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ABSTRACT 

This Final Report summarizes the work performed in accordance 
with contract AF 33(6l6)-6730.   The purpose of this study was to 
develop a better understanding of the physical, chemical and 
mechanical relationships involved in developing realistic parameters 
for specification purposes for the application of oxygen to missiles. 
The significant sources and degree of contamination are supplied as 
a background survey and the current specifications for liquid oxygen 
and ground support equipment are discussed.   Recommendations for 
liquid oxygen specifications and for equipment operation are presented. 
Sources and mechanisms for ignition of Liquid Oxygen systems, factors 
related to solid contaminants, cleaning and purification of oxygen equip- 
ment and handling systems   have been included.   Also as part of this 
contract, the contractor developed safety standards for use in high 
pressure oxygen and helium gases for later incorporation in the Liquid 
Propellant Safety Manual published by the Liquid Propellant Information 
Agency.   As part of this program, a three-month analytical survey was 
made at Cape Canaveral and summarized herein. 

A bibliography and Appendixes are attached. 
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L   INTRODUCTION 

Over the past several years, several groups and agencies associated 
with rocket propulsion have been concerned with the quality of liquid 
oxygen required to insure reliable performance.   The work of these 
groups has resulted in several sets of recommendations and specifi- 
cations, each of which reflects the opinions and viewpoints associated 
with the group's specific problems.   This present program was esta- 
blished to provide assistance in resolving the different viewpoints and 
to present current information and guidance to users of liquid oxygen 
and designers of liquid oxygen handling systems. 

In July 1959, Air Products and Chemicals, Inc. was awarded a study 
contract to investigate the significance of contaminants of liquid oxygen, 
the sources and degree of contamination, and on the basis of these 
findings, to establish design criteria and recommended procurement and 
use limit specifications for the missile liquid oxygen.   This study in- 
volved a background survey intended to identify the various soluble and 
insoluble contaminants which are found in liquid oxygen, and their com- 
patibility with liquid oxygen and with each other under the environments 
which are encountered in liquid oxygen systems. 

Sources of contamination and factors relating to prevention of occurrence, 
solubility of each contaminant in oxygen.  Lower explosive limits for 
flammable contaminants, and general important physical and useful con- 
stants of oxygen in all contaminants as related to each other were to be 
investigated.   These data were to be correlated and used to determine 
practicable tolerable limits for production and use limits for missile 
oxygen.   Inasmuch as it was recognized that the problems of sampling 
and analyzing for impurities in liquid oxygen arc difficult and that the 
utilization of realistic specifications for liquid oxygen require the 
selection of both sampling methods and analytical techniques suitable to 
fulfill the requirements, a study of methods of detection and analysis was 
included in the agenda.   It involved a review of sampling procedures and 
devices,  laboratory and field analytical procedures, and equipment. 
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Phase II of the program involved a review of the hardware and pro- 
duction system design concepts and the recommendation of factors 
relating" to these concepts which will reduce or minimize contamination 
and facilitate the inspection and cleaning and increase operational study. 

Phase III requested recommendation of definitive specifications of 
procurement storage or load limits or end use limits for missile 
liquid oxygen, including such quality control procedures as are 
necessary. 

In May 1960 this program was expanded to cover an investigation of 
the sources and mechanisms for ignition of contaminated missile liquid 
oxygen.   This included such experimental programs as were deemed 
necessary to verify existing data in this field.   Such variables as rates 
of charge buildup, system geometry and dynamics of the phenomenon 
of static electricity in liquid oxygen systems were to be covered.   Other 
possible sources and mechanisms for ignition such as were considered 
of importance were to be added.   By this time, the peculiarities of the 
solid carbon dioxide, liquid hydrogen system has been noted, the 
possible effects of the existence of solid carbon dioxide in the missile 
fuel oxidant had been considered and a request for determination of 
the factors relating to solid contaminants, particularly solid carbon 
dioxide, were1 requested.   This involved determination of the factors 
relating to the agglomeration of small crystals or particles of insoluble 
contaminants such as carbon dioxide and the heavier hydrocarbons, 
determination of their effect on oxygen systems, and recommendation 
of limits for operating conditions.    Recommendations for proper opera- 
tional conditions to reduce or eliminate the solid contaminants were 
also to be provided.   This involved a thorough investigation to determine 
the relative merits of the different types of filters for removing solid 
material from liquid oxygen.   Specific filters were to be recommended 
and if commercially available equipment was not suitable, design criteria 
were to be developed. 

As a normal outcome of the work done to this point, Phase VI of the 
expanded program requested development of uniform cleanliness 
standards for oxygen equipment.    Specifically declared beyond the 
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scopo of this conlnicl was (ho dcvclopmont of cleaning agents, equip- 
ment, and teclmiques.   However, development and recommendation of 
suitable means of inspection and surveillance of liquid oxygen systems 
to assure proper cleanliness was required as was a study of methods 
of removing contamination from liquid oxygen at the storage site and 
the recommendation of the use of such techniques to reduce the disposal 
of contaminated oxygen and reduce the need for stringent cleaning 
requirements of oxygen systems. 

In the study of the design concepts under Phase II of the original 
program,  it became obvious that the liquid   propellant safety manual 
did not provide safe handling instructions for the high pressure gases 
used in the ground support systems, therefore Phase VII of this pro- 
gram involved the production of three chapters for the Liquid Propel- 
lant Safety Manual covering safe handling procedures for high pressure 
gaseous oxygen,  nitrogen, and helium. 

As this study program progressed further   it became obvious that there 
would be considerable advantage in having available data developed by 
an on-site sampling program which, might be conducted at Cape Canaveral 
or Vandenberg.     Supplemental Agreement No.  2 to the contract was then 
evolved and during January,  February, and March of 1961 a continuous 
sampling and analyzing program was carried out with the sampling done1 

using the Air Products sampler at Cape Canaveral and using (he newly 
developed Multi-Contaminant Analyzer at the Research and Development 
Center at Emmaus,   Pennsylvania for the analytical phase. 

A Summary Progress Report was issued in July 1960 covering the first 
year's work.   This final report includes that information and also the 
work done since July 1960 on the first and second supplementary agree- 
ments attached to the contract.   Recommendations for additional work 
which should be performed are also included. 
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II.    DISCUSSION 

This study was not aimed specifically at the understanding of the 
reasons for operational malfunctions.   Rather, by logical evaluation 
of the potential role of contaminants,  it was the intent to develop 
rational criteria for determining realistic limits for these contami- 
nants in liquid oxygen as produced at the air plant, as delivered to 
the propellant-loading-system storage, after storage for various 
periods of time, and for reust1, 

SIGNIFICANCE OF CONTAMINANTS 

Types of Contaminants 

Three types of contaminants were of concern in this program: 
(a) combustible contaminants, solid or dissolved,  which may constitute 
a fire or explosion hazard to both general safety and equipment; 
(b) solid inert contaminants which may contribute to mechanical mal- 
functioning of the propellant loading system or the rocket engine; 
(c) dissolved inert contaminants which may affect the rocket thrust 
or, under certain circumstances,  might interfere with engine ignition. 

Combustible Contaminants 

Combustible contaminants are considered to be compounds which will 
react with oxygen upon suitable ignition, producing sufficient heat of 
reaction to raise the temperature of the reaction products to the 
ignition temperature.   Typical combustible contaminants are methane, 
acetylene, and butane.   In a few cases, notably acetylene and ozone, 
the heat of decomposition of the compounds themselves is sufficient to 
raise the temperature of the decomposition products to this temperature. 
This phenomenon will be discussed briefly in a following sub-section on 
"Initiation". 

The hazards of combustible contaminants are obvious and of great 
importance.    Considerable injury and damage from fires and explosions 
have resulted from the reaction of combustible contaminants in liquid 
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oxygen systems.   Although emphasis in the following discussions may 
be placed on particular combustibles such as methane or acetylene, 
the statements made will generally apply to all combustibles. 

Dissolved Combustibles 

In order to support ignition in liquid oxygen, dissolved combustibles 
such as methane, must be present in concentrations sufficiently 
high that the heat of reaction raises not only the reaction products 
but also the excess liquid oxygen to the ignition temperatiire„   Thus, 
a limiting concentration called the "lower explosive limit" or "lower 
flammability limit" (LFL) is associated with the presence of insuf- 
ficient fuel.   Any concentration of combustible at or above this limit 
is flammable and, therefore, extremely dangerous and must be 
avoided.   It should be pointed out that the LFL is affected by the 
external factors such as pressure, temperature, and type of ignition. 

The LFL of a mixture of combustibles is a function of both the con- 
centration and the LFL of each combustible in the mixture (21). 
The contribution of each combustible to the flammability of a mixture 
of combustible's may be deducted from the following approximate 
equation: 

C_l 

Ll 

C2 
CO L. 

C m 
Jm 

(1) 

where 

Cj    Ci, C2 

Li     Li, L2 

Cm 

Lm 

Cn     concentration of individual combustibles 

I.n     LFL of individual combustibles 

total concentration of all combustibles 

LFL of mixture 

Cm       > 

■ni 

1, the mixture is equal to or exceeds the LFL. 
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Tliis oqualion illustrates IIK   principU' ol' ";l(l(llli\■(,■ coiilaniination" 
which is discussed hclow.  "Degree of Coula miuatiou".    (See also 
Appendix A.)   Although il was established for gaseous mixtures, 
it also applies to liquid solutions, even at liquid oxygen temperature. 

Solid Combustible's 

If the solubility limit nf a cuiitaminaiil in liquid oxygen is below the 
lower flammabilih' limit, the liquid phase will not support combustion. 
However,  if the contaminant is present in quantities greater than 
the solubility limit, a flammable hazard does exist due to the re- 
sulting fuel-oxygen slurry,    ftven the smallest grain of combustible 
solid in liquid oxygen has the potential of continued burning upon 
suitable ignition, and the concept of flammability limit, based on 
average concentrations, does not strictly apply.    Although one small 
particle might not be dangerous m itself, a collection of such particles 
in liquid oxygen could be serious,  since ignition may propagate from 
particle to particle.    The hazard of solid combustibles can be avoided 
by preventing either the formation or accumulation of solid particles. 

Acetylene historicallv lias been tiw most important solid combustible 
contaminant and should reeeive special attention among all of the 
combustibles for several reasons     First,  it is quite insoluble in 
liquid oxygen; second,   it may show up in the air plant feed stream at 
concentrations above tin   ultimate solubility limit; and third,  it is 
readily triggered into ignition.    Although other solid combustibles may 
appear on occasion,  i.e  ,   residua! solvents, the control of sutdi 
materials depends on proper chvuiing and inspection procedures. 

Solid Inert Contaminants 

Solid inert contaminants are eonsmered lo be small particles or fibrous 
materials,  essentiallv msmuMe in and mireactive with liquid oxygen. 
These contain inanl ■ an  d i\ ided mlo I wo categories:    insoluble material, 
such as rust and mela I i ram nein;    h i i ved from the equipment; and 
slightly soluble conbnninanls,  parlicula rly carbon dioxide and water, 
which are associated with the product ion and handling ol liquid oxygen. 

There are several lia/.a i dous eha r icteris! ics ol solid inert contaminants 
Which shou Id in   c 'MSidi n d. 
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First, and most important, solid inert contaminants may interfere 
with the mechanical operation of the system.   Mechanical inter- 
ference by solid contaminants is one of the most common causes of 
malfunctions in a LOX-handling system.   These contaminants may 
cause the plugging of filters, lines, injectors, etc.; they may cause 
binding of mechanical movements by intruding into regions of small 
clearance; they may prevent valves from seating or flanges from 
sealing. 

Second, the solid particles moving with the fluid stream   may cause 
erosion within the fluid passages.   Erosion produced by the abrasive 
action of the solid particles will usually be relatively minor, but in 
certain critical places where high velocities occur, such as at 
turbine blades, the solids can create considerable damage. 

Third, the solid particles may accumulate static charges of electricity, 
which may discharge within the fluid.   The accumulation of static 
charge will not cause damage by itself, but it is conceivable that a 
spark discharge originating from the static charge could initiate the 
reaction of combustible materials. 

Dissolved Inert Contaminants 

Dissolved inert contaminants are considered to be materials, such 
as nitrogen or argon, which are unreactive and quite soluble in 
liquid oxygen. 

Nitrogen and argon are the principal dissolved inert contaminants in 
liquid oxygen.   These contaminants are significant only to the degree 
that they serve as diluents for the liquid oxygen.   Since missiles using 
liquid oxygen as the oxidant generally operate on the fuel-rich side, 
dilution of the oxygen will accordingly reduce thrust and the ultimate 
range or payload.   A discussion of the effect on rocket range by the 
dilution of liquid oxygen with nitrogen can be found in a recent report 
(30).   Argon will have a slightly greater effect than nitrogen on the 
specific impulse because of argon's higher molecular weight. 
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Initiation 

At the low temperature of liquid oxygen, chemical reaction rates are 
extremely slow.   Even though a potential heat of reaction may be very 
high, spontaneous reaction rates are generally so slow that normal 
heat transfer mechanisms are sufficient to remove the small quantities 
of heat produced.   However, the sudden addition of external energy to 
a local region can raise the local temperature and the reaction rate, 
resulting in a chain reaction when the heat released is greater than 
the heat absorbed by the surroundings.   Such a reaction could easily 
become explosive.   Initiation of a runaway reaction can be accomplished 
in a variety of ways, the more common including; 

a. Mechanical energy introduced in the form of friction or impact. 
b. Electrical energy introduced by spark discharge or resistance 

heating. 
c. External heat introduced by convection, conduction or radiation, 
d. Catalysts. 

In some cases, the initiating methods cannot supply sufficient energy 
to complete the ignition process.   However, if additional chemical 
energy is available from an easily-triggered source, such energy can 
act as a booster charge, causing the1 ignition to continue.   Acetylene, 
ozone, and several other materials which may contaminate liquid 
oxygen have sufficient stored energy to act in this fashion.    Further 
discussion of this point is presented in Appendix A. 

SOURCES OF CONTAMINATION 

For purposes of illustration, Figure 1 is a simplified flow diagram of a 
typical liquid oxygen supply system from the air separation plant to the 
missile tank.   A liquid oxygon supply system offers several opportunities 
for contamination.   The major sources of contamination consist of: 
produced liquid oxygen.; transfer operations; nitrogen pressurization. 
The minor sources of contamination will include:   vent lines and relief 
valves; residual contamination; equipment deterioration. 
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Produced Liquid Oxygen 

Liquid oxygcMi, as produced by the air separation plant and received 
by the plant storage tank, contains contaminants which have not been 
completely removed by the process used for separating oxygen from 
air.   The ultimate source of most of this contamination is. of course, 
the air feed to the separation plant, and the quantity and variety of 
contaminants found in the liquid oxygen depend to a large extent on 
the effectiveness of their removal during the separation process. 

Of the contaminants passed by the separation plant, the produced 
liquid oxygen contains a portion of the acetylene, the light hydrocarbons 
(less than C4), and other combustibles,   A portion is removed in the 
waste nitrogen, and the reminder accumulates in driers, heat ex- 
changers, and adsorbers.   However, the liquid oxygen as produced 
must be considered as a major source for combustible contaminants. 
In addition,  liquid oxygen as produced may contain carbon dioxide in 
varying amounts, and very small quantities of particulate matter from 
the hydrocarbon adsorbers. 

Transfer Operations 

Whenever operations require the connection or disconnection of a 
transfer line, the opportunity for introducing additional contamination 
arises.   At the time of connection, atmospheric contamination or 
dirt may be trapped in a section of the transfer line, to be carried _ 
into the system by the liquid.   At the time of disconnection atmospheric 
contamination may deposit inside the cold transfer equipment,  ready 
to (Miter the rest of the system during the next transfer operation. 
Field and laboratory experiments have shown that strong convective 
currents are formed by the density difference between cold oxygen 
vapors and warm ambient air,.   As the cold, denser vapors flow out 
of the low points of cold transfer equipment, the warm,  less dense 
air flows in at the high points, depositing moisture and other con- 
densables in the form of frost.   This phenomenon occurs in a matter 
of seconds in the rase of a transfer line with cold vapors flowing from 
the open end.    It is suspected that much of the C02 contamination 
appearing in the oxygen liquid at its final point of analysis has 
entered via transfer operations. 
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Nitrogen Prossurization 

A tliircl major source of contamination is the use of the nitrogen 
prcssurization technique to transfer liquid oxygen from one lank 
to another.   If it is assumed that only pure gaseous nitrogen is 
used for pressurizing, then the only contaminant introduced at 
this poinl is nitrogen. 

Vent Line and Relief Valves 

Previously,  it had been assumed that atmospheric contamination 
entered liquid oxygen systems through open vent lines and relief 
valves by a back-diffusion process.   However, an experimental and 
mathematical study conducted under the present contract Ins in- 
dicated that contamination by back-diffusion is minor.   This does 
not mean that atmospheric contamination cannot enter through vent 
lines; but oidy that there is no long-term persistent contamination. 
The amount of contamination introduced through vent lines by 
barometric pressure surges has not been established. 

Residua! Contamination 

Residual contamination in a liquid oxygen handling system may 
consist of cutting oils, solvents, and metal chips and other 
particles left from fabrication or cleaning operations,,   With 
strict adherence1 to proper procedures, there should be very little 
residue.    However,  mistakes and carelessness have1 resulted in 
unpredictable contamination. 

Kquipmcnt Deterioration 

As with any complex mechanical equipment,  long-term deterioration 
must I»1 expected.    Moving parts, such as valves and pumps, will 
wear and contribute to particulate contamination.   In liquid oxygen 
systems, sources of such contamination will include;   particles 
from fillers, attrition of solid adsorbents, and erosion of metal 
parts by solids carried in the liquid oxygen stream.   Although the 
quantities are small, these1 contaminants cannot be ignored, 

11 



cniä /ioduc& and (Jtemicaü 

DEGREE OF CONTAMINATION 

Change in Contaminant Concontration 

Missile liquid oxygen is handled at a temperature (-297nF) close 
to its boiling point, and the slight addition of heat will cause 
the oxygen to boil,    The extremely low temperature of liquid 
oxygen means that heat will be supplied to it from the1 surrounding 
atmosphere and that it will be evaporating constantly.   Dissolved 
contaminants with vapor pressures higher than oxygen, such as nitro- 
gen, argon, and carbon monoxide, will vaporize more quickly than 
the oxygen,  while contaminants with vapor pressures lower than 
oxygen, such as methane and acetylene, will vaporize less quickly 
than oxygen.    Consequently, in a given amount of liquid oxygen, 
contaminants with high vapor pressure will decrease and contami- 
nants with low vapor pressure will increase in concentration with 
the passage of time or with additional handling operations. 

In many cases, the design of equipment and the arrangement of piping 
can magnify the problems of contamination either by encouraging 
l,w..,  1    .w „,,,1.,( w>,,    ^f    f-,0;,-),.    ,-.>*    KIT    ,.,^Wi.^v    io^l.Or 

i,h ,,.,, ,,  ^, M,,,.;   x igures 2, 3, and 4.    Figure 2 
illustrates the type of small pockets which can act as traps for 
suspended solids.    Figure' 3 shows how a large1 quiet region can 
encourage the accumulation of solids.   It is interesting to note 
tli.it accumulations of carbon dioxide have been found in 28,000 
gallon storage tanks which are in the proportions indicated in 
Figure 3.   An example of the type of equipment arrangement which 
encourages the build-up of contamination is the liquid oxygen 
catch tank shown in Figure1 4.    In this case,  liquid oxygen flows 
into the tank,  but only vapor leaves the tank.    This automatically 
leads to accumulation of less volatile1 contaminants. 
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Combustible Containinants 

All of the common combustible contaminants, except carbon monoxide, 
are less volatile than oxygen and consequently will increase in 
concentration as the liquid oxygen is vaporized.   Thus, a safe con- 
centration of a dissolved contaminant at the beginning can reach 
dangerous proportions by the time the oxygen is to be used,.   This 
means that the problem of controlling combustible contaminants 
would become more1 severe as the liquid oxygen passes through the 
supply system. 

Of the potential combustible contaminants, the ones that are 
currently considered on a routine basis for analysis and control 
are the hydrocarbons and acetylene.   Although other combustibles 
may appear as a result of unusual circumstances, the quantities 
are usually too small for routine detection.   An analysis of the 
degree of contamination by combustible materials may be based on 
the following simplifications; 

a. The only combustibles of significance other than 
acetylene are the hydrocarbons. 

b. Acetylene is considered in a class by itself and not 
included in the hydrocarbons. 

c. Hydrocarbon molecules with more than four carbon 
atoms are reduced in the air separation plant to 
insignificant concentrations. 

d. The flammability limit is based on the total con- 
centration of carbon atoms regardless of the type 
of hydrocarbon. 
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The principle of additive contamination, mentioned previously 
under "Significance of Contaminants", makes it possible to 
relate the combustible contaminants.   The various combustible 
contaminants can be rated on the basis of their heats of com- 
bustion, with methane used as a reference standard.   In the 
case of the hydrocarbons, which are assumed to be the only con- 
taminants, the heat of combustion on a mole basis is roughly 
dependent on the number of carbon atoms in the compound.   Since 
the flammability limit is a function of the overall heat of 
combustion, this limit will depend on the type of hydrocarbon 
supplying the carbon atoms.   Consequently, all hydrocarbons can 
be conveniently calculated as methane equivalents and added 
together.   Table I presents a list of analyses of liquid oxygen 
obtained from a number of representative plants, showing total 
hydrocarbons and acetylene.   Total hydrocarbons are reported as 
methane equivalents in ppm by mole.   It can be seen from Table I 
that, although total hydrocarbons are generally less than 50 ppm 
and acetylene is generally less than 0. 25 ppm, in some cases 
concentrations may run somewhat higher depending upon local 
conditions.   Table II presents in more detail some of the analyses 
shown in Table I.   As can be seen, methane is the major com- 
bustible contaminant. 

Although emphasis has been placed in this discussion on the flam- 
mability limits of combustible contaminants, it is important 
to note that specification limits are based on solubilities and 
not on flammability limits.   Since.it is not practical to identify 
the specific combustible contaminants in solution, it is necessary 
for reasons of safety to assume that the solubility of the "com- 
bustible" hydrocarbons (excluding acetylene, hydrocarbons of more 
than four carbon atoms, and non-hydrocarbon combustibles) is equal 
to a solubility of the least soluble hydrocarbon (four carbons or 
less).   The least soluble "combustible" hydrocarbon is isobutylene 
which has a solubility of 560 parts per million methane equivalent. 

17 



C?ftA ryctuctl a»i/ CmmiazU 

TABLE  I 

OXYGEN CONTAMINANTS ANALYSES IN REPRESENTATIVE PLANTS* 

Plant 
Acetylene 

Hydrocarbons**     ppm (mole basis)       Carbon Dioxide 

A 

B 

C 

D 

E 

Liquid Oxygen Plants 

12 to 18 <0. 5 

4 to 35 < 0.01 

21 to 27 

15 to 25 

24 to 26 

< 0.25 

< 0.25 

< 0.25 

3 to 6 

0. 5 to 1 

0. 5 to 4 

15 to 30 

21 to 24 

Gaseous Oxygen Plants (Liquid from Reboilcr 

p*** 1 to 12 <0.01 -_ 

G 21 to 35 < 0.25 1 to 2 

H 10 to 30 < 0.05 -- 

I 20 to 131 -- 1,000 to 2, 000 

.1 353 < 0.003 2 

*   Based on information from private communications. 
*♦   As methane equivalent. 

***   Gaseous oxygen product. 
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Inso!ul)lo or Slightly Sokiblo Inert Contumiiiaiils 

Insoluble (particulato matter) 

The quantity of particulato matter resulting from equipment 
deterioration or poor cleanliness standards cannot be pre- 
dicted with accuracy.    A number of examinations have been 
made by investigators at different limes with the desire 
to clarify the picture of particulate contamination,. 
Table III presents a summary of particle counts made from 
liquid-oxygen samples taken at Patrick Air Force Bast1 over 
a period from July,  1957 through January 1960.   These samples 
provide an indication of the ranges of particle sizes and counts, 
although unfortunately no information is available as to the 
location of the sample taps. 

One examination of a plant storage tank revealed particulate 
matter in the form of dust accumulated at the bottom of the 
lank.   Subsequent analysis of this material showed that it 
consisted principally of oxides of aluminum,  iron, and silicon 
with a small amount of oil.   Additional limited inspection 
showed little particulate matter in the storage vessels and 
piping beyond the plant storage tank,,    From the analyses, it 
appears that the dust resulted mainly from the hydrocarbon 
adsorbers.   Although it is presumed that fillers remove par- 
ticulate matter down to particles less than 40     in diameter, 
at least one investigation (24) has found particulate matter 
larger than 200     in produced liquid oxygen.    Particulate 
contamination should be small in the rest of the supply system 
if proper materials of construction are used and proper handling 
and cleaning procedures are followed. 

Slightly Soluble Inert Contaminants 

In this category, only carbon dioxide will be considered, since 
it is almost always present and because1 measures taken to 
reduce1 CÜ2 will be generally successful in eliminating the 
negligible quantities of other slightly soluble compounds,. 
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TABLE    II 

:ONCENTRATION OF DIFFERENT HYDROCARBONS 

IN REPRESENTATIVE OXYGEN PLANTS 

Plant & 
Type_ Total* Methane 

A - Liquid 12 to 18 10 to 15 

H - Gaseous 10 to 30 10 to 30 

I - Gaseous 20 to 131 19 to 115 

J - Gaseous 353 no 

Hydrocarbons - ppm by mole as Methane Equivalent 

C4 or less**        C5 or more 

0.4 to 15 

243 

0 

0.06 to 4 

Traces 

*  Excluding acetylene 

**  Excluding methane 
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TABLE    HI 

PARTICULATE MATTER IN LIQUID OXYGEN* 

Minimum and Maximum Parti cle Count for Mi( ̂ ron Sizes** 
Sample 
Source 10-20 20-40 40-80 80 

A BMA 480 - 6540 120 - 1860 120 - 1080 14 - 120 

Complex 14 780 - 1740 290 - 300 26 - 180 8 - 14 

Convair 120 - 9780 53 - 1200 12 - 900 0- 240 

Douglas 720 - 17400 85 - 5640 0 - 1680 0 - 240 

Martin 4020 - 15360 600 - 1140 240 - 540 24 - 36 

PAA 220 - 9480 40 - 3060 0 - 780 0 - 100 

Vanguard 660 - 11400 120 - 2580 60 - 480 6 - 72 

Thor-Able 3360 1380 420 180 

Patrick Plant 420 50 50 20 

* Samples analyzed at Patrick Air Force Base during the period 
July,  1957 through January,  1960. 

:* Sample size - 100 ml of liquid oxygen. 
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The solubility of carbon dioxide in liquid oxygen (3, 9,  15) 
is presented in Figure 5.   It can be seen that, at the usual 
storage and handling temperature (-297°F) of liquid oxygen, 
tiie solubility of CO2 is about 4. 5 ppm.   As explained pre- 
viously, any concentration of CO2 above the solubility limit 
is undesirable, but analytical data show that such conditions 
do exist in liquid oxygen supply systems.    Limited field 
data at launch and test sites (2, 23) show  that stored liquid 
oxygen contains CO2 in the range of 12 to 300 ppm.   Carbon 
dioxide is normally present in the air feed to oxygen plants 
at concentrations of about 300 ppm.   Although most of the 
CO2 is removed in the separating process, the commercial 
use requirements and economics of liquid oxygen manufacture 
do not require the complete removal of 002-   The figures 
shown in Table I should not be taken as representative of the 
range of possible CO2 contamination in produced liquid oxygen. 
The lower concentrations indicated may be routinely obtained 
through suitable plant operation.   A further limitation on 
the figures of Table I is placed by the difficulty of obtaining 
a representative sample of suspended solids. 

If liquid oxygen contains CO2 dissolved to the saturation point, 
slight changes in temperature or pressure may cause CO2 to 
precipitate.    Precipitation can be induced by ,1 sharp decrease 
in pressure, such as might occur at a valve or orifice, or 
solid CO2 might appear by flash evaporation of the liquid 
oxygen at a local hot-spot.   A mathematical analysis of the 
time required to dissolve CO2 particles in liquid oxygen 
showed that, once solid CO2 has precipitated out of solution, 
it is difficult to redissolve the precipitate even though the 
liquid oxygen may no longer be saturated with CO2.    The large 
difference1 between the rate of precipitation and the rate of 
re-solution can easily result in the build-up of solid CO2 in 
quiescent regions. 

Even if carbon dioxide is not present initially, every transfer 
operation exposing cold internal parts to the atmosphere will 
inlroduce CO2.   The quantity of CO2 introduced with each 
transfer operation depends on the operator and on the procedures 
followed.    To further aggravate the problem, the continuous 
vaporizatio+i due to heat leak to stored liquid oxygen increases 
the concentration of C02- 
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Misriblo Inert Contaminants 

NilrogcMi and ar^on are the only misciblc contaminants of im- 
portance.   Sincp the only source of argon contamination is the 
liquid oxygen produced in the liquid oxygen plant, no increase 
in the argon contamination can occur after the oxygen enters 
plant storage tanks.   The initial concentration of argon in the 
produced liquid oxygen is not permitted to rise above 5000 ppm 
(0.15",'.),  this quantity comprising the bulk of the contamination 
existing in the liquid oxygen.   Since argon is slightly more1 

volatile than oxygen, the argon concentration will decrease 
slowly by preferential vaporization as the liquid oxygen passes 
through the supply system.   This decrease in concentration is 
illustrated in Figure 6 where it can be seen that the degree of 
argon contamination changes only slightly throughout the lifetime 
of the oxygen liquid. 

The amount of nitrogen in liquid oxygen as received from an oxygen 
plant is relatively low.   As is the case with argon, the nitrogen 
content will also decrease by preferential vaporization, although 
much more quickly.   The vaporization rates of the two contaminants 
can be compared in Figure G where it can be seen that the change1 

in nitrogen concentration is much greater than the change in argon 
concentration. 

The major source of nitrogen contamination during transfer and storage 
is the use of gaseous nitrogen pressurization to transfer liquid oxygen. 
There has been some disagreement on the amount of contamination from 
this source1 (29, 30), but the experimental evidence shows that the re- 
sulting contamination by nitrogen can be tolerated for most missions. 
In addition to the references quoted, experimental work performed under 
the present contract showed the slight degree of contamination by nitrogen 
due to pressurization. 

CURRFNT SPFCIFICATIONS FOR LIQUID OXYGEN AND EQUIPMENT 

Liquid Oxygen Specifications 

Liquid oxygen is procured for missile use according to Mi lila 17 Specifi- 
cation MIL-P-2r)50H-C USAF. dated November 7,   1960.   This specification 
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requires (hat Ihc purity of the li(iiiici oxygt'n, when gasified, shall contain 
not less than 99. H percent oxygen by volume.   The remaining 0. 5 percent 
is mostly argon.   The combustible and relatively insoluble impurities 
contained in liquid oxygen as produced and procured are limited to the 
parts per million range, as dictated by process and safety considerations 
in liquid oxygen maniifacfure. 

These tentative procurement and use limits, presented in Table IV, wore 
established as a result of a series of conferences including rocket engine 
manufacturers,  military representatives, liquid oxygen producers, and 
advisors (1, B,  11 through 14,  28, 31). 

Initially the total hydrocarbon procurement limit was set at 75 ppm by 
weight as carbon, and the use limit at 225 ppm by weight as carbon, to 
permit a maximum of three-fold concentration of impurities.   More 
recently the procurement total hydrocarbon specification was reduced to 
25 ppm by weight because liquid oxygen producers ran, and are supplying 
product of this quality.   The use limit was not changed 

These limits define concentration as parts per million on a weight basis, 
but there has apparently oi "ii some confusion as a result of the use of 
this convention.   A concentration of 225 ppm by weight,  measured as 
carbon,  is equivalent to (500 ppm by mole measured as carbon.   Liquid 
oxygen manufacturers consider 500 ppm by mole to be the maximum safe 
limit and will stop operations before this value is reache <.   If the 225 ppm 
is on the mole basis, the value is entirely consistent with non-hazardous 
operation 

II is believed that the total hydrocarbon concentration should be defined in 
more explicit terms to avoid confusion.   For example, n-pentane, a hydro 
carbon, has a solubility in liquid oxygen of 200 ppm by mole, as carbon. 
At 225   ppm by mole,  this hydrocarbon would represent a hazardous con 
dition.    The 500 ppm by mole maximum safe limit recognized by liquid 
oxygen producers applies only to hydrocarbons containing lour carbon 
atoms or less, excludiiu; acetylene compounds. 

Therefore,  it is ,,;.Mimed in this report that the interim limits meant 
ppm by mole measured .is methane or carbon (on a mole basis the 
numerical value will be identical for either).    Further,  the total hydro 
carbons will be interpreted as C4 or less hydrocarbons. 
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TABLE   IV 

LIQUID OXYGEN INTERIM SPECIFICATIONS 

MIL-0-25508A    USAF    (June 21.  1957) 

Procurement Use 

Oxygen, percent by volume - minimum 99.5 

Total Hydrocarbons, ppm by weight 
minimum 25 as Methane      225 as C 

Acetylene, ppm by weight, maximum 0.5 1.5 

Moisture, dewpoint 0F - maximum -65 

Filterable Solids 

Filter Rating, microns 

Filter Absolute, microns 

Maximum Solids, mg/liter 

10 40 

40 72 

2.5 
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Equipment Cleanliness Specifications 

Propel Ian t Loading System 

Standards of cleanliness for propeilant loading systems have been 
defined in specifications issued by Headquarters, Air Force 
Ballistic Systems Division.    For liquid oxygon, these specifications, 
presented in Table1 V,   require that the effluent liquid oxygen from 
the system shall not exceed the limits set for total hydrocarbons, 
acetylene, and solid particles. 

The 25 ppm by weight total solid particles limit of these cleanliness 
specifications is equivalent to 2.9 milligrams per liter of oxygen as 
compared to 2. 5 milligrams per liter specified by the interim pro- 
curement and use limits.   (Fuel propeilant loading systems are 
limited to ten times this amount of solid particles.)   The equipment 
particle size is limited to a maximum dimension of 150 microns 
while the interim procurement and use limits specify 40 and 72 
microns absolute1,  respectively.   These differences could result 
in the propeilant loading system contributing solid contaminants 
to liquid oxygen in excess of the use limit for the latter. 

Rocket Propulsion System 

Manufacturers of rocket propulsion s>(ems (1) specify the limits 
presented in Tabu1 VI for the liquid oxygen hardware1 components 
of the missile1.   These specifications are broader than those1 for 
(he1 loading system.    Cemceivably,  liquid oxygen loaded into the 
missile1 cenild on return to the- launch-site support equipment e'on- 
lamin,lie Ihe1 latter to a point that it is in excess of its cleanliness 
specifications. 

SUPPLEMENTAL AGREEMENT NO.  1 

Sourcesand MeH'hanisms for Ignition 

Ignition of a nonhype'rgolic system requires a combustible system and a 
sourer of energy.    Probable ignitiem initiators found in liquiel e)xygeii 
systems are not highly energetie'.    Liquid oxygen systems e'an detonate1 

by initialing a combustion wave with a wende ignition soure;e.   This com- 
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TABLE    V 

CLEANLINESS SPECIFICATIONS FOR LIQUID OXYGEN 

PROPELLÄNT LOADING SYSTEMS 

Maximum Limits of Contaminants In Fluahlng Liquid Effluent 

Total hydrocarbons, by weight as carbon 

Acetylene (Illosvay method) 

Total solid uarticles (by weight) 

75 pom 

1.0 üpm 

25 ppm 

Particle distribution None over 
150 microns* 

Water content None 

* Liquid oxygen used for the system teat must be prefiltered 
through a 10 micron filtere 
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TABLE   VI 

CLEANLINESS SPECIFICATION FOR LIQUID OXYGEN HARDWARE 

IN ROCKET PROPULSION SYSTEMS 

Hydrocarbon per square foot 

Solid particles - total 

- distribution: 

8 mg. maximum 

10 mg. per liter maximum 

Particles 

Longest Dimension - microns No. of Particles Allowed 

0 - 300 No limit by count 

300 - 500 5 per 100 ml of liquid 

500 - 1000 1 per 100 ml of liquid 

over 1000 

Fibers 

No particles allowed 

Dimension - microns 

Length          Maximum Diameter No. of   Fibers  Allowed 

0-750 25 No limit by count 

750-2000 25 20 per 100 ml of liquid 

2000-6000 40 2 per 100 ml of liquid 

Over 6000   No fibers allowed 
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bustion wave can in turn initiate a detonation in the bulk of the liquid 
oxygen system. 

General 

The range of energies needed for ignition in liquid oxygen system 
and the range of energies available from possible ignition 
mechanisms are wide.   It its unlikely, however, that in most 
cases the ignition energies will be greater for the bulk of the 
system than what is available from the ignition mechanism.   In 
these cases ignitions of the bulk system can be caused by a 
secondary mechanism; a weak igniter, igniting a local sensitive 
mixture, which in turn can ititiate a detonation wave in the bulk 
of the liquid oxygen system.   Particular efforts should be made 
to eliminate sensitive, low ignition energy, contaminants, such 
as acetylene or fuel films. 

Electrostatic charge accumulation and discharge are common 
hazards in handling flowing liquids, especially liquid fuels. 
Normal safety practice dictates that all portions of the storage 
and transfer systems must be electrically grounded.   Sloshing 
of the liquids must be held to a minimum as the moving of the 
liquid, a poor conductor over the tank surfaces, also a poor 
conductor, causes ions and electrons to cross from one surface 
to the other.   This results in generation of equal and opposite 
charges on the surfaces. 

Pure liquid oxygen is, in itself, a very poor conductor.   However, 
small amounts of polar impurities increase the conductivity con- 
siderably.   Ta? hazardous range of conductivity is from 10-^ to 
10~^ mhs/cm.   Geometry of the system, flow characteristics, 
(i.e. 2 phase vs.  1 phase) elect, properties of (he components of 
the system and the nature and amounts of the impurities all con 
tribute to the hazard.   Please refer to Appendix D for a detailed 
explanation of the static phenomenon. 
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Sources of Ignition 

Carbon steel pipe or container can burn in pure oxygen, as the 
flame temperature is higher than that of the melting temperature 
on the oxide formed by the reaction.   Initiation, however,  requires 
attainment of steel molting temperature by the initiator. 

Homogeneous solutions in liquid oxygen can exceed flammability 
limits (19) 

Poorly miscible contaminants, such as acetylene, can exist as 
a soJlijdi dispersion in liquid oxygen. 

Lubricants firom compressors and valves, and fuels seeping 
through common pressurizing systems, can build up a surface 
coating on pipes and containers. 

Ozone has not been detected in liquid oxygen in dangerous quantities. 
The possibility exists, however, that ozone can be generated and 
concentrated in one spot in a liquid oxygen system. 

Non-combustible solids may enhance the ignition hazard in a com- 
bustible system by functioning as hot spots, reaction catalysts, or 
a surface for electric charge separation in a flowing system,. 

Ignition Mechanisms 

Spifrks 

Sparks can evolve from unshielded electrical equipment or by 
electrostatic discharge. 

Impact 

Impact can be induced by a shock wave due to sudden opening or 
closure of valves and relief devices, or by friction of sliding 
surfaces in a valve, pump bearings, or slip flow of solids in tin1 

liquid stream.   Impacts usually cause ignition through secondary 
mechanisms; by adiabatic compression of minute bubbles or by 
heating of ^rif particles or surface1 defects. 
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Catalysts 

Solid or solidified impurities can catalyze exothermic reactions 
that will develop into flames or detonations. 

Energy Considerations 

The minimum ignition energy of volatile solvents in gaseous oxygen 
is of the order of 0. 2 millijotiles (18).   Activated carbon soaked in 
liquid oxygen required 2 to 30 .Joules for spark ignition (27) and 
20 to fiOO Joules for ignition by impact.   The maximum range of 
ignition energies for LOX systems is, therefore,  10-4 - 10+3 joules. 

It has been shown (19) that the lowest flammability limit of methane 
and ethane are hghcr in LOX than in gaseous oxygen.   The large heat 
sink available in LOX requires more energy from the combustion 
reaction to maintain combustion.    By the same token more energy 
will be required for ignition in homogeneous mixtures of a combustible 
with LOX than with gaseous oxygon. 

In a heterogeneous system,  such as a film or pool of combustible on 
the surface1 of a pipe, a solid, or a container, the increase in rate 
of diffusion of oxygen to the reaction zone (due to the large concen- 
trations of oxygen at close proximity) may offset the cooling effect 
of the LOX, and ignition energies may be of the same order of magni- 
tude as with gaseous oxygen. 

In our work on ignition of hydrocarbon films in gaseous and liquid 
oxygen, observations Jiowed that a ring was burnt around the pipe1 

surface, centered at the location of the igniL'r,    The film ignited and 
the flame propagated a short distance before being quenched by the 
cooling effects of the cold surface and the liquid oxygen. 

The rale of energy application is another important consideration. 
As the rale of energy application decreases,  the ignition energy 
increases (26).    This effect is mostly a function of the geometry of 
the igniter and is governed by the rate of heat losses from the 
iimilion /one. 
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Spark 

An electrostatically generated spark will give up 10_" to 1Ü~7 
Joules, depending on the electrical conductivity of the system. 
Discharge time is fast, about 10~' sec (17) and calorimetric 
experiments established that 85% of spark energy is available 
for ignition in the form of heat (17). 

Impact 

Ignition by impact alone requires a large amount of gross impact 
energy (6) unless a secondary mechanism can operate. 

Sliding imparts can generate a temperature elevation of 1000oC, 
for 10-4 S(.(.   in a piece of grit on the surface, or in a defect in 
the surface (7)„   The presence of a liquid film on the surface 
requires greater impact energies to generate hot spots, but 
does not prevent their generation.   Poor thermal conductors 
require less energy to form a hot spot, than good conductors and 
the maximum temperatures attainable are limited by the melting 
points of the surfaces.   A hot spot one millimeter in diameter, 
0. 5 mm thick in a steel surface can give up 20 m. j. when it is 
cooled by 10°C.   The amount of energy available from a hot spot 
is limited by heat transfer considerations, unless the hot spot 
is generated in a combustible particle. 

An adiabatically compressed bubble of oxygen, one mm in diameter, 
compressed from 20 psia to 2600 psia, starting at 100°K will acquire 
approximately 1 m„j. of energy. 

Catalysis 

A catalysl can reduce the ignition energy by decreasing the acti- 
vation energy of the overall reaction.   It can also serve as a heat 
sink and prevent the formation of a hot spot,,   This depends on the 
material, geometry and size of particle.   Smaller particles are 
more hazardous as catalysts than larger particles. 
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Hydrocarbon Film Ignition Tests 

General 

Ignition of hydrocarbon film which exist on the wall of piping or 
vessels in gaseous oxygen service is of major interest to all 
who are involved in the handling of oxygen. 

The tests conducted under this program were particularly designed 
to aid in the determination of a reasonable safety limit for the con- 
centration of hydrocarbons on the surface of ground support equip- 
ment or piping to be used in lieu of the 4000 microgram per square 
foot (mcg/sq ft) standard developed by LeSuer and Williams (16) 
in their interim standard report.   This level of contamination was 
based on tests run at Cape Canaveral Missile Test Center using 
RP-t as the contaminant.   RP-! is highly combustible and conse- 
quently promoted a safe upper limit which may be excessive when 
a normal lubricant is considered.   A 4000 mcg/sq ft concentration 
is a ostensibly clean dry surface. 

Palmer (20) reported work performed by Loison in 1952.   These 
tests were performed with an oil concentration of about 20,000 
milligrams per square foot and a long (200 to 300 ft) pipe under 
100 psig air pressure.   This combination ruptured the pipe.   There- 
fore, the area of present interest is between 4 mg/sq ft and 20,000 
mg/sq ft. 

Basyrov and Mikhedov (4) studied the detonation limits of some 
Russian lubricating oils solidified and dispersed in liquid oxygen at 
concentrations of 7. 5 to 21% oil in LOX.    For one type of spindle 
oil in a mixture of 15% oil in LOX, the detonation ability was si-.liar 
to that of TNT. 

Some unsystematic work had been done at Air Products and Chemicals, 
Inc.  in 1956 and 1957 (3), on ignition of a variety of lubricants in air, 
oxygen, and liquid oxygen.   The amounts of oil were substantial and 
powerful detonators were used.   The sound of the detonation and a 
study of the surviving parts of the equipment indicated that the oil 
ignited in all tests.   No quantitative data of the1 oil film concentrations 
were taken. 
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Equipment Description 

Figures 7 and 8 shows the test vessel used for these experiments. 
It was a 2-foot section of 1-inch stainless steel pipe with two 
6-inch long 1/2-inch diameter sections at each end which had pro- 
visions for the introduction of a solution of hydrocarbon (n-hexa- 
decane) in carbon tetrachloride.   The ignition was provided by 
either a spark coil connected to the electrode or by an electric 
match inserted at the center of the pipe.   N-hexadecane was chosen 
because it is a common component of lubricating oils and because 
a single hydrocarbon is more easily analyzed than a mixture. 
Figure 9 is a photograph of a typical test assembly. 

TEST PROCEDURE 

A n-hexadecane film was applied evenly to the surface of a clean section 
of pipe.   The boiling temperature and the molecular weight of n-hexadecane 
are in the ranges for common lubricants; it is available at a purity of at 
least 95% and its concentration in solution can be determined with accuracy. 

The pipe section (Figures 7 and 9) was 2 ft of 1 inch schedule 40 stainless 
steel pipe with a 6-inch section of nominal 1/2 inch stainless pipe at each 
end.   During gaseous oxygen runs, one end of the pipe was closed by a 
rupture disc made of 1.5 mill, brass foil hi a modified 1/2 inch union. 
These discs were rated at 400 psig.   A rupture disc that was rated at 
20Ü0 psig was used for the 1500 psig runs. 

The hcxadecane was applied to the surface from a solution in carbon tetra- 
chloride, which was evaporated in a hot water bath while rotating the pipe 
section (o achieve uniformity of the hydrocarbon film on the surface. 
Visual and tactile observation indicated that a reasonable degree of uni- 
formity was achieved.   The amount of hydrocarbon deposited on the surface 
was controlled by the quantity and concentration of the feed solution.   The 
area covered was calculated to bo 0. 723 sq ft. 

Two ignition mechanisms were used: 

The first mechanism was a high voltage spark«   A Model-T Ford 
ignition coil was used with an electrode made either from a length 
of nichrome wire in a compressed Teflon insulator, or a copper 
wire soldered to the tip of a spark plug.   The electrodes were in- 
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serted at the middle of the pipe and the tip of the wire was main- 
tained at a distance of 5 mm from the opposite pipe wall, which 
served as the grounding electrode.   The power input to the spark 
coil was 5 to 12 watts. 

The second mechanism used was an electric match, DuPont S-65 
squib.   The squib was stripped of its insulation,  re-insulated with 
ceramic beads, and positioned at the end of the 1" pipe section. 
This squib releases 4 to 8 calories in about 20 milliseconds. 

After application of the film, the pipe section was cooled to room temper- 
The pip w ttD o  ura aturc and the igniter and the oxygen line were connected, 

then purged with oxygen for five minutes to remove the last traces of the 
solvent vapors.   The rupture disc assembly was then tightened, the pipe 
was pressurized with oxygen, and ignition was instigated.   The same 
procedure was followed for the blank runs except that ignition was not 
started and the pipe was pressurized at 50 psig for five minutes. 

The pipe section was then disassembled.   The unburned hexadecane was 
dissolved in two 125 cc batches of fresh carbon tetrachloride and the 
combined solution was concentrated by evaporation of most of the solvent. 
The volume of the concentrate was measured and the concentration of the 
n-hexadecanc was determined with a Beckman IR-4 infrared analyzer. 

For the runs in liquid oxygen, the end sections were removed after 
deposition of the film and one end of the 1-inch section was capped 
(Figure 8).   The area of the section was calculated to be 0. 548 sq ft. 
The pipe was immersed vertically in liquid nitrogen contained in a 
stainless steel dewar.   Gaseous oxygen was fed into the top of the pipe 
and liquid oxygen was condensed to fill about 80% of the volume.   By 
using this condensation technique in contrast with previous experiments 
in which liquid oxygen had been poured into warm containers, only a 
small amount of oxygen was present in case a detonation would be 
initiated.   Thick electrical insulation was used on the high voltage line 
and the pipe itself to prevent current leakage.   Following ignition the 
pipe was removed and warmed slowly.   The residual hexadecane was 
dissolved in carbon-tetrachloride, concentrated, and analyzed. 

The pipe section was disconnected and opened.   The remaining film was 
dissolved in two 125 cc batches of fresh carbon tetrachloride.   Ttiis 
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solution was concent ruled by evaporation of most of (lie solvent in a 
standard Pyrex evaporation unit, and the n-hexndeeane in (he concentrate 
was determined. 

Discussion of Results 

The results, plotted as surface concentration of hexadecane (mg/sq ft 
of pipe surface) against the percent recovery of the hexadecane, are 
given in Figures 10 through 12. 

Since all ignition work is generally poorly reproducible, a number of runs 
were made at each concentration and the results were plotted in a statis- 
tical form instead of showing the individual points.   The plot for each 
concentration represents the 95% confidence limit of the results and was 
calculated by the relation X  i    __^ ^      _    where X is the average per cent 

of unburnt hexadecane recovered in all the runs at that concentration. 
S/n 1/2 is the standard deviation for these runs and n is the number of 
runs.   The number of runs is also given on the plot,   These data and the 
results of the individual runs are also given in Table VII. 

In Figure 10 the 95% confidence limit of all 11 blank runs is 99.3 ± 5.7. 
The spread of the squill ignition runs is greater, since a. small urea that 
burns under the igniter is not reproducible. 

The infrared analyses of the hexadecane in the carbon tetrachloride were 
reproducible to 0,3 mg/cc,   This uncertainty could cause a deviation of 
2% in the recovery in the 1000 mg/sq ft range and a deviation of 15% in 
the 100 mg/sq ft rango.   This is the probable reason for the larger scatter 
of the data at lower concentrations. 

At the highest surface concentrations used,  there was not sufficicnl oxygen 
at 50 psig to burn all the hexadecane.   The two broken lines on Figure 10 
indicate the minimum recovery of hexadecane for the two concentrati'ms, 
if all the oxygen at 50 psig is consumed in a stoichiomelric ratio to form 
only CÜ2 and 1120 us combustion products.   Actually,  some carbon is 
formed in all ignition runs and considerable amounts of carbon were 
found in the high concentration runs.    In the two highest concentration runs 
at 0000 mg/sq ft a detonation wave followed the ignition.   Subsequent runs 
were made at lower concentrations. 
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Effect of Pressure 

No significant effect was found in the range of 20 to 200 psig.   In ten 
runs made at 1050 mg/sq ft and 1500 psig, the recovery was 83 + 6%, 
compared to a recovery of 99 ± 3% for ten runs at the same concentration 
and pressures of 20 to 200 psig.   Increased pressure is known (5) to 
decrease the ignition temperature of lubricating oils and the increased 
solubility of oxygen in the oil film probably helps to propagate combustion. 

Effect of Ignition Mechanism 

Combustion properties of the system hexadecane-oxygen were estimated 
from the literature (10,22,25).   The quenching distance was estimated 
to be less than 4 mm.   Therefore, the sparking electrode was kept at a 
distance of 5 mm from the wall.   The minimum ignition energy was esti- 
mated to be 6 x 10-3 cal.   The ignition energy of both ignition mechanisms 
used was considerably higher.   The energy of the spark was of the same 
magnitude as friction or impact effects that are possible sources of 
ignition in a pipe system.   The rate of application of the ignition energy 
of the electric, match is several orders of magnitude greater than that of 
the spark.   There is, however, no way of directly comparing different 
ignition mechanisms.   It is very unlikely though that self-ignition in a 
LOX system will be instigated by a source as powerful as an electric 
match. 

The data in Figure1 11 on the results of ignition by an electric match show 
no marked significances from the data in Figure 10, except for poorer 
reproducibility.   Possibly more hexedecane directly under the squib was 
burned. 

Effect of Temperature 

In about one-fourth of the runs using spark ignition, the tube was deliberately 
not allowed to cool after evaporation of the solvent.   The temperature of 
the pipe was 30 to 40 degrees Centigrade above ambient lemperature0    No 
effect of temperature in this range was found 

Al liquid nitrogen temperatures, the hydrocarbon film on the surface of 
the pipe freezes, and a small amount of film flakes off.   The frozen oil, 
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heilig less dense than (he LOX, floats to the surface creating an increased 
hazard. 

Blank runs were made to evaluate the magnitude of this effects   The 
freezing, flaking, and floating mechanism was not large below concen- 
trations of 500 mg/sq ft (Figure 12), 

In the liquid oxygen runs, the inside of the pipe was observed before and 
after ignition.   At a hexadecane concentration of 1000 mg/sq ft, a bright 
ring about 2 inches long, symmetrical about the sparkling electrode1, was 
observed.   This indicated that ignition had started but did not propagate. 
No such rings were observed in the blank runs.   At lower concentrations, 
small patches of clean areas were observed under the electrodes after 
ignition but no continuous burned region was evident. 

Effect of Lubricant Flow 

At surface concentrations of over 1000 mg/sq ft, some mobility of oil 
on the surface was observed.   It seemed likely that at high surface con- 
centrations some of the film would flow to the lowest parts of the system, 
accumulate, and increase the ignition hazard at that location. 

Some experiments were made to determine the concentration level at 
which this effect becomes pronounced.   A tray was constructed from a 
3/16-inch flat stainless steel plate (0.80 sq ft surface area).   Thin walls 
were connected, using an epoxy resin adhesive,.   The surface was coated 
successively with 100, 250,  500,  1000, and 2500 mg/sq ft of n-hexadecane 
by applying predetermined amounts of 20 mg/cc solution of hexadecane in 
carbon tetrachloride.   The solvent was evaporated using an infrared lamp. 
Smear tests were made at each concentration by rubbing a finger on the 
surface and observing reflected light from the surface.   No smearing was 
observed at 100 and 250 mg/sq ft„   Slight smearing was observed at 
500 mg/sq ft.   Smearing was considerable at 1000 mg/sq ft and at 
2500 mg/sq ft, it was possible to push the oil on the surface. 

Safe1 Concentration Level 

From Figures 10 through 12, it would seem that a hexadecane level of 
1000 mg/sq ft can be tolerated for gaseous oxygen and a slightly lower 
level than 1000 mg/sq ft can be tolerated for liquid oxygen.    Flaking of 
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the lubricant in LOX, and film flow at ambient lemperaturo,  reduce the 
safe level to about 500 mg/sq ft. 

In liquid oxygen, floating frozen oil will flow with the LOX and accumulate 
at dead ends downstream.   In gaseous oxygen, flowing films will collect 
at low levels.   Sampling of lines for lubricant contaminants should 
therefore be made at the lowest levels in ambient temperature lines, and 
at low velocity zones in liquid oxygen systems. 

The recommended safe level contamination with hydrocarbons with viscosity 
and vapor pressure similar to hexadecane is 100 mg/sq ft. 

FILTRATION OF_SOLID CARBON DIOXIDE FROM LIQUID OXYGEN 

General 

The average carbon dioxide (CO2) concentration in the atmosphere is 
approximately 320 ppm„   In the commercial low temperature air separation 
processes by which liquid oxygen is produced in the United States, this is 
reduced to a concentration of the order of 1 to 5 ppm by one of two methods: 
by scrubbing the air with a caustic solution which combines with the CO2 
to form an insoluble carbonate; by solidification and subsequent filtration. 
In either case, because of the solubility of CO2 in liquid air, essentially 
all CO2 which (Miters the cold section of the liquid oxygen producing equip- 
ment becomes concentrated in the liquid phase.   During the processing of 
this liquid,  it is passed through mechanical filters which are designed to 
remove the last traces of solid CO2,   However, it has been the experience 
of those vendors that not all of the CO2 is retained by the filters and SOUK

1 

is withdrawn in the product,, 

Few users of commercial oxygen are concerned about the presence of small 
quantities of solid carbon dioxide.   In fact, few commercial users apply 
liquid oxygen directly.   In most cases, the liquid oxygen is vaporized and 
super-heated to ambient temperatures in the facilities supplied by the 
customer or vendor.    Under these conditions, the solid CO2 is also 
vaporized and becomes an unnoticeable contaminant in the usable gas. 
The storage and rapid turnover characteristics of commercial users 
preclude concentration of solid CO2 over periods of weeks to years,, 

The missile industry alone is faced with the problems of long-term liquid 
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oxygon storage, conccnlration of C02 by vaporization, and by frequent 
handlings between vendor, tank truck, launch site storage, and return 
from missile.   Therefore, the relatively new and unexplored field of 
removal of the last vestiges of solid C02 which do remain in the com- 
mercial oxygen product part has become of greater importance.   The 
reason is that the solid C02 will agglomerate whore conditions are 
static, as found in storage vessel and in the launch pad storage lank. 
These larger particles may not be broken down during subsequent 
agitation and may possibly create a blockage in some missile LOX 
system» 

Under the subject contract an investigation was undertaken to study the 
means and problems of removing the last remaining solid CO2.   This 
problem can be divided into two phases:   the removal of solid CO2 from 
liquid oxygen at the producer's plant site upon or before delivery to the 
customer, and subsequent removal of C02 which may have been in 
solution in the liquid oxygen as produced by the vendor, but which by 
reason of handling, long term storage, or involvement in missile operations 
has been concentrated to the point where the CO2 has exceeded the solu- 
bility limit in liquid oxygen and has begun to precipitate.   At this point, 
the mechanical considerations are given essentially the same as those 
at die producers' sites.   The obvious means of removing solid particles 
from a liquid is by filtration.   In this process the solid-bearing liquid 
is passed through a medium which contains openings smaller than the 
smallest desired particles to be left remaining in the solution,,   These 
particles are retained on the upstream side of the filter element and at 
intervals the particles are removed. 

This leads directly into a study of the factors involved in satisfactorily 
filtering solid CO2 from liquid oxygen.   The agglomeration of these 
particles previous to filtering is of prime importance.   This operation 
is best carried out in a quiescent pool of liquid since turbulence; of the 
mixture tends to break up the particles of solid CO2.   The factor of 
particle break-up has been seen to operate on relatively large particles 
already formed.   Although these1 particles appear to 1)0 solid, they break 
into many small pieces upon agitation of the liquid. 

Complicating this situation is the nature of C02 particles.   These particles 
cannot be analyzed by the normal screening procedures because1 of this 
break-up tendency and because the CO2 particles exist only at low temper- 

50 



CTTOi riütdu/dl afu/ l/iefnicaU 

atures and not at room temperatures where normal screening processes 
arc conducted.   Under approximately 40 microns in diameter, a particle 
is not visible to the naked eye.   Although the filtrate may appear clear, 
this same liquid, vaporized and heated to room temperature and passed 
through a CO2 analyzer, will reveal the presence of CO2.. 

Apparatus and Test Procedure 

Figure 13 presents a schematic flow diagram of the equipment used in 
the tests.   The equipment is also shown in detail in Figures 14  through 
18,   This diagram is referenced in subsection - Test Procedure.   During 
a test run, C02-contaminated liquid oxygen is transferred from vessel 
1 through Filter 4 and sample coil 5 to vent through Vß.   In order to take 
a sample, valves Vß and V2 are closed, V7 is opened and the liquid is 
transferred into the sample bottle 2 where it is vaporized for analysis. 
Figure 14 shows the equipment in operating position without the Dewars 
in place. 

The identifying numbers on the succeeding photographs are as shown in 
Figure 13.   After 5 runs, filter house (4) was replaced with a Lucitc 
plastic unit so that the filtering process could be visually inspected. 
Sight glass and scale (6) were used to measure throughput during a test 
by the liquid level difference. 

Figure 15 shows a second generation plastic filter house in a close-up 
view.   The operation of this model is the same as the previous one with 
exception of the side outlet in the center of the photograph.   During the 
test, the flow enters at the opening at the bottom of the photograph and is 
split in the filter house.   The excess liquid which measures the turbulence 
leaves by the side opening while the filtered liquid leaves by the connection 
at the top. 

Figure 16 shows the assembly in Figure 15 disassembled for examination. 
The filter is a 10-micron nominal pore size sintered stainless steel unit 
purchased as a laboratory item from the Purolator Company.   It is 
approximately 1-1/4" long by 9/16" O.D.   Teflon gaskets are used to 
seal the flange joint.   The flow through this filter is from outside to inward. 

Figures 17 and 18 schematically show the principle of operation of the test 
filter unit. 
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Figure 14.    Rquipmont for Examination of the C02 Filtration Equipment 
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OUT 
TO  SAMPLE COIL 

SIDE TAKE-CFF 
TO WASTE 

HIGH TURBULENCE REGION 

IN 

Figure 18 

FILTER ASSEMBLY AS MODIFIED WITH 

SIDE TAKE-OFF FOR HIGH REYNOLDS 

NUMBER. (FULL SIZE) 
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Test Procedure 

The Dcwar flask (3) is first filled with liquid nitrogen.   Valve V3 is 
opened, allowing liquefaction of oxygen containing a known concentration 
of solid CO2 into vessel (2)„   A regulated supply of helium is then con- 
nected into the system through valve V5 to apply a steady pressure on 
the liquid oxygen in vessel A   to establish the flowrate through the filter 
assembly.   After steady transfer conditions have been obtained, valves 
Vc and V2 are closed (V7 had been closed), trapping a sample filter 
liquid in the sample coil.   Valve V7 is opened and the sample is trans 
ferred to vessel B by warming the coil to room temperature and cooling 
vessel B in liquid nitrogen.   Valve V7 is closed; the sample bottle is 
detached, warmed, and analyzed for C02.   This procedure is used with 
all samples where subcooled liquid is filtered. 

The same arrangement of the test apparatus is used when boiling liquid 
is filtered, except a small heat exchanger is inserted immediately before- 
valve Vl.   This exchanger introduces heat into the contaminated liquid 
oxygen to the point that, approximately 50% gas volume can be observed in 
the filter house during the filtering procedure.   All other parts of the 
procedure remain the same. 

For the runs where a high flow rate was attempted, the 3-1/8" O.D. storage 
vessel was changed to one 6-1/8" 00D„; the larger storage volume was re- 
quired in order to make a run for a reasonable time period. 

Operation of small-scale equipment for handling liquid oxygen, or any 
other liquid with a boiling point far below ambient temperature is very 
delicate.   The liquid exhibits a natural tendency to boil at the most 
inopportune times.   The simple operation of throttling the liquid to control 
flow creates a two-phase system due to flash-off caused by the expansion 
through a valve.   The equipment and procedures for these tests were 
revised several times. 

The procedure of obtaining representative samples from a liquid oxygen 
stream carrying suspended solid C02 is another critical operation.   If 
sampling is done by a simple tap into the stream, the solids will flow 
past rather than into the side arm which produces a low value.    Unless 
the C02-bearing liquid oxygen is flash-vaporized in a heater whose sur- 
faces are warmer than the sublimation point of CO2, the C02 will con- 
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ceiltnile in the boiling liquid and the resultant analysis will be low.   If 
the tubing carrying the mixture passes throug.i a warm area, the CO2 
will tend to deposit out on the walls of the lube.   If the sample is 
throttled, the CO2 will tend to deposi'. :)ut on the valve seal or disc. 
This difficulty in properly sampling "ror.. sorlri C02~liquid created 
many problems in test equipment desigi. ocior? productive experimental 
work could be initiated. 

Discussion of Results 

Under this program, 87 separate- runs were made under many different 
conditions using the equipment illusr.'iv.ed.   Results of these runs were 
previously reported.   Two phenomena have1 begun to shown even though 
there is considerable spread in the recorded data due to difficulties in 
handling the O2-CO2 mixture in small equipment.   One difficulty is the 
passage of visible CO2 from the exit of the filter element during and 
immediately after times when the elements have been vibrated mechani- 
cally»   The filter element was one having 10-micron rating.   Since the 
lower limit of visibility is about 40 microns in diameter, we must assume 
that ü.ii: cloud is due to a large quantity of individuality invisible particles. 
It has become apparent during this experiment that the actual filtering 
medium is the cake which is being built up on the outside of the filter 
element rather than the filter element itself.   In other works, the filter 
element is simply forming a base for the actual filtering medium.   Upon 
agitation, the C02 cake is broken up into smaller particles.,   Some par- 
ticles immediately pass through the filter element.   Obviously,  in a 
plant with moving machinery such a condition may exist at all times in 
the actual production filter house» 

The second phenomenon is that the concentration of CO2 in the filtrate 
seems to vary in a pattern with the Reynolds number of the liquid in 
the filter house at the surface of the filter cake„   Figure 19 represents 
the results of all runs plotted on one chart, with a proposed correlation 
of these points,,   The Reynolds number is a flow correlation of 

where1; 

Re 

w 
Dh 
A 
/( 

4w Dh 

Flow rate,  Ib/hr 
hydraulic diameter, feet 
crossectional area, sq ft 
viscosity,  lb/ft sec 
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As staU'ci previously in this rcpoi'l, Ihr C02 pai'ticlcs will aggioniorate 
if the liquid is allowed to stand quietly for a porind of time.   These 
agglonierations wvv known (0 break up if the quiescent pool is agitated 
by mechanical means or simply by boiling the liquid.   This agitation 
also occurs during the transfer and filtration of the liquid in the test 
apparatus.   With sufficient agitation, the filtering efficiency of the unit 
is poor regardless of the rate of flow (See Figure 19). 

Figure 20 incorporates data gathered at APCf's Denver Facility in 
February and April I960 (3).   These data are byproducts of CO2 
sampling tests conducted on the1 75 ton per day liquid oxygen generating 
plant at that location.   The data from these tests as shown on Figure 26 
agree well with the laboratory scale work in the portion of the curve 
where over-lapping exists.   The extension beyond a Reynolds Number of 
103 also follows the pattern set. up in Figure1 19. 

It may be readily seen from the foregoing data that filtration of the 
quality required to completely remove solid CO2 from the liquid oxygen 
as it (Miters the missile tank cannot be accomplished.   The liquid oxygen 
being pumped to the missile is extremely turbulent as it passes through 
warm lines and fittings to the missile tank.    Much of the solid particles 
are undoubtedly passed through the filler and into the missile lank. 
While fill ration could be accomplished by installing a 1 micron pore1 size 
filter, the resultant pressure drop or flow decrease would materially 
change tanking procedures.    In addition, a filter of this fineness is not 
required for removal of other solid contaminants. 

Goinu, one step further,  il must be pointed out that even complete filtering 
(0 ppm solids transferred) is not the full answer to the problem of solid 
CO2 in the missile liquid ox\gen system.    C02 is soluble in liquid oxygen 
to about 4.!? ppm.    Upon vaporization of the oxygen during transport through 
warm lines into a warm missile lank,  some of this C02 will precipitate. 
Due to this vaporization the C02 concentration will rapidly exceed the 
solubility limit and precipitate from solution.    Thereupon,  the stains of 
the liquid becomes comparable to that il would have had there been no 
serious filtering. 

Since,  therefore,   removal of the C02 hazard involves removal of both 
insoluble and dissolved CO^,  some process other than in addition lo 
simple filtration is dissolved.   Adsorption of the dissolved C02 "n 
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silic';i [;'el or molecular sieve is the most likely solution»   However, 
because of the cost of equipment and the fact that this is another piece 
of equipment in the already complex ground support phase, the question 
"Is solid C02 in missile liquid oxygen dangerous?" should he answered. 
No missile failures have been attributed directly to the presence of CO2 
in the system.   However, the present test for narficulate matter requires 
warming the sample to atmospheric temperature.    During this warm-up 
period, the CO2 sublimes (-110oF) and thus is not visible on inspection. 
Inspeclinns of fill line fillers while cold have1 shown solid water and C02 
on thei r surfaces, however. 

The filtration of natural inert solids,  rust,  stones,  metal chips, welding 
slag presents no particular problem,,   However,  little can be done about 
filtration of these items until the various rocket engine and systems 
engineers settle on an allowable maximum size particle,.   It is understood 
that tests are being run with liquid oxygen and fuel contaminated with 
increasingly larger particles to determine the practical upper limit for 
particulate matter sizing,. 

SUPPLEMENTAL AGREEMENT NO. 2 

LOX Handling Practice - Cape Canaveral 

The liquid oxygen used at Cape Canaveral is usually supplied by the LOX 
production facility operating at the Cape.   This facility consists of two 
independent plants (1160 and 1161), each capable of producing 75 tons 
(15,700 gal,,) of LOX per day, and four plant storage tanks, each with a 
capacity of 28, 000 gallons.   Generally, both plants operate at the same 
time, although during times of low demand, or when the plant storage1 

tanks are full, one plant may operate while the other is either standing 
by or is being maintained.   Occasionally, at times of peak demand,  LOX 
may be brought in from an outside source. 

When liquid oxygen is required at one of the complexes, tank trailers are 
driven to the production facility and loaded with LOX which is filtered as 
it is pumped from the plant storage tanks,.   Four trailers may be loaded 
at one time from the filter manifold,  each trailer having a capacity of 
3800 gallons.    When the trailers are filled,  they are driven to the complex 
area and unloaded into the pad storage1 tank,  which has a capacity of 28,000 
gallons.   The trailers are1 unloaded by pressurizing the trailer lank with 
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oxygen gas and forcing the conlcnls into the pad tank through a portable 
filler unit. 

Activities associated   with the LOX storage tanks may consist of launches, 
static firing tests, incompletcd or recycled countdowns,  missile tanking 
tests, clumping the storage tank contents, filling and lopping the storage 
tank, and taking samples for analysis.   When a missile is scheduled to 
be launched, one of the last operations to be performed is loading the 
missile with LOX     About 30 minutes before the launch,  the LOX storage 
tank is pressurized with nitrogen gas to about 30 psig to provide pump 
suction head and the liquid oxygen is pumped through fillers into the 
missile tank.   The missile lank is kept full by adding subcooled liquid 
oxygen to compensate for boil-off.   If the count is held up after the 
LOXing operation, the missile tank is topped with LOX until the count 
is either continued, recycled, or cancelled.   If the count is seriously 
delayed or cancelled, the LOX in the missile tank is either returned to 
the storage tank or discarded.   Static firing tests follow the same pro- 
cedure as the actual launches.   Tanking tests are designed to tesl the 
LOX handling system by filling the missile lank.   After a tanking test, 
the LOX in the missile lank may be returned to the storage lank or 
discarded.   After a storage lank is dumped, generally because the LOX 
does not meet purity or particle count specifications, the tank is usually 
purged afterward with gaseous 'dtrogen,,   When a storage1 lank is lopped, 
it is generally filled until the LOX oven-flows from the tank vent line,. 

Experimental Program 

Samples of liquid oxygen were; taken periodically from the LOX storage1 

tanks of four Atlas complexes (Pads 11,  12,  13, and 14) and two Titan 
complexes (Pads 19 and 20), as well as from the process stream of the 
LOX production facility at Cape Canaveral,,   These samples were1 then 
shipped to Air Products, Incorporated (API) at AUentown,  Pennsylvania 
where they were analyzed for a variety of components.   At limes, 
duplicate samples were1 taken by Pan-American Airways Pad Engineering 
and analyzed at the Patrick AFP Laboratory,,   In this way, cross-chocks 
were1 made of the validity of the analytical methods..   Analyses at 
AUentown were1 performed on all samples by at least two different 
instruments.   The first instrument was .i dispersive-type1 infrare'd 
speclroplmtonieter (Beckman IR-4) which was used to determine1 carbon 
dioxide-',  molhane1, nitrous oxide1,  water vapor, and acotylone,.    The1 
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secontl inslrumcni, was a MulU-Coiitaniiiuint Analyzer (MCA) developed 
by Air Products for VVADD under Contract No„ AF 33{616)-6747 and 
mack1 available for the presenl study.   This instninienl used separate 
non-dispri'sivc (Luft Principle) infrared optical benches for measuring 
the various cüiitaminants, and a paramagnetic analyzer for measuring 
oxygen concentration,,   The» contaminants determined by the MCA were 
total hydrocarbons (THC), carbon dioxide, carbon monoxide1, acetylene, 
butane plus hydrocarbons, and water.   Details of (he analytical techniques 
are described in the Section "Discussion of Sampling and Analyses", 

The sampling apparatus and sampling technique used in this study were 
described in a previous report.   The sampling apparatus used is capable 
of taking true liquid samples provided the sampling period is no longer 
than ten minutes.    In order to cool the sampling lines and sampler 
quickly enough to stay within the time limit,  it was necessary to pressurize1 

the I OX storage tanks to 20 psig with gaseous nitrogen. 

This requirement not only introduced additional nitrogen to the bulk of 
the LQX as a contaminant, but also complicated the taking of a sample 
since the vent valve and pressurization controls were located in the 
block-house of the pack 

The samples at the pads were taken from the LOX sampling line normally 
used to take1 routine samples.   Until the present program,  routine sampling 
had consisted of draining liquid oxygen from the storage1 tank via the 
sampling line into an open-mouthed stainless steed vacuum bolth1 (4)„ 
In order to distinguish between samples taken with open flasks and those1 

taken with the1 closed sampler, the1 former are1 called liquid samples and 
the latter are1 called eryogemic samples.    Duplicate crye)g(;nic samples 
we're1 taken by splitting the sample stream through a UM

1
 connectiem and 

filling two identical samplers simultaneously,,   After a, crye)gcnic sample1 

was taken and the sample1!' valve-s we're1 cleised, the1 trapped sample1 was 
allowed to warm and vapori/ev   At ambient tempeM'ature,  (he1 pressure' 
insiele1 the sampler generally reached about 1000 psig,, 

No formal sampling schedule was followenl,  hut sample's were taken 
de'peiuiing on the aedivdies at the paels and the1 availability of support 
persniiiud.    Efforts were made to obtain sample's before' ami al'fe'r 
partieailar activities such as missile tanking te'.sts,   launches,  and storage 
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tank toppings-   II prtivcd impossible, with Ihc (equipment available, to 
obtain sueeessful sanipl(\s from the trailers used to carry LOX from the 
production facility to the complexes. 

History of Activities on Complexes 

In order to interpret the data obtained during (tic course of the study 
period,  it is necessary to consider each pad separately.   The following 
descriptions are intended to provide a general background for each pad 
without going into much detail on individual samples. 

Pad 11 - Convair 

At the start of the test program, this complex had been inactive for 
a number of months due to modifications.   During this inactive period, 
the LOX storage1 tank had been cleaned and inspected,  remaining in 
(dean condition until February 2,  1961 when the tank was filled with 
liquid oxygen«   From that date until the completion of the sampling 
program (March 28), activities concerning the LOX storage tank 
consisted of one missile tanking test and ten topping loads of LOX 
added to the storage tank,,    From February 16 through March 28, 
eight samples were taken from the tank and subsequently analyzed. 
Of these eight samples, one was taken one hour after completion of 
the tanking lest, one was taken less than one hour after topping, and 
one was taken about 14 hours after topping.   In the cases of the other 
five1 samples, there were no particular activities at. the storage tank 
for at least 16 hours before taking samples. 

Pad 12 - Convair 

After a period of considerable activity, a missile was launched on 
January 23 and tiie complex was shut down for modifications,,   The 
liquid oxygen which remained in the storage tank after the launch 
(approximately 11,000 gallons) was allowed to boil away by normal 
heat leak during the remainder of the test period,  reaching a residual 
level of approximately 1400 gallons on March 29.    Five samples were 
taken at the LOX storage" tank during this inactive two-month period. 
During the active period, one sample was taken on a normal day and 
one sample was taken seven hours before the launch.   The storage tank 
was topped three times during the active period. 
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Pad 13 - Cünvair 

This complex was the most active of the six pads studied; four 
missiles were launched during the course of the study period,, 
This activity is reflected by (he 16 LOX tank loadings which occurred 
during the test period.   Altogether, ten samples were taken from the 
LOX storage tank and analyzed.   Of these samples, two were taken 
about five hours after a tank topping and one was taken about one 
hour after topping.   No storage tank activities took place at least 
24 hours before taking any of the other seven samples. 

Pad 14 - Convair 

Only one missile was launched from this complex during the three- 
month period.   Other activities at the LOX storage tank during this 
period included one missile tanking test and seven loads of LOX 
delivered to the storage tank.   Also, the contents of the LOX storage 
tank were discarded once, since the LOX did not meet specifications. 
A 24-hour purge with nitrogen gas followed the dumping of the LOX„ 
Ten samples were taken during the study period and analyzed»   Of 
the ten samples, two were 'taken about one hour after topping the 
storage tank.   The other eight were taken at times of no particular 
activity. 

Pad 19 - Martin 

This complex was almost as active as Pad 13; three missiles were 
launched and one static firing test was conducted.   The LOX tank was 
loaded on 12 occasions and nine samples were taken during the course 
of the study period.   Of the nine samples, one was taken about one hour 
after topping, one was taken about three hours after topping, and one 
was taken 18 hours after a launch»   There was no particular activity 
at least 24 hours before taking any of the ten other samples. 

Pad 20 - Martin 

Although more active than Pad 14, this complex was not as active as 
Pad 19, launching two missiles during the three-month period.   Eight 
loads of LOX were added to the storage tank and eight samples were 
taken.   No particular activities were associated with any of the eight 
samples. 
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LOX Plant 

With the exception of some problems associated with mal-fundioning 
of the CO2 filters and adsorbers in these plants, both plants operated 
at normal production rates as controlled by the available plant site 
storage capacity. 

Discussion of Results 

The chronology of tank loadings, samples, and special activities during 
the three-month study period is presented in Table VHL   In this table, 
the left-hand column under each pad number presents the the individual 
sample numbers«   The center column indicates special activities which 
are represented by letters; "L" standing for launches,  "T" for tanking 
tests, "D" for dumping LOX, and "S" for static firing»   The right-hand 
column presents LOX tank loadings in thousands of gallons.   Under the 
designation LOX Plant, the left-hand column refers to the sample numbers 
and the number in parentheses indicates the LOX plant which was sampled. 

Three of the 68 samples were completely unsuccessful,   The complete 
analytical data of the 65 analyzed samples were reported previously. 
For the sake of clarity, the accumulated data, have boon interpreted 
and condensed into Table IX.   In this table, the C02 data were obtained 
from the multi-contaminant analyzer. 

Table X gives the analytical results of the samples which were taken 
shortly after some1 activity involving the sampled storage tank had 
taken place. 

Table XI presents the results of all of the duplicate samples which were 
taken.   Sample 59 in Table XI is the single sample which was analyzed 
by both Air Products and Patrick AFB Laboratories., 

Carbon Dioxide 

As can be seen in Table IX of the results, in practically every sample 
the CO2 was found to be in quantities well above its solubility limit 
of 4.2 ppm in liquid oxygon,,   This indicates that solitl C02, was sus- 
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TABLE IX 

SUMMARY OF  ANALYTICAL RESULTS 

Location 
(Pad or 
Plant] 

Date 
Sampled 

2/16 

Sample 

1 

co2 
JppmL 

17 

THC 
(ppm) 

CH 
(PPr 

n 14 15 

11 2/23 2 39 17 17 

11 3/6 3 25 20 22 

11 3/13 4 11 16 15 

11 3/15 5 10 16 16 

11 3/16 6 15 22 19 

11 3/20 7 10 17 16 

11 3/28 8 12 20 20 

12 1/10 1 14 13 18 

12 1/23 2 13 20 17 

12 2/2 3 8 13 15 

12 2/16 4 14 18 21 

12 3/8 5 11 24 27 

12 3/16 6 7 31 31 

12 3/29 7 10 43 45 

. _.      ...    

LOX 

trace 

99.75 

99.78 

99.55 26 ,500 

99.45 F 

99.53 F 

99.45 F 

99.35 F 

99.45 F 

99.70 

99.40 

98.95 8,500 

99.45 4,600 

99.73 2,200 

99.73 2, 100 

99.60 1,400 

* (F denoirs Full Tank) 
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TABLE IX (Cont'd) 

Location 
(Pad or 
Plant) 

Date 
Sampled Sample 

co2 
(ppm) 

THC 
(ppm) 

CH4 

(ppm) 

13 1/16 1 13 16 17 

13 1/23 2 14 19 18 

13 1/26 3 15 19 16 

13 2/9 4 9 16 14 

13 2/14 5 11 16 15 

13 2/20 6 43 16 16 

13 2/27 7 15 15 16 

13 3/8 8 17 14 16     t 

13 3/15 9 25 21 23 

13 3/20 10 13 14 15 

LOX 
C2H2    C4+     Purity    Volume 

trace 

99.30 F 

99.30    F 

99.40   Low 

99.40  22.700 

99 40 22,300 

99 50 22,000 

98. 40 5,000 

99. 50 F 

99. 77 F 

99. 75 F 

14 

14 

14 

14 

14 

14 

14 

14 

14 

1/17 1 24 54 30 - 

1/25 2 35 32 25 - 

2/1 3 14 19 21 - 

2/9 4 22 22 20 - 

2/17 5 15 16 15 - 

2/28 6 14 17 17 - 

3/7 7 20 16 16 t ran 

3,-13 B 14 16 16 tract 

3. 17 9 20 20 20 t rac< 

3   24 10 11 17 15 

99.40 

99.60 

99.00 

F 

F 

99.60 21,800 

99.70    F 

99.50   5,000 

99.70 23,000 

99.60 21,500 

99,00 20,500 

99.70 I-' 
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TABLE IX (Cont'd) 

Local ion 
(Pad or 
Plant) 

Dato 
Sampled Sample 

C02 

(ppm) 
TI1C 
(ppm) 

CII4 
(ppm) 

C2II2   C4. 
(ppm) (ppm) 

Purity 
(Mol %) 

LOX 
Volume 
(gallons) 

19 1/18 1 18 24 20 - - 99.50 F 

19 1/25 2 16 15 13 - - 99.40 F 

19 2/3 3 11 13 15 - - 99. 50 27.200 

19 2/13 4 11 18 15 - - 98.60 5, 500 

19 2/16 5 25 10 13 - - 98.60 27,800 

19 ■ 2/21 6 37 19 16 - - 98.90 10,300 

19 3/14 7 12 18 16 0.25 - 99.40 27,200             1 

19 3/21 8 10 19 17 0. 13 - 99.50 F 

19 3/28 9 12 18 17 0. 16 - 99. 50 F 

20 1/19 1 20 14 18 

20 1/27 2 17 19 17 

20 2/2 3 11 13 13 

20 2/13 4 12 22 18 

20 2/20 5 16 20 20 

20 2/28 6 23 15 16 

20 3/14 7 16 17 17 

20 3/29 8 17 16 17 

99.70 

99.40 

99.50 F 

98.60 <4.000 

98. HO <4,000 

98.00 25,000 

98.6 7,600 

99.50 25,000 
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JADLE^IX (CoiiCd) 

Local ion LOX 
(Pad or        Dato C02     THC     CH4 C2H2    C44      Purity     Volume 
Plant)      Sampled      Sample   (ppm)   (ppm)  (ppm) (ppm)  (ppm)   (Mol %)   (gallons) 

1160 1/6 1 3 10 11 

11 GO 1/19 2 61 7 12 

1160 1/27 3 63 7 15 

1161 2/3 4 110 3 11 

1161 2/14 5 74 80 22 

1161 2/17 6 52 16 12 

1160 2/23 7 36 15 14 

1161 2/27 8 >100 15 15 

1161 3/9 9 25 12 13 

1161 3/9 10 24 12 13 

1160 3/15 11 47 13 16 

1160 3/20 12 50 13 14 

1161 3/29 13 10 12 12 

99 80 

99 70 

99 70 

99 60 

99 70 

99 70 

99. 90 

99. 70 

99. 60 

99. 60 

99. 70 

99. 50 

99. 60 
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PCIKUHI in the LOX and was taken as \\.\v\ of the liquid samplr.    The 
C()2   coiiccnt rations found in Ihr samples from the eomplexes were 
in the range from 10 to 40 ppm with the average around 20 ppm.    In 
eonlraet, (he C02 found in (he samples from the LOX production unit 
averaged higher than 50 ppm.  with a lew samples out of the range of 
the analytical instruments. 

The high CO2 obtained Iron) the LOX production unit can he traced 
to some extent to damaged fillers in both LOX plants.    These1 filters 
were in (he process of being repaired during (his program and (he 
success of (he  repair effort can be seen in the1 last two samples from 
(he 1161 LOX plant, with C02 contents of 9.5 ppm and 24 ppm. 

Although the sampling of suspended solids is far from exact,  (he 
relative uniformity of the C02 analytical results indicate1 thai the 
suspended solid CO2 must have1 been distributed quite uniformly in 
(he bulk of the oxygen liquid.    However,  it must also be pointed out 
(hal the C02 results given in Table IX should not be (aken as a (rue 
measure of (he C02 inventory, since1 considerable solid CO2 probably 
settled in the tanks.   This point is illustrated by Figure1 21 where the 
002 concentration and the residual liquid oxygen volume at Pad 12 
are1 plotted as functions of time.    The LOX in this storage1 lank was 
allowed to boil away undisturbed! for a period of 65 days.    Although 
ihere was no chance for any significant amount of the original C02 
to leave1 the system    the apparent CO2 cone'enl rat ion hardly changed 
while the volume' of liegiid oxygen decreased by a factor of eight.    This 
indicates that the1 excess solid ('02 sellied to (he1 bodom of (he (ank. 

Hydroca rbons 

The resuKs from the hydrocarbon analyses, which ine'luded total 
hydroca rbons (TIIC),  metliaim, acetylene, and butane» and heavier- 
hydrocarbons (C41),   present a picture of relativedy uniform and 
almost insignifie'anf hydrora rlnn conlaminaLoii,  bodi at the1 LOX 
plants and at (he aedive pads     With (he exception of ae'etylene,  the1 

only other hyelroe-a rbon deteeded was medhane,  the leas! hazardous 
of the1 hydrocarbons.    There was only a small (approximately 25"/,) 
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increase of the methane concentration from the production plant to 
the final use of the LOX in a missile.   The average concentration 
of methane was 13. 5 ppm from the plant and 17,1 ppm from the active 
pads. 

However, this was not the case for the inactive storage tank at Pad 12, 
as shown in Figure 22.   In this figure, the hydrocarbon concentration 
and the residual liquid oxygen volume are plotted as a function of time. 
Tiie last five samples were taken while the LOX was boiling off un- 
disturbed-   During this period, the volume of LOX decreased by a 
factor of eight, while the concentration of hydrocarbon (methane) 
increased only by a factor of three.   Although a simple extrapolation 
of the hydrocarbon curve would lead one to expect that the methane 
concentration would not reach dangerous levels by the time all of (he 
LOX was evaporated, the upward break toward the end of the curve 
shows that the methane rate of concentration may increase rapidly 
toward the end of the evaporation period,,   This would mean that the 
last lew gallons of LOX to boil, away could contain dangerous concen- 
trations of methane. 

With the exception of acetylene, no evidence was found of any hydro- 
carbons heavier than methane in the samples,.   It is not likely that any 
of the heavier hydrocarbons such as lubricants would be detected in 
the samples even if they were present in the LOX since (lie solubilities 
of these hydrocarbons in liquid oxygen are so slight as to be unde- 
(ectable by the analytical techniques used,,   There is no simple technique 
currently available for monitoring insoluble hydrocarbons in liquid 
oxygen. 

Purity 

There was no conclusive pattern to the results obtained from (he purity 
analyses of the samples as shown in Table XII,,   All samples from the 
LOX production unit prov( d better than specifications (99. a'",).   In 
comparison,  half of tin- :.amples from the complexes were below speci- 
fications for purity,,    It is reasonable to assume that the impurity was 
principally nitrogen and that it resulted from the technique of pressurizing 
the LOX tanks with nitrogen gas„   It is interesting to note that Pad 14 
was consistently above specifications, while Pad 20 was consistently 
Ixdow specifications. 
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Figure 23 shows Uu; pattern of oxygen purity in the tank at Pad 12 
as the LOX slowly boiled away.   It is probable that the residual 
oxygen purity in the tank shortly after launch was below specifi- 
cations due to nitrogen pressurization; this was followed by pre- 
fcrentiai nitrogen evaporation during the long boil-off period. 

Effect of Activities •- Storage Tanks 

Relatively few samples were obtained following activities which 
involved the storage tanks,,   Examination of the results (Table X) 
shows little difference between these samples and the normal run 
of samples.   However, a slight statistical trend shows that the 
LOX in a storage tank will be at its highest purity shortly after 
topping the tank. 

Comparison of Analytical Results 

Table XI presents direct comparisons between the results obtained 
at Air Products and the results obtained with duplicate1 samples at 
Patrick AFB Laboratory.   The last sample (API No.  59) is the single 
sample which was analyzed by both laboratories,,   In general, the 
results between the two laboratories disagreed considerably in the 
analyses of C02 and methane.   However, there was fairly good 
agreement between the purity analyses of the two laboratories,, 
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TABLE   X 

Local ion 
(Pad) 

SAMPLES  ASSOCIATED  WITH   STORAGE   TANK  ACTIVITIES 
 Analysis  

Date Sample C02      Methane    Purity 
Sampled Activity Time * (ppm)     (ppm)       (Mol %) 

11 3/6 Tanking Test 1 25 22 99.55 

11 3/13 Topping 11 15 99.45 

11 3/15 Topping 14 9.5 16 99.53 

13 

13 

13 

14 

14 

19 

1/16 Topping 5 

3/15 Topping 1 

3/20 Topping 5 

2/1 Topping 1 

2/17 Topping 2 

1/18 Topping 1 

13 

25 

13 

14 

17 99.30 

23 99.77 

15 99.75 

21 99.55 

14.5 15 99.65 

17.5 20 99.45 

19 1/25 Topping 15.5 13 99.40 

*   Hours after activity. 
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14 

TABLE   XI 

C0MPA1US0N  OF  DUPLICATE   SAMPLES 

API*   and  PAFB+* 

Location Date 
(Pad) Sampled 

Sample No, C02(ppm) 

API      PAA+ + *     API     PAFB 
Methane (ppm) 

API    PAFB 

2/1 16        294 14 IG 21 21 

Purify (Mol %) 

API     PAFB 

99.55      99.60 
20 2/2 17 307 10.5 11 13 9 99,5 99, 5 

14 2/9 21 365 22 1.5 20 7 99,55 99,3 

14 2/17 30 496 15 4 15 4 99,65 99,61 

13 3/8 43 650 17 6 15.5 4.5 99,5 99.4 

11 3/13 48 691 11 0 15 4 99.45 99.0 

11 3/15 51 726 9.5 5 16 7 99.53 99.4 

13 3/15 53 734 25 12 22.5 0 99. 77 99.7 

11 3/20 57 775 10 4 16 4 99.35 99.4 

13 3/20 58 778 13 11 14.5 4 99.75 99.75 

11 3/16 59 743 15 5 19 3 99.45 99. 5 

*   Air Products. Incorporated 

+ *   Patrick Air Force Base 

*■ +   Pan American Airways 
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III,,   SUMMARY 

SIGNIFICANCE OF CONTAMINANTS 

The three significant typos of contaminants in liquid oxygen are; 
(1)   combustibles,  (2)   inert solids, and (3)   dissolved inerts.   The 
combustibles may range from completely soluble to completely in- 
soluble.   The chief objection to combustibles is the fire and explosion 
hazard should combustibles concentrate in the oxygen handling system 
and should an ignition source (initiator) be present.   Dissolved com- 
bustibles whose lower flammability limit is greater than its solubility 
in liquid oxygen are not especially hazardous if the concentration of the 
contaminant is less than the solubility concentration.   All combustibles 
are especially hazardous if present in concentrations greater than the 
solubility limit because the lower flammability concept does not apply 
to discrete liquid oxygen - solid combustible phases.   Acetylene is the 
most hazardous combustible contaminant because:   (I)   it has very 
low solubility, (2)   it may be present in concentrations greater than 
the solubility limit, and (3)   it can be readily triggered into ignition., 

Inert solids are hazards because they (1) may interfere with the 
operation of mechanical equipment, (2) may cause1 erosion and plugging 
of fluid passages, and (3) may accumulate high voltage charges of static 
electricity. 

Dissolved inerts are principally nitrogen and argon whose presence 
dilutes the oxygen and adds unusuable weight to the propellant system. 

SOURCES OF CONTAMINATION 

The primary source of contamination is tiie air stream to the separation 
plant which produces the liquid oxygen.   Within the plant, contamination 
may be added by the compressors,  filters and other equipment, and some 
contaminants are removed.   The produced oxygen contains nitrogen, argon, 
and small amounts of acetylene, carbon dioxide,  water, and light hydro- 
carbons. 

The transfer of liquid oxygen from the plant to launch pad storage presenls 
an opportunity for dirt, hydrocarbons, and atmospheric contaminants to 
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be carried into {he system. 

The pressurization of (he slored liquid with nilrogcn gas results in the 
accunuilatioii of nitrogen in (he liquid oxygen, as well as the introduction 
of contaminants which may be present in the nitrogen. 

Other sources of contamination are the solvents and solids remaining 
from fabrication or cleaning operations, and the material conlribided 
(hrough deterioration of mechanical equipment- 

DEGREE OF CONTAMINATION 

Throughout the "life" of the liquid oxygen, contaminants may increase1 

or decrease in concentration due to evapora(ion of a portion of the oxygen 
and duo to inadequate mixing or "pocketing" of solids,,   The history of 
the oxygen is therefore important and should be reflected in liquid specifi- 
cations and equipment design, 

CURRENT SPECIFICATIONS FOR LIQUID OXYGEN AND EQUIPMENT 

The curren( liquid oxygen specifications reflect confusion in (he units 
used (o express concentration,,   The total hydrocarbons, expressed as 
Tl~, ppm by weight as carbon in the use specification, is in hazardous 
quantities .it (his concentration when expressed in ppm by mole as 
ca rbon., 

A fomparison of the equipmeni cleanliness specification with (he inierim 
procurement specification shows that (he liquid oxygen nius( contain less 
solids than the propellant loading system. 

From (his summary of (he work (o date on this study of liquid oxygen con- 
tamination it is apparent thai consideration should be given (o revising 
segments of (he specifications, and to continue studying other segmenls 
of (he specifications,, 

SOURCES AND MECHANISMS FOR IGNITION 

An analysis was made of (he available information on electrostatic charge 
generalion and build up while transferring liquid oxygen     Pure liquid 
oxygen does not generate1 a charge.   Charge build up is greatly enhanced 
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hy conUimiiuition by solid particles and soluble polar materials,  parti- 
cularly water.   The charge generation rate increases with velocity 
and with decrease in line diameter. 

The electricity conductivity of LOX has a marked effect on charge build 
up.    Below ]0""^ niho/cm no charge1 will be built Lip,   Above 10"H 
mho/cm leakage to the ground will prevent charge build up»   Monitoring 
the electrical conductivity of LOX and deliberate addition of non-hazardous 
impurity to increase tin1 conductivity above 10~11 mho/cm may be two 
new safety measures for such systems,, 

In general, grounding tanks and lines, maintaining a very low bevel of 
impurities and solids in LOX, and using low velocities and large1 dia- 
meters of flow lines are recommended,, 

CARBON DIOXIDE FILTRATION 

Solid carbon dioxide cannot be satisfactorily filtered.   Under the condiüons 
occurring in the transfer of liquid oxygen at missile launching sites.   The 
extreme turbulence existing in the warm lines and warm missile tank 
preludes the agglomeration of the C02 particles necessary to promote 
filtering. 

Complete removal of both solid and dissolved CO2 from the liquid oxygen 
is indicated,  since vaporization of the liquid will cause1 the CO2 which 
will not vaporize1 at that temperature to precipitate from solution,, 

However, such a recennmendation cannot be made1 until an agreMonent is 
iTached as to whether or not solid CO2 in the missile1 liquid e)xygeii is a 
definite problem,, 

PURITY ANALYSIS SURVEY AT CAPE CANAVERAL 

Liquid oxygen, as produced in the1 liquid oxygen facility al Cape1 Canaveral, 
meets the1 specificatiems for purity,  total hydrocarbons,  moisture, and 
aeeHylene as required by pnu-uremenl spenofication MIL-P-2550BC 
(7 November 1900),, 

The1 liquid oxygen (LOX) sampled at the various pad storage tanks al Capo 
Canaveral meets the1 specifications for total hydrocarbons,  moisture1, and 
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acetylene, but in a number of cases the LOX did not meet the specification 
for purity„   The low purities may have been due to (.; .■ technique of 
pressurizing LOX storage tanks with nitrogen gas- 

The total hydrocarbon contamination found in the liquid oxygen was methane 

In all of the samples taken, carbon dioxide was found in quantities well 
above its solubility in LOX which indicates that solid CÜ2 was present in 
the LOX,.   No conclusions can be dfawn at this time as to the effects of 
solid CO2 in liquid oxygen. 

On (he first samples tested, different analytical techniques were found io 
give different results for CO2.   These differences were resolved by im- 
proving the methods used for standardizing and calibrating the infrared 
analyzer. 

Some disagreement was found between the results as obtained by the 
Air Products Laboratory and those as obtained by the Patrick AFD 
Laboratory on equivalent samples.   The disagreements have not been 
resolved at present but   may be due to the standardizing technique used 
by the Patrick Laboratory for their infrared spectropholometer. 
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IV.  RECOMMENDATIONS 

Based on the foregoing discussions, liquid oxygen as produced in 
present-day plants, both commerciaJ and government,  meets (IK

1 

purity and contaminant limitation requirements established for its 
purchase and use in the missile program.,   Continuous analyses are 
required at the production facilities and at various stages of liquid- 
oxygen storage and transfer to assure1 (hat these purity levels arc1 

maintained. 

It is therefore recommended: 

(1) Purity analyses should be performed continuously at the 
generating plant on the liquid oxygen from the bottom of (he 
low pressure column (reboiler or condenser) using a continuous 
monitoring thermal conductivity or paramagnetic analyzer. 
This instrument should have a full scale range no greater (han 
5. 0 mo! % oxygen (95% - 100% full scale range).   It would be 
preferred, particularly if the analysis is performed by (hermal 
conductivity that the full scale range be 1., 0 or 2„0 mol % 
(99 - 100% and 98 - 100 purity respectively),,   The liquid sample 
should be vaporized to a gas for these1 analyses eidier by the 
line tap-coil vaporization technique or through the use of a 
separator-vaporizer device.   Since warm boiling confaminanls 
will also be determined on (his sample, the separator 
vaporize1!' device1 would be1 preferred, since' i( cemld (IUMI supply 
samples for all of (he1 analysis requirements.   A chemie'al 
orsat apparatus should be1 emiplejyed a( (he1 plant she1 for (he' 
analysis of calibrating and "zero" gaseis for eise1 on (he1 con 
tinuous monitoring purity analyzer.,   The' burette' shenild be 
calibrated in 0., 05 ml divisions l)etweiein (he1 99 and 100 ml 
marks,,    K should be' e'alibrate'd in 0„ 1 ml elivisions be'twecn (he 
95 and 99 ml marks,, 

(2) Total hydrocarbon and carbon elioxide' analyses shonlel also be 
pe'rformeel continuously on the pn)ducl from (he1 plant as reuneived 
from the bottom of (he low pressure1 column    reboiler, or com- 
elenser.    The1 liquid sample' shenild be vaporize'd (hmugh (he use 
of a sepa rabo -vaporizer (ee'hnique whereMii i( is assureel thai no 
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concciitratiün of those wann boiling coiuaminanls can take 
place duo to preliminary partial vaporization or fraclionalion. 
These analyses should be accomplished with a Luft principle 
(non-dispersive) infrared analyzer sensitized for carbon 
dioxide in conjunction with a catalyst furnace for the con- 
version of the soluble hydrocarbons to carbon dioxide.   The 
analyzer should be of sufficient sensitivity so thai the full 
scale range is at least as low as 0-50 ppm, and have an 
accuracy i 2% of the full scale range,,    Zero and calibration 
gases necessary for non-dispersive infrared analysis should 
be checked for accuracy.    Zero gas (nil CO2 content) can be 
verified by the analyzer.   Span or calibration gas can be 
verified by comparing it with a known C02 contnet gas such 
as air. 

(3)  Acetylene concentration in the product oxygen, as removed from 
the bottom of the low pressure column, reboiler, or condenser, 
should be determined once or twice each eight hours of plant 
operation, 

A sample should be collected as a liquid in a dewar observing 
the precautions concerning air contamination and precooling as 
outlined in the comments on sampling method A.   Analysis should 
be by either the long or short Ilosvay (copper acetylide) method. 
In either case the test should be commenced on the liquid sample 
as quickly as possible after it has boon collected to prevent 
excessive concentration of the acetylene due to vaporization of 
the sample. 

(4)   Water analyses are not required on ihv product from a liquid 
oxygen plant.   The equilibrium concentration of water (ice) 
dissolved in liquid oxygen is so low (hat it cannot be detected 
by either electrolytic hygromctry or a mirrored surface dew 
point apparatus.   Either of these analytical techniques are 
capable of detecting water vapor to a level of 1 ppm (approximately 
-100" F dew point).,   An apparatus of either type is required for 
the stored liquid contaminant analysis described in paragraph 
(5) below.   Occasional samples from the bottom of the low 
pressure1 column,  reboiler, or condenser as obtained with the 
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sepuratfjr-vaporizor devico should be used (u "/cro" (lio wator 

vapor analyzer.   Any measurable water conlenl in gaseous 
oxygen which has been derived by vaporization of liquid oxygon 
indicates contamination during handling operations, the water 
having entered the system subsequent to the oxygen generation. 

(5)  Analyses of the stored liquid from the plant storage facilities 
and any other subsequent storage areas should be performed in 
a periodic manner to determine contaminant concentration due 
to vaporization, and loss of purity due to contamination in 
transfer and handling.   The frequency of this testing should be 
dependent on the speed of movement of liquid through the 
storage facilities and on the opportunity for acquiring repre- 
sentative samples.   As has been mentioned throughout the fore- 
going report in discussing sampling, a representative liquid 
sample can oidy be obtained from a storage tank when the 
liquid within the tank is well mixed immediately after some 
exercise has been performed on the liquid such as filling, 
draining, pumping, etc,,   The sample should be obtained by a 
trapped liquid vaporization technique which does not permit 
atmospheric contamination and which prevents the higher 
boiling contaminants in the liquid from concentrating due to 
vaporization,   With a vapor sample obtained in this way, 
analyses for total hydrocarbon, carbon dioxide,  water vapor, 
and purity could all be performed with the same equipment which 
is used for monitoring the generating plant product stream,, 
The analysis for purity would give1 good insight into whether or 
not handling and transfer contamination had occurred before, 
during, or after storage1,,   The analysis for carbon dioxide1 and 
water would also supply information concerning handling con- 
tamination problems and would give data concerning the amount 
of boil-off (vaporization) concentration of contaminants which 
occurs as the product is handled.   The total hydrocarbon analysis 
would also give good insight into the boil-off vaporization con- 
taminant concentration problem and would be useful in deter 
mining hazardous conditions which might exist flue to hydrocarbon 
concent ration,. 

The remaining analyses required on the stored liquid would be 
for inarticulate count and acetylene determination,   These analyses 
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sliüuld also bo performed periodically on the liquid in a well 
mixed storage facility.   The most reproducible particulale 
matter data would be obtained by using' (he gravimetric technique 
wherein the particles contained in a certain volume of liquid arc 
weighed after being filtered and are reported as a weight of 
particulate matter per standard volume.   This test could easily 
be performed at the plant generating site where the other 
analytical equipment is located.   It would require a filtering 
device1, a specialized analytical balance, oven, and relatively 
small amounts of reagents and laboratory glassware.   The 
acetylene determination could be performed at the sample site 
with the portable quick test apparatus and if any indication of 
acetylene is evident, a sample should be returned as quickly 
as possible to the laboratory facility at the generating plant 
where equipment for performing the long test might be located,, 

With the above scheme of continuous and intermittent analyses, a complete 
knowledge of the purity and the major contaminants will always be available 
for the user.   Plant product will be continuously analyzed so dial an 
average purity and contaminant level will be available for investigation 
and the major problems concerning safe operation of the plant will be 
overcome.   Depending on the frequency of the intermittent analyses from 
the storage facilities, any increase1 in contaminant level or decrease in 
purity due to mishandling or excessive valorization in the storage tank 
could I»1 ascertained and remedied,, 

SPECIFICATIONS 

Maximum Limits 

Total Hydrocarbons 

Acetylene 

00 ppm (methane equivalent 
mob1 basis) 

4 ppm (mole basis) 

These maximum limits provide little margin for safely and must be 
regarded as unsafe1.   It is recommended that,  if total hydrocarbons 
reach 500 ppm or acetylene reaches 4 ppm, no further handling be 
performed except for immediate emergency measures designed to 
safely dispose1 of the liquiel oxygen. 
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The maximum limit for acetylene is based on the solubility of acetylene 
in liquid oxygen.   Hydrocarbons containing  more than four carbon atoms 
would not appear in detectable amounts in the course of routine operations, 
so the maximum limit of 500 ppm for total hydrocarbons is based on the 
solubility limit of isobutylene, the least soluble of the light hydrocarbons. 
Isobutylene is rarely found in liquid oxygen, and it is considered that the 
maximum limit of 500 ppm, which is also taken as the basis for use and 
procurement limits, is conservative for the normal run of liquid oxygen. 
Methane generally comprises the bulk of the total hydrocarbons in liquid 
oxygen and the maximum limit could be relaxed considerably if methane 
concentration were determined separately. 

Use Limits 

Total Hydrocarbons 

Acetylene 
Partieulate Matter 

315 ppm (methane equivalent 
mole basis) 

1„ 2 ppm (mole basis) 
2.9 mg/liter 

The use limits are considered to apply at the last point that corrective 
action can be taken, that is, in the storage tank used to supply the 
missile tank.   At times, it is necessary to load liquid oxygen into a 
missile tank, hold for a period of time and subsequently return the 
liquid oxygen to the storage tank.   The use limits recommended for 
total hydrocarbons and acetylene are based on the supposition that liquid 
oxygen will pass twice through a load-unload cycle and that the resulting 
concentration should not exceed 90% of the maximum limit.   If experience 
with a particular load-unload system shows that a different vaporization 
rate occurs, the use limits should be revised accordingly. 

The suggested use limit of 2,9 mg/liter for particulate matter is based 
on a tank-cleaning specification which allows this amount of contamination. 
It is of little value to require that liquid oxygen in a tank be cleaner than 
the tank-cleanliness permits« 

No use limit is suggested for argon since it is presumed that, due to 
preferential vaporization, argon concentration will always be lower 
than procurement specifications. 

No use limit is suggested for nitrogen because nitrogen pressurization may 
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or may not bo used.   The limit for nitni^cn impurity must bo 
dclcrmincd for individual facilities and wiJl depLMid on (.ho mission 
roquironionls. 

No uso limit is surest cd for carbon dioxide1 and wator because the 
eflVct of solids on (he in'ended use of (he liquid oxygen, an important 
part of (his program,  has no( yet IXHMI studied 

Procurement Specifications Limits 

Total Hvdroca rhons 

AcetylfMK1 

Total Impurities 

fiO pj)m (nu^hane equivalent 
mob1 basis) 

0. 2 ppm (mole basis) 
0. 5'',', (mole basis) 

The procurement specifications are considered to apply lo the point at 
which liquid oxygen (Miters the propollant-loading system,  Le„, the 
trailer deliverinii, (lie liquid oxygon from the plant to the launchsite 
storage.   With (his specification, proper quality control can be exercbied 
by producers who may be supplying liquid oxygen from a number of 
diffcrenl generating siles. 

The above procurement specifications are based on the established 
ability of liquid oxygen manufacturers to supply liquid oxygen of (ho 
required qualiiy on a routine basis,,   Under normal handling conditions, 
liquid oxygen may undergo a (o(al vaporization of 75 percent from the 
time of procurement to the time of final use1 in a missile1.   This figure1 

has been estimated from the following assumplions:   13 percent is lost 
while loading a trailer from a tank car and unloading into (he launch- 
siie storage tank; 0„ 25 percent per day is lost from (he storage tank; 
(he liquid oxygon is stored for one year; two cycles of loading and un- 
loading the missile tank are performed with 15 percent loss in each 
cycle.    Thus,  it can be seen that the non-volatile impurities may be 
concentrated about fourfold from procurement to use.   Starting with 
the procurement specifications,  (he total hydrocarbon con(en( at use 
would be 200 ppm and the acetylene content would be 0„ H ppm,  well 
below (he respective use limits of 315 ppm and 1,2 ppm,, 

The lotal impurities .ire principally argon with small amounts of 
nitrogen, acelvlenc,  hvdrocarbons, curbon dioxide, and water.   With 
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a 75 percent vapoh/alion loss,  (he original total impurities will 
dropped from 0„ 5% to about 0. 3f,n. 

OPKIUTICN 

lave 

Eciuipnu'iit Design 

Launch-Site Ropurificalion 

In preS(Mit liquid-oxygen propel lant-loading systems, the (M'er- 
changing composition of the li([uifi, due1 to (^aporaüüii,  will result 
in the accumulation of contaminants to a point which may threaten 
safely and reliability.   At the present time, the only means for 
dealing with this condition is to periodically discard some of the 
liquid oxygen.   Discarding liquid oxygen may also be necessary in 
the event of unexpected contamination.    Both conditions could be 
remedied by use of launch-site repurification,  with possible economic 
or lactical advantages over the periodic dumping of liquid oxygen,, 

biased on current industrial practice in liquid-oxygen generators, 
purification by adsorption is the recommended approach.    Using 
this technique,  liquid oxygon from a launch -site storage tank would 
be recirculated through an external adsorber for removal of the 
contaminants.   The effectiveness of this system would depend upon 
the adsorber design and storage tank configuration.   An expanded 
discussion of adsorber design and repurification rates is presented 
in Appendix B. 

It is recommended that a detailed study be made1 of the1 possibilities 
of repurification by adsorption,,   This study would require additional 
design analysis and experimental work,,   K is expected thai Ihe 
economics of repurification would be reasonable in view of the 
increased reliability of the launch-site equipment,, 

Improvement of Kquipmenf and Piping 

As indicated under "Degree of Contamination", present equipment and 
pipni!',.   m some rases,  leaves much to be desired     K is recommended 
thai pn senl equipmenl and piping be examined with a view toward 
eliniinatbu; de,id ends and providiii'j, adequate through flow.    To accomplish 
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this,  il may be necessary to rearrange piping or install drain 
lines.   Some specific examples are rearrangement of the piping 
(in storage tanks as indicated in Figure 3, and installation of a 
drain line on liquid oxygen catch-tanks (Figure 4). 

II is further recommended that consideration be given to positive 
flushing action in the design of future installations.    For example, 
storage tanks could be designed for vertical orientation, with 
conical bottom sections as illustrated in Figure 24. 

Transfer Procedure 

It has been stated in the Discussion, that one of the major sources of 
atmospheric contamination is the transfer operation in which temporary 
connections are frequently made and broken.   It was also pointed out 
that contamination can occur either by trapping a portion of the atmos- 
phere1 in a warm line or by allowing the atmosphere to enter and deposit 
condensables inside cold equipments   Both mechanisms for contamination 
can be controlled by strict adherence to proper procedures.   The trapped 
portion of the atmosphere may be removed by adequate purging before 
transferring, and condensables may be prevented from entering cold 
equipment by allowing the equipment to warm before1 disconnecting. 

It is recommended that suitable transfer procedures be established and 
followed in order to reduce atmospheric contamination.   In some cases, 
it may be necessary to redesign transfer piping in a, manner similar to 
the arrangement shown in Figure 25.   With such an arrangement, 
suitable1 performance could be obtained using a procedure such as follows: 

Using normal practice^ in removing caps and semis prior to making 
such e-onnection, the supply unit and liquid receiver are- connected 
with flexible hose1.. 

Valve No.  1 of the supply unit is e)peiied and the1 initial vapors, 
followed by liquid, are1 allowe-d to flenv through the1 hose1 and 
vent through Valve1 No,,  2„ 

VVIUMI liepiid oxygen discharge's through the1 veMil from Valve1 No. 2, 
v.ilws No.  3 and No, 4,  which are normally cleised, are- opemvd; 
Valve1 No.  2 is then closed, diverting flow through the1 lilteo- to 
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the v(Ti( thmu^h Vent No.  4. 

When liquid flow ivachcs (IK
1
 discharfe of Ihc VCMI! line (lirou^h 

Valve No.  4,   Valvi1 No,   [i is opiMU'd and Valve1 No»  4 is closiul,. 

Transfer proceeds between the supply unit and the receiver 

When transfer is complete,  Valves No,,  H and No,  1 are (dosed, 
and Valve No.  4 is immediately opened to vent,  followed by 
closing Valve1 No,. 3 and opening Valve No,,  2. 

When iras flow through Valve1 No, 4 vent is reduced, Valve1 No.  4 
is (dosed: the1 filter is isolate'd and as it cemtinues to warm, the 
filler pressure! will increase until the' pressure redied valve1 

opens (at a nominal pressure of 100 psig). 

Whem the flexible hose1 lemperalure e'xeeeds the dew point of the1 

ambient air (as indicated by the disappearance e)f frost), un- 
coupling may proceed, using normal practice1 in replacing caps 
and seals as soon as euich disconnecd is made,,   If eiedrost of the1 

line is too predonged for the operations conce'rned, flowing water 
or e)ther   means of ine're^ising the heat flow to the line may be 
(«mployed. 

The: above1 arrangeMiieMd and [irocedure would be a valuable1 step in a 
program aimed at controlling unpredictable contamination, and could 
be provieied at small capital e^xpeuise,, 

II is further recommende'd that consideo'ation also be1 give'n to othe'r 
approacdies such as dry nitrogen blanketing and quick-disconnect 
fittings. 

Further work should be- done on the problem of soliel C02 in missile1 

liquid oxygen,    Tests should be conduede'd to dedeourdne if that malorial 
dors aedually cre'ate1 uneh-si i'able1 conditions during a missile1 t.inking 
or shoot.    If the1 answer is positive,  the C02 should be removed by 
filtration and adsorption; if negative', a filler a.s;.embly should be designed 
which will pass the C02 partiedes but withhold other unelesired paiiiedes 
(rust,  sand,  lint,  elc ) 
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Film Ignilion 

It is strongly roconimcMidccl that furthor work to be1 cinnr mi llio ignition 
of hydrocarbon films.   If the proposed 100 milligram per square foot 
limit can be substantiated by further tests with other greases, oils, 
etc. tlie missiles program may save much money, time and in some 
cases, project delays by the simplification of present cleaning methods. 

Static Charge Generation:   dors not seem to be a problem in handling 
of liquid oxygen having the normal amounts of contamination.   The 
normal procedures of grounding equipment, preventing sloshing in 
tanks, etc.. should be followed. 

Purity Analysis Survey at Cape Canaveral 

With the exception of the possible additional carbon dioxide requirement 
as outlined below, the Air Force should maintain MIL-P-25508C (Military 
Specification,  Propellant, Oxygen) as it exists regarding the level of 
purity, and the amounts and typos of impurities present in liquid oxygen. 

It should be determined if tlva presence of solid carbon dioxide in a 
missile lank is detrimental to the ope1 rat ion of its liquid oxygen flow 
and flow cont rol system,, 

Until such time as it is determined whether CÜ2 is a hazard in a missile 
system, the procurement specification should be revised to limit the 
level of carbon dioxide to below its solubility in liquid oxygen.   This 
value is approximately 5 ppm (molar) at the normal boiling point, of 
liquid oxygon. 

It is suggested that the Patrick Laboratory incorporate a calibration gas 
preparation procedure similar to that used at the Edwards Air Force 
Base Flight Test Center Laboratory.   This apparatus utilizes a micro 
manometer to measure the volumes of gas used in preparing the 
standardization mixtures, and the mixtures are prepared directly in 
the analyzer gas cell,  elimi lating potential errors from gas transfer 
or diff ision.    (This standardization technique was used at Fdwards 
Air Force1 Rase in preparing a methane in oxygen calibration curve. 
The results of three analyses for methane on the Fdwards 715 Ions per 
day Plant liquid oxygen product showed an average of !3., fippm.   The 
results of all of the analyst's for methane from the identical 71") Ions per 
day Plants at Cape Canaveral in this report also averaged L'L ü ppm  ) 
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APPENDIX A 

LIMITS FOR FLAMMABLE CONTAMINANTS 

1„   Flam inability Limits 

For a mixture to be flammable, several conditions must exist 
(5,  16},.   Proper quantities of fuel and oxidant as well as a source 
of ignition must be present.   An exception to this rule is the de- 
composition under certain conditions of some chemicals which 
have negative heats of formation ~ acetylene, silver acetylide, 
ozone, and others - without the need of any agent.   These materials 
are hazardous by themselves and play a part in ignition.   Hazardous 
conditions,  in general, are avoided by preventing the simultaneous 
appearance of all three of these factors. 

In the case of liquid oxygen the oxygen, obviously, serves as the 
oxidizer and cannot be eliminated.   Not all sources of ignition 
are known, so positive control of the mechanism of ignition is 
difficult.   Control of the fuel remains as the safest means of 
avoiding a hazardous condition,,   However, the avoidance of fuels 
does not necessarily mean that ignition sources or initiators are 
to be ignored. 

Much is known about flammable limits of gases in air (5), and the 
underlying theory of combustion has been studied extensively (16). 
Data on combustible limits in gaseous oxygen, although not as 
complete as in air, are also available'.   However, data, on combustible1 

limits in liquid oxygen are very meager, although this is not as great 
a handicap as it might seem,,    Further discussion will show that safe 
generalizations may be used as guides for combustible limits with 
liquid oxygen. 

Table A-I presents the lower flammability limits for various gases 
in both air and oxygen at ambient temperature and atmospheric 
pressure.   If can be seen that the limits for all of the gases listed 
art1 practically the same for both cases, indicating that the limits 
are set by the roncentration of fuel,  providing sufficient oxygen is 
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present.   On this evidence,  it may be presumed that flammabiiity 
data obtained with air may be used as if it were obtained with 
gaseous oxygen.   It is also interesting to note that, on a methane 
equivalent basis, flammabiiity limits for the hydrocarbons are all 
approximately the same. 

Comparing flammabiiity limits in liquid oxygen versus flammabiiity 
limits in gaseous oxygen, it may be predicted that, in general, 
more fuel will be needed with liquid oxygen than with warm gaseous 
oxygen.   This prediction is supported by a consideration of the 
requirements of combustion.    For combustion to be self-supporting, 
sufficient energy must be produced by the burning portion to raise 
the adjacent mass to kindling temperature.   If liquid oxygen is used 
in place of gaseous oxygen, additional heat is required both to 
vaporize the oxygen and fuel and to warm the vapors to ambient 
temperature.   This additional heat can only come from additional 
fuel.   Thus, it may be assumed that, where experimental flam- 
mabiiity data is lacking for liquid oxygen, margin of safety is 
supplied by using data obtained with air or gaseous oxygen, 

20   Solubility 

In the above discussion of flammabiiity limits, it was assumed that 
the mixtures of fuel and oxygen were homogeneous.   However, in 
actual circumstances, it is unlikely that concentrations of hydro- 
carbons would be permitted to approach the flammabiiity limit,, 
Table A~II presents the solubilities of the various hydrocarbons in 
liquid oxygen compared with their lower flammabiiity limits. 
Solubility as a function of temperature is presented for the saturated 
hydrocarbons in Figure A-l and for the unsaturated hydrocarbons in 
Figure A-2,   It can be seen that, except for methane, ethane, and 
propane, the solubility limit is reached well below the flammabiiity 
limit.   Concentrations above the solubility limit are as hazardous 
as concentrations above the flammabiiity limit.   This means that 
hazard tolerance should be based on solubility limits instead of 
flammabiiity limits. 

Although solubility is generally thought of as equilibrium between solid 
and liquid phases,  it can also be considered to be equilibrium between 
immiscible liquid phases.   Ethane, propane, ethylene, and propylene 
are all reported (6,  18,  19) to form conjugate phases with liquid 
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()xyt;'(,ii.   In (he cases of dhyloiu' and ])i'()pylone, (he formation of 
a second,  fuclrich,  liquid must be considered in the same category 
as the formation of  a solid phase, and with the saim- degree of 
hazard.   The conconlralion of hydrocarbon in the oxygen rich phase 
would be termed the solubility.    Considerable data on solubilities 
of combustibles in liquid oxygen are available in the literature 
(6, 8,  10,  If.  13,  14,  16,  18,  19,  22.  23,  25 and 31),. 

3.    Initiators 

An initiator is defined as an energy source of such a magnitude and 
intensity that a fuel-oxidant reaction can occur providing (he fuel 
oxidant mixture concentration is within the flammability region 
Indiators can be chemical, thermal, electrical, and mechanical in 
nature.,   The intensity of the energy source refers to the energy (or 
lomperature) level,'and magnitude refers to the total quantity of 
energy released as kindling.   The potential chemical initiators, ozone 
and the nitrogen oxides are discussed at length below,,   A discussion 
of thermal initiators such as electric matches, blasting caps, 
external heat, and (hermitc bombs is beyond (he scope of this project,, 
Electrical initiators such as static electricity discharge1, which is 
generated within the liquid oxygen handling system, are a part of 
lliis project,,   Mechanical initiators such as adiabalic bubble com- 
pression, fluid friction of high velocity solid particles,  mechanical 
friction of valve's, and pump bearings and shock waves induced by 
rwater hammer' also will be studied. 

O/one has been shown experimentally to react with unsaturated hydro- 
carbons at liquid oxygen temperatures and to increase1 the ignition 
sensitivity of liquid oxygen-fuel mixtures in the flammabel region 
(14),,    Flammable mixtures of liquid oxygen-fuel have1 been ignited 
by ozone (4,  14,  18, 23,  28),,    Explosive reactions between ozone? 
and nitrogen trioxide1 or tetroxidei at temperature's well above1   297° P" 
(29) and explosive decompeisitiem of ozone1 itself at -150" F (12) have' 
be'em repended.   In all experinmntal weirk,  relatively large1 quantith'S 
of eizoim were1 used.    Henvever. despite' the1 e'vidence of its ability 
to initiate' combustion,  there1 is no repeirled enddence in the' liieralun' 
of the1 presence of o/.one1 in liquid oxyge'ii     One1 ie-am ejf in ve-st ir.alm'S 
import the1 possibility of (race eiuanlit it's (22), 
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Experiments with niiric oxide and nitrogen dioxide show that, 
noilher react with unsaturated hydrocarbons at -297° F and that 
they do not increase the ignition sensitivity (in some cases, 
even lowering the sensitivity) of flammable liquid oxygen-hydro- 
carbon mixtures (14),   If ozone (at least more than 200 ppm ozone 
for mixtures studied) is introduced into flammable liquid oxygen-- 
unsaturated hydrocarbon mixtures containing nitrogen dioxide, 
the ignition sensitivity is increased to a greater extent than that 
due to ozone alone (14)„   Nitrogen dioxide added to a liquid oxygen- 
ethane mixture just below the lower-flammable-limit concentration 
had no effect on the limit (18).   Nitric oxide reacts with oxygen 
at temperatures slightly above -297°F and very violently at -265°F 
(21). 

Experiments with gaseous nitrous or nitric oxides have shown them 
to be flammable but no ignition occurred when each solid oxide was 
slurried in liquid oxygen (18).   Cocrystals of nitrous oxide and 
acetylene containing more than 25 mol percent of the latter were 
observed experimentally to have the same ignition sensitivity in 
liquid oxygen as acetylene (26). 

Data on the presence of initiators and sensitizers in liquid oxygen 
and knowledge of their effects are meager.   The safest course 
appears to be the avoidance of flammable liquid oxygen-fuel 
mixtures and the prevention of the occurrence of chemical, thermal, 
and mechanical initiators,, 
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TABLE   A-I 

LOWER FLAMMABILITY LIMITS OF COMBUSTIBLES 

Gas Air* 

Hydrogen 4.0 

Methane 5.0 

Ethane 3.0 

Propane 2.2 

Butane 1.9 

uso-Butane 1.8 

Ethylene 2.7 

Propylene 2.0 

Butene-1 1.6 

Butone-2 1.8 

i-Butylene 1.8 

Carbon Monoxide 12.5 

Oxygen (Gas)*     Oxygen (Liquid)** 

4.0   

5.1 

3.0 

2.3 

1.8 

1.8 

3.0 

2.1 

1.8 

1.7 

15.5 

11,0 

4.0 

All values are given in mole percent (not methane equivalent). 

*   Reference    5 , ambient temperature, atmospheric pressure. 
♦♦Reference   18,  ~2970F, atmospheric pressure. 
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TABLE   A-II 

Gas 

Methane 

SOLUBILITY OF HYDROCARBONS IN LIQUID OXYGEN 
Parts Per Million by Mole 

Solubility* at -297. 30F Lower Flammablllty Limit 
(Methane Equivalent) (Methane Equivalent) 

980, 000 50,000 

Ethane 430,000 60, 000 

Propane 

Ethylene 

Propylene 

150,000 

55.000 

20.100 

63. 600 

55.000 

60.000 

i-Butane 7,640 72.000 

Butene-1 4. 000 64.000 

n-Butane 3.440 74. 400 

i-Butvlene 530 72,000 

Aceivlene 10 50,000 

"* Reference 19 
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APPENDIX   B 

ADSORPTION REPURIFICATION OF LIQUID OXYGEN 

Since low-temperature adsorption-purifiors are already used in air-separation 
plants to remove hydrocarbon contaminants and carbon dioxide, adsorptive 
purifiers can be designed for stored liquid oxygen based on this experience. 
The difference between the purification of stored liquid oxygen and nurification 
in an air-separation plant lies in the different conditions used for the process. 
The hydrocarbon adsorbers in a generating plant normally operate at about -280oF 
and 75 psia whereas adsorbers purifying stored liquid oxygen would   operate at 
about -2970F and slightly above atmospheric pressure.   The effect of temperature 
on adsorber capacity has not been completely established, but it may be parti- 
cularly important for the components with low solubilities which are of interest. 

Available data show that the adsorptive capacity for contaminants decreases 
with a decrease in inlet concentration.   Since (he concentrations to 
be handled in launch-site storage are lower than the concentrations dealt with 
in air plants, the concentration difference must also be considered in adsorber 
design.   Although conservative criteria may be used for the safe design of 
adsorptive repurification systems,  it is desirable to obtain more quantitative 
data on adsorbent characteristics before establishing final designs. 

Since the build-up of contamination in stored liquid oxygen is generally a 
gradual process,  it would not be economically desirable to build individual 
repurification units which would be idle much of the time. 

Repurification Rate 

The purification v\\\v of a recirculation-adsorber depend primarily upon the 
size of the circulation pump and the extent of mixing in the storage tanks. 
During repurification through an external adsorber the liquid oxygen would be 
subject to  additional heat influx due to the adsorntion operation.    Liquid- 
nitrogen refrigeration could be used to recondensc any boil-off resulting from 
such heat im;. 

In the simplified analysis of repurification rates which follows,  liquid-nitrogen 
recondensalion of the boil-off oxygon is assumed.    (The amount of liquid nitrogen 
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required would be small.)  In addition, it is assumed that the circulating 
oxygen leaves the adsorber completely free of contamination, although it is 
recognized thai this is true only for a perfect absorbent. 

The following simplified models are considered in evaluating the probable 
repurification rate: 

1.    Complete By-Passing 

If the positions of the inlet and outlet lines leading to and from the re- 
purification system are close to each other in the storage tank, it is 
possible that complete by-passing will occur.   Liquid oxygen flowing 
to the adsorber will have been already purified and essentially no 
purification will take place after an initial active volume has been 
circulated through the purifier.   The positions of the inlet and outlet 
lines in the storage tank, therefore, must be arranged to promote 
thorough mixing of the contents.    (Refer to Figure 3 in the body of 
(he report. 

2.     Complete Mix big 

For the case of complete mixing, the concentration of contaminant will 
decrease according to the equation: 

dC 
dt kC 

when 

-■-   concentration of contaminant in liquid oxygen. 

-   time after start of purification,  hours. 

purification coefficient (capacity of pump per hour 
„.««divided by storagjg tank capacity).    , _ 

The integrated form of this equation yields the new concentration,  C, of 
:he impurity in quest ion; 

C 
kt 



CTjci riadhcU atu/ Utemicau 

where 

initial concentration of contaminant. 

The "half-life" of the purification system,  i.e. , the time required to 
reduce the contaminant concentration by a factor of two is: 

'1 0. (594 
k ' 

Thus a tank containing 24, 000 gallons and connected to an external re- 
purifier circulating liquid oxygon at a rate of 100 gpm will have a "half- 
life" of: 

1/2 2.78 hours 

3.     Plug Flow 

In the case of plug flow,  the time to remove all the contaminant is pro- 
portional to the volume of liquid in the vessel divided by the pump rale. 
For a 24, 000 gallon   tank and 100 gnm puniD, the liquid will be com- 
pletely purified in 240 minutes,  or 4 hours,,   This, of course, is for 
ideal conditions and will not happen except when pumping the entire 
contents from one tank to another,   Interestingly, the "half-life" for 
plug flow is not much less than thai for complete mixing,  i.e. , concen- 
tration decreases linearly with time: 

1/2 
0. 5 
it 

For the example cited,  the "half-life" would be 2.00 hours as compared 
to 2.70 hours for complete mixing. 

Actual Flow 

Actual recirculationjlow will be a mixture of the three possible flow 
conditions with the decrease in contaminant concentration being somewhere 
between the rates for the two extreme cast's of flow,  i.e. ,  plug flow and 
complete by-passing.   In launch-site storago-tanks equipped with inlet 
and outlet piping arrangements such as illustrated previously in Figure   3(b), 
the flow pattern should be more favorable1 to rapid repurification; the rate of 
decrease in contaminant concentration could be expected to be closer to that 
for plug flow and complete mixing than for complete by-passing. 

\ 12 
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API'KNDIX C 

LIST ÜF FILTER VENDORS 

Aircnii'1   Porous Media,  Im'orporalod 
k\\v\\ Cove,  New York 

Arno Engineering Corporation 
Meriden, Connecticut 

Bendix FilltM' Division,  Bendix Aviation Corporation 
Madison Heights,  Michigan 

Carborundum Company 
Perth Amboy, New Jersey 

Commercial Filters Corporation 
Mea-ose,  Massachusetts 

Dollinger Corporation 
Rochester-,  New York 

Harmon Equipment Company 
Los Angeles, California 

Micro Metallic Division,  Pali Corporation 
Glen Cove,   New York 

Purolator Products,  Incorporated 
Ralnvav,  New- .lerst^y 
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APPENDIX D 

STATIC ELECTRICAL DISCHARGE IN 
LIQUID OXYGEN SYSTEMS 

INTRODUCTION 

Elect rostat.ic char'j.c accumulalion and discharge arc some ol (ho innre 
comnion hazards in handling flowing liquid oxygen.    Normal safely 
practice is to ground tanks, transfer lines, and handling equi[)nuint.   A 
belter understanding of tlK1 mechanism of electrostatic charge build up 
will contribute to safer transfer of liquid oxygen. 

NATURE OF STATIC CHARGE 

When the surfaces of two poor conductors of electricity are brought 
together and separated, electrons, and sometimes ions, cross from one 
surface to the other,  resulting in equal and opposite1 charges on the two 
surfaces,,    The two surfaces can be continuous or non-continuous, both 
moving, or only one moving (eg,:   A fluid moving through a pipe, two 
phase How in a pipe,  solid particles settling in a fluid). 

The limits of the amount of charge that can be accumulated arc due to the 
electrical conductivity of the system; ue. to tin; rate of leakage of (he 
charge; from the system. 

The factors affecting charge1 accumulation and ignition hazard are: 

a. Geometry of the system. 
b. Elow characteristics., 
c. Electrical properties of fluids and systems,, 
d. Nature1 and amounts of impurities. 

BASIC CONCEPTS 

The basic concepts of statte' elect riedly generation and build up have" been 
iTviewed by Klinkenberg (15) and Loe1!) (17).   The enghmering applications 
of Klinkenberg's study to other systems have been reviewed by Salctan (27) 
The concepts and applications that will be' useei in this report are snmma I'i/eei 
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below: 

1»   Rate of charge generation as a function of flow characteristics 

is -- 1/2 f HRC   -f   E Eo  U   Z 

where     Is 

f 

HRe 

E 

Eo 

Streaming current     r;ite of flow of electrical 
charge into the fluid (amp),, 

Fanning friction factor 

Fluid Reynolds number 

Dielectric constant of fluid 

8„85 x 10-14 amp,, sec/volt cm,, 

U        Average fluid velocity   (cm/s)., 

Z        Zeta potential - the interface potential where1 

the charges are transferred to the fluid, usually 
0. 01 - 1 volts,, 

2.    Rate of charge leakage from a charged system,, 
-t 

Q ^ Qo e   T" 

where     T - lji!lt)       relaxation time {-- time constant; sec,,) 
k 

Q Total charge in fluid (Coal), 

Qo Total charge in fluid at some arbitrary lime (Coul). 

t Time for charge1 to drop from Qo to Q (sec),, 

k Electrical conductivity of fluid (mho cm), 

Ih 
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3.   Streaming potential,   The potonlial between the ends of ;i pipe which 
a fluid is flowing and accumulating' a charge. 

where1 

V^ •« Air 

Vs     Strc'aming [lulential (volts),, 

1     -■ Length of pipe (cm). 

^ A     - L  ross section area of pipe (cm ), 

4.    Energy of discharge,, 

E 1 pF      A 2        1      EE0 
2 EEü    i       Vs 2        A k2 

where E      Energy of discharge1 (Joule). 

IGNITION HAZARD 

The minimum ignition energy for volatile organic solvents in oxygen is 
0„2 m.j, (16). 

Tournay et al (30) have studied the susceptibility of liquid oxygen explosives 
mack1 from a solid adsorbent (90% or more1 activated carbon) soaked in 
liquid oxygon, to electrostatic discharge.   The most sensitive materials 
required more than 2 Joules to initiate a detonation. 

It can be safely assumed that at least 0„ 2 m.j. and probably one or two 
orders of magnitude above1 this value would be required to Initiate L; 

detonation of liquid oxygen with a combustible material. 

EFFECT OF THE GEOMETRY OF THE TRANSFER LINE 

For the same flow rate 

where I)       diameter of the line (cm) 

' -       proportionality sign, 

in 
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and 

For laminar flow 

For turbulent flow 

since 

since 

U^   D 

f    r> 1 
NRe 

is   -"   2    f NRo  /r EEo U Z 

;        p-2.  -  n-28 

E .   1     EEo 1    I2 

2       Ä ""    k"Z 

and A =    IT    D2 

E r/D-6   -   D"6- 8 

I?  iy- 

The energy of discharge would be decreased greatly by a slight increase 
in diameter of the line.   It would also decrease to a smaller extent by a 
decrease in the length of the pipe.    For very narrow lines, however, the 
increased rate of charge1 leakage due to proximity to the wall would offset 
the effect of decreasing diameter. 

EFFECT OF FLOW CHARACTERISTICS 

The1 Zeta potential (17) is a function of the thickness of the charged zone1 

at the interface where charge1 separation takes place, and therefore it is 
a function of the velocity and flow pattern. 

For the same fluid and geometry 

Vs .yf U2 Z 

The pressure drop (A P) is related to the velocity by (24) the relationship 

A 1' '-■  1 U2 
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Bocquet et al (3) have shown (hat the ratio Vs., AP is indopendont of 
the Reynolds number over a wide1 ran^e.   This indicates that the change 
of Z with flow conditions is small. 

since for laminar flow      f '--  U"* 

and for turbulent flow       f  " U"^' 

iK       U   -   U 1  8 

For turbulent flow and kerosene the streaming current was found experi- 
mentally (15) to be proportional to lll-^ 

E rX U'^   -  U 3.6 

Decreasing the linear velocity of LOX would therefore1 decrease the 
ignition hazard. 

Two phase flow should be avoided as larger amounts of moving interphase 
surfaces are available for rapid charge separation, 

EFFECT OF THE ELECTRICAL PROPERTIES OF FLUIDS AND SYSTEM 

1, Sign of Charge 

With water and with most other impurities LOX becomes negatively 
charged.   Since1 most fuels flowing through a transfer line become 
positively charged, this increases the ignition hazard when pumping 
LOX and fuel at the same1 time into missile tanks. 

2, Grounding 

Grounding the lines and tanks decreases the potential between fluid 
and walls and enables leakage of the1 charge from the1 fluid to the 
ground.   Grounding, however, does not eliminate the ignition hazard 
from the charged fluid. 

3, Klectncal Conductivitv of LOX 

Pure LOX is a \'( ry poor conductor,    Small amounts of polar impurities 
increase its conductivity considerably.    The hazardous range of electric 



c?föi nuKbc& am/ (mmicak 

conductivities is illustrated by the following numerical example 

SAMPLE CALCULATIONS 

A transfer line 8 ft.  long.  4" i.d. is transferring LOX at a rate of 200 gpm. 

/ 

D 

NRe 

.002 poise (* - liquid viscosity.) 

1. 2 gm/cm^ (* ~ liquid density.) 

4 x 2. 54 = 10. 2 cm - pipe diameter 

DU/0 
8.5 x 10- 

J( 
0.004 {**). 

E        1, 

Z "^ 0. 1 volt; estimated from +,f + . 

is        -   1 NRO   /rEEy U Z       lo23xl0-8an IP 

T EEo    -    l-l^J.0' 
13 

sec 

Vs      is i 3.46xl0-2       V( 

A k k 

1 EEo 1     i2 

2 A k2 

)li 

2.83 x 10" 
k2 

m. 

" Reference 28 
^Reference 24 
*+ *Reference 115 
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EFFECT OF ELECTRIC CONDUCTIVITY 
OF FLUID ON IGNITION HAZARD 
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T 

Electric Conductivity 
niuo/cnin  
mho/cm. 

Relaxali oi 
Time 

sec 

10-10 .00135 

10-11 .0133 

10 
1 0 ■ 1 Ü 

10-13 

10-14 

10-15 

10 -16 

. 133 

1.33 

13.3 

133 

1330 

VK 

Streaming 
PotentUU . 

volts 

346 

3460 

34000 

3.40 x 10 5 

3.40 x 10° 

3.40 x 107 

E 

Energy of 
Discharge 

m.j. 

.283 x lO'15 

.283 x 10 3 

. 0283 

9    R c< u . 0\j 

283 

2.83 x 10 

3.46xl08 2.83 xlO6 

Table1 D^I shows the effect of the electric conductivity of (he fluid in the 
transfer system example, on the relation time (which can he considered 
as a criterion of charge' leakage), on the streaming potential and energy 
of discharge.   The hazardous range of conductivities is lO-H - 10  15 
mho/em.    At lower conductivities the relations used for the calculations 
do not apply as the number of charged particles, available in the system, 
is not sufficient to generate (he large1 charge indicated by the equations. 

EFFECT OF IMPURITII-iS 

In a poor conducting fluid, the charge carrying particles are the small 
amounts of polar impurities present in the liquid,.   Solid impurities have 
an additional effect of generating static charges at their surfaces if they 

120 
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are moving at a dii'frrcnl vulocily than the fluid.   The niagnitLulo of the 
hazard depends also on the nature of the impurity as a comustiblc impurity 
in LOX can, by igniting,  initiate a greater explosion than the electrical 
discharge by itself. 

A useful criterion for the ignition hazard would be the electrical con- 
ductivity of LOX.   If more than one impurity is present, one impurity 
can enhance or defeat the effect of another (15),   Data are not available 
for the electrical conductivity of pure or impure LOX,,   Since pure LOX 
docs not generate a static charge (1, 20) it can be assumed that its con- 
ductivity is smaller than 10-15 mho/cm„ 

An addition of a non-combustible, soluble, polar impurity at a concen- 
tration of a few ppm may increase the conductivity of LOX to over 10" [1 

mho/cm where the rate- of leakage of the charge is higher than the rate 
of generation.   Such impurities will have to have1 low melting points, some 
solubility in LOX and high polarity.   NO2 or SO3 may serve in this capacity. 

EXPERIMENTAL WORK 

Ebert and Hoffman (7) in a series of very careful experiments hack in 
1900 showed that [Hire liquid air does not generate a static charge.   When 
large amounts of solid 02 were added to the liquid air, no charge was 
generated.   Small amounts of ice caused a considerable negative charge 
generation by movement of the ice on the liquid surface.   The ice itself 
became positively charged. 

Work done in the National Bureau of Standards in 1960 (20) showed that 
flow of pure liquid oxygen does not generate electrical charge and that 
very small amounts of moisture in Ww LOX generated considerable 
voltages.   Solid particle contaminants generaged voltages of order of 
many kiiovolts. 

Work done by Air Products  .llso showed thai pure liquid oxygen does 
not generate any charge.    LOX containing 2-3 ppm C02 did not generate 
any charge.    LOX containing 200-300 ppm CO2 generated 3000 volts in 
3 hours.    This may have been due to some contamination with water. 
In most cases a negative charge was observed in the LOX.    In some cases 
a positive1 charge1 was observed.    The exact nature of impurity causing 
this effect was not established.    Heating or cooling (he coil in which the 
chartie was t1,'': me rated did not effect the rate of charge generation. 

1 91 
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CONCLUSIONS 

1. Pure liquid oxygen docH not gonorate an cilectrostatic charge. 

2, Solid and dissolved impurities, particularly water,  in the LOX cause 
an electrostatic charge generation. 

3. The hazardous range of impurity concentration is defined by electrical 
conductivity of LOX of lO"*1 - 10-15 mho/cm. 

4, The charge build up increases with velocity and with decreased 
diameter of the transfer line. 

RECOMMENDED PREVENTIVE MEASURES 

1. Ground all metal tanks and lines, 

2. Maintain LOX free of solid impurities and contamination with waten 

3.,   Use large1 diameter lines and low velocities. 

4.    Monitor the electric conductivity of the LOX. 

!5.   Increase the conductivity of LOX above 10"^ mho/cm,, 

122 
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APPENDIX 

CRYOGENIC LIQUID BATCH SAMPLERS 

OPERATING TECHNIQUES 

AIR PRODUCTS AND CHKMIC'Al.S.  INC 

MODEL A3A 

PRINCIPLE OF OPERATION 

Tho sampler is based on ihr- romnvn principle of lrlipj)in^ a known 
volume of a cryogenic liquid within a high-pressure eonlaiuor and 
allowing the liquid lo vaporize lo a high-pressure gaseous sample 
by normal heal leak,,   In the acquiring of a sample the liquid to bo 
vaporized to the high-pressure gas sample is contained in the inner 
cup.   (See Figure E-1)   By proper manipulation of the valves, flu« 
entire container is filled with the liquid being sampled.   There is, 
therefore, a protective liquid blanket surrounding the sample liquid 
in the inner cup,  which prevents vaporization or fractionalion of the 
trapped liquid,,    This surrounding liquid blanket is removed at a 
rapid rate (approximately 30 seconds duration) and the inner sample 
vaporizes as staled above-,,   This method of insulating the trapped 
liquid by identical cold liquid is one of the unique features of this 
sampler (proprietary development - patent protection anticipated) 
and allows if to obtain a more representative1 sample than would be 
obtained by oilier "trapped liquid-vaporization techniques,," 

SPECIFICATIONS 

Casing size - 25" x 12" x H-3, 4" 
Weight - 30 pounds (including case) 
Pressure Limits - Full vacuum to 2000 psig„ 
Pressure Gauge - 0 to 2000 psig. 
Pressure Cylinder     Type 304 Stainless Steel seamless pipe,,   Walls 

0.237" thick.    Pressure cylinder rated at 3000 psig. 
Each valve equipped with an 1H00 psig rupture disc. 
Valve seats and seals made of Kel-F. 
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Valves - Brass. 
Liquid Sample Size - 17.0 cubic inches. 
Cylinder Displacement - Approximately 150 cubic inches. 
Gaseous Volume (Oxygen) - 14, 500 cubic inches at standard conditions. 
Final Sample Pressure (Oxygen) - 1300 psig. 

SAMPLING INSTRUCTIONS 

The sampling instructions are contained within the lid of the sampler 
carrying case and are reproduced here as Figure E-2. 
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CHMiCf NIC 
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BATCH SAMPLER 
MOOFI   A-3-A 

i 

SAMPLE   INSTRUCTIONS 

(-'' T -- ~~ - ^ 1 
hi 1 
■ -. ■ . r 

V-.. _;:-; 

::J. Vf ,_- 

1. Place ()|u>nrii (••nilain   i   in lijMMi'Jit  iV-Ütnn as In the Above Sketch. 

1)() NO'I'H i.Iili') Tlii;  i'iii'.'.'UM'i:  iiH/M   ■ A M ri,i'i ('V i.INi)i'ii(. 
2. Altacli Hie Ciipi;., r  ! iih,   [ IquM [).•!lecturs (l)) fo Valves (il) ^  (C).  Tighten 

the DefhM'tors so that ;hey l'olnt Overbcani on the I,(Mt Hand Side of the 
Container. 

3. Uslnc; Appropriate Adapters Connect the Sample Line Hetween Bleed Valve 
(F) fc Sample Valve (A). 

CAUTION;   MKVKH ATTKMPT TO SAMPLK A TANK OH SYSTEM 
WIIK 11 liAN MOT MAI) A iU,KKD VALVE (!•) ATTACHED 
i- ? Till'; SAMiM r; VALVE (C), 

4. Tl(;lilen All S'ample Line ! Jmneel Inns and Slowly Open Valve (A) Allowing 
the Sample LiiM' lo hi   i'nr;',! d ll!i-oui;li Valve (L). 

5. When 71) ,') of tin' I'n-.'.nre In i!e   Sampler has been Depleted,  Cloao Valve 

G. 

7. 

B. 

9. 

10. 

11. 

12, 

Li. 

14. 

I'nrj'.e Valve.M ill) ,',  (( ) by AÜiTnately Upeidni: and Closing thene Valves 
until Ihi   Hemainlm; i ,■,      .n,   is  D-plrled.   Valves (H) M-  ((') should be 
Closed At the End id Ihis ()p.'i alinn. 
Open Valve ((.).  Open Valve (T).   Valve (A) Should be Open from Step 4, 
the Sampler will Li idn to  \ ill   will)  Li^'dd. 
If Hiissibleal this Time,   Pn-s.'-iiriy.e CiyfM','ntc Lhptld Tank lo Apj)roxi- 
malelv 10-1 > I'SIC. 
Wtusi Lhndd Sl.i j I ; In ilnvv Ir-mi the DefliMdor on Valve (p) and II is 
Felt a  Hepivseiitat ive Sampli' has liren Ol)lalinedI   Perform the I'ollowing 
Valve Ma idpüi.! I ii >ir: in C,)iil( k Swee'-sion. 

a. ( 'hem \'.ilvi   (H) 
b. ( 'I-: ■■ Valv- (A) 

e.  ()] -•■(! Ci i. ■ (('.) 

When   Liquid (''Mse:   h    I ln\v i ri mi th i   1). 11 ■■■ l:>r iin Valve ((')--(Oas Shnuld 
Still lb   1/ capin!,),   ( 'I..  .' \' i L^ (( ). 
Usine. Pr<i|ii i   Pi ■ i .nil IMM    i     I'M vi ei IN liU'   'Mnrned" by ('.dd I'iplni; Open 

Valve (1' ) and inm,    -n. !.   :  !-■■   \ .i lv.   (( ,). 
Di::ei inni'il lie   : > i lejd'    1 aie • a I  I a I \     (,\ .1 a ad Llv the Sa mpb'i' Ounla IniT 

I- lat  (I ad Sid,   I T ' l"i   ■" ''   '■•■'ei -. 
()n \\ ,, i i-i MI    ■     '. i   ii. ':!  i      ; ,-; - i:    ! '■■   / i " | de (laiip.e Slioni I Indleale a 

I     : r I a.nd b'i plai 
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COSMODYNK CORPOIUTION 

MODKL CS4^ 

I'RINCIPLK OF OPHIUTION 

The Cosmodyiic Cryogenic SanipliM" operates on the1 shioldod cup 
principle - thai is,  the liquid itself is used to cool a shieldint;- space 
and samplinLi, cup prior to the introduclion of fresh liquid to the samplim; 
cup.    Fi^ui'c1 Iv-3 is a schematic of the sampler's arranji,ement.    It 
consists of two cups located inside a pressure vessel with inlet, out- 
let and sarnpliiu', valve located as shown,,   Accurate sampling requires 
the inner-most, cup to he precooled.    This is done by allowing liquid 
to flow in the inlet port and between the shielding cup and sampling 
cup with the sampling valve1 closed so that no liquid enters the sampling 
cup.   After the sampling cup is adequately cooled, the sampling valve is 
opened to admit liquid into the cup.   When the valve is rcclosed, the 
liquid is trapped in the1 sampler and will vaporize as a result of atmos- 
pheric heating.   Once the sample is trapped the flow of liquid is shut off. 
Under ordinary conditions (70F environment), the sample will completely 
vaporize without additional heating in approximately fifteen minutes,, 

After the liquid becomes a gas,  it can be analyzed by any one of several 
conventional la bo i'a lory insl niments. 

SPKCIFICATIONS 

Casing Size - B" x H" x 17 1/4" 
Weight - 20 lbs 
Final Sample Pressure - 500 psig 
Malena i - Sta inless Steel 
Volume of Cylinder - -1. 1 lite rs 

SAMPUNO PKOCFDIPK 

1. Pressuri/,e liquid lank as desired. 
2 . Remove |i in o1 c,! rrvmi'. case 
W. Remove inlet and outlet caps 
■I ronneet  I   2" fill line from liquid lank to sampler inle 
lo ()pen I iquid tank i ml let va I vi 
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6. Allow sampler to cool until steady flow of liquid appears. 
7. Open sampling valve by turning handle at top of sampler until 

it stops. 
8. Close sampling valve. 
9„ Close liquid tank outlet valve. 

10„ Disconnect fill line. 
11„ Replace inlet and outlet caps. 
12„ Replace fop of carrying case,, 

SAFETY PRECAUTIONS IN SAMPLER USE 

Normal rules involving the safe1 handling of cryogenic liquids and/or 
oxidants should be applied in the use of this sampler. Specific rules 
for safe operation are listed below: 

1. In sampling cryogenic liquids, protect the body from contact with 
the liquid or cold piping by using acceptable, approved gloves, a 
hood and a hard hat, if necessary.   If protection is not provided 
for the face and eyes with a hood, a transparent face shield should 
be worn. 

2. The major hazard involved in the use of this sampler is the possibility 
of the operator inadvertently trapping cold liquid in a closed section 
of piping.   This possibility is protected against by the use of safety 
discs in the sampler itself,,   However, extreme care and caution should 
be exercised in the handling and manipulation of the sample1 line and 
associated piping to prevent trapping liquid in a closed line between 
the sampler and the sampled tank .   Before closing any valve between 
the sampler and the sampled tank, the operator should assure1 himself 
thai liquid will not he1 trapped,, 

3„   Normal care concerning smoking, open flames, static charges, etc. 
should be exercised when sampling liquid oxygen.   Special care 
should be exercised after the operator has been in prolonged contact 
with oxygen vapor to assure that his clothing is well purged before 
exposing himself to an area where open flames, static charges, 
smoking, etc.  mifdit be1 prevalent. 

2H 
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Figure E-3.    CryopMiic (Jas Sampler 
Cosmodyne Corporation 
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APPENDIX   F 

ACETYLENE SPOT-CHECKING PROCEDURE 

1. ANALYSIS 

The acolylone content of the liquid oxygen is determined from (he 
color intensity produced by a chemical reaction with the acetylene. 

2, PRINCIPLE OF OPERATION 

The liquid oxygen sample is poured into a tube which contains a 
small amount of silica gel and which is held at liquid nitrogen 
temperature.   The gel and the liquid, are well mixed, the sample 
is decanted and the gel is immersed in a small amount of acetylene 
test solution.   The acetylene reacts with the solution to form the 
red, copper acetylide, complex. 

3,    TEST EQUIPMENT 

The test equipment consists of a 1 quart sample collection riewar 
flask, a 1/2 pint wide-mouthed dewar flask, a rack for test tubes, 
a test tube clamp, a glass stirring rod, a dropping bottle, a reagent 
bottle,  six test tubes, color standards, chemicals, and silica gel 

a.   Dewar Flask.,   A one-quart Dewar flask (1) is used to obtain and 
holcrallquKl oxygen sample,, 

b„   Test Tube Rack,, A test tube rack (2) for holding the test tubes is 
included.   Store the tubes in the carrying kit. 

c„   Test Tube1 Clamp..   A wire hand clamp (3) holds the cold test tube 
to prevent liquid oxygen bums, 

d.   Test Tubes.   There a six six-inch pyrex tubes (4) calibrated at 
the 3 ml and 20 ml levels, 

e..   Dropping Bottle.,   This bottle (5) is used to add drops of the hy- 
droxylämine hydrochloride to the lest tube. 

f. Wide-Mouthed Dewar Flask.   The test tube sample is supported 
in this 1/2 pint flask (6) by the test tube clamp during the test. 
If contains the liquid nitrogen used in sub-cooling the sample. 

g. Carrying Kit.   The wooden or metal kit (7) is fabricated for 
coiivenienl carrying, of the testing apparatus. 
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h.   Tost Solution Addition Bottle. This buttle is used for simple 
and accurate reagent addition (8). 

i.   Color Standards and Comparator Rack,,   (9) 

j,   Glass Stirring Rod, The glass stirring rod (10) is used to mix 
the liquid oxygen sample with the silica gel,, 

4.   ACETYLENE TEST SOLUTION 

T^roM'ivp ihn fpQf  csnlnfinn 'i Q  fnll i v. \JtX it..    11 iv-    i-v. UC    kJViiU.civ'ii    i-K i~J     iv I M\17 C * 

Step 1„   Add one gram of soluble starch to 10 ml of distilled 
water and stir to form a thin paste.    Pour paste into 
200 ml of boiling distilled water and stir.   Allow to 
cool. 

Step 2.   Dissolve 5 grams of copper sulfate (CuS04 ■  5H20) in 
a one liter volumetric flask. 

Step 3, Add 50 ml concentrated ammonium hydroxide (Specific 
Gravity at 60n/60oF - 0.900; Assay 28„ 4% NUß) to the 
copper sulfate1 solution. 

Step 4.   Add the starch solution prepared in Stop 1 to the copper 
ammonia, solution and dilute to the one liter mark with 
distilled water.   Store in the test solution addition 
bottle (8). 

NOTE:   This acetylene test solution has a deep blue coloration. 

5. HYDROXYLAMINE HYDROCHLORIDE SOLUTION 

Dissolve 30.0 grams of hydroxylamine hydrochloride in 100 ml of 
distilled writer and store in the 4 oz„  polyethylene dropping bottle (r)). 

6. TEST PROCEDURE 

Purge the sample line before procuring a liquid oxygen sample. 
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I'recool llu' one quarl Dcwar flask by filling il with liciuid oxygon 
from llic snniple line.   Allow (o stand about one miiuilo,   Discai'd 
contenls of Dowar and refill from sample line. 

Use a clean, dry 150 nun by 20 mm ['yrex lest tube calibrated at 
the 3 ml and 20 ml levels to perform the lest. 

Add 1/4 ml (0,3 ^rams) of the silica i;(d powder to the test tube, 
and slowly immerse (he lest tube into the wide-mouthed dewar 
which has previously been filled with liciuid nitrogen.    Using the 
tost tube chimp as a "rest" on the edge of the dewar, support the 
test tube in an upright position so that the level of liquid nitrogen 
is at or slightly above1 (he 20 ml mark on the lube.    Pour the liquid 
oxygen sample from the sample collection dewar into the subcooled 
test tube to the 20 ml mark. 

Slowly immerse the glass stirring rod into the liquid nitrogen in 
the dewar until il is cooled     Remove the stirring rod and immerse 
it in the liquid oxygen sample in the test tube and stir for one and one 
half to two minutes.   In stirring attempt to bring all of the liquid in 
the tube in contact with llu1 gel. 

After stirring the required lime,  remove (he stirring' rod from the 
tube and allow the gel to settle to the bottom (approx..  5 seconds). 
Remove the sample tube from the liquid nitrogen bath and pour out 
(decant) all of the liquid oxygen, being careful to keep the gel in the 
bottom of the tube.    As quickly as possible, add (he acetylene test 
solution from the lest solution addition bottle (o the 3 ml mark. 

When (he solution has warmed to ambient conditions, add exactly 12 
drops of (he hydroxylamine hydrorhloride solution, and allow the 
test tube to stand for 15 minutes for full color development. 

The appearance of any pink or red color indicates the presence of 
acetylene.    Compare any color developed with the standards (o 
determine the acetylene concent ral ion. 

7.    PREPARATION OF COLOR STANDARDS 

1.0 Molar PPM Color Standard - Add 2.0 ml concentrated hydro- 
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chloric acid (Specific Gravity at G0p/60nF     1. 191; Assay 37.1% HC1) 
to 150 nil dislillod water in a beaker and stir.   Add the following 
accurately weighed quantities of Coballous Chloride. Hexahydrafo; 
Cupric Sulfate, Pontahydrate; and Ferric Chloride. Hexahydrate 
to the beaker. 

I 

C0CI2 • 6H2O - 10.00 gms 
C11SO4 • 51120 - 2.00 gins 
FeClg   •   61120   -     0.30 gms 

Stir until dissolved and quantilatively transfer to a 200 ml volumetric 
flask.   Dilute to the mark with distilled water and shake well. 

Add about 15 nil of this solution to a 150 mm by 20 mm Pyrex Test 
Tube and scab   The color and color intensity when viewed from the 
side of the tube against a white background is essentially equivalent 
to that produced by liquid oxygen containing 1 ppm acetylene when 
tested in accordance with the above procedure. 

0„25 Molar PPM Color Standard -Add 2.0 ml concentrated hydro- 
chloric acid (Specific Gravity at 60°/GO" F     1„ 191; Assay 37. 7% 
HC1) to 150 ml distilled water in a beaker and stir.   Add the 
following accurately weighed quantities of Cobaltous Chloride, 
Hexahydrate; Cupric Sulfate1,  Pontahydrate; and Ferric Chloride, 
Hexahydrate to the beaker. 

C0CI2 • 61120 1,90 gms 
CUSO4 • 5H20 1,30 gms 
FeCl3   ■   6III2O     0.20 gms 

Stir until dissolved and quantitatively transfer to a 200 ml volumetric 
flask.   Dilute to the mark with distilled water and shako well. 

Add about 15 ml of (his solution to a 150 mm by 20 nun Pyrex Test 
Tube and seal.   The color and color intensity when viewed from the 
side of the tube against a white background is essentially equivalent 
to that produced by liquid oxygen containing 0.25 ppm acetylene when 
tested in accordance with the above procedure. 
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8. SPARE PARTS 

Spare pails, spare parts lists, and prices are available from the 
Spare Parts Department. 

9. ADDITIONAL COLOR STANDARDS 

Sealed tubes of color standards equaling 0„ 1, 0„ 25, and 0., 50 ppm 
acetylene by weight for use in compliance1 with Air Force pro- 
pellant oxygen and nitrogen specifications are available from the 
Sparc1 Parts Department of Air Products,  Incorporated.   The 
L 0 ppm and 0.25 ppm color standards described in paragraph 
seven (7) above are prepared as molar concentrations» 
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