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NTRODUCTION 

Today's f a m i l i a r  depth-type by-pass 
i l t e r s *  have been w ide ly  used on heavy 
u t y  highway, cons t ruc t i on ,  and i n d u s t r i a l  
i e s e l  engines s ince  t h e  mid-1930's. Over 
he years,  f u l l  f l o w  f i l t r a t i o n  has been 
mproved w i t h  such f i l t e r  media as t h e  
l o t h  bag and p lea ted  paper, b u t  t h e  by- 
ass f i l t e r  has remained an unchanged p a r t  
f the  f i l t e r  system working i n  combinat ion 
i t h  t h e  f u l l  f l o w  f i l t e r  t o  p rov ide  ex- 
ended o i l  and f i l t e r  l i f e  a long w i t h  
ncreased p r o t e c t i o n  aga ins t  wear. 

Before t h e  development1 o f  h i g h l y  d i s -  
e rsan t  engine o i l s ,  t h e  by-pass f i l t e r  
ade extended o i l  and f i l t e r  changes pos- 
i b l e  by absorb ing s ludge- forming com- 
u s t i o n  by-products. At ' tha t  t ime,  c l e a r  
r c lean  o i l  was an i n d i c a t o r  t h a t  t h e .  
i l t e r  was doing i t s  job.  
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Today, under normal ope ra t i ng  con- 
d i t i o n s ,  combustion by-products a re  sus- 
pended i n  t h e  o i l  t o  be removed when t h e  
l u b r i c a n t  i s  drained. Therefore, t h e  p r i -  
mary f u n c t i o n  o f  t h e  by-pass and f u l l  f low 
f i l t e r s  i s  t o  remove t h e  abras ive  p a r t i c l e s  
i n  t h e  o i l  such as wear metals, sand, and 
dust.  Test  da ta  have shown t h a t  even w i t h  
h i g h l y  d i spe ran t  o i l  , these wear producing 
abras ive  p a r t i c l e s  a re  no t  i n  a f i n e l y  d i s -  
persed, n o n - f i l t e r a b l e  form, bu t  a re  
q u i c k l y  and e f f e c t i v e l y  removed by t h e  
f i l t e r s ( l ) * * .  

*Note: - The can i s te r - t ype  by-pass f i l t e r  
used today i s  commonly known as t h e  750 
and w i l l  be r e f e r r e d  t o  as such i n  t h e  re -  
mai n i  ng t e s t .  

**Numbers i n  parentheses designates 
References a t  end o f  paper. 

BSTRACT 

Engine t e s t s  were conducted t o  de- 
ermine t h e  e f f e c t s  o f  var ious  f u l l  f l o w  
nd by-pass l u b e  o i l  f i l t e r  combinat ions on 
i e s e l  engine wear. The f i l t e r  performance 
as determined by measuring t h e  wear o f  
i s t o n  r i ngs ,  main and r o d  bear ings i n  a 
ummi ns NTC-335, a f t e r  contaminat ing t h e  
ube system w i t h  a known amount o f  AC F ine  
u s t  t o  acce le ra te  wear. 

The r e s u l t s  o f  these  t e s t s  prove: 

1. I t i s  poss ib l e  t o  d r a m a t i c a l l y  
reduce t h e  s i z e  o f  t h e  by-pass f i l t e r  
through t h e  use o f  s tacked d i scs  f i l t e r  
techno1 ogy. 

2. No s a c r i f i c e  o f  engine p r o t e c t i o n  
o r  f i l t e r  l i f e  i s  necessary. 

3. By-pass f i l t e r s  extend engine l i f e  
through improved f i l t r a t i o n  and reduced 
wear p r o v i d i n g  t h e  lowest  t o t a l  cos t  t o  t h e  
engine user. 
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The optimum abso lu te  r e t e n t i o n  r a t i n g  
f o r  a f u l l  f l o w  f i l t e r  i s  40 micrometers. 
T i g h t e r  f i l t e r  media would r e s t r i c t  o i l  
flow. Therefore,  t h e  by-pass f i l t e r  p lays  
a c r i t i c a l  r o l e  i n  removing those minute 
p a r t i c l e s ,  10 micrometers and less ,  which 
c o n t r i b u t e  most s i g n i f i c a n t l y  t o  engine 
wear(2, 3 ) .  Th is  i s  accomplished by 
d i r e c t i n g  on l y  a smal l  p o r t i o n  o f  t h e  t o t a l  
o i l  f low, 7.57 l i t e r s  o r  2 ga l l ons  pe r  
minute, through t h e  t i g h t e r  by-pass f i l t e r  
media f o r  f i n e r  f i l t r a t i o n .  

I n  recent  years,  t h e r e  has been g r e a t e r  
r e s i s t a n c e  by engine owners t o  use t h e  
by-pass f i l t e r  because o f  increased o i l  and 
f i l t e r  se rv i ce  c o s t ,  added weight  o f  t h e  
housing, e x t r a  o i l  r equ i red  t o  f i l l  t h e  
housing, and se rv i ce  problems r e l a t e d  t o  
l e a k i n g  covers, f i t t i n g s ,  and gaskets. 
Therefore,  a program was undertaken t o  r e -  
search and t e s t  d i f f e r e n t  f i l t e r  media i n  
an at tempt  t o  design a much smal le r  by-pass 
f i l t e r  i n  a spin-on package. Th i s  spin-on 
f i l t e r  would reduce t h e  weight and s i z e  
problem, p rov ide  e a s i e r  access, f o o l p r o o f  
s e r v i c i n g ,  and reduce l a b o r ,  o i l  , and 

I 2 3 GAL. OR 11.36 LITER CAPACITY I 
5OLBS.OR 22.68 KILOGRAMS I 
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Fig. 1 - Dimension, volume, and we igh t  com- 
par ison  o f  o l d  c a n i s t e r  f i l t e r  vs. new 
sp i  n-on 
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maintenance cost.  A comparison o f  t h e  
spin-on and 750 i s  shown i n  F igu re  1. 

The engine t e s t  program i n  t h i s  r e p o r t  
was designed t o  measure d i f f e r e n t  wear 
r a t e s  under acce le ra ted  cond i t i ons  w i t h  t h e  
engines us ing  var ious f u l l  f l o w  and by-pass 
f i l t e r  combinations. Experimental s p i  n-on 
by-pass f i l t e r s *  were t e s t e d  aga ins t  t h e  
standard by-pass f i l t e r .  Conclusions were 
based on t h e  r e s u l t s  o f  t h e  wear t e s t ,  
a long w i t h  a cos t  b e n e f i t  a n a l y s i s  on a per  
m i l e  bas i s  o f  each a l t e r n a t i v e .  

I 

1 GAL. OR 3.79 L m R s  
CAPACITY 

WEIGHT: 12 LBS. OR 
\ 

BENCH TEST 

Over 200 l a b o r a t o r y  bench t e s t s  were 
conducted measuring capac i t y  and e f f i c i e n c y  
o f  var ious  f i l t e r  media. These t e s t s  
produced o n l y  two f i l t e r  designs, t h e  
p lea ted  paper and t h e  s tack  d i s c  spin-ons, 
which cou ld  match t he  performance o f  t h e  
750. 

Two types  o f  f i l t e r  t e s t s  were used t o  
screen prototypes.  The f i r s t  was a bench 
t e s t  designed t o  s imu la te  extreme s l  udgi  ng 
cond i t i ons .  I n  t h i s  t e s t ,  t h e  o i l  was c i r -  
cu la ted  th rough t h e  by-pass f i l t e r  on ly ,  a t  
approx imate ly  7.57 l i t e r s  o r  2 ga l l ons  per  
minute. A p lugg ing  contaminant,  s o f t  C-2A, 
was added t o  t h e  sump a t  a r a t e  o f  24.64 
gms/hr. A cons tan t  i n l e t  pressure o f  345 
kPa was ma in ta ined  f o r  44 hours o r  u n t i l  
t h e  t e s t  f i l t e r  plugged. From t h e  r e s u l t s  
shown i n  F igu re  2, bo th  t h e  stacked d i s c  
and p lea ted  paper SOBP f i l t e r s  were ab le  t o  
ma in ta i n  l i f e  and sump contamina t ion  l e v e l s  
comparable t o  t h e  750. 

The second t ype  o f  bench t e s t i n g  
i nvo l ved  a combinat ion f u l l  f l o w  and by- 
pass f i l t e r  arrangement i n  which o i l  was 
pumped th rough t h e  system a t  106 l i t e r s  o r  
28 ga l l ons  per  minute. The o i l  f l o w  was 
d i r e c t e d  th rough t h e  by-pass f i l t e r  a t  
7.57 l i t e r s  per  minute. The contaminant,  
added t o  t h e  sump a t  a r a t e  o f  1 1/2 gms. 
pe r  hour, cons i s ted  o f  1 gm. AC F ine  Dust 
and .5 gms. S o f t  C-2A. The t e s t  was t e r -  
mi nated when t h e  d i f f e r e n t i a l  p ressure  
across t h e  f u l l  f l o w  f i l t e r  reached 172.4 
kPa (25  ps id ) .  F i gu re  3 compares da ta  from 
t h r e e  combinat ion t e s t s  u s i n g  t h e  750, t h e  
spin-on stacked d i sc ,  and t h e  p lea ted  paper 
SOBP f i l t e r s .  A l l  t h r e e  f i l t e r  com- 
b i n a t i o n s  had comparable 1 i f e  and ac- 
cep tab le  con tamina t ion  l eve l s .  

v 

TEST SET UP AND PROCEDURES 

5.44 KILOGRAMS 
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b' The b i g g e s t  de te r ren t  o f  d i e s e l  engine 
t e s t i n g  o f  t h i s  type  i s  t h e  expense and 
t ime  invo lved .  We at tempted t o  develop a 

*Note: Spin-on by-pass w i l l  be abbrev ia ted  
~ m h e r e a f t e r .  

Jason Lazaroff
Highlight



r o u t i n e  procedure t o  minimize human e r ro r .  
Tes t ing  was c a r r i e d  out on a 24 hour basis 
i n  one t e s t  c e l l .  Three engines were used 
on a r o t a t i n g  bas is  t o  e l i m i n a t e  downtime 
between tes ts .  As one engine was being 
tes ted ,  another was r e b u i l t  t o  take i t s  
p lace as soon as t h e  t e s t  was complete. 

The th ree  d i f f e r e n t  engines used i n  
t h i s  t e s t  program were a1 1 Cummins 
NTC-335's. Each engine was r e b u i l t  ac- 
cord ing  t o  Cummins Standard Procedure w i t h  
spec ia l  a t t e n t i o n  given t o  t h e  r o d  
bearings, main bearings, and p i s t o n  r ings.  
Various t e s t  operat ions such as weighing, 
assembly/di sassembly were t rea ted  as iden- 
t i c a l  l y  as poss ib le  by 1 aboratory 
standards. 

The engines were i n s t a l  l e d  i n  ac- 
cordance w i t h  standard t e s t  c e l l  
procedures, which cover t h e  ins t rumenta t ion  
necessary t o  measure t h e  basic parameters 
o f  engine performance, temperatures, and 

PERCENT OF TOTAL SUMP 
CONTAMINATION LEVEL 

VS 
TEST HOURS 

I 

pressures. A f t e r  i n s t a l  l a t i o n  and before  
beginning the  t e s t ,  t h e  engine was g iven a 
four-hour run-in. An o i l  sample was then 
taken before  t h e  i n i t i a l  contaminant was 
added. 

For t h e  du ra t i on  o f  each t e s t ,  t h e  en- 
gines were operated a t  ra ted  speed and f u l l  
l o a d  (2100 RPM and 1135 Newton meters). 
Normal operat ing cond i t ions  were maintained 
i n  each t e s t  w i t h  p a r t i c u l a r  a t t e n t i o n  pa id  
t o  o i l  sump, water, and a i r  i n take  tem- 
peratures. O i l  r i f l e  pressure and engine 
blow-by were o f  s i g n i f i c a n t  importance 
s ince they  vary as c r i t i c a l  engines pa r t s  
wear. Increas ing  blow-by pressure i s  an 
i n d i c a t i o n  o f  r i n g  wear, wh i l e  decreasing 
o i l  r i f l e  pressure s i g n i f i e s  bear ing  wear. 
Four grams o f  AC F ine  Dust were added t o  
t h e  engines every 4 hours and samples were 
taken ever 24 hours. The by-pass and f u l l  
f l o w  f i l t e r s  were changed every 52 hours 
and care was taken not  . t o  shut t h e  engine 

COMBINATION FULL FLOW 8 BY-PASS 
SUMP CONTAMINATION LEVEL 

VS 
TEST HOURS 

BY-PASS 

..... 750 BY-PASS 

TEST HOURS TEST HOURS 

Fig. 3 - Bench t e s t  f i l t e r  comparison of 
Fig. 2 - Bench t e s t  f i l t e r  comparison o f  ccmbined f u l l  f low and by-pass f i l t e r  sys- 
by-pass f i l t e r s  on l y  t ems 



down f o r  more than 20 minutes when adding 
contaminants, t a k i n g  o i  1 samples, o r  chang- 
i n g  f i l t e r s .  Th is  was done t o  prevent  con- 
taminant s e t t l i n g .  Runtime f o r  each o f  t h e  
seven t e s t s  was 152 hours. A t y p i c a l  t e s t  
c e l l  i s  shown i n  F igu re  4. 

Due t o  t he  s e v e r i t y  o f  t h e  t e s t ,  t h e  
turbocharger,  i n jec to rs  and c y l i n d e r  heads 
were checked and r e b u i l t  a f t e r  each run. 
A1 1 o ther  pa r t s  were . inspected and replaced 
as necessary. Although the  t e s t  engines 
were r e b u i  1 t according t o  standard Cummi ns 
NTC-335 spec i f i ca t i ons ,  used c rankshaf ts  
were i n s t a l l e d  t o  avoid t h e  l ong  run  i n  
per iods necessary t o  smooth the  bear ing 
surfaces. 

The main and connecting rod  bearings, 
t h e  t h r u s t  bearings, t h e  l i n e r s ,  and p i s t o n  
r i n g s  were replaced a f t e r  each tes t .  Wear 
was determined by weighing and measuring 
pa r t s  be fore  and a f t e r  each t e s t .  

The 750 housing holds nea r l y  11.36 
1 i t e r s  (3 gal lons)  o f  o i l  when f u l l .  . The 
SOBP f i l t e r s  ho ld  on ly  3.79 l i t e r s  (1 ga l -  
l o n )  o f  o i l  r e s u l t i n g  i n  a 7.57 (2 ga l -  
l o n )  l o s s  o f  capac i ty  t o  t h e  lube system. 
To compensate f o r  t he  l o s s  o f  o i l  capac i ty  
when t e s t i n g  t h e  SOBP f i l t e r s ,  a 7.57 l i t e r  
(2  gal l o n )  r e s e r v o i r  was i n s t a l  l e d  between 
t h e  o i l  pump and t h e  by-pass f i l t e r .  S i x  o f  
t h e  seven t e s t s  were run  w i t h  41.6 l i t e r  
(11 ga l l ons )  o f  o i l  i n  t h e  system and one 
t e s t  was run w i t h  34 l i t e r s  (9 gal lons) .  

TEST CONDITIONS AND OBJECTIVES 

o i l  was determined by measuring t h e  sump's 
dust concent ra t ion  l e v e l ,  and by measuring 
t h e  amount o f  wear and weight  l o s s  on main 
bearings, rod  bearings, and p i s ton  r i n g s  a t  
t h e  te rm ina t i on  o f  each tes t .  F i l t e r  
change i n t e r v a l s  were es tab l ished by 
measuring d i f f e r e n t i a l  pressure drop across 
t h e  f u l l  f l o w  f i l t e r  t o  determine i t s  
p lugging c h a r a c t e r i s t i c s  as dust  was added 
t o  t h e  engine sump. 

Our o b j e c t i v e  was t o  d i f f e r e n t i a t e  t h e  
wear r a t e  f o r  each f i l t e r  combination wi th-  
ou t  compl e t e l y  wearing out  t h e  engi ne, 
s ince t h e  t y p i c a l  p r a c t i c e  among f l e e t s  i s  
t o  r e b u i l d  engines p r i o r  t o  f a i l u r e .  With 
a dust add r a t e  of 4 grams per 4 hours, 
these t e s t s  simul ated an engine, equipped 
w i t h  a 99.9% e f f i c i e n t  a i r  f i l t e r ,  
opera t ing  a t  f u l l  load and f u l l  speed i n  a 
dust storm w i t h  zero v i s i b i l i t y .  Under 
such cond i t ions ,  we found t h a t  152 hours 
was adequate t e s t  t ime t o  produce a d i s -  
cernable amount o f  wear. 

Seven engine t e s t s  were conducted dur- 
i n g  t h i s  t e s t  program. The key va r i ab les  
considered i n  our ana l ys i s  were: t h e  e f -  
f e c t s  o f  by-pass f i l t r a t i o n ,  t h e  e f f e c t s  o f  
reduced o i l  capac i ty ,  d i f f e rences  i n  
by-pass f i  1 t e r s ,  and e f f e c t s  o f  accelerated 
wear. A d e s c r i p t i o n  o f  each t e s t  and lube 
f i l t e r  combination fo l l ow :  

1. 40 Micrometer F u l l  Flow/750 By- 
Pass - No dust was added i n  t h i s  - 
t e s t  s ince we wanted t o  determine 
t h e  amount o f  engine wear under 
c lean opera t ing  condi t ions.  

2. 40 Micrometer F u l l  Flow/No By-Pass 
- This was our po in t  o f  reference 
and was used t o '  i l l u s t r a t e  the  
need f o r  by-pass f i l t r a t i o n .  

Th is  se r i es  o f  t e s t s  was designed t o  
measure t h e  performance o f  d i f f e r e n t  lube 
f i l t e r  combinations. The e f f i c i e n c y  o f  t h e  
f i l t e r s  i n  removing contaminants from t h e  

3. 40 Micrometer F u l l  Flow/750 
Bv-Pass - Th is  was the  l e v e l  o f  " 
performance we attempted t o  
achieve w i t h  t h e  SOBP f i l t e r s .  

4 & 5. 40 Micrometer F u l l  Flow/Pleated 
Paper SOBP - Two t e s t s  were run  
w i t h  t h i s  p a r t i c u l a r  f i l t e r  
combination t o  eval uate 
performance o f  t he  p leated paper 
SOBP. 

Fig. 4 - Wear t e s t  engine 

6 & 7. 40 Micrometer F u l l  Flow/Stacked 
D isc  SOBP - Two t e s t s  were run 
w i t h  t h i s  p a r t i c u l a r  f i l t e r  
combination t o  measure performance 
o f  t h e  stacked d i s c  SOBP. O i l  
capac i ty  was a lso  reduced i n  the  
second t e s t  t o  determine i t s  
e f f e c t  on wear. 



The th ree  by-pass f i l t e r s  tes ted  were a  
p leated paper spin-on f i l t e r ,  a  stacked 
d i sc  spin-on f i l t e r  and a  can is ter - type 
depth f i l t e r .  The p lea ted paper SOBP was 
constructed from a  specia l  grade o f  f i n e  
pore f i l t e r  paper whose absolute r e t e n t i o n  
r a t i n g  was 15 micrometers. The stacked 
d i sc  SOBP was made from an extremely dense 
f e l t  paper media w i t h  an absolute r e t e n t i o n  
r a t i n g  o f  8 micrometers,. F igu re  5  shows a  
cutaway o f  t he  stacked d i sc  SUBP f i l t e r .  

The 750 by-pass f i l t e r s  used i n  these 
t e s t s  were depth-type f i l t e r s  whose media 
cons is ted  o f  a  b lend o f  shreaded paper and 
graded hardwood chips. A l l  were taken from 
t h e  same product ion l o t  and sor ted  t o  
i nsu re  consistency. Although the  750 i s  
capable o f  removing p a r t i c l e s  as small as 3 
micrometers, an absolute r a t i n g  has no 
meaning because o f  t h e  c h a r a c t e r i s t i c s  of a  
depth-type f i l t e r .  A l l  o f  t he  f u l l  f l o w  
f i l t e r s  used i n  these t e s t s  were spin-on's 
w i t h  an absolute r e t e n t i o n  r a t i n g  o f  40 
micrometers. The grade and p o r o s i t y  o f  t h e  
f i l t e r  paper were c o n t r o l l e d  as c l o s e l y  as 
poss ib le  t o  mainta in a  cons i s ten t  l e v e l  o f  
f i l t r a t i o n .  Every p leated paper element, 
F u l l  f l o w  o r  by-pass, was bubble tes ted  t o  
i nsu re  t h a t  t he re  were no end seal leaks o r  
oaper ruptures. 

IBSERVATIONS AND ASSUMPTIONS 

The " f u l l  f l o w  f i l t e r  on lyn  t e s t  was 
;he t e s t  chosen as a  common po in t  of 
-eference from which t o  measure the  
improvement i n wear p ro tec t  i o n  a t t r i b u t e d  
;o us ing a  750 by-pass, a  stacked d i sc  
;OBP, and a  p lea ted paper SOBP f i l t e r .  
- h i s  procedure was es tab l ished i n  previous 
{ear s tud ies  w i th  s  im i  l a r  r e s u l t s  showing 

Fig. 5 - Cutaway view o f  stacked d i sc  
spin-on f i l t e r  and media 

tremendous wear p r o t e c t i o n  improvement when 
us ing  by-pass f i l t e r s ( 4 ) .  

The extraneous i npu ts  int roduced i n  
dynamic t e s t s  o f  t h i s  k i n d  are  so numerous 
and complex t h a t  i t  would be imprac t i ca l ,  
i f  not  impossible, t o  attempt t o  c o n t r o l  
them a l l .  We minimzed those va r i ab les  con- 
s idered c r i t i c a l ,  r e a l i z i n g  t h a t  a  c e r t a i n  
amount o f  repea tab i l  i t y  e r r o r  would be un- 
avoidable. Although measurements were made 
and recorded f o r  each i n d i v i d u a l  bear ing 
and p i s t o n  r i n g ,  t h e  r e s u l t s  were presented 
as average values f o r  t h e  e n t i r e  se t  o f  
bearings and r i n g s  w i t h i n  each engine. The 
f o l l o w i n g  observat ions were made w i t h  
respect  t o  i n d i v i d u a l  component wear. 

Main bearings wear a t  d i f f e r e n t  ra tes  
depending upon t h e i r  sur face area. 
Reduction i n  wear sur face area r e s u l t s  i n  
increased u n i t  l o a d i  ng and a  correspondi ng 
increase i n  wear. Since the  NH engine has 
th ree  d i f f e r e n t  widths ,o f  main bearings, we 
would expect t o  see a  corresponding 
variance i n  wear pa t te rn .  Also, t h e  lower 
bearings wear a t  a  f a s t e r  r a t e  than the  
upper bearings, due t o  downward l oad ing  o f  
t h e  crankshaf t  d u r i n g  combustion. 
Add i t i ona l  f a c t o r s  t h a t  a f f e c t  main bear ing 
wear are  c rankshaf t  s t ra igh tness  and 
d e f l e c t  i o n  under load. The combined 
r e s u l t s  o f  these fac tors  make any d i r e c t  
compari son o f  i n d i v i d u a l  component wear, 
w i thout  p a r t i c u l a r  regard t o  t he  e f f e c t  o f  
these f a c t o r s ,  i n v a l i d .  Use o f  an average 
main bear ing wear f i g u r e  i s  s t r i c t l y  f o r  
convenience and not  in tended t o  imply any 
expectat ions by t h e  authors f o r  equivalent  
wear 1 eve1 s  between par ts .  

Rod bearings and p i s t o n  r ings ,  u n l i k e  
t h e  main bearings, have no i nhe ren t  design 
d i f f e rences  t o  cause l a r g e  wear variances 
r e l a t i v e  t o  l o c a t i o n  i n  t h e  engine. Wear 
d i  fferences between upper and 1  ower 
bearings are caused by increased bear ing  
loads du r ing  combustion as t h e  c y l i n d e r  
pressure forces t h e  p i s t o n  down i n  t h e  bore 
and t h e  t o p  h a l f  o f  t h e  rod  bear ing i s  
loaded more h e a v i l y  than t h e  lower ha l f .  

There are f o u r  d i f f e r e n t  r i n g s  on each 
p i s t o n  ( t o p  compression, second compres- 
sion, t h i r d  compression, and o i l  c o n t r o l )  
which must be d e a l t  w i t h  separate ly .  I n  
a d d i t i o n ,  l i n e r  e t ch  q u a l i t y  i s  o f  extreme 
importance i n  de termin i  ng r i  ng wear ra te .  
Since we cannot c l o s e l y  c o n t r o l  o r  
determine e tch  q u a l i t y  p r i o r  t o  t e s t i n g ,  i t  
i s  a  randomly in t roduced va r i ab le  a f f e c t i n g  
r i n g  wear. Several key assumptions were 
made r e l a t i v e  t o  our data ana lys is :  

1. The wear c h a r a c t e r i s t i c s  o f  t he  
t h r e e  d i f f e r e n t  engines used i n  
t h i s  t e s t  d i d  not d i f f e r  
s i g n i f i c a n t l y .  
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2. Rebu i ld ing  between t e s t s  i n t r o -  
duced no s i g n i f i c a n t  wear 
var iab le .  

3. Various t e s t  operat ions (weigh- 
ing ,  assembly/disassembly, engine 
operat ion) ,  were essent i  a1 l y  
i d e n t i c a l  f o r  a l l  t es t s .  

4. A 150 hour t e s t  was s u i t a b l e  dura- 
t i o n  f o r  t e s t i n g  o f  t h i s  kind. 

5. A th ree  engine t e s t  was de- 
f i n i t i v e .  

It should be noted t h a t  o the r  con- 
d i t i o n ~  e x i s t e d  which cou ld  a f f e c t  t h e  de- 
gree o f  wear d i f f e r e n t i a l  observed f o r  t he  
same f i l t e r  combinations i n  f i e l d  engines. 
For  exampl e, p r e v i  ous s t u d i  es have shown 
t h a t  when adding l a r g e  amounts o f  con- 
taminants t o  t h e  o i l  over a shor t  pe r i od  o f  
t ime, t h e  f i l t r a t i o n  system i s  l i m i t e d  i n  
i t s  a b i l i t y  t o  remove t h e  d i r t  by t h e  
number o f  passes t h e  o i l  makes through t h e  
f i l t e r s .  The r e s u l t  i s  a h igher  average 
o i l  contaminant l e v e l  and corresponding 
wear ra te .  More dramatic than t h i s  was t h e  
method i n  which contaminants were added t o  
the  engines. I n  these tes t s ,  d i r t  was 
added every f o u r  hours i n  one lump sum 
r a t h e r  than cont inuous ly  as would be the  
case i n  normal ope ra t i  ng cond i t ions .  Tests 
showed t h a t  t h e  engifie wear r a t e  i s  much 
h igher  immediately a f t e r  t h e  contaminant i s  
added than a t  t he  end o f  t he  f o u r  hour 
period(3, 4). D i r t  s e t t l i n g  a l so  a f f e c t s  
wear rate.  F i e l d  engines are  shutdown f o r  
extended per iods  o f  t ime  a l l  owing some d i  rt 
t o  s e t t l e  out  i n  t h e  pan, which would a l so  
r e s u l t  i n  lower wear r a t e s  than observed i n  
t he  t e s t  c e l l  where t h e  engine was run  
continuously. While t h e  wear t e s t s  were r u n  
a t  f u l l  load and speed, we est imate t h a t  
f i e l d  engines normal ly  operate a t  50% t o  
75% o f  these values. Wear t e s t s  have shown 
t h a t  reduced load and speed r e s u l t  i n  lower 
wear ra tes(5) .  

The combined e f f e c t s  o f  these f a c t o r s  
l i m i t  any d i r e c t  comparison between ex- 
pected f i e l d  se rv i ce  l i f e  and l abo ra to ry  
engine t e s t  resu l t s .  F ie1 d experience 
i nd i ca tes  t h a t  c a l c u l a t e d  wear l i f e  from 
1 aboratory engine t e s t s  are  understated. 
However, i f  t h e  c a l c u l a t e d  wear l i f e  w i t h  a 
canb inat ion  f u l l  f l o w  and by-pass 
f i l t r a t i o n  system i s  tw i ce  as l ong  as a 
system wi thout  a by-pass f i l t e r ,  we would 
expect t h e  f i e l d  se rv i ce  l i f e  t o  be com- 
parable(6). 

LUBE SYSTEM CAPACITY 

From previous s tud ies  o f  f i  1 t e r  p l  ug- 
ging, we know t h a t  o i l  degradat ion i s  r e -  

l a t e d  t o  a number o f  var iab les ,  one of 
which i s  t h e  o i l  system capaci ty(7) .  The 
replacement o f  t he  750 housing w i t h  a SOBP 
f i l t e r  r e s u l t s  i n  a ne t  o i l  r educ t i on  of 
7.57 l i t e r s  (2  ga l l ons )  o r  approximately 
20% f o r  a 41.64 l i t e r  (11 ga l l on )  System. 
Users extending o i l  d r a i n  i n t e r v a l s  beyond 
16,000 k i l o m e t e r  (10,000 m i les )  should be 
aware o f  t he  impact o f  reduced o i l  
capaci ty .  The se rv i ce  l i f e  o f  t he  o i l  i s  
dependent upon the  o v e r a l l  operat ing 
c o n d i t i o n  of t h e  engine, i t s  f u e l  and o i l  
consumption, t h e  t o t a l  volume o f  o i l  
ava i l ab le  t o  d isperse contaminants and 
combustion by-products, and t h e  type and 
q u a l i t y  o f  t h e  o i l  used. I f  a f l e e t  i s  
extending i t s  o i l  d r a i n  i n t e r v a l s  t o  t h e  
p o i n t  where t h e  o i l  i s  c l ose  t o  t h e  end o f  
i t s  usefu l  l i f e ,  a reduc t i on  i n  o i l  
capac i ty  would necess i ta te  a cutback i n  o i l  
d r a i n  i n t e r v a l s .  When t h e  o i l  i s  extended 
beyond i t s  1 im i t s ,  "dump ou t "  and f i l t e r  
p lugging ocurr.  Since most f u l l  f l o w  
f i l t e r ' s  d i r t  ho ld ing  capac i ty  i s  l ess  than 
454 grams ( 1  pound), p lugging ocurrs very 
r a p i d l y  and can u s u a l l y  be detected by a 
drop i n  o i l  pressure(7). However, 4.8 
m i l l i o n  k i lometers  (3 m i l  l i o n  m i l es )  f i e l d  
t e s t  accompanied by o i l  and f i l t e r  ana lys is  
showed t h a t  a small sampling o f  t r u c k s  
changing o i l  between 19,300 k i  1 ometers 
(12,000 m i les ) ,  and 32,200 k i l ome te rs  
(20,000 m i les )  were w i t h i n  safe l i m i t s  even 
a f t e r  reducing t h e i r  o i l  capac i t i es  by 7.57 
1 i t e r s  (2 gal  lons) .  Exceptions were noted 
i n  cases where engines problems were 
diagnosed. A summary o f  t h e  f u l l  f l o w  
f i l t e r  r e s t r i c t i o n  versus t h e  change 
i n t e r v a l  i s  shown i n  F igu re  6. F i l t e r  
p lugging was not  s i g n i f i c a n t  i n  those 
engines where o i l  capac i ty  was reduced. 

The user should be aware o f  1 i m i t a t i o n s  
on o i l  d r a i n  i n t e r v a l s  and those f a c t o r s  
which a f f e c t  it. Manufacturer 's  recom- 
mendations should be s t r i c t l y  adhered t o  
and any d e v i a t i o n  should be c l o s e l y  mon- 
i t o r e d  w i t h  extreme caut ion.  Although the  
7.57 l i t e r  (2 ga l lons)  o i l  reduct ion  
associated w i t h  t he  SOBP f i l t e r  d i d  not 
have any dramatic e f f e c t s  on engine wear, 
i t s  impact on o i l  d r a i n  i n t e r v a l s  must be 
determined on an i n d i v i d u a l  basis. Since 
no two operat ions are  a1 i ke, t h e  
maintenance i n t e r v a l s  vary considerably 
u t i l  i z i  ng engine o i l s  t o  var ious  degrees. 

TEST RESULTS 

A l l  f u l l  f l o w  f i l t e r s  i n  t h i s  t e s t  
se r i es  were analyzed i n  t h e  l abo ra to ry  f o r  
presence of s i l i c a  and wear metals. A 
10.16 cm. by 10.16 cm. sample o f  paper was 
removed from each f u l l  f l o w  f i l t e r  then 
ashed and analyzed by an atomic absorbt ion. 



I 
Fig. 6 - F u l l  f l ow  f i l t e r  r e s t r i c t i o n  from 
f i e l d  t e s t  engines 

This 103.23 cm. sq. sample represented on ly  combination but not as good as was 
1% o f  t h e  t o t a l  paper area. It was assunred expected. 
t h a t  t h e  contaminant i n  each f i l t e r  was Our ana lys is  o f  t h e  data revealed t h a t  
un i fo rmly  d i s t r i b u t e d  throughout t h e  paper. rod  bear ins  wear was reduced 89% w i t h  t h e  
I n  most cases, we saw increased amount o f  750 by-pass, 87% w i t h  t he  stacked d i sc  
s i l i c o n  and wear metals i n  t h e  f i l t e r  paper SOBP, and 64% w i t h  t h e  p lea ted paper SOBP. 
taken from those t e s t s  w i t h  h igher  wear Main bear ing wear was reduced 93% w i t h  the  
pates. This corresponds t o  t h e  f a c t  t h a t  750 by-pass, 91% w i t h  t h e  stacked d i s c  
the by-pass f i l t e r  lowers d i r t  content  i n  SOBP, and 63% w i t h  t h e  p leated paper SOBP. 
the o i l ,  leav ing  l e s s  contaminants t o  be Ring wear was reduced 83% w i t h  t h e  750 
?moved by t h e  f u l l  f l o w  f i l t e r ,  r e s u l t i n g  by-pass, 73% w i t h  t h e  stacked d i sc  SOBP, 
i n  l e s s  engine wear. and 59% w i t h  t h e  p lea ted paper SOBP. One 

The o i l  samples were analyzed by t h e  stacked d i sc  SOBP t e s t  was run  w i t h  t h e  o i l  
ttomic absorp t ion  method. Samples were capac i t y  reduced by two ga l lons  and t h e  rod  
;aken every 50 hours and analyzed f o r  wear bear ing,  main bearing, and p i s t o n  r i n g  wear 
netals, s i l i c o n ,  sodium, and coagulated was 5%, 4%, and 3% h igher  respec t i ve l y  as 
~en tane  i n s o l  ubles. Uniform d i s t r i b u t i o n  compared t o  a s i m i l a r  t e s t  w i t h  normal o i l  
)f contaminants through t h e  o i l  was capacity. Figures 7 through 9 compare wear 
~ssumed. r a t e  us ing  average weight l o s s  f o r  each 

The o i l  ana lys is  and f i l t e r  ana lys is  f i l t e r  combination. Table 1 summarizes 
/ere reported as a percent reduct ion  i n  these data as percent wear reduct ion.  
lirt content  and wear metal. This percent- Laboratory f i l t e r  ana lys is  showed t h a t  
tge was computed by comparing t h e  r e s u l t s  dust  trapped i n  t he  f u l l  f l o w  f i l t e r s  was 
)f each f u l l  f l o w  and by-pass f i l t e r  com- 
l i n a t i o n  t e s t  t o  t h e  f u l l  f l o w  on ly  f i l t e r  
est.  Everyth ing remaini ng constant  t h i  s 
omparison showed a c o r r e l a t i o n  t o  t he  ROD BEARING WEAR 
mount o f  wear observed f o r  each f i l t e r  

- FULL FLOW ONLY 
USED FULL FLOW FILTER 
RESTRICTION AFTER BY-PASS 
FILTER FIELD TEST 

BY-PASS. 

STACKED DISC 
o BY-PASS SPIN-ON. 

750 BY-PASS ' 5 0  

Fig. 7 - Comparative main bear ing  wear - 40 
micrometer f u l l  f l o w  f i l t e r  base 
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Fig. 8 - Comparative r o d  bear ing  wear - 40 
micrometer f u l l  f l o w  f i l t e r  base 

reduced 23% w i t h  t h e  750 by-pass and 22% 
w i t h  t h e  stacked d i sc  SOBP. No improvement 
was noted w i t h  t h e  p lea ted paper SOBP. 
Wear metal content  i n  t he  f u l l  f l o w  f i l t e r s  
was 89% lower  w i t h  t h e  750 by-pass, 79% 
lower w i t h  t he  stacked d isc ,  and 54% lower 
w i t h  t h e  p lea ted paper SOBP. Photographs 
o f  beai-ings taken from t e s t  engines a re  
shown i n  Figures 10 through 13. Table 2 
shows d i r t  and metal content  f o r  t h e  f u l l  
f l o w  f i l t e r s  used i n  each t e s t .  

O i l  ana l ys i s  revealed t h a t  a 98% r e -  
duc t i on  i n  s i l  i c o n  l e v e l s  o f  samples taken 
from t h e  750 by-pass t e s t ,  87% reduc t i on  i n  
t h e  stacked d i sc  SOBP t e s t  and 76% re- 
duc t i on  i n  t h e  p lea ted paper SOBP tes t .  
S i m i l a r l y ,  t h e  wear metal l e v e l s  were 84% 
lower f o r  t h e  750 by-pass t e s t ,  83% lower  
f o r  t he  stacked d i s c  SOBP t e s t ,  and 70% 
lower f o r  t h e  p lea ted paper SOBP t e s t .  

Table 3 summarizes t h e  o i l  ana lys is  f o r  
each t e s t .  

I n  rev iew i  ng t h e  i n f e r i o r  performance 
o f  t he  p lea ted paper SOBP f i l t e r  corn 
b ina t i on ,  we concluded t h a t  t h i s  was the  
r e s u l t  o f  denser ma te r i a l  used i n  t h e  d i s c  
element, a long w i t h  t h e  combined e f f e c t s  o f  
depth and sur face f i 1 t r a t  i o n  a f fo rded by 
t h e  d i s c  design. 

The data i n  t h i s  r e p o r t  does not  lend 
i t s e l f  r e a d i l y  t o  s t a t i s t i c a l  analys is ,  be- 
cause o f  t h e  l i m i t e d  number o f  data p o i n t s  
observed. Our conclusions were based on 
r e s u l t s  o f  wear l e v e l s  as i t  r e l a t e d  t o  o i l  
contaminat ion and f i l t r a t i o n .  Th is  was 
v e r i f i e d  i n  our  o i l  and f i l t e r  analyses 
from past  engine t e s t s  and w i t h  t h e  
tremendous amount o f  backup bench t e s t  data 
which preceded t h i s  wear t e s t  study. 
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PISTON RING WEAR 

,m - FULL FLOW ONLY 

- FULL FLOW with ' PLEATED PAPER 
BY - PASS 
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SPIN - ON 
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Fig. 9 - Comparat ive piston ring wear - 40 
micrometer ful l  flow f i l t e r  base 

Table 1 

Engine Wear Test 

Percent Wear Reduction 
Using By-pass Lube F i l t e r s  

By-pass F i l t e r  Ro d Hain Piston 
Descript ion Bearings Bearings Rings Average 

750 By-pass 89% 93% 83% 88 % 

Stacked Disc. 87% 91 % 73% 83% 

PI eated Paper* 64% 63% 59% 62% 

750 By-pass - No Dust 98% 96% 92% 95% 

Stacked Disc wi th  2 
Gallons Less Oil 82% 87% 70% 80% 

*Average o f  Two Tests 
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Fig. 10 - Lower main bear ings from t e s t  
w i t hou t  by-pass f i l t e r  

F ig.  12 - Upper r o d  bear ings from t e s t  
w i t h o u t  by-pass f i l t e r  

Fig. 11 - Lower main bear ings f rom t e s t  
w i t h  by-pass f i l t e r  

F ig .  13 - Upper r o d  bear ings from t e s t  w i t h  
by-pass f i l t e r  



Table 3 
Table 2 

Engine Wear Test 
Engine Wear Test  

Oil Analysis Summary 

Estimated Weight i n  Grams 
o f  Contaminants Trapped by 

The Fu l l  Flow F i l t e r s  

Reported i n  PPM 
150 Hour Sample Percent 

Coaqulated 
Pentane 

Insolubles 

40 Micrometer 
Full Flow - No 
By-pass (base) 185 - 
40 Micrometer 
Full Flow - 750 
By-pass (no dust added) 4 40 Micrometer 

Fu l l  Flow - No 
By-pass (base) 128.8 32.6 1.5 . 8  1 .6  40 Micrometer 

Full Flow - 750 
By-pass 4 

40 Micrometer 
Fu l l  Flow - 750 
By-pass 98.56 2.8 .2  .15 .84 

40 Micrometer 
Full Flow - Pleated 
Paper SOBP 44 

40 Micrometer 
Fu l l  Flow - Pleated 
Paper SOBP 140.4 10.1 .6 .4 .94 

40 Micrometer 
Full Flow - Pleated 
Paper SOBP 47 

40 Micrometer 
Fu l l  Flow - Pleated 
Paper SOBP 118.5 12.3 .3  .15 1.2 

40 Micrometer 
Full Flow - Stacked 
Disc SOBP 24 

40 Micrometer 
Full Flow - Stacked 
Disc SOBP with 2 
Gallons less oil 40 

40 Micrometer 
Fu l l  Flow - Stacked 
Disc SOBP 108.4 6.7 .2  .2 .7 

4 0  Micrometer 
F u l l  Flow - Stacked 
Disc SOBP w i th  2 
Gallons l ess  o i l  96.6 5.6 .2 .1  .2 

The r e s u l t s  o f  t h i s  study i n d i c a t e  t h a t  
t h e  cos t  o f  us ing  by-pass f i l t e r s  can be 
o f f s e t  through extended engine l i f e  
r e s u l t i n g  from reduced wear. :OST ANALYSIS 

A l l  comparative wear data i n  t h i s  and 
~ r e v i o u s  t e s t  s tud ies  show t h a t  t h e  use of 
n e f f e c t i v e  by-pass f i l t e r  i n  combination 
r i t h  a good f u l l  f l ow  f i l t e r  would g r e a t l y  
,xtend t h e  l i f e  o f  c r i t i c a l  engine parts.  
se o f  t h e  by-pass f i l t e r  requ i res  
ddi  t i o n a l  expense i nc lud ing  i n i t i a l  cos t ,  
eplacement elements, add i t i ona l  o i l  , and 
abor t o  service. Maintenance costs f o r  
ngine se rv i ce  and f i l t e r  changes vary 
onsiderably between types o f  engine 
perat ions.  However, cos ts  on a per  m i l e  
r per hour bas is  f o r  scheduled maintenance 
n te rva l  s are extremely sensi t i v e  t o  
verhaul periods. For  a small  ex- 
en t i on  i n  engine l i f e ,  a by-pass f i l t e r  
m m o r e t h a n p a y f o r i t s e ~ l .  ap ln -onby -  
iss f i l t e r s  can o f f e r  an even lower cos t  
ian t h e  conventional 750 from labo r  and 
i l  savings, even though t h e  sp i  n-on re -  
acement e l  ements are more expensive. 

.her b e n e f i t s  such as foo lproof  se rv i ce  
'e not quan t i f i ab le .  Cost f a c t o r s  and as- 
lmptions considered i n  t h i s  s tudy i nc lude  

SUMMARY AND CONCLUSIONS 

From t h e  r e s u l t s  o f  these tes t s ,  we 
conclude t h a t :  

1. A f t e r  comprehensive t e s t s  o f  over  
two hundred d i f f e r e n t  types o f  
f i l t e r  media, t h e  stacked d i sc  
spin-on by-pass f i l t e r  and t h e  
conventional 750 depth-type 
f i l t e r  were t h e  on ly  f i l t e r s  t o  
e f f e c t i v e l y  reduce engine wear by 
c o n t r o l  1 i ng t h e  small abrasive 
p a r t i c l e s  i n  t h e  o i l .  The stacked 
d i s c  s p i  n-on by-pass f i l t e r s  
reduced engine wear as e f f e c t i v e l y  
as t h e  750. The pleated paper 
spin-on by-pass f i l t e r  was found 
t o  pass bench t e s t  requirements, 
but  was proven t o  be i n e f f e c t i v e  
i n  ac tua l  engine wear t e s t s .  

2. A reduc t i on  i n  engine o i l  capac i ty  
o f  7.57 l i t e r s  (2 ga l l ons )  d i d  not 
subs tan t i  a1 l y  a f f e c t  t h e  engine 
wear. However, reduced o i l  
capac i t y  may a f f e c t  mai ntenance 
i n te rva l s .  Engine manufacturers 
recommendations i n  e s t a b l i s h i n g  
change i n t e r v a l s  should be 
f o l  1 owed. 

I Labor cos ts  f o r  f i l t e r  changes; 2 )  O i l  
1st and savings; 3 )  I n i t i a l  by-pass f i l t e r  
)using cost ;  4 )  Standard maintenance 
l t e r v a l  cyc les,  and; 5 )  By-pass f i l t e r  re -  
acement cost.  Appendix A and B g ives  a 
.eakdown o f  these analyses. 
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3. Engine wear was d i r e c t l y  r e l a t e d  
t o  t h e  degree o f  f i l t r a t i o n  o f  t h e  
by-pass and f u l l  f l o w  f i l t e r s  and 
t h e  l e v e l s  o f  ab ras i ves  l e f t  i n  
t h e  o i l .  

4. The use o f  t h e  comb ina t ion  f u l l  
f l o w  and by-pass f i l t e r  system 
can reduce t h e  wear r a t e  t o  l e s s  
t h a n  112 t h a t  r e s u l t i n g  f rom use 
o f  a f u l l  f l o w  o n l y  f i l t e r  system. 

5. Due t o  ex tendedeng ine  l i f e  w i t h  
t h e  use o f  an e f f e c t i v e  by-pass 
f i l t e r ,  t h e  e x t r a  c o s t  of 
i n s t a l  l i n g  and m a i n t a i n i n g  t h e  
by-pass f i l t e r  i s  recovered  many 
t imes  over ,  p r o v i d i n g  t h e  l owes t  
t o t a l  c o s t  f o r  t h e  engine user .  
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Appendix A 

Cost Analys is  f o r  By-pass F i l t e r s  

Cost Assumptions (1 )  

F u l l  Flow F i l t e r  
(sp in-on type)  

Labor t o  Change 
F u l l  Flow F i l t e r  
Element & O i l  a t  
$20.00 per hour 

O i l  a t  $1.25 per 
Gal lon 

By-pass F i l t e r  

Labor t o  Change 
By-pass Element a t  
120.00 per  hour 

Tota l  Cost for 
Lube O i l  and 
F i  1 t e r  Change 

Service I n t e r v a l  ( 2 )  

Systen With 
No By-pass 

10.12 (8.1 gal . )  
30.7 l i t e r s  

14.000 mi les 
(22,526 km) 

750 
By-pass - SOBP 

13.75 (11 gal . )  11.25 ( 9  gal .) 
4 1 . 7 l i t e r s  3 4 . 1 l i t e r s  

3.25 8.00 

8.40 (25 min.) 3.34 (10  min.) 

18,000 m i les  16,000 m i les  
(28,962 km) (25.744 km) 

1. These costs  a r e  based on averages and may vary i n  d i f f e ren t  areas. 

2. Change i n t e r v a l s  recommended i n  Cumnins Service Parts/Topic No. 77'17-9, 
based on o i l  consumption of 600 m i les  per qua r t  o r  1.020 k i lometers 
per  l i t e r  and fue l  consumption o f  5 mi les  per g a l l o n  o r  2.1 k i lometers 
per 1 i t e r  . 

Appendix B 

O i l  System 
Opera t i ona l  Cost Per M i l e  

200.000 M i l e  Overhaul 300,000 M i l e  Overhaul 400,0i10 M i l e  Overhaul 
321,800 K i  ; m e t e r s  482,700 K i l omete rs  643,630 K i l omete rs  

No By-pass 750 SOBP No By-pass 750 SOBP 140 By-pass 750 S08P - 

Overhaul Per iod 200,000 mi. 205,479 mi. 207,603 mi .  300,000 mi .  31 3,589 mi. 31 7,439 mi .  400,000 m i .  424,528 m i .  431.61 6 m i .  
321,800 km. 330.615 km. 334,033 km 482,700 km. 504,565 km. 510,759 km. 643,600 km. 683,066 km. 694,470 km. 

Number o f  changes 
between overhauls  ( x  c o s t  o f :  ) 14.3 11.4 13.0 21.4 17.4 19.8 28.6 23.6 26.98 

F u l l  Flow F i l t e r s  5114.40 $91.20 $104.00 $171.12 $139.20 $158.40 $228.80 5188.80 5215.84 

Labor t o  change f u l l  f l o w  f i l t e r s  122.98 98.04 111.80 184.04 149.64 170.28 245.96 202.96 232.03 

O i l  144.72 156.75 146.25 21 6.57 239.25 222.75 28:. .43 324.50 303.53 

By-pass Element 37.05 104.00 56.55 158.40 76.70 215.84 

Labor t o  change by-pass f i l t e r  95.76 43.42 146.16 66.13 198.24 90.11 

In- f rame Overhaul 3,000.00 3,000.00 3,000.00 3,000.00 3,000.00 3,000.00 3,OO'J. 00 3,000.00 3,000.00 - - 
TOTAL COST OF OPERATION 
BETWEEN OVERHAULS $3,382.10 $3,478.80 $3,509.47 $3,571.23 $3,730.80 $3,776.00 $3,7".19 $3.991.20 $4,058.13 

COST PER MILE/KM OF 
OPERATION ( m i l s )  ,0169 m i .  .0169 mi. -- ,0169 mi. ,0119 mi .  ,0119 mi. . O i l 9  mi .  ,0094 mi .  ,0094 m i .  .0094 m i .  

,0105 km. .0105 km. ,0105 km. ,0073 Ivn. .0073 km. ,0073 km. ,0058 km. ,0058 km. ,0058 km. 

CONCLUSIONS: Extending a normal 200,000 m i l e  over-  Extending a n o r m 1  300,000 m i l e  over-  Extending a normal 400,000 m i l e  over 
haul i n t e r v a l  by 3". o r  4% (5,479 o r  haul i n t e r v a l  by 5% o r  6% (13,589 o r  haul  i n t e r v a l  by 6:: o r  8% (24,528 o r  
7,603 mi.) pays f o r  t h e  use o f  a by- 17,439 m i . )  pays f o r  t h e  use o f  a by- 31,616 m i . )  pays f o r  t h e  use o f  a by- 
pass f i l t e r .  pass f i l t e r .  pass f i l t e r .  
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