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S afe operation of air separation equip- 

ment is a subject of growing im- 
portance because of the vastly in- 
creased rates of tonnage oxygen and 
nitrogen usage by the chemical and 
metallurgical industries. Much of the 
large new demand is at locations un- 
der heavy and increasing air pollution 
--conditions requiring fullest applica- 
tion of present technology. Reduction 
of hazards requires understanding. To 
this end, past published data provides 
limited knowledge. 

Original data developed at Air 
Products by controlled explosion tests 
and solubility studies upon combustible 
contaminants permit the formulation 
of new safety principles consistent 
with historical findings. 

The prevention of combustible con- 
taminants (i.e. fuel) accumulation is 
the first line of defense against haz- 
ards. Various fuels have widely dif- 
ferent safe limits, and all must be 
considered jointly for an effective safe- 
guard. 

Monitoring air before plant con- 
struction aids safe design and plant 
layout. Continuous monitoring during 
plant operation is a requirement for 
safe operation in heavily polluted 
areas. A new tool-the continuous hy- 
drocarbon analyzer-provides a fresh 
dimension to the monitoring problem. 

This article presents new informa- 
tion on the character of materials and 
explosions in oxygen plants, and is not 
intended as a review of design and 
operating practice. 

The accompanying historical review 
illustrates that the published literature 
has been mainly concerned with the 
role of acetylene in the air plant mis- 
haps. Acetylene has been regarded 
as especially significant for several 
good reasons. Large numbers of air 
separation units have been closely as- 
sociated with acetylene production 
units; acetylene has a very low solu- 
bility, is highly reactive chemically 
(forms ozonides and is oxidized more 
readily than most other hydrocarbons) 
and acetylene can be exploded even 
in the absence of oxygen. 

Through the last several decades, 
these particular characteristics of acet- 
ylene have resulted in the adoption of 
design and operating practices which 
must have protected many air separat- 
ing plants from other hazards also. 
The use of adsorption and purge tech- 
niques suitable for avoidance of the 
acetylene hazard would also simul- 
taneously remove other potentially 
hazardous contaminants, if present in 
low concentrations. Historically, acet- 
ylene has been responsible in many 
cases ; the possibility of solid acetylene- 
liquid oxygen explosions has been ex- 
perimentally established, the accumula- 
tion of acetylene in oxygen plant 
reboilers has been demonstrated; and 
acetylene has been shown to have been 
present in plants at the time of ex- 
plosions. 

The actual mode of initiation in- 
volved in reported explosions has not 
been as satisfactorily established. 

Recently at least two explosions 
have occurred in which materials 
other than acetylene were the primary 
fuels. 

What Happens to Air Contaminants 
When They Get Info Oxygen Plants 

Air is one of the safest of industrial 
raw materials, yet, it is, at times, the 
carrier of contaminants responsible 
for hazards in air separation plants. 

Petrochemical and metallurgical in- 
dustries, for example, which require 
the products of air separation, are also 
producers of by-products in the form 
of waste gases and vapors whose prop- 
erties would permit accumulation in 
cold portions of air plants. The design 
and operation of such plants takes into 
consideration the local air contaminant 
problem. 

I t  is helpful to review the course 
of a few parts per million of contami- 
nants through an air plant. Specific 
designs alter cases, but some general- 
izations are possible: 

Optimum air intake location is assumed. P r r  
purification systems play a strong role in con- 
taminant removal, often beyond those impuri- 
ties for which the systems are specifically 
designed. Moisture removal in traps associated 

with comprerror intercoolers and aftercoolers 
is often accompanied by removal of substan- 
tial fractions of soluble compounds such as 
ammonia acetone, ethyl alcohol and others 
condensible with water. 

Caustic scrubbers remove substantially all 
acidic compounds, such as H,S, HW, and most 
of the NO,. 

Adsorptive driers remove heavy hydrocar- 
bons including residual comprerror oil along 
with water. Medium hydrocarbons such as 
pentane, hexane, and other organic vapors 
are largely removed. 

Still other residuals in the air feed 
can pass into the main exchange sys- 
tem. Compounds that boil above 
90" F. and freeze above -270' F. 
(see Table 1) should theoretically be 
effectively condensed and remain in 
the exchanger until defrost. In prac- 
tice, small quantities are often carried 
on as suspended particles in the air 
stream. Propane and propylene, which 
remain liquid below -280° F., are 
normally carried through the main ex- 
changer. Butanes and butenes, if 
present as mixtures, are probably also 
carried (as liquids) beyond the main 
heat exchange system. 

In some plants reversing heat ex- 
changers, or reversing regenerators, 
are employed instead of shell-and-tube 
heat exchangers for all or part of the 
air feed. The air feed goes directly 
to the reversing equipment without 
removal of moisture or carbon dioxide 
and other acidic components. These 
freeze out in cooling but are, in turn, 
evaporated on reversal by return 
oxygen or nitrogen product. The only 
difference is that a slightly greater 
fraction of acid gases will go beyond 
reversing equipment into the high 
pressure column. 

To generalize, nearly all hydrocar- 
bons up through butane and butylene 
(excluding butadiene and methyl ace- 
tylene) would enter the high pressure 
column, as would NO, N,O, CO, ozone 
and hydrogen. Of these, hydrogen and 
some of the CO would leave the high 
pressure column with the relatively 
pure nitrogen overhead and the re- 
mainder leave in the crude oxygen 
bottoms which proceed to the low 
pressure column. 
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Carbon monoxide and hydrogen 
leave the top of the low pressure col- 
umn with the nitrogen, and all other 
components must be disposed of via 
the oxygen. 

How Contaminants in Liquid Oxygen Are 
Removed 

In  plants where the product oxygen 
is withdrawn from the reboiler as  a 
liquid, such as  in  liquid oxygen plants 
and pumped oxygen plants, the ma- 
terials remaining in the liquid oxygen 
a re  continuously withdrawn. I n  the 
former, they are  removed from the 
plant in the liquid while, in the latter, 
they a re  vaporized homogeneously 
with the oxygen a t  the elevated pres- 
sure and correspondingly higher boil- 
ing point of oxygen. 

Why Absorbers Are Included 

Complete vaporization of contami- 
nants with oxygen can be expected for 
some plant locations, but not relied 
upon in all instances. Accordingly, 
hydrocarbon adsorbers a re  provided 
to remove contaminants. Effectiveness 
of removal is high for acetylene and 
C3f hydrocarbons, intermediate for 
ethane and ethylene. I n  addition, the 
adsorbers are  effective for removal of 
organic compounds and virtually all 
inorganic contaminants except carbon 
monoxide. Inorganics removed defi- 
nitely include oxides of nitrogen. The 
lowest boiling of these is nitric oxide, 
but this material is said to form nitro- 
gen peroxide (NOs) with oxygen at  
these low temperatures (1 7) .  Any N O  
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Table 1.-Properties of  Some Air Contaminants Fig. 1. Methane-liquid oxygen phase system. 

Normal boiling Freezing point, 
Name Formula point, ' F. O F. 

Carbon Monoxide ....................... 
Methane ............................... 
Nitric Oxide ........................... 
Ozone ................................. 
Ethylene ............................... 
Ethane ................................ 
Nitrous Oxide ......................... 
Acetylene .............................. 
Hydrogen Sulfide ....................... 
Carbonyl Sulfide ....................... 
Propylene .............................. 
Propane ............................... 
Formaldehyde .......................... 
iso-Butane .............................. 
bo-Butylene ............................ 
13 Butadiene .......................... 
nPutane ............................... 

......................... Ethylene Oxide 
........................... Acetaldehyde 

Nitrogen Dioxide ........................ 
n-Pentane .............................. 
Acetone ............................... 
Methanol .............................. 
Hexane ................................ 
Benzol ................................ 
n-Decane .............................. 

Table 2.-Solubility of Various Materials 
in Liquid Oxygen a t  -420' F. (22) 

Substance 

Methane ..................... 
Ethane ...................... 
Propane ..................... 
n-Butane ..................... 
n-Pentane .................... 
n-Hexane .................... 
n-Decane .................... 
Acetylene .................... 
Ethylene ...................... 
Propylene .................... 
Acetone ...................... 
Methanol .................... 
Ethanol ...................... 
Acetaldehyde ................. 
Benzene ..................... 
Hydrogen Sulfide ............. 
Nitrous Oxide ................ 
Carbonyl Sulfide ............. 
Nitrogen Tetroxide (N,O,) ...... 
13 Butadiene ................ 

Solubility 
in ppm 

In low pressure "gas" plants, where 
the product is withdrawn from the 
low-pressare column as  a gas, methane 
builds up t o  an equilibrium value in 
the reboiler condenser (also called 
"vaporizer") and is thereafter vapor- 
ized with the oxygen. As hydrocarbon 
chain length increases (and vapor 
pressure decreases), the equilibrium 
concentrations necessary to maintain 
hydrocarbon balance via vaporization 
are  sharply increased. At  high rate of 
hydrocarbon input, these concentra- 
tions can exceed the solubility limit 
or the lower explosive limit, resulting 
in hazardous conditions. Burbo and 
Ishkin (12, 13) have discussed the 
maxin~um level of acetylene which can  
be carried off without exceeding the 
solubility limit. 

not so. converted would then be con- 
verted to nitrogen tetroxide and ad- 
sorbed as such due to the catalytic 
action of the silica gel; indeed, silica 
gel has been employed for this purpose 
a t  much higher temperatures (18). 

Methane is the only contaminant 
that can reach the reboiler unaffected 
by scrubbing and drying, freeze-out, 
or hydrocarbon adsorbers. Small frac- 
tions of many other components may 
run the gamut, but the original quan- 
tities will have been greatly reducetl. 

Catcrlytic Oxidation Offers Promise 

Kinder suggested (19)  in 1924 
catalytic combustion of flammnble 
impurities in air to render tllern in- 
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Fig. 2. Ethane-liquid oxygen phase system. 
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nocuous. Until recently this has been 
considered to be an uneconomic pro- 
cedure, but we can envisage that air 
contaminations will, in some localities, 
reach levels justifying this method. 
Kerry (16) has again advanced this 
proposal and discussed development of 
catalysts. 

One supplier (20) ,  and probably 
others, can now offer a catalytic unit 
for virtually complete removal of acet- 
ylene by oxidation to carbon dioxide 
and is continuing work on other hy- 
drocarbons. For  acetylene, this ap- 
paratus operates in the range of com- 
pressor discharge temperatures. 

Higher catalyst temperatures (20, 
21, 22) are  required for oxidation of 
hydrocarbons other than acetylene. 
Experimental data are  available for 
methane, ethane, ethylene, propane, 
propylene, butene, and benzene. This 

information indicates that complete 
oxidation of all hydrocarbons can be 
secured at  a temperature of 800 to 
900°F., a more costly temperature 
level to maintain. However, all but 
one hydrocarbon, methane, can prob- 
ably be substantially oxidized a t  lower 
temperature, perhaps between 500 to 
600' F. 

In  the material that is presented in 
this paper it will be shown that oxygen 
plant tolerance for methane is high 
indeed, since oxygen containing a s  
much as  several per cent of methane is 
not explosive. This  means that meth- 
ane removal a s  a contaminant, up to  
quite high concentrations, is not re- 
quired for safe operation. The catalytic 
treatment of air for hydrocarbon 
oxidation is therefore effective some- 
what below 100 per cent oxidation, as 
oxygen plants have some tolerance to 

contaminants, Monitoring permits a 
new freedom in t M  use of catalytic air 
treatment. I 

Explosion Characteristics 

Predictability of the effects of liquid 
oxygen-fuel explosions is frequently 
difficult or impossible. The  combustion 
phenomena are  fa r  out of the ordinary 
due to the high density of reactants, 
the liquid phase containing hundreds 
of times as  much material per unit 
volume as would be present in the gas 
phase. Acetylene explosions in liquid 
oxygen are  highly brisant (shattering 
in effect). 

There is much literature (23) re- 
lating to combustion and explosion of 
gases and solids, but very little which 
treats of the same phenomena in 
liquids. Some generalizations, how- 

Thousands of air separation plants 
have been operated in many different 
industrial atmospheres during the past 
decades and have achieved a credit- 
able safety record. Infrequent explo- 
sions have taken place in a few of 
these plants; some of these have been 
described and discussed in published 
articles. 

Brankamp, in 1914 ( I ) ,  summarized 
the character of several explosions 
which had occurred up to that time, 
ascribing them to mixtu~es of oxygen 
with combustible insulation or acet- 
ylene. His paper included speculation 
upon the role of copper acetylide, com- 
pressor oil (and its decomposition 
products), hydrogen and methane 
atmosphere contaminants, electrical 
phenomena, ozone, ozonides, and 
peroxides. 

In 1923 Pollitzer (2) published a 
comprehensive paper describing a 
number of explosions and presented 
experimental work which sought to 
elucidate the explosion mechanism. 
His survey disclosed that air plant 
explosions invariably took place iri 
the oxygen evaporating equipment, 
that is, in the reboiler or in the 
oxygen evaporating coils; that the 
'plant on-stream time could not be 
evaluated as a factor ; that explosions 
occurred generally during operation, 
some after a few hours only, some 
after many weeks; that still others 
took place after shutdown. He con- 
sidered ozone, acetylene, and lubricat- 
ing oil as sources of energy and con- 
sidered mechanical agitation as a 
source of ignition, either directly or 
through augmentation. He carried 
out experiments in which solid acety- 
lene was suspended in liquid air or 
oxygen, demonstrating that such mix- 
tures could explode. Pollitzer further 
studied specific air plant explosions 

and found either proof or strong evi- 
dence that acetylene was present a t  
the time of each explosion. His work 
resulted in a clear understanding that 
acetylene is a hazard. 

Fyleman, in 1923 ( 3 ) ,  emphatically 
concluded that acetylene caused air 
plant explosions. He produced acety- 
lene experimentally from oil in simu- 
lated air compression, showing that 
the air compressor itself can be a 
source of acetylene entry into an air 
plant, even in an uncontaminated 
atmosphere. The precautions of avoid- 
ing hot spots in the compressors, of 
using suitable oil, and of banning 
carbide from the neighborhood of the 
plant are listed as being proven 
through experience to provide ade- 
quate protection. In a large Norwe- 
gian plant liquefying about 100 tons 
of air per day, where the air was 
aways contaminated with acetylene and 
where effects of explosions had pre- 
viously been serious, it was found that 
explosions were eliminated by with- 
drawing (from the reboiler) a bucket- 
ful of liquid oxygen every hour and 
throwing it away. 

Some discussion and review papers, 
such as that by Berger ( 4 ) ,  appeared 
in subsequent years, but significant 
and pertinent new experimental evi- 
dence was not added to the literature 
until the 1940's. A publication by 
Strizhevskii (5) was one of the first 
papers in a series of several valuable 
contributions appearing in the Rus- 
sian literature. These papers, taken 
as a group, treat the solubility of 
several hydrocarbons in liquid air, 
the adsorption of hydrocarbons upon 
silica gel, and the use of this informa- 
tion in air plant design. Strizhevskii's 
review is a good summary of the 
state of the art in 1939. 

Ishkin, Burbo, Tsin, Fedorova, 
Fastovskii, and Krestinskii, jointly and 

individually, have reported upon the 
solubility of acetylene (6, 8 ) ,  of car- 
bon dioxide (6, 8), of ethylene (7), 
of propylene (7), and of methane ( 9 )  
in liquid oxygen and in liquid nitro- 
gen, and upon the vapor pressure of 
solid acetylene (10). In 1940, Ishkin 
and Burbo (11) reported experimental 
data for the adsorption of acetylene 
upon silica gel from a flowing stream 
of liquid air. Burbo (12) and Ishkin 
and Burbo (13) round out the Rus- 
sian contributions with a discussion of 
acetylene accumulation and distribu- 
tion in an air plant and with a dexrip- 
tion of the use of silica gel adsorbers 
for removal of acetylene from operat- 
ing plants. 

Cox and DeVries (14) reported ex- 
perimental work from Purdue Uni- 
versity upon the solubility of solid 
ethane, ethylene, and propylene in 
liquid nitrogen and oxygen. 

Until the last decade, the literature 
has cited acetylene as the chief culprit 
or suspect. This view has been re- 
markably and demonstratively success- 
ful in reducing and eliminating haz- 
ards. The actual initiating mech- 
anism has remained substantially un- 
known. Many factors have been recog- 
nized as having potential roles as 
initiators, but basic experimental work 
has not been reported until recently. 
Nomura and Kanda ( I S ) ,  working in 
the Research Institute for Iron, Steel. 
and Other Metals, Tohoku University, 
have demonstrated that an explosion 
occurs when ozone is contacted with 
ethylene or acetylene at low tempera- 
tures. An understanding of the mech- 
anism of the reaction of ozone with 
unsaturated hydrocarbons was their 
objective. 

Recently, Kerry (16) summarized 
many aspects of air plant contamina- 
tion and discussed safe design and 
operating practices. 
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ever, may be tentatively made, subject 
to  experimental evaluation. I n  the gas 
phase, a distinction between combus- 
tion waves and detonation waves may 
be drawn. A combustion wave is 
propagated through the combustible 
mixture by heat transfer and diffusion. 
A detonation wave is propagated by 
the energy of the chemical reaction 
taking place in the highly compressed 
shock wave; the shock wave raises the 
energy level of the reactants, prepar- 
ing them for the chemical energy 
release which, i n  turn, provides the 
energy for continuation of the shock 
wave. Combustion waves are  slow, 
of the order of several feet per second; 
detonation waves a re  faster than the 
speed of sound, of the order of several 
thousanti feet per second. Either type 
of combustion may take place in a n  
explosive mixture, depending upon 
many factors such as  mixture composi- 
tion, mixture density, and confinement. 
A detonable mixture may be made 
richer or leaner in fuel until the upper 
and lower limits of detonability are 
reached. As the mixture is made still 
richer or leaner beyond these limits, 
upper and lower limits of inflammabil- 
ity are  reached. The  detonation phe- 
nomena a re  dependent upon factors 
such as  volume and shape of container 
and type of initiation. 

The foregoing generalizations apply 
to homogeneous gas fuel-oxidant mix- 
tures. Much of the above general un- 
derstanding of combustion in gases 
may be directly used in describing 
combustion phenomena in liquid oxy- 
gen. I n  liquid oxygen-fuel mixtures 
which a r e  single phase, we may expect 
to observe experimentally upper and 
lower limits of detonability and in- 
flammability, as  is the case with single 
phase gaseous mixtures of a i r  or 
oxygen with fuel. 

Similar to gas phase combustion, 
the predictability of the character of 
combustion becomes less certain as the 
liquid system becomes two-phase. 
Dusts and mists suspended in air  are 
uncertain in  behavior due to the lack 
of uniformity of dispersion and to the 
variation in particle size. Likewise, 
suspensions of solid or liquid com- 
bustibles in liquid oxygen are  non- 
uniform and their behavior as com- 
bustibles is uncertain. 

Explosion Prevention 

Pure oxygen-gas and liquid-can 
be handled and processed without fear 
of combustion. .Explosive mixtures of 
combustibles with oxygen do not auto- 
matically explode. Some source of 
ignition energy is required. This does 
not imply that fuel-oxygen mixtures 
should be permitted to accumulate or 
persist in air plants, for given suffi- 

cient time, the source of ignieion may 
well appear. 

The oxygen-fuel-initiator combination mud 
be avoided. Oxygen, of necessity, is present; 
possible initiator mechanisms are many, and 
positive control extremely difficult; control of 
fuel accumulation controls the situation and 
avoids the hazard. Prevention of fuel accumu- 
lation i s  the safest solution of the air plant 
hazard ~otential. The avoidance of fuels does 
not mean that initiators are to be ignored; it 
is merely a recognition that in the absence 
of fuels, the initiators become impotent. 

Plant safety may be maintained 
through sound design and operational 
principles by the recognition of the fol- 
lowing : 

1. Explosiveness is predictable from mixture 
composition. 

2. Composition of plant streams can be 
monitored during operation. 

3. Careful design and operating techniques 
based on experience and appraisal of the 
problem can anticipate and prevent explosive 
concentrations. 

Let us now consider in more detail 
some of 'the implications involved in 
avoidance of oxygen plant hazard 
through contaminant control. The 
three elements listed above will be 
examined in turn. First, what are the 
conditions which determine explosive- 
ness; what a re  the conditions which 
allow explosiveness to  be predicted 
and, hence, avoided? 

Conditions of Hazard 

For  any combustible there is some 
level of concentration in liquid oxygen 
above which the mixture is hazardous 
and below which it is not. For  the 
highly soluble ones this is the flam- 
mable limit; for the less soluble ones 
the limit is, to  all practical purposes, 
the solubility. 

The  flammable limit is self-evidently 
to be avoided. The  significance of 
solubility becomes evident when one 
considers that levels above the solu- 
bility limit can result in localized con- 
centrations of fuels above the lower 
explosive limit. This is possible even 
though the total quantity of fuel with 
respect to the total quantity of oxygen 
is below the flammable limit. Thus, if 
either the explosive limit or the solu- 
bility limit is exceeded, a hazardous 
condition exists. Accordingly, if either 
of these limits are  approached, cor- 
rective measures are  indicated. Solu- 
bility values for a number of materials 
in liquid oxygen a t  -320' F. are given 
in Table 2, and in Figures 1 and 2. 
Discussion of these data appears later. 

The lower explosive limits of hydro- 
carbons can be expressed as  methane 
equivalent. When this is done, the 
numerical values lie within a compara- 
tively narrow range. This permits a 
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first approximation of explosive limits 
fo r  mixtures, which is useful since the 
energy release per unit mass a t  the 
lower flammable limit is roughly the 
same for all hydrocarbons. In  Table 
3, a comparison is ,drawn among sev- 
eral hydrocarbons, of lower gas phase 
flammable limit, energy release per 
gram mole of mixture, and lower 
flammable limit expressed as  methane 
(approximated by multiplying the 
lower explosion limit by the number 
of carbon atoms in the molecule). I t  
will be seen from experimental ex- 
plosion test data presented in the fol- 
lowing section that the lower explosive 
limit for gas phase mixtures of hydro- 
carbons and oxygen is useful for liquid 
mixtures of the soluble hydrocarbons. 

oxidant .mixtures. Detonability limits 
a re  composition-wise within the flam- 
mability limits. The  lower flammabil- 
ity and detonability limits are  roughly 
the same for the mixture of the fuel 
with either a i r  or oxygen. This  quali- 
tative similarity is due, no doubt, to 
the fact that excess oxidant is present 
in  either case. The upper limits, how- 
ever, differ markedly from air to 
oxygen. 

mole per cent methane and the upper ex- 
plosive limit of 50 mole per cent methane 
fall within the garf phase limits of 5.4% 
and 59.2%. The lower explosive limit of 
ethane has been observed, using flash 
bulb initiation with the unprotected bulb 
directly immersed in the ethane-liquid 
oxygen mixture, and found to be about 
4 mole per cent ethane. This system 
has an upper explosive limit which 
can be observed only at  such elevated 
system pressures as those which per- 
mit a single liquid phase to  exist. The 
liquid phase explosion'limits for methane 
and for ethane are thus seen to be con- 
sistent with the gas phase data for the 
same systems. 

Selected data from a comprehensive 
experimental explosion testing pro- 
gram under way a t  Air  Products 
(see Experimental Explosion -Testing 
Techniques) are presented i n  Table 5. 

The  first eleven tests encompass 
both the high and low explosion limits 
for the Cfh-O2 liquid system. T h e  
same results are  obtained a t  both 
liquid nitrogen and liquid oxygen tem- 
peratures. The  lower explosion limit 

I t  is of interest to compare the be- 
havior of a liquid oxygen-methane mix- 
ture with the corresponding gaseous data. 
Oxygen and methane form a single-phase 
liquid system at  temperatures above the 
freezing point of methane, as is shown in 
Figure 1, and at much lower temperatures 
it is still possible to prepare very con- 
centrated single-phase mixtures. Due to 
this great solubility, i t  is possible to ob- 
serve experimentally both the lower ex- 
plosive limit and the upper one. Follow- 
ing the technique described in another 
section of this paper, it has been found 
(22) that the lower explosive limit in 
the liquid oxygen-methane system of 11 

Experimental Explosion Test Data 

In Table 4 a re  summarized some 
representative data from Lewis and 
von Elbe (23)  which relate deton- 
ability and flammability limits for 
certain gaseous single-phase fuel- 

Table 5.-Experimental Explosion Test Data 

Vol. of 
condensed 

Composition of test mixture, sample, 
mole % cu.cm. 

Test 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 I 
12 

13 
14 

15 

16 

17 

18 

19 

20 

21 

22 

23 
24 
25 
26 

Test container Initiation 

4 CH4-96 0, 15 
5 CH,-95 0, 200 
7 CH4-93 0, 30 
10 CH4-90 0, 90 
12 CH4-88 O* 30 
15 CH4--85 0, 30 
33.3 C H d . 7  0, 30 
50 CH4-50 0, 14.5 
50 C H d O  Ox 16 
55 C H 4 4  0, 30 
69 CH4-31 0, 15 
100 &O slurried in liquid 

oxygen Solid 
100 &O Gas ot 70' F. 
100 N,O Gas ot 70' F. 

$6'' O.D. X 6". long copper tube 
250 cc. glass flask 
1" O.D. X 4" long copper tube 
1 % O.D. X 7" long copper tuba 
1" O.D. X 4" long copper tube 
1" O.D. X 4" long copper tube 
1" O.D. X 4" long copper tube 
W" O.D. X 6" long copper tube 
W" O.D. X 6" long copper tube 
1" O.D. X 4" long copper tube 
W O.D. X 6" long copper tube 

Blasting cap 
Blasting cop 
Blasting cap 
Blasting cap 
Blasting cap 
Blading cap 
Blosting cap 
Blosting cap 
Blosting cop 
Blasting cap 
Blasting cop 

No explosion 
No explosion 
No explosion 
No explosion 
Exploded 
Exploded 
Exploded 
No explosion 
Exploded 
No explosion 
NJ explosion 

50 cc. test tube 
1 gallon can 
1 gallon can 

Blosting cop 
Blasting cap 
M-2 flosh bulb, 

plastic removed 
M-2 flash bulb, plor- 

tic removed 
M-2 flash 'bulb, plas- 

tic removed 
Ozone 

No explosion 
Exploded 
Exploded 

100 NO, Gas at 70' F. 1 gallon can Exploded 

100 NO, Solid 50 cc. test tube Slurried in liquid oxygen, 
no explosion 

0, with 0.1% 0, was bub- 
bled through test mixture 
while applying mechanical 
shock, no explosion 

20 cc. test tube 

Solid C,H, floating in liquid 
oxyeen 10 22 cc. test tube Ozone 0, with 0.1% 0, bubbled 

into test mixture. Im- 
mediately exploded. 

Solid GH, flooting in liquid 
' "wen 30 

Solid oil slurried in liquid 
oxygen 135 

1" O.D. X 4" long copper tube Blasting cop 

Blosting cap 

Exploded 

250 cc. round bottom flask Exploded. Much oil un- 
reacted. 

Tricresyl phosphate lubricant, 
slurried in liquid oxygen 100 

Polyethylene glycol lubricant, 
slurried in liquid oxygen 100 

3.1 C,Hr96.9 0, 10 
4.4 CxHs95.6 0, 10 
3.1 C,Hr96.7 0, + 0.2 NO, 10 
Solid GH, in liquid oxygen 10 

250 cc. round bottom flask Blasting cap Exploded 

250 cc. round bottom flask 
1" O.D. X 4" long copper tube 
1" O.D. X 4" long copper tube 
1" O.D. X 4" long copper tube 
10 mm. glass test tube 

Blasting cap 
M-2 flash bulb 
M-2 flash bulb 
M-2 flash bulb 
Ozone 

Exploded 
No explosion 
Exploded 
No explosion 
0, with 0.1% 0, bubbled 

into test mixture. No ex- 
plosion. 



Table 3.-Gas Phase Flammable Limit -Carbon Atom Approximation 

Energy release 
at lower limit, 

Lower limit, Heat. of K cal/gm 
Lower limit, as methane, combustion, mole of 

Compound Formula mole % mole % K cal./mole mixture 

Methane ............ .CHI 
............. Ethane .C,H. 
............. Propane CIHs 

.............. Butane C,Hm 
............. Pentane C,H, 
.............. Hexane C,H, 
............. Nonone C,H, 

.............. Decane C,& 
............. Ethylene C,H, 
............ Propylene C,H, 

Butene-l ............. C,Hs 
Acetylene ............ C,H, 
Toluene ............. (2% 
Benzene ............. C,H, 

Table 4.-Flammability and  Detonability Limits-Gases (17) 

Lower limit, mole % Upper limit, mole 

Mixture flommobility detonobility detonability flammability 

H,-q, ........................ 
........................ H p o ~ r  ................ CO-Q* (moist) 

C O - a i r  ....................... 
CH,--0, ....................... 

...................... CH,-air ...................... C,H,-air 
C,H,,O (ether-, ............. 
C , H & - a i r  .................... 
GHBO, ...................... 
C,H,--air ...................... 

is about 11 mole per cent methane and 
the upper 50 mole per cent methane, 
with the confinement and initiation 
indicated in Table 5. I t  is expected 
that more powerful initiation than 
provided by a blasting cap would ex- 
tend these limits slightly. 

Nitrous oxide, N20,  which has an 
endothermic heat of formation, is ex- 
ploded by a blasting cap, as an atrnos- 
pheric pressure gas at  70° F., but is 
not explosively decomposed by such 
initiation when frozen solid and at  
liquid oxygen temperatures. 

Oils and other insoluble hydrocar- 
bons, slurried in liquid oxygen, may 
be exploded by a blasting cap. Ex- 
plosions involving dissolved fuels un- 
der identical conditions have a higher 
combustion efficiency and are more 
brisant due to the greater intimacy of 
fuel-oxygen contact. 

Addition of 2,000 ppm of NO, to 
an ethane-oxygen liquid system just 
below the lower explosive limit of 
ethane produces no explosion. 

Ozone, at  a low concentration in 
oxygen, when introduced into a slurry 
of acetylene in liquid oxygen, im- 
mediately produced an explosion. 
When introduced into a slurry of 
ethylene in liquid oxygen it did not 
produce an explosion. 

Explosion Initiators 

Only meager knowledge of the 
forces which initiate explosions in 
oxygen plants is available. Despite this 
handicap, constructive recommenda- 
tions can be made to minimize some 
modes of ignition. Because of this 
handicap, we have no assurance that 
there may not be unknown mechan- 
isms of ignition not covered by the 
recommendations. 

I t  is well known that discharges of 
either static electricity or mechanical 

shock can initiate explosion of a sensi- 
tive material. T o  minimize these, ex- 
cessive impingement velocities and 
vibration should be avoided. 

I t  is quite possible that some oxygen 
plant explosions have been initiated by 
obscure chemical reactions. Ozone 
has been under suspicion in this re- 
gard. Experimentally, gaseous mix- 
tures of oxygen and acetylene or 
ethylene have been ignited by addition 
of ozone (15). A slurry of solid acet- 
ylene in liquid oxygen has also been 
ignited by ozone ( 2 2 ) .  I t  is probable 
that the initiator in this particular case 
is a highly shock-sensitive ozonide of 
acetylene. 

Oxides of nitrogen are atmospheric 
pollutants that have been under sus- 
picion. Accordingly, attempts have 
been made to ignite hydrocarbon- 
liquid oxygen mixtures by addition of 
nitrous oxide, nitric oxide, and nitro- 
gen dioxide. To  cite one experiment, 
an explosive mixture of methane, 
acetylene, ethylene, and butadiene was 
added to liquid oxygen and then both 
nitric oxide and nitrogen dioxide 
added. This mixture boiled for several 
hours without event, until detonated 
by a blasting cap. Such findings, to- 
gether with an observation that at  
least one plant has operated safely at  
a high level of nitrogen oxide con- 
tiimination (%) ,  are interesting but 
are by no means conclusive. 

Nitrogen tetroxide, Nz04,  does re- 
act with unsaturated hydrocarbons 
( 25 )  and explosive compounds can 
result ( 2 6 ) .  This tetroxide is readily 
formed from either nitric oxide or 
nitrogen dioxide by the reactions : 

Fig. 4. Schematic diagram of Continuous Total ~~drocorbon Analyzer. 
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When coke oven gas is cooled, a 
resin is deposited, which has occasion- 
ally exploded in main heat exchangers. 
These resins are  believed (27) to be 
formed from nitric oxide or nitrogen 
dioxide and olefins which are present 
a t  a level over one per cent. Neither 
these resins nor anything resembling 
the same type of explosion is known 
to have occurred in an air plant. In- 
deed, such an occurrence is unlikely 
because even a refinery atmosphere 
could contain little more than a minute 
fraction of the olefin concentrations 
in coke-oven gas. 

The possibility of such intermedi- 
ates acting as  initiators is not com- 
pletely excluded. 

Thus, we see that ozone is a plausi- 
ble initiator of oxygen plant explosions, 
but two oxides of nitrogen (NO and 
NO,) remain subjects of conjecture. 
There may well be other manners of 
ignition of which we have no knowl- 
edge. 

I t  would be desirable to  remove all 
components that could possibly be- 
come a source of ignition. The ob- 
vious method of removal is to install 
a n  adsorber in the crude oxygen line 
to remove material more strongly 
adsorbed than oxygen, nitrogen, and 
argon. Since nearly all a i r  contami- 
nants boil well above these, such a 
method should work. In  case the 
adsorbers do not control the offenders, 
the next obvious step is to drain 
liquid oxygen and discard it until the 
level of contamination is again re- 
duced to a safe level. 

Regardless of the method of initia- 
tion, no explosion can occur without 
fuel. This  means we must emphasize 
prevention of hazardous fuel levels as  
the first line of safety defense. As we 
learn more about initiators, monitor- 
ing means may be applied. 

Due to the lack of fuller knowledge 
on initiation, our second line of de- 
fense-preventing ignition-is a weak 
and unreliable one. 

From a recent paper by Lewis en- 
titled "Industrial Explosion Hazards 
Detection" (28) we quote: 

"Knowing that potentially hazardous 
conditions are likely to exist, one may 
accept them and attempt to prevent their 
activation. Obvjously, some idea of the 
ease of initiation of violent phenomena 
is needed. . . . Usually a more realistic 
approach, when the difficulty of identi- 
fying all possible means of initiation is 
thought out, is to prevent the conditions 
which permit the development of propaga- 
tion of explosive reactions." 

Monitoring 

Plant streams can be monitored dur- 
ing operation and the level of con- 

tamination so determined. This level 
measures the approach to a hazardous 
condition. Monitoring techniques vary 
with the particular situation. Process 
cycle, design features, atmospheric en- 
vjronment, and onstream requirements 
all affect the monitoring procedures 
which are selected. Relatively strin- 
gent standards may prudently be set 
for plant startup. These may be modi- 
fied as permanent "ground rules" are 
established through on-site plant ex- 
perience. 

The air separation plant in which 
the entire oxygen product is with- 
drawn from the reboiler as a liquid 
combines a minimum of process design 
and operating precautions. The  liquid 
may be the final product or it may be 
pumped to elevated pressure and 
vaporized by heat exchange. I n  such 
plants, the opportunities for accumula- 
tions of contaminants are minimized, 
reducing hazards. If plants produce 
some or all of their oxygen as a low 
pressure gas taken from the column, 
both plant design and plant operation 
become more critical. If these plants, 
in addition, are  located in industrial 
areas where the concentration level of 
contaminants may be unusually high, 
the need for monitoring is increased. 

The variable nature of air pollu- 
tion must be considered in the formula- 
tion of sound design and operating 
procedures. Allowance must be made 
for temporary surges in contamination 
greatly exceeding the typical values. 
Thus, on rare occasions, the pollution 
levels may override the design safety 
factors and corrective procedures such 
as drainage of liquid oxygen, shorten- 
ing the hydrocarbon adsorber cycle, 
and emergency shutdown may be re- 
quired. Continuous monitoring affords 
necessary guidance in such contin- 
gencies. 

Safety through monitoring requires 
the establishment of safe operating 
limits of concentration. Using the ap- 
proximation that the lower flammable 
limit, expressed a s  methane or carbon 
atom equivalent, is reasonably constant 
and above 5 mole per cent, a value 
such as 500 ppm (safety factor - 
100:l) may be adopted as a tolerable 
level for soluble contaminants. The 
value used in a particular situation is 
dependent upon appraisal of the indi- 
vidual plant contamination spectrum, 
this appraisal being typically a co- 
operative effort of the air separation 
plant supplier with the future plant 
operator. The  utility of the carbon 
atom equivalents approximation as a 
measure of hazard and the possibility 
of  sudden variation in atmospheric 
contamination support continuous 
total hydrocabon analysis as a basic 
feature of the monitoring program. 

Continuous Hydrocarbon Analysis 

A continuous total hydrocarbon ana- 
Lyzer has been developed (22) which 
is sensitive to  any hydrocarbon (or  
other organic combustible) without 
discrimination. (See Figures 4 and 5). 

The  apparatus provides a means for 
continuously analyzing air  plant 
streams for very low concentrations of 
carbon-containing impurities. In 
principle, the apparatus parallels 
classical carbon analysis by oxidation 
of combustible material to  carbon 
dioxide and determining the latter. In  
this apparatus, the hydrocarbons in 
the sample stream are  completely 
oxidized over a catalyst, and the re- 
sultant carbon dioxide analyzed by a 
sensitive infra-red analyzer. 

The  sample introduction may con- 
veniently be sequence-timed to assure 
uniformly repetitive examination of 
several different sample streams. This, 
in effect, affords, with the one instru- 
ment, a substantially continuous trace 
for each sample. A typical strip chart 
record from the analyzer is shown in 
Figure 6. 

The choice of samples for monitor- 
ing is somewhat dependent on the air 
plant cycle, but a sample which is rep- 
resentative of reboiler conditions 
usually affords the most useful infor- 
mation for effective fuel control. The 
air  feed, after compression and dry- 
ing, is often sampled to indicate the 
level of fuel entering the plant. Air 
feed sampling is more significant in 
liquid oxygen or  liquid pump plants 
where the reboiler concentration does 
not exceed five times that of the in- 
coming air. In  plants producing low 
pressure gaseous oxygen, of course, 
the reboiler accumulations will be de- 
pendent upon the vapor pressures of 
each contaminant and the amount of 
liquid oxygen withdrawn as a purge. 

F o r  additional information, occa- 
sional samples are taken from ex- 
changer defrosts, from adsorber re- 
activation gas, from liquid purges and 
other points-some of which a re  
unique with specific cycles. These 
samples a re  generally not essential in 
fuel control but provide supplementary 
information for diagnostic purposes. 
I t  is evident that, although continu- 
ous total hydrocarbon analysis is an 
invaluable aid, an understanding of the 
relative amounts of the individual con- 
taminants is also needed. A total hy- 
drocarbon level of 200 ppm is safe 
only if no hydrocarbons with a solu- 
bility limit below 200 ppm are present 
in excess of their individual solubility 
limits. 

Acetylene is one of the few trouble- 
some hydrocarbon contaminants hav- 
ing a very low solubility. Because of 
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its low solubility and its reactive 
character it  must be monitored sepa- 
rately. Usually this is done by a 
special Ilosvay test made at  scheduled 
times. Such scheduled. tests for acety- 
lene are  adequate so long as results 
remain convincingly low. A set of 
typical rules employed in many well- 
run plants over the years is as 
follows : 

Above 0.2 ppm, tests should be frequent. 
Above 0.5 ppm, corrective measures should 

be taken. 
Above 2 ppm, the plant should be shut 

down. 

The adequacy of this approach is 
reflected in the excellent safety record 
enjoyed by producers of cylinder gases. 
Acetylene is also detectible by infrared 
techniques; such instruments are com- 
mercially available for continuous 
monitoring. 

Individual analyses also serve in 
diagnosis of exact causes of "peaks" 
o r  "high plateaus" in the total com- 
bustible trace. T o  this end, the gas 
chromatograph using the adsorption 
or partition column, or both simul- 
taneously, is a very convenient tool. 
Following concentration, samples as 
small as 0.05% of a component can be 
analyzed in a positive and quantita- 
tively reproducible manner in a few 
minutes. The mass spectrometer, in- 
frared spectroscopy, distillation, and 
other standard techniques of gas 
analysis also serve. Some specific 
tests for non-hydrocarbon contami- 
nants are  indicated in Table 6. 

Extension of some of these analyt- 
ical methods in the ppm or  even into 
the ppb (parts per billion) range is 
facilitated by sample concentr j t' lon 
using a low temperature adsorption 
technique. Atmospheric samples, for 
example, can be concentrated in a 
train consisting of a dry pump, a C02 
scrubber, a drier, an adswption cell 
containing silica gel a t  liquid oxygen 
temperatures, and a wet test meter. 
After passing the necessary quantity 
of air through the sampling system, 
the adsorbed sample is quantitatively 
transferred into a gas measuring 
burette in preparation for analysis. 

Some plant operators conduct 
scheduled total hydrocarbon or indi- 
vidual hydrocarbon analyses on a batch 
sampling basis to provide assurance of 
safe operation in their particular en- 
vironment. Others employ continuous 
observation as their best solution. 

Primary concern for protection and, 
hence, most extensive monitoring, 
must be applied where the most sus- 
ceptible cycle is being operated in the 
most unpredictable atmosphere. Least 
extensive monitoring is necessary 
where the liquid pump plant is oper- 

TIME IN YIMUTES 

Fig. 6. Sample strip chart from Analyzer showing operating cycle. 

Table 6.-Type of Contaminant Anaiyres 

Compound Method of Analysis 

Acetylene After concentration by low temperature freezeout, detect colorimetricolly 
with llosvay solution (30). 

Corbon dioxide After low temperature concentration and obsorption in excess barium 
hydroxide, bock-titrate with acid (31). 

Carbon monoxide o) After C02  removal, concentrote at low temperatures, oxidize to CO? 
and proceed as above, for CO,. 

b) Colorimetric analysis by palladous sulfate and ommonium molybdate (32). 

Hydrogen sulfide Following absorption by zinc ocetote, convert into methylene blue in solu- 
tion, measure colorimetrically (33). 

Nitric oxide Following permonganate oxidation, detect colorimetricolly with Greiss-Soltz- 
man reagent (34). 

Nitrogen dioxide Colorimetric, with Greiss-Saltzman reagent (34). 

Ozone Numerous methods including use of aldehyde, KI, fluorescein, etc. (35). 

General Following low temperature concentration, methane, individual hydrocarbons, 
light organics and nitrous oxide may be determined readily by gas 
chromotogrophy, mass spectrometry, infrared spectroscopy, or Podbielniak 
distillation. 

Fig. 3. Explosion testing apparatus. 
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ated in a continuously clean atrnos- 
phere. 

In short, the extent of required monitoring 
practice can be determined only by careful 
consideratioq of plant cycle, mode of opera- 
tion, the atmospheric level of contamination, 
and knowledge of the properties of the con- 
taminants. 

Appendix A 

SOLUBILITIES IN  LIQUID OXYGEN 

Liquid methane is completely miscible 
with liquid oxygen and, below its freezing 
point, solid methane is very soluble in 
liquid oxygen. Data on this are given 
in Figure 1. The previously published 
data of Fastovskii and Krestinskii ( 9 )  
have been verified and extended. Physical 
chemists will be interested in the ob- 
servation that methane solubilities are 
in fair agreement with values calculated 
from the laws of ideal solution (29) 
using the latent heat of fusion of methane 
corrected for the specific heats of the 
solid and liquid. 

New data on ethane are presented in 
Figure 2, which is a phase diagram for 
the ethane and oxygen system. Above 
about -262" F. liquid ethane and liquid 
oxygen are miscible; between this tem- 
perature and the freezing point (-298' 
F.) these liquids are only partially mis- 
cible. Two liquid phases, one rich in 
ethane, the other in oxygen, can coexist; 
in fact, this situation persists below the 
freezing point down to -308" F. The 
solid ethane has a high solubility in the 
ethane-rich phase down to -308' F., but 
the ethane-rich phase is no longer stable 
below this temperature, and the equili- 
brium is then with the oxygen-rich phase 
to the extent of a reduced solubility. 

So far as is known, the complex nature 
of ethane-oxygen phase equilibria has 

not been heretofore recognized, although 
Cox and DeVries (14) previously studied 
this system, and these same authors did 
note similar behavior of propane and 
propylene with liquid oxygen. 

The solubilities of a number of ma- 
terials a t  a single temperature of -320' 
F. are given in Table 2. I t  may be noted 
that nearly all of these values represent 
original data. The solubilities for many 
of these are limited to a few parts per 
million. A description of three experi- 
mental methods available follows : 

(1) Tztrbidity Method. This technique 
involves preparing a mixture of the de- 
sired concentration of hydrocarbon and 
oxygen and, subsequently, condensing this 
mixture inside a glass bulb and noting 
whether the condensate is one- or two- 
phase. The concentration of hydrocarbon 
in the mixture may be gradually changed 
until successive condensed samples result 
in a sample being clear, if the concentra- 
tion of hydrocarbon is being decreased, 
or cloudy, if the concentration of hydro- 
carbon is being increased. This visual 
method of determination, if carefully 
operated, can be accurate even to 1-2 ppm. 

(2) Freeze-out Method. This tech- 
nique can be effected by totally evaporat- 
ing the contaminated liquid oxygen, pass- 
ing the vapor stream through a freeze- 
out trap maintained at  liquid oxygen 
temperatures and so collecting the hydro- 
carbon or other contaminant. The trap is 
later evacuated to remove the oxygen 
completely, leaving only the relatively non- 
volatile hydrocarbon. Finally, the trap 
is warmed to room temperature. The 
amount of hydrocarbon so isolated in the 
trap can be calculated through knowledge 
of the trap volume and the final tem- 
perature and pressure in the freeze-out 
trap. Care should be taken, however, to 
remove any moisture or carbon dioxide 

during the preparation of the saturated 
liquid oxygen solution. 

(3) Znfra-red k n o ~ y s e r  Method. A 
saturated solution is first prepared and 
then totally vaporized through an infra- 
red analyzer. The total dissolved ma- 
terial is determined by integrating 
these analyzer values. This is a p  
plicable when infra-red equipment is avail- 
able for direct monitoring. Hydrocarbon 
analyzers of the type described in this 
pa$er make it possible to apply this 
method to any hydrocarbon or any 
organic chemical. This technique is not 
a rapid one and requires great care, but 
is capable of high accuracy. 

Appendix B 

EXPERIMENTAL EXPLOSION TESTING 
TECHNIQUE 

One experimental approach which has 
been used (22) in evaluating the explo- 
siveness of hydrocarbon-liquid oxygen 
mixtures is schematically indicated in 
Figure 3. The system consists essentially 
of a gaseous mixture reservoir, a test 
container in its surroundings, and the 
necessary lines, valves, etc., for the intro- 
duction and purging of gases. Some data 
obtained with this system are listed in 
Table 5. The apparatus and technique 
will be described in more detail by 
describing Test Number 5 of this table. 

A copper tube 1-in. O.D. X 4in. long 
was closed at  each end with flat brass 
stock, soldered into place, and a %-in. 
copper tube was soldered as a connec- 
tion to one end. An electric blasting cap 
was taped to the outside of this tube at 
the lower end and the assembly centered 
in the lower part of a gallon can, which 
in turn was placed in an earthen pit and 
covered with oak planks. This test con- 
tainer was connected as shown in Figure 
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Interesting A.IeCh.Ee Pub\ications 

Manuals 
Cl Bubbla t ray  Design Manual-A concise, practical m a n  

ual that enables the engineer to predict efficiencies for com- 
mercial bubble trays used in muiticomponent fractionation, 
6 by 9 in., hard cover. 
$5.00 to members 10.00 to non-members 

Standard Testing Procedures 
17 Heat Exchangers-Sensible Shell and Tube .50 
0 Heat Exchangers-Condensers $1 .OO 
El Absorbers $1 .OO 
0 Impeller-Type Mixing Equipment $1 SO 
Cl Centrifugal Pumps $2.00 

Symposium Series 
0 No. 21 -Computer Techniques in Chemical Engineering 

$3.00 to members $4.00 to non-members 
Cl No. 22-Nuclear Engineering Part V 

$3.50 to members $4.50 to non-members 
0 No. 23-Nuclear Engineering Part VI 

$3.50 to members $4.50 to non-members 
Cl No. 24-Adsorption, Dialysis, and Ion Exchange 

$3.50 to members $4.50 to non-members 
Cl No. 25-Reaction Kinetics and Unit Operations 

$3.50 to members $4.50 to non-members 
0 No. 26-Chemical Engineering Education-Academic and 

lndus trial 
$3.00 to members $4.00 to non-members 

0 No. 27-Nuclear Engineering Part VII 
$3.50 to members $4.50 to non-members 

0 No. 28-Nuclear Engineering Part Vlll 
$3.50 to members $4.50 to non-members 

17 No. 29-Heat Transfer-Chicago 
$4.00 to members $5.00 to non-membdrs 

Include 3% Sales Tax for delivery in 
New York City. Mai 1 check to American 
Institute o f  Chemical Engineers, 
25 West 45 Street, New York 3 6 ,  N. Y. 
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