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I .  In tro d u c t io n

A s tu d y  o f  th e  sp o n tan eo u s i g n i t i o n  c h a r a c t e r i s t i e s  o f  l u b r i ­

c a t in g  o i l s  has been c o n s id e re d  im p o rta n t by th e  N a tio n a l A d v iso ry  

Committee f o r  A e ro n a u tic s  because  th e  sp on taneous i g n i t i o n  o f  

lu b r i c a n ts  by h o t  s u r fa o e s  i s  a  m a jo r f a c t o r  i n  th e  i n i t i a t i o n  

o f  f i r e s  i n  a i r c r a f t .  F o r t h i s  re a s o n  th e  N a tio n a l A d v iso ry  Com­

m it te e  f o r  A e ro n a u tic s  has  sp o n so red  a  s e r i e s  o f  r e s e a r c h  p r o je c ts  

a t  th e  A pp lied  S c ie n ce  R esea rch  L a b o ra to ry  t o  p u rsu e  a  s tu d y  o f  

t h i s  p rob lem . The s tu d y  conducted  a t  t h i s  l a b o ra to r y  may be d iv id e d  

i n t o  th r e e  p r in o ip le  p h a se s .

F i r s t ,  sp on taneous i g n i t i o n  te m p e ra tu re s  o f  a  number o f  p u re  

chem ica l compounds have been  d e te rm in e d . In  th e  s e l e c t i o n  o f  th e s e  

compounds a t t e n t i o n  was g iv e n  t o  sim p le  m o lecu le s  w hich  would com­

p a re  w ith  th e  s t r u c t u r a l  u n i t s  found in  f u e ls  and lu b r i c a n t s .  The 

e f f e o t  o f  m e ta ls  and a d d i t iv e s  on some o f  th e s e  p u re  compounds was 

s tu d ie d .  D e f in i te  c o r r e l a t i o n  was observed  betw een sp on taneous 

i g n i t i o n  and chem ica l s t r u c t u r e  o f  th e s e  compounds.

S econd, th e  t e s t  p ro ced u re  was ex tended  to  a  w ide v a r i e t y  o f  

lu b r i c a n ts  t o  ob serv e  w h eth er o r  n o t  th e  lu b r i c a n ts  behaved as 

would be p re d ic te d  from  a  com parison  o f th e  s t r u c t u r a l  u n i t  o f  th e  

l u b r i c a n t  w ith  s im p le  compounds o f  s im i la r  s t r u c t u r e .  A f a c t o r  o f  

low v o l a t i l i t y  obscured  t h i s  com parison  in  th e  ca se  o f  th e  more 

v isc o u s  o i l s .  T his d i f f i c u l t y  prom pted th e  u se  o f  a  s p ra y  i n j e c t o r  

f o r  th e  in t r o d u c t io n  o f  th e  o i l  i n t o  th e  i g n i t i o n  cham ber. W ith 

t h i s  m o d if ic a t io n  in  p ro ced u re  th e  c o r r e l a t i o n  o f  spon tan eo u s i g ­

n i t i o n  w ith  chem ica l s t r u o tu r e  was ex tended  to  lu b r i c a n ts  o f  h ig h  

v i s c o s i t y .
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T h ird , c o n s id e ra t io n  was g iv e n  t o  th e  r e a c t io n  p ro c e s s e s  

le a d in g  to  th e  sp on taneous i g n i t i o n  o f  o rg a n ic  compounds. The 

p ro ced u re  o o n s is te d  o f  p a s s in g  a  d e f i n i t e  fu e l-o x y g e n  m ix tu re  

th ro u g h  a h o t  tu b e  and con d en sin g  and a n a ly s in g  th e  r e s u l t a n t  

r e a c t io n  m ix tu re .  The use  o f  a  s m a l le r  d ia m e te r  r e a c t io n  tube  

and s h o r te r  c o n ta c t  tim es  th a n  p re v io u s ly  r e p o r te d  in  th e  l i t ­

e r a tu r e  p e rm itte d  a  c l e a r e r  u n d e rs ta n d in g  o f  th e  i n i t i a l  r e a c t io n  

p ro c e s s e s  th a n  had p re v io u s ly  been o b ta in e d .
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I I .  H i s to r i c a l  Background

J u s t  w hat i s  m eant by sp on taneous i g n i t i o n  te m p e ra tu re  may be 

i l l u s t r a t e d  in  g e n e ra l f a s h io n  in  th e  fo llo w in g  w ay. .When any  

v o l a t i l e  co m b u stib le  m a te r ia l  i s  h e a te d  in  an  atm osphere  c o n ta in ­

in g  oxygen th e  r a t e  o f  o x id a t io n  in c re a s e s  w ith  te m p e ra tu re .  As 

th e  te m p e ra tu re  o o n tin u es  t o  r i s e ,  a te m p e ra tu re  may be reach ed  

w here due t o  th e  ex o th erm ic  o x id a t io n  r e a c t io n  th e  r a t e  o f  g e n e ra ­

t i o n  o f  h e a t  j u s t  b a la n c e s  th e  r a t e  o f  d i s s i p a t i o n  o f  h e a t .  This 

te m p e ra tu re  may be r e f e r r e d  t o  as  th e  spon taneous i g n i t i o n  tem pera­

t u r e  because a t  te m p e ra tu re s  j u s t  above t h i s  h e a t  e q u i l ib r iu m  tem ­

p e ra tu r e  th e  r e a c t io n  r a p id l y  a c c e le r a te s  and th e  vap o r i g n i t e s .

C e r ta in  m o d if ic a t io n s  o f  t h i s  d e f i n i t i o n  o f  spon tan eo u s i g n i t i o n  

te m p e ra tu re  became n e c e s s a ry  as  t h i s  in v e s t ig a t io n  p ro cee d ed ; th e s e  

w i l l  bft d is c u s s e d  a t  a p p r o p r ia te  p la c e s  l a t e r  i n  th e  r e p o r t .

No doub t th e  e a r l y  w o rk ers  in  t h i s  f i e l d  c o n s id e re d  th e  p o s­

s i b i l i t y  o f spon taneous i g n i t i o n  te m p e ra tu re  b e in g  a s  much o f  a 

c h a r a c t e r i s t i c  p ro p e r ty  o f  a  compound as  m e ltin g  p o in t  o r  b o i l in g  

p o in t .  However, i t  soon became e v id e n t t h a t  t h i s  was n o t so  and 

th e  spon taneous i g n i t i o n  te m p e ra tu re  o f  a  compound may v a ry  w id e ly  

a c c o rd in g  t o  a  v a r i e t y  o f  v a r ia b le  c o n d i t io n s .  Such c o n d itio n s  i n ­

c lu d e  m a te r ia l  o f  i g n i t i o n  v e s s e l ,  c o n c e n tr a t io n  o f  oxygen in  th e  

v ap o r m ix tu re ,  volume o f i g n i t i o n  cham ber, tim e la g  b e fo re  i g n i t i o n ,  

p r e s s u r e ,  amount o f  co m b u stib le  m a te r ia l  charged  in t o  i g n i t i o n  cham ber.

A ccord ing  t o  a  rev ie w  o f  spon tan eo u s i g n i t i o n  te m p e ra tu re  by 

W. H e lm o re ^ ^  in  1938, H. Holm in  1913 was th e  f i r s t  t o  r e p o r t  spon­

ta n eo u s  i g n i t i o n  te m p e ra tu re  d e te rm in a tio n s  by d ro p p in g  co m b u stib le  

m a te r ia l  on a  h e a te d  p o ro e la in  s u r f a c e .  H. Moore i n  1917 used a
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p la t in iu m  o ru c ib le  imbedded in  a s t e e l  b lo c k  h e a te d  by  a gas b u rn e r  

to  d e te rm in e  spon taneous i g n i t i o n  te m p e ra tu re s .  Dry p re h e a te d  a i r  

o r  oxygen was d e l iv e r e d  to  th e  c r u c ib le .  H is work re p re s e n te d  th e  

f i r s t  p o s i t iv e  a t te m p t t o  c o r r e l a t e  i g n i t i o n  te m p e ra tu re s  and en g in e  

b e h a v io r ;  he concluded  t h a t  f u e l s  f o r  s p a rk  i g n i t i o n  en g in es  sh o u ld  

have h ig h  sp o n tan eo u s i g n i t i o n  te m p e ra tu re s  and f u e l s  f o r  com press io n  

ig n i t i o n  en g in es  shou ld  have low ig n i t io n  te m p e ra tu re s .

Prom th e  work done b e fo re  1938 Helmore was a b le  t o  com pile th e  

fo llo w in g  g e n e r a l iz a t io n s  r e l a t i v e  t o  spon taneous i g n i t i o n  o f  pure 

compoundsi

(1) Open c h a in  p a r a f f i n i c  h yd rocarbons have low spon taneous 

i g n i t i o n  te m p e ra tu re s  w hich d e c re a s e  w ith  r i s e  i n  m o le c u la r  w e ig h t 

o f  th e  h y d ro carb o n .

(2 ) Branched o h a in  p a r a f f in s  have much h ig h e r  spon taneous 

i g n i t i o n  te m p e ra tu re s  th a n  c o rre sp o n d in g  p a r a f f i n s .

( 3 ) O le f in s  have v a r ia b le  sp o n tan eo u s i g n i t i o n  te m p e ra tu re s  

b u t  o f te n  h ig h e r  th a n  c o rre sp o n d in g  p a r a f f i n s .

(4 ) N apthenes have in  g e n e ra l  h ig h e r  spon tan eo u s i g n i t i o n  

te m p e ra tu re s  th a n  th o s e  o f  n - p a r a f f in  and o l e f i n s .

( 5 ) The a ro m a tic  hydrooarbons have much h ig h e r  spon tan eo u s 

i g n i t i o n  te m p e ra tu re s  th a n  o th e r  h y d ro ca rb o n s .

(6) A lco h o ls  p o sse ss  h ig h e r  spon tan eo u s i g n i t i o n  te m p e ra tu re s  

th a n  co rre sp o n d in g  h y d ro o arb o n s .

(7) A ldehydes have much low er sp on taneous i g n i t i o n  te m p e ra tu re s  

th a n  co rre sp o n d in g  h y d ro c a rb o n s .

(8) I n t r o d u c t io n  o f  brom ine o r c h lo r in e  atoms o r  n i t r o  groups 

le a d s  t o  r e d u c t io n  in  spon tan eo u s i g n i t i o n  te m p e ra tu re ;  in t r o d u c t io n  

o f  am ino group causes in c re a s e  in  sp o n tan eo u s i g n i t i o n  te m p e ra tu re .
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( 2 )In  1941 Sortm an, B e a tty  and H eron ' r e p o r te d  th e  e x is te n c e  o f  

aones o f  n o n ig n i t io n  f o r  some n - p a r a f f in e  and d e c a l in  u s in g  a  Moore 

type  a p p a ra tu s .  They a ls o  observed  a rem arkab le  i n h i b i t i o n  o f  spon ­

ta n eo u s  i g n i t i o n  o f p a r a f f in s  by t e t r a e t h y l  le a d .

Emphasis has been p la ced  upon th e  o ru c ib le  method f o r  d e t e r ­

m in a tio n  o f  i g n i t i o n  te m p e ra tu re s  because  i t  i s  th e  m ost co n v en ien t 

and i t  i s  th e  method used in  t h i s  in v e s t i g a t io n .  Among o th e r  methods 

t h a t  have been used f o r  d e te rm in in g  ig n i t i o n  te m p e ra tu re s  a r e  dynam ic 

tu b e  m ethods, bomb m ethods, and methods in v o lv in g  a d i a b a t i c  co m p ressio n .

A r a th e r  d e t a i le d  exam ple o f  th e  e f f e c t  o f  b ran ch in g  i n  th e  h y d ro ­

ca rb o n  c h a in  on th e  r a t e  o f  o x id a t io n  was re p o r te d  by C u l l i s  and 

( 3 )M ulcahy ' '  oh iso m e ric  h ex an e s .

P a r a f f in  s t r u c t u r e
R e la t iv e  o x id a tio n  

r a t e

C-C-C-C-C-C 1590

C-C-G-C-C 560
C -

c-c -c-c -c 60
G

c
c-c-c-c 12

c

c-c-c-c 1
c c

Some work has  been done on d e te rm in in g  th e  compounds formed 

in  th e  sequence o f  o x id a t io n  s t e p s .  However, many d i f f e r e n t  p ro d u c ts  

have been o b ta in e d  and i t  has  been  e x tre m e ly  d i f f i c u l t  t o  f i x  them 

in to  a  d e f i n i t e  r e a c t io n  m echanism . As y e t  an  e s ta b l i s h e d  r e a c t io n  

mechanism d e s c r ib in g  sp on taneous i g n i t i o n  i s  la c k in g .  Perhaps th e  b e s t  

s t a r t i n g  p o in t  i s  th e  m echanism  o f  h y d ro p e ro x id e  fo rm a tio n  advanced 

by l a l s h ^  s
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(a ) F o rm ation  o f a  f r e e  r a d i c a l

EH -* '» •

(b ) R e a c tio n  w ith  oxygen

R* ♦ Og -*  R-00*

(c )  A b s tr a c t io n  o f  a  hydrogen  atom

R-00* + R H -*> ROOH + R*

(d) C hain  b ran ch in g  th ro u g h  d eco m p o sitio n

ROOH -»  BO* HO*

h y d ro p e ro x id e
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I I I .  D e sc rip tio n , o f A ppara tu s

! •  The Spontaneous I g n i t io n  Cup

The sp on taneous i g n i t i o n  cup and a c c e s s o r ie s  w ere m odeled a f t e r  

th e  equipm ent o f  S ortm an, B e a tty  and H e ro n ^ ^ .  This c o n s is te d  o f  a 

c a v i ty  in  a m e ta l h lo c k  housed  in  an  e l e o t r i c  c r u c ib le  fu rn a o e . A 

c o n v e n ie n t m o d if ic a t io n  f o r  th e  p r e s e n t  i n v e s t ig a t io n  was th e  con­

s t r u c t i o n  o f m e ta l cup a s se m b lie s  w hich cou ld  be p la c e d  in  th e  c a v i ty  

o f  th e  m e ta l b lo c k . Com plete eup a sse m b lie s  o f  sev en  d i f f e r e n t  

m e ta ls  w ere made so  t h a t  th e  e f f e c t s  o f  m e ta ls  on sp on taneous i g n i ­

t i o n  could  be o b se rv ed . Each cup assem b ly  c o n s is te d  o f  a  base  p l a t e ,  

a s le e v e ,  and a  l i d  w hich w ere a c c u r a te ly  m achined t o  f i t  t i g h t l y  

i n t o  th e  c a v i ty  in  th e  m e ta l b lo c k . An a rran g em en t was made f o r  a i r  

t o  be p re h e a te d  and e n te r  th e  chamber th ro u g h  fo u r  sm a ll openings a t  

th e  base o f  th e  s le e v e .  A therm ocouple was p la c e d  in  a  r e c e s s  in  th e  

bo ttom  o f th e  b ase  p l a t e .  The te m p e ra tu re  o f  th e  cup was o b ta in e d  

d i r e c t l y  from  t h i s  therm ocoup le  by u se  o f  a  Leeds and N orth rop  p o te n ­

t io m e te r .  The d e t a i l s  o f  th e  a p p a ra tu s  a re  shown in  f ig u r e s  1 and 2 .

Throughout t h i s  i n v e s t ig a t io n  two u n i t s  w ere u s e d , one w ith  a 

s t a i n l e s s  s t e e l  b lo c k , th e  o th e r  w ith  a copper b lo c k , and th e  m e ta l 

cup a sse m b lie s  used in te rc h a n g e a b ly .  The set.tw o u n i t s  gave p a r a l l e l  

sp on taneous i g n i t i o n  r e s u l t s .  However, th e  copper b lo c k  u n i t  was n o t 

used a t  h ig h  te m p e ra tu re s  because  o f  th e  ra p id  fo rm a tio n  o f a heavy  

co p p e r-o x id e  la y e r .

2 . The S p ray  I n je c to r

In  an  e f f o r t  t o  red u ce  th e  in f lu e n c e  on th e  i g n i t i o n  te m p e ra tu re  

o f  th e  slow  r a t e  o f  v o l a t i z a t i o n  o f  h ig h e r  m o le c u la r  w e ig h t m a te r ia ls  

a  s p ra y  i n j e c t o r  was c o n s tru c te d .  The d e t a i l s  o f  t h i s  c o n s t r u c t io n  •
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a re  shown in  f ig u r e s  3 and 4 .  The a p p a ra tu s  coxysists o f  a  hand 

o p e ra te d  p i s to n  w hich e j e c t s  th e  l iq u id  th ro u g h  a  sm a ll opening 

(a p p ro x im a te ly  e ig h t  th o u sa n d th s  o f  a n  in c h  in  d ie jn e te r )  from  a  

c y l in d e r  0 .125  in ch es  in  d ia m e te r .  Some a s b e s to s  pack ing  in  th e  

c y l in d e r  p re v e n ts  leak ag e  o f  o i l .  This i n j e c t o r  w orked s a t i s f a c ­

t o r i l y  w ith  o i l s  o f  v i s c o s i t i e s  up t o  a b o u t 500 SSb a t  100°F .

F or more v is c o u s  o i l s  i t  would be n e c e s s a ry  to  c o n s t r u c t  a n  i n ­

j e c t o r  w hich would p e rm it s t i l l  h ig h e r  p i s to n  p r e s s u r e s ;  t h i s  was 

c o n s id e re d  beyond th e  scope o f  t h i s  in v e s t ig a t io n .

3 . The Vapor Phase O x id a tio n  A ppara tu s

The a p p a ra tu s  com prises e s s e n t i a l l y  th r e e  s ta g e s ;  ( l )  th e  

hydrocarbon-oxygen  m ix ing  tu b e ,  (2 ) th e  o x id a t io n  cham ber, and 

(3 ) co ld  t r a p s  and gas a n a ly z e r .  These a r e  i l l u s t r a t e d  in  f ig u r e

5 .

(1) Tank oxygen i s  f i r s t  d r ie d  by p a ss in g  th ro u g h  s u l f u r i c  

a c id .  I t  i s  th e n  p assed  th ro u g h  a  flow m eter and bubbled  in t o  th e  

h y d ro ca rb o n , h e ld  a t  a  o o n s ta n t  te m p e ra tu re  by a  v ap o r b a th  to  se c u re  

a c o n s ta n t  fu e l/o x y g e n  r a t i o .  The fu e l/o x y g e n  m ix tu re  e n te r s  th e  

o x id a t io n  chamber th ro u g h  a  g la s s  tu b e  h e a te d  t o  a  te m p e ra tu re  

s l i g h t l y  h ig h e r  th a n  th e  vap o r b a th  t o  p re v e n t any  c o n d e n sa tio n .

(2 ) The o x id a t io n  th u s  f a r  h as  been  conducted  in  a  g la s s  tu b e  

o f  a b o u t l / l 6 "  I .D . This tu b e  p asse s  th ro u g h  a h e a t in g  u n i t  com­

p r i s in g  a  s t e e l  rod  1" i n  d ia m e te r  and 12” long  h e a te d  in  an  e l e c t r i o  

fu rn a c e .  The rod  i s  d r i l l e d  le n g th w ise  t o  p ro v id e  a  c l o s e - f i t t i n g  

ja c k e t  ab o u t th e  g la s s  tu b in g .  T his rod  a l s o  c o n ta in s  a  s m a l le r  h o le  

in to  w hich th e  therm ocoup le  i s  i n s e r t e d .  The d i s t r i b u t i o n  o f  tem pera 

tu r e  th ro u g h  th e  r e a c t io n  tu b e  was de te rm in ed  f o r  v a r io u s  peak tem ­

p e r a tu r e s ;  th e  r e s u l t s  a r e  shown in  f ig u r e  6 .
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F ig u re  &

The A pparatus

1 . To flow m eter ^  oxygen ta n k
2 . H ydrocarbon -  oxygen b u b b le r
3 . Vapor b a th
4 .  H ea tin g  M antle
5 . Combustion F urnace
6 0 S te e l  Rod T4" d ia m e te r  12" le n g th
7 .  R eac tio n  Tube 1 A 6 ” ID Pyrex
8 .  T raps f o r  r e a c t io n  o ro d u c ts
9 . Dewar F la sk s

1 0 . T rap  c o n ta in in g  c a rb o n y l re a g e n t
1 1 . C o il f o r  m ild  h e a t in g

Hi
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(3 ) The th i r d  s ta g e  c o n s i s t s  o f  a s e r i e s  o f two d ry  ic e -a c e to n e  

co ld  t r a p s ,  and a  2 ,4 -d in itro p h e n y lh y d ra z in e  s o lu t io n  th ro u g h  w hich 

th e  gas i s  bubbled a f t e r  le a v in g  th e  t r a p s .  The f i n a l  e x i t  gas i s  

checked p e r io d i c a l ly  f o r  ca rb o n  m onoxide, ca rbon  d io x id e ,  h y d ro g en , 

oxygen, and v o l a t i l e  hyd ro carb o n s by neans o f  a  B u r r e l l  " In d u s tro "  

gas A n a ly ze r.

To p e rm it th e  c o l l e c t i o n  o f  a  l a r g e r  sam p le , a  s ix - tu b e  r e a c t io n  

chamber was c o n s tru c te d .  S ix  tu b e s ,  each  o f  0 .1 2 5  in ch  d ia m e te r  

su p p o rted  by ru b b e r s to p p e rs  w i th in  a la rg e  g la s s  tu b e  o f  one inoh  

d ia m e te r .  I ro n  powder was p la ced  in s id e  th e  la rg e  tu b e  and around 

th e  s m a lle r  ones to  s e rv e  as  a  h e a t  co n d u c tin g  medium. This r e a c to r ,  

th e r e f o r e ,  m ere ly  re p la c e d  th e  s in g le  tu b e  r e a c to r  when l a r g e r  sam ples 

w ere d e s i r e d .
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IV. l e s t  P rocedu re  and P r e c is io n  

1. D e te rm in a tio n  o f  Spontaneous I g n i t io n  T em peratures

Spontaneous i g n i t i o n  te m p e ra tu re s  w ere d e te rm in ed  f o r  a  s e le c te d  

s e r i e s  o f o rg a n ic  compounds o f  h ig h  p u r i t y  in c lu d in g  n - p a r a f f in s ,  

b ranched  p a r a f f i n s , A - o l e f i n s , a ro m a tic  h y d ro c a rb o n s , a l c o h o ls ,  e t h e r s ,  

and e s t e r s .  The methods o f  p u r i f i c a t i o n  and th e  p h y s ic a l  p r o p e r t i e s  

o f  th e s e  compounds a r e  g iv e n  i n  t a b le  I .

To de te rm in e  th e  sp on taneous i g n i t i o n  te m p e ra tu re ,  th e  e l e c t r i c  

fu rn a c e  i s  h e a te d  r a p id ly  t o  th e  d e s ir e d  te m p e ra tu re  range o f  o p e ra ­

t i o n .  Then th e  fu rn a c e  r h e o s ta t  i s  a d ju s te d  ao th e  fu rn a c e  w i l l  co o l 

a t  a d e s ir e d  r a t e .  One d ro p  o f  th e  m a te r ia l  t o  be t e s t e d  i s  in tro d u c e d
t

in to  th e  i g n i t i o n  cham ber. I f  an  i g n i t i o n  occurs th e  in d u c tio n  p e r io d  

i s  reco rd ed  (m easured w ith  a  s to p  w a tc h ) ; a l s o  reco rd ed  i s  th e  tem ­

p e ra tu r e  o f  th e  chamber j u s t  p r io r  t o  th e  a d d i t io n  o f  th e  d ro p . I f  

no i g n i t i o n  o ccu rs  t h i s  p ro ced u re  i s  re p e a te d  w ith  two o r more d rops 

a f t e r  a tim e i n t e r v a l  o f  a t  l e a s t  two m inu tes t o  a l lo w  th e  o x id iz e d  

g ases  t o  be f lu sh e d  o u t by th e  incom ing a i r .  As th e  fu rn a c e  c o o ls  

t h i s  p ro ced u re  i s  r e p e a te d ly  fo llo w e d , u s in g  more d ro p s when n e c e s ­

s a ry  t o  e f f e c t  th e  i g n i t i o n ,  u n t i l  a te m p e ra tu re  is  reach ed  where no 

amount o f m a te r ia l  added w i l l  r e s u l t  in  an  i g n i t i o n .  The te m p e ra tu re  

o f  th e  p rece d in g  ig n i t io n  i s  ta k e n  as  th e  spon taneous ig n i t io n  tem ­

p e r a tu r e .  In  t h i s  low er ran g e  th e  r a t e  o f  c o o lin g  i s  reduced  by ap p ro x ­

im a te ly  1°C p e r 2 to  5 m inu tes so  th a t  th e  spon taneous i g n i t i o n  tem ­

p e r a t u r e  can  be observed  t o  th e  n e a r e s t  d e g re e .

The r a t e  o f  a i r  flow  m ost g e n e r a l ly  used in  th e s e  ex perim en ts  

has been 125 cu b ic  c e n tim e te rs  p e r  m in u te . A t t h i s  r a t e ,  th e  i g n i t i o n  

chamber i s  f lu s h e d  ou t d u r in g  th e  2 -m in u te 'tim e  in t e r v a l  betw een 

a d d i t io n s .  In  some e x p e r im e n ts , a 25 cc /m in u te  r a t e  o f  f lo w  was u sed .
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H ere i t  was n e c e s s a ry  to  in c re a s e  th e  a i r  flow  a f t e r  each  ig n i t i o n  

t o  f lu s h  th e  cham ber, and th e n  to  r e a d ju s t  th e  r a t e  t o  25 cc /m in u te  

a t  th e  end o f th e  2 -m inu te  tim e i n t e r v a l .  The 25 cc /m in u te  a i r  

f lo w  r a te  gave re a d in g s  t h a t  w ere g e n e ra l ly  some 3° to  8° C low er 

th a n  th e  125 cc /m in u te  r a te .

Three d i f f e r e n t  ty p e s  o f  o x id a tio n  phenomena have been o bserved  

and c la s s e d  as ig n i t io n s  in  d e te rm in in g  th e  sp on taneous i g n i t i o n  tem ­

p e ra tu r e  :

(1) A v i s i b l e  flam e o r f l a s h ,  b lu e  o r y e llo w  in  c o lo r .

(2) A v i s i b l e  glow w ith in  th e  cham ber, u s u a l ly  g re e n  o r b lu e  

(som etim es y e llo w ) w hich may or may n o t be fo llo w ed  by a  p u f f  o f  

smoke (" c o o l flam e" i g n i t i o n ) .

(3) A d e f i n i t e  p u f f  o f  smoke a f t e r  a re a so n a b le  in d u c tio n  

p e r io d .

The l a s t  two ty p e s  a re  u s u a l ly  observed  a t  th e  spon taneous i g n i t i o n  

te m p e ra tu re  and te m p e ra tu re s  s l i g h t l y  above. In  t h i s  ran g e  th e  op­

timum f u e l - a i r  r a t i o  to  produce a flam e i s  q u i te  s e n s i t i v e ;  i f  

s l i g h t l y  ex ceed ed , a  glow or p u f f  o f  smoke r e s u l t s  in s te a d  o f  th e  

f la m e .

For th e  h y d ro ca rb o n s , a l c o h o ls ,  and o l e f i n s ,  th e  maximum amount 

re q u ire d  to  e f f e c t  an  i g n i t i o n  was 30 to  40 m illig ra m s  (10 d ro p s )  a t  

th e  spon taneous i g n i t i o n  te m p e ra tu re ;  th e  in d u c tio n  p e r io d  was 30 t o  

60 seco n d s . The a d d i t io n  o f  l a r g e r  th a n  40 m ill ig ra m  q u a n t i t i e s  o f 

m a te r ia l  d id  n o t low er th e  sp on taneous i g n i t i o n  te m p e ra tu re  more th a n  

a d eg ree  o r tw o.

For th e  e t h e r s ,  i t  was n e c e s s a ry  to  add much l a r g e r  am ounts o f 

m a te r ia l  to  produce an  i g n i t i o n  in  th e  te m p e ra tu re  ran g e  j u s t  above 

th e  spon taneous i g n i t i o n  te m p e ra tu re .  The in d u c t io n  p e r io d  rem ained 

q u i te  s h o r t  in  t h i s  ran g e  an d , even  a t  th e  sp on taneous i g n i t i o n
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te m p e ra tu re ,  i t  was o n ly  8 to  12 seco n d s . A p p a re n tly  th e  la rg e  amount 

of material was needed so that a high ether concentration in the vapor 

phase cou ld  be ach iev ed  v e ry  soon a f t e r  th e  a d d i t io n ;  o th e rw is e ,  on 

a d d i t io n  o f a sm a lle r  amount o f  m a te r i a l ,  th e  r a t e  o f  o x id a tio n  would 

be f a s t e r  th a n  th e  r a t e  o f v a p o r iz a t io n  an d , a c c o rd in g ly ,  s u f f i c i e n t  

c o n c e n tra t io n  o f  e th e r  f o r  norm al i g n i t i o n  cou ld  n o t be a t t a i n e d .

The maximum amount o f any  e th e r  added a t  th e  sp on taneous i g n i t i o n  

te m p e ra tu re  was ICO m illig ra m s  ( in  th e  case  o f  d id e c y l  e t h e r ) .  Because 

o f  th e  v e ry  s h o r t  in d u c tio n  p e r io d  w ith  th e  e t h e r s ,  th e  m a te r ia l  was 

added a l l  a t  once r a th e r  th a n  d ro p w ise .

For some a ro m a tic  compounds t e s t e d  th e  optimum amount o f  m a te r ia l  

f o r  ig n i t io n  d id  n o t exceed 3 t o  5 d rops (ab o u t 9 t o  15 mg) even 

a t  th e  spon taneous i g n i t i o n  te m p e ra tu re .  More th a n  t h i s  amount f a i l e d  

t o  g iv e  i g n i t i o n  in  th e  range  j u s t  above th e  sp on taneous i g n i t i o n  tem­

p e r a tu r e .  This p ro b a b ly  r e s u l t s '  from  a  ra p id  r a t e  o f  v a p o r iz a t io n  

w hich v o l a t i l i z e s  th e  m a te r ia l  b e fo re  th e  r a t e  o f o x id a tio n  becomes 

s i g n i f i c a n t .

Spontaneous i g n i t i o n  te m p e ra tu re  re a d in g s  below 300°C have been 

re p ro d u c ib le  g e n e r a l ly  w i th in  l° C j a t  h ig h e r  te m p e ra tu re s  th e  a c c u ra c y  

i s  in  th e  range  o f 3° t o  5°C. The te m p e ra tu re  a c t u a l l y  observed  &t 

therm ocouple  in  re c e s s  o f  b ase  p l a t e )  a g re e s  w i th in  n o t more th a n  2°C 

w ith  th e  te m p e ra tu re  a t  th e  s u r fa c e  o f  th e  base  p la t e  w here i g n i t i o n  

would be expec ted  t o  o ccu r; in  th e  low er ra n g e , t h i s  agreem ent i s  

w ith in  1°C. To o b ta in  a  com plete  p ic tu r e  o f th e  h e a t  d i s t r i b u t i o n  

th ro u g h o u t th e  i g n i t i o n  cham ber, therm ocoup les w ere p la c e d  in  o th e r  

p a r ts  o f th e  ig n i t io n  assem bly  and o b s e rv a tio n s  w ere made a t  v a r io u s  

te m p e ra tu re s  d u rin g  b o th  h e a t in g  and c o o lin g  p e r io d s .  These r e s u l t s  

a re  summarized in  f ig u r e  7 . The te m p e ra tu re  d i f f e r e n t i a l s  observed
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Figure 1311

Temperature D istr ib u tio n  in  the Metal Cun Assembly

P a r t ( a )  C a l ib r a t io n  o f  an i r o n  -  oupron therm ocoup le  ( l i k e  th o s e  
p erm an en tly  lo c a te d  in  th e  m e ta l b lo c k s )  w ith  an  i r o h -  
o o n e ta n ta n  th e rm o co u p le0 A L eeds-N orth rup  p o te n tio m e te r  

, c a l ib r a t e d  fo r  i ro n  c o n s ta n ta n  therm ocoup les was u e e d 0

I  0Sv3x. 0
5 $ .5

I r a n  - c o n s t m n t < 9 n
I ran  - cupron

600 So o 400 3ne
r «  n m ^ * er &  t f  < 4 f  <Z °C * .

£00
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Part (c )  The d is t r ib u t io n  o f  h e a t in  th e  i g n i t i o n  cup as i t  co o le  
from 600° C. to  200° C.

-  o------
■-©

c
cr"

\
£ "h5~

0
-25-

1

Soo

In  r e p o r t in g  the 
S . I i T .  th e  d i r e c t  
re a d in g  o f  #1 
th e m b o o u p le  i s  
usedo

7ir.’mf>e r e ta r&  *0-

The i ro n -c o n s ta n ta n  e q u iv a le n t  re a d in g  o f  #1 o b ta in e 4  by 
u s in g  d a ta  in  p a r t  (a )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 2 0 -

a re  p ro b a b ly  somewhat h ig h e r  th a n  those  in  a c tu a l  o p e r a t io n ,  s in c e  

i n s e r t i o n  o f  th e  therm ocoup les n e c e s s i t a te d  some b reak  in  th e  th e rm a l 

c o n ta c t  o f  th e  p a r t s  o f th e  i g n i t i o n  cup assem b ly . I t  i s  o f  i n t e r e s t

t o  n o te  t h a t  th e  te m p e ra tu re  d i f f e r e n t i a l s  observed  h e re  a r e  c o n s id -

(5)e r a b ly  le s s  th a n  th o se  r e c e n t ly  re p o r te d  f o r  th e  A .b .T .h .  a p p a r a tu s ' ' •

2 . S p ray  I n je c t io n  v e rsu s  D ropw ise A d d itio n

At f i r s t  th e  same g e n e ra l  p ro ced u re  as  d e s c r ib e d  in  th e  p rev io u s  

s e c t io n  was used f o r  th e  l u b r i c a n t s .  I t  was soon observed t h a t  w ith  

much la r g e r  ch arge  s iz e s  (100-200 mg) and ad d in g  th e  m a te r ia l  r a p id ly  

and a l l  a t  once th e  spon taneous i g n i t i o n  te m p e ra tu re s  o f  th e  l u b r i ­

c a n ts  could  be c o n s id e ra b ly  low ered . T h e re fo re , d ropw ise a d d i t io n  in  

th e  case  o f  th e  lu b r ic a n ts  may r e f e r  t o  a v e ry  la rg e  " d ro p ."  O nly 

a sm a ll p o r t io n  o f  t h i s  50-200 mg ’’d ro p ” o f o i l  i s  consumed in  th e  

spon taneous f lam e ; th e  r e s t  sm olders in  th e  bottom  o f th e  cup and may 

d e p o s i t  a  la c q u e r  l i k e  r e s id u e .  For th e  h ig h  v i s c o s i t y  o i l s  f iv e  o r 

t e n  m inu tes may be r e q u ire d  f o r  th e  s tream  o f a i r  t o  sweep ou t th e  

ig n i t io n  cup . Spontaneous i g n i t i o n  te m p e ra tu re s  a t  b o th  125 cc /m in u te  

and 0 cc /m in u te  a i r f lo w  were de te rm in ed  f o r  th e  lu b r i c a n ts  in  an  

e f f o r t  to  o b ta in  as n e a r ly  as p o s s ib le  optimum f u e l / a i r  r a t i o s .  In  

g e n e ra l  low er r e s u l t s  w ere o b ta in e d  a t  th e  ze ro  a i r f lo w  r a t e .

Some s p e c ia l  d e te rm in a tio n s  were made o f  open-cup spon taneous 

i g n i t i o n  te m p e ra tu re s .  In  th e s e  ca se s  th e  l i d  and cap o f  th e  i g n i t i o n  

cup assem bly  w ere removed le a v in g  an  open cup. The lu b r i c a n t  was added 

in amounts up t o  500 mg. and a spon taneous flam e was o b se rv ed . In 

th e s e  d e te rm in a tio n s  a i r  flow  in to  th e  cup was p e rm itte d  a t  a  r a t e  

o f  a p p ro x im a te ly  125 c c /m in u te . The p r e c i s io n  o f  th e s e  sp on taneous 

i g n i t i o n  te m p e ra tu re s  was p ro b a b ly  ± 5 °  t o  8°G. The m ain purpose o f  

th e s e  open cup d e te rm in a tio n s  was t o  i l l u s t r a t e  t h a t  a r a t h e r  sim p le
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change in  th e  i g n i t i o n  cup would g iv e  w id e ly  d i f f e r e n t  i g n i t i o n  tem ­

p e ra tu re s  .

By in j e c t i n g  th e  charg e  in to  th e  cup in  a f in e  s p ra y  a more 

e f f i c i e n t  u t i l i z a t i o n  o f  th e  o i l  cou ld  be o b ta in e d . S p ray  in j e c t i o n  

p e rm itte d  a more ra p id  a t ta in m e n t  o f  optimum vapor c o n c e n tra t io n s  f o r  

.flam e ig n i t i o n s .  The g e n e ra l  p ro ced u re  fo r  s p ra y  i n j e c t i o n  i s  th e  

same as fo r  d ropw ise i g n i t i o n .  A ran g e  o f  d i f f e r e n t  charge s iz e s  

from  th e  i n j e c t o r  were used so  as  t o  g iv e  th e  lo w e s t i g n i t i o n  tem ­

p e ra tu r e  p o s s ib le .  The low er l i m i t  f o r  i n j e c t i o n  was ab o u t 5 mg.

For r e p r e s e n ta t iv e  v o l a t i l e  compounds dropw ise a d d i t io n  and sp ra y  

i n j e c t i o n  g ive  s u b s t a n t i a l l y  th e  same r e s u l t s .

The p r e c i s io n  o f th e  d ropw ise  a d d i t io n  and s p ra y  in j e c t i o n  f o r  

lu b r i c a n ts  may be summarized by  th e  fo llo w in g  t a b l e !

P ro p e r t ie s  
B o ilin g  

P o in t , C

o f th e  Compound 
Spontaneous 

I g n i t io n  
T em p era tu re , °C

Method
o f

A d d itio n
P r e c is io n ,

°c

<  280 -< 300 Dropwise 1-2

< 280 > 3 0 0 D ropwise 3-5

280 to  ? <  300 S pray  I n je c t io n 2-3

280 t o  ?

Ooto\ Spray  I n je c t io n 3-6
......

S p ray  i n j e c t i o n  w i l l  g iv e  a  much h ig h e r  s u r fa c e  a r e a  to  b u lk  

volume r a t i o .  The r a t e  o f a c h ie v in g  th e  e q u i l ib r iu m  vap o r p re s s u re  

o f  th e  o i l  w i l l  be a fu n c t io n  o f  t h i s  a re a  t o  volume r a t i o .  But 

th e r e  i s  an  a d d i t io n a l  f a c t o r  i n  o b ta in in g  th e  optimum v ap o r concen­

t r a t i o n  f o r  sp on taneous i g n i t i o n  o f  r e l a t i v e l y  n o n - v o la t i l e  o i l s .  

T his f a c t o r  i s  t h a t  th e  s m a l le r  th e  p a r t i c l e  s iz e  o f  th e  d r o p le t s  

th e  h ig h e r  w i l l  be th e  e q u i l ib r iu m  vapo r p re s s u re  a c c o rd in g  t o  th e  

e q u a t io n :
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/ l  -  r a d iu s  o f d r o p le t

f  -  s u r f a c e  te n s  io n

/ «  h  = € £ ?  I I  y -  d e n s i ty
f  / e r ~  a c/

° /*!  -  m o lecu la r  w e ig h t

-  vap o r p re s s u re  o f  b u lk  l iq u id

-  vap o r p re s s u re  o f  d r o p le t  o f  r a d iu s  r  

The upper m o le c u la r  w e ig h t l i m i t  o f  u s e fu ln e s s  o f  s p ra y  i n j e c t i o n ,  

th e r e f o r e ,  w i l l  depend upon th e  v ap o r p re s s u re  o f  v e ry  sm a ll d r o p le t s .  

However, w ith  th e  p re s e n t  i n j e c t o r ,  th e  p r a c t i c a l  l i m i t  i s  de te rm in ed  

by th e  v i s c o s i t i e s  and l i e s  in  th e  range o f  300-600 SSb a t  100°F 

dependen t t o  some e x te n t  on th e  s t r u c t u r e  in v o lv e d .

3 . The Slow Vapor Phase O x id a tio n  o f  O rgan ic Compounds

The b u b b le r  tu b e  i s  f i r s t  f i l l e d  w ith  th e  compound t o  be t e s t e d .  

From th e  vap o r p re s s u re  d a ta  o f  th e  compound th e  te m p e ra tu re  i s  d e t e r ­

mined w hich w i l l  p e rm it th e  d e s i r e d  vap o r r a t i o  o f  compound t o  oxygen 

as  th e  oxygen i s  bubbled  th ro u g h  th e  compound. This te m p e ra tu re  i s  

th e n  m a in ta in ed  by an a p p ro p r ia te  vapor b a th  around th e  b u b b le r .

The flow' o f  th e  fu e l-o x y g e n  m ix tu re  i s  s t a r t e d  and th e  fu rn a c e  i s  

h e a te d  to  th e  d e s i r e d  te m p e ra tu re .  This te m p e ra tu re  i s  m a in ta in ed  

by a d ju s t in g  a  v a r ia b le  t r a n s fo rm e r .  The r e a c t io n  i s  co n tin u ed  u n t i l  

a  s u f f i c i e n t  amount o f  r e a c t io n  p ro d u c t i s  c o l le c te d  in  th e  d ry  i c e -  

a c e to n e  coo led  t r a p s .  The r e a c t io n  m ix tu re  i s  th e n  s e p a ra te d  in t o  two 

p a r ts  * ( l )  th e  l iq u id  o rg a n ic  p h a se , (2 ) th e  s o l id  ic e  l i k e  phase

a d h e r in g  t o  th e  w a lls  o f  th e  t r a p .  The l i q u id  o rg a n ic  phase i s  a n ­

a ly z e d  f o r  t o t a l  p e ro x id e , hydrogen  p e ro x id e , c a rb o n y l ,  o l e f i n ,  and 

a c id  c o n te n t .  I t  i s  n e c e s s a ry  t o  remove a l l  o f  th e  p e ro x id e  and 

c a rb o n y l t o  d e te rm in e  th e  o l e f i n .  The s o l id  ic e  l i k e  phase i s  a llow ed  

t o  m e lt  and th e n  i s  washed down w ith  w a te r  and an a ly zed  f o r  p e ro x id e ,
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hydrogen  p e ro x id e , c a rb o n y l, and a c id  c o n te n t .  W ith t h i s  sim p le  ty p e  

o f  p ro ced u re  a  s e r i e s  o f runs i s  made v a ry in g  th e  c o n d itio n s  o f  

f u e l / a i r  r a t i o ,  c o n ta c t  t im e , and te m p e ra tu re .  From t h i s  in fo rm a tio n  

a  much more d e ta i le d  a n a ly s i s  i s  c a r r ie d  ou t under a few p a r t i c u l a r l y  

p rom ising  c o n d i t io n s .  This d e t a i l e d  a n a ly s i s  may in c lu d e  th e  s e p a ra ­

t i o n  o f  any  o rg a n ic  p e ro x id e s  by low te m p e ra tu re  d i s t i l l a t i o n ,  c h ro -  
!

m a tog raph ic  s e p a r a t io n  o f th e  d in i t ro p l ie n y l  hydrazones o f th e  v a r io u s  

ca rb o n y l compounds, and p r e p a r a t io n  and s e p a r a t io n  o f th e  dibrom o o r 

monobromo d e r iv a t iv e s  o f  th e  o l e f i n s .

4 . A n a ly t ic a l  P ro ced u res  b sed  in  th e  C h a r a c te r iz a t io n  o f th e  O x id a tio n  

In te rm e d ia te s

P ero x id es  w ere d e te rm in ed  io d o m e tr ic a l ly .  A p ie c e  o f d ry  ic e  

was added to  10 oc o f  g l a c i a l  a c e t i c  a c id  in  th e  t i t r a t i o n  f l a s k  t o  

sweep out th e  a i r .  The p o ta ss iu m  io d id e  s o lu t io n  and th e  sam ple th e n  

w ere added , th e  f l a s k  was lo o s e ly  s to p p e re d  and a llo w ed  t o  s ta n d  one 

h a l f  hour a t  room te m p e ra tu re  in  th e  d a rk . The l i b e r a te d  io d in e  was 

t i t r a t e d  w ith  0 .1  K sodium  t h i o s u l f a t e .  The b la n k  in  most ca se s  

rem ained c o l o r l e s s .  The v a lu e  o a lc u la te d  from  t h i s  t i t r a t i o n  was 

ta k e n  as t o t a l  p e ro x id e s .

Hydrogen P e ro x id e  was d e te rm in ed  c o lo r im e t r i c a l ly  by th e  r e a c -
/g \

t i o n  w ith  t i ta n iu m  s u l f a t e  r e a g e n t ' The p e r  c e n t  a b s o rp tio n  o f

410/< l i g h t  i s  m easured w ith  a Coleman U n iv e rs a l  S p ec tro p h o to m ete r

and w ith  t h i s  v a lu e  th e  hydrogen  p e ro x id e  ie  read  d i r e c t l y  from  a

calibrated chart.

C arbonyl compounds w ere de te rm in ed  by p r e c i p i t a t i o n  o f  th e

2 ,4 -d in itro p h e n y lliy d ra z o n e s  u s in g  th e  re a g e n t s o lu t io n  d e s c r ib e d  by 

( ? )S h r in e r  and F u so n ' . The p r e c i p i t a t e  was f i l t e r e d ,  washed w ith  

w a te r ,  and t r a n s f e r r e d  in t o  a w eigh ing  b eak er a f t e r  d is s o lv in g  in
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e t h e r .  The e th e r  th e n  was e v a p o ra te d , th e  p ro d u c t d r ie d  under 

reduced  p re s s u re  and w eighed .

(0)The ch rom atog raph ic  p ro ced u re  o f  R oberts  and Green and

(9)m o d if ic a tio n s  by Gordon, e t . a l .  w ere used f o r  th e  s e p a r a t io n  o f 

th e  2 ,4 -d in itro p h e n y lh y d ra z o n e s . This in v o lv es  th e  developm ent o f  

th e  chrom atogram  on a s i l i c i o  a c id -S u p e r  C el column w ith  a  4/2 s o lu ­

t i o n  o f e th e r  i n  p e tro leu m  e th e r .

O le f in s  were d ete rm in ed  a c c o rd in g  to  th e  p ro ced u re  o f Lucas 

and P ressm an ^ '-1) ; how ever, th e  m ero u ric  s u l f a t e  c a t a l y s t  was o m itte d . 

Ten or tw e n ty -f iv e  m i l l i t e r s  o f  0.1N brornate-brom ide s o lu t io n  a re  

added to  th e  t i t r a t i o n  f l a s k  w hich i s  th e n  e v a c u a te d . The rem a in in g  

re a g e n ts  and sam ple a re  fo rc e d  in to  th e  f l a s k  by ex ce ss  a tm o sp h eric  

p r e s s u r e .  In  t h i s  way th e  g e n e ra te d  brom ine i s  n o t l o s t .  About 

5 m l. 6 If sxilfuric acid liberates the bromine, th e  sam ple as a  ca rb o n  

t e t r a c h l o r id e  s o lu t io n  i s  added and washed in to  th e  f l a s k  w ith  g l a c i a l  

a c e t i c  a c id .  The f l a s k  i s  shaken  ab o u t 2 m inu tes in  th e  d a rk , p o ta s ­

sium  io d id e  s o lu t io n  i s  ad d ed , and th e  l i b e r a te d  io d in e  t i t r a t e d  w ith

0.1N sodium  t h i o s u l f a t e .

The o le f i n  d ib rom ides w ere p re p a re d  e i t h e r  by d i r e c t  a d d i t io n  

o f  brom ine to  th e  o l e f i n - p a r a f f i n  m ix tu re  o r by a d d i t io n  o f  an  aqueous 

brom ine s o lu t io n  to  th e  o l e f i n - p a r a f f i n  m ix tu re .

The monobromo d e r iv a t iv e s  o f  th e  o le f in s  w ere p rep a red  by bub­

b l in g  d ry  hydrogen bromide th ro u g h  th e  o l e f i n  p a r a f f i n  m ix tu re .  The 

hydrogen  brom ide was o b ta in e d  by d ro p p in g  brom ine on b o i l in g  t e t r a l i n .

A cids were d e te rm in ed  by t i t r a t i o n  w ith  - .IN  sodium  h y d ro x id e , 

u s in g  e i t h e r  a  Beckmann pH m e te r o r p h e n o lp h th a lie n  as  th e  in d i c a to r .

N on-condensable g ase s  w ere de te rm in ed  by means o f  th e  B u re l l  

" In d u s tro "  gas a n a ly z e r .  These g ases  in c lu d e  ca rb o n  m onoxide, carbon  

d io x id e ,  oxygen, m ethane, n i t r o g e n .
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Form aldehyde was d e te rm in ed  in  some case s  more s p e c i f i c a l l y  by 

th e  fo rm a tio n  o f a w h ite  c r y s t a l l i n e  p r e c i p i t a t e  w ith  m ethene 

( 5 , 5 -d im e th y l d i h y d r o r e s o r c i n o l ) .
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V. R e s u lts  and D isc u ss io n

1 . Spontaneous I g n i t io n  T em perature o f  Pure Compounds in  S ta in le s s  

S te e l  Chamber; N o n - ig n it io n  Zone.

_ n -P a ra f f in s . The s e r i e s  o f norm al p a r a f f in s  from  C^q t o  Cgg 

gave spon taneous i g n i t i o n  te m p e ra tu re s  in  th e  range  232° t o  240°C 

u s in g  an  a i r f lo w  r a t e  o f 125 c c /m in u te . H eptane under s im i la r  con­

d i t io n s  gave a spon taneous I g n i t io n  te m p e ra tu re  o f  250°C. O ther 

w orkers have re p o r te d  h ig h e r  v a lu e s  f o r  th e  low er members o f  th e  

homolous s e r i e s .  The m ost obvious g e n e r a l iz a t io n ,  t h e r e f o r e ,  i s  

t h a t  as  th e  le n g th  o f th e  h y d ro carb o n  ch a in  in c re a s e s  th e  spon taneous 

i g n i t i o n  te m p e ra tu re  d e c re a s e s ,  r a p id ly  a t  f i r s t  b u t te n d in g  to  

le v e l  o f f  w ith  in c re a s in g  c h a in  le n g th .  This g e n e r a l iz a t io n  h o ld s  

up to  hexadecane and th e n  th e  spontaneous i g n i t i o n  te m p e ra tu re  s t a r t s  

t o  r i s e  w ith  f u r th e r  in c re a s e  in  c h a in  le n g th .  The re a s o n  f o r  t h i s  

r i s e  i s  co n s id e re d  to  be th e  r e s u l t  o f th e  reduced  v o l a t i l i t y  o f  th e  

h ig h e r  p a r a f f i n s .

Spontaneous i g n i t i o n  te m p e ra tu re  (°C)

Compound A ir  f le w  
125 ec/m in

A ir  flow- 
25 cc/m in

From l i t e r a t u r e

n -Iiep tane 250 244 230 (5) 
259 (2)

n-Decane 236 23 i 252 (2)
n-D odecane 232 229

%
n -T e trad eca n e 232 227
n-H exadecane 232 225 241 (12)

'
235 (2)

n-G ctadecane 235 227 |
n-Konndecane 237 230
n -E ico san e 240

... ______  _______j
232

When th e  a i r  flow  r a t e  i s  reduced  to  25 cc /m in u te  th e  sp o n ta n ­

eous i g n i t i o n  te m p e ra tu re s  d e c re a se d  3-0°C fo r  each in  t h i s  s e r i e s  

o f p a r a f f i n s .  Under th e s e  c o n d itio n s  h ig h e r  f u e l / a i r  r a t i o s  a re
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o b ta in e d  w hich perm it, i g n i t i o n  a t  low er te m p e ra tu re s .  A t th e  low er 

a i r  flow  r a t e  th e  spon taneous i g n i t i o n  te m p e ra tu re  a l s o  b eg in s  t o  

r i s e  w ith  th e  C^g-CgC) Pa ra ;W ins in d ic a t in g  th e  reduced  v o l a t i l i t y  

o f th e s e  compounds. T h e re fo re , i t  ap p ea rs  t h a t  i f  v o l a t i l i t y  w ere 

n o t a f a c to r  th e  i g n i t i o n  te m p e ra tu re s  o f  norm al p a r a f f in s  would 

c o n tin u e  to  s lo w ly  d ro p  w ith  in c re a s in g  c h a in  le n g th ,  ap p ro ach in g  

some a sy m p to tic  low er l i m i t  a t/m uch  h ig h e r  c h a in  le n g th s .

F u r th e r  in d ic a t io n  o f  t h i s  i s  found by com paring th e  i g n i t i o n  

b e h a v io r  o f  dodeenne and hexadecane under th r e e  d i f f e r e n t  c o n d itio n s*

A t th e  a i r  f lo w  r a t e  o f  125 cc /m in u te  b o th  compounds have i g n i t i o n  

te m p e ra tu re s  o f  232°C. A t th e  a i r  flow  r a te  o f  25 cc /m in u te  d o - 

decane has th e  v a lu e  229 and hexadecane th e  v a lu e  o f  225°C. By go ing  

to  s t i l l  b e t t e r  c o n d itio n s  f o r  d im in is h in g  th e  v o l a t i l i t y  e f f e c t ,  

such  as th e  c o n d itio n s  o f  r a p id  v a p o r iz a t io n  in  d e te rm in in g  c e ta n e
t

numbers o f f u e l s ,  i t  i s  observed  t h a t  th e  c e ta n e  number o f dodecane 

i s  80 and th a t  o f hexadecane i s  100 (by d e f i n i t i o n ) .  The in v e rs e  

r e l a t io n s h ip  o f  c e ta n e  number t o  spon taneous i g n i t i o n  w i l l  be shown 

l a t e r  in  th e  r e p o r t .

T h e re fo re , a more com plete g e n e r a l iz a t io i i  i s  th i s *  For th e  

norm al p a r a f f in s  th e  spon taneous i g n i t i o n  te m p e ra tu re  d e c re a se s  

w ith  in c re a s in g  ch a in  le n g th  u n t i l  th e  f a c to r  o f reduced  v o l a t i l i t y  

b eg in s  to  dom inate and causes  a r i s e  in  i g n i t i o n  te m p e ra tu re  w ith  

th e  s t i l l  h ig h e r  m o le c u la r  w e ig h t members.

Branched par a f f i n s .  -Spontaneous i g n i t i o n  te m p e ra tu re s  have been 

d e term ined  f o r  te n  b ranched  p a r a f f in s  o f  a h ig h  d eg ree  o f  p u r i t y .

These v a lu e s  a re  l i s t e d  in  th e  t a b l e  on th e  fo llo w in g  p ag e . F ive  o f  

th e s e  compounds w ere o b ta in e d  th ro u g h  th e  c o u r te s y  o f  D r. G. E. Boord, 

Ohio S ta te  U n iv e r s i ty .  Three o f  them  were o b ta in e d  th ro u g h  th e  c o u r te sy  

o f  th e  b .A *C .A.
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Branched P a r a f f in s

Compound S tr u c tu r e

Number o f  
H ydrogens
1° 2 ° 3°

* C
2 ,2 ,4 -T r im e th y l  pentane C-C-C-C-C 15 2 1

2 ,2 ,3 ,3 -T e tr a m e th y l  pen tane

c c 
C c 

c-c-d-c-c 18 2 0

2 ,3 ,3 ,4 -T e tr a m e th y l  pen tane

c c
■9 9 ?  

c-c-c-c-c  
c

18 0 2

2 ,4 -D im e th y l-3 -E th y l p en tan e c-c-c-c-c
n r  n

15 2 3

1 ,1 -D in e o p e n ty l e thane

2 .5 .5 -T r im e th y l heptane

4 . 5 -D im ethy l octane 

4 - I s o p ro p y l  hep tane

3 -B th y lo c ta n e

2-M ethyl decane

C-^-C-C

9! c -c -c-c-c-c-ci •
j C G

I c-C-C-C-C-C-C-C
I c cj

I c -c-c-c-c-c-c
i A] c c 
\
\I c -c-c-c -c-c -c-c

c «
c

21 4 1

15 6 1

12 8 2

12 8 2

9 12 1

Spontaneous I g n i t i o n  T em perature

125 c c /r- in

515

516 

514 

510

c - 9-c -C -C -C -C -C -C -C  f 9 14 1
c I

500

485

388

288

235

231

cc/m in 0 cc /m in L i te r a t u r e

502

505 452 (13)

497 437 (13)

472 390 (13)

486

463

290

275

231

225

it\3coi
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A r a th e r  q u ic k  s tu d y  o f  th e  ta b le  shows th a t  th e  spon taneous 

i g n i t i o n  te m p e ra tu re  r i s e s  w ith  in c re a s in g  d eg ree  o f  b ra n c h in g , t h a t  

i s ,  w ith  d e c re a s in g  number o f  m ethy lene groups and in c r e a s in g  number 

o f  m e th y l g ro u p s . This o b s e rv a tio n  f i t s  i n  v e ry  w e ll  w ith  th e  g e n e ra l  

p o s tu la te  t h a t  p rim ary  hydrogen  atoms a re  more r e s i s t a n t  to  o x id a tio n  

th a n  seco n d ary  hydrogen  atoms w hich in  tu r n  a r e  more r e s i s t a n t  th a n  

t e r t i a r y  hydrogen a tom s. The th r e e  iso m e ric  nonanes co n firm  t h i s  

p o s tu la te  much b e t t e r  a t  th e  z e ro  a i r  flo w  r a t e  th a n  a t  th e  125 cc /m in u te  

a i r  flow  r a t e .  A lso  i t  i s  observed  t h a t  th e  v a lu e s  o f  Ja c k so n ^ ® ) 

f o r  th e se  th r e e  compounds a re  much low er th a n  our v a lu e s  a lth o u g h  th e  

o rd e r  i s  th e  same. The m ajor d i f f e r e n c e  betw een th e  two p ro ced u res  

i s  J a c k s o n 's  use  o f a 125 cc q u a r tz  f l a s k  and our use  o f  a  43 co 

s t a i n l e s s  s t e e l  cup. This would s u g g e s t t h a t  a  pronounced c h a in -  

b re a k in g  a c t io n  i s  e x e r te d  by a  h ig h e r  su rface tv o lu m e  r a t i o .  The d i f ­

fe re n c e s  in  spon taneous i g n i t i o n  te m p e ra tu re s  betw een th e s e  two p ro ­

ced u res  a re  g r e a t e s t  w ith  th e s e  b ranched  p a ra f f in s }  f o r  th e  norm al 

p a r a f f in s  ig n i t in g  in  th e  low te m p e ra tu re  range  th e  ag reem ent i s  q u i te  

good. A c c o rd in g ly , i t  ap p ea rs  t h a t  th e  h ig h  te m p e ra tu re  r e a c t io n  i n ­

v o lv in g  sim p le  r a d ic a l  in te rm e d ia te s  i s  more s e n s i t i v e  to  w a ll  e f f e c t s  

th a n  th e  low te m p e ra tu re  r e a c t io n  in v o lv in g  p e ro x id e  in te rm e d ia te s  .

F u r th e r  c o n s id e ra t io n  sh o u ld  be g iv e n  t o  4 ,5 -d im e th y lo c ta n e  and 

4 - is o p ro p h y lh e p ta n e . These isom ers have th e  same number o f  p rim ary , 

se c o n d a ry , and t e r t i a r y  hydrogen  a tom s, y e t th e  spon taneous i g n i t i o n  

te m p e ra tu re s  a t  th e  125 c c /m in u te  r a t e  a r e  d i f f e r e n t  by one hundred 

c e n t ig ra d e  d eg ree s  and o n ly  f i f t e e n  d eg ree s  d i f f e r e n t  a t  th e  25 cc /m in u te  

r a t e .  To o b ta in  a  c l e a r e r  u n d e rs ta n d in g  o f  th e s e  r e s u l t s ,  i t  i s  sug ­

g e s te d  th a t  r e fe re n c e  be made to  f ig u r e  10 page 4 2  • H ere i t  i s  se e n  

t h a t  a  53^ is o o c ta n e - in -h e p ta n e -m ix tu re  would i g n i t e  in  th e  low
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te m p e ra tu re  range b u t a  58$ m ix tu re  would n o t i g n i t e  in  t h i s  ran g e  a t  th e  

125 cc /m in u te  a i r  flow  r a t e .  However, by c o n s id e r in g  th e  e x te n s io n  o f 

th e  i g n i t i o n  cu rv e  a t  th e  25 cc /m in u te  r a t e  b o th  th e  58$ and 53$ would 

i g n i t e  in  th e  low te m p e ra tu re  ra n g e . T h e re fo re , i t  i s  su g g es ted  t h a t  

in  a  r a th e r  q u a l i t a t i v e  f a s h io n  4 , 5 -d im e th y lo c ta n e  behaves as th e  58$ 

m ix tu re  and 4 - is o p ro p h y lh e p ta n e  behaves a s  th e  55$ m ix tu re .  These two 

compounds seem to  r e p re s e n t  s t r u c t u r e s  r a th e r  s e n s i t i v e  t o  th e  com­

p e t i t i o n  betw een th e  low and h ig h  te m p e ra tu re  mechanisms o f o x id a tio n  

under th e se  p a r t i c u l a r  c o n d i t io n s .

Both 3 -e th y lo c ta n e  and 2 -m ethy ldecane have ig n i t i o n  te m p e ra tu re s  

c lo se  t o  th o s e  o f  th e  com parable norm al p a r a f f i n s .  T h e re fo re , f o r  

h ig h e r  m o le c u la r  w e ig h t p a r a f f in s  in t r o d u c t io n  o f  a s in g le  b ran ch  in  

th e  m o lecu le  does n o t m arked ly  a l t e r  th e  i g n i t i o n  te m p e ra tu re .  This 

may be due to  somewhat o f  a  b a la n c e  betw een th e  e x t r a  m ethy l group 

making th e  m olecu le  more r e s i s t a n t  t o  o x id a tio n  and th e  t e r t i a r y  hy ­

d rogen  atoms making th e  m olecu le  more s u s c e p t ib le  to  o x id a tiv e  a t t a c k .

P a r a f f in  c o m b in a tio n s■ The ig n i t i o n  te m p e ra tu re s  o f  7 -p h e n y l-  

tr id e c a n e  and 7 -c y c lo h e x y ltr id e o a n e  were d e te rm in ed  f o r  com parison  

w ith  norm al p a r a f f i n s .  These tw o compounds w ere o b ta in e d  th ro u g h  th e  

c o u r te s y  o f  D r. R obert S c h ie s s l e r ,  P en n sy lv an ia  S ta t e  C o lle g e .

Spontaneous I g n i t io n  T em perature 
D ropwise A d d itio n

______________A ir  f lo w  .... ................ _
Compound 125 cc /m in 25 cc /m in 0 cc/m in

7 -P h e n y ltr id e o a n e C„-C-CR 
6 6  6

239 236

7 -C y c lo h e x y ltr id e c a n e V g -°6 237 234

n-O ctadecane C6 "C6 ”C6 235 227
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A lthough  i t  was ex p ec ted  t h a t  a ro m a tic  r in g s  and c y c lo p a r a f f in ic  

r in g s  would have a  pronounced e f f e c t  on th e  i g n i t i o n  te m p e ra tu re ,  

th e  le n g th  o f  th e  u n in te r ru p te d  po lym ethy lene c h a in  i s  th e  d o m in a tin g  

factor in  th e  i g n i t i o n  o f  th e s e  compounds. T his in fo rm a tio n  would seem 

t o  in d ic a te  t h a t  th e  I g n i t io n  te m p e ra tu re s  o f  p a r a f f i n  lu b r i c a t i n g  

o i l s  shou ld  be low in  s p i t e  o f  th e  a ro m a tic  and n a p h th e n ic  c o n te n t 

o f  th e s e  oijLs. T hat t h i s  i s  th e  c a se  w i l l  be shown in  a  l a t e r  s e c t io n .

X. - O le f in s . The s t r a i g h t  c h a in  <X -olefins exam ined from  1-decene 

to  1 -o c ta d ecen e  a l l  have h ig h e r  spon taneous i g n i t i o n  te m p e ra tu re s  

th a n  th e  norm al p a r a f f i n s .

Compound

Spontaneous I g n i t io n  T em perature 
Dropwise A d d itio n  

125 cc /m in u te  A irf lo w

1-Decene 265
1-Dodecene 257
1 -T etrad ecen e 255
1-K exadecene 253
1-O ctadeeene 251

This i s  in  l i n e  w ith  th e  c e ta n e  v a lu e s  o f  ^ - o l e f in s  as  compared 

w ith  norm al p a r a f f i n s .  1-H exadecene has a  c e ta n e  v a lu e  o f  88 w h ile  

ri-hexadecane has th e  d e f in in g  v a lu e  o f  100. This g r e a t e r  r e s i s t a n c e  

t o  spon taneous i g n i t i o n  o f th e  A -o le f in s  may be e x p la in e d  by  th e  

g r e a t e r  ease  w ith  w hich th e  o le f in s  undergo f r e e - r a d i c a l  a t t a c k  and 

th e  c o rre sp o n d in g ly  g r e a t e r  s t a b i l i t y  (lo w er r e a o t i v i t y )  o f  th e  r e ­

s u l t a n t  p e ro x id e s  o r in te rm e d ia te  r a d ic a l s  form ed . As th e  p a r a f f i n io  

p o r t io n  o f th e  o l e f i n  m olecu le  i s  in c re a s e d  th e  i g n i t i o n  te m p e ra tu re  

becomes n e a re r  t o  t h a t  o f  th e  c o rre sp o n d in g  norm al p a r a f f i n .  This 

i s  no doub t due to  th e  le s s e n in g  c o n t r ib u t io n  o f  th e  doub le  bond as  

th e  po lym ethy lene c h a in  in c re a s e s  in  le n g th .  There h a s  been  some 

d isa g re e m e n t as t o  why th e  o le f in s  behave a s  a n tik n o c k  a g e n ts .
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B a d p r o p o s e s  t h a t  o le f in s  behave as  an tik n o o k s  beoause o f  t h e i r  

re a d y  a b i l i t y  t o  form  p e ro x id e s  and th e re b y  to  a c t  as  c h a in  i n i t i a ­

t o r s .  The spon taneous i g n i t i o n  te m p e ra tu re  d a t a ,  how ever, a re  e v i ­

dence f o r  th e  more p r e v a i l in g  th e o ry  (o u t l in e d  by W alsh in  th e  

’•Discussion” following reference 15) t h a t  a n tik n o c k  a c t io n  i»e th e  

r e s u l t  o f  c h a in  i n h i b i t i o n  r a th e r  th a n  c h a in  i n i t i a t i o n .

Branched o l e f i n s . Some m en tion  shou ld  be made o f  th e  spon taneous 

i g n i t i o n  c h a r a c t e r i s t i c s  o f  h ig h ly  b ranched  o le f in s  b ecause  th e  com­

p a r is o n  w ith  co rre sp o n d in g  p a r a f f in s  i s  re v e rs e d  f o r  th e s e  compounds. 

R eferen ce  i s  made to  t a b l e  I I  page 52 ,  where d i i s o b u ty le n e  has a 

much low er i g n i t i o n  te m p e ra tu re  th a n  is o o c ta n e  and 1 ,1 -d in e o p e n ty l-  

e th y le n e  has a  low er v a lu e  th a n  1 ,1 -d in e o p e n ty le th a n e .  The re a so n  

f o r  t h i s  r e v e r s a l  p ro b a b ly  t i e s  in  w ith  th e  d i f f e r e n c e  betw een th e  

low and h ig h  te m p e ra tu re  mechanisms o f  o x id a t io n .

A rom atic h y d ro c a rb o n s . The a ro m a tic  n u c leu s  i s  v e ry  r e s i s t a n t  

t o  spon taneous i g n i t i o n .  I g n i t io n  te m p e ra tu re s  a r e  shown f o r  a 

number o f  a ro m a tic  h y d rocarbons in  th e  fo llo w in g  t a b l e .

Compound

Spontaneous I g n i t io n  T em perature ( (
A ir  flow- 

125 cc /m in
A ir  flow- 
25 cc /m in

From l i t e r a l

Benzene 645 639 702 (12)
580 (16)
652 (2)

Toluene 635 630 629 (2 )
_o-Xylene 551 547 591 (2)
m-Xylene 652 645 689 (2)
p-X ylene 657 650 690 (2 )
1,2 , 3-Tr iroethylbenzene 510
1 ,2 ,4 -T rim eth y lb en zen e 528
1 , 3 , 5 -T rim eth y lb en zen e 577

T rie th y lb e n z e n e s
'P red o m in a te ly  1 ,3 ,5  isom er 446
P red o m in a te ly  1 ,2 ,4  isom er 439

oC -K e th y ln a p h th a len e 553
L  . I .1 .i ll H J L . U I . I  ... —. I M . I t W  l l - W H

547u.— — — 565 (2)
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In  com paring th e  v a r io u s  m e th y la ted  b en ze n es , th e  r e l a t i v e

positions of the methyl groups on the aromatic nucleus is a more

s i g n i f i c a n t  f a c to r  in  a l t e r i n g  th e  spon taneous i g n i t i o n  te m p e ra tu re  

th a n  th e  a c tu a l  number o f  m ethy l g ro u p s . Two m ethy l groups o r th o  

to  each  o th e r  seems t o  make th e  m olecu le  more s u s o e p t ib le  t o  o x id a ­

t i v e  a t t a c k  th a n  do m ethy l groups m eta o r p a ra  t o  each  o th e r .  In  

f a o t ,  m eta and p a ra  x y len e  a re  more r e s i s t a n t  th a n  b enzene . L a rg e r 

a lk y l  groups (p re sen ce  o f se c o n d a ry  hydrogen  atom s) in  an  a ro m a tio  

hyd ro carb o n  produce a  sh a rp  d ro p  in  spon taneous i g n i t i o n  te m p e ra tu re  

a s  d em o n stra ted  w ith  th e  t r i e th y lb e n z e n e s , a n d , as was shown e a r l i e r ,  

a  long  po lym ethy lene ch a in  on an  a ro m a tic  n uo leus g iv e s  a compound 

w ith  an  ig n i t io n  te m p e ra tu re  n e a r  t h a t  o f  a norm al p a r a f f i n  (page 3 0 ) . 

P u o k e tt and C aud le(^6 ) not e  t h a t  a c c e p ta b le  c e ta n e  numbers a r e  observed  

o n ly  in  a lk y lb e n z e n e s  p o s se s s in g  lo n g  s id e  c h a in s  w ith  l i t t l e  o r no 

b ra n c h in g .

A lc o h o ls . The spon taneous i g n i t i o n  te m p e ra tu re s  f o r  e ig h t  

a lc o h o ls  a r e  l i s t e d  in  th e  fo llo w in g  t a b l e .

Compound

Spontaneous I g n i t io n  T em perature °C.
A ir  flo w  

125 cc /m in
From

L i te r a tu r e

E th an o l 425 392 (5)
P rop an o l 441 439 (5 )
Iso p ro p a n o l 498 456 (16)
1-D ecanol 291
1-D odecanol 283
1-T e tra d e c a n o l 279
1-H exadecanol 273
l-O c ta d e c a n o l 269

The s e r i e s  o f  s t r a i g h t  c h a in  a lc o h o ls  from  d eca n o l t o  o c ta -  

d eca n o l show i g n i t i o n  te m p e ra tu re s  h ig h e r  th a n  th o s e  o f  b o th  th e  

c o r re s p o n d in g oc- o l e f i n s  and n - p a r a f f in s .  H ere a l s o  th e  e f f e c t  o f
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th© hydroxyl group decreases as the polyinothylene chain is lengthened

in  p ro g re s s in g  from  d e c a n o l t o  o c ta d e c a n o l. The re a so n  f o r  th e  h ig h e r

v a lu e s  f o r  th e  a lc o h o ls  th a n  f o r  th e  p a r a f f in s  i s  p ro b a b ly  th e  fo rm a-
*

t i o n  o f  le s s  e n e rg e t ic  r a d i c a l s ,  R-CHGH, te n d in g  t o  subdue th e  ra p id  

o x id a tiv e  c h a in  r e a c t io n s .

The low er a lc o h o ls  have h ig h e r  spon taneous i g n i t i o n  te m p e ra tu re s  

a s  would be e x p e c te d . The more h ig h ly  b ranched  is o p ro p a n o l has a  

v a lu e  c o n s id e ra b ly  h ig h e r  th a n  th a t  o f  norm al p ro p a n o l. However, i t  

i s  n o t a p p a re n t why e th a n o l has a  low er v a lu e  th a n  norm al p ro p a n o l.

E th e r s .  Spontaneous i g n i t i o n  te m p e ra tu re s  have been  d e te rm in ed  

f o r  f iv e  e t h e r s .

Spontaneous I g n i t io n  T em peratures (°C)
A ir  flow A ir  flow From l i t e r a t u r e

Compound 125 cc /m in 25 cc/m in

D ie th y l e th e r 193 190 193 (16)
D iiso p ro p y l e th e r 500 495 443 (27)
D ihexy l e th e r 200 197
D io c ty l e th e r 210 210
D id ecy l e th e r 217 217

W ith th e  e x c e p tio n  o f  d i i s o p r o p y l  e th e r  th e  i g n i t i o n  te m p e ra tu re s

o f  th e s e  e th e r s  a r e  e x tre m e ly  low . E th e rs  l i k e  th e  o le f in s  a r e  e a s i l y

p e ro x id iz a b le .  This f a c t o r  a lo n e  conno tes a  l e s s e r  deg ree  o f  r e a c t i v i t y

o f  th e  r a d i c a l s  form ed. The d i f f e r e n c e ,  t h e r e f o r e ,  betw een th e  o le f in s

and e th e r s  m ust be due to  th e  d i f f e r e n c e  in  s t a b i l i t y  o f th e s e  r a d i c a l s .
%

T hat i s ,  th e  r a d i c a l  R-CH-CEaCHg i s  b o th  more s t a b l e  and le s s  r e a c t iv e  

th a n  R-CH-CHg-CHg; th e  r a d i c a l  R-CH-O-R i s  p ro b a b ly - le s s  r e a c t i v e ,  b u t 

it i s  v e ry  unstable and tends t o  decompose to  R-CHO and I t  i s

s i g n i f i c a n t  t h a t  th e  odor o f  a o e ta ld e h y d e  i s  q u i te  n o t ic e a b le  on i g ­

n i t i o n  o f d i e th y l  e th e r  .'(CHg-CII-O-CHg-CHg ~+ CIIg-CHO + CHg-CHg- ) .  The 

a ld eh y d es  a r e  v e ry  s u s c e p t ib le  to  f u r th e r  o x id a tio n  and th e  n - a lk y l
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r a d ic a l s  a r e  th e  m ost r e a c t iv e  in  com parison  w ith  seco n d a ry  and 

t e r t i a r y  a lk y l  r a d i c a l s .

T his same l i n e  o f  re a s o n in g  may be ex tended  to  d i i s o p r o p y l  e th e r  

t o  e x p la in  th e  h ig h  ig n i t i o n  te m p e ra tu re  o f  th i s  compound. O x id a tiv e  

a t t a c k  would be ex p ec ted  to  y ie ld  ac e to n e  and th e  is o p ro p y l r a d i c a l .

0
CII -5  -0  - C H  - C H  —*  C H - C - C H  +  CH - C H - C H

3 ch3 4h3 3 3 3 3 3

A cetone is  le s s  s u s c e p t ib le  to  o x id a tiv e  a t t a c k  th an  a ld eh y d es  

and th e  is o p ro p y l r a d i c a l  i s  more s t a b l e  th a n  zl- a lk y l  r a d i c a l s .

As th e  m o lecu la r  w e ig h t o f  th e  n - e th e r s  in c r e a s e s ,  th e  spon­

ta n e o u s  i g n i t i o n  te m p e ra tu re s  p r o g r e s s iv e ly  r i s e  tow ard  th e  v a lu e s  

o f  th e  _ n -p a ra f f in s • Thus th e  spon taneous i g n i t i o n  te m p e ra tu re  o f  

a l c o h o l s , i * - o l e f in s  and n - e th e r s  seem t o  te n d  tow ard  th e  v a lu e s  o f  

th e  n - p a r a f f in s  as  one goes t o  h ig h e r  m o leo u la r  w e ig h ts .  This i s  

g r a p h ic a l ly  shown in  f ig u r e  8 .

E s te r s .  The spon taneous i g n i t i o n  te m p e ra tu re s  f o r  sev en  e s t e r s  

have been  d e te rm in e d . These e s t e r s  were o b ta in e d  th ro u g h  th e  c o u r te s y  

o f D r. W. A. Zisman o f th e  N aval R esearch  L a b o ra to ry .

Compound

Spontaneous I g n i t io n  T em perature (°C)
A ir  flow  A ir  flow  A ir  flow  From 

125 co /m in  25 co /m in  0 cc /m in  L i te r a tu r e

D i( l - e th y lp r o p y l)  a d ip a te  436 432 443 (29)
D i( l - e th y lp r o p y l)  a z e la t e  420 419 443 (29)
D i( l - e th y lp r o p y l )  s e b a c a te  412 410 426 (29)
D i( 2 - e th y lh e x y l) a d ip a te  385 (265) 384 395 (29)
D i(2 -e th y lh e x y l) -o r th o ~ p h th a la te  395 400
D i(2 -e th y lh e x y l) -m e ta -p h th a la te  407 413
D i( 2 - e th y lh e x y l) - p a r a -p h th a la te  414 418

The r e l a t i v e l y  h ig h  sp o n tan eo u s i g n i t i o n  te m p e ra tu re s  o f  an e s t e r  

a p p a re n t ly  r e s u l t  from  th e  fo rm a tio n  o f  an  in a c t iv e  r a d i c a l  (RCHCCOR')
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Figure g

R e l a t i o n s h i p  o f  S p o n ta n e o u s  
I g n i t i o n  T e m p e r a t u r e  t o  L e n g t h  o f  

t h e  C a r b o n  C h a in  f o r  som e A l c o h o l s ,  
^ - O l e f i n s ,  n - P a r a f f i n s ,  a n d  E t h e r s .

3 0 0

A i r  F lo w  R a te  1 2 5 c c / m in

2 8 0 A l c o h o l s

2 6 0 «£ - O l e f i n s

2 4 0
n - P a r a f f i n s
i ______— ©—

220

E t h e r s

200

1 8 0
10 12 1 3 16 1 8

N um ber o f  C a rb o n  A tom s i n  
t h e  C om pound
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whiqh i s  unab le  t o  p ro p a g a te  th e  c o o l flam e p ro c e s s .  I t  i s  o f i n ­

t e r e s t  to  n o te  t h a t  r e s u l t s  o b ta in e d  h e re in  xirith th e  1 -e th y lp ro p y l e s t e r s  

o f  a d i p ie ,  a z e l a i o ,  and s e b a c ic  a c id s  show th e  ex p ec ted  d e c re a se  in  

spon taneous i g n i t io n  te m p e ra tu re  v a lu e  w ith  in c re a s in g  le n g th  o f  th e  

u n in te r ru p te d  h yd rocarbon  c h a in . The p re sen ce  o f r e l a t i v e l y  lo n g  a lk y l  

groups as in  d i(Z -e th y lh e x y l)  a d ip a te  p roduces a  somewhat l a r g e r  d ro p  

in  th e  spon taneous i g n i t i o n  te m p e ra tu re  v a lu e  j u s t  a s  would be p r e d ic te d .

In  f a c t ,  under r a th e r  ex trem e c o n d itio n s  d i ( 2 - e th y lh e x y l )  a d ip a te  

ig n i te d  in  th e  low te m p e ra tu re  range as  in d ic a te d  by th e  v a lu e  in  

p a r e n th e s is .  More d e t a i l  o f  t h i s  developm ent w i l l  be g iv e n  in  th e  

n e x t s e c t io n .

The th re e  p h th a la te  e s t e r  isom ers show th e  same o rd e r  o f s t a b i l i t y  

tow ard o x id a t io n ,  para>  m e ta > o r th o ,  as d id  th e  iso m e ric  x y le n e s .

N o n ig n itio n  Zone

Zones o f  n o n ig n i t io n  fo r  norm al p a r a f f in s  w ere observed  by

( 2 )Sortm an, B e a t ty ,  and Heron '  i n  an  i g n i t io n  cup s im i la r  t o  t h a t  used 

in  t h i s  in v e s t ig a t io n .  In  t h i s  work a l s o ,  zones o f  n o n ig n i t io n  w ere 

observed  f o r  th e  norm al p a r a f f i n s ;  how ever, q u a n t i t a t iv e  ag reem ent 

betw een th e  co n to u r cu rves  o f th e  zones m s  n o t o b ta in e d . As t h i s  i n ­

v e s t i g a t i o n  co n tin u ed  i t  soon became a p p a re n t t h a t  th e  boundary  o f 

th e  zones o f  n o n ig n i t io n  was v e ry  s e n s i t i v e  t o  th e  t e s t  p ro c e d u re . The 

r a p id  a d d i t io n  o f  a g iv e n  charge s iz e  would cause  th e  zone o f n o n ig ­

n i t i o n  to  s h r in k  somewhat as  compared w ith  th e  s lo w er d ropw ise  method 

o f a d d i t io n .  F ig u re  9 shows a  s e r i e s  o f c o n to u r  cu rves  o b ta in e d  f o r  

th e  norm al p a r a f f i n s .  No s i g n i f i c a n t  tr e n d  was observed  w ith  th e se  

compounds and a t e n t a t i v e  c o n c lu s io n  seemed to  be t h a t  th e s e  zones o f 

n o n ig n i t io n  w ere a r e s u l t  o f  an  i n t e r p l a y  betw een th e  r a t e  o f v a p o r i ­

z a t io n  and th e  r a t e  o f  o x id a t io n  o f  th e  compound and n o t a d i r e c t
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f u n c t io n  o f th e  chem ical s t r u c t u r e .  The s p ra y  in j e c t i o n  p ro ced u re  

gave su p p o rt t o  t h i s  c o n c lu s io n  because  th e  zone o f n o n ig n i t io n  was 

b lo t t e d  o u t in  th e  case  o f  hexadecane by u s in g  t h i s  method o f  a d d i t io n .

In  a d d i t io n  to  th e  norm al p a r a f f i n s ,  th e  long  c h a i n o t - o l e f in s , 

a l c o h o ls ,  e t h e r s ,  and e s t e r s  showed th e s e  n o n ig n i t io n  zo n es . A ccord­

in g ly  t h i s  phenomenon appea red  to  r e s u l t  from  a po lym ethy lene c h a in  

in  th e s e  h ig h e r  m o le c u la r  w e ig h t compounds r a th e r  th a n  from  any  p a r ­

t i c u l a r  f u n c t io n a l  g roup . The b e s t  e x p la n a tio n  f o r  th e  zones o f  non­

ig n i t i o n  i s  th a t  th e y  r e p r e s e n t  a te m p e ra tu re  range where th e  low 

te m p e ra tu re  mechanism o f o x id a t io n  has fad ed  ou t and th e  h ig h  tem p era­

tu r e  mechanism has n o t y e t  b e g u n ^ ^ .  A cco rd in g ly  o n ly  compounds 

w hich  can  o x id iz e  by b o th  h ig h  and low te m p e ra tu re  mechanisms e x h i b i t  

t h i s  phenomenon.
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2 . (a )  C o r r e la t io n  o f Spontaneous I g n i t io n  T em peratures w ith  O ctane

and C etane R a tin g s .

H e lm o r e ^  in  h i s  rev ie w  o f  spon taneous i g n i t i o n  n o te d  a  good 

ag reem ent betw een ig n i t i o n  te m p e ra tu re s  and a n tik n o c k  r a t i n g s .  Octane 

num bers, c e ta n e  num bers, and c r i t i c a l  com pression  r a t i o s  a re  d i f f e r e n t  

ways o f  e x p re s s in g  th e  a n tik n o c k  p r o p e r t i e s  o f  a p a r t i c u l a r  f u e l .  One 

o f  th e  o b je c ts  o f  t h i s  i n v e s t ig a t io n  was t o  ex ten d  th e  c o r r e l a t i o n  

betw een a n tik n o c k  b e h a v io r  and spon taneous i g n i t i o n  c h a r a c t e r i s t i c s  

and p la c e  i t  on a more q u a n t i t a t iv e  b a s i s .

The a ro m a tic  hyd rocarbons show a  s t r i k i n g  p a r a l l e l  betw een spon­

tan eo u s  i g n i t io n  te m p e ra tu re  and c r i t i c a l  com pression  r a t i o .

Compound
Spontaneous I g n i t io n  C r i t i c a l  com pression  

T em perature (°C) J  R a tio  (SO)

jo-X ylene 657
m-Xylene 652
"Benzene j 645
Toluene j 635
1 ,3 ,5 -T rim e th y lb e n z e n e  j 577
o-Xylene ’ 551

T ,2 ,4 -T rim e th y lb e n z e n e  j 528
1 ,2 ,3 -T rim e th y lb e n z e n e  510

11 .5
11 .5  

A pprox. 12
11.3
10.6  

8 .3  
8 .7  
7 .9

The r e s u l t s  o f  th e se  am ine a d d i t iv e s  c o r r e l a t e  w e ll  w ith  th e  

e f f e c t  o f amine a d d i t iv e s  on a n tik n o c k  r a t i n g s .  B o y d ^ ^ ,  in  d i s c u s ­

s in g  a n tik n o c k , r e p o r te d  th e  marked e f f e c t iv e n e s s  o f  p rim ary  and s e c ­

ondary  a ro m a tic  amines. The fo llo w in g  t a b le  shows an  in t e r e s t i n g  

com parison  o f co rre sp o n d in g  a n tik n o c k  and spon taneous i g n i t i o n  te m p era -

Amine

R e c ip ro c a l o f  Moles R equ ired  
to  Give A ntiknock  E f f e c t  
E q u iv a le n t t o  1 Mole o f  

A n il in e  (31)

R ise  in  Spontaneous 
I g n i t io n  T em perature 
o f  Dodecane Employing 
5 Mole % A d d itiv e  °C

D iphenylam ine 1 .5 40
M -M ethylani1in e 1 .4 36
T o lu id in e s  (a v e ra g e ) 1 .2 26
A n ilin e 1 .0 11
D ie thy lam ine 0 .5 16
D im e th y la n ilin e 0 .2 2
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To e x p lo re  th e  range  o f  o c tan e  numbers more c o m p le te ly , th e  

spon taneous i g n i t i o n  c h a r a c t e r i s t i c s  o f  a  s e r i e s  o f  is o o c ta n e -h e p -  

ta n e  m ix tu res  w ere d e te rm in ed  and p lo t te d  as shown in  f ig u r e  10.

The s o l id  cu rve  r e p re s e n ts  th e  maximum e x te n s io n  o f  th e  i g n i t i o n  

boundary  under th e  optimum c o n d it io n s  o f  f u e l / a i r  r a t i o  o b ta in a b le  w ith  

an  a i r  flow  r a t e  o f  125 c c /m in u te . Between 25% and 50% is o o c ta n e  in  

h e p ta n e , a  n o n - ig n i t io n  zone i s  observed  above th e  low te m p e ra tu re  i g ­

n i t i o n  p e n in s u la .  I f  o r i t i c a l  com pression  r a t i o  w ere p lo t te d  a g a in s t  

o c tan e  number th e  curve would n o t be S -shaped l i k e  t h i s  on e , fend th e  

c la im  o f c lo se  c o r r e l a t i o n  o f  c r i t i c a l  com pression  r a t i o  and sp o n ta n ­

eous ig n i t io n  may be q u e s tio n e d . However, under th e  c o n d itio n s  o f  

d e te rm in in g  c r i t i c a l  com pression  r a t i o s  muoh h ig h e r  p re s s u re s  th a n  a t ­

m ospheric  p re s s u re  a re  e n c o u n te re d . In c re a se d  p re s s u re  would have th e  

e f f e c t  o f e x te n d in g  th e  i g n i t i o n  boundary  u n t i l  i g n i t i o n  in  th e  low 

te m p e ra tu re  range  could  be o b ta in e d  f o r  a l l  co m p o sitio n s  o f is o o c ta n e  

and h e p ta n e . This would compare more d i r e c t l y  w ith  th e  c r i t i c a l  com­

p re s s io n  r a t i o  d a ta .  The c la im  o f c o r r e l a t i o n  i s  based on th e  id e a  

t h a t  th e  v a r io u s  a n tik n o c k  r a t i n g s  and spon taneous i g n i t i o n  c h a r a c te r ­

i s t i c s  depend upon th e  same fund am en ta l p ro p e r ty  o f  m o lecu le s . J u s t  

w hat t h i s  p ro p e r ty  i s  i s  n o t y e t knownbut i t ,  o f  c o u r s e ,w i l l  be i n t i ­

m a te ly  connected  w ith  chem ica l s t r u c t u r e .  T h e re fo re ,  th e  same s t r u c ­

t u r a l  in f lu e n c e s  a re  observed  on b o th  a n tik n o c k  r a t i n g s  and spon taneous 

ig n i t i o n  such as  b ran ch in g  in  hydrocarbons p roduces h ig h  spon taneous 

ig n i t i o n  te m p e ra tu re s  as  w e ll  as  in c re a se d  com pression  r a t i o s  and 

h ig h e r  o c tane  num bers. Both a n tik n o c k  r a t i n g s  and sp on taneous i g n i t i o n  

a r e  q u i te  s e n s i t i v e  t o  th e  c o n d it io n s  employed in  th e  t e s t  p ro c e d u re . 

For t h i s  re a so n  i t  i s  im p o rta n t t h a t  th e  c o n d itio n s  be a c c u r a te ly  

s t a t e d  t o  g iv e  th e  r e s u l t s  t h e i r  g r e a t e s t  s ig n i f i c a n c e .
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Figure #  10 -&2a-
S p o n ta n e o u a  I g n i t i o n  C h a r a c t e r i s t i c s  o f  V a r i o u s

2 , 2 , 4 - T r i m e t h y l  p e n t a n e  -  n - H e p t a n e  M i x t u r e s

5 0 0

A t a i r  f l o w  
r a t e  1 2 5 c c /m i

I g n i t i o n4 6 0
A t a i r  f lo w  
r a t e  2 5 c c / m in

4 2 0

No I g n i t i o n

•340

I g n i t i o n  
( m o s t l y  " c o o l  f l a m e s " )

3 0 0

No I g n i t i o n

2 6 0

220
10020 40 60 800

P e r c e n t a g e  b y  V olum e o f  2 , 2 , 4 - T r i m e t h y l p e n t a n e  

( I s o o c t a n e )  i n  M i x t u r e s  w i t h  n - H e p t a n e
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A s im i la r  S -shaped cu rv e  i s  o b ta in e d  f o r  v a r io u s  c e ta n e -  m e thy l 

n a p h th a le n e  m ix tu res  ( .f ig u re  1 1 ) . I t  m ust be remembered t h a t  th e  

c e ta n e  s c a le  b e a rs  an  in v e rs e  r e l a t i o n s h ip  t o  th e  o c tan e  s c a le  and 

th e r e f o r e  t o  spon taneous i g n i t i o n .  Thus, th e  f u e ls  w ith  h ig h e s t  c e tan e  

numbers a re  th e  m ost s u s c e p t ib le  t o  spon taneous i g n i t i o n .  The fo llo w in g  

t a b l e  shows e x c e l le n t  q u a l i t a t i v e  c o r r e l a t i o n  betw een ce tan e  r a t i n g s  

and ig n i t io n  te m p e ra tu re s .

Compound
Spontaneous I g n i t io n  

T em perature (°C)
C etane number 

(26)

n-H exadecane 232 100
n-Dodecane 232 80
n-B eptane 250 57
1-Hexadecene 253 88
1 -T etrad ecen e 255 79
2 ,2 ,4 -T r im e th y lp e n ta n e 515 12

& -M ethy lnaph thalene 553 0
Toluene 635 -5

(D ata ta k e n  f o r  a i r  flow  r a t e  o f  125 c c /m in u te )

(b) O ther S -shaped  C urves O bserved.

These S-shaped cu rv es  o b ta in e d  fo r  is o o c ta n e -h e p ta n e  m ix tu re  and 

c e ta n e  -tft-m ethy lnaphthalene su g g e s te d  an  i n t e r e s t i n g  avenue fo r  f u r t h e r  

in v e s t ig a t io n  o f  i g n i t i o n  c h a r a c t e r i s t i c s .  A cco rd in g ly  a  s e r i e s  o f 

cetane-di(2-ethylhexyl) adipate mixtures were in v e s t ig a te d  with par­

t i c u l a r  em phasis on how th e  charge  s iz e  in f lu e n c e d  th e  e x te n s io n  o f  th e  

i g n i t i o n  boundary; and a s e r i e s  of d o d e c a n e - l , l -d in e o p e n ty le th a n e  mix­

tu r e s  w ere in v e s t ig a te d  w ith  em phasis on th e  d i f f e r e n t  ty p e s  o f i g n i t i o n  

observed  in  p a s s in g  from th e  re g io n  o f h o t flam e i g n i t i o n  to  th e  re g io n  

o f no ig n i t i o n .  The r e s u l t s  o f  th e  c e ta n e -d i(2 - e th y lh e x y l )  a d ip a te  

a r e  shown g r a p h ic a l ly  in  f ig u r e  12 . These c u r v e s 'a r e  v e ry  i n s t r u c t iv e  

i n  h e lp in g  one to  u n d e rs ta n d  th e  a p p a re n t ly  co n fu s in g  and c o n t r a d ic to r y  

r e s u l t s  o f te n  a p p e a rin g  in  th e  l i t e r a t u r e .  A th r e e  d im e n s io n a l i g n i t i o n  

s u r fa c e  may be v is u a l iz e d  by c o n s id e r in g  th e  charge  s iz e  as  th e  t h i r d
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Figure 4 II

5 4 0
L t io nS p o n ta n e o u s  

C h a r a c t e r i s t i c s  o f  
V a r i o u s  H e x a d e c a n e  
if. M e t h y l n a p h t h a l e n e  
M i x t u r e s .

5 0 0

a i r  Clow 
' r a t e  1 2 5 c c /  

min. 
A t a i r  f lo w  
r a t e  2 5 c c / m i n i _4 6 0

No i g n i t i o n4 2 0

o

3 3 0

D e f i n i t e  sm oke 
p u f f s  -  r e c o r d e d  __ 
  a s  i g n i t i o n s

3 4 0

I g n i t i o n3 0 0

No i g n i t i o n2 6 0

2060 408 0100
P e r c e n t a g e  b y  V o lum e o f  H e x a d e c a n e  ( C e t a n e )  i n  
M i x t u r e s  w ith « £  M e t h y l n a p h t h a l e n e
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o r d in a te .  This e s s e n t i a l l y  g iv e s  a  h ig h  te m p e ra tu re  i g n i t i o n  " h i l l ”

and a  low te m p e ra tu re  i g n i t i o n  " h i l l "  w ith  a  n o n ig n i t io n  " v a l le y "  in

betw een , bnder some c o n d itio n s  th e  low te m p e ra tu re  " h i l l "  m ight be

co m p le te ly  m issed . This was th e  case  w ith  d i ( 2 - e th y lh e x y l )  a d ip a te .

T h e  i g n i t i o n  t e m p e r a t u r e  r e p o r te d  f o r  t h e  compound was 395°C; our

v a lu e  was f i r s t  c o n s id e re d  to  be 385°C. I t  was o n ly  by go ing  t o  v e ry

la rg e  charge s iz e s  t h a t  th e  i g n i t i o n  boundary was in te r s e c te d  and
o

th e r e f o r e  a  v a lu e  o f  265 C was o b ta in e d — 120 d eg ree s  lower* The d i e s t e r e  

were p re v io u s ly  co n s id e re d  q u i te  r e s i s t a n t  t o  sp on taneous i g n i t i o n ,  b u t 

t h i s  developm ent showed t h a t  th e r e  was s t i l l  a p o t e n t i a l  low te m p e ra tu re  

f i r e  h aza rd  a s s o c ia te d  w ith  t h e i r  use as lu b r i c a n t s .

F ig u re  13 shows th e  spon taneous i g n i t i o n  c h a r a c t e r i s t i c s  o f  v a r io u s  

d o d e c a n e - l , l -d in e o p e n ty le th a n e  m ix tu re s .  In  moving l e f t  to  r i g h t  th e  

f i r s t  cu rve r e p re s e n ts  th e  maximum e x te n s io n  o f  th e  h o t flam e ig n i t i o n  

boundary . Each p o in t on th e  curve does n o t r e p r e s e n t  th e  same charge 

s iz e  as d id  th e  p rev io u s  f ig u r e  w ith  c e ta n e -a d ip a te  e s t e r  m ix tu re s ;  t h i s  

cu rve  i s  th e  maximum e x te n s io n  f o r  any  charge s i z e .  The n e x t curve 

r e p re s e n ts  th e  f u r th e r  e x te n s io n  o f th e  i g n i t i o n  boundary by c o n s id e r in g  

th e  b lu e  glow or "co o l flam e" r e g io n ,  and th e  l a s t  cu rve  i a  a  s t i l l  

f u r th e r  e x te n s io n  o f th e  low te m p e ra tu re  i g n i t i o n  p e n in su la  by c o n s id e r in g  

th e  smoke p u lse  i g n i t i o n s .  A th r e e  d im en s io n a l f ig u r e  may a g a in  be 

v is u a l iz e d  w ith  charge  s iz e  as th e  t h i r d  o r d in a te .  However, from  th e  

d a ta  on t h i s  graph  a lo n e ,  th e  th r e e  d im en s io n a l f ig u r e  cou ld  n o t be con­

s t r u c te d  because  th e  i g n i t i o n  te m p e ra tu re s  as a fu n c t io n  o f  charge s iz e  

i s  n o t in d ic a te d .  I f  t h i s  d a ta  w ere a v a i l a b l e ,  th e  space  f ig u r e  cou ld  

be c o n s tru c te d ;  f ig u r e  13, th e n ,  would r e p re s e n t  th e  p r o je c t io n  o f  th e  

th r e e  i g n i t i o n  boundary s u r fa c e s  o n to  th e  te m p e ra tu re -c o m p o s itio n  p la n e .
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3* Spontaneous I g n i t io n  T em peratures o f  V ario u s Types o f  L u b r ic a n ts .

The d a ta  o b ta in ed  on th e  v a r io u s  pu re  compounds d is c u s s e d  in  th e  

p re v io u s  s e c t io n s  gave a good fo u n d a tio n  f o r  th e  in v e s t ig a t io n  o f  th e  

spon taneous i g n i t i o n  c h a r a c t e r i s t i c s  o f  l u b r i c a n t s - - t h e  more p r a c t i c a l  

s id e  o f th e  p ic tu r e  in  which MCA was i n t e r e s t e d .  As th e  s tu d y  o f  a 

v a r i e t y  of lu b r i c a n ts  p ro g re sse d  i t  soon became a p p a re n t t h a t  v o l a t i l i t y  

l im i t a t i o n s  imposed upon lu b r ic a n ts  o f  h ig h  v i s c o s i t y  w ere o b sc u rin g  th e  

ex p ec ted  c o r r e l a t i o n  betw een s t r u c t u r e  and spon taneous i g n i t i o n .  To 

overcome t h i s  l i m i t a t i o n  as  much as p o s s ib le  a  s p ra y  i n j e c t o r  was con­

s t r u c t e d  and th e  i g n i t i o n  te m p e ra tu re s  o f some o f  th e  same lu b r i c a n ts  

w ere de term ined  under sp ra y  i n j e c t i o n  c o n d itio n s  f o r  com parison  w ith  

d ro p w ise  a d d i t io n .  Acknowledgement i s  made to  Mr. D onald E . S w arts f o r  

th e  a c tu a l  sp ra y  ig n i t i o n  d a ta  in  th e  fo llo w in g  t a b le s  and g ra p h s . W ith 

th e  s p ra y  i n j e c t i o n  m o d if ic a t io n ,  c o r r e l a t i o n  o f  s t r u c t u r e  w ith  spon­

ta n eo u s  ig n i t io n  was ex tended  over a much w id er v i s c o s i t y  range f o r  th e se  

l u b r i c a n t s .

In  some cases an  open cup spon taneous i g n i t i o n  te m p e ra tu re  was 

de te rm in ed  fo r  com parison w ith  th e  norm al c lo se d  cup r e s u l t .  Some o f 

th e s e  open cup v a lu e s  w ere low er th a n  th e  c lo se d  cup v a lu e s .  This sug ­

g e s te d  t h a t  i f  h ig h e r  f u e l / a i r  r a t i o s  cou ld  be o b ta in ed  th e  c lo se d  cup 

v a lu e s  shou ld  d rop  below th e  open cup v a lu e s .  C o n firm a tio n  o f  t h i s  

s u g g e s tio n  was o b ta in e d  w ith  th e  sp ra y  i n j e c t i o n  p ro c e d u re . In  g e n e r a l ,  

how ever, c o n s is te n t  and m ean in g fu l r e s u l t s  w ere n o t g iv e n  by th e  open 

cup p ro c e d u re .

(a )  P a r a f f in  L u b ric a n ts

The spon taneous i g n i t i o n  te m p e ra tu re  o f  a s e r i e s  o f  c o n v e n tio n a l 

lu b r i c a t i n g  o i l s  were d e te rm in e d  by b o th  th e  d ropw ise  a d d i t io n  and sp ra y  

in j e c t i o n  p ro c e d u re s . These r e s u l t s  a r e  shown in  th e  fo llo w in g  t a b le  

and f ig u r e  14.
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Spontaneous I g n i t io n  T em peratures o f  th e  
P a r a f f in  L u b r ic a n ts

L u b ric a n t

A ll  S ta te  M otor O il  SAE 10
A ll  S ta te  Motor O il SAE 20
A ll  S ta te  M otor O il SAE 30
A ll S ta te  Motor O il SAE 40
Bard&hl SAE 10

R e c ip ro c a tin g  Engine O il 
1120 AN0-8

Spontaneous I g n i t io n  T em perature (°C)

D ropwise A d d itio n  
Open GupC losed  Cup 

A ir  Flow- 
125 cc/m in

262
372
385
403
272

395

A ir  Flow- 
125 oc/m in

335
345
355
365

375

S pray
I n je o t io n

A ir  Flow 
125 cc/m in

Remarks

259 Heavy
274 b la c k
286 (274) t a r - l i k e
347 re s  idue

V ery  f in e
brown
s a n d - l ik e
re s id u e
Heavy
b la c k
t a r - l i k e
r e s id u e

This d a ta  shows q u i te  s t r i k i n g l y  how th e  i g n i t i o n  boundary can  be 

g r e a t ly  ex tended  by th e  use o f  sp ra y  in j e c t i o n .  Under th e  dropwisfe 

procedure o n ly  th e  SAE 10 o i l  ig n i te d  in  th e  low te m p e ra tu re  re g io n  w ith  

a  n o n ig n i t io n  zone in  th e  in te rm e d ia te  te m p e ra tu re  r e g io n .  Wijdi s p ra y  

in j e o t i o n  th e  n o n ig n i t io n  zone was co m p le te ly  e l im in a te d  and th e  SAE 10,

20 and 30 o i l s  gave re a so n a b le  i g n i t i o n  te m p e ra tu re  in  th e  low te m p e ra tu re  

r e g io n .  The s p ra y  i n j e c t o r  could  n o t s a t i s f a c t o r i l y  h an d le  th e  SAE 40 b e­

cause  o f  i t s  h ig h  v i s c o s i t y ;  n e v e r th e le s s ,  a d ro p  o f  60° was e f f e c te d  

f o r  t h i s  o i l .  The EP a d d i t iv e s  r e s p o n s ib le  fo r  "B a rd a h l* sH u n u su a l 

p r o p e r t ie s  e v id e n t ly  d id  n o t m arked ly  in f lu e n c e  i t s  i g n i t i o n  p r o p e r t ie s  

a s  an  SAE 10 o i l .  An a i r c r a f t  o i l ,  1120 ANO 8 ( r e c ip r o c a t in g  e n g in e )  

whose v i s c o s i t y  was g r e a te r  th a n  an SAE 40 o i l  gave ig n i t i o n  te m p era ­

tu r e s  in  th e  same re g io n  as th e  SAE 40 o i l .  A ll  o f  th e s e  p ro d u c ts  

l e f t  heavy , t a r - l i k e  r e s id u e s  in  th e  i g n i t i o n  cup.

The chem ica l s t r u c t u r e  c o n s id e re d  to  be c h i e f l y  r e s p o n s ib le  f o r  

th e  spon taneous i g n i t i o n  c h a r a c t e r i s t i c s  o f  th e s e  o i l s  i s  th e
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po lym ethy lene c h a in  c o n ta in in g  a h ig h  p e rc e n ta g e  o f seco n d a ry  hydrogen 

atoms. The aromatic and n a p h th e n ic  c o n te n t i s  assumed to  have o n ly  a 

m inor in f lu e n c e  on th e  i g n i t i o n  p r o p e r t i e s .

(b ) P o ly iso b u ty le n e s  and H ydrogenated  P o ly is o b u ty le n e s .

The h ig h  i g n i t i o n  te m p e ra tu re s  o f  i s o o c ta n e ,  d i i s o b u ty le n e ,  and 

o th e r  h ig h ly  branched p a r a f f in s  su g g es ted  t h a t  an  o i l  w ith  a  h ig h  d eg ree  

o f  b ran ch in g  would have a h ig h  spon taneous i g n i t i o n  te m p e ra tu re .  A ccord­

in g ly  a  s e r i e s  o f  p o ly iso b u ty le n e s  w ere s y n th e s iz e d  and some w ere h y d ro ­

genated  to  th e  s a tu r a te d  d e r iv a t iv e s .

The d i~  and t r i - i s o b u ty l e n e s  w ere p rep a red  by th e  s u l f u r i c  a c id

(32 33)d e h y d ra tio n  and p o ly m e riz a tio n  o f t - b u t y l  a l c o h o l '  * ' % t e t r a i s o b u ty le n e

was p rep a red  by th e  boron  t r i f l u o r i d e - c a t a l y z e d  d im e r iz a t io n  o f  d i i s o -  

(34)b u ty le n e  . 1 ,1 -D in e o p e n ty le th y le n e  was o b ta in ed  by th e  perm anganate

o x id a tio n  o f t r i i s o b u ty le n e  w hich le a v e s  o n ly  t h i s  isom er u n eh an g ed ^* ^  •

The h ig h e r  polym ers w ere p rep a red  by th e  boron  t r i f l u o r i d e  c a ta ly z e d

(34)p o ly m e riz a tio n  o f is o b u ty le n e  . By sim ple  vacuum d i s t i l l a t i o n  p o ly -  

is o b u ty le n e  sam ples o f v a ry in g  v i s c o s i t i e s  w ere o b ta in e d . H ydrogenation  

o f  th e s e  p ro d u c ts  over Raney n ic k e l  c a t a l y s t  a t  a b o u t 180°C gave th e  

s a tu r a te d  d e r iv a t iv e s .  A l i q u id  copolym er o f iso 'b u ty le n e  and s ty re n e  

(b o ro n  t r i f l u o r i d e  c a t a l y s t )  was a l s o  p re p a re d . The spon taneous i g n i t i o n  

c h a r a c t e r i s t i c s  o f  th e se  p ro d u c ts  a r e  summarized in  t a b le  I I  and f ig u r e  

1 5 j o th e r  p r o p e r t ie s  a r e  l i s t e d  in  ta b le  I I I .

The i g n i t i o n  te m p e ra tu re s  o f a l l  th e s e  m a te r ia ls  show a  rem arkab le  

r e s i s ta n c e  t o  spon taneous i g n i t i o n  when compared w ith  a l l  o f th e  o th e r  

lu b r i c a n ts  t e s t e d .  I t  i s  s i g n i f i c a n t  t h a t  s p ra y  in j e o t io n  d id  n o t 

low er th e  i g n i t i o n  te m p e ra tu re s  o b ta in e d  by th e  dropw ise p ro c e d u re .

T h is i s  in  marked c o n t r a s t  t o  th e  r e s u l t s  o b ta in ed  f o r  th e  o th e r  l u b r i ­

c a n ts  where s p ra y  i n j e c t i o n  e f f e c te d  a  c o n s id e ra b le  lo w erin g  o f i g n i t i o n
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T a b l e  I I I

T he  P o l y I s o b u t y l e n e s  a n d  T h e i r  H y d r o g e n a te d  D e r i v a t i v e s -  
R e f r a c t i v e  I n d e x ,  B o i l i n g  po l n t ,  a n d  Vi s c o s i t y  D a ta

25
C om pound  n D b . p .  ° / t m  A p p ro x . V i s e .

SSU -  1 0 0 °  P

D i i s o b u t y l e n e 1 .4 0 7 3 1 0 1 . 5 / 7 4 0
I s o o c t a n e 1 .3 8 9 0 9 8 . 5 / 7 4 0
1 , 1  D i n e o p e n t y l  E t h y l e n e 1 .4 2 7 1 1 7 7 - 1 7 8 /7 4 0
1 , 1  D i n e o p e h t y l  E t h a n e 1 .4 1 6 9 1 7 7 - 1 - 7 7 .5 /7 4 0
T r i i s o b u t y l e n e 1 ,4 2 8 2 1 7 6 - 1 7 8 /7 4 0
I s o d o d e c a n e 1 .4 1 7 0 1 7 7 _ i^ o '.  5 /7 4 0
T e t  r  a i  r, o b u  t  y  1 e n e 1 .4 4 7 5 1 5 2 - 1 5 3 . 5 / 5 3 30
" I s o h e x a d e c a n e  " 1 .4 3 7 0 1 1 8 - 1 1 9 /1 5 2 8

P o l y i s o b u t y l e n e  D i s t i l l a t e s
( 1 ) 1 .4 3 2 7 ^ •4 5 /2 2 2
( 2 ) 1 .4 5 0 7 7 0 - 9 0 / 2 29
( 3 ) 1 .4 6 1 2 1 1 0 - 1 1 4 / 2 50
( 4 ) 1 .4 7 1 2 1 6 0 - 2 0 0 / 1 - 2 135
(5  ) 1 .4 8 9 4 > 2 0 0 / 1 - 2 7 0 0 0
( 3 )  H y d r o g e n a te d 1 .4 5 2 4 - 50
( 4 )  H y d r o g e n a te  d 1 .4 6 3 8 1 2 5
( 5 )  H y d r o g e n a te d 1 .4 8 4 0 3 0 0 0

S t y r e n e - I s o b u t y l e n e  C o p o ly m e r 3 7 0
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te m p e ra tu re .  In  fo llo w in g  th e  p a t t e r n  s e t  by th e  sim p le  b ranched  

p a r a f f in s  and o le f in s  (page 32) th e  i g n i t i o n  te m p e ra tu re s  o f  th e  h y d ro ­

gen a ted  p o ly iso b u ty le n e s  w ere some 30 to  60 d eg ree s  h ig h e r  th a n  th e  

c o rre sp o n d in g  p o ly is o b u ty le n e s .

P re v io u s ly  p o ly iso b u ty le n e s  have n o t been c o n s id e re d  d e s i r a b le  as 

s y n th e t ic  lu b r i c a n t s ,  th e  u n d e s ire a b le  p r o p e r t ie s  b e in g  poor l u b r i c i t y  

and poor th e rm al s t a b i l i t y .  However, in  v iew  o f  t h e i r  s u p e r io r  r e s i s ­

ta n c e  t o  spon taneous i g n i t i o n ,  i t  seems t h a t  a r e - e v a lu a t io n  o f t h e i r  

p r o p e r t ie s  would be in  o rd e r .  Extrem e p re s s u re  a d d i t iv e s  oould g iv e  

th e  d e s ir e d  l u b r i c i t y  a n d , i f  n o t to o  g r e a t ,  th e rm al lo s s e s  could  be r e ­

p la c e d . A no ther rem arkab le  p ro p e r ty  o f  th e  p o ly iso b u ty le n e s  i s  t h e i r  

c le a n  b u rn in g  c h a r a c t e r i s t i c s .  Under a l l  th e  c o n d itio n s  e x p lo re d  in  

t h i s  in v e s t ig a t io n  th e  p o ly iso b u ty le n e  l e f t  s u b s t a n t i a l l y  no re s id u e }  

t h i s  i s  in  marked c o n t r a s t  t o  o th e r  lu b r ic a n ts  such  as  th e  p a r a f f in io  

o i l s  which le a v e  a -h ea v y  l a c q u e r - l ik e  r e s id u e .

In  view  o f th e  r e s u l t s  shown in  f ig u r e s  13 and 19 b le n d in g  w ith  

o th e r  lu b r ic a n ts  and use  o f  a n t i - o x id a n t  a d d i t iv e s  suoh as d i-p - to ly la m in e  

show f u r th e r  prom ise f o r  p o ly iso b u ty le n e s  as  s p e c ia l  lu b r i c a n t s .

The copolym er o f  s ty re n e  and is o b u ty le n e  gave an  i g n i t i o n  tem p era­

tu r e  low er th a n  t h a t  o f  a  p o ly is o b u ty le n e  o f  com parable v i s c o s i t y .

This a t  f i r s t  seemed c o n tra ry  t o  w hat would be exp ec ted  f o r  th e  in c o r ­

p o ra t io n  o f  a phenyl group in to  th e  polym er; how ever, a lo n g  w ith  each  

phenyl group oernes a m ethy lene group and a  t e r t i a r y  hydrogen .

9 ¥ 9
-C-C-CH -C -C -C -

o 2 j!  0

Com parison o f  t h i s  s t r u c t u r e  w ith  cumene would in d ic a te  t h a t  th e  m ole­

cu le  i s  q u i te  s u s c e p t ib le  to  p e ro x id a t io n  a t  th e  p o s i t i o n  o f  t h i s  

t e r t i a r y  hydrogen .
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(c ) P o ly p ro p y le n e s .

The e x c e p t io n a l ly  h ig h  spon taneous i g n i t io n  te m p e ra tu re s  o f  th e  p o ly -  

is o b u ty le n e s  prompted th e  e v a lu a t io n  o f  th e  p o ly p ro p y len e  s t r u c t u r e  w hich 

would show an in te rm e d ia te  d eg ree  o f  b ran ch in g  betw een th e  po lym ethy lene 

and p o ly iso b u ty le n e  s t r u c t u r e s .  The p o ly p ro p y len es  w ere p re p a re d  by 

d e h y d ra tio n  and p o ly m e riz a tio n  o f  iso p ro p a n o l w ith  a  BF^-HgPO^ c a t a l y s t .  

The fo llo w in g  ta b le  shows a p o r t io n  o f  th e  d a ta  c o l le c te d  by Mr. Sw arts 

f o r  th e se  compounds.

P o lyp ro p y len e

Spontaneous I g n i t io n  T em perature (°C)
Dropwise A d d itio n  S p ray  I n je o t io n
A ir  Flow A ir  Flow A ir  Flow

125 co /m in  0 cc /m in  125 cc/m in

Trim er 298 290
T etram er 288 284
h yd ro g en a ted  T etram er 385 (266)
Pentam er 274 (266) 266 (254)
H ydrogenated Pentam er 273 (228) 248 (220) 272 (230)

V alues in  p a re n th e s is  in d io a te  low er l i m i t  o f  smoke p u lse  i g n i t i o n .

These v a lu e s  w ith  one e x c e p tio n  a re  in  th e  low te m p e ra tu re  range 

o f  i g n i t i o n .  The re a so n  f o r  th e  low ig n i t io n  te m p e ra tu re s  in  s p i t e  o f 

th e  c o n s id e ra b le  d eg ree  o f  b ra n c h in g  m ust be due t o  th e  t e r t i a r y  hydrogen  

atom s t h a t  accompany th e  b ra n c h in g .

(d ) P o ly e th y le n e s .

Three German p o ly e th y le n e  o i l s  w ere o b ta in e d  th ro u g h  th e  c o u r te s y  

o f  D r. W. A. Zisman o f  th e  Maval R esearch  L a b o ra to ry . These o i l s  w ere 

s y n th e s iz e d  u s in g  an A lC lg c a t a l y s t  f o r  th e  p o ly m e r iz a tio n  o f  e th y le n e .  

A ccord ing  to  W hitm ore's carbonium  io n  mechanism f o r  p o ly m e r iz a tio n  a

c e r t a i n  d eg ree  o f  m ethy l b ran ch in g  would be ex p ec ted  f o r  th e s e  o i l s .

(**6 )T his was confirm ed by Murphy and S anders in  t h e i r  ex am in a tio n  o f 

th e s e  o i l s .  T h e ir  r e s u l t s  in d ic a te d  t h a t  th e  s t r u c t u r e  was b e s t  r e p ­

re s e n te d  by a m ethy lene c h a in  w ith  o c c a s io n a l m ethy l b ra n c h in g , c o n ta in in g
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one doub le  bond p e r m o lecu le  and f r e e  from  a ro m a tic  and n a p h th e n ic  

g ro u p s . T h e re fo re , n o t a g r e a t  d e a l  o f d i f f e r e n c e  i e  t o  be ex p ec ted  

betw een th e s e  and th e  n - p a r a f f in  o i l s  o f com parable v i s c o s i t y .  For 

th e s e  compounds a heavy t a r - l i k e  r e s id u e  rem ained a f t e r  i g n i t i o n .  The 

spon taneous i g n i t i o n  r e s u l t s  a re  shown in  th e  fo llo w in g  t a b l e  and f ig u r e

16.

L u b ric a n t

Spontaneous I g n i t io n  T em perature (°C) 
Dropwise A d d itio n

C losed Cup 
A ir  flow  

125 cc /m in

Open Cup 
A ir  flow  

125 co /m in

German O il V-120 245
German O il SS 903 388 390
German O il SS 906 420

(e )  P o ly e th e rs

In  view  o f th e  im portance  o f  th e  p o ly e th e rs  as  s y n th e t ic  l u b r i c a n t s ,  

a la rg e  number o f  th e s e  have been  t e s t e d j  th e s e  in c lu d e d  b o th  th e  "Ucons" 

(C arb ine  and Carbon C hem icals C o rp o ra tio n )  and th e  " P o ly g ly c o ls "  (Dow 

Chem ical Company). The r e s u l t s  a r e  g iv e n  in  t a b le s  IV and V and f ig u r e s  

17 and 18.

The p o ly e th e r s ,  in  a  r a th e r  g e n e ra l way co n ce rn in g  spon taneous 

i g n i t i o n  c h a r a c t e r i s t i c s ,  a r e  s im i la r  t o  th e  p a r a f f i n  o i l s .  W ith d ro p -  

w ise  a d d i t io n  p rocedu re  th e  sp o n tan eo u s i g n i t i o n  te m p e ra tu re s  in c re a s e  

w ith  in c re a s in g  v i s c o s i t y  and m o le c u la r  w eigh t, and th e  i g n i t i o n  tem pera­

tu r e s  o f  o i l s  in  th e  in te rm e d ia te  v i s c o s i t y  range  dropped  c o n s id e ra b ly  

by u s in g  sp ra y  in j e c t i o n .  The a c t u a l  v a lu e s  o f  th e  i g n i t i o n  te m p e ra tu re  

a r e  h ig h e r  f o r  th e  p o ly e th e rs  o f  v i s c o s i t y  com parable w ith  t h a t  o f p a r a f f in  

o i l s ,  b u t th e  g e n e ra l  shape o f  th e  i g n i t i o n  cu rv es  i s  th e  same.

A marked ad v an tag e  o f  th e  p o ly e th e rs  over th e  p a r a f f i n  o i l s  i s  t h e i r  

sm a ll i g n i t i o n  r e s id u e .  Those i g n i t i n g  in  th e  low te m p e ra tu re  range  

l e f t  a  r e l a t i v e l y  s l i g h t  la o q u e r - l ik e  d e p o s i t ;  th o se  in  th e  in te rm e d ia te  

range  l e f t  a d a rk  r e s id u e  w hich g ra d u a l ly  d is a p p e a re d ;  th o s e  i g n i t i n g  a t
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?able 3#

S p o n ta n e o u s  I g n i t i o n  T e m p e r a t u r e s  o f  t h e  ”11 c o n s n

S . X . T . ,  ° C .
L u b r i c a n t D r o p w is e  A d d i t i o n

C l o s e d  C u p  
1 2 5  c o / m in  

A i r f l o w

O oen  Cup 
1 2 5  c c / m i n  

A i r f l o w

S p r a y  
I n j e c t i o n  
1 2 5  e c / r a i n  

A i r f l o w

R e m a rk s

LB 1 8 0 0  X 4 1 2 3 5 5
LB 1 7 1 5 4 0 5 3 5 0 3 9 7
LB 4 0 0  X 397 3 5 2
LB 3 8 5 3 8 0 3 5 5 3 3 0
LB 1 7 0  X 3 7 5 3 5 5
LB 135 3 5 0 '3 3 3
LB 7 0  X 2 4 0 2 1 6
LB 65 2 3 0 2 1 0
5 0  HB 5 1 0 0 4 1 2 3 64
5 0  HB 2 8 0  X 4 0 0 3 5 5
5 0  HB 2 6 0 3 7 6 3 5 8 3 2 1
5 0  HB 1 0 0 3 5 0 3 4 3 2 5 3
5 0  HB 55 2 5 5 W 2 35
7 5  H 1 4 0 0 4 1 0 3 75
7 5  H 4 8 0 3 9 6 3 7 6
DLB EHD 1 9 0  B 3 7 4 3 4 0
DLB 5 0  BX 3 2 5
" 8 1 8 '’ 3 8 2 > 3 7 8
DLB 50  B 3 3 0
DLB 1 0 0  B 3 5 2

>

>

No r e s i d u e  a t  
4 0 0 °  C b u t  a t  
3 5 0 - 3 7 5 °  a  d a r k  
r e s i d u e  f o r m s  
w h ic h  s l o w l y  
o x i d i z e s  a w a y . 
L a c q u e r - l i k e  

r e s  i d u e  
K e s id u e  a t  l o w e r  

t e m p e r a t u r e s  i s  
b l a c k  a n d  l a c q u e r ­
l i k e

L a c q u e r - l i k e  r e s i d u e  

R e s id u e  o x i d i z e s  assay

M uch h i g h e r  v a l u e s  i n  o p e n  c u p  t h a n  i n  c l o s e d  c u p  -  no  d e f i n i t e  
v a l u e  d e t e r m i n e d .
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T a b l e  %

S p o n ta n e o u s  I g n i t i o n  T e m p e r a t u r e s  o f  " P o l y g l y c o l s "

S . I . T . .  0  C.

{ o  \
L u b r i c a n t ' Cj' ‘ D ro o w is e

M « X •

A d d i t i o n

j. .  ,  »

S p r a y  I n j e c t i o n
C lo s e d  Cup 

1 2 5  c c / m i n  
A i r f l  ow

O pen  Cup 
1 2 5  c c / m i n  

A i r f l o w

125  c c / m i n  
a i r f l o w

1 5 - 2 0 0 4 14 4 0 6

7 - 2 0 0 0 3 92 3 7 8 3 6 0

P - 1 2 0 0 3 75 3 5 2

P -7 5 0 370 345

P -4 0 0 3 5 5 3 1 8 2 5 0

E -6 0 0 4 0 0 4 0 0

E -4 0 0 3 8 4 384

E -  300 3 6 8 3 6 5

E - 2 0 0 3 5 0  ( 2 7 0 ) ^

( 1 )  I g n i t i o n  r e s i d u e s  s i m i l a r  t o  t h o s e  f o r  " U c o n s " ,  T a b le  V I I .

( 2 )  P s e r i e s  -  P o l y p r o p y l e n e  G l y c o l s  
E s e r i e s  -  P o l y e t h y l e n e  G l y c o l s

N u m b ers  i n d i c a t e  a v e r a g e  m o l e c u l a r  w e i g h t .
S a m p le  1 5 - 2 0 0  i s  a  P o l y g l y c o l  " D e r i v a t i v e "

( 3 )  B e lo w  3 5 0 °  a  z o n e  o f  n o n - i g n i t i o n  w as  o b s e r v e d ;  a  s m a l l  
z o n e  o f  lo w  t e m p e r a t u r e  i g n i t i o n  t h e n  w as foux id  i n  t h e  
r a n g e  f ro m  2 7 0 - 2 3 0 °  C.
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h ig h  te m p e ra tu re s  burned c l e a n ly .  This i s  th e  r e s u l t  o f  th e  i g n i t i o n  

te m p e ra tu re  i t s e l f ,  r a th e r  th a n  o f any s t r u c t u r a l  d i f f e r e n c e s  in  th e  

th r e e  p ro d u c t r a n g e s .

The p o ly e th e rs  a re  polym ers o f  e th y le n e  o x id e , p rop y len e  o x id e , 

o r a com bination  o f th e  tw o. The polym er ends may or may n o t be " s to p ­

p e red "  w ith  I e th e r  or e s t e r  g ro u p s.

A sample o f  t e t r a - p e n ta - p r o p y le n e - g ly c o l - n o m a l - b u ty l - e th e r - a c e ta t e  

gave an  ig n i t io n  te m p e ra tu re  o f  326°C a t  125 cc /m in u te  a i r  flow .

( f )  D ie s te r s .

The d i e s t e r s  a re  among th e  m ost p rom ising  o f th e  s y n th e t ic  lu b r i c a n t s .  

In  f a c t ,  d i ( 2 - e th y lh e x y l ) a d ip a te  has been made a v a i la b le  in  com m ercial 

q u a n t i t i e s .  T h e re fo re , i t  was o f  i n t e r e s t  to  e v a lu a te  t h e i r  spon taneous 

ig n i t i o n  c h a r a c t e r i s t i c s .  These c h a r a c t e r i s t i c s  have been a d e q u a te ly  

d is c u s s e d  in  p re v io u s  s e c t io n s  (page 3 5 ) .

A lthough th e  d i e s t e r s  have much to  recommend them as s y n th e t ic  

(29)lu b r ic a n ts  th e y  can  no lo n g e r  be co n s id e re d  f r e e  from  low tem p era ­

tu r e  i g n i t i o n  as p re v io u s ly  assum ed.

(g ) A J e t  Engine L u b r ic a n t .

A sam ple o f a  j e t  eng ine lu b r i c a n t  was o b ta in ed  from  th e  C leveland  

MCA L ab o ra to ry . This o i l  had a  low v i s c o s i t y  and y e t gave a  sp on taneous 

i g n i t i o n  te m p e ra tu re  o f  320°C a t  125 cc /m in u te  a i r  flow  w hich i s  con­

s id e r a b ly  h ig h e r  th a n  th e  i g n i t i o n  te m p e ra tu re s  o f th e  p a r a f f i n  o i l s  and 

p o ly e th e rs  o f com parable v i s c o s i t y .  The s t r u c t u r e  o f  t h i s  o i l  was n o t 

g iv e n  us so an  i n t e r p r e t a t i o n  o f  i t s . spon taneous i g n i t i o n  b e h a v io r canno t 

be advanced .

(h ) Summary

Table VI on page 65 sum m arizes th e  spon taneous i g n i t i o n  d a ta  o b ta in ed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-64-

on. th e  v a r io u s  lu b r ic a n ts  exam ined. The fundam ental s t r u c t u r a l  u n i t s  

have been in c lu d e d  f o r  c o r r e l a t i o n  w ith  t h i s  i g n i t i o n  d a ta .

The p o ly iso b u ty le n e s  p o sse ss  th e  h ig h e s t  i g n i t i o n  te m p e ra tu re s  and 

show th e  g r e a t e s t  d eg ree  o f  b ra n c h in g . The p o ly p ro p y len es  show an  i n t e r ­

m ed ia te  degree  o f  b ran ch in g  b u t much low er i g n i t i o n  te m p e ra tu re  th a n  

would be ex p ec ted  on th e  b a s is  o f  th e  b ra n c h in g  co n cep t a lo n e .  T h e re fo re , 

i t  i s  obvious t h a t  b ran ch in g  a lo n e  i s  n o t s u f f i c i e n t  t o  produoe h ig h  

ig n i t i o n  te m p e ra tu re .  The c r i t i c a l  f a c to r  f o r  h ig h  i g n i t i o n  te m p e ra tu re s  

ap p e a rs  t o  be th e  r e d u c t io n  o f  seco n d ary  and t e r t i a r y  hydrogens t o  a 

minimum. A c o m p le te ly  m e th y la ted  c a r to n  c h a in  would g iv e  a  s t r u c tu r e  

w ith  a l l  p rim ary  h y d ro g en s. Such a s t r u c t u r e  i s  a p p a re n t ly  ru le d  o u t 

on p r a c t i c a l  grounds because  s y n th e s is  o f  such a po ly m eric  s t r u c t u r e  

has n o t been r e a l iz e d  due to  th e  s t e r i c  s t r a i n  in v o lv e d . T h e re fo re , i t  

seems th a t  th e  p o ly iso b u ty le n e  s t r u c tu r e  i s  th e  c l o s e s t  approach  t o  a  

p r a c t i c a l  s t r u c tu r e  o f minimum number o f seco n d ary  and t e r t i a r y  hydrogen

atoms and maximum number o f p rim ary  hydrogen  a tom s. T his g iv es  added

(3 7 'su p p o rt to  B oord 's  p o s t u l a t e '  > t h a t  th e  r e l a t i v e  o x id a tio n  r a t e s  o f  

h yd rocarbons may be c o r r e la te d  w ith  th e  r e a c t i v i t i e s  o f  t h e i r  hydrogen 

a to m s, th e  o rd e r o f r e a c t i v i t y  b e in g  3° 2° 1 ° .

F u l l  s ig n i f ic a n c e  as  t o  th e  e f f e c t  on ig n i t i o n  p r o p e r t i e s  o f  e th e r  

and e s t e r  g roup ings  in  a lu b r i c a n t  m o lecu le  canno t be g iv en  a t  t h i s  t im e ; 

how ever, th e  r e l a t i v e  numbers o f  p rim a ry , seo o n d ary , and t e r t i a r y  hydrogen 

atoms i s  c o n s id e re d  s t i l l  t o  be th e  dom in a tin g  f a c t o r .

Some a d d i t io n a l  s p e c u la t io n  may be w a rra n te d  re g a rd in g  th e  n a tu re  

o f  th e  i g n i t i o n  r e s id u e  d e p o s ite d  by th e se  v a r io u s  lu b r i c a n ts  as  r e l a t e d  

t o  t h e i r  p o s s ib le  in te rm e d ia te  o x id a tio n  p ro d u c ts .  The p o ly iso b u ty le n e s  

would be ex p ec ted  to  y ie ld  m a in ly  a c e to n e  and form aldehyde A ll

ex ce p t th e  p o ly iso b u ty le n e s  would be ex p ec ted  to  y ie ld  o th e r  aldehyde
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T a b l e  £ T

S p o n ta n e o u s  I g n i t i o n  T e m p e r a t u r e s  o f  V a r io u s  L u b r i c a n t s

L u b r i c a n t A p p r o x . 
P r im a r y  C -Ii 
B o n d s , %

I g n i t i o n  R a n g e  o f  S p o n ta n e o u s
R e s id u e  I g n i t i o n  T e m p s . , 0 C.

( V i s c o s i t y  R a n g e :  
1 0 0 - 3 0 0  SSU a t  1 0 0  F ) 

 ____________ D r o p w is e ________ S p r a y

P a r a f f i n  a n d  
N a p h th e n e  M ix tu r e

* GE2 ->n

P o l y e t h y l e n e  g \  
4  CH -CH }  1 C  4 -  

^  d  x ^ C H J
y

P o l y p r o p y l e n e
4  C. -  C 4

C n

P o l y i s o b u t y l e n e

4 0  -  £ 4 
o n

10

30

5 0

8 0

H eav y
L a c q u e r

H e a v y
Lacquer

H eav y
Lacquer

N one

c a  3 2 0 '

c a  3 2 0

c a  3 2 0

> 4 0 0

4 2 7 0

C  2 7 0  

<  2 7 0  

> 4 0 0

P o l y e t h y l e n e  G ly c o l  
4 C -  C -  0  4

n

0 L a c q u e r -  
B u rn s  Away

c a  3 5 0 .£ 2 9 0

P o l y p r o p y l e n e  G ly c o l  

* C -  <?

50

D i e s t e r s  30
D i -  ( 2 - E t h y l  H e x y l ) A d i p a t e  
D i -  ( 1 - E t h y l  P r o p y l )  S e b a c a t e

L a c q u e r  
B u rn s  Away

c a  3 5 0 <  2 9 0

L a c q u e r c a  3 5 0  < 2 9 0
( £ 1 0 0  SSU)
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i n t e m e d i a te s  in  a d d i t io n  to  fo rm aldehyde; a l l  e x ce p t th e  p o ly is o b u ty ­

le n e s  d e p o s i t  l a c q u e r - l ik e  r e s id u e s .  These la c q u e rs  from  th e  p o ly e th e rs  

shou ld  p o sse ss  h ig h e r  oxygen c o n te n ts  and more ^ - p o s i t io n s  r e a c t iv e  to  

f u r th e r  a t t a c k ;  t h i s  s i t u a t i o n  may h e lp  to  e x p la in  th e  r e a d in e s s  w ith  

w hich th e se  r e s id u e s  d is a p p e a r .
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4 . E f f e c t  o f A d d itiv e s  on Spontaneous I g n i t io n  T em p era tu res.

The use o f a d d i t iv e s  i s  an  a t t r a c t i v e  p o s s i b i l i t y  f o r  m o d if ic a t io n*
o f c o n v e n tio n a l lu b r i c a n ts  t o  im p a rt d e s i r e a b le  i g n i t i o n  r e s i s t a n t  

p r o p e r t i e s .  , A cco rd in g ly  a  number o f  d i f f e r e n t  avenues o f  th e  e f f e c t  

o f  a d d i t iv e s  on spon taneous i g n i t i o n  w ere in v e s t ig a t e d .

(a )  n-Dodecane w ith  V ario u s  A d d it iv e s .

A pprox im ate ly  65 chem ica l compounds w ere t e s t e d  a t  c o n c e n tra t io n s  

o f  5 mole p e ro e n t f o r  t h e i r  e f f e c t s  on th e  spon taneous i g n i t i o n  te m p era ­

tu r e  o f _n-dodecane; th e se  r e s u l t s  a re  summarized in  t a b l e  V I I .  The 

g r e a t e s t  r i s e  in  i g n i t i o n  te m p e ra tu re  was ach iev ed  w ith  t e t r a e t h y l  le a d .

Of th e  more u su a l in h i b i to r s  o f  f r e e  r a d i c a l  r e a c t io n s ,  th r e e  seco n d a ry  

am ines w ere most e f f e c t i v e  in  r a i s i n g  th e  i g n i t i o n  te m p e ra tu re .  These 

w ere e t h y l - o - to lu i d in e ,  d ip h en y l-am in e  and N -m e th y la n il in e . D i- t e r t -  

b u ty l  p e ro x id e  gave th e  o n ly  m ajo r d rop  in  i g n i t i o n  te m p e ra tu re ;  t h i s  

m ix tu re  behaved in  much th e  same way a s  d id  d ih e x y l e t h e r ,  t h a t  i s ,  low 

ig n i t i o n  te m p e ra tu re s  and v e ry  s h o r t  in d u c tio n  p e r io d s .

The e f f e c t iv e n e s s  o f  th e  seco n d a ry  am ines w ith  m e th y la tio n  in  th e  

p a ra  p o s i t io n  su g g es ted  th e  use o f  d i - p - t o l y l  am ine. This amine was 

s y n th e s iz e d  by h e a t in g  an  eq u im o lar m ix tu re  o f p - to lu id in e  and p - to lu id in e  

h y d ro c h lo r id e . D i-p - to ly la m in e  was more e f f e c t iv e  th a n  th e  o th e r  am ines 

l i s t e d  above a c t u a l l y  r a i s i n g  th e  "h o t flam e" ig n i t i o n  te m p e ra tu re  o f 

dodecane to  320°G.

(b ) The E f f e c t  o f  A d d itiv e s  on th e  6 -shaped  I g n i t io n  Curve o f  Do- 

d e c a n e -D in eo p en ty le th a n e  M ix tu re s .

The manner in  w hich th e  i g n i t i o n  boundary  o f  d o d e c a n e -d in e o p e n ty l-  

e th a n e  m ix tu res  i s  pushed back  by d i - p - to ly la m in e ,  t e t r a e t h y l  l e a d ,  and 

d i l a u r y l s e l t n i d e  i s  shown in  f ig u r e s  19 , 20, and 21.
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TABLE m

S . I ,T ,  o f  Dodeoane C o n ta in in g  V arious A d d itiv e s  (5  mole %)

A d d itiv e
Spontaneous I g n i t io n  T em peratu re  (125 co a i r /m in )
230 235 240 245 250 255 260 265 270

None

Amines 
A n il in e  
o -T o lu id in e  
p -T o lu id in e
2 -A m in o -l,3 -d im e th y l benzene
2-A m ino -1 ,4 -d im ethy l benzene
5-A m ino-l, 3 -d im e th y l benzene
4 -A m in o -l,3 -d im e th y l benzene
N-M ethyl a n i l i n e
E th y l o - to lu id in e
D iphenyl amine
o -C h lo ro a n i l in e
m -C h lo ro a n ilin e
p -C h lo ro a n i l in e
N ,H -D im ethyl a n i l i n e
T r ie th a n o l  amine-*-
D ie th an o l am ine1
Mono e th a n o l amine*-
P y r id in e
o -N itro  a n i l i n e
m -N itro  a n i l i n e
p -N itro  a n i l in e
D ie th y l amine
B enzyl amine
T r i e th y l  amine

Phenols 
P h en o l1 
R e so rc in o l^
H ydroquinone*
G uaico l

H ydrocarbons 
Benzene 
T oluene 
o-X ylene 
m-Xylene 
p-X ylene 
M es ity len e
1 .2 .3  T rim ethy lbenzene
1 .2 .4  T rim ethy lbenzene  
T r ie th y l  benzene 
Hexamethyl benzene 
H exaethy l benzene 
N aph tha lene
«£ M ethyl N aph tha lene
B iphenylr   —■*  ---------— i-j-Trni .....................................   f ---................ -- . ‘

These a d d i t  i v 88 w ere n o t c o m p le te ly0mpj.en9 .Ly m iso ib le  w ith  Dodecane

232

243
255
259
265
266 
265
267
268
271
272
237 
239 
245
232 
234
233
234
233
235
234 
231 
248
238 
234

239
235
245
244

232
232
233
234 
234 
234 
234
238 
236 
246
239 
236 
238 
231
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T a b le  V I I  ( C o n t 'd )

■Additive

None

A lcoho ls  
Iso p ro p a n o l 
Benzyl Alcohol 
D ecanol

N aph thenates 
C o b a lt N aph thenate  
C alcium  N aph thenate  
I ro n  N aph thenate  
Manganese N aphthenate  
Lead N aphthenate

C arbonyl Compounds 
A cetophenone 
B enzaldehyde 
Cyclohexanone

H alogen Compounds 
Bromobenzene 
C hlorobenzene 
Carbon t e t r a c h l o r id e  
1 , 1 , 2 -T r ic h lo ro e th a n e

M isce llan eo u s  
E thy lbenz o a te  
N itro b en zen e  
a ,-M ethyl, o - t r i f lu o ro m e th y ls  cyr< 
Iso p ro p y l e th e r  
Isoam yl n i t r i t e  
Cumene h y d ro p ero x id e  
t - B u ty l  p e ro x id e

Spontaneous I g n i t io n  T em perature (125 cc a i r / m i n . )

230 235 240 245 250 255 260 265 270

€ ne

232

237
235
240

239
238
239 
238
238

232 
231
233

232
232
230
232

232
231
237
234
237
230
199

Tetraethyl lead
5 mole %
1 mole %

Air Flow R ate 126 co/min 25 oc /m ln  O cc/iain
420 
420

580
525

434
436

The m a jo r i ty  o f  th e  a d d i t iv e s  l i s t e d  h e re  w ere o b ta in ed  from  r e a d i l y  a v a i la b le  
so u rc e s  and f u r th e r  p r u i f i e d  by sim ple  d i s t i l l a t i o n  o r  r e c r y s t a l l i z a t i o n .

2 . 5% o f  S o lu t io n  o f  N aph thena te  by w e ig h t in  Dodecane
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D i- p - to ly l  amine seems t o  have e l im in a te d  any  glow  or co o l flam e 

ig n i t i o n  r e g io n . This i s  s i g n i f i c a n t  b ecau se  compounds cap ab le  o f  

in h i b i t i n g  ch a in  r e a c t io n s  in  th e  co o l flam e re g io n  a r e  c o n s id e re d  th e  

m ost pow erfu l a n t ik n o c k s . A no ther s i g n i f i c a n t  f e a tu r e  w ith  lu b r i c a n t  

b le n d in g  im p lic a tio n s  i s  t h a t  w hereas 5 mole p e rc e n t d i - p - t o l y l  amine 

r a i s e s  th e  minimum flam e ig n i t i o n  te m p e ra tu re  80° f o r  dodecane and 8 °  

fob  1 ,1 -d in e o p e n ty l e th a n e ,  th e  r i s e  i s  190° f o r  a 50-50  m ix tu re  o f  th e  

two p a r a f f i n s .

T e t r a e th y l  le a d  p roduces somewhat o f  a  le v e l in g  a c t io n  on th e  i g ­

n i t i o n  curve s im i la r  t o  i t s  a c t io n  upon th e  knock r a t i n g s  o f  v a r io u s  

f u e l s .  There i s  a c o n s id e ra b le  d i f f e r e n c e  betw een th e  cu rv es  a t  th e  

125 cc /m in u te  and 0 o c /m in u te  a i r  f lo w ,r a te s ;  t h i s  p a r a l l e l s  th e  d i f ­

f e r e n t  knock r a t in g s  o b ta in e d  under d i f f e r e n t  t e s t  c o n d i t io n s .

A sample o f  d i l a u r y l s e l i n i d e  was o b ta in ed  th ro u g h  th e  c o u r te s y

o f  D r. W. A. Zisman o f th e  N aval R esea rch  L a b o ra to ry . The b e h a v io r  o f

th e  compound i s  somewhat s im i la r  t o  t h a t  o f  t e t r a e t h y l  le a d  w ith  th e

e x c e p tio n  o f  a s l i g h t  i g n i t i o n  zone in  th e  low te m p e ra tu re  ra n g e . A lso
*

a t  5 mole p e rc e n t c o n c e n tr a t io n  th e  b e h a v io r  was q u i te  u n u s u a l, th e  

spon taneous i g n i t i o n  te m p e ra tu re  o f  dodecane b e in g  r a is e d  a b o v e •th a t  o f  

d in e o p e n ty le th y le n e .

(o ) In f lu e n c e  o f H alogena ted  Compounds on Spontaneous I g n i t io n  o f  

Dodecane and D in e o p e n ty le th a n e .

In  v iew  o f  a  r e c e n t  l i t e r a t u r e  r e v i e w ^ ^  on th e  e f f e c t iv e n e s s  

o f  h a lo g e n a te d  compounds a s  f i r e - e x t in g u i s h i n g  a g e n ts ,  i t  was su g g es ted  

t h a t  c o n s id e r a t io n  be g iv e n  them in  th e  p ro ced u re  employed h e r e .  The 

r e s u l t s  o b ta in ed  a r e  shown in  th e  fo llo w in g  t a b l e .
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I n f  luenoe o f  H alogenated  Compounds on Spontaneous I g n i t io n  
T em perature o f  Dodecane and 1 ,1 -D in e o p e n ty l E thane *

Spontaneous I g n i t io n  T em perature (°C) 

A d d itiv e  5% Mole In  Dodecane In  1 ,1 -D in e o p e n ty le th a n e

None 232 498
E th y len e  d ib rom ide 234 468
Io d in e  260 ’ 488
P hospho ry l C h lo rid e  233 490
M ethylene brom ide 234 460

* A ir  flo w  r a t e  -  125 cc /m in j d ropw ise  a d d i t io n  p ro c e d u re .

These d a ta  in d ic a te  t h a t  h a lo g e n a te d  compounds can n o t se rv e  as  

e f f e c t i v e ' i n h i b i t o r s  o f  spon tan eo u s i g n i t i o n  in  s p i t e  o f  th e  f i r e  

e x t in g u is h in g  p r o p e r t i e s .  C o n v e rse ly , a n tik n o c k  compounds have l i t t l e  

v a lu e  as f i r e  e x t in g u is h in g  a g e n ts  and o f te n  a re  o f  a h ig h ly  inflam m able 

n a tu r e .

A more d e ta i l e d  s tu d y  was made o f  th e  in f lu e n c e  o f  io d in e  v ap o r 

on th e  i g n i t i o n  o f  m ethane and 1 ,1 -d in e o p e n ty le th a n e ;  th e  r e s u l t s  a r e  

shewn in  f ig u r e  22 . Io d in e  i n h i b i t s  th e  i g n i t i o n  o f  m ethane b u t p ro ­

motes a  coo l flam e ig n i t i o n  w ith  d in e o p e n ty le th a n e .
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5 . E f f e c t  o f  M etal S u rfa c e  on Spontaneous I g n i t io n  T em peratures

A v a r i e t y  o f  m e ta ls  a re  used  in  a i r c r a f t  c o n s t r u c t io n .  A ccord­

in g ly  i t  was obvious t h a t  some e f f o r t  shou ld  be made in  d e te rm in in g  

th e  r o le  o f  th e  m e ta l s u r fa c e s  in  in f lu e n c in g  th e  sp on taneous i g n i t i o n  

o f  f u e ls  and lu b r i c a n t s .

A s e r i e s  o f  e ig h t  m e ta ls  w ere o b ta in e d  from  th e  C lev elan d  NACA 

L a b o ra to ry . I g n i t io n  cup a s se m b lie s  s im i la r  t o  th e  one d e s c r ib e d  on 

page 9 were c o n s tru c te d  from th e  fo llo w in g  m e ta ls :  s t a i n l e s s  s t e e l ,

c o p p e r , alum inum , b la c k  i r o n ,  b r a s s ,  in c o n e l ,  and a n  aluminum a l l o y  

(d e s ig n a t io n  2 4 -S ) . A sam ple o f  magnesium m e ta l was a l s o  o b ta in e d  

b u t on ly  a b ase  p la te  was c o n s tru c te d  from  t h i s  m e ta l .

W hile a  h ig h  d eg ree  o f  q u a n t i t a t iv e  p r e c i s io n  was n o t o b ta in e d  

th ro u g h o u t th e  w hole range o f i g n i t i o n  te m p e ra tu re s  in v e s t ig a te d  i t  

does seem t h a t  s i g n i f i c a n t  g e n e r a l iz a t io n s  cou ld  be made co n ce rn in g  

th e  e f f e c t  o f  m e ta ls  in  th e  low te m p e ra tu re  i g n i t i o n  r e g io n ,  in  th e  

h ig h  te m p e ra tu re  r e g io n ,  and in  an  in te rm e d ia te  te m p e ra tu re  r e g io n .

Table V I I I  shows th e  r e s u l t s  o b ta in e d  f o r  a  s e r i e s  o f  E t-p a ra f f in s , 

^ - o l e f i n s ,  a l c o h o ls ,  and e t h e r s ,  a l l  o f  w hich i g n i t e  in  th e  low tem ­

p e ra tu r e  r e g io n .  The v a r io u s  m e ta ls  show s u b s t a n t i a l l y  no e f f e c t .
*

F or any  one compound th e  d i f f e r e n c e  betw een th e  h ig h -lo w  v a lu e s  f o r  

th e  s e r i e s  o f  m e ta ls  was n ev e r more th a n  6°C. A lso  i t  seems t h a t  th e  

d eg ree  o f  o x id a tio n  o f  th e  m e ta l s u r fa c e  ( t a b l e  IX) has  l i t t l e  e f f e c t  

on th e  i g n i t i o n  te m p e ra tu re  o f compounds in  t h i s  low  te m p e ra tu re  

r e g io n .

W ith compounds ig n i t in g  in  th e  h ig h  te m p e ra tu re  r e g io n  th e  

c a t a l y t i o  e f f e c t  o f  th e  m e ta l s u r fa c e  becomes p ronounced . T his i s  

shown in  ta b le s  IX and X. In  t a b l e  IX a  number o f  compounds w ere 

ig n i te d  in  th e  s t a i n l e s s  s t e e l  cup w ith  th e  cup s u b je c te d  t o  v a ry in g
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T a b l e  V E

E ffe c t  o f M etals on Ig n it io n  o f Compounds o f  Low S .I .T , Values

Metal
Tetradecane Dodecane

Compound Ig n ited  

Octadecane Dodecene Octadecene Decanol Dodecanol D io cty
Ether

S ta in le s s  S te e l 232 232 235 257 251 291 283 207

Copper 233 230 240 261 255 288 278 206

Aluminum 230 235 235 256 251 289 280

Black Iron 233 235 237 257 252 294 284 208

Brass 234 234 241 255 253 289 278 208

Incone1 230 235 236 256 251 _ 292 281 207

Aluminum A lloy  (24-S) 231 232 237 256 251 289 280 208

Magnesium 233 ---- 257 252 ------------ —

D ifferen ce  between 
high  and low values 4 5 6 6 4 6 6 2
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d e g re e s  o f  s u r f a c e  o x id a t io n .  In  th e  case  o f  js -x y le n e  a  d i f f e r e n c e  o f  

more th a n  50°C was observed  betw een th e  b r ig h t  m e ta l cup and th e  cup 

h e a v i ly  o x id iz e d . This f a c t  p roves troub lesom e in  d e te rm in in g  r e p ro ­

d u c ib le  i g n i t i o n  te m p e ra tu re s  f o r  m a te r ia ls  w hich ig n i t e  a t  h ig h  tem ­

p e r a tu r e s ;  th e  m e ta l cup m ust be c lean ed  f r e q u e n t ly  t o  p re v e n t th e  

g ra d u a l r i s e  in  i g n i t i o n  te m p e ra tu re  due t o  th e  r a t h e r  ra p id  o x id a tio n  

o f  th e  m e ta l s u r fa c e  a t  th e s e  te m p e ra tu re s .

T ab le IX

E f f e c t  o f  C o n d itio n  o f  M etal S u rfa c e  on Spontaneous 
I g n i t io n  Tem perature o f  H ydrocarbons

Compound
C o n d itio n  o f  s t a i n l e s s -  

s t e e l  s u r fa c e

Spontaneous i g n i t i o n  
te m p e ra tu re  (°C) a t  

A ir  f lo w  A ir  flow  
125 cc /m in  25 cc/m in

ja-Me th y ln a p h th a le n e O xidized 579
B rig h t m e ta l 553 547

js-X ylene H e a v ily  oxidized'*' 697
708 704
710 708

B rig h t m e ta l 657 650
m-Xylene H e a v ily  o x id iz e d 700

B rig h t m e ta l 652 645

Toluene S l i g h t l y  o x id iz e d 644 640
B rig h t m e ta l 635 630

C etane H igh te m p e ra tu re ; 1
o x id iz e d  cup 234 232

Low te m p e ra tu re ;
o x id iz e d  eup 232 225
B rie h t m e ta l 235 232

g iv en  f o r  th r e e  s u c c e s s iv e  r u n s .

T able X shows th e  e f f e c t  o f  s i x  m e ta ls  on th e  sp on taneous i g n i t i o n  

te m p e ra tu re  o f  a  h ig h ly  b ranched  p a r a f f i n ,  1 ,1 -d in e o p e n ty le th a n e . The 

range  o f  v a lu e s  w ere 44° a t  th e  125 co /m in u te  a i r  f lo w  r a t e  and 65° 

a t  th e  z e ro  a i r  f lo w  r a t e .  I t  i s  p e rhaps s i g n i f i c a n t  t h a t  th e  i g n i t i o n  

te m p e ra tu re  In c re a se d  w ith  th e  e x te n t  o f  s u r f a c e  o x id a t io n .  The re a so n  

m igh t be t h a t  th e  in o re a se  i n  s u r fa c e  a r e a  i n t e n s i f i e s  th e  c h a in -b re a k in g
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a o t io n  o f  th e  w a lls  and h ig h e r  te m p e ra tu re s  a r e  needed t o  overcome th e

action by providing more chain initiators*
T able X

E f f e c t  o f M eta ls  a t  High T em peratures on th e  Spontaneous 
,____________ I g n i t io n  o f  1 j 1-D in e  o p en ty le  th a n e________ _

M etal

Spontaneous I g n i t io n  
T em perature (°C) 

A ir  f lo w  A ir  flow  
125 cc /m in  0 cc /m in

F in a l  C o n d itio n  o f  
M etal S u rfao e

Copper j 540 540 Heavy ox ide c o a t in g  (f!
B laok I ro n 538 507 D ark ox ide c o a t in g
B rass 510 494 T arn ish ed
Aluminum A llo y 503 . 485 D ark g re y  s u r fa c e
Inco n e1 502 482 S l i g h t l y  ta rn i s h e d
S ta in le s s  S te e l* 496 475 S l i g h t l y  ta rn i s h e d

♦These v a lu e s  w ere d e te rm in ed  im m ed ia te ly  a f t e r  th e  oup had
been c le a n e d  w ith  f in e  emery c l o th .  The s l i g h t l y  h ig h e r
v a lu e s  i n  t a b l e  I I ,  page 52 , w ere d e te rm in e d , a f t e r  a  few  
p re lim in a ry  r u n s ,  w hich  seem t o  b r in g  th e  s u r f a c e  o f  th e  
oup t o  a  c o n d it io n  more f a v o ra b le  f o r  r e p ro d u c ib le  r e s u l t s .

In  th e  fo llo w in g  t a b l e  spon tan eo u s i g n i t i o n  te m p e ra tu re s  f o r  

4 - is o p ro p y lh e p ta n e  in  fo u r  d i f f e r e n t  m e ta l cups a re  l i s t e d .  The d i f ­

fe re n c e s  observed  h e re  p ro b a b ly  r e s u l t  from  s h i f t i n g  o f  th e  n o n ig n i t io n  

z o n es . A cco rd in g ly  some oompounds i n  th e  c r i t i c a l  in te rm e d ia te  tem p era­

tu r e  range  may have even w id e r d i f f e r e n c e s  beoause  one m e ta l may n o t

p e rm it low te m p e ra tu re  i g n i t i o n  w h ile  a n o th e r  w i l l .

M etal

Spontaneous I g n i t io n  
T em perature (°C) 

A ir  f lo w  ■
125 oc/m in

In co n e1 257
Copper 256
S ta in le s s  S te e l 288
Aluminum A llo y 281

T h e re fo re , a l th o u g h  no c o n s i s te n t  t r e n d  was observed  w ith  th e  

in d iv id u a l  m e ta ls  th ro u g h o u t th e  w hole ran g e  o f  i n v e s t i g a t io n ,  i t  

Seems t h a t  th e  fo llo w in g  g e n e r a l iz a t io n s  w a rra n t c o n s id e ra tio n *
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(a )  Compounds h av in g  lo n g  po lym ethy lene ch a in s  i g n i t e  v ia  th e  

low te m p e ra tu re  mechanism and a r e  in f lu e n c e d  o n ly  s l i g h t l y  by d i f ­

fe re n c e s  in  th e  m e ta l s u r f a c e .

(b ) Compounds o f  an  a ro m a tic  o r h ig h ly  b ranched  p a r a f f i n i c  n a tu re  

i g n i t e  v ia  th e  h ig h  te m p e ra tu re  mechanism and a r e  m arked ly  in f lu e n c e d  

by  th e  c o n d i t io n  o f  th e  m e ta l s u r f a c e ,  e s p e c i a l l y  th e  e x te n t  o f  s u r fa c e  

o x id a tio n  o f  th e  m e ta ls .

(o ) Compounds such  as  some m o d e ra te ly  b ranched  p a r a f f i n s ,  h av in g  

b o r d e r l in e  a b i l i t y  t o  ig n i t e  by th e  low te m p e ra tu re  mechanism a re  

p ro b a b ly  in f lu e n c e d  by m e ta ls  t o  th e  e x te n t  t h a t  th e  m e ta l i s  a b le  t o  

s h i f t  th e  n o n ig n i t io n  zone and th e  s e n s i t i v e  low te m p e ra tu re  i g n i t i o n  

p e n in s u la .
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6 . The Slew Vapor Phase O x id a tio n  o f  O rganic Compounds a s  a  Rout© 

to  th e  I n i t i a l  R e a c tio n  P ro c e sse s  Leading to  Spontaneous I g n i t io n

This s e c t io n  o f  th e  r e p o r t  w i l l  d e s c r ib e  a  few  e x p lo ra to ry  e x p e r i ­

ments on w hat we b e l ie v e  t o  be a  new and p ro m isin g  ap p ro ach  t o  th e  

s tu d y  o f  th e  r e a c t io n  p ro c e s se s  le a d in g  t o  sp on taneous i g n i t i o n .

B a s ic a l ly  t h i s  app roach  i s  t o  p a r t i a l l y  o x id iz e  a  s e le c te d  o rg a n ic  com­

pound by p a s s in g  th e  compound and oxygen th ro u g h  a  h o t  tu b e ,  im m ed ia te ly  

c o o lin g  and condensing  th e  vapo r and th e n  a n a ly z in g  th e  r e a c t io n  m ix tu re .  

This approach  has been  used  b e fo re  a s  reo o rd ed  in  th e  l i t e r a t u r e j  how­

e v e r ,  in  th e s e  in v e s t ig a t io n s  th e  c o n ta c t  tim es  w ere o f  th e  o rd e r  o f  

many seconds and th e  r e a c t io n  tu b e  d ia m e te rs  o f th e  o rd e r  o f  a few  c e n t i ­

m e te r s .  The r e s u l t s  o b ta in e d  in  th e s e  in v e s t ig a t io n s  have shown a  la rg e  

number o f  components t o  be p r e s e n t  and no d e f i n i t e  mechanism o f  th e  

r e a c t io n  cou ld  be s u b s ta n t i a te d  from  th e  d a ta  o b ta in e d . The e s s e n t i a l  

d i f f e r e n c e s  in  th e  p ro ced u re  used  h e re  have been c o n ta c t  tim e s  o f  th e  

o rd e r  o f  te n th s  and h u n d red th s  o f  a second and r e a c t io n  tu b e  d ia m e te rs  

o f  th e  o rd e r o f  one o r two m i l l im e te r s .  Under th e s e  c o n d itio n s  th e  

amount o f  o x id a tiv e  c o n v e rs io n  w i l l  be sm a ll b u t t h i s  shou ld  g iv e  o n ly  

th e  in te rm e d ia te s  a s s o c ia te d  w ith  th e  i n i t i a l  r e a c t io n  p ro c e s s e s .  The 

q u a n t i t a t iv e  c h a r a c te r i z a t i o n  o f  th e s e  i n i t i a l  in te rm e d ia te s  shou ld  

p e rm it a  b e t t e r  e v a lu a t io n  o f  th e  mechanisms proposed  f o r  such  r e a c t io n s .

T able XI shows th e  r e s u l t s  on a  s e r i e s  o f  runs w ith  a  s to ic h io m e tr ic  

iso o c tan e -o x y g en  m ix tu re  a t  v a r io u s  te m p e ra tu re s  and c o n ta c t  t im e s .

The numbers on th e  fo llo w in g  s k e tc h  in d io 'a te  th e  p o s i t i o n  a t  w hich 

a n a ly se s  were made; th e se  numbers co rresp o n d  w ith  th o se  i n  t a b le  X I.
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On th e  w a lls  o f th e  f i r s t  two t r a p s  a  s o l id  i c e - l i k e  su b s tan o e  

c o l l e c t s ,  l l i i s  f r a c t i o n  c o n ta in s  an  a p p re c ia b le  p e ro x id e  and ca rb o n y l 

c o n c e n tr a t io n .  The b u lk  s o lu t io n  in  th e  f i r s t  two t r a p s  o o n ta in  o l e f i n s ,  

c a rb o n y l compounds, an  a d d i t io n a l  p e ro x id e  c o n c e n tr a t io n  and th e  u n re ­

a c te d  is o o c ta n e .  A cids i n  v e ry  sm a ll c o n c e n tra t io n  may be p r e s e n t .

The amount o f  r e a c t io n  d e c re a se s  w ith  a  d e c re a s e  i n  th e  c o n ta c t  

tim e  a n d /o r  a  d e c re a s e  i n  te m p e ra tu re .  The r a t i o  o f  o le f in ip e r o x id e
N

seems t o  be r a t h e r  c o n s ta n t  o v er th e  ran g e  o f  c o n ta o t  tim es  and tem ­

p e ra tu r e s  in v e s t ig a t e d .  Hie o le f in s c a rb o n y l  r a t i o  d e c re a se s  c o n s id e ra b ly  

f o r  th e  s h o r te s t  c o n ta o t t im e .

A more d e t a i l e d  a n a ly s i s  was th e n  made o f  th e  r e a c t io n  o o cu rin g  

a t  a  te m p e ra tu re  o f  550°C and a  c o n ta o t  tim e  o f  .23  se c o n d s • The 

s ix - tu b e  r e a c to r  was used and a p p ro x im a te ly  150 m is . o f  is o o c ta n e  were 

p assed  th ro u g h  th e  r e a c to r .  The g e n e ra l  group a n a ly s i s  gave th e  f o l ­

low ing  d a ta  (m illim o le s  p e r  mole o f  is o o c ta n e  p a s s in g  th ro u g h  th e  

r e a c t o r ) :

H O  5 .7 9
2 & .

O th er P e ro x id e s  1 .77  

O le f in  9 .35

C arbonyl 5 .13

A cid ------

The o l e f i n  c o n ta in s  a t  l e a s t  two com ponents. As th e  te m p e ra tu re  

o f  th e  r e a c t io n  m ix tu re  ro s e  from  -70°C t o  room te m p e ra tu re  a  v o l a t i l e  

f r a c t i o n  was c o l l e c t e d .  W ater was added t o  t h i s  f r a c t i o n  t o  wash ou t 

any  c a rb o n y l compounds. The v ap o r rem a in in g  was p assed  in t o  a  t r a p  

c o n ta in in g  brom ine. In  t h i s  f a s h io n  a  sm a ll amount o f  a  brom ine d e r iv a ­

t i v e  was o b ta in e d . Two sam ples o f  p u re  is o b u ty le n e  w ere b ro ra in a te d :

(1 ) w ith  a  w a te r  s o lu t io n  o f  Br2 ? (2 ) w ith  pu re  Brg . R e f r a c t iv e  in d ic e s
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w ere th e n  ta k e n  on th e s e  th r e e  sa m p le s t

D ibrom ides

|

I s  o b u ty len e
( l )  w ith  brom ine w a te r 1.5158
(2 ) w ith  p u re  brom ine 1 .5157

Sample 1.5154

T h e r e f o r e ,  i t  i s  ooncluded  t h a t  th e  o le f i n  f r a c t i o n  c o n ta in s  sceae 

is o b u ty le n e .

The r e a c t io n  m ix tu re  was f r a c t io n a te d ,  and i t  was observed  t h a t
\

th e  f r a c t i o n  coining over a t  th e  b o i l in g  p o in t  o f  is o o c ta n e  c o n ta in e d  a  

d e f i n i t e  o l e f i n  c o n c e n tr a t io n  w ith  th e  brom ine t i t r a t i o n .  Dry hydrogen  

brom ide from  a  b r o m in e - te t r a l in  g e n e ra to r  was passed  in to  th e  rem a in in g  

p o r t io n  o f  t h i s  f r a c t i o n .  The is o o c ta n e  was removed by a  s im p le  

vacuum d i s t i l l a t i o n  le a v in g  a  sm a ll amount o f  a  b rooo  d e r iv a t iv e .
I

This d e r iv a t iv e  was compared w ith  a  d e r iv a t iv e  o b ta in e d  in  a  s im i l a r  

f a s h io n  from  a  known d i i s o b u ty le n e - i s o o e ta n e  m ix tu re .  The r e f r a c t i v e  

in d e x  o f  th e  s ta n d a rd  was 1 .4550 and f o r  th e  sam ple 1 .4 5 6 5 . The con­

c lu s io n  made on th e  b a s is  o f  t h i s  d a ta  i s  t h a t  one o r more Ce o le f in sO

a r e  p re s e n t  in  th e  r e a c t io n  m ix tu re ,  and t h i s  Cg o l e f i n  f r a c t i o n  may 

c o n ta in  th e  components o f  d i i s o b u ty le n e .

The a n a ly s i s  o f  th e  p e ro x id e s  by f i r s t  th e  t i ta n iu m  s u l f a t e - c o l o r i ­

m e tr ic  method and second th e  p o ta ss iu m  io d id e - a c e t ic  a c id  method show a 

d i f f e r e n c e  in  r e s u l t s .  Because t i ta n iu m  s u l f a t e  r e a g e n t i s  s p e c i f i c  f o r  

HgOg th e  d i f f e r e n c e  m ust be due t o  an  a lk y l  p e ro x id e  o r hyd ro  p e ro x id e .

P e r -a o id s  a r e  ru le d  ou t because  no a p p re c ia b le  a c id  c o n c e n tra t io n  i s
\

o b se rv ed . F u r th e r  ev id en ce  o f  an  a lk y l  p e ro x id e  was o b ta in e d  by vacuum 

d i s t i l l i n g  a n o th e r  r e a c t io n  m ix tu re  h o ld in g  th e  d i s t i l l i n g  p o t a t  room 

te m p e ra tu re .  A ll  th e  v o l a t i l e  m a te r i a l ,  th e  b u lk  o f  w hich was is o o c ta n e ,  

was removed le a v in g  a  sm a ll amount o f  m a te r ia l  w hich showed a  h ig h  p e r ­

ox ide  c o n c e n tra t io n .
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C onclusive  ev id en ce  f o r  th e  p re sen ce  o f  form aldehyde was o b ta in e d  

by th e  r e a c t io n  o f  form aldehyde w ith  methone t o  g ive  a  w h ite  c r y s t a l l i n e  

p r e c i p i t a t e ,  m .p . 186°C; m .p . ( l i t e r a t u r e )  189°G. The p re sen ce  o f 

a c e to n e  i s  su g g es ted  on th e  b a s is  o f  th e  fo llo w in g  d a ta  o b ta in e d  in  th e  

ch rom atog raph ic  s e p a r a t io n  o f  th e  2 ,4 -d in itro p h e n y lh y d ra z o n e s  o b ta in e d  

from  an  e a r l i e r  exp erim en t ru n  a t  a  te m p e ra tu re  o f  600°C

F ra o tio n W eight mg. M e ltin g  p o in t  °C

1 .5 162 -  175
2 1.6 170 -  185
5 .2
4 4 .8 109 -  116
5 16 .2 119 -  122

M eltin g  p o in t  o f  a c e to n e  d e r iv a t iv e  -  124°

Sm all amounts o f  o th e r  c a rb o n y l compound may be p r e s e n t  a l s o ,  b e­

cau se  a number o f  bands a re  observed  moving down th e  ch rom atog raph ic  

colum n.

A nother ru n  was made a t  a  much s h o r te r  c o n ta c t  tim e  to  d e te rm in e

w hich  o f  th e  components observed  p r e v io u s ly  would d im in ish  in  r e l a t i v e
o

am ount. The te m p e ra tu re  was 550 and th e  c o n ta c t  tim e .0 4  seco n d . 

G enera l group a n a ly s i s  gave (m illim o le s  p e r  mole is o o c ta n e  p a s s in g  

th ro u g h  th e  r e a c t o r ) :

V *  -S1
O ther p e ro x id e s  .05  

O le f in  .76

C arbonyl —

A cid —

The ca rb o n y l f r a c t i o n  i s  th e  one t h a t  has d e c re a se d  in  r e l a t i v e  

amount t o  th e  e x te n t  t h a t  no c a rb o n y l compounds w ere observed  in  th e  

a n a l y s i s .
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I t  w i l l  now be i n t e r e s t i n g  t o  se e  how th e s e  o b s e rv a tio n s  f i t  in  

■with th e  c u r r e n t  th e o r i e s  o f  vap o r phase o x id a t io n .

Isooctan©  was s e le c te d  as th e  compound f o r  t h i s  e x p lo ra to ry  s tu d y ,  

s in o e  th e  p resen ce  o f a  s in g le  t e r t i a r y  hydrogen vatom sh o u ld  make f o r  

more s e l e c t i v e ,  and a c c o rd in g ly ,  l e s s  com plex r e a c t io n  m ix tu re s .  There 

i s  a  g e n e ra l agreem ent t h a t  th e  i n i t i a t i o n  o f  th e  r e a c t io n  in v o lv e s  th e  

lo s s  o f  t h i s  hydrogen  atom , p resum ab ly  w ith  th e  fo rm a tio n  o f  th e  »00H 

r a d i c a l

h  91- 9 -c -c -c
9 ¥ 0 '

C-C-C-9-C  G —(JJ—G —G —G + *00H
6 c c c

The r e s u l t a n t  a l k y l  r a d i c a l  may th e n  undergo one o f  s e v e r a l  r e a c t io n s *

(1) Form ation  o f  a  h y d ro p e ro x id e  ( o r ig i n a l  mechanism o f  W alsh

C .  C C
C - C - O C - C  0  — *■“ C - C - C - C - 0 0 *

c c c c

9 9 9 9
C-C-C-C-00* +  BE C-9-G-9-OOH+R*

G 6 c c
, S ,(4 2 ,4 3 )
(2 ) A d d itio n  o f  oxygen and d eco m p o sitio n  o f  th e  p e ro x id e  r a d i c a l

(42,^44 4S)
(3 ) Loss o f  a  hydrogen  atom  to  y ie ld  an  o l e f i n  '* *

c . 9 9
C - C - C - G - C  C - C - C - C s C  (o r  C - C - G = 9 - C )  +  H*

6 6 c c b e

This l a s t  r e a c t io n  p o s s ib ly  has re c e iv e d  c o n s id e ra b le  su p p o r t

’r

(46)

(45)
r e c e n t ly .  G arner and P e t t y '  r e p o r t  t h a t  o le f in s  w ere o b ta in e d  from

th e  o x id a tio n  o f  i s o o c ta n e ,  h ep tan e  and m e th y lcy c lo h ex an e . Kooijman 

o b ta in e d  p ro p y len e  in  th e  o x id a t io n  o f  p ropane .

The fo llo w in g  t a b l e  i s  s u g g e s tiv e  o f th e  in f lu e n c e  th e  r e a c t io n  

c o n d i t io n  has on th e  ten d en cy  tow ard  o le f i n  and p e ro x id e  fo rm a tio n .
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Compound
O xid ized

R eferen ce C o n tac t
Time

(Seconds)

Maximum 
. O le f in  

Y ie ld

T o ta l
P e ro x id e

Y ie ld

H2°2
Y ie ld

H eptane G arner and 
P e t ty  (45)

9 - 1 3 27$ N  .0001$ —

Propane Kooi-jman
(46)

4 83$ 15$ 9$

Iso o c tan e Page 83 
Page 85

.23

.04
~  60$ 
~  94$

> 70$
>  50$

> 6 0 $
^ 4 0 $

By u s in g  th e  ife ry  sm a ll c o n ta o t tim e th e  r e a c t io n  p ro d u c ts  w ere 

l im ite d  t o  o le f in s  and p e ro x id e s .

T h e re fo re , t h i s  d a ta  ( a t  sm a ll c o n ta c t  t im e s )  le n d s  su p p o r t t o

r e a c t io n s  ( l )  and (3) l i s t e d  on th e  p re v io u s  page a s  th e  im p o rta n t

i n i t i a l  r e a c t io n s  ta k in g  p la c e  w ith  is o o c ta n e .  However, th e s e  two a lo n e

do n o t acco u n t f o r  th e  p re se n c e  o f  is o b u ty le n e .  On th e  b a s is  o f  c e r t a in
(47)

d e p o ly m e riz a tio n  r e a c t io n s  p r e v io u s ly  d is c u s s e d  by T ay lo r a  depolym­

e r i z a t i o n  o f  th e  i n i t i a l  r a d i c a l  may be p o s tu la te d  t o  acco u n t f o r  th e  

fo rm a tio n  o f  is o b u ty le n e .
9 . 9

O ^-C -g-O  — > C-jj* +• o V

In  c o n c lu s io n  i t  may be s a id  t h a t  t h i s  approach  shows d e f i n i t e  

prem ise in  advanc ing  th e  u n d e rs ta n d in g  o f  th e  r e a c t io n  p ro c e s s e s  le a d in g  

t o  spon taneous i g n i t i o n .  The c h i e f  c r i t i c i s m  i s  re c o g n iz e d  t o  be w h e th e r 

o r  n o t th e  in fo rm a tio n  o b ta in e d  under c o n d itio n s  o f  h ig h  su rface*volum e 

r a t i o  ( e .g .  r e a c t io n  tu b e  o f  v e ry  sm a ll d ia m e te r )  can  be ex tended  t o  

th e  more' p r a c t i c a l  s i t u a t i o n s  in v o lv in g  r e a c t io n  v e s s e ls  o f  s m a lle r  

su rface*vo lum e r a t i o .

The h ig h  y ie ld  o f  hyd rogen  p e ro x id e  re p o r te d  h e re  i s  an  a p p a re n t ly  

new developm ent i n . t h e  f i e l d  o f  vapo r phase o x id a t io n  and may have im­

p o r ta n t  i n d u s t r i a l  s ig n i f i c a n c e .
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V I. Summary

The o v e r a l l  o b je c t iv e  o f t h i s  in v e s t ig a t io n  has  been  th e  d e v e l­

opment o f  in fo rm a tio n  w hich would p e rm it th e  fo rm u la tio n  o f  lu b r ic a n ts  

o f  reduced  spon taneous f la m m a b ility  f o r  use  i n  a i r c r a f t .  The more 

s p e c i f i c  aims have been* (a )  th e  d e te rm in a tio n  o f  th e  spon taneous 

i g n i t i o n  c h a r a c t e r i s t i c s  o f  a  s e r i e s  o f  pu re  compounds; (b ) th e  e x te n ­

s io n  o f  th e  d e te rm in a tio n  to  a  v a r i e t y  o f  com m ercial and s y n th e t ic  

lu b r i c a n t s ;  (c )  th e  o b s e rv a tio n  o f  th e  e f f e c t  o f  th e  m e ta l s u r f a c e  and 

v a r io u s  a d d i t iv e s  on th e  spon taneous i g n i t i o n  c h a r a c t e r i s t i c s  o f  r e p ­

r e s e n ta t iv e  compounds and lu b r i c a n t s ;  (d ) th e  c o r r e l a t i o n  o f  th e  spon­

ta n eo u s  ig n i t io n  d a ta  w ith  a n tik n o c k  r a t i n g s ;  and (e )  th e  c h a r a c te r i z a ­

t i o n  o f  some o f  th e  in te rm e d ia te s  in  th e  slow  o x id a tio n  o f  hyd rocarbons 

t o  o b ta in  some r a th e r  e x p lo ra to ry  in fo rm a tio n  ab o u t th e  r e a c t io n  p ro c e s se s  

le a d in g  to  spon taneous i g n i t i o n .

A cco rd in g ly  th e  fo llo w in g  r e s u l t s  have been  o b ta in e d :

1 . Spontaneous i g n i t i o n  te m p e ra tu re s  have been de te rm in ed  f o r  

some s i x t y  o rg a n ic  compounds in c lu d in g  norm al and branched p a r a f f i n s ,  

o l e f i n s ,  a ro m a tic  h y d ro c a rb o n s , e t h e r s ,  a l c o h o ls ,  and e s t e r s .  The 

le n g th  o f  th e  u n in te r ru p te d  ca rbon  c h a in  i s  th e  m ost im p o rta n t s in g le  

f a c t o r  in  d e te rm in in g  th e  g e n e ra l lo c a t io n  o f th e  i g n i t i o n  te m p e ra tu re s  

f o r  th e s e  compounds; i . e .  compounds w ith  lo n g  u n in te r ru p te d  carbon  

c h a in s  have low i g n i t i o n  te m p e ra tu re s  w h ile  h ig h ly  b ranched  compounds 

have h ig h  ig n i t i o n  te m p e ra tu re s . A rom atic h yd rocarbons have v e ry  h ig h  

i g n i t i o n  te m p e ra tu re s .

2 . C o r r e la t io n  betw een spon taneous i g n i t i o n  te m p e ra tu re  and a n t i ­

knock r a t i n g  has  been  o b se rv ed . Compounds w ith  h ig h  o c ta n e  numbers 

(low  c e ta n e  num bers) have h ig h  i g n i t i o n  te m p e ra tu re s .  There i s  a  c lo se  

c o r r e l a t i o n  betw een c r i t i c a l  com pression  r a t i o s  and sp on taneous i g n i t i o n
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te m p e ra tu re s  o f  a ro m a tic  h y d ro c a rb o n s . A p a r t i c u l a r l y  im p o rta n t f a c t o r  

in  th e  i g n i t i o n  o f  p a r a f f in s  i s  th e  r e l a t i v e  number o f  p rim ary , s e c o n d a ry , 

and t e r t i a r y  hydrogen atoms in  th e  m o lecu le .

S . The d e te rm in a tio n  o f one "spon taneous i g n i t i o n  te m p e ra tu re "  

f o r  a compound i s  o f te n  in a d e q u a te . This seems to  r e s u l t  from  a  s e n s i t i v e  

n o n ig n i t io n  zone f o r  compounds w ith  po lym ethy lene c h a in s .  A more com plete 

u n d e rs ta n d in g  is  o b ta in e d  in  some o f  th e s e  oases  by  p lo t t i n g  th e  d a ta  in  

th e  form  o f  th r e e  d im en sio n a l i g n i t i o n  boundary  s u r f a c e s .

4 . Of th e  a o tu a l  lu b r i c a n ts  t e s t e d  th e  p o ly iso b u ty le n e s  have been 

th e  o n ly  ones w ith  c o n s i s t e n t ly  h ig h ^ sp o n tan eo u s i g n i t i o n  te m p e ra tu re s .

In  th e  low v i s c o s i t y  ran g e  th e  p a r a f f i n  o i l s ,  p o ly e th y le n e  o i l s ,  p o ly ­

g ly c o ls  ,  p o ly p ro p y len e  o i l s , and d i e s t e r s  have low i g n i t i o n  te m p e ra tu re s  $ 

even in  an  in te rm e d ia te  v i s c o s i t y  range  th e se  same o i l s  have low i g n i t i o n  

te m p e ra tu re s  i f  s p ra y  in j e c t i o n  i s  u sed . In  th e  h ig h  v i s c o s i t y  ran g e  

a l l  o f  th e  lu b r ic a n ts  have h ig h  i g n i t i o n  te m p e ra tu re s  due t o  low  v o la ­

t i l i t y .  T h e re fo re ,  in  th e  low v i s c o s i t y  range and in  th e  in te rm e d ia te  

v i s c o s i t y  range u s in g  s p ra y  i n j e c t i o n ,  good c o r r e l a t i o n  betw een s t r u c t u r e  

and ig n i t io n  te m p e ra tu re  i s  o b ta in e d  f o r  th e s e  lu b r i c a n t s .

5 . I g n i t io n  cups o f  e ig h t  d i f f e r e n t  m e ta ls  have shown th e  m e ta l 

s u r fa c e  to  be o f  a lm o st no e f f e c t  on th e  i g n i t i o n  te m p e ra tu re s  o f  compounds 

i g n i t i n g  in  th e  low te m p e ra tu re  ran g e  (below  300°C) and o f  c o n s id e ra b le  

e f f e c t  on compounds in  th e  h ig h  te m p e ra tu re  ran g e  (above 400°C ). In  th e  

h ig h  te m p e ra tu re  range  th e  e f f e c t  seemed t o  p a r a l l e l  th e  e x te n t  o f  th e  

s u r fa c e  o x id a tio n  o f  th e  c u p - - th e  g r e a te r  th e  s u r f a c e  o x id a t io n  th e  

h ig h e r  th e  i g n i t i o n  te m p e ra tu re .

6 . Of th e  a d d i t iv e s  t e s t e d  th e  m ost e f f e c t i v e  in  r a i s i n g  th e  

i g n i t i o n  te m p e ra tu re  o f a norm al p a r a f f i n  a re  t e t r a e t h y l  le a d  and 

d i l a u r y l  s e le n id e .  D i - p - to l y l  am ine, a l th o u g h  n o t a s  e f f e c t i v e  as
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th e s e  o rg a n a m e ta llic  compounds, d id  r a i s e  th e  i g n i t i o n  te m p e ra tu re  o f 

dodecane c o n e id e ra b ly ; i t s  ad v an tag e  over th e s e  o rg a n o m e ta llic s  would 

be g r e a te r  s t a b i l i t y  in  h o t  o i l s .

7 . In  seme ex p erim en ts  on th e  slow  o x id a tio n  o f i s o o c ta n e ,  th e  

fo llo w in g  m a te r ia ls  w ere observed  in  th e  r e a c t io n  m ix tu re ; hydrogen  p e r ­

o x id e , a lk y l  p e ro x id e s ,  is o b u ty le n e ,  o th e r  o l e f i n s ,  fo rm ald eh y d e , a c e to n e ,  

and o th e r  ca rb o n y l compounds. By u s in g  a  c o n ta c t  tim e o f a  few h u n d red th s  

o f a second th e  on ly  r e a c t io n  p ro d u c ts  w ere o le f in s  and p e ro x id e s .

The m ajor p o r t io n  o f th e  p e ro x id e  f r a c t i o n  was hydrogen p e ro x id e . This 

h ig h  y ie ld  o f hydrogen p e ro x id e  under th e s e  c o n d itio n s  i s  a p p a re n t ly  a 

new developm ent in  th e  f i e l d  o f v ap o r phase o x id a tio n  o f  h y d ro ca rb o n s .
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