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While the l i t e r a tu re  contains information con- Fai lure  a t  t e n  l oca t ions  
cerning the fa i lure  of a i r  sys t ems  under p r e s s u r e  at  
no rma l  o r  above normal  t empera tu re s ,  I can find no 
r epo r t s  of fa i lures  of low t empera tu re  a i r  s y s t e m s .  
Consequently, I thought tha t  th is  r e p > r t  would be  of i n -  
t e r e s t  to this group. 

This  incident occu r red  in  a 75 tonlday liquid 
oxygen plant which i s  one of a family  of 15 p lants .  Like 
a number  of the other plants,  i t  i s  modified to recycle  
the waste  nitrogen s t r e a m  f r o m  the top of the low p r e s -  
s u r e  column back to the a i r  compres so r  suction, to in-  
c r e a s e  liquid nitrogen production.  

P r i o r  to the explosion, the plant had been ope r -  
ating on nitrogen r ecyc le .  The opera tor  repor ted  diffi- 
culty t r ans fe r r ing  liquid f r o m  the high p r e s s u r e  col -  
umn, thus reducing the crude  oxygen s t r e a m  flow to the 
low p r e s s u r e  column. As had been the p rac t i ce  i n  the 
pas t ,  the opera tor  kept the plant on recycle  while he 
attempted to c l e a r  the possible obstruction in the t r a n s -  
f e r  piping o r  carbon dioxide f i l t e r s  b y  blowing down the 
r ece ive r  and f i l t e r s .  

Automatic shutoff 

The shift changed a t  2300 hour s .  Difficulty with 
the liquid t r ans fe r  continued. At about 2310 hour s  the 
automatic shutoff valve in the recycle  nitrogen l ine 
closed on signal f r o m  the analyzer  which was  s e t  to  
t r i p  the valve on detecting 15% oxygen in the nitrogen 
s t r e a m .  Waste nitrogen pur i ty  i s  usually 7 to 8% oxy- 
gen. The opera tor  l a t e r  repor ted  he had nei ther  hea rd  
nor  noticed anything unusual in the operation of the ex -  
pander .  At about 2315 hour s  the expander d ischarge  
piping exploded. 

The opera tor ,  who was  standing a t  the contro l  
board  not m o r e  than 10 ft .  f r o m  the end of the expander,  
was  untouched by flying deb r i s .  The b las t  caused some  
t empora ry  in jury  to h is  e a r s ,  but did not rupture  the 
e a r  d r u m s .  

Most of the windows in the e a s t  end of the build- 
ing weere broken.  Damage b y  flying deb r i s  was  not ex -  
tens ive .  The major  damage was  confined to the d i s -  
cha rge  piping sys t em of the  expander,  and to  a l e s s e r  
deg ree  the piping in the oil  f i l te r .  The multiplici ty of 
fa i lures  in the d ischarge  pipe i s  graphically shown in  
F igu res  1 and 2. The enci rc led  number s  on the f i gu re s  
correspond to the number s  on the photographs showing 
the fa i lures  in the p ipe .  

The piping s y s t e m  had failed o r  exploded at  ten 
sepa ra t e  locations between the expander and the pene-  
t ra t ion  into the oil  f i l te r  jacket.  With the exception of 
about 5 ft .  of the pipe, just  p r i o r  to the penet ra t ion  into 
the oil  f i l te r  jacket, a l l  of the pipe had been s t r e s s e d  
beyond i t s  e las t ic  l imi t  by  in t e rna l  p r e s s u r e  which had 
inc reased  the outside d i ame te r  by  a s  much a s  112 in .  
(The pipe was  3 in., Schedule 40, 304 s ta in less  s t ee l .  
S t r e s s ing  to  the e las t ic  l imi t  would have required  an 
in ternal  p r e s s u r e  of 8,500 l b . / s q .  in.)  Five of these 
fa i lures  occu r red  a t  90"  o r  45"  e l l s ;  eight o ther  e l l s ,  
although deformed to  varying deg rees ,  remained intact .  

Inside the oil f i l te r  box the inlet  valves to both 
f i l te r  bot t les  had blown loose f r o m  the inlet  piping. 
This was  a mechanica l  fa i lure  of the s i l ve r  so ldered  
joints caused by a high p r e s s u r e  su rge  in  the piping. 
The momentum of the valves acting on the pipe a s  a 
lever  a r m  twisted and deformed the pipe downst ream of 
the valves;  the inlet  pipe on the No. 1 f i l te r  bottle had 
twisted completely off. The d ra in  pipe on the No. 1 bot-  
t le  was  bulged f r o m  in t e rna l  p r e s s u r e .  

The f i l te r  bott les themselves  showed no evi -  
dence of damage.  Outside d i ame te r s  of both bott les 
showed no inc rease  in  measu remen t s  o r  bulging. Vis- 
ual  inspection of the inside su r f ace  of the No. 1 bottle 
which was  on s t r e a m  a t  the t ime  of the explosion was 
c lean except  for  a patch of hard ,  black carbonaceous  
res idue  about 3-in.  Y 8-in. on one s ide .  

The jacket of the oil  f i l te r  box was  bulged f rom 
the r e l ea se  of high p r e s s u r e  a i r  when the inlet  valves 
pulled loose  f r o m  the pipe. The re  was  a lso  damage to 
the hea t e r  cont ro ls ,  p r e s s u r e  gauges and t empera tu re  
gauges on the box. 

Broken va lve  spring 

The mos t  significant de ta i l  found when the ex -  
pander cyl inders  were  dismantled was  the broken 
spr ing on the inlet  valve of the No. 1 cylinder,  F igure  3. 
As can a l so  be  seen  in  the p ic ture ,  the end of the spr ing 
guide i s  heavi ly  marked  and deformed.  This would in -  
dicate that the spr ing had broken p r i o r  to the explosion, 
a s  the expander shut i tself  down at  the t ime  of the 
explosion. 

Two deta i l s  stood out a s  being of par t icular  i m -  
por tance .  
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Figure  1. View of expander  d i scha rge  piping damage .  
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Figure  2 .  View of o i l  f i l ter  box damage .  
F igu re  3 .  View of broken sp r lng  on the in le t  valve of the No. 1 
cy l inde r .  



The fact that the ope ra to r s  had been having diffi- 
culty with the liquid t ransfer  sys tem,  and that the 
analyzer had closed the recycle  valve because of a t  
l ea s t  15% oxygen in the recycle  nitrogen which sug- 
gested the possibil i ty of a higher than norma l  oxy- 
gen concentration in  the p rocess  s t r e a m  to the 
expander.  

The fa i lure  of the inlet  valve spr ing in the No. 1 
cylinder suggested a possible source  of heat for 
ignition. 

Purity change of nitrogen stream 

To determine the r a t e  and magnitude of change 
of pur i ty  of the waste nitrogen s t r e a m  f r o m  the low 
p r e s s u r e  column with a plugging in  the carbon dioxide 
sys tem,  the 0 - 1  valve of one of the o ther  plants was 
c losed.  The pur i ty  of the waste nitrogen s t r e a m  was 
r ead  f r o m  the waste nitrogen analyzer and a lso  by a 
Beckman D-2  portable oxygen analyzer taking i t s  s a m -  
ple f r o m  the sample  l ine to the main  analyzer .  

Closing the 0 - 1  valve completely shut off the 
crude oxygen reflux to the low p r e s s u r e  column. This 
admittedly caused a much m o r e  d ras t i c  react ion than a 
carbon dioxide plug in  the t r ans fe r  sys t em which would 
r e s t r i c t ,  but not completely shut off, the crude oxygen 
flow. 

Pe rcen t  oxygen in  
waste nitrogen 

s t r e a m  

Regular Por table  
analyzer analyzer -- 

Before closing 0 - 1  valve 7 7 
1 min,  af ter  closing 0- 1 valve 10 20 
2 min.  af ter  closing 0- 1 valve 2 5 55 

The loss  of pur i ty  in the waste nitrogen line was  
much fas ter  than expected a s  experience with plants 
other than these  75 tonlday units indicated i t  would 
take about five minutes for  the pur i ty  to degrade to 
about 40% oxygen. This rapid reaction in  the 75 ton/ 
day units i s  caused by  the fewer number of t r ays  in the 
column. The t e s t  a lso  ve ry  graphically i l lus t ra ted  the 
slow response  of the regular  analyzer .  With a sudden 
upset of the column, the s t r e a m  pass ing the sample  
point could be  a s  high a s  30% oxygen before the ana- 
lyze r  could detect  15% oxygen and c lose  the recycle  
valve.  

Analysis of performance 

Subsequent analysis of the performance of the 
waste nitrogen analyzers  and sampling sys t em on a l l  
75 tonlday plants indicates:  

Figure 4 .  Ten photographs showing specific piping damage. 



Figure 4 (continued) 



( a )  Sample lag of 30 to 45 sec .  to the analyzer .  
(b )  Response t ime of the analyzer to go f rom 070 to 14% 

oxygen var ied  f rom 15 s e c .  to 35 s e c .  

The flow velocity of waste nitrogen gas in  the 
plant has  been calculated and indicates that a par t ic le  
pass ing the sampling point a t  the low p r e s s u r e  column 
waste nitrogen outlet will reach the recycle  shut-off 
valve in 6 s e c .  

F r o m  a safe operating viewpoint, except for the 
fact  that i t  opera tes  a t  a low discharge  temperature  of 
- 150" F,  this expander and the associa ted  piping a r e  
ve ry  s imi l a r  to an  oil-lubricated, reciprocating com-  
p r e s s o r  sys t em.  Both the expander sys t em and the 
compresso r  sys t em normal ly  contain a i r  with suffi- 
cient oxygen to support  combustion. The cylinder 
lubricating oil ca r r i ed  over by the p rocess  a i r  i s  an 
eve r  p resen t  fuel in both sys t ems .  The low operating 
temperature  of the expander sys t em would tend to in-  
hibit combustion and would a lso  necess i ta te  a much 
s t ronger  source  of ignition energy to init iate a sus -  
tained react ion.  The low t empera tu re  would tend to 
narrow the flammable l imi ts  and r a i s e  the lower f lam- 
mable l imi t  ( i .e. ,  require  a r i che r  fuel mixture for  a 
sustained reaction).  

Decreased ignition energy 

When operating on recycle ,  the recycle  nitrogen 
s t r e a m  containing about 7 %  oxygen i s  mixed with about 
an equal volume of a i r  in the compresso r  suction. The 
p rocess  a i r  to the expander would contain about 14% 
oxygen. If the column were  upset and the waste n i t ro-  
gen pur i ty  increased to 30% oxygen, the a i r  to the ex- 
pander would contain about 2570 oxygen. Any inc rease  
in the oxygen content of the p rocess  a i r  above norma l  
would tend to dec rease  the ignition energy required and 
a s s i s t  a sustained reaction, thus counteracting the in-  
hibiting effect of the low t empera tu re .  

The quantity of oil that existed in the header i s  
indicated in P ic tu re  No. 1 .  The expander d ischarge  
pipe in an  identical  sys t em a t  a s i s t e r  plant was opened 

to observe  the extent and condition of any oil  deposit .  
It was found that a sma l l  r ivulet  of f rozen oi l  about 1-  
to 1 1 /2- in .  wide existed along the bottom of the pipe. 
The p resence  of such a deposit  i n  this plant was indi- 
cated by da rk  combustion s ta ins  in  the bottom of unrup- 
tured pipe sections while the s ides  and tops of the pipe 
were  bright and c lean.  

It may  be noted that most  of the fa i lures ,  Fig- 
u re  4, occur red  where  oil  would tend to collect ,  i n  the 
header ( fa i lures  1 and 2)  and a t  low points ( fa i lures  5, 
6 and 7 ) .  Fa i lu res  a t  8 and a t  the box penetration may  
be explained by oil  accumulations a t  weld joints.  The 
dra in  valve a t  point 10 would a lso  be a natura l  point for 
oil  to collect .  

Conclusions 

It has ,  therefore ,  been concluded that: 

Fai lure  of the inlet  spring of the number one cylin- 
de r  provided ignition energy to ignite a fuel- 
enriched a i r  mixture  in the cylinder.  Upon expan- 
sion and opening of the exhaust valve this ignited the 
oil accumulations in  the header with a resul tant  ex-  
plosion. This explosion produced a shock and com- 
bustion wave that t raveled through the discharge  
piping toward the oil  f i l te r  causing the damage a s  
d iscussed above. 
The explosive react ion was  a s s i s t ed  by the higher 
than norma l  oxygen concentration p resen t  i n  the 
plant a i r  feed. Combustion did not occur  in  the 
main  a i r  compresso r  because of the inhibiting qual- 
i t ies  of the synthetic lubrication and because  no 
localized hot spots  o r  other sources  of ignition en-  
e rgy  existed a t  the t ime .  
This reaction, except that i t  occur red  a t  a no rma l  
operating temperature  of -160°F.,  was essent ia l ly  
the s a m e  a s  occasionally occur  in compresso r  pip- 
ing sys t ems .  The low temperature  will tend to in- 
hibit a reaction, but given the proper  fuel-oxygen 
combination and an ignition energy of sufficient 
magnitude a self-sustaining reaction will occur .  

DISCUSSION 

WIEGAND-Ingersoll-Rand: You said that the com-  
p r e s s o r  lubricant was synthetic.  What was the lubr i -  
cant a t  the expander?  

s: We were  using a s t ra ight  hydrocarbon lubr i -  
cant,  something in  the neighborhood of a DT105. 

FAATZ-Foster Wheeler: Was there  any evidence that 
this broken valve had existed for any length of t ime 
p r io r  to this other combination of unfortunate even t s?  
And if so, would i t  have been possible by a m o r e  c a r e -  
ful scrut iny of the instrumentation to have discovered 
that this valve had been broken? 

BALL: The operating his tory  of those plants would in -  
dicate that a valve failure of that type would have been 
audible to the ope ra to r s .  There  was no such indication 
to the opera tors  of any abnormal  operating conditions. 
In other words,  they did not suspect  that this failure 
had occur red .  

GLASS-Monsanto: As a r e su l t  of this experience have 
you made any effort to remove the ent ra inment?  Do 
you have any entrainment s teps ,  o r  the like, that will 

reduce the oil  ca r ryove r  f rom your compresso r s  or 
f rom your expanders?  

BALL: There  has  not been any change in that par t icu-  
l a r  design. It i s  now operating exactly a s  i t  was before.  
I think that in future designs we would change the piping 
sys t em to reduce the number of points where  oil  can 
accumul&e. The mos t  extensive changes that were  
made were  in the analytical  sys t ems  and the operating 
procedures  so  that we can detect and shut down the 
sys t em in  a ma t t e r  of a few seconds r a the r  than a lmost  
a minute and a half ,  

BOSSLER-U. S. Steel: Did you say  that the oil  f i l te rs  
themselves  were  not h a r m e d ?  If so, then why didn't  
they get i t  too? 

BALL: There  was no change in the dimensions of the 
oil  f i l t e r s .  They did s e e  a p r e s s u r e  su rge  but i t  was  
not sufficient to change dimensions.  There  was ve ry  
l i t t le if any indication of any combustion react ion 
within the f i l ters  o r  i n  the des iccant  within the f i l ters  

SVOBODA-Dow Chemical:  Can you te l l  us what type 
analyzer you use  on this? 



BALL: I ' m  so r ry ,  I do not have the details of the exact 
change in  the analyzer.  

SVOBODA: You might find that the Hays oxygen ana-  
lyzers  have a response of about 5 sec .  

HOWARD -Monsanto: You mention that there  has  been 
no basic change in the mechanical pa r t s  of the system.  
Could the lubricant in  the compressor  be changed to 
some other mater ia l  than a hydrocarbon oi l?  The same  

thing on your expander? There  a r e  out now some so-  
called f i r e  re tardant  or  fireproof lubricants. 

BALL: This idea has  been entertained. We found some - 
operating difficulty in changing to a synthetic-type lu- 
br icant .  These par t icular  plants, a s  I mentioned, there  
a r e  15 of them, have a combined operating his tory of 
between 75  and 100 plant operating years ,  which indi- 
ca te s  a fa i r ly  good operating his tory for the total  
operation. 
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