer tube with the terminal assembly 
removed is shown in Figure 6, and the shield is shown in Figure 7. Note that the laminated copper shield was 
damaged and darkened by the exposure. Note also that the arc damage that was present prior to the exposure was 
still evident (Figures 6-8). Figure 9 shows the Hi-2 temhal block as it appeared before and after the sea water 
exposure. Note that black deposits were still visible after the exposure, but that additional deposits had formed. 
The orange deposits were found to be rich in hn, sodium and chloine; and the blue deposits contained copper, 
sodium. and magnesium. Elecapn microprobe elemental surveys of dark deposits sampled from the Hi-2 terminal 
block prior to and after the exposure, pmnted  in Figure 10, show that copper-sulfur compounds wece still 
present on the part. 

Prepared by 

-7349,234-2666 

Approved by W - L  
W. L. Plagemann 
M / S  7349,234-3025 

Electron Microprobe Analysis: J. C. Wessel 
Photography: J. A. Brewer 
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Table 1. High-Sulfur Fuel Immersion Test for Tank Unit €3 1 : 
Daily Schedule for Removal from Fuel, Exposure to Atmosphere 

First Dailv Cycle Second Dailv Cycle 
Date Time Out Time In  Duration (hrs.) Time Out Time In Duration (hrs) 

8/5/97 (Begin Test) 

8/11/97 

8/12/97 

8/13/97 

aii4/97 

8/15/97 

8/18/97 

8/19/97 

8f20/97 

8/21/97 

8/22/97 

8/27/97 

m 7  

8/29/97 

9 m 7  

1000 a.m. 

6:40 a.m. 

7:00 a.m. 

6:05 a.m. 

11:00 a m .  

2:OO p.m. 

9:40 a.m. 

7:lO a.m. 

9:15 a.m. 

6:45 a.m. 

6:20 a.m. 

540 a m .  

530 a m .  

540 a.m. 

1200 p.m. 

8:40 a.m. 

9:20 a.m. 

8:05 a.m. 

2:30 p.m. 

3:40 p.m. 

1150 am. 

3:OO p.m. 

11: 15 a.m. 

9:00 a.m. 

8:20 a.m. 

7:40 a.m. 

7:40 a m .  

7:40 a.m. 

2: 00 

2:00 

220 

2:oo 

3:30 

1:40 

2: 10 

750 

2:00 

2 15 

200 

2:oo 

2 10 

200 

1: 00 p.m. 

1:OO p.m. 2 5 5  p-m. 155  

11:OO p.m. 2:02 p.m. 3:02 

12:42 p.m. 2:45 p.m. 2:03 
9:25 a.m. 11:25 a.m. 2:00 

1235 p.m. 2:45 p.m. 210 

9:00 a m .  10:35 a.m. 1:35 

11:30 a.m. 3:20 a.m. 350 

1205 p.m., Test Complete 

Table 2. Capacitance, Insulation Resistance and Dielectric Properties 
of Fuel Quantity Tank Unit F-41 (with Shield from F-42) after High Sulfur Fuel Exposure 

Measurement F-4 1 /42 
Capacitance (piceFara&): 192.9 
Dielectric (leakage current, micro-amps): 

16 to 17 Hi-2 to Lo-2 
Hi-2 to Shield 5.05 
Lo-2 to Shield 5.75 

Insulation Resistance (giga-ohms): 
Hi-2 to Lo-z 
Hi-2 to Shield 
Lo-2 to Shield 

3.8 
7to11 
7 to 11 









I 

! * ^ "  

, 





P 
5 







I -  



ANALYTICAL ENGINEERING REPORT 

TO: J. R. Hulm 

CC: R. J. Lidicker 
J. D. Rodrigues 

NO.: 9-5576-WP-98- 136 04-JU 

04-JU 
67-PR 

. ITEM NO.: Chem 6533 

DATE: May20,1998 

MODEL: 747 

GROUP INDEX: 9-5576 - Analytical Engineering, ChemicaVPhysical 

SUBJECT Sulfide Deposits - Recommendations for Testing 

REFERENCE: Analytical Engineering Report 9-5576-WP-98- 127, Trip Report - Meetings at 
NTSB Office, April 28 & 29, 1998 

BACKGROUND 

The NTSB has requested input regarding recommendations for additional analysis and testing of the 
properties of sulfur-bearing deposits that form on some airplane fuel system hardware in service 
(Reference). The following are offered in response to this request. 

RECOMMENDATIONS 

The following topics are suggested for additional investigation: 

(1) Additional chemical characterization of the deposits 
(2) Effect of humidity on electrical properties of deposits 
(3) Effect of the presence or absence of liquid fuel and fuel vapor on the electrical properties of 

(4) Effect of reduced pressure (altitude) on electrical properties of deposits 
( 5 )  Effect of applied voltage on rate and geometry of deposition 

deposits 

DISCUSSION 

Chemical Characterization. Better chemical characterization would enable improved modeling of 
deposits using reagent chemicals. Modeling using reagents might prove to be important in light of the 
fact that examples of service hardware exhibiting anomalous behavior will be limited in number, and 
should be tested with caution to avoid loss of information. Suitable synthetic mixtures mimicking 
behavior of authentic deposits could greatly expand the scope of testing that could be accomplished, 
since test set-up and development could be carried out solely with the model material. 

Preliminary tests with reagents indicate that copper (I) sulfide (CuzS) is not a conductive material, but 
that copper (11) sulfide (CuS) conducts quite well. In the preliminary test, reagent sulfide powders 
were placed on one-inch Teflon@ squares in a strip about 1/8 to 1/4 inch wide. The strip of powder 
was flattened slightly with a scalpel blade, and a few drops of Frekote spray silicone release agent were 



9-5576-WP-98- 136 
Page 2 

added to help the powder remain immobile on the Teflon@. Test leads terminated with alligator clips 
were attached to the edges of the sample squares so that each contacted one end of the powder strip. 
Using a Vitrek 944i Dielectric Tester, the insulation resistance (IR) across the Cu2S was measured to 
be 121 Gi2 at 500 VDC. The IR test failed on the CuS, with an over-current condition occurring at 93 
VDC during the voltage ramp (test conditions were a 100 Volt per second ramp with a 1 Mi2 minimum 
resistance allowed). Dielectric withstanding voltage @WV) was measured with the same instrument. 
At 1500 VAC, an acceptable leakage current of only 5 pamp was measured across the CU~S, but the 
test failed due to over-current at less than 20 volts when the CuS was tested. 

Previous analyses have revealed that copper and sulfur are the main constituents of the deposits in 
most instances. Knowing if CuS is present in the deposits and at what percentage could prove to be 
particularly important in developing a reagent model. It might also be useful to know if and how much 
sulfate is present, what particular silver compounds are common, and if ammonium or other salts have 
formed. X-ray diffraction is recommended if enough deposit can be collected from service hardware 
to accomplish the analysis. If the deposits are crystalline rather than amorphous, X-ray diffraction 
should provide information as to the specific identity and oxidation state of the chemical components. 
If insufficient sample is available or results are inadequate, chemical spot tests to try to confirm the 
presence of sulfide. sulfate and ammonium are recommended as well. 

In general, surface analysis (X-ray photoelectron spectroscopy or XPS, Auger electron spectroscopy 
and secondary ion mass spectroscopy or SIMS) is not recommended for this problem. There are 
exceptional instances where these methods might prove to be useful, such as the terminal strip that was 
analyzed by XPS and SIMS under the direction of the NTSB (Reference). In that case, the deposits 
affected electrical performance even though they consisted of a thin film, and insufficient sample was 
present for energy dispersive X-ray spectroscopy (which examines the sample to a depth of about 1 to 
2 pm) or other relatively "bulk" techniques. 

True surface techniques examine only the outermost several molecular monolayers, providing 
chemical information to a depth of only 5 to 10 nanometers. Most materials that have been exposed to 
environment for any length of time will yield a fairly strong carbon signal due to organic compounds 
that are adsorbed from atmosphere. Samples that have been handled or that have resided in the vicinity 
of lubricants will typically have an even stronger carbon signal. In either case, brief to lengthy 
sputtering with an argon ion beam to expose the surface of interest is usually required. For a sample 
that has been in a fuel environment, many organic and other compounds that are unrelated to the 
deposits or their harmful effects are expected to be detectable by surface analysis, and will likely 
confuse results. 

Efecrs of Environmenr. IR and DWV measurements through deposits are recommended under varying 
conditions of relative humidity, in the presence and absence of liquid and vapor phase fuel, and at 
pressures representing expected airplane altitude cycling. If possible, modeling using a synthetic 
reagent matrix should be carried out prior to testing service hardware. These tests will provide a 
comparison of electrical properties of deposits under various potential service conditions with values 
obtained in an ambient laboratory environment, shedding additional light on voltage required to 
precipitate an electrical discharge through the deposits. Humidity and altitude testing can be done in 
ordinary environmental chambers, but suitable protected equipment will be necessary for testing in the 
presence of fuel. 
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Effects of & d i e d  Voltaae. This would be a long-term test with doubtful results. To be successful, an 
accelerated means of generating deposits representative of those that form in service would be 
required. A considerable method development effort would probably be involved. However, knowing 
whether or not applied voltage augments deposit formation, and if voltage affects location of 
deposition, could be key in decisions regarding rework and future design. 

\ 

Prepared by / 522xaWud- 
D. B. Skoropinski 7y!3= 

Approved by 
W. L. Plagemann 
M / S  73-09,234-3025 

IR and DWV Experiments: J. I. Murphy 
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t cc: ITEM NO.: Chem 61 12 

September 2, 1997 DATE: 

MODEL: 747 

GROUP INDEX: 9-5576 - Analytical Engineering, ChemicaVPhysical 

SUBJECT: Analysis of Fuel Compensator P/N 6OB92010-62, S/N W-180 

BACKGROUND 

The subject compensator, stamped with manufacture and functional test dates of October, 1973, was 
submitted for inspection for evidence of electrical arcing and identification of contaminants/deposits. 
Determination of the capacitance, insulation resistance and dielectric properties was also requested, but 
with the test potential limited to 225 volts to avoid inducing arcing during test. 

CONCLUSIONS 

No evidence of electrical arcing was found at any location on the compensator. Deposits under and 
around the terminal block consisted of machining fragments of a 2000-series aluminum alloy and a 
variety of other particles, including at least one fragment of a corrosion-resistant steel alloy. 
Deposits/corrosion products at most other locations on the terminal block assembly and on internal 
connections were composed of the sulfides of copper, cadmium and silver. Tin was also present in 
some deposits, as was a relatively low concentration of organic constituents. Sleeving around crimped 
wire terminals that attached to the Le2 and Hi-Z tubes appeared to have rubbed against the interior of 
the shield tube to generate wear debris. However, analysis revealed that deposits at those sites did not 
consist of wear debris, but were instead composed primarily of copper sulfide, where the copper most 
probably originated from the wire strands. 

No measurable conductive path existed between the shield and the terminals to the Lo-2 and Hi-2 
tubes, in spite of the copper sulfide deposits on and around the slewing. The capacitance of the 
compensator was measured to be 0.03 pico-Farads greater than the specification upper limit of 53.16 
pF. The Hi-2-to-shield insulation resistance and dielectric leakage current were somewhat anomalous, 
although the insulation resistance was still in the mega-ohm range (see Table 1). These results suggest 
that additional disassembly and inspection might be of value. 
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EXPERIMENTATION AND RESULTS 

The part was inspected optically, then disassembled for further inspection for arc damage or other 
anomalies. Samplings of contaminantddeposits were analyzed by infrared microspectroscopy and/or 
electron microprobe. 

&tical InsDection for Electrical Arc Damage. Upon disassembly, a good deal of metallic debris was 
found under the terminal block assembly (Figure 1). Although the reflective character of the metallic 
particles suggested the possibility of arc damage, closer examination revealed particulate metallic debris 
at the reflective locations. At magnifications up to 50X, no evidence of electrical arcing was observable 
at any location. 

Identification of DeDosits - Exterior Surfaces. The general debris (gray deposits) indicated in Figure 1B 
is represented by the electron microprobe elemental survey in Figure 2A, which shows that it consists of 
a complex mixture of particulate material. Individual metallic particles were lifted from each of the 
locations shown in Figure lB, C and D for identification by electron microprobe. All but one particle 
were identified as a 2000-series aluminum alloy such as 2024 (Figure 2B). The single exception was 
identified as a corrosion-resistant steel alloy (2C). An electron micrograph of a grouping of the metallic 
particles, presented in Figure 3, indicates that they consist primarily of machining debris. 

Orange deposits were present on the surface of the polytetrafluoroethylene (PTFE) insulator sheet that 
mated to the underside of the terminal assembly (Figure 4A). The associated electron microprobe 
elemental survey (4B) is indicative primarily of cadmium sulfide. Although cadmium sulfide does not 
absorb appreciably in the mid-infrared spectral region, the infrared spectrum of the substance (4C) had 
several distinct absorptions. The methyVmethylene functional group stretching absorptions (2800 to 
3000 wavenumbers) were not decreased by rinsing the deposit with solvent, indicating that an organic 
component is included in the orange substance. The bands near 1450 and 1550 wavenumbers together 
are probably indicative of a carboxylate salt generated by reaction of the cadmium (most likely plating 
on the bolt) with a carboxylic acid. The native carboxylic acid content of fuel is expected to be 
negligible, but carboxylic acids are known metabolic by-products of organisms that sometimes exist 
particularly in any water phase in fuel tanks. The absorption near 1100 wavenumbers in 4C indicates 
the presence of sulfate. 

Results similar to those in Figure 4 were obtained for orange deposits at other locations on the terminal 
block assembly (Figure 5A). Dark deposits on the t e n h a l  blocks consisted primarily of copper sulfide 
(5B), while the small (silver-plated) nuts used to mount the terminal blocks to the assembly were coated 
with silver sulfide (5C). 

Identification of DeDosits - Internal to Tubes. Other anomalies were observed on the interior surfaces 
of the compensator unit. A streak of gray material was present on the innexmost (shield) tube where a 
plastic mounting bracket was attached to the tube (Figure 6A). Analysis indicated that the gray 
substance consisted primarily of aluminum wear product (6B), but further disassembly to expose the 
edge of the tube would be required to confirm that. The origin of the low concentration of lead in the 
gray deposit (indicated in 6B by the width of the overlapping sulfur peak and confirmed by wavelength 
dispersive X-ray spectroscopy) has not been determined. The Delrin plastic bracket material was not 
detectable in the deposit. 



9-5576-WP-97-318 
Page 3 

Corrosion was present where shielding for the wiring to the Hi-2 terminal connected to the interior of 
the shield tube (Figure 7A). Sulfides of copper and possibly of tin were indicated (7B). Corrosion was 
also present on internal connections at the end of the compensator opposite the terminal block (Figure 
8A and B). Again, sulfides of copper, cadmium and silv& were detected, as was some tin. Note in 8C 
and D that the red sleeving appeared to have rubbed against the interior surface of the shield tube to 
generate deposits (the connection to the Lo-Z tube appeared to still be in contact with the interior of the 
shield tube, while the sleeving associated with the Hi-Z connection did not). However, results for 
samplings lifted from the interior of the tube and from the sleeve were indicative primarily of copper 
sulfide, a small quantity of organic material and other substances such as sulfate (Figure 9), but not of 
aluminum wear product. The copper conductor strands of the wire are the most likely source of the 
copper. 

Determination of Electrical Properties. The terminals shown in Figure 8 connected to the Hi-Z and Lo- 
Z tubes. In order to determine if a measurable electrical path had been established to the shield tube via 
the deposits, the resistances between the shield terminal in the terminal block area and the connections 
shown in Figure 8 were measured. Resistance values of greater than 1 mega-ohm (the limit of the 
instrument used for the measurement) were obtained (see Table 1). These results show that, in a dry 
state, no conductive path exists between the shield tube and the terminals. 

The terminal block assembly was reattached to the compensator in its original configuration for 
determination of the capacitance, insulation resistance and dielectric properties of the part. Capacitance 
was determined using an Andeen Hagerling Model 2500A Ultra-Precision Capacitance Bridge. 
Dielectric properties at 225 VAC were determined for a one minute duration with a Vitrek 944i 
Dielectric Analyzer, and the insulation resistance was determined at 225 VDC with the Vimk 944i. also 
over a one minute duration. A compensator which had been tested previously ( S / N  L0495, MFD SEP 
1983) was re-tested as a reference. Results, presented in Table 1, show that the capacitance of the 
compensator was very close to but slightly greater than the specification value. The insulation 
resistance and dielectric leakage current between the Hi-Z terminal and the shield were somewhat 
anomalous, although the insulation resistance was still in the mega-ohm range. The insulation 
resistances represent the lowest values observed during the test interval. 

Although no evidence of electrical arcing was observed, results of electrical characterization suggest 
that additional disassembly and inspection might be of value. 

Prepared by 

Approved by 

D. B. Skoropinski 
M&Z3j09,234-2666 

W. L. Plagemann 
M./S 73-09,234-3025 

Electrical Characterization: 
Electron Microprobe: J. C. Wessel 
Photography: J. A. Brewer 

S. L. Peterson and J. I. Murphy 
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Table 1 .  Capacitance, Insulation Resistance and Dielecmc Properties 
of the Compensator, Compared to a 1983 S / N  Part 

Measurement S/N W-180 S/N LO495 Spec. Value 
Capacitance (pico-Farads): 53.19 52.65 52.64 & 0.52 
Dielectric (leakage current, micro-amps): 

Hi-Z to Lo-2 6.66 6.09 
Hi-2 to Shield 260 4.54 
Lo-Z to Shield 6.07 4.77 

Insulation Resistance (mega-ohms): 
Hi-2 to Lo-Z 370 11,Ooo 
Hi-Z to Shield 5.6 12,000 
Lo-2 to Shield 420 11,Ooo 
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Figure 4. (A) Orange deposits on the surface of the PTFE insulator sheet that separated the terminal 
block assembly from the shield tube (2.3X). (B) An electron microprobe elemental survey 
and (C) infrared spectrum of the deposits shown in (A). 
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Figure 5. Electron microprobe elemental surveys of (A) orange deposits and (B) dark deposits from the 
shield terminal block, and (C) black material from the surface of the shield terminal hold- 
down nut. 
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EXECUTIVE SUMMARY 
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Fuel probes, compensators, wiring and terminal strips removed from 747 aircraft were 
submitted. Many of these components exhibited thin-film residues that were subjected to various 
voltage breakdown tests. In earlier AFRL evaluation reports the residues were found to be a 
mixture of materials, specifically copper, silver and sulfur. Residue films on component surfaces 
were probed and exhibited resistance values from more than 30 megohms to the low kilohm 
range. The films were fragile, with resistance values altered by physical probing or after the 
application of a voltage across the film surfaces. 

Breakdown of the thin films was noted when voltages between 10 and 200 volts were 
impressed upon selected samples. Residue films with resistance values in the kilohm range 
would readily break down at 175 volts or lower values. Residue films from fuel probe terminal 
blocks also exhibited arc track damage after impressing voltage across their surfaces. 

A single, short-duration, 170-volt pulse was applied across two points on a terminal strip 
residue film. This produced an arc discharge event. An audible popping sound, accompanied by 
a flash of light, signaled the discharge event. The event was captured on videotape and the 
energy level discharged during event was calculated to be 2,740 millijoules. The discharge event 
physically damaged the film. In two other 170-volt breakdown tests, arc events were also 
captured on videotape. The calculated energy discharges were in the low millijoule ranges 
( I  -20) and the films apparently were not physically damaged. 

During limited testing, laboratory-fabricated carbon films ignited flammable vapors in a 
test fixture. A single short duration 170-volt breakdown pulse produced calculated energy 
discharge levels between 1100 and 2400 millijoules. Breakdown tests were also conducted on 
fuel terminal blocks and wire terminals exhibiting conductive (low kilohm range) thin film 
residues. The tested residues did not ignite the flammable vapor. The maximum energy 
discharged during testing in flammable vapors was 4.6 millijoules. Significantly higher energy 
levels were required to ignite the vapor mixture, since vapors in the laboratory test fixture were 
not at the concentration required for minimum energy ignition. 

.. 
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Film Residues on Fuel Quantity Indicator System 
Fuel Tank Components 

PURPOSE 

Characterize voltage breakdown and energy dissipation across residues found on fuel 
quantity instrumentation system (FQIS) fuel tank components. 

FACTUAL DATA 

Surface analysis techniques were used to determine the composition of the black residues 
on submitted fuel probe terminals, wiring and barrier strips. Residue composition included 
copper, silver, sulfides and sulfates. Surface analysis results are given in evaluation report 
AFRLMLS 99-2, dated 26 January 1999. 

The National Transportation Safety Board (NTSB) submitted Boeing 747 aircraft fuel 
probe terminal blocks, wiring and terminal barrier strips (evaluation report AFRL/MLS 99-33). 
Examples of components selected for analysis are shown in figures 1,2, 3 and 4. Due to limited 
sample availability, and the desire to control compositional and electrical characteristics, 
laboratory fabricated films were used for preliminary evaluation. Results are given in appendix 
A. After developing a test circuit, preliminary voltage breakdown and impressed energy 
calculations were made on selected FQIS components. These results are given in appendix B. 

Energy Calculations Using Capacitive Discharge Test 

After reviewing initial results in appendices A and B, a new circuit was designed to better 
quantify the energy being injected into the residue films under test. Capacitors were charged to a 
predetermined voltage level and then discharged through the film under test between the spring- 
loaded probes. The capacitors were charged using AC line voltage connected to an 
autotransformer. A diode provided rectification. A digital voltmeter monitored the voltage in 
the capacitors both before and after discharge. The circuit schematic and test set-up is shown in 
figures 5 and 6, respectively. The energy delivered to the sample through the probes was 
calculated using the voltage remaining in the capacitor after discharge. The equation used was 

E = 1/2C(V,'-V:) 

where E is the energy in Joules, C is the capacitance, V, is the initial capacitor voltage and V, is 
the final capacitor voltage after the film discharge event. Two parallel connected 125uf 
capacitors (250uf equivalent capacitance) were used as charging capacitors. A Hewlett Packard 
ance analyzer set at five hertz gave an equivaient measured capacitance of 29Ouf. A single-pole, 
double-throw (SPDT) switch was used to charge the capacitors and then discharge them through 
the probes. A digital multimeter was used to measure the resistance of the area between the 
probes before and after each test. A test fixture was fabricated to hold the fuel probes and two 
probe manipulators (highlighted box, figure 6) .  The manipulators allowed precise positioning of 
the spring-loaded probes on the surface of the fuel probe terminal blocks or other areas. The 
probes and contact area were positioned under an optical microscope equipped with a video 
camera connected to a conventional, standard-speed recorder. 
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Preliminary discharge testing demonstrated electrical contact could not be maintained 
between the probes and the residue film. Breakdown of the residue between the probes was 
desired. This was facilitated by applying conductive silver paint to the surface of the residue. 
The silver paint increased the contact surface area, lowered the contact resistance and offered a 
buffer zone between the probe tips and residue. 

The discharge characteristics were evaluated between probes suspended in air, imposed 
on a high resistance area of residue and on a conductive region of residue film. The freestanding 
probes allowed the capacitor to discharge from 50 to 48 volts in 100 seconds. Conductive silver 
traces approximately one millimeter (mm) part were placed on a terminal block residue that 
exhibited a high resistance (fuel probe A- 1 19). The resistance between the traces was too high to 
be measured by the multimeter. The capacitor discharged from 50 to 40 volts in 10 seconds. 
Resistance remained very high after the test, beyond the range of the meter. The test was 
repeated twice with essentially the same results. Conductive silver traces were placed 1.1 nun 
apart on area of the A- I 19 terminal block that exhibited a conductive residue (figure 7). Initial 
resistance was three kilohms. The capacitor discharged from 50 to 3 volts in 5 seconds. Using 
the capacitance energy equation the energy discharged by the capacitor was 359.7 millijoules. 
Resistance after the test measured 10 kilohms. No damage on the surface between the probes 
could be seen under the microscope. A summary of discharge test results, using a calculated 
energy discharge over five seconds, is given in table 1 .  An arc event was not captured on the 
standard-speed videotape recording. 

Terminal Strip Testing 

i 

1 

Since many of the conductive fuel probe residues had already been probed during earlier 
breakdown tests, a terminal barrier strip with significant residue deposits was selected for 
additional discharge testing. The barrier strip was reported to have low resistance values 
between terminals and was submitted by the NTSB. An analysis of the terminal strip is given in 
evaluation report AFRL/MLS 99-33. 

The terminal strip contained five terminal lugs (figure 8). Note residues between the 
terminals. Before testing, the resistance values between terminals were measured using a 
multimeter. Resistance between terminals 1 and 2 and between 4 and 5 were above the range of 
the multimeter. Resistance between terminals 2 and 3 measured 2.5 megohms; terminals 3 and 4 
measured 120 kilohms. The residue film between terminals 3 and 4 was initially probed and 
exhibited resistance values between 1.2 to 4 kilohms with an approximate 1 -mm spacing. 

Two dots of conductive silver paint were applied to another area of high conductivity 
between terminals 3 and 4, points 1 and 2 (figure 9). The spacing between the dots was 
approximately 0.9 mm. The capacitor discharged from 100 to 98.9 volts in 10 seconds. Using 
the capacitance energy equation (E = 1/2C(Vl2-V:), C= 29OX1O4) andthe energy discharged by 
the capacitor was 3 1.72 millijoules. The resistance was 0.6 kilohms before the test and the 
circuit measured open after the test. No physical damage was noted. A resistance of 1.3 kilohms 
was obtained by adjusting the probes and the discharge test was repeated. It was noted the 
resistance reading remained very stable and only varied slightly in the hundredths of a kdohm. 
Typically, resistance readings varied in the tenths of a kilohm. The capacitor discharged from 
100 to 96.3 volts in 10 seconds. Using the capacitance energy equation, the energy discharged 

2 
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by the capacitor was 105.3 millijoules, After the test, a review of the videotape showed a 
possible arc track event had occurred on the residue film during the discharge. Before and after 
photographs are shown in figures 9 and 10. A digitized copy of the videotape is included as 
exhibit 1 .  A single arc was captured across the residue. The damaged film surface is shown in a 
videotape frame that was captured as a still photograph (figure 11). The resistance after the test 
was beyond the meter range (>30 megohms). A measurable resistance could not be obtained by 
adjusting the probes. This implies the breakdown occurred through the film and not only in the 
area contacted by the probes. 

Short Duration Energy Discharge Test Circuit 

The videotape of the above film breakdown event shows breakdown can occur over a 
short duration (milliseconds). The discharge circuit was modified to capture discharge voltage 
and current waveforms of short duration (milliseconds) breakdown events (figure 12). A digital 
oscilloscope and high-speed video camera capable of recording 100 frames per second were used 
to capture breakdown or arcing events. A breakdown voltage approaching 170 volts was 
selected for most follow-on tests. This would be the peak voltage available on a single phase of 
120 volt, three-phase aircraft power. 

Additional silver dots were applied to residue areas on the terminal strip (figures 13 and 
14). The areas were probed to determine resistance values. Voltage was then applied while 
simultaneously videotape recording and capturing the discharge event with an oscilloscope. 
Energy was calculated by multiplying the captured voltage and current waveforms and 
integrating the resulting power waveform or by using the voltage discharged by the capacitor. 
Several tests were conducted, the distance between spots being in the range of 1 to 1.6 
millimeters with resistance values between 400 ohms and several kilohms. Results are shown in 
table 2. The waveforms captured with the oscilloscope are shown in figures 15, 16 and 17. For 
event 2, the current waveform was not captured because the current was too high for the selected 
range. Arc events can be seen in the videotape clip (exhibit 2). On the oscilloscope, event 2 
produced a large arc. Small arcs can be seen emanating from a probe in events 1 and 3. These 
arc events lasted less than two milliseconds. A single arc was captured for each event. A spark 
and audible “pop” was noted when the breakdown occurred during event 2. The imaging area of 
the video camera was saturated by the light energy released by the arc. Significant surface 
damage was noted only after event 2 (figure 18). Testing on the terminal strip was halted to 
conserve residue sites for ignition testing in jet fuel. Material analyses were conducted on the 
terminal strip residues, particularly the effect of conductive silver paint on the residue surfaces. 
Results are presented in appendix D. 

Energy Discharge Tests in a Flammable Vapor 

Energy discharge tests were conducted on conductive thin film samples to determine if 
flammable vapors could be ignited by a voltage breakdown event. Initially, laboratory fabricated 
samples were tested to establish procedures and energy levels necessary to ignite flammable 
vapors. Fuel probe residues were then evaluated. The capacitive discharge circuit shown in 
figure 12 was used to provide the energy to create an arc or voltage breakdown event. The event 
was recorded with an oscilloscope and high speed videotape system (100 frames per second). 

3 



AFRL/MLS 99-68 

i 

1 

Laboratory-pure carbon films were created by sputtering microscope slide cover slips 
using an AnaTech LTD CDS I1 Carbon Sputtering System. After the carbon was deposited 
conductive silver paint dots are applied spaced approximately 5.0 mm. Silver-plated copper wire 
leads were attached with conductive silver paint (figure 19). After attaching wires, excess 
carbon film was scraped away to increase the current density between the contact points (figure 
19). 

The test vessel was a partially sealed 150-mm diameter transparent plastic culture dish 
whose volume (dish and lid) was approximately 0.35 liters. It was not sealed to allow air to mix 
with the vapors. The film sample was placed upright to increase exposure to flammable vapors. 
The carbon-coated glass slides were placed in the culture dish. Instrumentation and a film under 
test are shown in figure 20. 

The flammable liquid selected for the testing was lighter fluid, a blend of 18 percent 
Hexane and 82 percent Naphtha. This material could be easily introduced as a liquid that would 
then evaporate, creating a flammable mixture in air. According to the materials safety data 
(MSD) sheet on the selected lighter fluid, the flash point of the lighter fluid is 5.6"C. The 
reported explosive limit is between one to seven percent. Ignition tests were initially conducted 
using a small piezoelectric igniter. Five drops of lighter fluid, heated to 30 to 35°C for three 
minutes, consistently ignited vapors. 

Six tests were conducted using the laboratory-prepared carbon films with resistance 
values between 660 ohms and 4.7 kilohms. The capacitors were charged to 170 VDC. The fuel 
vapors ignited in three out of six attempts. The events were recorded with a high-speed video 
system and oscilloscope (figures 21, 22 and 23). The videotape was digitized and ignition 
examples are offered in exhibit 2. A summary of test results is given in table 3. The first two 
tests were part of the setup process. Event 6 was the application of 250 volts to the test sample 
used in event 5.  Although an arc was produced, the vapors did not ignite. The energy impressed 
onto the sample was calculated by two methods. The first method captured voltage and current 
waveforms on the oscilloscope. As before, the energy was calculated using the procedure in 
appendix C. A second method was to use the difference between the initial and final voltage 
remaining in the capacitors after the arc event. Testing was halted after obtaining three ignition 
events. Variation in energy readings was due to several factors. In event 7, the current probe 
amplifier was saturated, due to the selected amplifier range, and the actual current level was not 
captured. 

The next sets of tests were conducted on components from submitted fuel probes. Three 
insulated lug terminals were removed from the probes. The insulation on these terminals had a 
conductive black residue. Conductive silver paint stripes were applied to the residue to enhance 
the contact connection, and silver-plated copper wires were attached using conductive silver 
paint (figure 24). The initial resistance values of these films were between 725 and 3.8 kilohms. 
The films were tested in the same manner as the previous carbon films. There were no ignition 
events and the impressed energy was between 2.5 and 4.6 millijoules. Similar tests were also 
conducted on four terminal blocks with conductive residue. The resistance values of these films 
were between 0.72 and 3.1 kilohms. There were no ignition events and the impressed energy 
was between 1.1 and 4.2 millijoules. The results are given in table 4. A captured waveform is 
shown in figure 25. There were no electrical arcs captured on the videotape for events 10 
through 16. 
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Laboratory films of copper sulfide, specifically cupric sulfide (CuS), were created that 
exhibited resistance values in the low to high kilohm range. Cupric sulfide (Cu,S) films 
exhibited resistance values in the 10I2-ohm range. Silver Sulfide (Ag,S) bulk resistance was 
measured and found to be in the low megohm ( lo6) range. 

The laboratory fabricated CuS films were subjected to voltage breakdown tests. Single 
half-wave sinusoidal voltage pulses were applied to the samples with peak voltages in the range 
of 59 to 178 volts. Breakdown was noted when the captured current pulse exhibited spikes or 
did not follow the voltage waveform. Peak currents as high as 600 milliamperes were recorded 
across the film samples. Visual inspection revealed no physical damage or evidence of arcs on 
test sample surfaces. Film resistance changed dynamically during and after the test. The 
resistance values typically dropped by several orders of magnitude up to the breakdown event 
and then would rise to a level above the original value. 

Residue films on fuel quantity instrumentation components (fuel probes, compensators, 
wiring and terminal strips) were electrically probed. Residues exhibited resistance values in the 
low kilohm range, using a 1/8-inch (3.2mm) probe separation. Residue films were then 
subjected to voltage breakdown tests. The films exhibited voltage breakdown characteristics 
when half-wave sinusoidal (1.25 millisecond duration) voltage pulses were applied. Voltage 
breakdown peak values were between 8 and 147 volts. Peak current values were as high as 12 
milliamperes, but were typically in the range of 2 to 5 milliamperes. There were no electrical 
arcs or physical damage noted during or after testing. A dynamic (changing) resistance was 
noted during and after the voltage breakdown events. The breakdown appeared to be occurring 
at the interface of the spring-loaded probe and residue. The residue films were fragile; slight 
probe movement or pressure changes would change the resistance values. Resistance values 
were also significantly changed by the application of a voltage across the films. 

The energy applied to the residue films was measured during the application of a half- 
wave voltage pulse. Residue films were obtained from fuel probe Lo-Z terminals and the 
terminal blocks beneath these terminals. Voltage as applied to spring-loaded probes separated 
approximately 1/8 inch (3.2mm) apart. The peak voltage was approximately 175 volts. In two 
tests, arc track sites were noted between the electrical test probes. Both events had some of the 
highest energy dissipation values calculated (6.5 and 1.46 millijoules). In many tests, there were 
multiple breakdown events during voltage application. 

A capacitive discharge circuit was next connected to probed residue sites. Conductive 
silver paint was applied to the residue films to improve the contact interface. A materials 
analysis of residues with silver paint indicated the applied silver had not bridged the residue area 
under test. A terminal strip with significant amounts of residue film was selected for testing. 
When probed, the residues on the terminal strip exhibited very stable and low resistance values. 
In the initial circuit, capacitors were discharged across the surface of the films for several 
seconds. An arc across the residue surface was captured on videotape. This occurred during a 
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discharge event calculated to be 103 millijoules occurring over a 10-second period. The arc 
physically damaged the test-site. The resistance of the affected residue was now over 30 
megohms. The videotape showed the actual breakdown occurred over a short duration 
(milliseconds). 

Additional discharge tests on the terminal strip were conducted using a capacitive circuit 
capable of producing a single short duration 170-volt pulse over several milliseconds. 
Conductive silver dots were applied, with a separation between 1 and 1.6 rnm. In one test, a 
popping sound and flash of light signaled the discharge. The event was captured on videotape 
and the energy level discharged during the event was calculated to be 2,420 millijoules. The arc 
discharge released enough light to completely saturate the video camera image capturing circuits. 
The breakdown event lasted approximately 10 milliseconds. The test damaged the residue film. 
In two other 170-volt breakdown tests, arc events were also captured on videotape. The 
calculated energy discharges were in the low millijoule ranges (1-20) and there was no apparent 
physical damage to the residue films. 

During limited testing, laboratory-fabricated carbon films ignited vapors in a test fixture 
filled with a flammable vapor. A capacitive circuit capable of producing a single, short duration 
170-volt pulse over several milliseconds was used to initiate the breakdown event. Calculated 
energy discharge levels were between 1100 and 2400 millijoules. In each of the three ignition 
events, burning vapors created sufficient gas pressure to raise the lid from the test chamber. A 
maximum energy discharge of 150 millijoules was calculated. An arc was observed in two tests, 
however, the vapors did not ignite. 

Residue films on terminal lugs and terminal blocks were instrumented and also placed in 
the flammable vapor environment. They had resistance values in the low kilohm range. No 
ignitions were noted and the maximum energy discharged was 4.6 millijoules over 2.0 
milliseconds. Significantly higher energy levels were required to ignite the vapor mixture, since 
vapors in the laboratory test fixture were not at the concentration required for minimum energy 
ignition. 
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Applied Peak Calculated 
Voltage Current Energy i Comments 

J 
i- 

(volts) 
170 

170 

Table 1 

Discharge Results for Terminal Block FG420A23 A- I 19 

(m A) (millijoules) 
60 203 Terminal strip area 3 and 4 points 

2 and 4 (1.6mm), breakdown noted 
on videotape (figure 15) 

- 2,7402 Terminal strip area 3 and 4 points 

Multimeter reads open above 30 megohms 1 

2 

3 

Table 2 

Discharge Tests Conducted on the Residue Found on the Submitted Terminal Strip 

2.2/open' 

3. 3/open1 

Resistance 

170 
(f ipres  16 and 18) 

34 43 Terminal strip area 2 and 3 points 

3 and 4 (lmm apart), large - 
breakdown noted on videotape 

above 30 megohms 
E = 1/2C(V,2-V,2), C= 290x10" 2 

10 and 11 (1.2mm apart), 
breakdown noted on videotape 
(fieures 17 and 14) 

Energy detefmined by capturing voltage and current waveforms and integrating over time (see 3 

appendix one for procedure) 
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Conditions Voltage Energy Observations 

InitiaVFinal 
3 5 drops, 35OC, 3min. 1 7 0 ~  Carbon film arced 

Film - 3.1 KR No ignition 

5 drops, 35OC, 3min. 1 70b4 150mJ' Carbon film arced 

Film - 4.0 Ki2 No ignition 

5 drops, 35OC, 3min. 1 70L4 80mJ' Carbon film arced 

Film - 4.7 KR No ignition 

5 drops, 30°C, 3min. 170l140 8 1 OmJ' Carbon film arced 

Film - 2.3 KR over 40 msec. 1348mJ' Ignition noted 

(figure 21 ) 

5 drops, 3OoC, 3min. 170/110 2750mJ' Carbon film arced 

Film - 0.62 KQ over 150 msec. 2436mJ' Ignition noted 

(figure 22 ) 

5 drops, 3OoC, 3min. 170/145 1300mJ' Carbon film arced 

Film - 2.2 KR over 60 msec. 1 142mJ2 Ignition noted 

(figure 23) 

determined by capturing voltage and current waveforms and integrating over time 

I 

I 

i 
c- 

s 
i 

Table 3 

Lab Film Voltage Discharge Ignition Test Results in Lighter Fluid 
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Component Conditions Voltage 

Tested InitiaWinal 

FG4200A36 5 drops, 30°C, 170/170 

S / N  A1 10 3min. 
Hi-Z wire lug Film - 3.8 KQ 

FG420A 1 8 5 drops, 30°C 170/170 

S / N  85 3min. 
Hi-Z wire lug Film - 1.0 KQ 

Table 4 

Energy/ Observations 

Time 

3.3 mJ' No arc or ignition 

2.0 msec 12mA peak current 

2.5 mJ' 

2.0 msec 

No arc or ignition 

10 mA peak current 

Event 

FG420A29 

10 

1 1  

5 drops, 3OoC, 170/170 4.6 mJ' No arc or ignition 12 

S / N  AI I O  

Hi-Z wire lug 

FG420A26 

Z116 

Terminal Block 

Fg420A30 

S / N  118 

Terminal Block 

Fg420A 18 

S I N  A85 

Terminal Block 

FG420A 1 7 

S/N A101 

Terminal Block 

etermined by capturing 

13 

14 

15 

3min. 2.0 msec 28 mA peak current 

Film - 2.0 Kfi 

5 drops, 3OoC, 170/170 1.8 mJ' No arc or ignition 

3min. 3.5 msec 6 mA peak current 

(see figure 25) 

Film - 3.1 

5 drops, 3OoC, 170/170 1 . 1  mJ' No arc or ignition 

3min. 3.1 msec 7 mA peak current 

Film - 2.4 KQ 

5 drops, 3OoC, 1701 170 1.9 mJ' No arc or ignition 

3min. 4.3 msec 8 mA peak current 

Film - 2.4 

5 drops, 3OoC, 170/170 4.2 mJ' No arc or ignition 

3min. 2.3 msec 7 mA peak current 

Film - 0.72 

voltage and current waveforms and integrating over time 

16 

' Energ) 

Fuel Probe Component Voltage Discharge Ignition Test Results in Lighter Fluid 

(oscilloscope function) 
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Appendix A 

Preliminary Voltage Breakdown Evaluation Using Laboratory Prepared Test Films 

Reagent-grade quantities of copper sulfide in both cupric sulfide (CuS) and cuprous sulfide 
(Cu,S) forms and silver sulfide (Ag,S) were obtained and pulverized to form a powder (figure 1). 
Chemical properties for compounds of interest are given in table 1. A distilled water suspension was 
used to disperse materials onto an isopropyl alcohol (1PA)-cleaned bare epoxy circuit board. The two 
copper compounds readily formed suspensions while the silver compound would not readily form a 
suspension. After drying overnight, deposits of varying thicknesses were observed for the copper 
compounds (figure 2). Table 2 describes the created films. 

Table 1 

Chemical Properties of Compounds of Interest I 

Compound 

Copper 
Sulfide 
(Cupric 
Sulfide) 
Copper 
Sulfide 

(Cuprous 
Sulfide) 
Copper 
sulfate 
(Cupric 
Sulfate) 

Silver Sulfide 

Color/ 
Consistency 

Black powder 

Black powder 

Blue 
White -Dry 

Grayish black 

Source 

Mineral form- 
Covellite 

Mineral form- 
Chalcocite 

Chemical 
Desig- 
nation 
cus 

cu,s 

Melting 
Point 

103°C 

1 100°C 

825°C 

Solubility 

Soluble in nitric 
acid 

Insoluble in water 

Soluble in nitric 
acid 

Insoluble in water 

Soluble in water 

Soluble in nitric 
acid 

Insoluble in water 

'The Condensed Chemical Dictionary, Tenth Edition, 1981. 

Resistance values of films were measured with a pair of gold-plated, spring-loaded, flat-end 
probes (0.062 inches or 1.57 mm in diameter). The probes were mounted in a plastic block to maintain 
a 1/8-inch (3.2 mm) spacing from inside edge to edge. Measurements were made by placing the 
probes perpendicular to the film surface and compressing the spring-loaded contacts by about 50 
percent. Consistent and repeatable measurements could be obtained in this manner. Measurements 
were made using a Hewlett-Packard HP 3466A digital multimeter for the more conductive samples, 
and a Hewlett-Packard HP4329A High Resistance Meter (set to 10 VDC) for the samples of higher 
resistivity (figure 3). 
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(ohms) ‘ 
3.67 KX2 f l )  A very thick deposit of CuS with mud-cracking 

Three areas were measured on each sample with the appropriate meter and an average value 
calculated. Results are given in table 2. These results revealed the CuS is more conductive than the 
Cu,S films. Since Ag,S films could not be formed by suspension, the resistance value of a clump of 
pure silver sulfide was measured. A digital multimeter (HP 3466A) with 118 inch spaced probes gave 
resistance values in the range of 3-5 megohms. 

B. 

C. 

D 

E 
F 
G 

Table 2 

A fairly thick deposit of Cu,S, not as thick as A 2. I x 10I2 R (2) 
Evenly distributed 

A fairly evenly distributed deposit of Cu,S, 
thinner than B 

Uneven deposit of CuS, one area fairly thick 
labeled D2 

Thin evenly deposited area of CuS 
Bare circuit board - no deposit 

(added later) 

2.7 X 10’2Q (2) 

D1 7.4 KR (1) 
D2 108 l2 (1) 

1.6 X 10” R (2) 
4.2 X lo’* R (2) 

Deposit of mixture of 0.35g CuS/Sml water 0.5M -3MR (1) 

Description of Laboratory Created Samples and Measured Resistance Values 

I Sample Area I Description I Measured Resistance 

‘The reported values are an average of three readings using either the HP 3466A Digital Multimeter (1) 
or the HP4329A High Resistance Meter set at 10 VDC (2) 

Films Placed on Test Coupons 

Test coupons were prepared using sections of glass-epoxy printed circuit boards with parallel 
copper traces spaced at various distances. The traces were approximately 1 mm wide and 8 mm long 
and were terminated in copper-lined holes to which leads could be soldered. Spacing between the 
traces was 0.5 mm, 2 mm and 7.5 mm. After leads were soldered in place, the surfaces of the boards 
and traces were cleaned with isopropyl alcohol (PA) using cotton swabs to remove rosin flux and 
other contaminants. Before applying the copper and sulfur suspension mixture, a dam was formed 
with a silicone bead to contain the mixtures (figure 4). 

Resistance readings were taken of the board surfaces across the traces before applying deposits 
using a Hewlett Packard 4329A High Resistance Meter (set to 100 VDC) connected to the leads. The 
readings were allowed to stabilize for one minute. Results are given in table 3. 
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Sample Description 

Coupon with 7.5mm trace spacing: 

Coupon with three leads, 2mm spacing: 
left pair 

right pair 

Table 3 

Measured Resistance (ohms) 
Initial Final 

30.6K 1M 
- 440K 

200m lML-2 
80K 4 10K 
300K 500K 
200K 600K - 

I 

Initial Resistance Values between Circuit Board Traces 

I SamDle DescriDtion 
Coupon with 7.5 mm spacing 

between traces 
Coupon with 2.0 mm spacing 

between traces 
Coupon with 2.0 mm spacing 

between traces 
Coupon with 0.5 mm spacing 

between traces 

Measured Resistance 
1.6 X 10” Q 

2 x 1oi4a 
8 X IOi3R 

6 X  lOI4Q 

Preparation of Films Using Cupric Sulfide (CuS) and Water 

An analytical balance was used to weigh out 0.035g of CuS, which was then mixed with 5 ml 
of distilled water. The mixture was stirred and sonicated to aid in the suspension process. Samples of 
the mixture were poured onto a coupon with the 7.5 mm trace spacing and onto a coupon with a pair of 
2 mm spaced traces. After allowing the samples to air dry, measurements were made using a HP 
3466A Digital Multimeter. Resistance was initially recorded and then allowed to stabilize for one 
minute. Since the reading continued to change, the leads were reversed and the measurements were 
repeated. The films were probed directly using probes with a 1/8-inch spacing. Three measurements 
were made with the HP 3466A multimeter giving values of 7.5Kn,7.7KR and 32.1 Kn. Additional 
results are given in table 4. 

Table 4 

Resistance Measurements of CuS between PWB Traces (HP3466A@ 10 VDC) 

J 
c. 

Mixtures of CuS, Cu,S and water were poured on additional circuit board samples with copper 
traces at various distances. A silicone dam was placed around the traces. The surface of the circuit 
board was then cleaned with IPA as before. Resistance measurements were made and the lead wires 
soldered to the traces. Measurements were made with a HP3466A Digital Multimeter or a HP4329A 
High Resistance Meter set at 10 volts, depending on the amount of resistance present on the particular 
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Sample Description 
Sample # I  (traces spaced 7.5 mm, 0.35g CuS/5ml water) 

AFRL/MLSA 99-68 

sample. A configured test sample is shown in figure 4. In some cases, the films were built up in 
several layers in an attempt to lower the resistance between the traces (figure 5). Results are given in 
Table 5. 

Measured Resistance 
66KR 

Table 5 

Resistance Values for Various Films of CuS and Cu,S 

Sample #2 (traces spaced 7.5 mm, 0.35g CuS/IOml water) 

Sample #3 (layer #1) (A-B traces spaced 2.5 mm, 0.35g 
CuS/5 ml water): 
Sample #4 (layer # I )  (B-C traces spaced 0.5 mm, 0.35g 
CuS/5 ml water): 

CuS/5 ml water): 
Sample #6 (layer #1) (A-D traces spaced 5 mm, 0.35g 
CuS/5 ml water): 
Sample #7 (layer #2)(A-B traces spaced 2.5 mm, 0.35g 
C U M  ml water): 
Sample #8 (layer #2) (B-C traces spaced 0.5 mm, 0.35g 
CuS/5 ml water): 

CuS/5 ml water): 
Sample # I O  (layer #2) (A-D traces spaced 5 mm, 0.35g 
CuS/S ml water): 

Sample #5 (layer #1) (C-D traces spaced 2 mm, 0.35g 

Sample #9 (layer #2) (C-D traces spaced 2 mm, 0.35g 

88KQ (leads reversed) 
3 . 1 m  
2.9MR (leads reversed) 
2 4 0 m  
270KQ (leads reversed) 
2.7MR 
15MR (leads reversed) 
2 2 0 m  
270KQ (leads reversed) 
1 OMR 
4MR (leads reversed) 
2 4 0 m  
260KR (leads reversed) 
600m 
500Kn (leads reversed) 
100KQ 
490KQ (leads reversed) 
2 MR 
6 0 0 m  (leads reversed) 

Electrical Breakdown Tests 

A circuit was designed to evaluate voltage breakdowns when a sinusoidal source was applied to 
the laboratory-created films. A Wavetek Model 95 Arbitrary Waveform Generator was used to 
directly control a California Instruments Model 3001TCA AC power source. One half of a 400-hertz 
sinusoidal power cycle (1.25 millisecond duration) was applied to the films under test., The peak 
voltage could be varied between 0 and 200 volts. Current was limited with a 200 ohm resistor in series 
with the voltage output circuit. The maximum current output at 200 volts with the test probes shorted 
was one ampere. Current was monitored using a Phillips PM9355 current probe. This was connected 
to a Tektronix 7854 sampling and digitizing oscilloscope, which was fitted with a camera, 7A26 and 
7A19 vertical amps and a 7B87 horizontal time base. The oscilloscope captured the voltage and 
current probe outputs. The sample under test was connected with a single-pole-double-throw (SPDT) 
switch so that it could be connected to either the impressed voltage or a HP3466A digital multimeter to 
record the resistance value of the sample under test. Electrical measurements were made using 

31 



AFRLMLSA 99-68 

gold-plated, spring-loaded, flat-tipped probes or wires soldered to copper strips. The schematic and 
test set-up is shown in figures 6 and 7. The voltage was increased across the films under test until 
breakdown was noted on the oscilloscope. Voltage breakdown was noted when the current pulse 
exhibited spikes or did not follow the voltage waveform. 

Voltage was applied to the coupon containing samples 8 (B and C) and 9 (C and D) in table 5 
(figure 5) .  Results are shown in table 7. An oscillograph of a breakdown event is shown in figure 8. 
Optical inspection did not reveal physical film damage (figure 9). The current would typically rise and 
reach a peak value and then drop to near zero. As can be seen from table 7, the resistance of the film 
changes dynamically during and after the application of the voltage. The initial resistance changes to a 
dynamic resistance and then returns to a value that may be higher or lower than the initial resistance. 
The voltage breakdown event or events correspond to the peak current level measured. Dynamic 
resistance was calculated by dividing the peak voltage (at the peak current value) by the peak current. 

1 
i 

, 

i 

! 
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8C 

8D 

8E 

8F 

9A(2mm) 

9B 

9c 

9D 

9E 

34K 

41K 

105K 

300K 

' 580K 

75K 

5K 

50K 

70K 200mA 860 328K 
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Table 7 

CuS Film Voltage Breakdown Results 

Voltage at 
Breakdown 

Sample Initial 
Resistance 

Dynamic Final 
Current Resistance Resistance 

59v  
l t 7 Z - t Z T  (0.5mm) 

63V 

107V 

149K 

100ma 630 38K 

125mA 860 66K 

150mA 990 25K 

172 v 
I5OmA I 300K I 

178V 
600mA I 500K 

300 I 
60 V 

'Om* I 4.5K 
860 1 

102v 

117V 
i 

300ma I 1 OOK 
470 I 142V 

173v 
i 
L 

1 1 
lreakdown by the peak current. I 'Resistance calculated by dividing the voltage a 
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Appendix B 

Preliminary Voltage Breakdown and Impressed Energy Calculations of Fuel Quantity Instrumentation 
System Components 

The following fuel probes were initially selected for voltage breakdown tests, based on the 
presence of black residues on terminal blocks and on wire terminals: P/N FG420A23 S / N  A- 1 19, 
Aircraft 931 17 P/N F40 S / N  Z-116, P/N FG420A18, S/N A-85, and POI FG420A12 S / N  Z-119. 
Examples of residues are given in figures 1,2 and 3 of the main report and figures 1 ,2  and 3 of this 
appendix . 

Most of the probes selected had inspection tags. A typical example is given below: 

Fuel Qty Unit 
Evergreen Air Center, Incorporated B-747 
Pinal Air Park, Marana, AZ 
FAA Approved Repair Station Number ERKR675D 
Removed from Aircraft S/N 1995B/N 134TW 
Customer: Flight Director, Inc. 
Job Number: 10- 1073-02-0001 
Date: 6- 1-98 
Removed by M. Stephanson 102023 
P/N FG 420A23 
BAC P/N 60B92010-23 

S/N A-1 19 

Resistance measurements were attempted using a digital multimeter with the spring-loaded 
probes spaced 1/8 inches apart (figure 4). An area on the insulated terminal lug (Lo-Z terminal) of 
fuel probe P/N FG420A23 S/N A- 1 19 measured 1.2 to 2.5 kilohms (figure 3). The resistance varied 
from spot to spot, but was generally low enough to be tested for breakdown. Slight movement of the 
electrical probes would cause the resistance value to change. The probes were typically adjusted 
several times until a low and stable resistance value was obtained. The voltage breakdown circuit 
described in appendix A, figure 6 was used in testing. Voltage was gradually increased until the 
current indicated a possible breakdown. The first breakdown occurred at 8 volts, with a current of 3 
milliamps (figure 5 ) .  Resistance before this particular test was 3.05 kilohms. After the test, the 
resistance was in the megohm range. A summary of the test results is given in table 1. The initial, 
dynamic and final resistance was recorded. The peak current and the voltage at that value were used to 
calculate the dynamic resistance (R=V/I). For many cases, when breakdown was noted, the dynamic 
resistance was lower than the initial and final resistance value. The final resistance would eventually 
stabilize, as noted in the table. Slight probe movement or pressure would typically re-establish a low 
resistance path. This implies the voltage breakdown is occurring underneath the spring-loaded probe 
contacts, rather than in the residue film between the contacts. Optical inspection did not reveal any arc 
tracking or other signs of breakdown in the residue film between the electrical contacts. 
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21.311 1.2 122.1190 8 2501/222 Breakdown 
2 1.21-’ 147 5 5M1/2S2 Breakdown 
2511 1.2 1 7 2.41 1 3 5 12 12M1112M5 Breakdown 

(figure 6) 

Table 1 

Voltage Breakdown Test Results for Insulated Connector Lug (Low-Z Terminal) 
of Fuel Probe P/N FG420A23, S I N  A1 19 
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Calculation of Energy Voltage Breakdown Events 

Energy developed during the applied voltage pulses was calculated using the Tektronix Model 
7854 oscilloscope waveform algorithms. The calculation process is described in appendix C. Testing 
was conducted with the circuit shown in appendix A, figure 6. The residue on the insulated Lo-Z 
terminal lug from fuel probe P/N FG420A23, S/N A-119 was again used for these tests. Tests were 
conducted as before, raising the voltage incrementally until sufficient voltage was present to cause a 
voltage breakdown, based on the oscillograph of the event. An apparent breakdown occurred at 140 
volts with a peak current of 5.2 milliamps (figure 7). The resistance value before the test was 13 
kilohms, after the test, 1 megohm and after adjusting probe contact pressure, 19 kilohms. The dynamic 
resistance was calculated as 26.9 kilohms (140V/5.2mA). Using the waveform algorithm functions on 
the oscilloscope, voltage and current waveforms were multiplied together to produce a power 
waveform that was then integrated over time (1.25 msec) to give an energy value of 0.24 millijoules 
(figure 7). 

Another area on the insulted terminal exhibited an apparent breakdown at 172.9 volts and peak 
current of 17 mA. The initial resistance for this test was 16 kilohms. At the end of the test, the 
resistance was 260 kilohms. The dynamic resistance was calculated to be 10.2 kilohms 
(172.9V/17mA). The energy impressed on the sample was calculated to be 1.1 millijoules (figure 8). 

Fuel Probe 931 I7 F40 S/N Z-I  16 

A fuel probe from Aircraft 93 1 17 exhibited residues on the insulated terminal lug (Lo-Z 
terminal) and on the terminal block beneath the lug (Figure 9). Contact probes were applied to the 
insulated terminal. A 199.2 volt pulse produced a peak current of 7.5 milliamps across the residue 
(figure 10). Energy was calculated to be .42 millijoules (Figure 11). Initial resistance was 15.7 
kilohms and after the test the resistance was 237 kilohms. Dynamic resistance was calculated to be 
26.6 kilohms (199.2V/7.5mA) 

Additional tests were conducted in different areas with the results summarized in table 2. The 
residue film surface had no visible damage from the discharge events. 
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Peak 
Current 
(M) 

7.5 

1 1  

i 
. -  

Dynamic 
Resistance4 

(ohms) 

26.6 

8.2 

Test Calculated 
Energy3 

(millijoules) 

0.42 

0.14 

.49 

0.29 4 

Comments 

Insulated lug, 
(figure 10) 
Terminal 
block,under lug 
(figure 11) 
Terminal 
block,under lug 
(figure 12) 
Terminal 
block,under lug 

5 

4.8 

Table 2 

Energy Discharge Results for Residues Found on Fuel Probe 93 1 17 F40 S / N  Z- 1 16 

36.6 

Initial/ 
Final 

Resistance 
(kilohms) 

0.63 

Peak 
Voltage/ 

Voltage at 
Peak 

Current 

(Figure 13) 
Terminal 

fl 199.2/199.2 

5.94 3 

7/330'/130 

176.8/90 

174.1/135 

I 

10/200'/30 1 175.8/175.8 

I Yopen' 175.8/ 172 

'Contact probes adjusted 
Above 30 megohms 2 

block,under lug 
(Figure 14) 

Energy determined by capturing voltage and current waveforms and integrating over time (see 
appendix C for procedure) 
Dynamic resistance- voltage at peak currenvpeak current 

3 

Fuel Probe P/N FG420Al8, SIN A-85 

Fuel probe P/N FG420A18, S/N A-85 was selected for testing. Residues were noted on the 
terminal block under the Lo-Z terminal lug (main report, figure 2). The test procedure on residue films 
was used as before and the results are given in table 3. The residue film surface had no visible damage 
from the discharge events. 
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Test 

I 

InitialFinal Peak 
Resistance Voltage/ 
(kilohms) Voltage at 

Peak 
Current 

1 

Peak 
Current 
(mA) 

Table 3 

Energy Discharge Results for Residues Found on Fuel Probe FG420A18 S / N  A-85 

Dynamic 
Resistance2 
(kilohms) 

Calculated 
Energy' 

(millijoules) 

Comments 

1 

2 

3 

(volts) 
5.8/open' I 75.8/ 1 60 

3.3/open ' 1 73.8/ 1 70 

9.2/open' 174.3/160 

24 

35 

13.5 

17.6 

4.8 

11.8 

0.43 

I under lug I Breakdown 

Terminal block, 
under lug 
Breakdown 

0.39 

under lug 
Breakdown P (Fi ure 17) 

(Figure 15) 
Terminal block, 

'Above 30 megohms 
'Dynamic resistance--voltage at peak current/peak current 
'Energy determined by capturing voltage and current waveforms and integrating over time (appendix C 
for procedure) 

0.63 

Fuel Probe PIN FG420A23, SIN A- I  I9 

(Figure 16 ) 
Terminal block, 

Fuel probe P/N FG420A23, S / N  A-1 19 was tested. Again, the area under the Lo-Z terminal 
lug on the terminal block was chosen, due to the presence of residues (figure 18). Very low resistance 
readings were recorded on this sample. The test procedure on residue films was used as before and the 
results are given in table 4. As was noted in earlier testing, voltage breakdown (a current spike) 
typically occurred before the voltage peaks. The current would rapidly rise, peak and then fall to a 
level near zero (figure 19). In some cases there were multiple breakdowns. Optical inspection after 
testing revealed a possible arc track across a residue film in two of the voltage breakdown events 
(figures 24 and 25). The arc track appeared to emanate from a contact probe. 
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Calculated Energy' (millijoules) 

Table 4 

Test Initial/Final Peak Voltage1 Peak 
Resistance Voltage at Current 
(kilohms) Peak Current (mA) 

(volts) 
1 1.912.4 174.3 40 

! 
i 

1 

I 
I 
1 
I 
I 
I 

Dynamic 
Resistance' 
(kilohms) 

Energy Discharge Results for Residues Found on Fuel Probe P/N FG420A23, S I N  A- 1 19 Under The 
Lo-Z Terminal Wire Terminal Block 

2 I .7/open' 174.311 62 59.8 2.7 

6 3.418.5 1681- 40 

7 

8 

9 

I I I I 

Resistance above 30 megohms 1 

7.9 170.91- 20 - 

4.4/open ' 1 7 1 .9/ I 58 34 4.6 

5.215500 175.31- 22 - 

0.55 

1.46 

1.1 

1.9 

1.2 

6.5 

Comments 

Terminal block, under 
lug, Breakdown, 
surface damage noted 
(figures 20 and 24) 
Terminal block, under 
lug, Breakdown, data 
lost energy not 
calculated (figure 21) 
Terminal block, under 
lug, Breakdown, data 
lost energy not 
calculated (figure 21) 
Terminal block, under 
lug, data lost energy 
not calculated 
Terminal block,under 
lug. Breakdown 
Terminal block,under 
lug, Breakdown (figure 

Terminal block,under 
lug, Breakdown 
Terminal block,under 
lug, Breakdown, film 
damage noted (figures 
23 and 25) 

22) 

Energy determined by capturing voltage and current waveforms and integrating over time (see 
appendix C for procedure) 
Dynamic resistance- voltage at peak currentlpeak current 

2 

3 
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Figure 1. SEM micrograph of carbon stub (left) with silver dots and corresponding EDS line scan 
(right). The black reference (left) was the line scanned, red line corresponds to the vertical yellow line 
in spectra. 

Figure 2. EDS spectra comparison between a nomsidue (red outline) and residue area (yellow area). 
Areas analyzed are shown in figure 8, main report. Note the absence of silver (Ag), copper (Cu), and 
sulfur (S) peaks in the nonresidue area. 
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Figure 3. SEM micrograph and EDS line scan of a terminal strip with silver dots (see figure 18, main 
report). The black reference line (left) was the line scanned and red line corresponds to the vertical 
white line in spectra. 

Area Analyzed llm Silver Xrayl :s-K Sulfur 
x : 2 6 6 ~ : 2 5 1 1 : 9 0  x :  128y: 128 i :  0 x:128y:128 i : 1  

I 
I 
I 

TCell 61 Cell 4-rCell 5 

:CU-K Copper Xrey1:Si-K Silicon Xrsg1:C-K Carbon 
I x: 128 y: 128 i: 1 <: 128y: 128 1: 0 II x: 128y: 128 i: 1 I 

Figure 4. EDS map of a terminal strip with silver dots (see figure 18, main report). Note that silver is 
the primary element found in the silver dot area. Silver was also found between the silver dots but 
associated with copper and sulfur. 
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Figure 5. SEM micrograph and EDS line analysis of arc track site (see figure 13 in main report) 
between terminals 2 and 3 and points (silver dots) 1 and.4. The black reference line (left) was the line 
scanned (red line corresponds to the vertical white line in spectra). 
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Figure 6. SEM micrograph close-up and EDS line scan of arc track site. The black reference line 
(left) was the line scanned (red line corresponds to the vertical white line in spectra). 
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AFR.WMLSA 99-2 

EXECUTIVE SUMMARY 

Surface analysis was conducted on a 747 aircraft fuel probe exhibiting residues on the 
terminal block and associated wiring. Surface analysis using photoelectron spectroscopy (XFS) 
verified that residues on the probe terminal block and wiring were similar in composition. 
Residue composition included copper, silver, sulfides and sulfates. Residue and nonresidue 
areas contained oxygen, carbon and sulfur. 
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Surface Analysis of 747 Aircraft Fuel Probe and Wiring 

Identify elemental composition of residues found on fuel probe surfaces and associated 
wiring. 

BACKGROUND 

Fuel probes and their associated wiring were removed from a 747 aircraft and submitted 
for inspection and analysis by the National 'Transportation Safety Board (NTSB). 
Documentation submitted with the Evergreen fuel probes is given in appendix A. 

- 

FACTUAL DATA 

The submitted probes were examined with an inspection microscope capable of 1OX-70X 
magnification and sorted. Probes that exhibited significant residues on surfaces or wiring 
damage as noted in evaluation report WUMLS 97-102 dated 30 October 1997 were of primary 
interest. A probe exhibiting residues from the Evergreen group (identified as 420A14 SN 2-60) 
was selected for analysis. The fuel probe is shown in figures 1 and 2. Before the optical 
inspection, the electrical resistance between all combinations of the Hi-2, Lo -Z and ground wire 
terminal posts was measured with a Hewlett Packard 4339B high resistance meter set at 200 
volts dc. All values were in excess of lX109 ohms. Surface residues on the terminal block and 
wiring was electrically probed using a HP 4329A high resistance meter set at 500 volts dc. The 
resistance values varied between lo8 and lOI3 ohms (figures 1 and 13, appendix B). Surface 
analysis was conducted with photoelectron spectroscopy (XPS). The XPS results are presented 
in appendix B. 

Summarv of Findin= 

Only areas in or near residue areas exhibited detectable concentrations of copper and 
silver. Higher concentrations of sulfur were found in residue areas when compared to 
nonresidue sites. For areas in or near residues sulfur was present in at least two states, as a 
sulfate and sulfide. The copper in residue areas exhibited mixed chemical states (metal, oxides, 
sulfides or sulfates). Concentrations of oxygen, carbon, sodium and lead were similar for both 
residue and nonresidue areas. With respect to the terminal block, fluorine and silicon were only 
found in the nonresidue areas. 
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National Transportation Safety Board - 

omoctdA*safety 
s o r d h w e s t ~ o m c e  
6500N.PordsmocRoad 
Tuam, AZ 857181820 
(310) 3806668 
(=w - 
FAX: (520)529-8013 

June 1,1808 

Air Force Research Laboratory 
C/O George Slenski 
2179 Twelfth Street. Suite 1 Bldg.652h 33 
Wright Patterson AFB 
Dayton, Ohio 45433-6533 

-- 

Per Bob Swaim's instructions, enclosed are several firel probes and associated 
wiring h m  one aircrafi which was located at Evergreen Air Center, Marana, AZ. 

The details on this particular aircraft are as follows: 

Carrier: TWA 
Amraft: Boeing 747-1 56 
S N :  19958 
ID N134TW 
Age: 11/10/70 
# Of Hours: 92,141 
Last "D" Check 2/21/94 
Last known flight 1/13/97 

I will be sending any subsequent samples under different cover, as they are still 
pulling fuel probes and compensator's h m  different aircraft. 

Sincerely, 
z 

'r)&% 
Debbie Childress 
Air Safety Investigator 



. . .  

To: hfoierial Control 



BERGREEN PACKlNG LIST. 

DATE BOX PAGE .-- 
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Appendix B 

SURFACE ANALYSIS OF 747 A I R C R m  FUEL PROBE AND WIRING 

From: John T. Grant (UDRZ/MLBT) 
Phone: 937 255 6603 
Fax: 937 258 8075 

To: David H. Johnson (MLSA) 
George A. Slenski (MLSA) 

Fuel Probe 420A14 SN 260 and a Hi-Z lead wire were analyzed using x-ray 
photoelectron spectroscopy (XPSESCA) at the Air Force Research Laboratory. The 
XPS equipment used was a Surface Science Instruments’ M-Probe. This instrument has a 
monochromatic aluminum x-ray source and a hemispherical sector electron energy 
analyzer, and is used to measure the binding energies of electrons in the atoms that are in 
the several outermost atomic layers of the specimen. These measurements of electron 
binding energies are used to identify the elements present in this outermost region of the 
specimen, and in many cases the measurement provides information about the chemical 
state of the elements. All elements except hydrogen and helium are detectable, with a 
detectability limit of about 0.1 to 1 atomic percent. 

FUEL PROBE BODY 
The fuel probe was mounted on an aluminum specimen holder with a few strands 

of nickel wire to hold it in place. The nickel wire touched the fuel probe only at its 
edges. Powder-free gloves were used to handle the he1 probe, and the top surface of the 
probe was not touched in any manner. Specimen handling is important due to the high 
surface sensitivity of the X P S  measurement. The sue of this fuel probe was such that it 
could just fit through the insertion port of the XPS system. The analysis is done in ultra 
high vacuum, and the outgassing of the fuel probe caused the gas pressure in the XPS 
system to rise to the upper limit where the fuel probe could just be analyzed. 

XPS analysis was performed at several regions on the fuel probe. The regions 
examined are shown as 1,2, and 3 on the photograph of the fuel probe, Figure 1. Each 
region analyzed covered a surface area of 400 pm x lo00 prn Region 1 is in the central 
portion of one of the metallic-looking deposits on the fuel probe, region 2 is away from, 
but near, this visible deposit, and region 3 is near the central portion of the probe itself. 
X P S  survey scans covering a binding energy range of 0 to 1200 eV are shown for regions 
1,2, and 3 in Figures 2 ,3 ,  and 4, with the 0 to 250 eV region expanded for clarity in 
Figures 5,6,  and 7, respectively. The elements detected are marked on the spectra. It 
should be noted that the intensities of the peaks for different elements are not related 
directly to their relative concentrations in the surface region, but the concentrations can 
be calculated from the peak areas. The calculated atomic concentrations of the detected 
elements are given in Table 1. 



Table 1. Concentrations (in atomic percent) of elements detected at regions 1,2, 
and 3, identified on the fuel probe in Figure 1. Note that concentrations might not add to 

I ELEMENT 
ATOMIC CONCENTRATION 

REGION 1 1 REGION 2 I REGION 3 

It can be seen that the metallic-looking deposit (region 1) contains silver, copper, 
and a higher concentration of sulfur than elsewhere on the probe. The concentrations of 
these elements are significantly lower near the visible deposit (region 2). with no silver or 
copper detected near the center of the probe (region 3). A small concentration of lead 
was found at all regions examined. Fluorine and silicon were detected near the center of 
the probe, nitrogen was found in regions 2 and 3, and sodium was found in all three 
regions. Carbon and oxygen were found at all regions, and their concentrations are 
typical for something that has been exposed to the environment. The fuel probe was not 
cleaned in any manner before the analysis. 

Some information about the chemistry can be obtained from the binding energies 
of the measured peaks. Separately acquired XPS spectra of carbon Is, sulfur 2p, copper 
2p, silver 3d, and lead 4f electronic shells from region 1 are shown in Figures 8, 9, 10, 1 1, 
and 12, respectively. The carbon spectrum in Figure 8 shows structure on the high 
binding energy side of the main peak. This structure has been fit with two peaks, with 
the lower binding energy peak being typical for ether and hydroxyl groups, and the 
higher binding energy peak being typical for carbonyl and carboxyl groups. The 
intensities of these two peaks are similar, and together comprise about 30 percent of the 
total carbon signal. The sulfur spectrum in Figure 9 shows two distinct chemical states, 
and these are typical for a sulfide (structure on the right) and a sulfate (structure on the 
left). The copper spectrum (Figure 10) is typical for mixed chemical states, perhaps 
metal, oxides, sulfide, or sulfate. Silver, unfortunately, does not show a significant shift 
in binding energy with changes in chemistry. The lead spectrum (Figure 12) shows an 
energy typical for a sulfite or a sulfate. (A handbook reference was not available for lead 
sulfide). Note that the atomic concentration of sulfur found at region 1 is of the right 
magnitude for the formation of these sulfur compounds, and that the sulfate peak is about 
one-third less intense than the sulfide. The sulfur spectrum at regions 2 and 3, on the 
other hand, show a dominance of the sulfate peak over any sulfide (see Figures 5 , 6 ,  and 
7). 



Fuel probe wire 

for XPS analysis, as shown in Figure 13. This section of the wiring showed a dark 
deposit on the insulation, and it was mounted on an aluminum specimen holder with a 
small, gold-coated clamp to expose the dark deposit. 

A section of the fuel probe Hi-Z lead wire near the fuel probe terminal was cut out 

lo I 24 I 

An XPS survey scan of the dark region is shown in Figure 14, with an expanded 
view of the 0 to 250 eV binding energy range in Figure 15. The calculated atomic 
concentrations for the elements detected are listed in Table 2. It can be seen that the dark 
region contains silver, copper, and sulfur with smaller concentrations of sodium, and 
lead. The fluorine is probably from the Teflonm insulation on the wire. 

0 
S 
F 

Table 2. Concentrations (in atomic percent) of elements detected at the dark deposit on 
the fuel probe Hi-Z lead wire. Note that concentrations might not add to 100 percent due 

24 
6 
6 

to rounding. 

S 
F 

ELEMENT IDARKDEPOSIT 1 

16 
16 

I C  I 5 5  1 

I 1.5 I 

Again, information about the chemistry can be obtained from the binding energies 
of the measured peaks. Separately acquired X P S  spectra of carbon Is, sulfur 2p, copper 
2p, silver 3d, and lead 4f electronic shells are shown in Figures 16, 17, 18, 19, and 20, 
respectively. The carbon spectrum in Figure 16 shows some structure on the high 
binding energy side of the main peak. This is similar to that found on the fuel probe 
terminal block (figure 8), however, there is an additional peak 8 eV from the main carbon 
peak. Again, two peaks are required to fit the structure near the main carbon peak, with 
the lower binding energy peak being typical for ether and hydroxyl groups, and the 
higher binding energy peak being typical for carbonyl and carboxyl groups. The relative 
intensity of the higher binding energy peak is somewhat lower than that of the lower 
binding energy peak. The third peak, about 8 eV from the main carbon peak, is due to 
C-F3 bonding, probably from the underlying Teflonm insulation. The presence of CF3 is 
confirmed by the correct ratio of the atomic concentrations of the third carbon peak (two 
atomic percent) and the fluorine peak (six atomic percent). The three small carbon peaks 
comprise about 30 percent of the total carbon signal. As before, the sulfur spectrum 
(Figure 17) shows two distinct chemical states, and these are typical for a sulfide 
(structure on the right) and a sulfate (structure on the left). The copper spectrum (Figure 
18) is typical for mixed chemical states, perhaps metal, oxides, sulfide, or sulfate. As 
mentioned earlier, silver does not show a significant shift in binding energy with changes 
in chemistry. As before, the lead spectrum (Figure 20) shows an energy typical for a 
sulfite or a sulfate. Again, note that the atomic concentration of sulfur is of the right 



magnitude for the formation of these sulfur compounds, and that the sulfate peak is about 
one-third less intense than the sulfide. (Note that all the XPS peaks from the wire are 
shifted by about 2.5 eV lower binding energy due to electrical charging of the wire during 
analysis). 

summary 
Visible deposits on Fuel Probe 420A14 SN 2-60 and the Hi-2 lead wire 

were examined by XPS, and found to contain silver, copper, sodium, lead, and sulfur, in 
addition to the expected carbon and oxygen. The measured binding energies were used 
to provide information about possible surface chemistries. 
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AFRL/MLS 99-33 

EXECUTIVE SUMMARY 

Examination of 747 aircraft fuel probes, terminal strips and wiring revealed the presence 
of fuel residues and damaged wire insulation. Residues were noted near terminals and where 
damage exposed wire conductors. 

High resistance values (greater than 10" ohms) were measured between fuel probe 
terminations. The submitted terminal strip exhibited low resistance values ( lo4 ohm range) 
between terminals. Direct probing of fuel probe and terminal strip residue films gave resistance 
values in the low kilohm range. Residues were rich in copper, silver and sulfur compared to 
nonresidue areas. 

Candidate fuel probe and terminal strip areas were identified for subsequent voltage 
breakdown tests. The findings of this report were consistent with the earlier evaluation report on 
747 fukl probes, AFRL/MLS 97- 102, dated 30 October 1997. 
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Aircraft Fuel Quantity Indicator System Component Inspection 

PURPOSE 

Evaluate residues and other anomalies found on submitted 747 fuel quantity indicator 
system (FQIS) components. 

BACKGROUND 

This is a follow-on activity to evaluation report WUMLS 97-102 on fuel probe and 
compensator fragments from TWA flight 800 and FQIS components from a non-mishap 747 
aircraft. The National Transportation Safety Board (NTSB) provided additional nonmishap 747 
FQIS components for inspection and analysis of residues found on part surfaces. The 
components were from a 747- 156 aircraft (serial number 19958, ID N 134TW. number of hours = 
92,14 1 ). A list of received materials is given in appendix A. It was reported aircraft N 134TW 
was being prepared for salvage when the FQIS components were removed. 

FACTUAL DATA 

The following processes were used to inspect components and identify samples for 
possible electrical breakdown testing: 

Visual inspection and photo-documentation 

- Identify damage and/or heavy residue accumulation 

Electrical resistance measurements 

- Terminal-screw-to-terminal-screw resistance measurements (Appendix B tables 1 
and 2 for typical data) 

- Sorting criteria of less than one megaohm resistance used to identify components for 
electrical breakdown testing 

Surface resistance measurements 

- Point-to-point high resistance measurement of surface residue stains 

- Sorting criteria of less than 100 kilohms resistance used to select units for electrical 
breakdown testing 
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The terminal-to-terminal electrical measurements of the probes listed in appendix A were 
all above 10 megaohms. Typical fuel probes received for analysis are shown in figures I and 2 .  

Figures 3 through 9 show typical mechanical damage to fuel probe and compensator 
wiring. This was typical of the wiring damage found throughout the inspected fuel probes. 

Figures 6 through 37 (appendix C) show typical examples of residues observed on 
terminal block surfaces and wiring. Residues were noted near terminals and exposed wire 
conductors. Direct probing of fuel probe residues gave resistance values in the low kilohm 
resistance range with occasional values as low as a several hundred ohms. Examples of surface 
resistance measurements taken where film residues were present can be found in Appendix B, 
Table 4. Direct probing measurements in areas with and without visible residues are given in 
figures 12 and 33. Measured resistance values in areas without visible residues were in the IO8 
to lOI4 ohm range. Residues were noted to be fragile and resistance values were dependent on 
test fixture probe size and pressure. Residue resistance values would change when various 
voltages were applied. 

The submitted terminal strip exhibited low resistance values (10' ohm range) between 
terminals (appendix B,  table 3). The terminal strip has five screw terminals.to which ten wires 
are connected. The strip was initially received with the crimp-on terminals in place. The wires 
had been cut to remove the terminal strip without loosening the nuts on the terminal post. 
Terminal post combinations 2 to 3, 2 to 4, 2 to 5 and 3 to 5 had resistance values between 20.5 
kilohm to 94 kilohm when measured at 3 . 5 ~  using Hewlett Packard 4339B high resistance meter. 
Following terminal-to-terminal resistance measurements, the terminal strip was sent to an outside 
lab for a surface analysis method not available at AFRL. The crimp-on terminals were removed 
before time-of-flight secondary ion mass spectroscopy (TOF-SIMS) surface analysis. When the 
terminal strip was returned to MLSA, the terminal-to-terminal resistance measurements had 
increased to values between 120 kilohms and 9.5 megohms using a Hewlett Packard 4339B high 
resistance meter at 3 volts. 

Surface analysis using X-ray Photoelectron Spectroscopy (XPF) and scanning electron 
microscope (SEM) Energy Dispersive Spectroscopy (EDS) identified copper, silver, and sulfur 
in residue regions (figures 35 through 39). Probes were segregated for follow-on voltage and 
energy breakdown tests based on residue build-up and surface resistance probing. 

DISCUSSION(S) 

Initially, the intent was to sort probes and compensators using DC high resistance 
measurements to identify units on which to perform electrical breakdown testing. There were no 
probes or compensators identified with terminal-to-terminal resistance values less than I x 10' 
ohms. The center wing tank (CWT) terminal strip (figures 29 through 32 and 38) did exhibit low 
resistance values before the wire crimp-on ring terminals were removed. Direct probing of 
residues found on various fuel system components also gave resistance in the low kilohm ranges. 

2 
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Direct probing was used to identify candidate samples for voltage breakdown tests. Fuel 
probe terminal blocks, fuel probe wiring, and terminal strip areas were selected using this 
method. Residues were typically found on terminal block surfaces at locations where silver- 
plated copper wire was exposed to jet fuel (figures 6 through 12). Typical sites were beneath the 
crimp-on terminals at the end of the Hi-Z, Low-Z and shield pigtail wires. Residues were also 
found on wire insulation where insulation damage exposed the core conductor or shielding braid 
to fuel. Examples of such damage sites and associated residue stains are shown in figures 6 
through 9. Surface resistance measurements were also taken at several areas where the presence 
of residues was not visually detected. The measured surface resistance values at sites with 
residue stains were typically in the low kilohm range, with occasional values as low as a few 
hundred ohms observed. Resistance values in areas without visible residue stains were in the IO* 
to 1 OI4 ohm ranges. 

SUMMARY OF FINDINGS 

Examination of 747 aircraft fuel probes, terminal strips and wiring revealed the presence 
of fuel residues and damaged wire insulation. Residues were noted near terminals and areas of 
damaged and exposed wire conductors. Insulation damage was the result of the fuel probe 
terminal block clamping arrangement. Residues were rich in copper, silver and copper compared 
to nonresidue areas. These films are most likely the result of silver-plated copper wire coming in 
contact with fuel. Residues and wire insulation damage found on FQIS components from retired 
aircraft N134TW are similar to those found in evaluation report number W M L S  97-102, 747 
Fuel Probe Evaluation--A/C N93119 TWA Flight 800 (failure analysis) dated 30 October 1997. 

High resistance values (greater than 10” ohms) were measured between fuel probe 
terminations. The submitted terminal strip initially exhibited low resistance values ( IO4- lo7 ohm 
range) between terminals. Terminal-to-terminal resistance values increased to over lo6 ohms 
after wires were moved and the terminal was shipped and handled during surface analysis. 
Direct probing of fuel probe and terminal strip residues gave resistance values in the low kilohm 
ranges. Resistance values were typically unstable and changed value if the residues were 
disturbed or if the test fixture probe pressure was changed. Handling during probe removal and 
shipping is also suspected of have disturbed residues and accounted for the higher resistance 
values than would have been observed otherwise between probe and compensator terminal posts. 

Additional terminal barrier strips were received for analysis. These terminal strips 
exhibited minimal residues and high resistance values between terminals. Serveral of the 
attached crimped wire terminals were coated with residues (figure 27 and 6C, appendix C). 
Typically, crimped terminals with residues have had residues on the adjacent terminal block or 
strip. The observed inconsistency may be the result of the barrier strips being replaced during an 
earlier maintenance action. 

Findings of this report were consistent with the earlier evaluation report on 747 fuel 
probes, AFRL/MLS 97- 102, dated 30 October 1997. Fuel probes exhibiting residues were 
selected for electrical breakdown testing. Results of electrical breakdown testing will be 
presented in a subsequent MLSA report. 

3 
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INTRODUCTION 

In aircraft fuel tanks, fuel vapor and atmospheric oxygen are commonly present. If the he1 vapor and 
air are mixed in the right proportions they will constitute a combustible mixture within the fuel tank. 
If this mixture is exposed to a proper source of ignition, combustion will occur. The ignition source 
can be a spark produced by an electrostatic discharge, a heated surface, mechanical impact, or 
friction. The ignition source adds enough energy to produce a small self-sustained flame kernel 
locally within a mixture. This flame kernel will grow provided the rate of heat release by chemical 
reaction within its volume exceeds the rate of heat loss from its surface. When this enthalpy balance 
is met, the flame kernel continues to grow and ignites the rest of the mixture and successful 
combustion ensues. If the rate of heat release by chemical reaction within the flame kernel volume is 
less than the rate of heat loss lrom its su-face it will not grow, resulting in the flame kernel being 
extinguished. 

To achieve sustained ignition of a combustible mixture, several conditions have to be satisfied. First, 
the fuel and oxygen should be mixed in the right proportions; that is, there should be a sufficient 
amount of each present without an excess of either. The range of fuel-air ratio over which successful 
ignition will occur are called the “ignition limits” of the mixture. If there is not enough fuel (fuel- 
lean) or excess fuel (fuel-rich) in the mixture, ignition and subsequent combustion cannot be 
acheved irrespective of how much ignition energy is available to produce the initial flame kernel. 
This is because as the flame kernel grows it is diluted by excess air or excess fuel and does not 
produce enough heat release within its volume to meet the rate of heat loss from its surface. Thus, 
ignition fails to occur. 

If the mixture is within the ignition limits, a minimum amount of energy has to be supplied to ignite 
the mixture successfully. This energy called the minimum ignition energy, depends upon a variety of 
parameters. These parameters are igniter properties (igniter energy, duration, and igniter size), 
chemical properties (fuel volatility, latent heat of evaporation, and fuel-air ratio) and physical 
properties (pressure, temperature, velocity, and turbulence level) of the combustible mixture. 

The igniter properties have a strong influence on the way ignition will be initiated. For spark 
ignition, an arc source (as opposed to a glow discharge) with an optimum duration of 60 to100 
microseconds is found to be best from an ignition viewpoint. In general, the shorter the duration of 
thermal energy input (from heated rod, wire, impact, friction) and shorter the size of the igniter 
(point source is better than a line source) the more efficient will be the process of ignition. This is 
because discharging thermal energy in a concentrated source at a rapid rate significantly improves 
the probability of establishing a self-propagating flame kernel within the combustible mixture. In 
contrast, spreading the thermal energy over a longer duration and bigger volume results in wasted 
energy and a less likely chance of ignition. 

In an aircraft, liquid fuel is used. The liquid fuel must first be vaporized and then mixed with the 
surrounding air before it will ignite. The volatility of the liquid fuel, as given by its Reid vapor 
pressure or flash point, determines how readily the liquid fuel will evaporate. The less volatile the 
liquid he1 and the higher its flash point temperature, the more energy required to vaporize the fuel 
before it can be ignited. This additional heat of vaporization supplied increases the minimum ignition 



energy requirement for the fuel. Also, fuel and air mixed in stoichiometric proportion, or slightly fuel 
rich, requires the least amount of ignition energy. 

The physical properties of the combustible mixture also strongly influence the ignition process. For 
example, at low (subatmospheric) ambient pressure corresponding to high-altitude aircraft operation, 
both the chemical reaction rates and density decrease significantly thereby decreasing the rate of heat 
release. This means that more ignition energy is required at high altitude. A reduced air temperature 
would result in a lower mixture temperature requiring more energy to vaporize and ignite a mixture. 
If the mixture is flowing at high velocity and with high turbulence, heat losses from the flame kernel 
increase substantially. This increases the ignition energy requirement. 

Successful ignition occurs when the self-propagating flame kernel grows and continues to maintain 
the condition of enthalpy balance necessary for its propagation. Extinction occurs when the flame 
kernel either does not produce enough energy or dissipates the energy to rapidly to maintain the 
condition of enthalpy balance to sustain flame propagation. The process of ignition is influenced by 
the nature of the ignition source and also by the chemical and physical properties of the fuel and air 
mixture. 

It is thought that fuel vapors in the center wing tank of a Boeing 747 ignited resulting in the 
TWASOO mishap. A possible ignition source is from the breakdown of deposits on a fuel gauge 
terminal strip. An investigation was undertaken to determine if the breakdown of conductive deposits 
on a representative fuel gauging terminal strip could provide a source of ignition energy for the 
surrounding Jet A fuel vapor and air mixture. An effort was made to duplicate the fuel conditions 
that were believed to be present in the center wing tank of the Boeing 747 at the time of the 
TWA800 accident. 

EXPERIMENTAL 

Jet fuels have been found to form deposits on surfaces within fuel tanks. Such deposits found on 
fuel gauge terminal strips have been extensively studied (References 1-4). If these deposits are 
shorted to 120-volt rms the surrounding conductive films will be exposed to a peak voltage of 177 
volts. At these voltages it is possible that a conductive surface deposit will be vaporized and initiate 
a plasma arc which has very low electrical resistance and will dissipate energy to its surroundings. If 
the surroundings are a flammable fuel vapor and air mixture the release of energy could ignite the 
mixture. 

The flammability properties of jet fuel vary from batch to batch, thus when conducting a test of this 
nature it is important to select a fuel that properly suits the test. For these tests a Jet A fuel with a 
flash point of 118 O F  was chosen because it is representative of the flash point of the fuel found at 
John F. Kennedy International Airport at the time of the TWA800 accident. A complete fuel 
analysis can be found in Table 1.  

Since the flammability limits are dependent upon temperature, the fuel temperature for the tests 
should be representative of the maximum fuel temperatures encountered in the center wing tank of a 
Boeing 747. Tests previously performed by the National Transportation Safety Board, NTSB, 



indicated that this temperature is in the 135 to 145 O F  range (Reference 5). The air temperature for 
the tests was not controlledlmeasured but would be near the temperature of the fuel, i.e. between 135 
and 145 O F .  There was a five minute delay before each test to assure that the fuel liquid and vapor 
mixture had reached thermal and chemical equilibrium and thus a flammable fuel vapor and air 
mixture was present. 

To obtain a fuel air mixture at the conditions described above, a 2.8-liter Pyrex vessel containing 50 
ml of fuel was heated on a hot plate (Figure 1). The temperature of the liquid fuel was measured 
using a thermocouple. The sample being tested was suspended in the center of the vessel above the 
fuel vapor and air mixture. The Pyrex vessel was covered to contain the flammable mixture. The 
igniter source was placed in the Pyrex container approximately three centimeters above the liquid 
fuel surface. 

The energy for the ignition source was supplied by a capacitor charged to 177 volts. A power supply 
was constructed using'a half wave rectifier, capacitors and a variable transformer. With no load the 
capacitor charged to the peak voltage supplied by the transformer. The peak voltage of an 
alternating 120-volt rms supply is 177 volts. The break down of the sample as a result of the energy 
released from the capacitor generates the arc for ignition. A toggle switch was thrown to release the 
stored energy in the capacitor to the ignition source. The energy consumed in the event was 
determined from the voltage drop of the capacitor as a result of the event and is calculated as 
E=1/2CV2 were E is energy in Joules, C is capacitance in Farads, and V is potential in volts. An 
oscilloscope tracked the voltage and was used to determine the voltage just prior to arc formation, V,, 
and the voltage remaining in the capacitor after the event, V, Using the measurements from the 
oscilloscope the energy released during the event is calculated as E= 1 /2C(V,-VJ2. The total energy 
dissipated by the test igniter is comprised of two distinct parts, the energy required to heat the 
material to vaporization and the energy dissipated by the electrically conductive vapor or plasma. In 
some cases the discharge voltage record from the oscilloscope was lost while in other cases it was 
not apparent where the initial vaporization ended and the arc started. 

IGNITION SOURCES 

The ignition source acts as a fusible link between the power supply and ground. Three types of 
ignition sources were employed, carbon fibers, conductive films and an aircraft fuel gauge terminal 
strip. Each type will be described below. 

Carbon fibers attached across the screw terminals of a thermocouple plug (Figure 2) were used as the 
ignition source. The carbon fibers were a reliable ignition source and were used to demonstrate that 
a flammable mixture was present. Groups of three to seven fibers (Figure 3) were attached to the 
screw heads with fluid from a Circuitworks TM conductive pen. The resistance of these fibers ranged 
from 0.35 to 1.300 kOhms. The thermocouple plug made it possible to quickly replace the spent 
igniter with a new one for sequential ignitions of the same fuel mixture. 

Several laboratory grown conductive films were used as ignition sources. The conductive carbon 
films were deposited on glass microscope slides (Figures 4 and 5) and connected to the discharge 
circuit using thin wires and a silver filled epoxy. The resistance of the dry iilms ranged from 3 to 4 



kOhms. The conductive films were on the order of 5 mm long by 0.25 to 1 mm wide and ranged up 
to 0.01 mm thick. For a more extensive analysis of the conductive films see References 1 to 4. 

The fuel gauge terminal strip had smooth deposits of undetermined thickness. NTSB provided the 
terminal strip (Figure 6). The deposits on the terminal strip have been extensively studied 
(References 1-4). Wires were attached to the deposits at several locations with silver filled epoxy 
(Figure 7). Most connection pairs were less than 3 mm apart and no effort was made to limit the 
width of the conductive path. 

RESULTS AND DISCUSSION 

The results of 22 ignition tests using carbon fibers at temperatures from 132 to 147 O F  with a five- 
minute equilibrium period showed that a flammable atmosphere could be formed repeatedly. These 
igniters were capable of dissipating between 2 and 0.01 3 Joules using charge stored in capacitors of 
4.7 pF to 1900 pF. Charging a 4.7 pF capacitor to 177 volts results in a discharge lasting 
approximately 0.4 ms and dissipating a maximum of 13 mJ. All but one discharge dissipated from 7 
to 10 mJ and provided a consistent arc that ignited the flammable mixture. 

Figure 8 shows the role temperature plays in establishing an ignitable mixture. Above 135 OF all but 
two events using the carbon fibers resulted in ignition of the fuel and air mixture. The two failures to 
ignite at 146 O F  occurred using a small 4.7 mF capacitor and higher resistance igniters, 2.9 kOhms. 
The higher resistance tends to lengthen the discharge time allowing the energy to dissipate before 
igniting the fuel vapors. 

Seven conductive films were tested. One of the seven conductive films, with an initial resistance of 
3.25 kOhms, ignited a 140 OF fuel air mixture after five consecutive discharges. Each discharge 
modified the film slightly until the current density was exceeded and an arc formed. Due to the 
consecutive discharges the energy release data was lost. The higher resistances, 3 to 4 kOhms, of the 
other six slides made it impossible to get a breakdown without increasing the voltage. 

A total of ten discharges were attempted through conductive deposits on the aircraft terminal strip. In 
all cases no arcs were observed, no current surges were recorded, and all current paths were ‘open’ 
after the test was completed. The conductive paths had resistance in the range of 1 to 4 kOhms prior 
to the test. In most cases the resistance of the current path increased upon exposure to he1 vapors. It 
was not clear whether the conductive epoxy used to connect wires to the deposits was causing the 
increased resistance or if some of the increase was caused by the exposure of the deposits to the fuel. 
After the ignition attempts with the aircraft terminal strips the fuel vapor and air mixture was ignited 
using a carbon fiber ignition source. 

SUMMARY 

This study demonstrated that breakdowns from fibers resulting in energy release of 11 mJ and 
greater ignited a Jet-A vapor and air mixture using the configuration described above. 



Although one ignition from deposits grown on slides was achieved, ignitions from the slides were 
not repeatable. After the event visual inspection of the deposits showed evidence of a breakdown 
although the release of energy to the surroundings was not sufficient to ignite the surrounding fuel 
vapor and air mixtures. 

Ignition from the release of energy from the breakdown of deposits on a terminal strip was not 
demonstrated. Questions remain as to whether or not the epoxy used to fasten the electrode leads 
was breaking down and shorting the circuit before the deposits had sufficient energy to break down, 
Le. epoxy broke down and released a small amount of energy resulting in an open circuit but not 
enough energy to ignite the fuel vapors. The terminal strips had been extensively handled and the 
deposits may have been damaged prior to the tests. Due to prior probing and testing the film 
deposits on the terminal strip had degraded to the point were further testing was not pursued. 

While an ignition from the breakdown of deposits on an actual fuel probe was not demonstrated, it 
was shown that an arc releasing 75 mJ from the breakdown of carbon fibers was sufficient to ignite a 
Jet-A and air mixture at 13 5 OF. 
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PROPERTY UNITS ASTM D1655 TEST 
SPECIFICATION FUEL 

zomposition 
Acidity, Total mgKOWg rnax 0.1 0 
Aromatics vol% inax 20 21* 
Doctor Test negative negative 

Jolatility 
Distillation 
Temperature 10% Recovered 
Temperature 50% Recovered 
Temperature 90% Recovered 
Temperature Final Boiling Point 
Residual 
Loss 
Flash Point 
Gravity API 

"C rnax 204.4 
"C max Report 
"C max Report 
"C rnax 300 

vol% max 1.5 
vol% max 1.5 

"C rnin 37.8 
37-5 1 

182 
210 
253 
272 
1.1 
1 

118 
42.8 

Relative Density @ 15.5 "C 0.7753-0.8398 0.8105 
k id i ty  

Freezing Point "C rnax -40 -48.5 
Viscosity @ -20°C cSt rnax 8 5.1 1 

Net Heat of Combustion M J k g  rnin 42.8 43.2 
Smoke Point mm min 25 20 
Naphthalenes vol% rnax 3 1.3 

Copper Strip (2 hours at 1 OOOC) rnax 1 1A 

Zombustion 

2orrosion 

; tabi lity 
JFTOT AP mmHg rnax 25 2 
JFTOT Tube Color Code rnax 4 0 

Existent Gum rng/l00 ml rnax 7 0 
Water Reaction Interface m ax l b  l b  
Water Reaction Separation rnax 2 2 

:ontaminants 

Ither 
Electrical Conductivity pS/m 50-450 1 * *  

Fuels Containing up to 25 vol % aromatics may be shipped if supplier notifies user. 
'* At time, place, and temperature of delivery into aircraft if antistatic additive is used. 
jntistatic additive was not used in the test fuel. 

Table 1. Jet A specification and test fuel properties 



Figure 1 .  Test container with conductive film igniter installed. 



Figure 2. Fibers attached to thermocouple plug. 



Figure 3 .  Close up of individual carbon fibers. 



Figure 4. Conductive film on microscope slide. 

Figure 5. Carbon deposit on glass cover slip. 



DEPOSITS - 

Figure 6. Terminal strip from aircraft fuel tank. 

Figure 7. Test container with conductive aircraft terminal strip. 



155 

150 

L 
g! 145 
a 
E 
CI 

0 

140 
0 
I- 

135 

130 

0 no ignition 
ignition 

50 100 150 200 250 
Energy rnJ 

300 350 

Figure 8. Temperature of fuel vs. energy dissipated using fiber igniters. 



13 December, 1999 
B-H200-16843-ASl 

Mr. R. Swaim, AS40 
National Transportation Safety Board 
490 L'Enfant Plaza East, SW 
Washington DC 20594 

Subject: Sulfide Contamination, Tw.4 747-1 00 N!33110, h i d e r  It off m g  
Island, NY - 17 Juty 1996 

Dear Mr. Swaim: 

Following is in response to your questions regarding sulfides and co\'erag 3 of 
that subject in Service Bulletin 747-28A2208. You also questioned vhethar 
wiring terminations wem being potted with ktel tank sealant and whether tw 
sealant contains sulfur. 

We have completed our EQA of fuel probes and wiring removed fror I in-seivice 
747 Classics. The applicable reports haw been submitted to the NI'SB. 
These analyses have provided information that has significantly moc Hied -he 
content of the SB 747-28A2208. lndireclly, the modifications made lo the vdre 
routing on the probe do address some 01 the issues associated with possible 
sulfide contamination. SB 747-28A2208 eliminates the Series 1 thrc ugh 3 
terminal blocks, which is a potential source for damage to the wiring. In 
addition, the wire routing on all probes hrts been clarified and detailed in tlio 
bulletin. This wire routing ensures that dnmage, to the wiring assock ted with 
contact between the Hi-2 and Lo2 wires and varfous parts of the ter nhal block 
are eliminated. 

In addition, new wire bundles that are installed due to extensive damage (0' 
airline preference) will have crimped and soldered terminals and ferules which 
will be sIeeved. This is the standard design for the 747 Classic FQK; in-tz nk 
harnesses since about 1995 and was int oduced as a standardizatio 7 of 
processes from the bundle supplier. 

When retermination or splicing of the wir ng to the teminal block is r?quircfc per 
the instructions in the -2208 SB, the crimped terminals and ferhles iire potled 
with tank sealant. This was done since soldering and shrink sleeving cou d not 
be accomplished in a fuel tank. The potting compound used to coat the 
terminals does contain some sulfur, but due to the insignificant amoiints, t 
does not contribute to the accumulation of sulfides. The fuel potenti ally 



Page 2 
Mr. R. Swaim 
E-Fi200-1 BG.13-AG I 

. .  provides an unlimited supply of sulfur compounds that represent a n~uch larger 
s o u m  for the initiation of sulfide contamination- accumulations. The purpxe of 
the potting compound is to limit the amount of exposure any expose i wins 
shield or conductor has to the fuel. The potting. of the terminals in tl is fa h on 
was implemented upon the release of SE3 747-28A2208. 

We are in the procesS of evaluating whether or not it is practical to Wean ' and 
pot existing terminals and wiring in the tz nk. v i s  is part of our on-gl ing ,c tidy 
of the probes and wiring mmoved from the in-service 747's. Presen ly, th s has 
not been added to the -2208 SB, but the process was validated in nh o ceritlx 
tanks of a customer's airplanes earlier this spring. We are awaiting *he nslilts 
of the FAA study on sulfide contaminaticn to ddermine what, if any, actio I 
should be taken. 

@ 
1BD!E#W'&7 

So, even though the SB does not Wpea'to directly address the issLe of sulfide 
contamination, there are several means by which it is being eliminatld by 
several actions in SB 747-28A2208. 

If you have any questions, please do nat hesitate to call. 

Very truly yours, 

F+- onald J. Hinderberger 
- Director, Airplane Safety 

Telex 32-9430, STA DIR AS 
Phone (425) 237-8525 
Fax (425) 237%188 
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Hangar 17 JFK lnternalional Alrporr Jamarca, New Yo& 1 1 4 3 0  

May 28, 1998 

Charles Fowler 
Federal Aviation Administration 

990 Stewart Ave. , Suite 630 
Oarden City, New York 11530 

FSDO- 15 

Re: Reply to NTSB quedons on AIC N623FF Fuel Tank Terminal Stnp 

Dear Mr. Fowler: 

To reply to the NTSR's quatiom on the he! tank terminal strip, 

I .  What is the histow of the airaafi 

This aircraft was operated by Philippines Airline since new: 
Registration number: N744PR / N623FF 
Model: B 747-2 F6B of 3/13/98 
Delivery date: December 02,1980 Total Hours: 65,984 
Serial number: 223 82 Totd Cycles: 13,338 
Line number: 498 
Boeing Customer #: RD4 14. 

The air& was maintained under a approved program by PlJlippines Airlines. 

2. How lonn had it had rehd / fuel aty n roblems ? 

This aircraft has had fuel quantfi problem for quite sometime during the operation by 
PAL and since it was put into operation by Tower Air. Smith Industries has been invotved 
trouble shooting and repairing the problems, both in and outside of the tmks. 

3. Are gauge broblems comm on ? 

This aircraft had a Smiths Industries system installed per Boeing W3 747-28-2 1 16, which 
is a conversion born analog to digital gurges. This is the only aircraft in the Tower Air 
fleet that hos the Smith's fuel quantify system and the reliability of that system is 
unacceptable to date 
The analog system in the other sircraft are in line with industry standards 

Resotvations and TickehQ: 718 553 8500 Outslds N. Y. Stale: 1 BW 34 TOWER 
Execuflvr Offices: 778 553 4300 SITA: NYCDBFF NYCSGFF T E M :  645 562 
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4. Problems with r&el system 7 

fO0 'd 

Refueling problems, were directly rdated to fuel quant@ problems, tank shutting off 
early, or to la&. The VTO requircd calibration to keep the system in trim, with this aircraft 
because of all the wire harness pmblems it would impossible to give a accurate answer. 

5 .  How did the mechanics isolate the strip. 

Trouble shoothg was done wing the maintenance manual and wiring Jiuuiun ( WDM 28- 
41-11 ) , the indicators in the cockpit were indicating hard M u r e  codes. Measurements 
were taken using a Barfield 8000 and Gull GTF-2 he1 quanti9 tester. Compensators on 
right wing read shorted when wires were removed born T347 terminal strip, indication of 
the short disappeared. When the terminal were re-installed all wires again showed short, 
stud to stud. 

6. Have th- * ver seen  sirnihr blackening, 

None of the mechanics involved have ever seen a temhal strip with blackening or a sh01 t 
of that nature. 

7. How come the aauge errors existed d e r  "D" check 

This aircraft was not on the Operation Specificatim of Tower Au until the '* U '' check 
was completed and the aircraft delivered t o  Tower Air. The r)" check was performed by 
SIA in "Singapore" in accordance to Towa N r  maintenancc program BS part of the lase  
agreement and phase in of the aircraft. 
Mer  numrous delays in performing the "D" check a decision to ferry the airCrat\ LO Ncw 
York was made between Tower Air and GE Capital the owner of the aircraft, at which 
time Smith Industries could pcrform the repairs to the bel quantlfj, s y s t q  SlA did not 
have expertise to accomplish the repairs. 

8. What was WlY 5 hofled? 

The short was from stud to stud 

9. Type of meter used 3 

Equipmat used was the Barfield 8000 and Gun GTF - 2 fbel quanti9 test box's 
No meter was takcn d i r d y  into the tank. 





Pane 3 .  
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10, Had tliev replaced the wirinn on the terminal Stn- ‘lg 

In trouble shooting the problem the wires were removed fiom the terminal strip and then 
reinstalled to check for the ohorf none of the eyelet’s were replaced. 

11. Did thm check other wirine? 

No one can say if the Wiring on the all the probeslcompensltorr were inspected dosdy at 
that time. 

12. Miat’s there individual exDerience level based on the residues ? 

1 am not sure how to answer that question. No one has ever seen that kind of residue on a 
terminal block before. 

. .  
13. Kind of protection when acto- S/M c epairs ? 

When accomplishing sheetmetal repairs the customary procedure is tn place a cloth / 
f&ric ’‘ blankct” down to catch all the metal shavings and then vacuum the tank area. 
Any open lines or cannon plugs are covercd with plastic bags before the job is &ad. 
part of the inspection process before the closing of thc fbel tank is to inspect for 
cleanliness. 
Documentation of this is only found to the closing card for fuel tank entry in which part of 
the inspedon procedure is to check for containment’s. 

Paul Marks 
Direor, Quality Control 
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ABSTRACT 

Electrical circuitry of miljtary aircraft ana 
spacecraft consists, in part, of jnsulated silver- 
covered copper wires and components. This cir-  
cuitry creates a potential flammability hazard when 
solutions of glycol/water come in contact with eith :r 
a bare or  a defectively insulated wire or.compclnent 
carrying direct current. The hazard arlt-:3 from 
chemical reactivity oI the silver-covercd cdpper 
anode in contact<with glycof/water s 
reactivity does ~t p x p t ~  :with puce. 
covered copper, or tin-plated copper e 
tric circuits. Some chemical acd physical propcrties 
of glycol/water fluids a re  presented, and glycol- 
induced corrosion of metals and corrosion inhibitors 
a re  dlscussed. A tentative chemical.mechanism for 
the reactions of glycol/water solutions with silver 
u l r e  carrying direct current is proposed. A means 
of detecting reaction by use of a transistorized 
amplitude-modulation receiver is reported, and a 
means of preventing reaction of glycol/water solu- 
tions with silver wires carrying direct current by 
addlng a silver chelating agent to the glycol/water 
fluid is described. 
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CHEMICALLY INDUCED IGNITION I N  AIRCrUFT 

ANI? SPACEC!AFT ELECTRICAL CIEiCUITRY BY 

CLYCOL/WATER SOLUTIONS 

By W .  R. Downs 
Manned Spacecraft Center 

SUMMARY 

Work 2t the NASA Manned Spacecraft Center following the Apollo-Saturn 204 in- 
cfdent in C i i  demonstrated thaf bar$ or defectively lpsulated silver-covered 
coppcr vi4 ng a direct-cui rwji:ptc'r((cf$ procfuced 4~1;iti.on,vhe~ y 
glycol/water fluids used in the Apollo envlFonmentai control system. 'Mech 
inhlbiting glycol/water-induced reactions with metals a r e  di . rxssed with particular 
reference to the Apollo coolant fluids. Measurements of milliampere current flow 
during the reaction of glycol/water with si lver and utilization of a transistorized 
amplitude-mocidulation receiver !or,detecting radiofrequency emissions a r e  described 
as a means of locating circuitry defects leading to flammability. Since gIycol/water 
coolant fluids cannot easily be removed from contaminated circuitry, use of a silver 
chelating agent in the glycol/water coolant to arrest chemical reactivity and thereby 
minimize the hazard of flammability is proposed. 

INTRODUCTION 

Since World War 11, silvcr-covered copper wires (Military Specifications ML- 

because of the ease : id reliability with which silver can be soldered to produce high- 
quality electric circuits. It was natural, therefore, to specffy sflver-covered copper 
wires in spacecraft construction. Use of silver-covered wires, switches, and discon- 
nects seemed sound, not only because of the ease of joining but also for the protectlon 
afforded copper by the resistance of si lver to oddation when high-melting polymers 
for  electrical insulation coverings were extruded over the conductor. Because of OC- 
casional bleed-through of copper tn the surface of the silver, some aerospace design- 
ers specify nickel-covered coppr I- wires instead of silver-covered copper wires. 
Nickel-covered copper wires a r e  used In the Apollo command module (CM), and silver- 
covered copper wlres arz used in the lunar module (LM). The ground-support- 
equlpment wiring and auxjllary wiring a r e  usually insulated, and a r e  pure copper or  
tin-plated copper wires. 

L 

i W-7139 and MIL-W-8777) have been used in electrical circuits in military aircraft  

I 
i 



Chemical effects of glycol/watcr solutions on e!ectrical wire circuitry& aircraft  
o r  spacecraft have practical importance in lhe aerospace industry. This was illustra- 
ted by the investigations following the Apollo AS-204 incident in January 1467, when it 
was observed lhat defcclivcly insulated spacecraft coaxial silver-covered copper cable 
carrying 28 volts direct current in a 16.7-psia pure oxygen atmosphere caught fire 
when glycol/water thermal transport fluids dripped over the cables. In the Investiga- 
tions it was noted that the time required to attain ignition after onset of the glycol/ 
water exposure was an inverse function of the drip rate; that is, the slower the drip 
ratc, the morc rapidly ignition occurred. Further observation showed thzt defectively 
insulated pure copper cables exposed to glycol/water coolant hi oxygen did not produce 
fire. 

An examination of the glycol/water-induced corrosion of metals, of mechanisms 
for inhibiting corrosion, and of lhc reasons why silver-covered copper wires reacted 
dlfferently than ccpper or nickel-covered wires when exposed to glycol/water solutions 
therefore seemed approprlatc. This paper discusses the use of additive reagents to 
inhibit reactivity of glycol/water solutions cn wlrc circuitry, gives a tentative explana- 

MECHANIShlS FOR INHIBITING FLUID- METAL REACTIONS 

The inhibitor system found superior for the Apollo CM and LM environmental 
control units is termed " N U  Type E." It contains a p H  buffering agent (triethanola- 
mine phosphate, called TEAP) and a copper chelating agent (sodium mercapto benzo- 
thinzsle, called NACAP) (refs. l and 2). The TEAP in NAA Type XI has three functions: 
( I )  to pull copper atoms on the surface of the alloy into solution where the chelating 
agent (NACAP) can react with the copper ions to form an undissociated copper chelate 
(organometallic complex); (2) to supply phosphate ions to produce a uniform coating of 
aluminum phosphate over the metal surfaces, thereby protecting the natural oxide coat- 
ing; and (3) to serve a s  a phosphate salt buffer for maintaining the pH of the solution 
close to 7 and preventing wide local excursions of the hydrogen ion concentration. 

Other corrosion inhibitors for spacecraft a r e  available, for cxample, a potas- 
sium phosphate-tetraborate mixture known a s  NAA Type XU, anthranilic acid, or boric 
acid. The use of selective oxidation agents, such a s  potassium tetraborate, is employed 
in NAA Type m. The potassium tetraborate, in conjunction with potassium monoacid 
phosphate, produces a thin tenacious coating of aluminum oxide borate on the metal 
surfaces, thus preventing corrosion. 

The choice of ;111 inhlbitor system for glycol/water solutions depends on the met- 
als used in the coolant loop construction of the spacecraft. The Apollo environmental 
control system utilizes NAA Type II in a eutectlc mixture (a eutectic mixture is one 

I 
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which has the lowest freezicg point possible) consisting of 62 percent ethylene gly"c'1 
and 38 percent water (G/W-1). This mixture carr ies  the trade name of ' l R S  89,:a.."' 

RS 89-a (in bulk quantities) is not a fire hazard in  a 15-psia oxygen atmosphere. 
Its autoignltlon point has been demonstrated to be somewhere above 450" F In a 15ipsla 
oxygen atmosphere; in air ,  t h i s  point is given at 790" F for RS 89-a and at 750°0F for 
pure ethylene glycol. The flashpoint temperature of Rs 89-a i s  between 230 and 
240" F. 

A series of laboratory tx2eriments was performed at the NASA Manned Space- 
craft Center (MSC) to determine the physic21 properties of RS 89-a and i ts  effects on 
wire clrcultry so that a method could be specified for cleaning contaminated circuit 
clern 

RS 89-a cannot, within practical time limits, be completely evaporated by vacuum 
technlques because of the presence of the ions and because of the low vapor pressures 
of the ethylene glycol and uidissociated amfnes. Excess tert iary amine and i ts  phos- 
phate, on evaporation of solvent, remain a s  hygroscopic material and a r e  deliquescent. 
They tend to pull water from the surroundings to produce an electrically conductive, 
corrosive fluid. The sodium ions present will remain as the salt, sodlum mercapto 
benzothiazole. In any case, the sodium ions, the undissociated alkallne amine, and the 
ethylene glycol remain when RS 89-a is spilled around electrical cables o r  on electrical 
connectors, despite efforts to evaporate the spillage by pulling a vacuum. 

Because of the hygroscopic nature of the amine resfdues and the existence of ions, 
a corrosive, electrically conductive moist locale is produced, commencing wlth the ad- 
rnlssfon of air or  moist oxygen to the RS 89-a-soaked equlpment. The pulling of rnois- 
ture to RS 89-a-stained regions is time dependent and cumulative. The cleansing of 
wire circuitry contaminated with glycol/water requires adherence to cri teria which a r e  
based on the physical properties of the mixture. The criteria a r e  a s  follows: 

! 

1. Removal o r  dilution of pools of glycol/water solution is imperative, since the 
solution can feed a firesite. 

2. Cleaning liquids (for example, alcohols and Freons) which tend to spread con- 
taminants are harmful. 

I 

'RS 89-a i s  compounded to the following proportions: 566 grams of ethylene gly- 
col, 399.5 grams of distilled water, 14. 18 grams of TEAP, and 1.41 grams of NACAP 
(So-percent solution) for a total of 921.09 grams. 

, 1  
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3. Evaporation of cont?minants is not possible because of the low vapor pressure 
4 I- of ethylene glycol and the presence of ionic species. 

Based on the previously dlscessed criteria, the use of distilled water is specified 
for repetitive rhsfng and drying of contaminated wire circuitry until the rinse water 
achieves a low ion content arbitrarily selected at  a value not to exceed that of twice the  
ion concentration of the distilled water. 

The NASA MSC observations showed that bare or defectively insulated silver- 
covered copper wires (carrying a direct-current potential) exposed to glycol/water 
solutions produced smoke and fire in  oxygen or in a l r .  Also, it was found that copper 
wires or nickel-covered copper wires under conditions of electrical potential and oxy- 
gen exposure identical to that of silver-covered wires did not exhibit chemical reactiv- 

ity to glycol/water solutions and did not produce ignitlon. 
described in the following paragraph. 

Tlw experimentation is 

r d  copper wire as used en the LM'circultry w a s  completely stripped 
Iwu pieces, each abW::5 eqt4met.cr.s k~tng~; yerc Q R C B  
tely a 1-mil l iheler  s p c e  scj%wated ,the:t.cvc vslyes:. -,?$d 

cell battery supplied direct-current potential, and the wires were attached to the bat- 
tery termlnals with a direct-current milliammeter in series.  
dripped slowly into the 1-millimeter space between the wires. Electrolysis commenced 
at once, and in 4 to 5 seconds a black deposit was observed on the si lver wire connected 
to the positive terminal of the battery. The milllampere current flow fluctuated be- 
tween IO and 80 milliamperes, and the needle of the meter jumped constantly. In a few 
minutes, copious white smoke and flame ensued. These phenomena occurred whether 
the reaction was carried out in air  o r  in 100 percent oxygen at IS psia. 

RS 89-a solution was 

A transistorized amplitude-modulation (AM) receiver placed near the electrolysis 
started to click and emit static, which, a s  the electrolysis proceeded, built up to 
a constant Static noise that drowned out all  other reception on the recelver. The radio- 
frequency (rf) dlsturbance was observed on the receiver when it was held a s  far away 
as 3 feet, and the intensity of the noise increased a s  the receiver was  moved toward 
the reaction site. The application of the AM receivcr to detect a reactian between the 
glycol/water solution and the silver wfring was lound to be more convenient than using 
a milllampere meter &I the circuit. The slower the application of glycol/water solution 
after the first drop or two, the louder the rf disturbance over the receiver became. 
Finally, the chemical reactions detected by the AM receiver produced smoke and flame. 

Nickel-covered copper wires, pure copper wires, and tin-plated copper wires did 
not show evidence of chemical reactivity when subjected to a direct-current potential 

7 

2D. K. Elliot (ref. 3) reports on so-called wet-wire [ i res  produced f rom insula- 
ted wires of various metal compositions when the wires a r e  exposed to direct current 
and to aqueous conducting solutions. The work of Elliot discusses a different sort Of 
phenomenon, namely, the formation of metalllc'dendrites leadtng to an e l ec t rka l  short, 
followed by igni tion and burning of the wire insulation. 

I '  
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and exposed to  the glycol/water solution. In such instances, the solution simy,ly elec- 
trolyzed away with mild gencration of heat, with no rf radiation cmlsslon, andwith no 
tendency to flammability. 

To illustrate the previously described phenomena and to compare the reactions 
of silver-covered and nickel-covered copper wires with the glycol/water solution, two 
bare w i r e s  separated by a sheet of filter paper were connccted to a 22.5-volt  battery, 
with a milliampere chart recorder in ser ies  in  the circuit. When the flrst drop of 
glycol/water solution was placed on the iilter papcr, a current measured in rnllliarn- 
peres  was established. Four experiments wcre performed in a i r .  

The first experiment showed the effect of glycol/w;rter (Rs 99-a) solution on 
nickel-covered copper wircs. Currcnt flow was obscrvcd for the flrst fcw seconds fol- 
lowing each drop of glycol because thc glycol/water solution was evaporating because 
of electrolysis during this time. Thereafter, no current flowed unt l l  the next drop was 
made. Six droppings were made over a 45-minute interval; the experiment was then 
discontinued. There was no smoke, and no ignition resulted. 

‘YFP Sf xyeri,:lc:rt c?icx:cd t’::- 
sih!r-c@vei per v:Ires. 2 v,a-c!;:?$x I pYsci2ceti Lyr!!!C.L, 111 slighcky over-.. 8 . ’  8 -  

7 minutes, with a current flow sustained after the first  half minute. 

The third experiment showed the effect of N U  Type III inhibited glycol/water 
solution and of RS 89-a glycol/water fluid.on silver-covered copper wires. The first 
drop of solution in both lnstances produced ignltion in less  than 1 minute, with a sus- 
tained current flow. 

The fourth experiment showed the effect of a low-ioc inhibitor (anthranilic acld) 
in glycol/water solution (G/W- 1) on silver-covered copper wires .  Current flow started 
on the first drop and terminated with ignition when the second drop was made a t  7 min- 
utes; the behavior was similar to that of the uninhibited glyco:/water solution. 

The foregoing experimental results were independently confirmed by Boies and 
Northan (ref. 2). In the current investigation, further laboratory verification was ob- 
tained by dripping Rs 89-a fluid on defectively insulated coaxial silver-covered copper 
cable and on nickel-covered copper cable in  a 100 percent pure oxygen atmosphere at 
15 psia. The chemical reactivity of silver-clad wires was measured by recording the 
current flow until ignition and subsequent burning of the glycol occurred. Nickel- 
covered copper wires did not produce heavy current flow between the conductors, and 
ignition dld not ensue. 

It makes little dffference in reactivity whether the glycol/water fluid is simply 
ethylene glycol solution in water or  if the fluid contains inhibitors such a s  NAA Type II 
or Type m. Chemical reaction of silver with glycol/water solution occurs only when 
the silver is h e  positive tcrniinal. This signifies that the si lver undergoes anodic oxi- 
dation, which occurs readily at a 6-volt potential but is barely apparent at  a 1.55-volt 
potential. The latter, therefore, 1s considered to be the minimum potential at which 
reactivity corn mences. 

8 
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Reaction occurs a s  soon a s  glycol/water. contacts the current-carrying silver- 

covered wires, evidencing itsel[ inltially by electrolysis between the wires and by the 
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formation of a black deposit. Steps in the chemical mechanism leadlng to ignitioff'are 
shown in flgures 1 to 5. These figures a r e  stereoscopfc photomicrographs produced 
from frames of a movie film taken of the reaction resulting when RS 89-a fluid was 
placed between two silver-covered wires separated hy a distance of 1 millimeter and 
impressed with 22. 5 volts of direct current. The action occurred over a span of.ap- 
proxlmately 1 minute, during which tlme the current did not exceed 80 milliamperes 
and thc average current was 50 milliainpercs. In the figures the upper wire Is negative 
and the lower wire is posilivc. 

Fibwrc I shows hydrogen bubbles i,,rming a1 thc nega.tivc pole and s t reamers  3i 
brown silver hydroxide issuing froni the yosilivc pole. Thfs happened 3s soon a s  the 
current was impressed. 

As seen in  f l p r e  2, within a few seconds the sflvcr hydroxide conglomerated to 
black silver oxide. Centers of explosive energy releases a r e  visible in the mass of 
silver oxide 3s ethylene glycol commencefl to dehydrate. 

F i p r e  3, a view several seconds later than the vlcw in f f y r e  2, shows an exten- 
sive region of giycol oxidation (indicntcd by the intense b!uc ligh!) nc.companying the 
dccompssftlcp cr! tke'rthyleiic clvcol, the rearrangemcnl tc Icvm ethylme o~6de .  pad:*  : . -. 
the lotmation of ethylene. Stcam and sinoke'ai e observed r i s ing  f ;  om :!;c r t q a t r v e -  
pole regions. 

Flgure 4 shows generalized reactlon 311 aldng the wire' surtaces and copfous lib- 
eration of smoke and steam, indicatfve of energy releases in excess of t h e  energy drain 
from the battery. Thc total power from the battery, i I  the maximum current rate were 
maintained for I minute, would be 108 joules (approximately 25 gram-calories), most 
of which would produce silver oxide and hydrogen, as noted in figures I and 2. 

In Iigore 5 ,  a burst of flame, caused by the reactlons of ethylene oxide with hy- 
drogen and c,i ethylene with air ,  is visible in the negative-pole region. Another burst 
is seen on the right side. Analysis showed that the washed-and-dried black deposit 
contained sllver, carbcn, oxygen, and nitrogen (reI. 4). 

Pure copper wires o r  nickel-covered copper wires, in contrast to the reaction of 
the silver-covered copper wires, do not react when exposed to glycol/water solutlons, 
elther in a l r  o r  In pure oxygen atmospheres. On these types of wires, the glycol/water 
solutlon evaporates (fro12 the heat of electrolysis) wlthout producing Incandescence or  
sparks. It has been found impossible, even in a 100 percent pure oxygen atmosphere 
at 15 psia, to produce ignition from nickel-covered or  pure copper wires carrying 
direct-current voltage upon exposure to glycol/water solutions. 

CHEMISTRY OF OBSERVED PHENOMENA 

Laboratory results indicate that silver-covered copper wires impressed wlth a 
dlrect-current potential react chemically with glycol/water solutions. Pure copper or 
nickel-covered copper wires similarly treated do not react with glycol/water solutions; 
instead, the solution bolls away with some dissolving and plating of the copper. These 
observations can be explained chemically as-follows. 

, I  
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A complete chemical equation is obtained by adding equations ( I )  to (6) to yield 
4 :  

2Ag t 302 + 2\iH20H) + 4NH3 - Ag C N 0 + 2NHQOH + 4 H 2 0  2 2 2 2  

glycol silver fulminate 

The chain-reactioli mechanism involving the action of gly.ol/waler solution on 
silver wire begins with the ancdic reactions 

(7) 

I 

2Ag - 2Ag' _ . .  (8 1 

. 
2Ag' t 20H- - 2AgOH 

2AgOH - Ag20 + HOH 

(9 1 

(10) 

The chain-reaction mechanism may be prevented if  a silver chelating agent exists 1 
in the solution to tie down the Ag+ ion before it can form silver oxide. Such a chelating 
agent is benzotriazole, suggested in reference 2. It has  been confirmed experimentally 
that benzokiazole h concentrations of from 2000 to 5000 ppm in glycol/water solutions 
inhibits the chemical reactions of sflver and glycol under an impressed direct-current 
potential. No black deposits form on the silver electrode, no rf radiatlon is detectable 
on an AM receiver near the reactlon site, the reactants do not tend to flame, and the 
current flow is steady and time decreasing. The interaction of benzotriazole decreases 
the activity of silver towards glycol/water solutions to a point where the silver-covered 
copper wires behave similarly to nickel-covered or p r e  copper wires; namely, a sim- 
ple electrolysis occurs between the shorted wires which gradually ceases as the solu- 
tion evaporates. The benzotriazole interaction produces a greenish-white gelatinous 
precipitate around the silver conductors. This precipitate presumably i s  an organo- 
silver chelate hydroxide which removes the silver ion and thereby prevents formation 
of silver oxlde. The current flGw between the wires is impeded by the precipitate, and 
the reaclton rates a r e  noticeably slowed. The chain-reaction mechanism leadlng ta 
flammablllty is interrupted and prevented. 
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Work a t  the NASA Mnnned Spacecraft Center following the Apollo-Saturn 204 in- 
cident in January 1967 demonstrated that ba re  o r  defectively insulated silver-covered 
copper wires  carrying a direct-current  potential praduced ignition when contacted by 
glycol/watcr fluids used in the  Apollo environmental control system. Copper, nickel- 
covered copper, and tin-plated copper wires showed no detectable chemical reactivity 
md, therefore, no ignition when sfniilarly t reated and exposed to glycol/water coolant 
solutioiis. Mechanisms of inhibiting glycol/water-induced I eactlons d t h  metals  a r e  
discussed with par t icular  reference to the Apollo coolant fluids. Laboratory resu l t s  
indicated that glycol/water fluids, particularly those containing corrosion inhibitors, 
were extremely difficult to clean f rcm sur faces  of wire bunales which had been contam- 
inated by spillages and leakages. 

A chemical-reaction mechanism which explains why flammability hazards  exist  
when glycol/wa!er solutions contact si lver-wire c i rcui t ry  car ry ing  d r e c t  current  i s  
proposed. Measurements of millinnipere cur ren t  f low during the reaclion of glycol/ 
water with s i lver  3nd utilizaljon of 3 t ransis tor ized amplltude-modulation receiver  fo r  
detecting radiofrequency emissicmi are described I S  3 m e a m  of locatfnng-c:rcuitry-de- 

moved from contaminated circuitry,  use of n si lver  chelatlng agent, benzotriazole, fn 
the glycol/waler coolant to a r r e s t  chemical reaclivity and thereby minimize the hazard 
of flammability is proposed. 

. 
. .- 
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The following conclusfons a r e  drawn f rom this study: 

1. Glycol/water solutions cannot effectively be ev-.porated from a region on 
which spillage has  occurred because the Ions cont?ined in the corrosion inhibitors of 
the fluid remain a f te r  evaporation of the low-vapor-pressure-producing glycol. 

glycoljwater coolant fluid from equipment sur faces  will absorb  moisture  f r3m the sur- 
roundings. becomipg progressively more alkaline as the amines  a r e  hydrolyzed by the 
absorbed moisture. 

2. The ionizable aniine-containlng mater ia l s  remaining af te r  evaporation of 

3. Glycol/water solutions with o r  without inhibitor additions (except for  the addl- 
lion of benzotriazole) produce flammable reactions accompanied by easily detectable 
radiofrequency radiation upon contacting silvcr-covered copper wi re s  on which a direct-  
current  potential is impressed.  

4 .  Pure copper, nickel-covered copper, o r  tin-plated wires  do not show evidence 
I 
I 

of chemical reactivity towards glycol/water solutions. 

5. Silver-covered copper wlres  in spacecraft  c i rcui t ry  exposed to glycol/water 
coolant, o r  likely to be so exposed, should be recognized a s  a potentlally dangerous 
ignition source in a i r  or in an oxygen atmosphere. 

6. If contamlnation of si lver-wlre c i rcui t ry  occurs,  r insing wflh  distilled water  
untll only a nominal lon pickup i s  indicated In the  r inse water constitutes the recom- 
mended decontamindtion procedure for spacecraf!. 

, '  
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7. A s i lver  thclating agent. benzotriazole. when nddcd to glycol/warer coolant 
fkmds in concentrations f rom 2000 to 5000 ppm. completely 1:ihibits reactivity of 
glycol/water solutions to si lver wires.  I .  

8. A t ransls tor ized amplltude-modulation rece iver  will pick up a constant radio- 
frequency s ta t ic  noise a s  the chemical reaction of glycol with s i lver  wi re  progresses.  
Such a receiver ,  therefore, should se rve  as a ready detectcr  of incipient trouble fn 
wire  clrcui t ry  during spacecraft tests and checkout. 

Manned Spacecraft Center 
National Aeronautics and Space Administration 

Houston. Texas, November 20, 1967 
914-50-20- 2 1-72 

REFERENCES 

. .  

2. Boles, Davjd B. : and Northan, Barbara J. : Study of Corrosion Inhibitors for 
Apollo Thermal  Transport  Flulds. NASA CR-65775, 1967. 

3. Elliot, D. X. : Wet-Wirc Fires .  Natl. Res. Council Publ. 1141, 1964, 

4. Setty, H. S. N. : Examination of the Chemistry Involved in AnoJic Oxidat!on of 

pp. 124-127, 

Silver in the System - Silver: Oxygen: Inhibited Clycol/Water Solution. 
NASA CR-65681. 1967. 

I 

1 

I 





I 

i k 

i 



E 



I 





EVANS EAST 
SPECIALISTS IN MATERIALS CHARACTERIZATION 

April 24,1998 

Dr. Merritt M. Birky 
United States of America 
National Transportation Safety Board 
490 L’Enfant Plaza East, S.W. 
Washington, D.C. 20594 

Tel: (202) 314-6503 
Fax: (202) 314-6599 
ernail: birkym@ntsb.gov 

Invoice #: 98-966 
Problem #: 21-2616 
PO #: 12-98-SPO249 

Dear Merritt, 

Enclosed are the results of the XPS analysis of seven (7) sections of one (1) wire bus bar 
which we analyzed during your visit on 4/20/98. This analysis will be billed at the visit rate of 
$450 per hour for which your purchase order will be billed a total of $2,700 (6 hrs). Please 
inform your accountinglreceiving department that you have received your data. 

We hope these results are of use to you. If you have any questions about them, please do 
not hesitate to contact me or Dave Cole. Please let us h o w  if we may be of service to you again 
concerning your surface characterization needs. 

Sincerely, 

Jeff Shallenberger 
Senior X P S  Analyst 

Enclosures 

666 Plainsboro Road Suite 1236 Plainsboro New Jersey 08536 Tel: (609) 799-1904 
Fax: (609) 799-8691 E-mail: staff Oevanseast.com Web site: http://www.evanseast.com 



EVANS EAST 
SPECIALISUS IN MATERIALS CHARACTERIZATION 

X-RAY PHOTOELECTRON SPECTROSCOPY ANALYTICAL REPORT 

Apnl24,1998 

PREPARED FOR: 

Dr. Merritt M. Birky 
United States of America 

National Transportation safety Board 

PREPARED BY: 

Senior Analyst 
X-ray Photoelectron Spectroscopy 

REVIEWED BY: rn David A. Cole 

Manager 
X-ray Photoelectron Spectroscopy 

~~ 

666 Plainsborn Road Suite 1236 Plainsboro New Jersey 08536 Tel: (609) 799-1904 
Fax: (609) 799-8691 E-mail: staff 8 evanseast.com Web site: http:/hYww.evanseast.corn 



X-RAY PHOTOELECTRON SPECTRoscOPY ANAL YTICAL REPORT 

April 24,1998 

RE: Invoice#: 98-966 
Problem #: 2 1-26 16 
PO #: 12-98-SPO249 

Purpose: To characterize the surface of seven (7) sections of one (1) wire bus bar by determining 
the concentration of all detected elements and oxidation state of selected elements. 

Analytical conditions: 

Iastrument 
X-ray source 
Source power 
Analysis region 
Electron exit angle* 
Electron acceptance angle 
Charge neutralization 
Charge correction 

Physical Electronics Model 5701 LSci 
Monochromatic aluminum 
350 watts 
2 mm X 0.8 rnm 
65" 
*7" 
electron flood gun 
C-C in C 1s spectra at 284.6 eV 

Exit angle is defined as the angle between the sample plane and the electron analyzer lens. 

Experimental: 

The areas were examined initially with low resolution survey spectra to detennine the 
concentration of elements present. High resolution spectra were acquired to detennine the 
cnxidatim state of selected elements observed in the survey spectra. The quantification of the 
dements was accomplished by using the atomic sensitivity factors for a Physical Electronics 
Model 5701 LSci ESCA spectrometer. The approximate sampling depth (3h sine) for these 
experiments was 80 A, relative to carbon electrons. 

Lltsults: 

The results of the analysis are summarized in Table I below. Many of the stained areas on 
the polymer contained the Same elements including: Na, Zn, Cu, Ag, 0, N, C, S and Si. The nut 
sample contained a small quantity of Cd. Species observed in the high resolution spectra 
included: Cu" (or Cu'), C-(C,H), C-0, C=O, 0-C=O, metal sulfides and oxidized S (sulfates 
and/or sulfonates). The C Is spectra were somewhat consistent with organic acids as opposed to 
esters (Le., they contained relatively low C-0 concentrations). Silicon was observed on all 
surfaces although the exact chemical state could not be determined: silicones and/or silicates are 
psssibilibes. 



The concentration of sulfur species is summarized in Table 11. Unfortunately, XPS is not 
very good at distinguishing different chemical states of silver: Ago, Ago, Ag,O, silver halides 
and Ag,S all fall within 0.3 eV of 368.0 eV. At least one sample (#6L stained post) likely 
contained Ag,S species based on the total amount of metal sulfides and relatively low Cu 
concentration. The other samples contain Cu and sulfide species in roughly the same 
concentration leaving open the possibility that copper sulfides are present instead of Ag,S. The 
nut edge has a significant quantity of Cd, which could conceivably be present as a sulfide. 

The hctured polymer edge contained large quantities of C-(C,H), C-0, 0-C=O, silicates 
and other elements consistent with fiberglass. What's more, tiny (presumably glass) fibers were 
visible when the sample was fiactured. 

In summary, the majority of the species present on the stained surfaces was organic in 
nature and, therefore, probably insulating. Modaate quantities of Ag and Cu species were 
observed on all surfaces. These elements or their sulfides are conductors or semiconductors. The 
XPS results agree well with the TOF-SIMS results which found Cu, Ag, metal sulfides, silicones 
and various organk species present on the surfms. 

If you have any questions or comments feel fiee to call me or Dave Cole at any time. 
Thank you for choosing Evans East. 
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EVANS EAST 
SPECIALISTS IN MATERIALS CHARACTERIZATION 

April 22,1998 

Dr. Memtt M. Birky 
United States of America 
National Transportation Safety Board 
490 L'Enfant Plaza East, S.W. 
Washington, D.C. 20594 

Tel: (202) 314) 6503 

email : b irky m@ntsb . gov 
Fax: (202) 314-6599 

Invoice #: 98-967 
Problem #: 24-438 
PO #: 12-98-8130249 

Dear Memtt, 

Enclosed are the results of the positive and negative ion TOF-SIMS analysis of three (3) 
sections of one (1) wire bus bar which we analyzed during your visit om 4120198. This analysis 
will be billed at the visit rate of $562.50 per hour for which your p u r c b  order will be billed a 
total of $1,687.50 (3 hrs). Please inform your accountinghxeiving department that you have 
received your data 

We hope these results are of use to you. If you have any questicms about them, please do 
not hesitate to contact me or Jeff Shallenberger. Please let us know if we may be of service to 
you again concerning your surface characterization needs. 

Sincerely, 

Dave Cole 
Manager, AES/SEM/TOF-SIMS/XPS 

Enclosures 

- 

666 Plainsboro Road Suite 1236 Plainsboro New Jersey 08536; Tel: (609) 799-1904 
t o v .  rcnai 'IOO-QCQ~ C-rn-il. et-ff mmrrrrcJnrmact lnnm a Ulah cilm httn.flhuww evinceact cnm 



EVANS EAST 
SPECIALISTS IN MATERIALS CHARACTERIZATION 

TIME-OF-FLIGHT SECONDARY ION MSS SPECTROMETRY 
ANALYTICAL REPORT 

April 22,1998 

PREPARED FOR: 

Dr. Merritt M. Birky 
United States of America 

National Transportation Safety Board 

PREPARED BY: 

David A. Cole 
Manager 

Time-of-Flight Secondary Ion Mass Spectrometry 

REVIEWED BY: 

Senior Analyk’ 
X-ray Photoelectron Spectroscopy 

666 Plainsboro Road 0 Suite 1236 Plainsboro 0 New Jersey 08536 Tel: (609) 799-1904 ... . .. . /1W,**. . - , : - ‘ , T I C ’  - .t’? 
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TIME-OF-FLIGHT SECONDARY ION MASS SPECTROMETRY 
ANALYTICAL REPORT 

April 22, 1998 

RE: Invoice#: 98-967 
Problem #: 24-438 
PO #: 12-98-SPO249 

Purpose: To characterize the surface of three (3) sections of one (1) wire bus bar by obtaining 
positive and negative static SIMS spectra 

Analytical conditions: 

Instrument 
Primary ion beam 
Primary beam voltage 
Nominal analysis region 
Gun aperture 
Charge neutralization 
Post acceleration 
Contrast diaphragm 
Energy slit 

Physical Electronics, PHI-Evans TFS-2000 
69Ga+ liquid metal ion gun 
15 kV 
(I20 pm)2 
3 
no 
8000 V 
0 
Y= 

Experimental: 

The samples were cut to appropriate size with either a saw or a razor blade to facilitate 
sample mounting. Positive and negative TOF-SIMS spectra wen obtained for each sample. 
Typical primary ion doses were less than lo'* ions/cm2 for the analysis. This assures that the data 
were collected within the static limit, i. e., less than 1% of a monolayer was sputtered. Thus, all 
molecular fragments are indicative of species existing on the surfaces prior to analysis. Under 
these conditions, the sampling depth of TOF-SIMS is 1 monolayer for molecular fragment ions 
and 1-3 monolayers for atomic species. Mass spectra are plotted ris the number of secondary ions 
detected (Y-axis) versus the mass-to-charge ratio of the ions (X-axis). 

Results: 

All three surfaces are quite similar as expected based on the XPS results. Intense 
inorganic species detected were: Na', Si', Cu+, Ag', F, Cl-, Br-, S, SO,-, and ion characteristic of 
plydimethyl siloxane (see Table 1). Minor inorganic species detected were: Li', B', Al', K', 
Cat, Cr', Fe', and Zn'. The positive spectra contain a series of nitrogen-containing ions separated 
by 28 m/z (C,H,) starting around 300 d z  and going through 600 m/z. The best assignments for 
these are saturated aliphatic amides (CHJ,H,NO'. Two other series of positive ions were 
observed at higher masses. The first is between 600 and 700 rdz and the second is between 850 



and 950 d z .  These ions are most likely metal (Cu or Ag) cationized aliphatic compounds given 
the low fractional masses (e.g. 641.3 dz). Unfortunately exact structures could not be 
determined. My best guess is that the actual aliphatic compounds have a molecular weight 
distribution around 420 d z  and are unlikely to contain nitrogen. The negative spectra contain a 
series of aliphatic acid between 200 and 300 m/z. Most of these are hlly saturated fatty acids 
(CH,),CO;. However mono-unsaturated fatty acids such as oleic acid C,&Oi (28 1 d z )  were 
also detected. Two other high mass negative ions were observed at 459.3 and 585.4 m/z. Likely 
formula for these are C,,H,,SO, and C,,H,,SO, suggesting that they are aliphatic naphthalene 
sulfonates a class of compounds which are used as rust or corrosion inhibitors. 

Although the intense S-and SH- ions are strong indicators of metal sulfides, the spectra 
are rather inconclusive as to whether Cu or Ag sulfides are present. Most of the identifiable 
clusters are CuOxHy- and CuSO,4- or Ago,%- and AgSO,$-. 

Conclusions: 

All of the polymer surfaces were nearly the same. Species identified were: Cu, Ag, metal 
sulfides, aliphatic amides and acids, aliphatic napbthalene sulfonates, and plydimethyl siloxane. 
Two series of positive ions above 550 m/z are likely to be metal adducts of aliphatic compounds 
which could not be identified. The surfaces might also contain aliphatic hydrocarbons however 
the low ion yields for this class of compounds makes them very difficult to detected. 

If you have any questions after you have examined the data, please feel iiee to contact me 
or Jeff Shallenberger at (609) 799-1904. Thank you for choosing Evans East. 

Table 1 

Summary of PDMS Ions 

Mass Species 
28 
45 
29, 103, 177,251,325,399,473,547,621,695 ,... 
43, 117, 191,265,339,413,487,561,635 ,... 

73,117,221,295,369,443, 517,591, 665 ,... 
87, 161,235,309,383,457,531,605,679 ,... 
28 
60 
29, 103, 177,251,325,399,473,547,621 ,... 
45, 119, 193,267,341,415,489,563,637 ,... 
59, 133,207,281,355,429, 503, 577,651 ,... 
75, 149,223,297,311,445, 519. 593, 667 ,... 
89, 163,237,3 1 1,385,459,532,607,68 1, .  . . 

59, 133,207, 281, 355, 429, 503, 577, 651, ..a 

Most intense ions are in bold - irrolic 



Table of Con tents 

Figure Item Comments 
1 
2 
3 + spectrum Dark area of post 5R 

1 
2 
3 - spectrum Dark area of post 5R 

+ spectrum 
+ spectrum 

Dark area on the inside surface of plastic sleeve from crimp connector 5R 
Dark area on the terminal strip flange between 5L and 6L 

- spectrum 
- spectrum 

Dark area on the inside surface of plastic sleeve From crimp connector 5R 
Dark area on the terminal strip flange between 5L and 6L 
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AFRLMLS 99-68 

Appendix D 

Materials Analysis of Residue Test Samples 
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A JEOL JSM-5800 low-vacuum scanning electron microscope (SEM) with X-ray energy 
dispersive spectroscopy (EDS) was used to determine if silver paint contaminated the region between 
the silver dots on the residue surface. The EDS unit consisted of a NORAN Instruments VOYAGER 
X-ray Microanalysis and Digital Imaging System. A Pioneer Zmax30 detector was used with a SiLi 
crystal and thin film window for light element detection. The SEM was operated in low vacuum and 
backscatter mode to reduce charging effects. Imaging and EDS was conducted at 20KV. Silver dots 
were placed approximately 1.2 millimeters apart on a new high punty carbon stub, as a control. A 
digital multimeter with probes was used to measure the resistance between the silver dots. The 
resistance was found to vary between 1.9 and 3.8 ohms between the dots 1.2 mm apart, and 1.3 to 2.7 
ohms between the dots 2mm apart. 

EDS linescans were used to determine elemental composition along a line between two 
designated points. The analysis area is represented by the line that appears in the micrograph image. 
The line started at one silver dot and ended at the other dot. In this way, the elemental composition 
could be determined in a line connecting the two dots, which included the carbon stub surface in 
between the two dots. The linescan found primarily carbon between the two silver dots (figure 1) .  The 
dots themselves contained silicon as well as silver. 

A section of the terminal strip without any visible deposit or residue was examined with EDS. 
A comparison of a nonresidue and residue area is shown in figure 2. Note the absence of silver (Ag), 
copper (Cu), and sulfur (S) peaks in the nonresidue area. A linescan was generated on the untested 
residue film on the terminal strip between terminals 3 and 4 (figure 3). Two silver dots had been 
applied to the residue. The linescan predictably showed silver primarily in the two dots of paint. 
Copper, sulfur and silicon were found in the residue between the dots. An EDS X-ray elemental map 
of the area between the two silver dots shows the distribution of selected elements between the silver 
dots (figure 4). Note silver is the primary element found in the silver dot area. Silver (a lower 
concentration), copper and sulfur were found between the silver dots. 

EDS X-ray linescan analyses were conducted across a discharge arc between terminals 
3 and 4 connecting silver spots labeled 1 and 2 (figure 13 in main report). The first linescan 
intersected the arc damage to detect any differences in composition of the surface between the arc site 
and the unaffected areas of the surface on either side (figure 5) .  At the magnification selected, only the 
linescan selected to detect silver showed significant changes in concentration across the scan. This is 
primarily due to the silver dots that were added before the test. A higher magnification X-ray linescan 
is shown in figure 6. Only slight changes are registered as the scan intersected the arc site. 
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Figure 12. Test circuit used to impress voltage onto residues found on the submitted terminal strip. 
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Figure 9. (A) An electron microprobe elemental survey and (B) infrared spectrum of the gray deposits 
shown in Figure 8. The electron microprobe survey repments deposit from the sleeve on the 
Hi-2 crimp terminal, while the infnlred spectrum corresponds to a sampling from the PTFE 
insulator for the Hi-2 connection. 




