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F Xl (‘I TI ~I; SI IMMA P Y

As par t of the  u .S . ‘~rmv “fi re-safe Fuel” (FSF) reseirch and development
program, an endurance tes t  was conducted in a new , twe lve-cy l inder , a ir -cooled ,
AVDS i7~~ -2 C diesel engine by Te l ed yne Continental Motors. The Fue l used in
this test comprised 5v% hromochloromethane (BCM ’

~ in DF-2 diesel fuel (R C! ~ 1SF).
The 4~~-hour mission orofile cycle was terminated after about 151 hours of
operation on 8CM rsr because o f repeated mechanical pro)’lers and excessive
exhaust smoke production . Because of thi s failure , a coordinated ‘~rngr am w a s
initiated by the Arrw ~~

— establish whether or not the causes of the engine
failure could he amelioriated . Priori ty effort was devoted tru establ ishing
viable means for imp l ementing the use of BCM fire-safe fue l in combat si tua-
tions , with the objective being to provide adequate data for develop ing a “go”
or “no-go” position on 8CM “fire-safe fuel” before the end of September 1976.

Extensive experimental data and other information was developed after the
AVDS-1790-2C engine BCM FSF endurance test was terminated . The data developed
by the Army Fuels and Lubricants Research Laboratory (A FLR L ) included results
of single -cylinder and multi -cylinder diesel engine tests , fire vulnerability
tests , corrosion screeninc~ tests , and various routine laboratory and bench-
scale evaluations. In addition , a metallurgical tast force was organized by
the U.S. Army Mobility Equi pment Research and Development Command (MFRADCOM)
and subsequently convened at the Army Materials and Mechanics Research Center
(AM~1RC) to assess metallurgical aspects of the BCRI 1SF problems . Because of
long lead-time requirements involvei in develop ing alternate-allo y fuel
injector assemblies (one year), it was not possible to even plan the testing
of such injectors prior to October 1976. Hence , primary attention during this
investi gation was devoted to the modi fication of the BIM FSF formulation and/or
the engine lubricant , with less emphasis being nlaced on the possible use of
alternate corrosion-resistant alloys . An accelerated corrosion test was developed
by AFLRL to provide a screening method for both approaches , and the 4-hall test
(ASTM Test Method D-2266) was used for screening lubricity effects. rt was
soon determined that conventional corrosion inhibitors were ineffective for
counteracting the harmfu l effects of 8CM , and only one class of compounds was
identified that could effectively eliminate the HC1-lnduced nozzle corrosion
problems . This class comprises halogen-scavenger compounds containing a
three-memhercd , carbon-carbon-oxygen ring (epoxide group). For volatility
reasons, cyclohexene oxide was selected as the fuel additive to be used after
brief initial successfu l tests were conducted with propylene oxide. For simi-
lar volatility reasons , expoxidized soybean oil was selected as a candidate
crankcase lubricant halogen-scavenger. This latter material is reputed to
he inactive relative to epoxide polymer formation.

The composite results of engine tests , corrosion tests , and other evalua-
tions may he briefly summarized as follows. Of the four major problem areas
encountered during the AVDS 1790-21’ 1SF endurance test , the injector nozzle
hole enlargement , injector valve sticking, and accelerated cylinder—liner wear
were successfully duplicated, but the oil-contro l piston ring chipping was not
observed in this laboratory . The objective of eliminating or substantially
reducing the injector nozzle hole enlargement was achieved by the use of
cyclohexene oxide halogen-scavenger in the fuel . No addit ive was effective
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in eliminating inj ec to r  valve sticking. The accelerated cylinder liner
wear was retarded briefl y by the use of a low- v o l a t i l i ty  expox ide halogen
scavenger in the crankcase lubricant; however , accelerated wear occurred
w hen the halogen-scavenging capac i ty  was consumed. Hence , the use of such
oil addit ives is not recommended .

More than 101) hours of operation was achieved wi t h a multi-cy linder diesel
engine (V6 - lS5 ) using BCM FSF plus 0 .S~o cyclohexene oxide; however , these
results provide no assurance that the AVOS 1790-2C eng ine could complete the
previously-sought 400-hour mission profile cyc le.  The results only offer
promise of sat isfactory short-term operation with BCM/cvclohexene oxide FSF
before injector hole enlargement , injector valve sticking, or accelerated
wear may cause engine failure . Accordingly, use of this fuel in combat should
only  be considered for limited , special , emergency operations. “No—go ” posi-
tions are recommended for genera l combat u t i l i za t ion  and further applied
research and development on 8CM FSF .
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p
I. I NTRODUCTION

When Arm y tactical vehicles and other equipment are subjected to incen-
diary ballistic attack , they are very vulnerable to f i re and explosion . In
the case of fires caused or intensified by fuel release , fire vulnerability
reduction can he ac hieved by the use of fire-safety fuels. Various fire-
safety fuels have been investigated by the Army and other agencies in the past ,
primaril y for the purpose of decreasing the frequency and intensity of air-
cra ft in-flight and post-crash fires. The approaches have included non-
reversible fuel gellation , use of semi-ri gid , but pumpable , fuel gels and
aqueous-external-phase fuel emulsions , and use of organic-polymer arttimist
agents in very low concentrations. However , the Army ’ s need for a low-
vulnerabilit y combat fuel necessitated a sh ift in Army ggp emphasis to
investigations of diesel fuels. A candidate “f i re-safe fuel” (FSF) formula-
t ion comprising Sv °o brornochlorornethane (13CM ) in pF_ 2 diesel fuel (8CM FSF)
demonstrated promising fire-suppression results. Accordingly, a full-scale
engine test was authorized by MERADCOM to be conducted by Teledyne Co ntinental
Motors (TCM) under the direction of the M60 Project Manager ’ s Of f ice . The
objective of this test was to determine the ef fects of 8CM FSF on the perfor-
mance and endurance of a 12-cylinder , air-cooled , four-cycle diesel engine
(AVUS 1790- 21’) when operated in a laboratory under the 401)-hour mission profile
cycle. An engineering work dire~tive was issued on 1 July 1975 by the M60
Project Manager ’s Office detailing the test procedures and conditions. Oii that
date , a conference was held to review , modify, and finalize the detailed
requirements for this engine endurance test .

lthen the engine test was ini t iated, the  pe r fo rmance  and exhaust emission
charac ter is t i cs  were documented when us ing conventional 1)1-2 diesel fuel. The
power curve and speed/load survey were then completed while using 8CM FSF , and
the engine was stopped and al lowed to coo l prior to conducting exhaust emission
measurements. When restart was attempted , the first mechanical failure in this
test  was encountered . The engine would not start because the metering sleeves
on both plunger rods of the fuel pump had seized . An alternate fuel pump was
installed , and the test was continued , with difficulty, for a total of about
150 operating hours on 8CM 1SF (including the preliminary performance checks).
The termination of the test in ‘:ovember 1~Y’5 prior to the targeted 400 hours
stemmed from repeated mechanical prob l ems which had depleted operating funds
and created a potent ial ly serious environmental pollution problem for 1CM
because of excessive black smoke emissions.

it is the purpose of th is report to describe the ac t iv i t ies  involved
in the assessment of this engine test failure , to document the corrective—
action research program that fo l lowed , and to present conclusions relative
to the overall e f f icacy of 13CM FSF that were deve loped by the end of
September 1976.

_  
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11 . CORRUCT IVF ACT ION P~ OCRAM

A. Assessment of AVDS l7~)0-2C Failure Modes

Two members of \FLRL staff and a representative of Army Materiel Systems
Analysis Activity (AMSAA) visited TCM to witness engine disassembly and per-
form a preliminary inspection/rating of the AVDS 1799-2C engine. Subsequent
to this disa ssembl y inspection , a meeting of the FSF Working Group was held
at MERADCOM to further assess the results of the endurance test and to p lan

— additional steps for overcoming the observed problem areas. In addition to
the foregoing, the Coordinating Research Council (CRC) Army Combat Engine
Fuels and Lubricants Group met at 1CM and conducte’i another detailed inspec-
tion of engine parts. 1

In brief , the aforementioned groups identified the following problem
areas:

• Oil-control piston ring (severe chi pping of chromium p lating).
• Injector pump p lunger rods (seizure).
• Fuel injector nozzle valve stem deposition and/or corrosion (sticking).
• Fuel injector nozzle tip holes (enlarged).
• Fuel clogg ing (excessive pressure drop).

Manifestations of some of these problems were:

• Excessive slud ge in oil.
• Copious black smoke production.
• Tacky, sooty deposit on pistons and in oil sump .
• Substantial increase in blowby rates.

• • Piston skirt scratching and metal imbedment.
• Degraded power performance.

Based upon the on-site inspections , it was not possible to assess the
modes by which the observed failures occurred. h ence , priorities of the AF IRL
FSF research program were reoriented toward identification and amelioration
of the causes of the above-described problems.

1. Oil-Control Piston Ring Failure Mechanism

2A scoffing mechanism was suggested by the ring manufacturer for
the oil-contro l piston ring failure , hut this does not appear to be the same
mechanism for the ring examined by AFLRL. The following evidence developed
by AFLRL indicates a corrosive mechanism for the piston ring failure .

a. No scuffing was evident on the chromium plating not yet
chipped off of the piston ring (Figures 1 and 2)*.

*Complete hardness traverses of the chromium plating on both the “failed”
and the contro l p iston rings showed the hardness to he fairly consistent
through the plating thickness of both rings.

8
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*
b. There was ev idence of corrosion debris in some 0r t he in te r -

granular cracks in both the chromium nl .- i t in”  and in the cast
iron substrate (F1 ’u res  ~ , 4, - i- id 

~~ ) .

c. No sign i ficant dilut i on of crankcase o i l  ~~~ rm

evident by ~F 1.RT . ana l- v c is  of  ticod o il c ,,rr n l rs  (~~- u~~lc 1).

d. The ratio of Cl to Br in the crankcase nil was less than in
the raw fuel , indicating that much of t h -  halogen content of
the oil stemmed from blowb y products--not raw furl (Table 1).

The n f l :’ manu facturer ’s meta l lurgical ana lv s es  indicated that
scuff ing was the primary cause for the ring ~a ilti r - m d  n~rta 1 trans~ c’r . Thi ç
s u i y r e s t e d  that overfueling may have washed lubricant ‘ f l  o~ ti-c cy l inder u~- a1ls .
However , the ~‘ is to n rin~ ins pected at ‘~F F R L shot~’ed no evidence of such scufrinr~.
In essence , howe ver , both the manufacturer ’ s ana lys is :ind the A FLP~L ana1v ’~is
cou ld he correct  since the invest igat ions used components from different
cy linders of the  came engine.

Suhtasks conducted by A FL R L as part 0r t his n o n- f a i l u r e  ass e ssr ” ent
• included analyses of used crankcase oil and examination of used oil f i l t e r s

(and analysis of the slud~ e contained therein). Ana lyses were also conducted
on depcsits obtained from var ious loca t ions  on a ty p i ca l  used niston from the
AV DS 1790-2 1’ en ’ine 8CM FSF endurance tes t .  The results of these ana lyses ,
‘resented in  Tables 2 and 3, did not rovide a clear cut definition as to
th~ failure modes stemming from the use of ISP . Pue to the short tern usage

of the lubricant , problems , such as the aspha ltic deposits , had to he attri-
buted to the acidic components generated by the combusti ra of 81”.! 1SF .

.2. rn i ccto r  Pump Metering Plunger

The followin g statements relative to the injector plunger were pro-
vided lv the Swil l m etal luroists:

“A discolored hand was evident on the cy lindrical surface
of the p lunger , Figure 6(a). This hand consisted of a tirht l y adherent
surface film an~1 could not he removed by swabbing with acetone.

A qualitative microprohe analysis of the dark zones on
each of the parts was performed and the results are ;‘resente in Table - 1 .
The analyses were performed for the various elements conta~ ‘,! in the fuel
additives. rn each case si gnificant qii an titi .’s of cal ci~in , sulfur and
c~ilorine were detected.

The surface topoc~raphy of these parts was also examined
in the scanninc’ electron microscope (SE’!). In ti- c case of the nint le

~Figure 6(h)], no evidence of attack of the surface was apparen t in the
dark zone and the microscopic features indicated the presence 0

ç a loose
deposit , Figure (a). Pi’;tinct ly di fferent topographic f~attircs were
noted between the (lark zone and clean surface on the olunger as shown
in Figures 7(h ) and 7(c). within t’ue dark zone the suirf;ice was rough
and r i t t e d , cui ’ :gest ive of corrosive attack .
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-\ I Pill ’ i t iid j na I not a II o ‘rn i’ i c sect p i t  w ,i c t ‘i , - n ~ t h r n ~ ’- h
t ht’ da r~ zone o ~ th e n I tin -cr. I .x 201 t j o” Cr ’ t j ç ç~~o j 011 - ‘ ‘ - 1 0

- , !( ‘ ‘, t n ~ i t o  p i fl i t , ’ ’  U the s u r f — i c e  w j t ,j r ~~~~~ 
n~~,—t ~~~ in t !- - - c - m r l - i c o

~‘i ’ ! j  I c  i t  the d c-an Zone I c es  extr c-t e - i v flat end ~~~~~~~~~~~~~ f s ’ -o I ~~I,tre S _i .
1 hese r-ot : i l l nr - r,, c ir c f e a t u res  t o - o t t e r  ns ’~ t~ 

tI)l’~ ~ n f l e — s C e  Ic tn~’ i - - - r a ’ h ~-
oi~ s u - r v e d  in t h e  SI’’ e x a m i n a t ion t re , n e lj r i t( .  r V ~~ e l - ’ i e u n  t ’ ’ i t  t h c -  ‘ ! - i r l  ‘‘nn- .I
op the !‘lun , ’e r ii; t he resu l t  of c o r ro s iv e  a tt ri- .~•i Tt s o u l l~ flot (d
th at hoth cu I fur ari d cit h u n  no were  ‘~rec r ut i t ’  S I : ‘~ 

j I i  i ’e flt fleflit’e t s w i t h  i n
is zone of ti - c p1 ui ‘er I i thor of t ’ ies ’- c i ‘-ICc - nt S Cu l t ! ’ cause corro —

Si Ve at t ac ( of  the 
~~ 

lim1’er . “

3 . I nj ec to r  ~o::1e \‘a l-c e Stem

Th,- dan area on the ni mit Ic -  i- u s  found ! o h e , i c u - t o ne S C i I i l e , and
!1w~’ f r ietal  l t i rp is t s  saw no ev idence  of co r ros ion  l id p o r e  (‘(I) . \s in t Ie-
c a s e  o f the prev ious ly  d iscussed enc’ j no na r t e  , s~ sr i 1i car t i t - i - U ti c-s of
chlorine were present in dark  zone on the ni ;‘t Ic (see ‘Ia t’] e

1 . Injec tor Nozzle li p Hole Inlargemen t [fiects

All of the ei ’ lit holes in ,-‘Cch o f the two i nj e c t o r  p’2 :~~lc s
ex ,tr- i ned hv SwI I r’etal lur°i St  c show-ed Ii ameter incre ncu’s , ranp j ne from two
hol es i”ith a 23 ’ increase , to two -toles wi th a l1 ~~ in crease’ ( P i ” m es <1 an t

I ° )

F’ lmotomicrographs of the c ross - sec t io n  cuf th’~ Inr c-est \ ‘eTSi iS  sma l l e s t
hole in a ueed n o zz le  revealed intr i  -nm ” pat te r” s  (IiNirc’ 11) . 110th ShOwed
no en lar~’ement n~ t he hole entrance’ . ihe l :i r”est  ,!cnor,c.t rote 1 “1-el l ine ”
ship e sip’ i lar to that wh i ch i s  c h a r a c t e r i s t i c  ‘~~ a t ritr e ict . IN~n ;e \c ’ r , the
sr-ni l , - - ; t indicate d only slj ,-ht enlarrement n~ tltr - h o l e  outlet , ot t  su~ ctan-
ti a 1 erilareement hetween the i n let -r n ! o u t  l- °t  . 5€-c - rn’ 1 no:: Ic- was ex,-i r’i ned
ii- the sar’ e manner to confi run the neu-te ra li ti o ’ t t r - s , ’  o1’ c e r ’ c a t  inns . ‘(j ‘n i  -

— 
fi cant q ei im nt  i t ies  o~ chiori n e— c o n t a i n i n~ lc~ ns i t-~ w e r u ~‘ re cr ’ nt  w i t h i n  the
nozzl e t i p  holec (Tahie 3) .  Such ~h- I - r i s  is v i s i h 1 e-~ in Fi’~ri re I’. ‘‘ i c r o—
hardness traverses of the t ip ,  amid I ti- u- - a l l  of the t i n  nil : :1cc sjin\c e(j the
hardnesses of each to he npproxinateiv t i C  sane. l Iot~- -ve r , t i - c  r’t icrostri ic-
tures of t he t ic t r  were di fferent. Since -n alvsec stowed t ’ - - -  cor~noc i t’ i’~nc
to  he alt o r it  the same (Tali le 

~~ , t hese n~ i c r n c t r u c t t m r : r  I Ii c ’ i,~rc n c e s  t,rrThab lv
et c-nrc ,’ fror- di ffenin~ t t ,errvr l h is to r ies  of 01e two niu::les.

lat her than only t u t t rj h u.j t j n -  t he  - ‘ i - e v m o n r ~~!v — r , - n t i o n e 1 O ” C C S S i V C

snob e er i sc io ns  t o  ov e r f u c l i  n” 1-e c - l Ise of’ no -- Ic hole en ’ - t - - ’ e n - - < - r  t , a n
a l ternate e x 1 i l n t e - i t i o n  c o u l d  lie in the ~~~~~~~~~~~~ p-s c- I -h r ‘t(’fltt!’l onr” no z z l e
i nj e c t o r  t ip hole enlarpenent  on spray Jens i t v  at- ‘ - i i ctn j lr ot ic - i , . Pier re 13
i l l u s t r a t e s  chan”e’ - t hat occurred in ~~~ ~t) n’~ \ ‘ t it te r n -~ * o 1 a t v - i c-i 1 no:: I e
fro t - -  t he ~V l S  7’~0— 71’ e f l i  no FSI en~I;tranco to-c t - c or a l - n - m t  1” hours e\nci _
sure to III’’ I td~ (i i t Ic n y c - m i I~I~ t st u t lou’es) ‘I’h- - c u -  r u -N ’ ’ --  -

~~~ ~nI
,I ec re cmc ,oc in s~~

r;,y fletr - l ti o fl w i t 1 ’ ‘ t t i - i ’ i c i t i t  i t Ic re lSe -c i n  s t - r t i - - I r ’ ’ c~Ict

*1~ik et1 ri sin ’ the ‘\FI.Itl. I i qitid injection techni t i c .  Th i s  method of spra y
analysi s it ii i:es ci cle ;ir li qui d , such as ~-rrosene , as t im e  i nj e c t i o n  media
rat  her than a compressed ens , t hus e l  m m - i t  im i t ’ the resa l  ta nt  Fuel ~o~’ . It

has been prnven e f f e c t i V e  as a means of’ o h s ’-t - v i n -- r e l a t  i ye d i ff e rences ii’
sn ray  pa t t e rns .

COPY 
a



750 X

c i -  -i t i/ark :111’

‘Pr 

- - -~~~~~~~~~~ -

/
,1

t

750 X

(b. (It i-/ i -aim ~rir(a - u-

I- I( ,LIRI- . 14. MI(’RO(,RAPII 01- 5 1 ( 1  ION I I I R O I ( I l  INIl  ( IOR
I’I I N( 1 II I iict~- Ime d

i i

- - ___________ a
- — 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
__ ,_ ._a__ .-. -‘. ‘ - - _________



I (II I~I -u I \ I I I I )  IN II ( Il II~ III’ i l l  N II  I~ 1 1 ( 1 1 1  IN
\II( I~O( I-t \ l ’ I I I ) I S I ( I N\ l l  I) \ ‘-~N( I

I k( l\I \ \  I t ” — I “‘Iii a I N( INI I N
11) R \N I I I  NI 1 1 1 1  III \t I NI



- 

-
~:

— ‘ t i m .

/ I- - [I ’ll \ -  -

_ _ _  
- 

.
.‘-

~~~~~

‘, -_ _ _ _ _ _ _ _ _ _IF~~~~

’iE

~~~~~i~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~ 
!-

~~
; 

_ _

~~~~~~~~~~~~~~~~~ __h-

.. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~ 

..
I4,’~~ ~~~~~~ _ _ _

~~~~~~~

; 1 11111.

I l- -I \ -  - I/ Il \ - - 1

1 1 ( 1 1  RI I t ’  sl \I \II ( RIn ,I~ \ I’II- ,()I 111 t h — IN
I \ l  1 1 1 1  IN II ( It )I~ I ll

. ‘ -~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
- 

~~~~~~~~~~~~~~~~~~~~~~~~
‘ ‘

~~~
“

~~~~~~—



(a~ I i - I

_ _ _ _ _ _ _  
.~JI ~~~ -

.

________ __________ - 
_____________ 

-. -, 
;~-‘~~~~ — , ,,~ ,~ • 

I~ - -

~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~

I,(i
_

~ 
box

- / , - ‘~I ~ ,/ / / . / , / i / ioI II . ‘IL

11 ( 1 RI I I  N I l  I IUNIO~~I’ I( I~ I I N I < I \ I  \ I I N ( ( R t l s s sI IION’- - f l I  I \ I.U l s l \NI)
s\I~~l I l s I  IU)I I I \I \ I I I I  \ \ I N  I - ‘ t i  P I ’ \ I I i  IOI( NO/ / I )

25

___________________ _________  a__________ 
- - — - - -  - —



I -\H1 1- 5 MIt ROPRO13 E ,-\N\ I  \S l S  OF
1 1 1 1  IN ,JI I Oil ‘I II~

P 
_ _ _ _

I ~~- d l  d1-nr ~ ted
\ , ,- ,, 7 - I N  \ u~ t ,lL’ leited

3 37 II ) Nor dete c ted
( u utmca h S uu n t i~ e S t i l l s~ I ~~ I 20()

N e -

I ugu rc l2 t - , r  l , u n u Irr - - I  ,1tC4i ~- ij inuune d
- ,in, is ni hi ‘ ,~ - 0 2 ‘ Ii ‘ umlipi

2E ~

_ _ _ _  _ _ _ _  -— 

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— ——— —



‘ a .  ~ - - ;
;; , % . r - / ’~ 

~,

— 
~. ‘.1 —

200X

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- .

~~~~~~~~~ 
-

- 

S - .
I

-
. ~~~~~~~~~~~~~~~~ ~

‘

- _ ‘~~~~~~~~~~~~~~~~~~
l

~~~~~~~~~~~~~~~~ _ -s~~~~~

I.

reiN

I 1( 1 111 7 \Ri \s III sI \ l MR I-a lI’Iil PI l l  I \ \ \ I I N  \ lION
I \ I I I I ) I N I I (  1 ( 11 < III’ 1 1 - 1 - N - - I

_______ a



- —~~ --— -

‘I. -\Iit F ii I O~1I’flSI’I ION 01’ I’ SIc I ) .-\VDS I7’~ll - 7( ’ 1)11-SI- I I~N (.INl- NO//I IN

T I p A Iluu ~ ( u lii I )O s itm (um t , WI - ;

I Mn , Si (‘r Ni Mu’ V

\Ihi Sj- i-~ i t t ,  ‘ - t i

( - \ I ” — I  I’ °~ I7l I) l~~(I 211 ( I 4 5 - t t ~~~ 1170-11 15 1 11 - 1 4 ,iO’ .l S
N- \ N- ‘u k- 1 ~- l
~‘mtI, R( \1 I ‘-1  h~ I ( \l I) (u7 (I 5.~ O.7X I 75 •1 ’ I  1 ) 1 1 1  —s’lJ  (II

N - ii N - u i l c -  I ~cd
wm rl , ii( \I I- NI hi l ( M  I L S,i 1 ) 5 1  0 7 5  I . lIl J

~~~~~~~~~
)5

~~~~~L_

( 1 1 0  < 1) 1) 1

21~

-- ‘‘ l — ~~~~J ,,r ’ - .



,,

~~~
- -
~jj~P* !‘4

-
~

- ~~~~~~~~~~ ‘J %~“ -  
- ‘

‘,-~
-

- S 

~~~ - - ~ a 
_ _ _- .

~ $ ,~~~~~L 

l
~~~~~~~~E

~~~~~~~~~~~

I - c , - - -  o i

1 200 RPM

_ _ _  ~‘ ~$‘

W.!l a  ‘
~~ 

JF ‘*~
- - - .

_
~~~~

¼i1L~~!.  .~~~L\ ~~ q’4~ ~

~~~~~~ j
~ 

9
~ 

.
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

‘ 

~*4r. ~~~~~~~~. . -~~ ~~~~~~ I, ~~ rn 
____

.,IL * 2~~~~~~~

~~~~~~~ V’~~ 
-‘ ___

~~T

I I( ,( RI Ii  NI \ I OIl- NI l II I I  sI9l \\‘ I’\ I I I  RNS I OR NO//L I N
I RO\I \ \ I s  ‘ ‘ ‘ ‘Ii i I”.(.I\I

2 1

- — 
~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 
~~~~~~~~~ 

-
~~ 

- - 
-- 

a



c o n c e n t r a t i o n s  in thi’ no ,ir— , i c u n i t v  of I - - u -  i t - u z z l e . i l ~~’s . ‘ ‘ “~~u- , t s  - ‘ I c - ru e
i- u ’ m l d  nu-- ~u iIt in - ‘ ‘u - n o r (‘ i t t - I —  m i r  ‘ “l xi i i ’ , d in ’ -j n i s ’ eu ’ i - - i n )  h u t  ,- “~

‘jc -~~ ri~ ’
int l st i~r ’ z t a u t t i a 1  ii- ~r t rca-c,- ,! sn1o~ (- er u c u - c - o t t s .

5 lxe-ra Il ~s- ; t -s s nen t

‘Ihi t -  co n c1risi ~cnc dr u wn h~- t he Sw ’’ ! r u - t , -u l l i m r - i s t c  on t o -  h- i - _ t s  ,~~ 4’-

t hese observat  inns are sum r’ rrar i zed as f o i l  ow- - ; :

,i . The fe l  b r’- of the p ist on r inr- l c d ’  a s c ’ ’ - ’ i’ ite i ’ w i th  ~~~ inherent
p l:it in-’ de fec ts .

I~. F - m i lure of the p i s ton  ri n’ prov i- !e - !  t o  ~J I ° l. o , o - , r r u - -l  hv
i nter~’ranti ln r eric 1 i fit ’ I )  ~ the c ’ ’ ri, i ‘a”c p lit i nt’ c-un s r i )  ~e—
quent loss of chi ne c- i the ‘ — l a t i n ’ - ~ The r e t - i l I-”ranh i c
features of t he crac1 i nt are compat il - Ic w i t h  c- n i  litr e dim e
to inade qu a te  I t i h r i c a t i o r t , hut the n o c s i t - i l i t v  c- c- stress—

cnurroc i on crack inn ’ clime to ‘i cont -ir i flint cannot lie di s , - u u m p t  i’d .

c - Si - n i  fi can t inc -tints o~
’ c~- b r ine were nresent in t - eeL

zones on t he i n j e c t o r  P~~ P plunc’er -in ! i n i ec t o r  n i n t i c ’  and
in t he depos i ts  ‘- resent  in thc - in ,ic’ ’ tor  i’ m Ito I t -s  (c t - c
inlu les -1 and H .

2 . The mechanism of e n l a r t  c-mont of t~ i - u i ector t ip  holes w a s
not def ini teir’  i ~1ent i c- i ed , 1 - n u t i t  is  nc-ct  li t c l v  t i , . , f flue ’

‘ -a - t a b  loss  occui rreu l iS t ~u e r e s u l t  c- c- crirro ci on r”t !u-’r t n ,:tn
)
~~

i- erosion , ‘oss i l’ ly , ! I mr un” e n c - i n e  c h ’ t ’ — ,,own pc- r inds .

- I’h - ‘ ‘a r L t - - inul on the in i ector  otmr- ~- p I- i n - -er  ule~ i in te li’  re s im i  teil
f r  c o r r o s i v e  n t t a c L

I- - . P lan fo r (-‘r rr-c t ion ~ f Ilardwarc- - } u e l  In c om pat i b i l i ty

The f lom~ chart “ r t - c u - r i t m ’ d  in H - i r e  11 w o c  th’v ’~li,iie,I to p lac e  the var ious
a s p e c t s  of i i ’ -  V ’ ’~ 1 ’ ~’l~

_’t hai- ,’ w’ ‘r ~~i m ~~l ir’ - o r t - ; t t i ’ l  I i t \ -  -, ,rol O’~” in — ro p e r
: - c r~~’ - e c t i \ - e . h’- r t h e  ‘-II ‘ A ’ ’ I ’ , l ’ t / A !  I ! ,  €‘r’ rr ,-,- r l \ -e c- i,’t io n  nrrou’r l ’ - t a c t  5

iri d 1 1 — 1 2  i c - r e  s e l e c t e d  ~or r n ve~’- ‘i - n t  i ‘a (where t ”~~ nor- ! - - r~ co r r ec  - ‘ - I l ’ ’ 1-”
t hose shown in F i n - i re 1 1 t i nder “i t s ~ No . “) . *

1: . 1 ornr~s i on/ ! , ,m !’ r ic it i-  ‘‘ It t  l i es

Because of the ident i  licil role of corr u c i o u t  in t h u  c.t i l i t re  of f i t ’  ‘u~,~~ c-

1~’’i’’ — ( ene ’ i re  er ihurance t e s t , in -ucceler:ite , ’ - o ” r - ’ c i o ”  t e s t  t ,a c  deve !opei ’
t o  “ ‘ i ci lit  ‘ i( ’  s c re i,- f l l f l -  0 d i r ro sj o f l  ~ nh , 1 , jt o - i  i’ - ‘ i lifli’S , Thu s ‘ic in
apreernent ‘c l i ! ,  u - t i c -  cii t he  re ‘ u ’ - ” - i ’ , t , ! ’ - t j - t n - . r’ ’d. - ‘~ ‘‘ - ~ r-r’- ’- ‘-~c j ’ - i - t  ‘“ ic

, ! v i - c n - r v  I ’ ’ umm el  -~ I I-nc °.r ’ip ‘ ‘it  I’ire—S a ’~- I uclc . - ‘l ’ !t ic i t -o ’sitorv t es t  ‘ r n—
i - I ’ m r , ’  u t j l i z c - - )  t lu i ’  1, c c w c t r u -  ‘; (‘ct ‘ r e 1 ‘ -

~~~ i ”’  I0)~~~~ uf l  ‘~~i Hi ‘ c- ru t es t  ~~r

*‘T , c ~ 
1
.0 . 1 w a s  r iot s e l e c t e d  he c a um se i t  w a s  learned t ’r .n t  t in’ ~\ ‘ft~ 1 ‘O i_ 7 ( ’

no ::l’’ ‘:‘- c - I u r r  - ‘ ‘ I i ’ t c oroof— t (-st s n ’ no : zip s  n t  t w i c e  t ’o~ c - i - i x imui r - r u t  e~!

How- l’ : it ’ ’  W i t ! u ( u u t t  - i (~~t f i~~ ‘-v i~Ienct ’ o ’ c t - r r o s i u - n .  Tt n i s  i s  hv - !ru ’udv n-ir- i c i I lv
( ‘ ( 4 1 j j  ~‘; i  lent  to dot ihi inp the fuel ‘ l e n - s i  t v  ; hence , erosion shot il,! not lie
cxn -c t e ’ l ) ‘i-, - : i t l - c u -  ,U the- more -t ense “‘id
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h ur l -in c oil s , h u t the pr ri ced t,ire wa s r-e- !j ii - j  to  ‘r’o c i c i  : -  ‘-o rr ncnn n cnn ,lj—
ions .  ~i)( i  fl~ samp l r- - ‘~~ ~~~ or o il w ci s :n lac ed in ~~

‘ 
- t e s t  ce l l  w h i c h

conta inepl -l hl~ t rom~en del i  ~‘er~- tube air , ! w a s  covered l i \ ’ i con’ len se r .  The t est
cou pon w ishers were a t tached  to the ni tronen !‘l I very nd-c w j  flu niv Ion s t r i  nc- .
Tho , i s s c t ! - l v  then k c - t s  nl,iced in an o i l  ~ ,‘It r , contro l be - ! at l~~ °IT 12T °F ) .
N i  t r ’ o ’ n - i  wa s  ) ‘ tm! ’ ln  led through the del iver r’  t t t bc -  at  :il i- u- i ’  ~~~ 1 / 7  l i t e r s  per hontr
to kee1’ the fuel c t  I rred . The tes t  w a s  cent i nued for ‘a per iod 0~ ~ hours ,
a h t e r  w hich the tes t  coupons were removed and e’,xarc i neil “or ev i r ience o f corro-
s ion. The above t es t  condi t ions were developed by t r i a l  an !  error un t i l
LII iferences between d iese l  fue l and RI” “fi re -sa fe  fuel” cou l d  he observed .
!‘or r u m  pronounced di sti nction , 50 ~t i r r’ tIll was cidde to t i e  fuel cur o i l

hat was be ing evaluated .

Four test cells were ava i lable , en a b l i ng Four fue l — n n Yor met al samp les
to he evaluated in one day for corrosion e f f e c t s .  An a t t e m pt was made to
()t ma nt i tate t he cor ros ive ac t ion  duri n~’ the test 1-v w c - i ghin c~ t he co u pons before
antI af ter  each tes t . Normally, we ight ra ins were o”served (along w i t h  corro-
sion) resulting from the formation of i ron chlori n e on t i e metal surface;
however , these very small weit’h t chances were not q n m-n nt i r t i v e lv  repeat u h t l e .
Therefore , weighinc’ of the tes t  coupons w ; m s t h i scon t in , i c - d , and resu l t s  were
repor ted a s “no corros ion ” or var iou s ule rrees of co r ros ion , i . e . ,  l i ’ - ht ,
medi ur- , or heavy corrosion . In some cases , only ct a !n i i i g  w a s  ohse’ r\ ’e I
whi cli , upon exposure to air , cou ld become a rusted ‘ r r - n  ‘- ve rn  i rht.

I x t e n s i v e  screen inc- w i t h  this procedure revea le ’ fl-at many scm t ’s t ances ,
including conventional ~hmel or lubricant corrosion irhi t i tors (Table )~~

were i n e f f ec t i ve  for ~‘revent i n -  corrosion li -c RI” ~~~ conti ininp t races of
hydroch lor ic  ac id  (lId ). Resul t s of these t e s t s  are s t mmna r ize ! in Table ~~~.

~1 though the list of candi date j n i i hi uc , r s stlrlwn iii Table does not ind icate
it , r-onv Suppliers and users of e tch m a te r i a ls  were canv as se , ’ , inn! the l is t t - - !
mat e r i a ls  ~enera 1lv re i ircsent  “ bes t -c hoice ” recommendat ions .

‘~ne c lass ~f compou nds , name ly epoxidec , w a s  fo u n d  to he genera l ly
e f fec t ive as till cor roc ie r  i nhihi to re . Such ccimpoi tnn ls are bc- b ieve~’ to he
so e f f e c t i v e  t- e c d l c l c u -  t h ey  (“u ric’ e b b ori,) v ,Iri ns m u  t here)-v c n ns t m mc- till
mci t 3 c o t it  for m i n g  c-n s a l t .  t n  inhil’i tor cmndi c i te  c- rr~ ’ c in c -t ier c l -ass o f com-
pounds referred to as subs t i tuted  iu ’ - i da z o ] i nes , apne-ured e roc - - i s i n ’  at low
con cen t ra t i ons .  llowever , it wit s found tt i ,a t at i

~tj cbe r concen t ra t ions , th i s
cun1 ,uii nd - -~ rn inc-rn promoted corrosion even w hen no 1111 w is adde- ! to R(”1
FSF . (This observa t ion  w a s a lso encountered in t~t r’ H’-~ s inr le-cv l inder
labo ratory engine t e s t s  d iscussed e lsewhere in th is  renort .) No ot her
in)t ihi tor cand ida tes  studied showed art p r om i s e  ~or pre vent ing corrosion
by lId in BCM r sr .

In addi tion to the aforementioned corrosion test procedure , fuel , new
oil , and used oil samp les from Cumminc engine ~0-ltour t e s t s  (not f i l te red)
were a lso evaluated for “ lub r i c i ty ” us inn  the  -~— i ’ -ill t e s t  (ASrI “u 226f ’-.).
The resu l ts  of thes s t ee l - on - s tee l  ( L— S2 l0 f i  m~ra de 2S1 ,r) wear t e s t s  arc
presented in Ta bles 0 and 10 . These da ta  ind icated that  the presence of
cyclohexene oxide or epoxid ized soy bean o i l  in the lubricant could lie
beneficial for reducing we a r  in the presr’nce of P/”~ conhrtsti on products
until i ts halogen scavenging capaci ty  is depleted . E f fec t s  on lub r i c i ty
of the addit ive designed for use as the halogen-scavenger ingredient of
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‘IIL—1. — 21 + - f l g  ‘‘opec ’ t m  u u a a l  —~- r e s e r s - a t  r v u - ’’ h uh _ i n cant were ‘-c c-i l t iatu’ ,I (c-u s n~-ere
t hoce o ” t hu t ’ i’ n - s u - ’i-\’ , ’ t j S ’ e ‘ u i  ii ‘cc l  1’ )~ ‘I’hesc- cn ’ u ’ :cn - t iom c ’ u l corrosion i n h i —
‘itor f l r u j ~ Is ~1id  cnn ~ ci - - i u f ic :utit ~

‘ i_ - i n t hiu en cu- - the t~-e’i r sc - :ir . ,- S l t ho rmr h  i t
is rcci ni~~o .h tb -n t r?’ - -~- - ” r soa r  u cunnot hue related direct )’- to , ‘ u h c C r V e~II
n i_ e a r inn an - - ‘g- i ne , i t m ’ s  ‘ci’ t h i t  ~ iur t ’s t  m i- r u t s - i ti s f ct ct o ri l v indi c :m t e
t re nds

Lil le 10 SI:t’m - ’S t ’m e  ‘ ‘ 0 f t - ~~t t ’~ cpo ” .idh ~~etl snv (-c-:mn oil (1’’)). “t el _ i ~‘ ch —
ct uu nu eec c-ire se~’ c - - “ i c - i -  n- i_ ’ j ‘ill v - i s  i -c - n  lo ,’- +- ”  s c :n - , c-n~- ers in p 11 st Ic rianu fa c—
t urin it’ )T CC- ;Si5”

~. 
‘12- , - i u ;e r  p c - t j o n l  o f th e  Ic - m b Ic s ’ c ns’ c t h u c -  resul t s ob ta i n e d  

~ rIsri i s  niHe- d - I n~oi_’ cr rt t’OSC I m m I - r i c : t n t  . Th ese i i  rti c u bc - u r sar -nl u ’c
had h’e en p r e v i — u m u c i r -  cu m ’u j u ’ - .- t  i - t ’ -  the ‘.FLPI, ‘u t - t- m ’ t e r a t e l  cor ros ion  tes t  ii • c- •
ii c u t  ,- , .a ~ I 5~ °( ’ ( ~~~° I’ for h m u i u m r s )  to  d e t e rm i ne  m5 ’ h - - t h e r  t 1 uCv wou ld  e c i u m s i -

c ur r u ls io n 1” ; u r — - j - m u ,’r de le te r i ous  l u b r i c a n t  e f f e c t s  • such is an i n c r e as e in
v i s c o s it y  or incr e’dm - ; , ‘  in mcei r . The r esnm j  t 5 s’-n;c no i_ -h anye in viscosity an - h
s ’ u n ~- n- c l i  dut  u im e r e -uce iii l ’ m l - r i c i t \  . I t  sbo nm ld  0 n c i t + - ! t~ - t  ESO reu luce ,  the
a c j t h  n u mvc b u cr  o f  ‘ - u -  uuce, ~ o i l  an~ c i~~r )j f j c a n r lv r c- u limce , I t~ e wear ob served in
the  2 — h ’ c n  11 t or - t u th he used o il

0 . 1 i ) i ’ I f l C  ~e r ( o r n s c m n u i _ -e , / m o i c i i u : u t i l , i  b i t,  I c - - ,’ c ’ c t j it inn

S se r ies  of enr’, i rue t e s t s  was COn ,It :i_ red • “‘~,-i l u c i t e  t o  “fi s_ cs ” th’i t ‘ i_ c rc
i_ l e \ ’ c - im ’ u~ued for the ;ir ol- lem areas t ‘ it  su m ’ i c e ’ - ’ 1 i . r u n ’ ’ th u -

~~
‘ ‘ ‘ ‘ ‘ I T 0— 2 (  ec~r’ ine

endu r:iiico ~o ’s t  . l I owe~’er , prior t o  t h u - c e  _i~~- r ” ru rrr liii I * ~~~ c , ci F-ri ef test  w as
t o  nucasurc- the ha]open~ c un uta j r - u i ‘ _ i~~” c r- f i s t  it - u i _ - n t  s o ’ the exhaust fr c- rr

r ,iil ti — c s - linder en ’:ine , c - m u - I  t ii - - -’ -: rc - cu l ’ c  ‘ur ’ p r e i_. - - 
~ed in Ta ble 11 . The

t es t  procedn mre and a n a l - t i c _ i t t t h i _ il - t ic -- are - b i c i c - i c c e , !  mo r e  comp lotely in
s m u 6 c e q t m t ’ i c - t  s e c t i o n s .

C-m-rn”- j n’c ‘.1 .— 1 ‘Y’- E n -  iri c- Lcu b m ’ i - - t  run ss irun:  Test on S°~ 11CM “ri re—Safe Fuel’’

5 ( ur - r i nc  \~~— 1~~ - b i - - ~e 1 enu ’ ine , procure d in l9~ 2 for use in an
e v a i ; u cm t i o i n  of u n ’ - s c l  ~~~~ e u n r a i n m n r ’  dj b’ rni’ u-are ’ t hane , was se lec ted  as the
i m i t  i c - i l en~ l i c e -  t - -  I u- ~ -1’ 

- tn _ i ‘c ’ ,Ii ecu-I frie I /hr om o chlor on u ethane exhaust c- is
, im t a l  v s i s  p ro je c t .  The engine wa s disassem b l ed , inspected for signs of corro-
s ion which ‘_ie-iv h i-- c- ‘ ‘ken ;-la ce ~b um r j n c ’ storage (1 ye a r s ) ,  and a l l  cr i t i ca l
oa r ts  were c le a n u- ! . ‘ow ring s ant i_I injr -ctors were installed , the v c -n lv e s
c leaned and reseat i - I , -, 1 ’ r e c s m m r i -  ‘ic kni p was installed in one cylinder , and
t hue engine reass enubnl - - I . Si i u i -e the cru~’ine was to he operated at a remote
s i t e , a s kid—mounted p;rckage con ta in ing  an engine radiator , the V 6-1SS , and
a pow er-absorb ing w a t e r - b ’ r m k e  d namometer was assembled (Figure 15). A con-
tro l console and associated hariiuc :ire permitting temperature , pressure , load-
control , ‘ m d  oscilloscope (combustion pressure traces) data  to Tue recorded
and moni tored , was assemb l ed.

Engine power curves were 5b-s-e loped for comparison with the manu-
fac t  umrcr ’ c d a t  a with no maj or I-urubn lems heini’ encountered . The ana lys is  of

-the ex haust for Br, arid Cl-- frout i u h i e c e b  fuel contain inp bromoch loromethane
was - icco nnpl is hc t using bubbler c - - lutinn s conta inin”  carl-on te t rach lor ide.
T h i r t y  Ii t u ’ r s  of exhaust  gas wer e hnil-hled thro u gh> t lie so l t it  ion and aqueous

‘ ‘ u i  -i cc i tn t _ i-  m ouli de w:i c id- led to an a I iqnzot . If c-i pur~u b e  cc- I or appeared in
the lot- -er car bon tet r- ich bor ide layer , then free chlorin e , free bromine , or
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‘ u t , i- u ’ i ’ i - ” ct ’  ~u - ’ * • To - h - - t e n - m i n t - w h i l e _ i  b ’ l o ’ - e n s  h-e r -
~ent , t he pota cs i tn r

i od ide solut jon ,,,ic c u n : m l v : u - h~’ X — r  i\ ’  °l - m r - r e e l- c - r i ce  S 1 1 ’i’ t r_ i ; u h o t r ur’et rv ~~~~~ *

_i ,i :t , ! c-dc c- c -o~ i s ci cu r  c l i  r i l e  and -‘ -t c -u s sium - r u - - i  t c- ~it - n - p u e o t i - ;  ‘ ‘- i a sci ’u ’~
j o !j , I u ’ ’ - , n - - ’ ‘ ‘ _ i - c ; ’ u u ’ , ’ “n r - ‘ui,i n t i ’itive ru ’s _ its .

l i t ,  ; t _ i u  u I v5~~5 Cor  h i_ - ,!r cn- ’en cli lo ’ide an - hu-drn ’’cn ‘rorc ’ c he n i _ a c c - I c c n r - -_

n i  i she’! its i mg i i i  u _ i t  ( i n  cc- r i  es )  buhi er cv ,~t c - m -m . ‘I I - u ’ O~ rc~ >.~~s c-~ iomH - icr ,
con c-i i -u i 

~b’ c mr l  on t m r: ucl _ i I - ‘r I u!e win cl _ i  teas usc - - 1 to trap a _ ic’ or -- n Ic t yu In- cci
mur in - ’ “u-cc i ’m l i - e n s  nrcsent . The c u C’ f l c !  ii- ,ic c-i b ti hblu- r con it :n ini n ‘ ‘ i . N
‘.c u (iIl w i t h  ‘u , -l m enolpht th aiicn indicator. S total volume o6 ‘~c b i te r s  w a s

m l- >. ’ l c - I ti m r i m . Ii the sc-I ui ions. -\ f ter sar’pl ink- , c- i l I of the b i n e s  to the () . I

N ‘.afll ,  b ’uhl ’ler wi -r e rin n e - h into the i - u I- b Ier sebution t o  ca t c i’, c - n c - c -  a c i . !s
r u - _ i  . m i a i n  in these  l i nue s .  Tine l~c i u ’)If so lution m + c m s t hen a n c n l e z e d  t c-
° I - cr - c e- ;ce nc c  • ~c -nnu dar ds of sodium i_- h ic-ride ar id ontacs j urn broi l ‘e in 0~ 1 N
u_ i t Oh ,  ,,t -nu- ilsuu erepared . 

—

The org:t nuic h’m a log e mi s were say-pled w i t h  adsori-ition tubes urov i  led
y I’oi~ t b m c’ n ”i cc-m i Co . These samp les were talc-en ‘urt her down the e ’ c h a ’ m c t  l i e

t o c :e t c-n coo le r  samp le. A t o ta l  of .2 liters of exhaust gas was pulled thro lm ”h
each tnj bo ’ . There was one sample tube for each organic halogen s-imj) l ing .
) r rc u i , ic h a l - p eni s , co l l ec ted  in these tubes , were r- e a s t m r e d  by Pc’w ‘,‘ !t er i  - ‘ c - u i (‘0.
Inc identa l  Iv , s_ t r ies o <’ t hu exhaust gas generated w hen the en” inc u- us  ,m ’c - r ’ m t e t !
on fuuc- l co nt a i n i n~ BC’-I anu l cvclohexene oxi ule a lso were shown to  c o n t a i n  or-
n u.i rr~f i 1  cher- ic- i  I specie s t°u _ im t were not found when fuel ‘in” BC~1 alone were
-u s c - i .

The r u- su i t s  provided by [‘on- ’ Ch ci_ i_ i i cal Co. d i d  riot d i f fe r  d u c t  - i _ i —
t i a l l y  ~ror si ng le — cv l i n d e u-  results prev ious ly  observed l-y AFL I- I L. The n e w
ru - _ i c c i t S cnn ’ c c i  ri re_ il - us  f u- l  low s

~n 130-, or llB r was detected , hu nt traces o~ Cl-s
were present  in some 0 c the gas samples (<10 ppm ).
S ign i f icant  tr” ices of brorninated o rc ta n ics  were
a lso present in all of the sc - m r- p Ies (< 1 0  ppm) .
These conpound s Included unburned or” , t! i bromo-
methane , brominated aromatics , and I” rominatetl
li ght hydrocarbons .

~elc_ icted nronertie s of tIne base fuel , base f rue l p l u s  ~~
‘- ( h i q .  vol .) c r - i

- r ’~~! , -in , ’ )t( ’~ rc Ic n h i s  0 . ~- “-- ( w t )  cy c I ohexene uu \ i t e are ~uru-c ente t in
Ta! Ic Id .

2. ( u n n un _ i ’ i ns \ ‘ (— 11h ’  Lnj ’ inc 13CM FSF Compat ib i l i t y  Tests

s- ri es muf ’ fonur engine tests ui_ - c - ic conducted • thr ee of “ f l  b-o u r s

- ! u m r - u t j oin c - mum I r-’i ’ - ‘1 Il-I ‘mini- s dnn rc n t ion . T ue mecha n ica l  e f f e c t s  ‘~h ce r i_ ’ c ,
‘ n f t i - r  t - c i c h c- c t m - , -7 €- t e s t s  - ur n - sun nir ariz e d in Table 13 . I f f e c t s  0 r c u t ’1- , ~~
t h u - s c -  ‘c - - c t ’ ;  on t ’ i i -  1 ,mh ri c -u n ts are siimruari ~eth i n ‘ra b b i -  I ~ .

a . I ight v — I l - c u r  lu na r-in s Test Pr-. 1 w i 1  I i

l o b  It - n ’  i n ’  the ‘ - u r e v i u t m - c  b c - — ( Ie s c r ilue,I u ’ s _ l - c t u i s t  e n n i s c i  u iu c t - c i  c ,
lit’ Cn um n ruj nc V ( - — l I Y ~ d i r - s c - I  ~- ‘ u -’ unc w i t --; !j s acs e l  ic , i ’ ’ c u e c t r - i  ‘ ‘ _ i ~ de ne s c i t s
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iio~ c u —- c - s i r - - i , t he c v b i n - e rs ‘ ‘ - - “ c  ‘c - m u -  ii’ u s p t c t u i ’  r i’ i -~ ’ w e t ’ , i,r - ;t i i lr
n I l  v ’kcs wi - u r n ’  r ’- ~~’ - ’ t I e - ’ , c l i i ’ . ’ t u - ’  C n u : ’ n ’ u i ”  r, : ! c c , - c - ’ h lq  ‘ . I i ; - ’  i n u i e u u ’ ~c ‘ t ’’t

i~ i’i ’ - i i i’  t _ i i  1 led c, r- i _ i ’ -  - i ) eC t e - f rur cv i  u ! , ’ I tu ’u -  r-~ u-ru !c- i - -~ - ~ -- r l i i ’  I c i i  cc’ i (’ t’

h’ - u I i’c since t h u t - u t ’  t i c cd 1’een t i - r i  u -H tict - ul in u- ; - ! ’ u’v i r - u is  I v  r - e  - - ‘ t  I -

0- i - m c i  u -r u m  ~~c l - u y t ’ c  t- - c t . ~~ue\ ’  w n - ” r -  f - m u lt I t -  -c r - ,  i -  u-t n b a r c’t -r ,’nt eu ’ ‘np -iu ’ i r - ’ - I

in s cn ti ct ’,n c t - u r s’ c m u n - ! i t i i r n  for c u d , t j t j t j , , c , u 1  su- r s’ i c u - . ~~
‘tu- r ji st’ull : it j on on

- p re u i  c - i n c  I v — c O ’ s _ i’ c’ h e  I port uI- It’ d s ’ ’ m c .  - u ,’ ’ , - ’ - - r • e s s _ i  . n n , t ’ - -  t’ r - I ‘u - - i-u ci rm c c
mz _ i ’ ,ier v m r - - i n -  load c o n d i t i o n s  t ’  ci~~s- i re p ‘ - “ r~- .- m nnc e  -‘-icc u ’ t’i h Ie t , rh, “ - c - u u _ iu —
rac i  im r~ r ’s r i - -n,- e q u u i r - ~~i’nt reo nmi  u- c_ i_ i c- ru t s .

T o  Ii ow i nn thu S c heel o n c t  an tm ,-~ h- c r -  n k — i n run , t’~ ’ rj r ’ - t i -
~ *

-cc t ies of t e s t  c w c - m c conm ~I - u -  t e I at c-u r e_ i ’!ot e s i t  - its i nc - 11 ’’i I ~F . The ‘
cycle c o ns i s t , - ,! 0 ” ‘ u i — u rn r - u n r n i r u - ’ i t  .~ / - 1  l , uc r -,’ — 1lr i (u rI r’ , fob lou ed I- ’- ’ cu _ i
-- v ’ ’r t t l m - !;t ( l I - — c u r - r u ’) c _ i _ i c u t d i w n i . This cy cle w~ s cm r I- -n e- I  c i v - - u. u ’r~ in-’ c ’ - ‘s
w ith cm -b _ i ’ — h-ai m r shu t ,!r -w r_ i on weelen,!s . l’ -’nch ev e n i r n u -  b’e ’ - - r u - c - c u i t d i - w ’ r , , c- u l u l l —
-owe r e l c e c O  was made t i  J u t e  m i  ne i f pc rtn r mance det - - c u r - u t  i on t’. 1 !  occur r,- , .

T he m i t  ia l ic-fl~ hour  endu i r_ i incu- t c ’ ’ c _i w a s  comp le t e ~l in t h i s
eng ine us ing hC~t FSF and a MI L— L— 21 (t4 ( ’ - - i~ n ine I n b - r i  c -n o t . T i c ,  c - n m ’  i i t ’  ni_’c- u s
,ti scmcser ’ h i le d and in_ i_ ine r t  e,! , w i t O m the fob I os i ng mu St r- c-c not u ’ t  : (I)  c~ -‘‘- i i —
f ic- int in ,i _ i’ c t u u r  t i - i  ‘r i  f i c e  i- ic- ic c - n l a r c e r _ i ( - _ i c t  , which was ru m - b r itt ‘~b C ( 1  fic
ho le l oca t i on , (2) e x c e s s i v e  cy l i nde r  1-or- ’ w i - cu r , c - i c  u- v n - ~ e incc ’  I h~ t O t -  wu - ur
st e - u  a t  t o c u — d e a d  - ‘ u - n t  er , and (3)  c i  u’ n u i fi cant _ i ij ston r m i ’ end— u’ ’m;’ chance
(P . P1 fl _ t u • 012 inch) aS n r- asc mr eJ m i  the cc l i  nuier t uc,re — smm c_ i ” e -s t inc hi gO Ii ncr I
r ing wear . There w as no v is ib le  d i s t r e ss  0C ti ne c l_ iro n t n — _ i ’ i , u t u ’ i’ n m  i ,’ (’s .

The rc cix imum power t ha t  could he developed i v  the engine d o c r e c - ic o d  “cm ’ _ i i 1 11,

10° dc - m n nu the ~h i_ b_ i r - u i r  tes t  . Converse ly,  the fu~~i co nsc ; r- pt  ion rate at  the
constant  ope rat in” load incre -msed muir ,- t t ,an lul ’I uIunr in~ t he t e s t .

Some o f the coven holes in each n n ic c ~ or n o r r c - l c  ‘ i n  r-w tm _ i i b i t e u l
d iameter increases of about iil P~~. Sect ione(I ser- c i m ens (t ; ’ i i f i e - !  by that
shown in N-mire I f - cm)  i n d i c c u t n - d  no c ! m t , u u -o  in t’ m ” ( i - I c - — i  n i t  m lj a m ete r  ~ ‘r a
tvp icc - u l c- ni_ inn’s- - I hole (‘m c c - n j - m m- c u r e d to have t een the c a c e  u- u i ‘h ~\ ‘ 1 -~ 1 ”0P_ 2C
inj e c t o r  tips from the TOM t e s t  w i  tO l4(~ c l - c l ) .  The ca ’~’i t v fc- ri_ inc - ,h l”v t Or’
d r a s t i c a l ly  enlar” (- ! in iu ’c ro r  h o l e — o u t l e t  cmp l ’ir’ ’ire d to 1-c ne-a n y  hem isp he r i ca l .

0 . Fi g t i t y _ luun; r C mmmn ins Tes t ~ u c .1 wi  th !O’ l Pi n ts  .~~ T- ’. Cyc boh cxen ue Oxide

A sr-cr - nil ruin us c - I S  COI1~ let ed in- i t O is enu’ inc wit h (
~~. 7~V ’- cvc lohexene

oxide added to the 009 FSF . Prior to this ruin , new m i s t - u n  nin- ’c were i ns t a l be u ’ ,
a l l  v~-u lves were reseated , rd the cv i i  rider Ii mu-nc were honed -u Ii i”i c m i  tc’ t h e
wea r ste p that devebnp e- i u n ,ur in~ t he : rev i o t us  ron . Ic- rca , ic r of t his  honing ,
the p iston r i n m - s  were looser than in the Previous test; however , this rebuilt
eng ine developed abc -tnt -1 °, more powe r uitu r i nt ’  break- in on uu e at fuel than it di- ]

in the previous t e nt .

A f t e r  the test , the cnn nc-u was  di sassc-n!- u led and ins pected , w i t h
the fo llowing e f fec ts  noted : (I) subs tan t i a l  reduction in in jecto r  t i m ’  hole
enlargement , (2) increased cyl inder liner wear , (3) increased pis ton ri n g end-
gap ch ua nl u t- ( c i i n l u r o X j u  c - m t & - Z v  fl • 0 3(1 inch), c i t _ i t t  (1) extreme bl -ackenin ’’ of a ll enr-i m e
Ja rts i-c-low t l m t- r u n g  (‘c-I t. Tine 1-lick c o b - n ’  seemed to 1-c- cause - I  I—v a t h i n
I c - u v e r  of l_ ii c b ,ier— I i~ e carbonaceous s t ubs t c - i ttce c- ’ n tc t m u - nt -  b ’ r r - t c - _ iu iue ‘m d i rur-u i n
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,‘m~ f d i t ion t - —  other trace met als. It could he removed by ru t - I - in g w i t h  a enci l
em m sc r .

The m’ - w c us  v i s i ” le wear on the chromi umn -— ni cite d pist on rin g
Ic - icc ’ s (some r i rn ,i s hau l los t a l l  of t h e  chr omi um p i a t i n u - ’ ) .  The maxi m u m ’ c - - uuw er
th at could he deve loned !uv the ens’ inc decrea sc u !  by less than al-omit 10- -

d i r  iii - -, tho !~Il— h onm r t ‘-t . Conversel y, time fue l concump t ic-n ra te  c - it the
cons _ i  a nt oj ’-c r i t  i cr -_ i load inc rease ui less than 1°~ dun i i — ’  t he  t es t

u p_ ic - or two ho les  in  each fue l  i n j e c t o r  no_ im-, le t i c -  exhi l  j t e l
d icr’o-ter i nc re  u s e s  n l  a t - i - - m t  ‘

~~~~~ ; however , r im - i c t of  the I-ole si zen were
e ss- - - ’ t  i u l lv  mnc ’c- ’ m n i_ i e d . Sect ioned cc - - ec in c i n -c  (tvp i lied he that  shown in
I - i p c u u - I n - f ) ia d i c c - i t e c l  ii’- c ’u c m n - ’ e  in the h o l e — i n l e t  d i a m e t e r  for a t y p ic a l

- ru Cu mmc m i  hole . The ‘tiil i’ en l u rge me nt  was - ‘ r e a t e c t  c - n t  t h e  out let , w i t h  a
cc - c m r li’ s t r , m i p h t  c” -o - ,t t -  I r ’mn c n  t i m u n i  t o  the cero —e n lan i -e ii- eii t at t ’ c -  in le t.

c . l ij O ty—Ilou r ( umnins ‘lest hn. 3 w ith I- ( ’u’ FSF Ph um s I . fl ’ C c  10—
5 ex e ne 0x i d e :

-‘ t 1c - i~~- ’ ~f l— hu uu - r t est was comp leted w i th a new Cnmmmins \ ‘ ( - — l S ’ -

~I Le S t ’ - ‘ ‘ u i - i - - -  ins i n’  I - ‘ v °~ c’ e lu ’u ’uu ’ ,sene ox ide (CliP) —us the halogen scavenger
:m Ic - i F’SF . c - c - ec nn l s c-n ic- cur ri :cc- ! in T ub- l en  1 3 — 1 3 . The p iston was removed

Ii - -n c - m c i  side u~~ r’ m w  eni m_ i n mc i n!  inspected ‘ m u o n  to the test  in order to
c _ i ’i’ u ri- u ‘~~ t - -“mc (and cu r- i l i t  ion) of p is ton rings used in the engine. The
mni  ‘ i i  oi l e t u u r e e  _i’ u- n ’ _ iui cod ~v ’h. CItO; however , g a s — c hrori ,atogramhic an-u h-cr- c

r - ’ v - ’ i c  I that t e o i l  no I ‘ ru -er conta ined 0110 (or the Ch it_ lid reaction
n r u u !jct ) a 6 t - - r ,S ho - u _ i ’ s ,‘~~+ upem - u t iofl .

Oil s - i u ’ t-l es were withdrawn dail y and evaluated for wear meta l
,- u r - cii ’ in!  ac id  t - u i Ida _ i - , Ir m c u the resul ts  are presented in Tables 1-1 and 13.

Fo l l u iw inu -  this engine test , the engine was disassembled and
ins ruc- cred , w i tl u the f u b l i u w i n c _ i  ef f e c t s  noted : (1) further reduction in

i n i ec tor  no~ zbc hole ect l art-eru rent , (2) ahount the sc-inc amount of cvlin -ler
ii ‘m r wear , C i) c- i t out t O t -  cc-inc t - - p  T) i ston ring end—gap c banu ’e , and (4)

re- c - u u c r - d  (u l- m c’ken inr’ o~ r ’y~ ’~~~~~ (’ c-art s bc - bow the r ing belt , a l l  r e l a t i ve  to the
pr ey i n um s  ruin w i t h  0.3! ( ‘ ! ‘

~~~.

There was v i s i b l e  wear on the chromi um -p la ted  piston ring
(‘c -i ces ( so r t- ninr’ s hai l lost all of the chromium p1 _ i t i f lu ’ ) .  The rmc ux inur ’ power
t u i c - i t  c ru nC h ~~ ,!c-Vc- ]oIiem I (iv the engine decreased by less than al--out 2” -

d ur ing the h u m _ h o u r  test . Converse ly, the fuel consumpt ion rate at the
cu ’n m t s t a n t  operc i t up ’  i m u ’ i l increased less than 21_i dun ni_ i the test.

uI;iri v of the fue l injector nozzle tip holes appeared to he
about the Sc - mi c e di c - u rimu -ter as ti to se in  the origina l nozzle. One or two holes
On each injector ex hib i ted diameter increases of about S0~ . Sectioned
s :uecime n s (typ i f i e d  hr that shown in Figure 16c) indicated no change in
th e hole -inlet di -ir uet e r for a typical enlarged hole. As in the preceding
t e s t , t he c un ic i rgem e nt w as ut reatest at the hole outlet , hut with a nearly
st ra ight t r a n u c i t i o n  to zero-e nla rgement at the hole out le t .
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d . Cummins Endurance Test with BCM FSF Plus 1.5% Cyclohexene Oxide:

A fourth test was completed w ith a new Cummins Vf--l55 diesel
engine using I. 5v °i- cvclohexene oxide (OlD) in the BCM FSF . This test was
intended to he an endurance test terminatin i’ at the end of 400 hours of
service . The 1 .5% 010 concen tration was chosen because of the progressivel y
decreasing hole enlargement observed with 0, 0.5, an ,l 1.0% CuD (Figure 16).
Un fortunately , at the end of 114 hours the engine began to lose oil pressure
and the power output dropped off, thus the test was terminated . Subsequent
inspection of the disassembled engine parts revealed the cause for the oil
pressure decrease was probably the excessive in-service wear of most hearing
surfaces in the engine . Inspection of the i n j e c t o r  ho le s  showed en la rgemen t
up to approximately 50% on a few holes but the majority were unchanged or
on ly  s l i g h t ly  al tered , The enlargement occurred at the hole outlet and was
similar to that observed in earlier inspections on previous engine tests.

Eight-hour oil samples were drawn daily from the engine and
evaluated for wear metal content and acid build -up , and the results , summarized
in Table 16, show that the wear metals were excessive and the acid number
was extremely high , thus providing an environment conducive to excessive
wear and/or corrosion , leading to probable catastrophic failure .

3. Single-Cylinder TARADCOM ER-3 Engine BCM FSF Compatibility Tests

A series of six 40- to 80-hour tests was conducted with the
TARADCOM ER-3, single-cylinder , four-stroke cycle , diesel engine. The study
was conducted to evaluate the effects on fuel injector nozzle ti p hole
enlargement and piston ring distress of using BCM FSF with and without
halogen scavenger in the fuel and/or lubricant. The mechanical effects
observed after these tests are summarized in Table 17 , and the results of
the lubricant analyses are detailed in Table 18. For each test in this
series , the ER-3 engine was (a) rebuilt to include new hearings , a new
cylinder sleeve , and a new piston/ring assembly, (h) installed on a labora-
tory dvnamometer test bed , and (c) given a standard break -in using neat
CAT l-G/l-Il reference fuel and the same MlL~L~2l04C lubricant as that used
in the multicylinder tests. Also , to prevent contamination of the labora-
tory and/or its exhaust dilution system when operating the engine on BCkI
FSF , a commercial exhaust scrubbing device , having a maximum gas flow
capacity of 2.27 m-Vminu (80 cfm), was inserted in the engine exhaust line.
fluring the test series , this device required extensive modification to main-
t i m  its reliability and efficacy. The fina l version of the ER-3 exhaust
system is illustrated in Figure 17.

Because of the vulnerability of the exhaust scrubber to high gas
temperature and pressure , it was impossible , wh en selecting the constant
operating conditions for the two TAR,ADCOM ER-3 tests , to duplicate or even
simulate , those of either the AVDS 1790-2C or Cummins V6—155 engine tests
on BU-( FSF. Thus, in order to meet the scrubber requirements and yet provide
a reasonable  f uel in put ra te and low smoke , the nom inal  opera ti n g cond it ions
selected for both of the TARADCOM ER-3 tests were : speed , 2200 rpm; fuel
rate , 4.3 kg/h (9.5 lb/h); jacket temperature , 85°C (185 °F); sump oil
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erm -cratur e , S5 °(’ (l~ 5°P) ; i nta~ e ai r t t - nn myeratn J re , 52 °( ( 125 °F) ; absolute
intake ai r pressure , ~~. 1 b i , i  ( f l ,0 in. b i g ) ;  a r i d  t 7x u i:i lS t  bad pressure ,
mi niraim .

a . I,l~-~ [nc- inc Test s  No. 1 and ~o. 2:

The firs t test w a s  con hicted ‘an ran lv to deterr’i ne t e
e f f e c t s  of Rm”! [Nb’ or_ i i n ie c t o r  t ip hole enlargement and d i s t r e s s  of the
chrom ium plating on the tot’ compres sion- an-~ oil-contro l ‘aistor rin g s .
The second te-~t was sir i h r  to the ‘~i rst test , ‘~ut m ’ i  t h ‘a . Sv - C1IC a -I led
-as a halogen scaveni’cr .

A l though the durati on r-f each I ~~3 test w -’n c scheduled for

~0 hours , the first one , whic h involved the use of F~ ”~ 
) ‘ ~~~~ ‘ wi t uon it Cim ’ ,

was terminated at 60 hours due to t ime ~r~iu ’ual develo p -”r imr of :i ‘
~fl

’ n u u -ue r
los s. Parts inspec tion after the fi rst test shot-: - ~

‘ m ” fol lo w in c- :

Inj ector Tip — ‘bost holes had shal low craterin c’ at the
exit , hut the rn n i r u m  lU ’ s of -all holes were the sane as
new. Spray pattern (li quid in ec tion technique) showed
:P - i uut  30’, ‘u - ” ,’ -te net rat ion ‘ro-- t w o  holes than when new
([i--ore l~~).

In iec tor Pintl e - Jvidenc e of _ iu re cmna ed corrosion over a
sc-al ) area of tb-ne upper sur face .

Ton Piston ‘~ing — .N7 .~~~, increase in enm1 — ~ an and noss i b l e
f i l m dep osit on chrom’-ed face.

Oil Control Ring - ~~
“ increase in c-rid -u-a r - hut no chromium

distress.

Cyl i nder L iner  - Bore wear over top ring travel ranc’ed
from ‘a 1 - 1 2  mm (0.0056 in.) at top to ~•fl559 mm (0.-_’)022 ill .)
at bottom . Heavy black deposit covered entire area above

4 top ring travel .

Pis ton - h eavy black deposit covered entire fire land ,
hu t skirt was clean.

Inspection of parts after tim e ER-3 80-hour test of BCM [SF containin g ChIC )
I t e s t  ~\ (n . 2) revealed the fr-i lowing,:

injector Ti p - Only one hole had sli gh t craterinct at the
exit , but the minimu m 1I)’ s of all holes were equa l and as
) (~W . pray Pattern (liquid injection technique) showed
no significant change in nenetration (Figure IS).

I njector !‘intle - t-~~rm- distress as noted in test without (‘110 .

Top Piston Ring - 0% increase in end gap and poss ib le  film
(ICI)’asit on chromed face. 

- ‘- - — n’-- ’~~~ -~~n-~~~~~~ - ~~~T
’ - _________________  4



I1~~~~~~~~

i_

~~~~~~~~1
‘~. b \ ~ \ u/ / I I  I - IIi iI i-: s II\’— ! 1 1 1 1

~~~ P
4 ~~_i, _ ,~’~’ ‘

-

~

-

t

t , u I I ( ) I  I- - - i t ’ ‘.1 S b u u I I flI I ’ S III \I I — SI .1 Iii )

111 .1 I~I I’-- sI’I~ \ ‘~ I~\ I  II I~\ 5 I - flI-~ \ \ I V ~’ NO//I I \ \ I) \ i )/ / I  I ~, I “I I) ’, % l h h I  NI \ I  III 2
I’I 1 s III \l \ ‘—.I i h) b ( P1 Is  ( I i i )

‘~~ - -‘~~~~~~ -‘- - ‘ - —- —‘- — -— -—— -—



s-----

(ii I i not c--I !tj i , : ’ — 3~- ncre a cc in end Pip amm I no ch n’ ’ i u rn-
d i c t c-c- s -:

I ’ v l i _ i m , i e r Linu- r - Bor - w o a r  - vc- r t o ; —  rin:’ trav el ran~ r- -I
fro m ’ I- 1( -- n-n (fl.I1 ” l - 1 2 in . )  it t r-j u to  0 .012” min i (Ct . t) fn P h in.)
at  b o t t o m - . l~ -ri v v b ’ 1iuc ’~ dej uo s i t  - )v l ’- r ( - - t  ‘ ‘ ‘ i t  i c -  u re a above

top rin- ’ tr avel .

Pist’an — lie -ivy I- la c k ‘ ! e u c u s i t  cn~ erel entir o fire la Y - - ’ , an I
an t i t h r u s t  s ide  of s~ i rt h-ad some Ii glit la c - C u e r  (ac -  ‘ - i t  ‘a . fl~~

P.S CRC nm - crits).

Spr:iv pattern tests (l i - 1ui.! t ec 1-n i oinc- ) i I I _ i i s t r - n t u  ~ i n  i u re 1 5
ind i :ated -Icterior :tted spray ul ist r i l u i t ion i t - cc - ct rat i on  rH -n t i v -  t - u  those
of a typical new injector after the first t e c t ([(“1 I S!’). The -:pr’i y p att c’ r’rc
obtained after the second test ( PCM [SF plus - i , 5 °~ PlIO C indicated that the
spray distribution and penetration were al most equ ivalent to those ~ a

typical new injector .

Based on the above data , it is cvi  c- nt  that the ad - b it ion of
0. hv~ CfbO to the 13CM 1SF reduced injector tip hole cr-’iterin p , improved t h e
final fuel spray pattern , and reduced cylinder and p is ton ring wear in the
TARAI)COM FR-3 engine when used under these test conditions.

b. ER-3 Engine Tests No. 3 and No. 4:

Tests No. 3 and No . -1 were conducted to investigate an
alternate halogen-scavenger , lest ~

‘o. 3 used 13CM FSF containing I).Sv °0
Ami ne-U , a halogen scavenger representative of a class of heterocyc hic arnines
re f erred to as substituted inu ida zolines . The primary objective of the test
was to evaluate the anti-corrosion potential of the Amine-U with respect to
the fuel inject ion nozz le  tip arnul the chromium-plated top and oil c o n t r u l
piston rings. Results are summarized in Tables 17 and 18.

Originally, the duration of th is run was intended to t - c -  80
hours; however, when periodic anal yses (by XRF) of used oil samples in~1i -
cated that the iron conten t had increased from zero to h-Sn ppm in 40 hours ,
the test was terminated at that point.

Post-test inspection of engine parts revealed the following
for test No. 3:

Injector Tip - One hole had i r re i’iu lar , o f f - s e t  cratering
which may have been due to a flaw in the metal rather than
to a fue l  corrosion mechanism. The three other holes were
not distressed at the exit , and the m i n i m u m  ID’s of all four
holes were equa l and the same as new . Spray pattern (liquid
injection technique) showed penetration from distressed hole
was about 25 % less than norma l and from each of the two
adjacent holes about 50% of normal. Penetration from the
fourth hole appeared normal.
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P In rector Pint ft — No me d ian i ca l  d i s t r e s s  s i c  cv i  dent ,
- tb -n e 1 - , u~-, ’r steni had sli °ht corrm - sion. Also , t h e  d i s c l u : i r s - e

t i p ad a -lurk 1 m- ,’ u uuuc’ r — t v r e de çu o c i

Top Pist il Rin- ’  — 2i~ in crease in end- c-au , hut no corrosion .

- 2 5% cold-stuck .

u n I u ’ :~m m t 1 ( 1  F” in ,i’ — No increase in end—-’ i~ ‘in - I no c o r r n c i o n~

‘ u n d e r  L iner - Bore wear over top rime t ravel  ranic ’ c-d from
I i ~~ lh nm H ,0i ( in . )  at to- - to fl .~~

)2 5  mm 1 11 .011 in.) i t  h o t t - -ir .
Ile av v bl ;u cb , dec-os it covered en t i re  area :nhove top c - inn
tr :nvnl

Pistnr -i — No rmc’-c hanical d i s t r e s s , I-nit heavy b lack deposi t
covere d en t i re  s i I c  area above th i rd compression ring.

t—i nce it wis uncertain whether the cratering of the ~inctlc -
hole o ” t he lr-u l e c t  - - r  t ip  in ‘he In— hour tes t  w i t h  13 (”l hSF containing 0~
- ‘caine-U w a s  due to co r rosion d i s t r e s s  c- t o  a manufacturing flaw (althou gh
he 1 i t  ter was St r o n n m - ) v  c-isp oc t c- 1 1 , it wa s ~1ec ided to conduct another EP- 3

engine test w it h th -- }; ‘1 [SF , - - n t  c i s  time with 1. iv ° ‘ur ine— U instead of
- u . hv i d l c d  to t ° ‘ - fuel . - ‘cu -a in , t h u  durati on of test was scheduled for

- u ,~’ s

Fronu the - - at set , this evalu ation of Rfl-I [SF w i th  the higher
dosage -m ~ Am in e— U wa s ch- iract u- rized by -ihnorm a i oil consununtion and generall y
higher than usua l h low buv rates. For those reasons , which suggested high
wear of the cylinder liner n i P / a r  p iston ri nm’s , the test was terminated at
55 ho i n rs .

Post - t e s t  inspect  ion of c - n c - i n c  pa r t s  show ed the fol lowin g :

In u - c  or ijj~ - Ni- crat cc - i nn ’  or “be hl — r ron i t h i nm i - , ” of any o f
th e  ‘o r  °o l e c , rh e m ir i i raiirr inside diam eters of which were
equa l m d  t m m e same -is wlmc -~m new . Spray  pa tt ern ( l i q u i d
inj ’-~ t ion technique) was essen t ia l l y  uniform and norma l
w i t h  respect t o  penetrat ion and plume intensity.

1 r ; e c t u r Pun tle - ~1ore corrosion on lower stem than with
v ’ -‘cc - i  nui - — ’I, I- nit no lacquering of discharge t i 1 .

Top P i s t o n  Rin c ’  - h~~ increase in end— i’m , h u t no corrosion .

Oil Contro l Rin ,~ - -1 ’~- increase in end-m tup , hut no corrosion.

Cylinder Liner - Bore wear at l .I ).C . position of top ring
was  0. 1 1 7  mm (0.005 in.). heavy blac k deposit covered the
entire -‘area above top rinc ’ tr a vel.

Piston - No mechanical distr ’-sc , hut heavy black deposit
covered ent i re  side area above third compression ring .
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i - t i c - t  i n n - u ’  i nspe( ’t ion of parts revea l ed that t he  v a l v e  s t e m —
to- iiiule c l e a r a n c e s  w - r e  within allowable limits; however , i t was observed
th at a proove in the crank shaft (an the line of contact with the lip 0~ the
rear main sea l had uleepene d si gni fic -ant I>- durint- the c o u r s e  of this series
of b’.1”~ 1St evaluat ions . It was coiuc I nided , therefore , that the abnorma l ly
in i p m u oil consumpt ion !urin-’ the t e s t  w i t h IIC~-1 p lus 1 . ~v °~ Amine — U ha -I been
largel y clue to leakage caused I-~ exces s ive crank cia It-seal 1~roove enlargement.

c . iF — S  l u p ine l’ests No. 5 annA ~o.

A repeat t e s t  i n vo l v i ng  the rise of lP ’
~ ’ ISP - ,‘1t - 4~~ t he u i c i i —

t i - u i  ot ~u 1 c o n s~’av cn u u’e r s-i s conducted in t 1 o-- ‘1 ‘ch,-\I I ’ P t  I R — S  sin c t l e— c v li n cle r
d iesel engine . This renc :ut tes t  was i ntc-nuled to either yen Iv or re~hn t e
the rv sun It s o - t t ii inc- i in t he i nit i a 1 [c- — ~ enc’ i ne ova I cia t ion of t h is fuel
it ma he rev— d Ied tha t  the f i r s t  ruin h-i d h~~c-ii c ha rac te r i  : - - ,I by numerous
a n ;  I c i i i  by unsch ’dii led shut downs because of exha uic t ‘as ~c ic - il - I - er m l —
f imct ions , and i t was i’c- i t  t h a t  those interrupt ions -‘- i pht have a ffecte
the end results of that t e s t .  In v i ew  of the fact th it t h u  scrubber em blems
we re subsequent ly r eso l v e, l , a reevalua tion of  the s t ra i°ht  UCM [SI’ under  the
sac -c- test conditions was considered necessary and appropri ate.

The scheduled iuar ,nt ion of th is  t e s t , l ike that of each of
t he s i n r le — c v l i n u ie r  I1C’c’ [SF eva luat ions in this ser ies , was SO hours.
Howeve r , at dii hours the engine grad uall y be an to lose power , so that ~

- -y
I- hours the loss was — ihout S ’ % . ‘Ihe tes t was terminated at that point
bec ause the engine cooed (P200 rpm) could no longer he ma in ta ined  due to
the drag imposed by the cooling water in the we t  c a p  of ’ t he dvnaniometer .

Since neither the hiowby nor oi l  consumption ra tes had -cen
excessive , it was sn sc -e ct ed that a ch an - ,e , suc h as hole enlargement , had
develon -d in the fuel no::le tip to  delet erio cislv alter the Spray pattern
an d consequently reduce the power output of the engine . Thus , a f te r  stonn inc-
the engine , the no:zlc tip w a s removed , so f t -w iped to remove carbon , and
v i s u a l l y  inspec t ed . The exit diameters of all holes appeared norn-a l. Since
t1ue no ssi l-ility remained that the tip had experienced ~~~ c”~~ 

- 

- ‘istre ss ,
a tip having a known , i-norma l spray pa ttern was substituted , and , the engine
was restarted (while stil l warm ) and broug ht up to test condition s . The
resultant brake power w as only 7°~ le ss than that obtained with the original
tip at the start of the 4(1-hour test . Immedia tely after stopping the
engine , the original nozzle ti p was reinstalled and the engine was then
brough t ni p to the sante test conditions again . This time , the b rake  power
was about 18 percent less than that at the start of the -11)-hour test.
b )es Inite the renewed ;iI - i l itv to maintai n speed by virtue of a reduction
in brake power loss (i.e., from 57% to 18%), it was co”ncluded that the
flow characteristics of that tip hc:-d deteriorated since new and that con-
tinuation of the BC~1 [SF test would shortly result in further loss of power
and speed .

Using the liquid in je ct ion techni que , a photograph was then
taken of t in e spray pattern oi the fue l nozzle ti p from the 40-hour 13CM PSi’
test. This picture showed essentially equal plume intensity from all holes ,

-
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but the s n -ma y  penet rat  ion rom one hole was .i iu o’ . it Sh~ of normal , about
S~- of norma l from an ;nJ a c u - r u t  ho b e , and rio rm’-a 1 from the rem-em in i ng t we

Subseq uen t I - , the t i e ‘mod p int l€~ were examined under a n- i ur n—
S c u u~ i’ . Thi s insp e ction revealed that t b -  ex i t  diameter s of a l l  t i p  holes
e d  t he surface s o~ t he m t  ln-  w ere  I c  u - s . The no zzle ti p sac then

- c - - i t  n i’nie l on the lonc’ i tud ina l  cc- nte n- l the oi t ic- hol - t h  ut e t i e  In - - i s t
- u r:i~ t r 1 ion ; , and c- hot oat c ri) ’ r:up l m u - i . ‘tin j s Ic t i  i 1 c i i  p n ci m ire sb n-i- ’ I

t he h- ic wa s t ap e r e d  to a s Ji - - h t i ~ ’ I ir g er entrance di i ; ’- - - tc ’r .

The },F- 3 engine was di sa y- -;e~ !-led for inspect ion of n;irts
h i ch s i aw e d  t hi’  t’o I low i ng

“ci’ Piston Rin~’ — ~ increase iii end— ~’-’mn . A l  so, sl i glit
c I; rn’ e ~

‘‘i c-c we ‘i r bnn t no ca r ro Si on.

Oil  ant ro 1 !-‘ i n’~ — No i i-nc rease i p end— p i t a  mn~ no c h ronr-e
d i s t r e s s .

( v i i  r i - cr Lcn c ’ r — ho ne we:i r - i t  t o p  of ri n- tr avel s- m s
‘ i,’ c - i  mm-; I - u dS in . ) .  A lso , he avy I - l a c k  depos it covered

ent i re  ‘ir-” a above top of rin~- t r a v e l .

Piston - Heavy b lack deposit  covered ent ire ci Pc area ‘a bove
t hird co me ress ion  ring; o t h e rw i s e , the piston skirt w a s
c lea n .

t O  resu l ts  o~ this 1( 1 _ hour [0-3 eva l uation of st rd i’ht 1C” [SI’ w e r e
c’omba red to thos e  of t I e  ini t ial h i_ hour , interrupted t es t  w i t h  t i c -  c a m - c
fue l, tI c - data from the current run di ffe re - I  iii tb - ut

a . The overall average brake horsepower output level  w a s
al-out R~, less ,

I - . No signs of injector tin hole c ra t er in g  were r -v id c n ;t ,
and the post-test spray ç~ ttern ~as more nearly norma l
from a ll holes ,

c.  No corros ion or other distress of t n ne i nj e c t o r  n m n t l e
s-as found , ann!

d. (vlinder and piston n ut’ wear wac ic -- is , but di cn ’iro-
pOr tion .~lly  so.

Following thi s see n-I aborted run on stra i ght [I’M IS P , an Rh—hour test
(Sn . I )  w a s initiated in the I fl— 3 enc’, ine usi ng b~ M ~SI containing 0. Sv~
cyclohexene oxide ([HO ) and a ~ lL-L- dl )-tC , ~‘uI 30 luhr i cant cont ain i nnz
5.hvt. epoxidized soybean oil ([SO). Addition of a material havi mw a f lash
point of’ açm prox inr ;m r clv 3J~~~~0 (~ ((1111 ° t ) and react ive  with 111 1 seemed to be a
v iab le  ce lut  ion for u- ’-d; i c in g the ac iJ  1-ui id— nip in the eng ine lrihric ant.

The operat ing schedule for this test consisted of I(-i con-
secutive hours per day s ta r t i ng  at i- :Of l  AM at which  time new oil was added ,
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i f  net - P d , t o  re s t o r e  t he m i t t - i l  c u u , n r . c l i - c ’ - ~~. l a t ’ ! - , m c -  a n i t  n1sr 1 ‘ i i
5:uTlc ’ was w i t h d r a w n  tm’ n ’ - n m h - -ii - ’inie g aller y at about ~ :n(l  ‘1 and just

-r i - 5 0 - u t  ,~uu51i . Thecc- sa;’; p l - c  sen’ c - m i t - n  l~’:ed [or 1 ~h , 1 nh , and s o - m r
u , ’t  u s  c u - ; u t e n t  ! v  \ — F i n  flmn -r - - s c c - - ’ r e t - .

I- ’u t ’ ’ - -  e~ d n~ hou m’- ’ of S
e~c t , the c - m u - - i n c ’ s r a k e  horse—

c - u sc r i v n t r u u t had d r ui; i ; n - u ‘0 -ii~- of’ i t  ~n i  I ia I l e v i- I au.! 5 e - d  -n - mid no
lon ger i- c mai nt ai in - I . Sinc - in cth --r respects , r h -  oper at in g condit lori s
n ; ’ - ; u - . m r c J norma l, i t  wan c u u s p c - c t P t I  it  - m p rob lc-m- had deve lo ned in- the  ‘Hid

i u u  - ccl ion no:z le .  ‘i’h is , mid er w i t h d r a w i n g  a min ed oil sample for anal ysis ,
tic engine was s t o a p- -d and the no:~ he n- ins renioveul for i nspec t  ion, it w ’m s
lu nd that the p int Ic had seized in t h e  t i p !OuI\ ’ , I - ut t u(” tip exit holes
d i d  i - I  m m -pe ar to he blo c~ cii or e n la rg e d . ic-o~ f ree inu’ t ~ pint Ic , s nii’m 11
- i r e :m s  of  corros ion s c m t -  u v id en t  u - n both t he  upper and lower porti ons of
the p int le  as we l l  as t a c k s ’  l a c - i n e r — l i k e  d e p o s i t s  on the needle and low-er
ct em r ar euc .

Since ti-n e pri marc- p- u r n - u - c c- of  t h is  t ‘-n t sac to  evalu ate the
ef f i c a c y  of  t he ISO j im t he lui ’- r icant , a ties- no: — I c  ti p assembly s-ms inst a ll ed
to ;- v r r m - i t cant m m m l ion of t im e test to  Hi hoa rs .  °emmr ~w iui ic , a m ic roscope
e x u r  I len t i ‘an of the removed t i p confirmed no e n l arn-e r n e n t  ~~~1 th e fuel e x i t
holes ;m nni no other exter ior di n t ru -c s . - m on re - c us s i nil’ the I r-- c~ w i t ;  this
new i n jec to r  tip, t he pow -r output w a s  [ac-n i to 1 e c--stored to i t s  on g in mi l
l e v m ,- l .

Al though the operat ing co ni di lions - c r - -  simm j o t -m i n e d  t h r i n u igh —
‘i nt the remaining 4(1 hours , excessive o il consumption . to t he ex t e n t  o f
los ing  over 2h°, main oil pm esssi -e , and r e q u i r i n g  tin e total  add it ions  of
2 .-u kg (- .3 lb) new orilcup oil to restore the stan- 1 ard 5 .° kg (13 .0 iF)
ub-lrI- e , s un s experienced during that period . These oil makeups , amountin ut
In 0,7 k p (1. 5 11m ) at  IS hours , 1. 1 hi- IS .’) I i )  at f 3  hours , and 0 ,5 k ;

(1 .5 Ib) i tt  71  hours , crea te d a “sawtoo t h” e m’fect  on t ime c - l o t s  of ]A N
and 1!iN va lues for the t w o — r i — d a y  used oil s a m - p Ies , t hereby obscuring the
influence of iSfl on i~~h increase and 11N decrease. fiis rtc sem h lv of the
eng ine af te r  tes t  revealed the fo l l o w i n g :

Iteposi t 5 - d are than usual granular carbonaceous depos i ts
were found on valve deck  and rocker cover . h ard carbon
depOS i t s  had formed on va l ve springs , rocker  componen ts ,
p isto mi fire land and cyl inder area above top ring trave !.
Varni sh spo ts  were present on both si - Its of pis ton skirt .
( a rhon u l e P os i ts  were present in mml i  p i s t o n  n fl- ’ grooves
rind on all ‘ands. The second and third compression r ings
were sl u gm- i slm in their grooves.

Chromed Rin gs - No corrosion was apparent on top r ing but
chromed face was badly worn . No corros ion or other distress
of chromed r a i l s  o~ oil con tro l rin - - occurred .

‘it her R in~ts The second and third comrrnress ion rings were
worn.
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l n u c c t m I ’ u- . , )  — The p int Ic o~
’ the repl ac e - i c -n t t i p s u n

on u - ’ apper stem about the same a~ the f i  r s t
I- ut corrosion of’ t I n  lower stem an- 1 needle areas s- mi s con-
si derab iv less than the Oj  rst

1 . biscussjon of  ~~~~~~~~~~~~~ mi n i - I  l;R— 3 I n m i n e  Tes ts

I xha ni s t  e m i s s i  outs tests did not Iri u li - :mi t e any s m i b s t m t n t  ial di f fe r?nccs
1 m m the mu mu t i n r e  of th e  1 m- o rs i na t ed  o rcan ic  c o n s t i t u e n t s  from -- sing l e — u v l i n ~1er
v e r - c u n  multi — c v i  intier en u - ines ([LI v s .  Idimnn i n s )  operat i c- c on BC~’ PSI

I ic ’ht v-honir tests conducted at a r’-mote s i t e  w i t h  RC~1 ISP in a
n- alt i — c y l i n d e r  emm i’ine (f umm ins \‘( - — l 5 5 )  re n rodunee - I the i-now-er loss ani fuel
injector no::le hole enlargement problems (butt not ti-n e oil-contr o l piston
n on’ chip 1 in-’ or tIne fuel injector valve s t i c k i n g  phen omena l t hat had been

- ce rved in the •t V i i S I 700~ .~( endurance test.

Subseq uen t engine tes ts  us inn ‘1 .5’ ar.i I. Pt CIhO added to the
hg~i FSF demonstrated e s s e n t i a l l y  no power l i nss rind c u hs t : m n t i a l l n - reduce d
injec tor hole enlargement , with t i me 1~ Ch’() t e s t  producinn’ less enlargement
t itan t im e 0.3 °c [ hO t e s t .  However , each o~’ the i;f~~’/Cii1) tests resulted in
w r i s t  pin h ushing w e a r  an~i somewhat more p is ton  ring wea r than did the S~
i~~

-
~ ISP t c - m t  . -~ fourth t e s t  was c r ’n , t uc te d  with th is mmml t i  —c ’vl m ien en m’ine

w i t h  I . S~~ [11(1  in t~’e ~~‘q p
~

p , an d t his was intended to lie an endurance
t e s t .  \~ 

5(i hours , t he developed power was ‘al-nut the sane as at the
be ginn in g of the test , and other measures of pen -fornance looked good.
However , at Il- i hours , i- he o i l  pressure was  decreasinc’ rapidlY and he caim e
t m-s low to al low c - - n tin uied r-nnnin g . Post-test insncction revealed severe
w r i s t  pin bushing wear and a lso  subs tan t ia l ly  more p i st on  ring wear than
hi t  ohst- r -~ed with the shorter 0 , St or 1,110 - ChIC) tests . In effect , for

t h i s  m u i t i - c -~- i inder en g ine te st , the ChIC) add i t i ve  ap Pears to have served
i t s  i n t , l ; J c S u l  r’umiu c t ion of pro tec t ing fuel in jec tor  no:zle holes from corro-
s i c - n- ‘ - u i a r l’e n ient , ! - u m t  rut the same time , it m m m c m i  mc to have crem it -n I an

— mu c cu - ler ated -w ear- cn n iduuc jv e environment .

S imn il t mmtuc ’ uummc 80—hour (or l ess )  t e s t s  conducted in the laboratory
with the  single — cy linder T-\P-\tid)M IR—3 d i m -se t  eng ine produce-i resu l ts
somewhat contr - umi id  - - r v  to  those ol served during the mu l t i—cy l inder  engi r ue
t e s t s . It ~as not unexp ected that resu l ts  i hta ined w i th  the s i mus ’ l e — c y linder
engine would he differen t from those generated by t b e mul t i -cy l inder  engine
-ec um us e the engine pa r t s  were nra le of d i f fe rent  ml  loys , and eng ine u- c - c r a t i n g
conditions werc- di f ferent .  This test series did renrodnmc e the fuel i on  ector
valve sticking prob lem , but did not reproduce i- h i - fuel-injector-no ::le hole
enl -i rgenr n-n t or u i - c o n t r o l piston ring chi ppi nc phenomena observed in the
Avl m ° ; 1 ~o- c— 2(

’ endurance test . The add it ion of 0 . 5t [HO to the hi[kl PSI
significant ly reduced the amount of piston ring/limier wear , in contrast
w i t h the multi -c y linder engine tests where the opposite ef’fect was observed .
However , th° f u i c ’ l injector valve sticking problem w a s  not alleviated 1w
the !resence of (:10.

I.. ‘- !etal1ur~ ic ai Considerations

Severa l ory min I r at  i arms knowl cdi-, cable of t i - c  meta l  l i m rg i c a l  aspects of
co r r un c io n/ c r o sio n  phenomena were  c o n s u l t e d  during the earl y phase of this

(‘(1

—

~ 
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- -- rr -ti c’c’ ~ ac ’ i on -mn ’ - m m mi-- , ‘Il ue :i -~ c j S t m m m , - u - n  ~- s- -u s - - rr - - n l l v  r - - i n c s t e I
- - ° , mu d a t m  u - n  -i - -’ r u it  n - c m - ;  i- c- n’ - - c -~o t m u  I ci c ‘m l I ! . l i c e - m e  i c -c h ided

r m u m u b f u r I  ‘m rsena i , \n-iu c i  - 1 m m  I~~s e u , no I mi d i n - n i h -n en -- o il - - t  , m i n I  1 ~P-\ l ) (  0” .
Pal law iO u  i cc - - I  i n -- s Y ‘ icc -c - s n t  ‘I) C ’  - - ~‘ ri ii u ri~ \ ‘‘l’ - , t he consensus
cm - - : ( i i  im - a t eri r u l sc reeni ni- tn - s s amn - lim i t -ri il ‘ a C C (  m - t m , n c e  cri t er i mi  c 1 m - s n n l u l
he deve l an -c l as coon is ‘~~u - m ç  1 n l i ~~, () -~ 

- I íun hurnc~m i - c c  1 i ng ( 1  eandi u i it t ~
- - n t ~~ n j m u i s  y m - u i n ~~~ - -or -i - - ncr  as coo p ‘ a s p - c - ~~ib i i ’ . -n od ( 3 )  m is l i k e l y  i n ne c t o r
can di l m m t u -  n - u i  e r i - i l c  u r ’ ~- - ar , t hey ~h um -, n m1ul ~~ rr- -~ 1 ci t o  ~n - ’ - r ir’ --un Ih-i- ;c h for
m i  tim u l coi n ice : in- ’ n -~ .uhi i m i t  on mm - i n i l  t i m - m m - c  ? u m r i c a t  j on  for the \ \  I~~ l71” —
2C er mi n e  t’,a m m i l — . I I u wc - - c - i -r , i n n ’ n - n l i r ; -  ~t - r  ti g cva !m:at n un S , using improved
c o r r os io n — rn- ;  i st miflt ‘ ip n-n m~ - - r  i~ Is , 110 - - n u i ’ t m d  t ‘ m i L R I .  in the
‘~~ n ’’~-~ u ’’ 1 P— h i - - h —  m i t -  m~ c i r n - - l e — c v l  i n u e r  di~~ce l  eng i n e , i3ecmm t~~c of a one—
year de v elnu m ’e n i :)e~~m Od r- ui ‘- nm- d l v  \ - “ r ic- i n bosc h , i’ would not be POSSi -

ble 1 (1 cn r i iilm -t e sunc u t c ’ ~ t S  n u l l  s- n-c - t i re  - l u i r i n -  I y p ’  im er -onst ra tjon of
m m - p r o v e - i  i n - - c m - i n -  t n m  pen m n n c c - in t i n s  e n e in e S illi -- r avide added con—

n :ence t im m u t suc - f u  mar cn n :m I s -~ or I i  f n n n i c ’t ion a c c e r u  t ab  l v  i ii t ine -‘n t i S  1 790— 2C
engine.

l ach oc -  II t - m n - n : z l e  s i c - c - h ers (Amer ican [(osch :uni ~u [ummins) furnished
t h e  bas i c  i l i a c -  c - i m p os i t io n  c u r re n t ly  used in h is  i~~j -- tor tips . Further ,
e r i c : ,  s t ’ a t ed t h u t  he n - -m i I coo pera te  in i mm nnrovi nr~ t he Lo r res ion res i  s t m f l c c -
o f his i n ie c t io n  equipment. For cef e rence pun-poses , the i 1pntf ~ an-i
nio n- ina l co rmn jnssj lion (when- rmv a i imninIc ’  to  ~ 1m I , gL)  of t I c -  c’ -m r~ ous m m ll ovs in c h n ud no i
in fuel injectors of i mn - rm -e~ii at e interest t o  the h(~ i -~ - i research jnron ’ r mm rn
are snmm um mari zed in Table 11).

I- 
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T he composite r e s u l t s  of ’ t he i ’- -i reeo ing re sea rch r- n roc lrar - are summar ized
in Tab les 2 1 , 2 1 , m m 2. I.ach f l i -ure i t e m i z e s  t hu four problem areas:
i nj e c t o r  u iozr le  hal” e n l a r - - c m i - 1 t , i n n e c t o r  va lve stnckin g , oil—c ont ro l
p iston ring c 1t i pp i mm -  , mmmi i m c - u ’e 1 erar ed - i - a r . lull r 20 show s the foe I rind/
or I ohm cant modi ~~i cmi i  i Ofl i nvi St i ut u t n ’ - l - -r a l l  Cvi it i ng eric- li problem area ,
t he observed effects related to t ’ — e p r - - i  he m - n area , an d f i n a l l y ,  any se con-
c larv e f f e c t s , For i nj e c t o r - n o zz l e  hole en l -u r~- i-m nm c’nt , propylene oxide halogen-
sca venger w a s  found to 1 e eiIn - c t i yr ‘ u m r  r ’ - mov t n- ’  l u v I rocloric acid from vapor
in the developed corrosion te st; 5 --w ver , - .  n — roved ! to -c too vo la t i l e  to
use as a d iesel  fuel m m d d i t i v e . Conseq ue n t -i , c v c l m - i u -xe n c’ oxid e halogen
sca venger w a s  se lec ted  as i-Inc i n  I ~d- .lit i ye and ~ us fou nd to subs tan t ia l l y
re duce n o z z l e  hole enlargement in engi rm o test~- ; 1mo~ ever , i t produced acce-
lerated wear of eng ine l u rts . Time in ie ctor vm m l ve sticHo-’ problem observed
wi th the [R—3 engine sm i s attac ked l v  tht use of cv c l o hexene ox ide halogen
scavenger in the fue l. How e v e r , t his ad d i t i v e  hid no e f fec t  on this nroi-lem .
Oil-con tro l piston rirn’ chipp inm ’ was not observed in any of these engine
tests. Alleviation of accelerated wear w a s  approached by employ inci epoxi-
dized soybean oil in the lubricant . During in i t ia l  s t ages  of the engine
test in which this additive was employed , increase in acid number of the
lubrican t was retarded by the presence of the additive. However , subse-
quently, the acid number increased at an accelerated rate relative to tests
in which the epoxidized soybean oil was not utilized. This lubricant addi-
tive produced accelerated wear in the E~R-3 engine.

Table 21 summarizes the maximum number of opera tin c’ hours that cm m n he
assured based upon the result s observed with laboratory engines for the
same four problem areas i temized in Ii ‘ore 21. The injector hole enlarge-
men t with bromochloror:nethane fire-safe fuel caused engine shutdown with
the FR-3 af ter  60 operat ing hours , hut when 0.S°c cyclohexene oxide was
included in the fuel , t he Cuinmins engine had suffered no power lo ss due
to injector nozzle hole enlargement at 110 hou rs of operation. Sign ificant
power loss apparen tly because of injector valve sticking was encountered
with the ER-3 engine at 40 to 80 hours , both with and wi thout 0.50 CIlO in
the 8CM FSF. As mentioned previo usly , oil-con tro l piston ring chippin u ’
was not encountered in any of time engine tests. Accelerated wear was not
encountered in the IP-3 with 8CM alone during (() hours of operation . h ow-
ever , the mul ti-c ylinder eng ine (lid experience a shutdown because of acce-
lerated wear with the use of 1.5% [110 after about 110 hours of operation. 

- I

Table 22 re lates these four problem areas to whether or not 5° RCM
P l u s  (1,5°, [1(0 wo n- 1  d i-i’ sat j c  factory for engine use on short -term or long-
term bases. In the c i s c  of t t m e i nj ecto r  hole enlargement , the FSP possi’-
bly would be adequa te for short-term use , hut  i ts sui ta b i l i ty for long-
term use is unknown . For in ject or valve s t i c k i n g , its suitability is
unknown for either shor t - te rm or long-term use. The oi l -contro l piston
rim resist ance to ch i pping would probably he satisfactory in short-term
use , h u t  is unknown for long-ternn use. Accel erated sear would not he a
problem with short-term use; however , it could become a ser ious pr ob lem
for tong-term use.
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1 ABLE 22 SUMMARY OI~ B[M FSF LABORATORY
I-\GINI- 1 Im S I RESUI IS

55- BCM Plus)) 5 (ho
S u t u~ Iac lu iuc  l u - n

Pruhlcuni - ‘m ica -
-Engine U cc

S l u u u m t  1 cmu n m I,u - nu mu I u,- r u nn

I nIector I lole Erular genmen l Yes

I n oec tm un Valve St u c kn u n g

()uI-(’ ui un l r un l  Piston Ring (‘h ipping Yes

AcLeleum ited Wear Yes Nui
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This co r rec t ive - -- mc t ion  )ropr;ur developed info rmation that provides
a sul’stantitive basis for the fo l l ow inn’  conclusions an tm recommen dat ions.

• Problems s t em mj n from diesel  fuel i n jec to r  n o z z l e  hole enlarge-
ment ( !n m r i n - ~ c n n-m e onerat ion wi th  8CM FSF are a l lev ia ted  ‘w
the presence of  cyc lohexene ox ide in the fuel.

• The injector valve s t i ck ing  problem observed durinn~ d iesel engine
operation with hb’ul FSF was not a l lev ia ted by the presence of
cyclohexene oxide in the fuel.

• Chipping of the ch romium plating on the oil-contro l piston ring,
such as that encountered during the earlier A\’lmS l790-2C diesel
engine endurance test wi th 8CM FSF , was not encountered during
engine tes ts  conducted as part of this study .

• Accelerated wear effects observed during diesel engini operation
w i t h  8CM FSF are aggravated by the presence of cyclohexene oxide
in the fue l.

• Acce le ra ted  wear caused by 8CM FSF is mi t igated by the presence
of epoxidized soybean oil in the crankcase lubricant until the
halogen scavenging capaci ty of the epoxy group is consumed ,
after which , lubrican t deterioration and accelerated wear ef fects
are promoted , relative to the absence of epoxidized soybean oil .

• Conventional corrosion inhibitors and lubricant acid scavengers
are ineffective for preventing fuel injector hole enlargement
or acce lera ted  eneine wear.

• l~iese1 enm ’ines in Army mohi lity equipment could probable operate
satisfactorily during limited , short-term emergency use, i.e.,
less than about one hundred hours of service.

• Long-term utilization of ~[M FSF is not a v iable consideration
on t he basic of present knowledge .

• No additional applied research and development should be devoted
to the use of 8CM as a fi re-vulnerability-reduction fuel additive.

~~~~~~~~~~~~~~~
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APITNI)IX A

I;ALLISTI~ EVALUA l’ION OF FIRE-SAFE FUEL

A series of rep l i ca ted  ba l l is t ic  tes ts  was conducted by AFLRI. to
ten tatively establish the efficacy of~~~, 8CM 1SF at mm r e a l i s t i c  r~ax imum

~‘nnc’ l tank temperature of ~ ‘°C (17’)°F )  (Figures Ii) anu,l 20). These tests
conipri sod the ii rin-I of 20 rir- h u T  rounds lion z o n t a l ly  into 7( liters
(‘u) ‘al.) o~’ i’oe l cont iuv-u~ i n  a 1 1 1— l i t e r  (~~iu l’a I.) m m ’ r i z o m n t a l l v — n o u n t c u !
I r o n . .-\ t i l t e d  (150) alnmn ”inu m p l n t e  wni s mounted 30 c;u (1 ft.) in front

of t hm - Jrrnnn face so t b m~t t In e l ) ) m ) I i  rn ’s nro i ecti Ic n i m o : l u m nenetrate i t s  Ce nter
min I become actuated l-r for u .~ St r i k in- ’  t - -  center of the - lrmn nI ‘ m ic e  below the
li q uid level. The resul s mY’ tb~~.~-C tect~ in nl i ‘ated t b m it l(’~~ PSI- ~~ ( l i - 1 .
to l.) F-T I m m  a (iS °C (1 ig °p~ f lash  on iuit u ’ i es e l  1 n e I J  d id not exper ience
;usta ined ground ~‘ires , li n t d iul exhi bit fl-ish fi reball e f f e c t s . The test
results also demonstrated that tie pr - n -;ence of l’~ c sclohcxene oxide (can-
didate halogen sca v en  ‘er I in t ne BC’’ (SI d i i  not a!verse lv a Ffect t he

~romn nd—fi rc flani n mu b i 1 i tv  resistance i~~
’ i ( ‘~ i ’I i .
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APPIINI ) IX B

(‘,LOSS ~t- ’Y or ACRONrIS A NT ’  A’ -Il- ’ IV  TAT ION’-

‘-cronym Definition

A F L R L  ,-~rmv Fuels and Lubricants Research Laboratory

~rmy kta te r ia ls  and ‘- lechanics Research Center

\ rniy Materiel systems Analysis Activity

‘lohi 1 i ty Equipment Research and Development Command

TA RA I)C0’~ Tank Automotive Research and Development Command

TCD Teledyne Continental Motors

Abbreviation

[CM bromochioromethane

bCM FSF bromochloromethane fire-safe fuel r-~ (liq. vol.) in DF-21

CIIO cyclohexenc oxide

PF-2 No. 2 die sel fuel

LR-3 sing le-cyl inder engine developed by TARAI )C-”(M

ES() enoxidized soybean oil

SAN strong acid number (ASTM D664 )

sluM scanning electron microscope

TAN ’ total acid number (ASTM D664 )

XRF X-Ray fl uorescence analysis
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