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Foreword

The Symposium on Cryogens and Gases: Testing Methods and Standards
Development was given at the Seventy-fifth Annual Meeting of the Ameri-
can Society for Testing and Materials held in Los Angeles, Calif., 25-30
June 1972. Committee F-7 on Aerospace Industry Methods sponsored the
symposium. R. W. Vance, Cryogenic Society of America, served as sympo-
sium chairman, and M. C. Miyaji, General Dynamics, was co-chairman.
R. E. Biever, Cryogenic Distributors, presided at the two sessions,
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Introduction

In the June and August 1971 issues of Materials Research and Standards,
a forum was provided by the American Society for Testing and Materials
(ASTM), in conjunction with the Cryogenic Society of America (CSA), so
that cryogenic standards could be established. Nine papers describing the
progress being made on solving problems in the cryogenic region, aimed es-
sentially at work being conducted by Committee F-7, were published.

We have come a long way since the first attempt in 1967 in development
procedures, and now this book describes the efforts being made, not only in
support of the aerospace, but also in support of nondefense industries.
ASTM and CSA are becoming the focal points for standards as they now
impact on the entire cryogenic industry.

The need for standards is perfectly clear as the nation begins to solve the
pollution and energy crises. The base for developing these necessary stand-
ards was provided by ASTM in their charter for Committee F-7. This has
been expanded as described by the papers on “Cryogenics” in Materials Re-
search & Standards.

Because of the favorable reaction to the special issues on cryogenics, it
was decided to have a joint ASTM-CSA seminar at the Seventy-fifth An-
nunual Meeting of ASTM held in June 1972 in Los Angeles, Calif. The pa-
pers in this special technical publication (STP) were prepared not only to
show the state of the art, which pointed out the lack of standards, but also
emphasized the need for immediate action to develop usable enforceable
standards.

This STP lucidly shows the problems in the food industry, which is now a
major facet of cryogenics, stressing the need for standards with strict con-
trols necessary for food handlers and processors. The controls now existing
are inadequate but Appleman et al point out the urgency for closer coopera-
tion between ASTM, the U. S. Department of Agriculture, and those indus-
tries providing cryogenic food processing equipment. Similarly, the impact
of lack of standards on the shipment and use of liquefied natural gas
(LNG) in motor vehicle systems, including regulations now in effect by the
California State Highway Department, are described by R. K. Johnson.
ASTM however, should not limit itself to LNG problems as compressed
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2 CRYOGENS AND GASES

natural gas (CNG) is also an energy source for motor vehicles. This work is
associated with air pollution controls.

Sometimes it is easy to overlook the implications of standards on design
consideration and equipment. Some aspects of these problems have been
provided by Leonard and McCarthy to give a complete picture showing how
fluid standards impact on equipment and equipment testing.

As standards are developed, the sensitivity and reaction intensity of pro-
pellant or combustible combinations such as liquid oxygen (LOX)-LNG
will be very valuable. The latest available information on these phenomena
have been provided by Blackstone et al, with details of tests and analytical
procedures. As a guide to Committee F-7, the current Air Force specifica-
tions for cryogenic propellants and pressurizing gases with details of the cur-
rent assay procedures have been provided. These specifications described by
Forbes have been used for procurement but with help and “massaging” by
Committee F-7 can be modified to become ASTM standards. Also, in sup-
port of Committee F-7, a complete bibliography of the thermodynamic and
transport properties of cryogenic fluids by V. J. Johnson has been included.
It is a survey article that shows where information on these properties can
be found for helium, hydrogen, argon, nitrogen, oxygen, fluorine, and meth-
ane.

Thus, this book will become a reference or source document for all
ASTM members since many ASTM committees will be required to interface
with the cryogenic industry as the energy and pollution control problems are
resolved. It should also be of benefit to industry, to many government agen-
cies, and to academé since these problems affect our way of life and possi-
bly our survival.

For example, unless man can prevent deterioration of the ozone layer in
the stratosphere, we are in trouble from ultraviolet (UV) radiation. With a
50 percent reduction in ozone, a tenfold increase in UV will result and what
this can do to our ecology—to plants and animals, including man, may be
catastrophic. Therefore it is hoped this volume will provide the impetus for
the immediate preparation of ASTM standards and that through the mem-
bership of the Cryogenic Society of America, including its Helium Division
and other supporting agencies, the cryogenic problems requiring standards
will soon be resolved.

In conclusion, this STP clearly shows that ASTM is on the move in cry-
ogenics. We have launched a long-term growth pattern for the support of
the cryogenic’s industry.

R. W. Vance

Past president,

Cryogenic Society of America,
Los Angeles, Calif.;
symposium general chairman.



M. D. Appleman,* M. D. Appleman,’ and M. D. Appleman, Jr.?

Microbiological Standards for Frozen Foods

REFERENCE: Appleman, M. D., Appleman, M. D., and Appleman, M. D.,
Ir., “Microbiological Standards for Frozen Foods,” Cryogens and Gases:
Testing Methods and Standards Development, ASTM STP 537, American
Society for Testing and Materials, 1973, pp. 3-11.

ABSTRACT: Factors predetermining quality and safety of frozen food
products along with different types of standards are discussed. Attention
is drawn to the fact that microbiological standards for frozen foods must
be studied thoroughly prior to establishment. Certain standards of communi-
ties have been enacted with haste and regulations involving Standard Plate
Counts (SPC) impossible to meet have been promulgated. In order to avoid
fiascoes of this nature the Food and Drug Administration (FDA) working
with the Advisory Council on Microbiology (ACM) of the Association of
Food and Drug Officials of the United States (AFDOUS) has been making
intensive studies of foods. To date, microbiological standards have been
released for frozen pot pies only. The advisory council, which is composed
of persons from industry, educational institutions, and public health agencies,
has been evaluating microbiological risks associated with most foods and
beverages prior to decisions as to whether or not standards should be estab-
lished. At present the relative risk involved in each foodstuff or beverage
as a possible source of coliforms, faecal coli, faecal streptococci, Salmonella,
Shigella, Staphylococcus, Pseudomonas, Clostridium, molds (both as myco-
toxin producers and as pathogens,) viruses and other agents involved in
toxigenicity or pathogenicity are under study. The sources and methods of
transmission of diseases through the agency of frozen foods and methods of
evaluating and minimizing risk are clarified. The inherent inconvenience
and danger of establishing microbiological standards for foods without care-
ful evaluative techniques are explained. The impact of microbiological stan-
dards for foods upon incipient or frank spoilage is discussed.

KEY WORDS: cryogenics, frozen foods, standards, microbiology, bacteria,
toxicology, pathology

The single greatest point of controversy related to frozen foods is whether
or not microbiological standards should be established for all frozen foods.

! University of Southern California, Los Angeles, Calif. 90007.
* Consultant in Microbiology, Rolling Hills Estates, Calif. 90274.
3 Southern California Permanente Medical Group, Bellflower, Calif. 90706.
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4 CRYOGENS AND GASES

The second point that follows closely is, if standards of this nature are estab-
lished, what shall they be.

The authors have published rather extensively [/-9]* in the area of
quantitations and significance of microorganisms in foods, particularly froz-
en foods. The method of approach to the problem of microbiological stand-
ards has been selected from the concepts most likely to be advantageous to
both the bacteriologist and the nonbacteriologist working with frozen foods.
There will be no discussion of methods of freezing foods as this has been
discussed elsewhere and is not involved per se in the development of stand-
ards.

Background
Quality of Food Product

It should be noted that certain microbiological standards for a limited
number of frozen foods are in existence and will be mentioned later. In or-
der to develop the topic consistently it is necessary to discuss some back-
ground information relative to standards and also to quality and safety of
foodstuffs. To be valid a microbiological standard must indicate or measure
either or both the quality and the safety of the frozen food product to which
it will be applied. Quality of a foodstuff consists of a number of closely in-
terlocked characteristics which, ignoring safety for later consideration, might
be listed as follows:

1. Organoleptic changes including those of taste, odor, and texture.

2. Effects upon the keeping quality of the product.

3. Changes in color or blemishes due to microorganisms and their en-
zymes in addition to the enzymatic activity of the product.

4. Changes in nutritive value due to dissimilation of sugars and other
substrates,

It should be realized that the foregoing can include changes in pH of the
products which most frequently will be reflected in two or more of the
above.

Safety of Food Product

It is more important that microbiological standards, if used, reflect the
safety, that is, the health hazards and hygiene of the frozen food products
for which they are formulated. In general the microbiological standard cou-

¢ The italic numbers in brackets refer to the list of references appended to this
paper.
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pled with other methods of measurement, if need be, should be able to
measure one or possibly all of the following:

1. Were the raw materials, from which the frozen food product was
manufactured, spoiled, infected, or so vitiated they should never have been
processed into a frozen foodstuff.

2. Has the product in processing been so treated or held that it has be-
come contaminated with human or other pathogens, or, if small numbers
were present on the original food substance, have these pathogens increased
in number.

3. TIs the product free of pathogenic microorganisms and of indicators
of pollution or at least as free of these as can be obtained with good modern
technological practice.

Microbiological standards have accomplished near miracles in certain
areas of public health microbiology. One example was that at the turn of the
century milk was often a rather filthy fluid frequently teeming with millions
of microorganisms per milliliter responsible for the mass transfer of many
outbreaks of diphtheria, scarlet fever, and tuberculosis. At present in Cali-
fornia there is little difficulty in meeting the state standards of 75 000
bacteria/ml in the raw milk and 15 000 bacteria/ml on delivery to the con-
sumer. Pasteurization and enforcement of microbiological standards for
milk and chlorination, and enforcement of microbiological standards for wa-
ter have almost eliminated two of the three great agencies for mass transfer
of disease in the United States.

Determining Standards

In addition to microbiclogical standards there are guidelines which are
actually in-house standards of agencies such as the FDA. Unlike standards
the guidelines are usually not known to the food processor.

Obviously it takes only a moment to realize that determinations of num-
bers, whether by microscopical methods or by SPC techniques, should not
be used for all foods whether frozen or unfrozen. An unfortunate example
of lack of forethought occurred in one large city in the East which recently
established a maximum SPC of 100 000 bacteria/g or ml of food. If this
standard were enforced all fermented foods and a good portion of others
such as ground meat and a significant amount of poultry and fish would dis-
appear from the market. There definitely would be no buttermilk, cottage
cheese, yoghurt, cheese, butter, fresh sauerkraut, or pickles which in itself
would be catastrophic for certain industries.

The AFDOUS has believed that microbiological standards and the effect
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of these standards should be studied prior to enactment of legislation, The
present AFDOUS ACM first studied and selected methodologies that might
be used for sampling, sample treatment, SPC, coliforms, Escherichia coli, Sal-
monella, Staphylococcus, and other microorganisms. Subsequent to this a
study was made by the members of the council which involved representi-
tives of government agencies, industry, and universities relative to frozen pot
pies.

At the end of the study the microbiological standards established were of
the type known as prohibitory standards in that there were definite limits es-
tablished relative to numbers per gram and to coliforms.

Microbiological standards may be established by the purchaser to ensure
that a uniformly high quality product is obtained by the processor for in-
plant control or by a regulatory agency as in the case of frozen pot pies.

Frequently a standard is established as a target which gives to industries
willing to cooperate a certain period of time in which the monitoring of the
production by in-plant studies can be done. If portions of the operations are
conducive to high counts or if certain machinery is particularly at fault
changes can be made. If during this period the governmental agency finds
that the standards proposed are too stringent, there is time for modification.
Since presumptive standards are normally preceded by intensive studies of
the products of companies known to operate under good control procedures,
usually little or no alteration in standards is necessary. Eventually this will
become a legal or statuary standard. Other standards such as voluntary
standards do exist but are not enforceable in law.

Temperature Conditions
Frozen

If a food is maintained hard frozen no microbiological increases in num-
ber will occur although gradual biochemical changes primarily of an oxida-
tive nature in rancidity and color may be evident. However, it must be
remembered that gross changes may take place near the freezing point of wa-
ter since the concentration of salts, starches, and sugar in most frozen food-
stuffs render the products liquid or nonfrozen at 0°C (32°F). Psychrophil-
ic yeasts and bacteria can grow in orange concentrate maintained at this
temperature or below producing off flavors and even gasses to such pres-
sures that rupture of the can may occur.

Defrost

It is well known [/0-13] that defrost damage in many foods such as
meat pot pies, TV dinners, single-dish units, and other foodstuffs occurs,
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and a hundred or more articles have been written in this area of research.
With many foodstuffs that have defrost temperatures of 15 to 28°F about
—7 to —2°C not only can preformed enzymes of the food substrate and
surviving microorganisms damage the product so as to render it unacceptable
but, in addition, psychrophilic organisms can increase in numbers. Pseu-
domonas, Achromobacter, Flavobacterium, and other organisms can de-
grade the product producing obnoxious flavors and odors. If the tempera-
tures range too high above the freezing point, that is 38°F (3.3°C) for
appreciable periods of time Clostridium botulinum Type E, if present, can
grow and produce toxin.

It is equally obvious that if a frozen food defrosts and is maintained at
ambient temperature, particularly that of a warm room for 5 to 12 h, the
food probably will be spoiled and may be dangerous.

Observations

It is impossible for any commercial company or government agency with
respect for the funds of the taxpayer to examine even representative samples
of all frozen foodstuffs for all indicators of pollution and pathogens that
might be present, particularly if the product history including sanitation and
handling is not known for each sample. The question becomes whether or
not the many groups of organisms that might be used can be viewed objec-
tively and integrated into an established standard.

There is a story going back into antiquity of seven men of Persia, blind
since birth, who had heard about elephants but never had the opportunity to
examine one. One day a crowd in the street shouted that the Shah mounted
on an elephant with his mahout and accompanied by his guards was coming
down the street. “Of your mercy, sire,” they cried, “may we examine the
strange beast?” The Shah was kindhearted, the elephant stopped and the
blind men were led forward—one to the side, one to a leg, one to the trunk,
another to the tail, one to an ear, one to the mouth, and the last to a tusk.
After the elephant was examined they moved back and the Shah passed on
his way.

“Truly it is a strange beast,” said the first, “it is like a great wall.”
“You're crazy,” cried the next, “it is like the trunk of a tree.” “You’re
wrong, it’s like an anaconda.” No, it’s like a rope.” “Its more like a great
fan.” “It’s almost like a cave filled with rocks.” “You are all mad,” cried the
last, “it’s like a sharp spear.”

Probably many persons in industry view microbiological standards as
hopeless walls, an impenetrable forest, a snake they must fear, a rope with
which they can be bound, a fan that may blow their business away, a rocky
cavern in which they may be lost, or a spear on which they may be impaled.



8 CRYOGENS AND GASES

Guidelines

There is a certain amount of truth in the complaints and confusion of the
processor as he is often working blind against a series of unpublished guide-
lines that function in almost the same way as microbiological standards. Al-
though specifications are published by the military for purchase of frozen
eggs and many other foodstuffs and standards for dairy products and cer-
tain fisheries products are published by other agencies, there are few micro-
biological standards published by the various food and drug agencies. Mold
fragments for tomato products were established early; standards regarding
these were published and similar standards were extended to other foods in-
cluding frozen foods. Although it has been known that certain tolerances ex-
isted for filth in foods, these have not been published, but it is of interest
that a news release of this past week by Dr. Virgil B. Wodica announced
that these guidelines would be released for the benefit of both producers and
consumers.

It is to be hoped that the microbiological guidelines will be released in the
near future. These should be sufficiently strict with both the processor and
consumer being aware of the guidelines and their reason for existence. The
guidelines should also be attainable by the processor operating under mod-
ern sanitary methodology using wholesome materials.

Standardization

In 1963 in the Report of the International Committee on Microbiological
Standards certain sampling schemes were recommended based on the expe-
rience of the international agencies of the United States, Canada, the United
Kingdom, the Benelux Countries and of military organizations participating
in the studies. The standards for frozen cooked sea foods, for example,
shrimp, prawns, crab meat, and lobster meat, and also frozen precooked
meats and closely related products were the same. The basis is that the SPC
at 35°C does not exceed 100 000 bacteria/g, the coli aerogenes do not ex-
ceed 20/g (or the nearest most probable number (MPN), and coagulase
positive staphylococci do not exceed 100/g. If foods were suspected to be
harboring Salmonella sp. an examination should be made for these organ-
isms.

An excellent review in 1961 [14] discussed various suggested standards
for chilled and frozen foods. Although eleven years later we know more in a
sense that the FDA has been encouraging the standardization of methodolo-
gies of examination for pathogens and for indicators of pollution by the var-
ious public health agencies, it is also known that the same standards ex-
pressed as SPC could not apply universally to all frozen foodstuffs. The
same numbers per gram cannot be used for enchiladas with cheese for the
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blanched vegetables and for a rice or bean component with chopped pickles
or relish present in a TV dinner. The same numbers should not apply to a
component containing fermented materials as to nonfermented. In raw
foods, for example, ground meats, an initial count of 100 000 to 1 000 000
bacteria/g might be excellent to acceptable products, whereas the latter
count would be unacceptable in a cooked meat component of a TV dinner.

Contamination

Certain interesting problems relate to the presence of pathogens in frozen
foods. Clostridium botulinum, which is essentially a soil organism, may con-
taminate many foodstuffs including vegetables of all kinds, meats, and proc-
essing equipment. The spore of the organism is extremely heat resistant, and
few of the spores of strains A and B are destroyed in blanching. If the froz-
en food product contains a few spores of CI. botulinum and the product is
not grossly mishandled there is no danger from these frozen foods. If selec-
tion and sanitation in the processing plant are supervised within reason, the
routine examination for CI. bhotulinum would be a needless expense. This
does not mean there has never been a case of botulism from frozen foods,
but it does mean mishandling has been associated with these cases. There
are certain similarities but more differences with Clostridium perfringens.
This latter produces a much less severe but extremely common food infec-
tion. The spores of this organism are present not only in the human gut but
also in the intestinal tract of poultry, cattle, sheep, swine, and other food an-
imals. In the slaughter of food animals, the carcass usually becomes contam-
inated, and these organisms will be present on meats and ground meats. The
organisms contaminate many vegetables grown on manured lands, in sea-
food products, particularly from inshore waters, in dried fruits, and some-
times in spices. The spores are not as resistant as those of CI. botulinum but
will withstand blanching and frequently normal cooking temperatures.
These spores can be widely disseminated in a food processing plant growing
in protected, insanitary, and anaerobic conditions of flumes, pipelines, and
other equipment. Relatively high numbers of Cl. perfringens can contami-
nate a foodstuff in this manner. However, if a frozen food processing plant
uses good processing and sanitation techniques, there is still the likelihood
that low numbers of CI. perfringens will be present in certain foodstuffs.

It is in part due to the great variability of foodstuffs that the present
ACM of AFDOUS is attempting to evaluate the probability of food infec-
tion or food intoxication from almost all types of foods and beverages now
marketed in the United States. The relative risks of the various pathogens in
each food of beverage and also the possible presence of each indicator of
pollution is included. Foodstuffs may contain Salmonella, Shigella, Staphy-
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lococcus, Pseudomonas, Clostridium, molds, and viruses that might be path-
ogens. In addition certain of the fungi may produce mycotoxins which can
produce many different symptoms in man and animals. The common indi-
cators of pollution are the coliforms, faecal coli, and faecal streptocci. It
should be remembered that these are not completely indicative of pollution
since they are measures of faecal pollution and do not measure all patho-
gens that can be transmitted via foodstuffs as these eliminate consideration
of the respiratory pathogens. It is hoped that after this intensive survey is
completed, a certain degree of sanity can be attained relative to the various
foodstuffs.

Summary

It has been pointed out by the FDA [15, 16] that probably ten million
cases of food-borne disease occur annually in the United States. The source
of mishandling of approximately one half of these cases were identifiable. Of
these outbreaks 85 percent were due to food abuse in the home or in food
service establishments, restaurants, institutions, etc., and only 15 percent to
abuse in the processing plants. Food service establishments were involved in
more than twice as many outbreaks in the above as there were from foods
prepared in the home.

The FDA recognizes that microbiological standards for frozen and other
foods must be technologically attainable using good methodology but not
too permissive as to be associated with high consumer risk. To a certain ex-
tent these are sought through the use of guidelines based upon experience in
the examination of the products of many processors.

It is somewhat difficult to present the philosophy of the FDA, particularly
when this has not been clearly spelled out relative to microbiological stand-
ards. The following might be somewhere close to the thoughts of many
officials. If a product contains microbial counts that indicate the product
might be potentially dangerous but not dangerous per se, the product should
be regarded as substandard in this regard and should be so labelled. The
presence of certain pathogens in low numbers might place the product in
this category. However, if the product contains organisms at such a level,
whether this has occurred by using material that was originally filthy, putrid,
or decomposed, or if the product has been so held or stored under condi-
tions where microorganisms have multiplied so that the product is regarded
as filthy, putrid or decomposed or dangerous to health, it must be deemed to
be adulterated or adulterated and misbranded and, thus, liable to seizure.
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Installation of Liquefied Natural Gas
Fuel Containers and Systems on Motor Vehicles

REFERENCE: Johnson, R. K., “Installation of Liquefied Natural Gas Fuel
Containers and Systems on Motor Vehicles,” Cyrogens and Gases: Testing
Methods and Standards Development, ASTM STP 537, American Society
for Testing and Materials, 1973, pp. 12-16.

ABSTRACT: This article outlines the procedures for installation of a lique-
fied natural gas (LNG) system on a motor vehicle. Emphasis is placed on
safety devices required in the system to minimize the hazards of LNG when
used as a motor fuel.

KEY WORDS: cryogenics, liquefied natural gas, motor vehicles, fuel oil, con-
tainers, safety devices

The use of gaseous fuel has increased considerably in the past three years.
In 1970 the California Legislature recognized the need for regulations and
standards regarding fuel containers and fuel systems on motor vehicles using
compressed or liquefied natural gas (CNG) (LNG) and liquefied petroleum
gas (LPG). Vehicle Code Section 2402.6 enacted into law November 1970
assigned the responsibility to the California Highway Patrol. Prior to this
time, only LPG systems were regulated by the Department of Industrial
Safety.

In response to the new Vehicle Code requirement and with the assistance
of industry, the California Highway Patrol adopted Article 2 Sub Chapter 4,
Title 13, California Administrative Code (CAC) regulations for com-
pressed and liquefied gas fuel systems. This paper contains excerpts from
Title 13, regulations applicable primarily to LNG systems.

* Assistant automotive equipment standards engineer, California Highway Patrol,
Sacramento, Calif. 95804,
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JOHNSON ON LIQUEFIED NATURAL GAS FUEL CONTAINERS 13

These regulations apply only to vehicles which are equipped with gaseous
fuel carburetor systems certified by the Air Resources Board. Certified car-
buretors are required on motor vehicles with a gross vehicle weight rating of
6000 Ib or less manufactured after 1966, and all motor vehicles manufac-
tured after 1969, except for vehicles with diesel engines that were converted
to gaseous fuel prior to January 1973.

Container Construction

The fuel supply container shall be constructed in accordance with Depart-
ment of Transportation (DOT) regulations for cryogenic gases, except that
the service temperature need be no lower than —260°F. The working pres-
sure shall be adequate to withhold gases from exhausting to the atmosphere
under normal conditions for a period of 72 h. Maximum working pressure
shall be no greater than 100 psi.

The tank shall be designed with a dip tube to prevent filling beyond 90
percent of volume at atmosperic pressure. The tank shall be equipped with a
gage that will indicate the liquid level at all times.

Container Marking Requirements

1. DOT 4L with the maximum working pressure.
2. Serial number.
3. Manufacturer’s name, initials, or trademark as registered with

4. Inspector’s mark.

5. Date tested.

6. The words FOR LNG ONLY, 1 in. in height (decals or stencils are
acceptable. )

7. All inlets and outlets, except relief valves and gaging devices, shall
be marked to designate whether they communicate with vapor or liquid
space.

8. All markings shall be visible directly or by mirror when installed,
except that the words FOR LNG ONLY shall be visible directly.

9. Tanks that are designed for low temperatures of liquid nitrogen
may be tested with liquid nitrogen.

Valves and Gages

All valves used shall be certified for LNG use or certified for cryogenic
service at temperatures down to and including —320°F.
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Relief valves shall be directly connected to the vapor space of the con-
tainer and one shall be installed between two shutoff valves in a line to pre-
vent buildup of pressure when the valves are in the off position. Relief
valves shall contain the required markings and be approved by the Bureau
of Explosives as to type, size, quality, and location.

Manual operated shutoff valves shall be installed in each vapor and lig-
uid tank outlet with no intervening fitting, except for a relief valve on the
vapor outlet, and marked with the appropriate words VAPOR SHUTOFF
VALVE Or LIQUID SHUTOFF VALVE.

A positive shutoff control valve shall be installed in the supply line as
close to the manual shutoff valve as possible, automatically closing off and
preventing the flow of fuel when the ignition switch is in the off or accessory
position.

Gages shall be designed to operate under the most severe pressure and
temperature conditions with a safety factor of not less than 4. Valves and
gages shall be securely mounted and shielded or installed in a protective lo-
cation to prevent damage from excessive vibration and unsecured objects.

Venting

All devices which require bleeding of the product shall be bled to the out-
side of the vehicle compartment.

Every compartment in which LNG containers are installed shall be vent-
ed to the atmosphere unless all piping and connectors are exterior to the
compartment. The vent or vents shall be installed at the highest point of the
compartment as is practicable and shall have an open area totaling not less
than 3 in.2.

Installatien

A container shall not be installed in or about the passenger or driver’s
compartment of a bus (ten persons including the driver.) A cargo container,
mounted on a motor vehicle, which complies with the Unfired Pressure Ves-
sel Safety Orders, Division of Industrial Safety, Title 8, California Adminis-
trative Code, may be used for a fuel container. Fuel to a motor vehicle shall
not be supplied from a container mounted on a trailer or semitrailer.

Each container and container cradle shall be secured to the vehicle body,
bed, or frame by either:

1. Attaching bolts not less than 7 in. in diameter to at least 4 se-
curement points, and where bolts pierce body metal but not the frame, by
reinforcing both sides of each securement point with metal plates at least ¥
in. thick and 7 in.2 in area; or
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2. By using other means capable of withstanding static loading in any
direction with a force equivalent to that determined by the weight of the ful-
ly loaded container with a safety factor of not less than 8, based on the ulti-
mate strength of the material used.

3. Cradles are the same as No. 2.

Two or more containers connected by piping, tubing, or hose, are re-
ferred to as a manifold. A manual shutoff valve is required on the manifold
outlet. An automatic shutoff valve which is held open by an electrical sole-
noid and automatically closes upon opening of the electrical circuit may be
used in lieu of the manual valve. The valves are required to be marked ei-
ther “manual” or “automatic.” The automatic valve shall be wired so that it
shuts off when the ignition switch is off or in the accessory position or when
engine vacuum is not present.

Automatic gaseous fuel cutoff is required in the system to prevent the
flow of fuel to the carburetor when the ignition switch is off or from the car-
buretor when engine vacuum is not present. On dual fuel units a bypass re-
lief device shall be installed in the fuel pump or between the fuel pump and
automatic solenoid.

The pressure reducing regulator shall be installed so that its weight is not
placed on or supported only by the attached tubing or flexible lines.

The engine exhaust system shall extend to the outer edge of the vehicle
body or bed on passenger cars, station wagons, housecars, pickup trucks
with campers, buses, and delivery type vans.

Electrical Equipment

Radio transmitters and receivers, electric motors, or other electrical
equipment (except vehicle lamps) shall not be mounted in a compartment
with fuel supply containers unless one of the following conditions are met:

1. All piping, connectors, and valves on the fuel supply containers are
exterior to and sealed from the vehicle compartment to prevent seepage of
gas;

2. All piping, connectors, and valves within the compartment are con-
tained in a vapor-tight enclosure and vented to the atmosphere exterior of
the vehicle; or

3. The electrical equipment is contained in a vapor-tight enclosure that
is vented to the atmosphere exterior of the vehicle; or

4. The electrical equipment is approved for use in Class I, Division 1II,
Hazardous Locations, in accordance with Article E501, Title 24, California
Administrative Code.
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Road Clearance

The fuel system, including the fuel supply container, shall be installed
with as much road clearance as practicable, The lowermost part of any com-
ponent in the system, including protective guards, shall not be lower than
the lowest edge of the vehicle differential housing under maximum spring
deflection; but, on cargo carrying vehicles with a gross vehicle weight rating
of 6000 1b or more, the lowermost part of the container may be at the low-
est part of the vehicle body.
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quirements for oxygen, nitrogen, helium, fluorine, and hydrogen is presented.
Current sampling techniques and analytical methods for these products are
also reviewed. Other cryogens, such as OF: and methane, have received lim-
ited attention and are briefly discussed.
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The quality control of cryogenic propellants and pressurizing gases plays
a very important role in missile and space vehicle reliability as higher per-
formance propulsion systems are developed. As the reusability concept

* Chief, Propellant Evaluation Section, Air Force Rocket Propulsion Laboratory,
Edwards, Calif. 93523.
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TABLE 1—Cryogenic propellants and pressurizing gases.

Amendment
Commodity Specification Re\(r)irsion Date Status
Oxygen MIL-P-25508 E 4 Jan. 71
1) 30 Apr. 71

Hydrogen MIL-P-27201 B 30 June 71
Nitrogen MIL-P-27401 B 19 Sept. 62 in Revision
Fluorine MIL-P-27405 28 Tune 68
Helium MIL-P-27407 4 Feb. 64 in Revision®

(USAF) 1) 8 Jan. 65
Argon Not issued in Preparation

¢ Will be issued as a revision to the Federal Specification BB-H-1168.

becomes a reality, quality control will become even more important. The mili-
tary specification controls the quality of these materials at the point of man-
ufacture. Propellant quality can be affected throughout the entire logistics
cycle of manufacturing, transportation, storage, servicing operation, and ul-
timate use. To this end, use limits for propellants are designed to allow for
some deterioration in propellant quality during normal handling between
procurement and ultimate consumption in a missile or space vehicle. The
current military specifications for cryogenic propellants and pressurizing
gases are presented in Table 1.

The Air Force is the Department of Defense’s single manager for the
9135 Federal Supply commodity class which consists of all rocket propel-
lants and related pressurants. This task consists of specification preparation,
procurement, and all related logistics activities such as storage, transporta-
tion, and disposal.

Specification Format and Preparation Procedures

Specifications are identified by number and title, for example, MIL-P-
27201B, Propellant Hydrogen. All military specification numbers begin with
MIL, followed by the first letter of the specification title, which for rocket
propellants is the letter P. The number assignment is prescribed by a system
that precludes duplication of numbers whether prepared by the Army,
Navy, Air Force, or the Defense Supply Agency. A suffix letter indicates a
revision. A numerical indicator is used to identify an amendment. An
amendment is a short-form revision and, when approved, becomes a part of
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the basic specification as an attachment. The latest amendment will contain
all previous amendment data [].2

A specification that has not been fully coordinated among the Army,
Navy and Air Force is a limited coordinated specification. It is identified by
the symbol designation of the preparing agency. For example, MIL-P-
27406 (USAF) has received coordination only within the United States Air
Force.

A specification consists of six sections. In the Scope, Section 1, a listing of
the different types or grades is presented as applicable. The term type im-
plies chemical or physical differences in like terms which are for different,
specifically but equally important uses and is designated by a Roman numeral.
The oxygen classification, for example, covers two types: Type I, Gaseous
and Type II, Liquid. The term grade is used to imply differences in quality
and is designated by capital letters, thus, Grade A, Grade B, etc. This term
has been gaining wider use in cryogenic specifications. However, the use of
different grades produces a problem since users have a tendency to order
the higher purity grade whether or not the better quality is needed.

Only those documents identified and cited in the specification are listed in
Section 2, Applicable Documents. References are confined to currently
available documents such as military standards for marking for shipment
and storage, federal test methods or American Society for Testing and Ma-
terials (ASTM) standards, specifications for shipping containers and sam-
plers, and Department of Transportation (DOT) regulations.

Section 3, Requirements, is the heart of the specification. It must state
only the actual minimum needs of the government and describe the required
propellant in a manner which encourages maximum number of acceptable
suppliers. The essential requirements and description applying to the chemi-
cal and physical characteristics are stated in this section. The minimum
standards of quality and workmanship which the commodity must meet to
be acceptable are also stated as definitively as practicable. The requirements
are so worded as to provide a definite basis for rejection in those cases
where the quality and workmanship are such that the item is unsuitable for
the purpose intended.

The Quality Assurance Provisions, Section 4, include all of the examina-
tions and tests to be performed in order to determine that the propellant
offered for acceptance conforms to the Requirements section of the specifica-
tion. Detailed descriptions of the tests, equipment, reagents, analytical meth-
ods, and criteria for determining requirement conformance are presented in
this section. Standard test methods such as those of ASTM are usually in-

*The italic numbers in brackets refer to the list of references appended to this
paper.
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cluded only by reference. The sampling plan is described, identifying the lot,
the number and size of each sample, and the mode of obtaining a sample.

Applicable requirements for packaging, marking for shipping, and haz-
ardous-substance labeling are covered in Section 5 of the specification. Con-
tainers such as cylinders and tank cars, and materials thereof, which are
suitable for the specified propellant, are also identified.

The last section of the specification, Notes, contains information of a gen-
eral or explanatory nature only such as the intended use of the propellant,
detailed ordering data, definitions, National Aeronautics and Space Admin-
istration (NASA) coordination, etc. The information in Section 6 is con-
tractually nonmandatory upon the contractor.

Amendments are issued when a significant change, addition, or correction
to the specification is necessary, but a complete revision of the specification
is not warranted. Amendments are prepared and coordinated in the same
manner as specifications.

The first specification on a new propellant is often based on the product
as produced by the chemical manufacturer, The users’ requirements are cer-
tainly considered, but may not be well defined at this point in time. A limit-
ing factor in establishing firm requirements is often a lack of good analytical
procedures. Although considerable help is received from industry in this
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FIG. 1—Specification preparation cycle.
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area, it is preferable that the test procedures be finalized in the laboratories
of the preparing service. This enables them to be in a better position to give
technical support to government quality control inspectors, and to better
serve as a referee should conflicts arise. When reasonable requirements and
adequate analytical procedures have been identified, we have the makings of
a military specification, and a draft is prepared. It is circulated to all inter-
ested organizations for comments. Upon resolving differences, the specifica-
tion is formally coordinated and issued. As new requirements are identified,
or better analytical procedures are developed, the cycle starts over and a re-
vised specification or an amendment is issued (Fig. 1).

Establishing Specification Requirements

The establishment of detailed requirements for Section 3 of the specifica-
tion is an important and difficult task carrying considerable responsibility.
The propellant quality established must meet the needs of the specific sys-
tem; for example, the Atlas, Centaur, Saturn, Space Shuttle, etc. Several cri-
teria are used to specify propellant quality. Performance is usually para-
mount; thus nonenergetic materials or diluents should be kept to a
minimum. Impurities that may present a hazardous condition, such as hydro-
carbons in liquid oxygen, must be controlled. Impurities that cause dgompo-
sition or corrosion cannot be tolerated; for example, moisture in Muorine.
However, the requirements cannot be too stringent if adequate quantities of
propellant at a reasonable cost are to be made available.

When a new propellant is made available to the rocket community, the
first specification, usually an informal one, is based on the product as it
comes from the manufacturer. As experience is gained during rocket engine
development, refinements in propellant quality are made. An impurity that
affects the ignition or combustion process may be found or suspected. The
propellant manufacturer also strives to improve his products, and, as his
production and facilities increase, higher purity often results. Thus, from
these considerations, a formal specification emerges and is published as a
limited coordinated military specification. Other factors often enter into the
considerations. For example, there must be analytical procedures capable of
measuring the propellant assay and controlled impurities or constituents
with the desired precision. It is not reasonable to set a limit for some impur-
ities of 0.1 percent by weight when the analytical method will detect only
0.5 percent. A value is occasionally established on the grounds that it ap-
pears reasonable or is believed to be significant. The ASTM rounding off
method for expressing significant figures is used in all current propellant
specifications. (ASTM Recommended Practices for Indicating Which Places
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of Figures are to be Considered Significant in Specified Limiting Values (E
29-67).)

Some propellants are subject to inherent evaporation or contamination
during the time they are in transit between the manufacturer and user.
When this occurs, the specification must be made more stringent than re-
quired by the user to allow for such changes.

Changes to specifications can originate from many sources:

1. The preparing activity may find new requirements as a result of
continued surveillance, additional experience, or long-term storage studies.

2. A manufacturer may change his process, resulting in new levels of
purity or introduction of different impurities.

3. New applications resulting in additional or more stringent require-
ments may develop.

4. Advances in analytical chemistry can result in quality control im-
provement.

The following discussion describes how some of these requirements
evolved for cryogenic propellants and pressurants.

Liquid Oxygen

The prime requirement for oxygen purity is based on safety. Hydrocar-
bons in oxygen produce a very hazardous condition [2]. Impurities that
have loisolubilities are especially undesirable since they can act as ignition
sources. Acetylene is limited to 0.25 ppm by weight maximum for this rea-
son. During transfer and storage considerable oxygen boils off [3]; a 60

TABLE 2—Requirements, MIL-P-25508E, propellant, oxygen.

LIMITS
Type I1
Composition ype
Type 1 Grade A Grade B

Oxygen (0:) assay,

percent by volume, min 99.6 99.6 99.5
Total hydrocarbons as

methane, ppm by volume, max 50.0 50.0 66.7
Alkynes as acetylene,

ppm by weight, max e 0.25 0.5
Moisture,

ppm by volume, max 8.0 3.0 26.3
Particulates,

mg/liter, max - 1.0 1.0
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percent loss between procurement and launch is not uncommon. This causes
the impurities to concentrate and to precipitate if their solubilities are
reached. In addition to the specific control of acetylene and total hydrocar-
bons, the requirement for 99.6 percent purity (Table 2) forces greater care
in the air separation plants and provides greater margins on the impurities.
While industry complained that the government was restricting availability
of product, or may be increasing costs with this increased purity, subsequent
events proved this was not the case. Industry has improved their production
methods and equipment considerably during the past ten years. The prob-
lems that plagued the early flights of the Atlas, Thor, Jupiter, and Titan I
did not occur during the Saturn development programs. While much of the
credit for this success must be given to improved components, perfected
cleaning procedures, and extensive testing of systems, higher quality propel-
lants undoubtedly played an important part.

It will be necessary to reactivate the government-owned, contractor-oper-
ated (GOCO) air separation plants to provide sufficient oxygen for the ini-
tial phases of the Space Shuttle program. Since the GOCO plants were de-
signed to produce a product in accordance with MIL-P-25508D which will
not meet the current standards for flightworthy systems, the product will be
used only for development programs. As the quality of the plant output still
must be controlled, the E revision was amended to include a Grade B equiv-
alent to the specification under which the plants were designed.

Nitrogen

Nitrogen is a pressurizing agent used for purging and pressurization of
rocket engine propellant systems. Other requirements for high quality nitro-
gen include environmental control for analysis of moon rocks obtained from
the Apollo program, wind tunnels, and nuclear programs. The Federal
Specification for Nitrogen, BB-N-411, does not control hydrocarbons. The
resulting product is thereby unsuitable for use with cryogenic and earth-stor-
able oxidizers, as well as the other specialized applications which require
controlled levels of hydrocarbon impurity.

Because of the multitude of diverse applications, and the different agen-
cies involved, a large number of specifications for nitrogen were issued. San
Antonio Air Material Area (SAAMA) was procuring liquid nitrogen to
seven specifications or Air Force Purchase Identification Descriptions
(AFPIDs) at one time. This number was subsequently reduced to four. A C
revision to the military specification for nitrogen, which will consolidate user
requirements, is in preparation. Four grades of liquid nitrogen are proposed
as listed in Table 3.

Grade V nitrogen is the purest and is normally used for liquid propulsion
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TABLE 3-—Proposed requirements®, MIL-P-27401C, pressurizing agent, nitrogen.

Type 1 Type 11
Composition Grade V Grade W Grade X Grade 2’

Nitrogen (N;) assay,

percent by volume, min 99.5 99.995 99.9929  99.99 99.5
Dew point, °F —63.5 —90.0 e —84.0 —63.5
Moisture,

ppm by volume, max 26.3 3.5 10.0 5.7 26.3
Total hydrocarbons as methane,

ppm by volume, max 58.3 3.0 1.0 5.0 58.3
Oxygen (0,),

ppm by volume, max . 20.0 10.0 50.0 -

percent by volume, max 0.5 - ees . 0.5
Hydrogen (Hs),

ppm by volume, max v .. 10.0
Carbon dioxide (CO,),

ppm by volume, max v e 10.0
Carbon monoxide (CQO),

ppm by volume, max v - 10.0
Argon (Ar),

ppm by volume, max - . 200
Particulate,

mg/liter, max - 1.0 1.0 1.0 1.0
Total allowable impurities,

ppm by volume, max - . 71.0 100.0

® Uncoordinated values presented for information only. Not to be used for
procurement.

® Grades identified to avoid confusion with existing specifications, nomenclature
may be changed at a later date.

systems. Since nitrogen can transfer moisture and hydrocarbons to cryogenic
and storable oxidizers, impurity limits are set on both of these contaminants.
Tight control of oxygen as an impurity is required for nitrogen use as a pres-
surizing agent in systems using storable fuels such as hydrazine and penta-
borane; wind tunnel studies at NASA’s Langley Research Center also re-
quire close control of oxygen. Nuclear research activities conducted by the
Atomic Energy Commission (AEC) require control of argon to a maximum
level of 150 ppm by volume. A special grade for this specialized use has not
been identified because at least two of the grades listed, V and W, will meet
the argon limit.

As previously discussed, the GOCO plants will be returned to service.
The proposed specification revision contains Grade Z, which is equivalent to
the current B revision and is the standard which the GOCO plants were de-
signed to meet.
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Hydrogen

The development of liquid hydrogen technology for rocket propulsion
presented a major challenge to scientists and engineers. This effort culmi-
nated with the first successful launch of a liquid hydrogen-oxygen propelled
Centaur in November 1963.

The unique chemical and physical characteristics of hydrogen make it
rather easy to produce a high purity product. Much of the hydrogen in the
United States is produced by the catalytic steam-reforming process. The nat-
ural gas source used in this process contains moderate amounts of helium;
thus, helium is a major impurity. The helium content in liquid hydrogen is
normally below 30 ppm.

Many of the other contaminants are almost totally insoluble in liquid hy-
drogen. To avoid particulate buildup, the quality of this product is con-
trolled to a high purity level as noted in Table 4. Frozen particles of oxygen
are impact sensitive in hydrogen; thus, they present a particularly hazardous
situation. Because the analytical method used does not adequately separate
oxygen and argon, a composite value is specified for these two impurities.
Carbon monoxide and carbon dioxide are limited to provide a product suit-

TABLE 4—Regquirements, MI1L-P-27201B, propellant, hydrogen.

Limits
Composition Type I Type 11

Hydrogen (H:) assay,

percent by volume, min 99.995 99.995
Parahydrogen,

percent by volume, min

(balance orthohydrogen) - 95.0°
Moisture, volatile hydrocarbons,
nitrogen (N:) combined,

ppm by volume, max 9.0 9.0
Oxygen (O,) plus argon (Ar),

ppm by volume, max 1.0 1.0
Helium (He),

ppm by volume, max 39.0 39.0
Carbon monoxide (CQO) plus
Carbon dioxide (CO:),

ppm by volume, max 1.0 1.0
Total allowable impurities,

ppm by volume, max 50.0 50.0

* Parahydrogen shall be determined by thermal conductivity type in-stream ana-
lyzers installed in the manufacturer’s plant, which shall be calibrated integrally by
the appropriate use of temperature controlled catalyst beds.
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able for spacecraft fuel cells. This eliminates the need for a special grade or
separate specification, and does not affect the price or availability of hydro-
gen. Control of other impurities, namely, fluorine, chlorine, and nitrogen ox-
ides has been requested by some users; however, due to the nature of the
production process the contaminant level is so low that these impurities are
not likely to be a problem.

Since gaseous hydrogen is normally used for liquid hydrogen system
purging and pressurization, this material must also meet the same purity
standards established for the liquid. It is recognized that such levels are
more difficult to achieve in cylinder packaging of gaseous hydrogen; howev-
er, the requirements for a high purity product are well documented.

Liquid hydrogen exists in two forms, ortho and para. Orthohydrogen will
slowly convert to parahydrogen with evolution of heat. This heat release will
increase the evaporation rate and thus the loss of liquid hydrogen. Spacecraft
operations could be adversely affected by premature hydrogen loss. Catalytic
conversion of ortho- to parahydrogen is accomplished by the manufacturer.
Conversion of greater than 95 percent of the orthohydrogen would unduly
increase plant operating costs and decrease product capacity. For this reason,
the specification calls for a minimum of only 95 percent by volume of para-
hydrogen.

Fluorine

Fluorine, the most reactive chemical oxidizer, has been of interest to the
rocket engineer since 1946. The degree of interest has oscillated considera-
bly over the years. Currently, fluorine is under consideration as a reactant
for the chemical laser.

A specification is of limited usefulness unless the requirements can be
verified by test. The fluorine specification presented a major problem to ana-
lytical chemists. This is reflected in the fact that the military specification
was ten years in the making and still has a serious deficiency.

The principal impurities in fluorine are: (a) nitrogen and helium, which
are used to purge equipment and containers, and (b) oxygen, tetrafluoro-
methane (CF,), hydrofluoric acid (HF), carbon dioxide (CO,), and per-
haps ozone and peroxides, which enter into the product during manufacture.

Noncondensables, nitrogen (N.), helium (He), and to a lesser extent ox-
ygen (0O,), dilute the product; these are controlled to provide a high fluor-
ine assay which results in maximum end use performance. The condens-
ables, specifically, CO, and HF, have limited solubility in liquid fluorine and
can freeze out in lines, resulting in a blockage. The condensable impurities
are controlled near the solubility level. Concentration of impurities will not
occur because liquid fluorine is never allowed to self-refrigerate. Ozone and
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TABLE 5-——Requirements, MIL-P-27405, propellant, fluorine.

Limits
Composition Types I and IT
Fluorine (F:) assay, percent by volume, min 99.0
Sum of hydrofiuoric acid (‘HF) and carbon
dioxide (CO.) percent by volume, max 0.1
Noncondensables®
percent by volume, max 0.9

* As defined in the appropriate specification test method, for example, O., N,
He, CF..

peroxides are believed to be the culprits that caused several explosions in
fluorine manufacturing and liquification systems. These impurities are not
controlled in the specification as they present a greater hazard to the manu-
facturer than the user and can be assumed to be absent from the final prod-
uct.

There has been controversy over the control of other possible impurities
such as sulfur hexafluoride (SFg). The processes used to remove specified
impurities will also remove others, and no documented problems have been
reported. The major source of difficulty has been the presence of particulate
matter. Unfortunately, there is no test procedure suitable for specification
purposes. Normally this specification would have included requirements for
a filter to be installed in the loading lines to control particulates within the
propellant while filling shipping containers. However, no adequate filter was
available. Subsequently, NASA developed a sintered nickel filter, 40 um
nominal, 60 um absolute, which will be included during the next revision of
the specification. Table 5 presents the current specification limits.

Helium

Helium, in both the liquid and gaseous state, is used in a variety of ways:
from the filling of toy balloons to research at temperatures approaching ab-
solute zero. A 1967 survey by the Bureau of Mines showed that 370 million
cubic feet of helium were used for purging and pressurizing; this number
represents nearly 41 percent of the total helium used. Helium, the lightest
inert gas, is used to pressurize cryogenic and storable propellants such as
liquid oxygen and liquid hydrogen. It is used as the pressurant in the pro-
pulsion systems of the Atlas, Centaur, and Saturn boosters, and also the
Apollo program’s Lunar Lander and space module. Because helium does
not become radioactive, it can be used as a heat transfer medium in gas
cooled nuclear reactors. Other uses of helium include welding operations,
synthetic breathing mixtures, controlled atmospheres, and leak detection.
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With such a variety of applications it is not surprising that a total of six
different specifications related to gaseous helium exist today. Table 6 repre-
sents an effort to consolidate these requirements in a realistic fashion.
Grade A helium is used primarily for lighter than air use, such as weather
balloons. No severe limits on impurities exist for such application and this
fact is reflected in the specification. Both moisture and hydrocarbons are
closely controlled in Grade B helium, used in missiles and space vehicles, as

TABLE 6—Proposed requirements®, BB-H-1168b helium.

Limits®

Composition Type 1
Grade A° Grade B Grade C Grade D

Helium (He) assay,

percent by volume, min 99.8 99.995 99.995 99.998
Dew point, °F . —78.0 —87.0 —90.0
Moisture, none

ppm by volume, max condensed 9.0 4.0 3.0
Hydrocarbons (condensed),

ppm by volume, max none - 0 0
Total hydrocarbons as methane,

ppm by volume, max . 5.0 1.0 0
Oxygen (02),

ppm by volume, max cee 3.0 1.5 1.0
Nitrogen (N:),

ppm by volume, max . 14.0 8.0 5.0
Neon (Ne),

ppm by volume, max - 23.0 20.0 5.0
Hydrogen (H,)

ppm by volume, max . 1.0 0.5 0.5
Argon (Ar),

ppm by volume, max e 1.0 1.0 1.0
Carbon dioxide (CO:),

ppm by volume, max . 1.0 0.5 0.5
Carbon monoxide (CO),

ppm by volume, max v 1.0 0.5 0.5
Other gases,

ppm by volume, max .. 1.0 each 1.0 each 0.5 each
Total allowable impurities,

ppm by volume, max ces 50.0 50.0 20.0

« Proposed requirements presented for information only, and are subject to change.

Not to be used for procurement.
* Type II liquid helium shall be filtered through a 10 pm absolute filter and shall be

certified as helium by an acceptable test. '
*Not to be interpreted as Bureau of Mines’ previous Grade A now known as

“high purity.”
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well as in welding and other shielding gas operations. The reason for this
control, from a rocket engineering standpoint, is the requirement for high
purity propellants and safety. It would be ironic to tightly control impurities
in a propellant only to introduce them through impure pressurant. The
Grade C and Grade D helium both represent requirements of the AEC
(Lawrence Radiation Laboratory). A tighter and more detailed control of
impurities is imposed due to uses in high intensity radiation fields. While
helium itself does not become radioactive, the impurities can, and a buildup
of radioactive gases is highly undesirable.

Since there is presently no developed and reliable inspection or test pro-
cedure for testing liquid helium, the only requirements that can be made for
filtration and to ensure that the product received is helium. The means by
which the product can be certified as Jiquid helium are by analysis of the
vent gas through a mass spectrometer, or by demonstrating that the temper-
ature of the loaded fluid is below the hydrogen triple point 13.8 K.

By a recent agreement with the Federal Supply Service, General Services
Administration, the Air Force has accepted engineering and preparing re-
sponsibilities for the helium specification. Table 6 represents the suggested
requirements for Proposed Revision b to Federal Specification BB-H-1168,
Helium, which is to be the singular specification for all government buys.

Argon

Argon is used in a variety of ways and has only recently come under con-
sideration as a pressurizing agent for missile and space vehicle propellant
utilization systems. Major uses of argon include: the filling of electric light
bulbs, shielded arc welding operations, and blanketing of metallurgical oper-
ations where contact of surface metal and the atmosphere is undesirable.
Argon is not recommended for use in nuclear activities because of the ease
with which it will form radioactive species; therefore, argon is tightly con-

TABLE 7—Requirements®, AFPID 9135-19, pressurizing agent, argon.

Composition Limits”
Argon (Ar) assay, percent by volume, min 99.85
Dew point, °F —80.0
Moisture, ppm by volume, max 7.8
Hydrogen (H:), ppm by volume, max 350.0
Oxygen (O:), ppm by volume, max 30.0
Nitrogen (N:), ppm by volume, max 1000.0

*The AFPID requirements are listed due to the lack of a specification. Limits may
change when the specification is issued.
® Type 11, liquid only.
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trolled as an impurity in helium when used by the AEC. The earth’s atmos-
phere is the commercial source for argon (argon comprises approximately
one percent, by volume, of the earth’s atmosphere).

Table 7 lists the current requirements for liquid argon used as a pressur-
izing and purging gas. Moisture, as in other specifications for pressurants, is
controlled below 10 ppm by volume. Both hydrogen and oxygen are con-
trolled because of possible hazards and to prevent contamination of propel-
lants. Nitrogen, another inert gas used as a pressurizing agent, is not
controlled very tightly because it poses no special problems. The basic test
methods for argon are mass spectrometry and gas chromatography.

Argon is currently procured under AFPID 9135-19 until an Air Force
specification is written. The Federal Specification for argon does not take
into account those properties required for use as a pressurizing agent and
cannot be used.

Other Cryogens

Throughout the years other cyrogenic materials have been investigated as
possible rocket propellants. The status of these cryogens as propellants fol-
lows:

Oxygen Difluoride (OF,)—This oxidizer was a contender as a ‘“‘space
storable” propellant, but because of engine development problems, interest
has now focused on fluorine-oxygen (FLOX). No work on an OF, specifi-
cation is contemplated.

FLOX—Several mixtures of fluorine and oxygen have been studied.
NASA is currently evaluating a mixture composed of 88 percent fluorine
and 12 percent oxygen. With continued success in the current program a
specification will be prepared. The liquid fluorine specification, MIL-P-
27405, will most likely be used as the starting point.

Ozone (0O;)—This oxidizer is no longer given serious consideration be-
cause of the ease with which violent decomposition occurs. Highly pure oxy-
gen is required for the preparation of stable ozone. The ozone studies
accomplished in the 1950’s contributed greatly to advancements in liquid
oxygen quality and analytical procedures.

Liquid petroleum gases—Methane, ethane, butane, propane, and various
mixtures thereof are periodically evaluated for various propulsion systems,
the latest being the Space Shuttle. Should a propellant specification be re-
quired, it will probably be developed around Federal Specification BB-G-
110, “Butane, Propane, and Butane-Propane Mixtures”.

Analytical Procedures

The requirements delineated in a specification have little meaning unless
they can be measured with accuracy and preciseness. The development and
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evaluation of suitable test methods is usually the most difficult and time con-
suming part of specification preparation. The specification must present the
procedures in sufficient detail so they can be performed by any reasonably
skilled analytical chemist in an average control laboratory. Analytical meth-
ods that involve considerable specialized experience or are unduly subject to
personnel error are avoided. Methods that require highly specialized or cost-
ly equipment are not desirable since the government must, either directly
under cost reimbursable contracts or through higher propellant price, pay
for such items. Government quality control laboratories must also acquire
whatever equipment is specified. In specification preparation there is a trend
toward using standard methods such as those of ASTM and Federal Test
Method Standard No. 791. There are no acceptable standard methods for
cryogenic or gaseous propellants.

The specification preparing activity collects all available methods and
evaluates them for simplicity and accuracy. The methods may be modified,
or new ones developed if necessary. Most of the evaluation is performed by
government personnel in the preparing agency’s laboratories for two major
reasons:

1. Conflicts that arise between the propellant manufacturers and the
rocket engine developer can be resolved more equitably.

2. The preparing activity is the organization that receives the technical
questions on the procedures, and has chemists with personal experience in
performing the various procedures for better technical support.

The preparing activity works closely with industry to obtain quality assur-
ance provisions that are satisfactory. Many difficulties and differences that
arise are settled by concentrated efforts. Everyone realizes that such provi-
sions must be adopted, and if not satisfactory, they will be a continual irrita-
tion to all concerned. Personnel often visit other laboratories to resolve dif-
ferences by working with those who are perhaps more experienced, or who
have developed better techniques. Round robin samples are another means
of checking the results of different laboratories, but one must assure that the
propellant does not change during such a laboratory interchange. The re-
sulting procedures are written to provide stepwise instructions for the anal-
yses, spelling out volumes and weights of materials to be used as well as
phenomena to be observed, such as color changes. All required reagents and
equipment are identified. If calibration charts or calculation formulas are
needed, they are also included.

The following discussion describes some of the analytical methods used
for cryogens and the rationale for their selection. It will be noted that the
test methods used in current specifications are chemical in nature. Physical
property measurements have not proven adequate for quality control pur-
poses. Some specifications covering storable propellants contain physical
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measurements, but the trend is to delete such tests upon revision. Fluorine is
discussed separately because of its unique characteristics.

Impurities—Gas chromatography (GC) is the principal technique used
for measuring the level of most impurities in cryogenic propellants and pres-
surants. Assay is then determined by difference. GC is precise and easy to
perform. The equipment is modestly priced and is now a standard item in
many laboratories. As specifications are revised, the GC technique will be
incorporated wherever it is suitable.

At the present time hydrocarbons in nitrogen and helium are determined
colorimetrically with a hydrocarbon analyzer. This method will be replaced
by GC in future specification revisions. The colorimetric technique for
measuring oxygen in nitrogen will also be superceded by gas chromatogra-
phy. GC, infrared, and the classical Ilosvay colorimetric methods are ac-
ceptable for alkyne (acetylene) determinations. The test for oxygen in hel-
ium utilizes a galvanic cell. This test will be retained in the revision as the
referee method, with a GC technique included as an alternate. Producers of
cryogens normally use on-stream analyzers for their process control. Ap-
proval to use on-stream analyzers for quality control may be given by the
procuring activity providing that data are furnished to show that such equip-
ment produces results with sensitivities and accuracies equivalent to or bet-
ter than the specified methods. Unfortunately, most requests for such
approval present comparison data for a product that is well within specifica-
tion limits. To properly assess the validity of on-stream analysis, the data
submitted also must show that on-stream equipment will discriminate be-
tween acceptable and nonacceptable products, as determined by the specifi-
cation methods. On-stream analyzers are acceptable for measuring ortho to
para conversion of liquid hydrogen.

Assay—Assay is normally determined by difference after the total impur-
ities have been measured. Oxygen assay may be determined by the nitrome-
ter method, Orsat analysis, paramagnetic or thermal conductivity type ana-
lyzer, or by GC; the nitrometer method is the referee test in case of dispute.

Moisture—Recent specifications permit the use of several standard meth-
ods for determining moisture. The electrolytic method (based on the current
required to electrolyze the water) is preferred, and is the reference method
for oxygen and hydrogen. The current helium and nitrogen specifications list
the accelerated gravimetric technique (absorption of water by phosphorus
pentoxide) as the referee method. Forthcoming revisions will permit use of
alternate procedures, with the referee being the electrolytic method. This
change from the accelerated gravimetric method has come about because of
the inherent inaccuracy of determining a small change in weight.
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Fluorine (Fs)

Fluorine presents unusual problems to the analytical chemist. Condens-
ables, hydrogen fluoride and carbon dioxide, are determined by near-infrared
and infrared spectroscopy, respectively. These methods require the prepara-
tion of calibration curves and are not ideal. However, for present state of
the art they are the most practical from the standpoint of accuracy, ease of
operation, and economy. A gas chromatographic method would be more de-

FIG. 2—Cosmodyne cryogenic sampler.
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sirable; however, no chromatographic columns are yet available which will
provide adequate separation of all volatile impurities.

To determine noncondensables, the fluorine sample is reacted with so-
dium chloride to release chlorine which is then absorbed by potassium hy-
droxide (KOH). The remaining gases are then measured to give the total
value for the noncondensables, normally considered to be oxygen (O.), ni-
trogen (N.), helium (He), and tetrafluoromethane (CF,). Individual spe-
cies are not identified by this procedure.

The reduced chlorine from the preceding analysis is treated with nitric
acid, then titrated with silver nitrate usmg a potentiometric apparatus. A
simple calculation gives the fluorine (F,) assay.

Samplers

Sampling is required to obtain a small quantity of product for analysis.
This sample must be representative of the lot or batch submitted by the
producer. The sampling of cryogens presents an unusual problem. It is diffi-
cult to obtain a top, middle, and bottom sample, and impractical to agitate
the vessel. A vapor sample of the product would not contain nonvolatile im-
purities.

Liquid samples are obtained by a sampler specified in MIL-S-27626C
(USAF), or one that is functionally equivalent (Fig. 2). The unique feature
of this sampler is that it will extract a liquid sample and then allow the oper-
ator to vaporize the total sample without loss, thus maintaining the original
composition and purity of the sample. The composition of this gas is identi-

FIG. 3—-Liquid fluorine sampler.
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cal to that of the original liquid. The sampler with the gasified sample may
then be carried or shipped safely to a quality control laboratory [4].

Figures 3 and 4 illustrate a liquid fluorine sampler that utilizes this same
principle developed under an Air Force contract {5]. To provide for per-
sonal safety, the sampler is operated remotely and incorporates a scrubber
to neutralize the excess fluorine. This unit contains an integral filter enabling
a particulate analysis to be made. Successful operation of this sampler has
been demonstrated. The low usage rate of fluorine precludes the manufac-
turing of additional units.

Particulate

All of the propellant and pressurant specifications now require, or will re-
quire upon revision, a 10-um nominal, 40-um absolute filter to be installed
between the manufacturer’s plant system and the manifold used to fill gas or
liquid containers for delivery. It has been argued that this requirement is un-
necessary because the product can and should be filtered at the point of use.
Such practice places a heavy burden on the user’s filter. Experience has
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proven that satisfactory propellant quality can best be maintained by filtra-
tion at all transfer points.

Most of these specifications also set a maximum limit of 1 mg/liter parti-
culate matter for the liquids. This requirement is not applied to the gases be-
cause of the difficulty in complying when cylinders are used for packaging.
This requirement is also not placed on liquid hydrogen because there has
been no problem with such foreign matter reported. There have been con-
siderable problems with particulates in fluorine, but a satisfactory test suita-
ble for use with such a reactive oxidizer is not available.

The quality assurance procedure for particulates is based on filtration of
the sample using Gelman, Millipore, or an equivalent filter. Particles or fi-
bers are examined visually and shall not exceed 1000 um in any dimension
or 6000 um in length, respectively. Particle count is not used because no
suitable method is available. Manual counting through a microscope is too
time consuming and dependent on operator experience for routine analysis
of a large number of samples. Instrumental methods involve some cost, but,
more important, they require the definition of a particle to be established.
Some of the available instruments measure the particle by surface area, vol-
ume, or one dimension (length or width). The specifications call for weigh-
ing of the filter to the nearest one tenth of a milligram; the particulate con-
tent must be below 1 mg/liter.

Propellant Quality Control and Field Surveillance

The Department of Defense, through Defense Contract Administration
Services’ (DCAS) quality control representatives (QAR), and individual
manufacturers, must work to ensure that product quality control is achieved.
This is accomplished through periodic inspections of the manufacturers’
plant, process, instrumentation, calibration, and internal quality control pro-
grams. The enforcement of specification requirements through periodic sur-
veillance of suppliers is the heart of quality control.

The specification is a procurement document and should not be used for
field quality control or surveillance (Fig. 5). After the propellant is accept-
ed at the vendor’s plant, it can be exposed to many sources of contamination
beyond the control of the vendor. Most cryogenic propellants are subject to
boil-off, thus concentrating the impurities. The specification requirements
are selected to allow for some propellant change, to assure that the delivered
propellant is usable. Otherwise, a propellant that just meets the procurement
requirements at acceptance may not do so at the point of delivery.

The quality of the propellant required at the destination will depend on
the application. Each user should specify a use limit that is meaningful for
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his specific application and represents the minimum quality the propellant
must have for satisfactory performance. For missiles stored in a ready con-
dition, a loading limit may be established that identifies the propellant quali-
ty to be met when the missile is serviced and selected so that the use limit
will not be reached through degradation during storage period. Thus, a pro-
pellant may be permitted to degrade from the procurement specification
quality to the loading limit with further degradation to the use limit. The
loading and use limits germane to a given system are included in the appli-
cable operating manuals or technical orders. The use limit may identify oth-
er impurities not included in the procurement specification and may delete
those that are peculiar to the manufacturing process and not acquired dur-
ing handling or storage.

Although the procurement specification requirements cannot be properly
used for field use, the quality assurance provisions often are. The analytical
methods and sampling procedures are very valuable for all surveillance ac-
tivities, since these techniques are usually selected for their simplicity and
readily available equipment.

Engine model specifications should not always stipulate that the rocket
engine use propellants conforming to the requirements of the procurement
specification. If the propellant is subject to degradation during shipping and
storage, use or loading limits should be established during the engine devel-
opment program. This will preclude the problem of trying to supply specifi-
cation-grade propellants in the field, when the propellant will begin to de-
viate from the specification as soon as it leaves the manufacturing plant.

PRODUCTION TRANSPORTATION ~ STORAGE APBL_I_(_:ATION

QUALITY SURVEILLANCE USE™

CONTROL By AHMIT
o TECHNICAL ORDER ESTABLISHED By
MIL SPEC TECHNICAL ORDER

FIG. 5—Propellant quality controlled by different documents during logistics cy-
cle.
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Summary

Military and federal specifications are important documents that define
the required quality of rocket propellants and pressurizing gases procured
by the government. They are used by quality control inspectors as the criter-
ia for the acceptance of products from suppliers.

The two most important parts of a specification are the Requirements and
Quality Assurance Provisions sections. The Requirements section contains
the specific properties, composition, and impurity limits that the propellant
or pressurant must meet. The requirements are established to assure that the
product will accomplish the purposes intended. Data from research and de-
velopment programs, field use, and engine manufacturers are used in the
preparation and revision of specifications. The application requirements
must be balanced by the ability of the chemical industry to produce large
quantities of the propellant at an acceptable price. The factors of safety,
storability, and analytical difficulty are as important as performance in set-
ting specification values. Criteria for the selection of impurity limits in var-
ious cryogenic propellants and pressurants are presented on an ndividual
basis to acquaint the reader with the workings of specification preparation.

The Quality Assurance Provisions section consists of the test methods or
analytical procedures used to determine conformity of the propellant or
pressurant with the specified requirements. The methods selected must pro-
vide the necessary accuracy and should be simple and easy to perform. The
use of specialized and expensive instruments is to be avoided when possible.
Most analytical methods for cryogenic materials are currently based on gas
chromatographic procedures. The most difficult and time-consuming func-
tion of specification preparation is the development of suitable analytical
methods. Current and proposed techniques for cryogenic materials of inter-
est to the rocket propulsion community are reviewed.

Military and federal specifications, being procurement documents, are not
adequate for field quality control. Cryogenic propellants are subject to evap-
oration loss and contamination, causing deviation from the specification re-
quirements during shipping or storage. Loading limits and use limits should
be established by the using organization to assure control of propellant qual-
ity between procurement and ultimate consumption. The specification ana-
Iytical procedures are satisfactory for field use and are widely utilized.

The specification is a dynamic instrument. It is the product of extensive
cooperation and coordination among the rocket and chemical industries and
government agencies. Specifications are continually reviewed, and are re-
vised frequently as rocket propulsion technology advances. They form an
important part of the interface between government and industry which has
achieved the many successes in space that all of us can look at with pride.



FORBES ON CRYOGENIC PROPELLANTS AND PRESSURIZING GASES 39

References

[I1 Defense Standardization Manual, 4120.3-M, “Standardization Policies, Procedures
and Instructions,” Office of the Assistant Secretary of Defense Installations and
Logistics, Department of Defense (DOD).

[2] Foster, R. H., “Study of Liquid Oxygen Contaminants,” final Report SSD-TRD-
62-8, Air Products, Inc., Allentown, Pa., May 1961.

[3] Lieberman, P., “Transient and Steady-State Heat Transfer Problems Associated
with Rocket Utilizing Liquid Oxygen,” Air Force Rocket Engine Test Labora-
tory, Edwards, Calif., Aug. 1967.

[4] “Cryogenic Sampler Design and Development,” final Report Contract AF
04(611)-5677, The Cosmodyne Corp., Hawthorne, Calif., Jan. 1961, AD292764.

[5] Randle, W. N., “Liquid Fluorine Sampler Development Program,” Technical Re-
port AFRPL-TR-70-83, Air Force Rocket Propulsion Laboratory, Edwards, Cal-
if., July 1970, AF Contract FO4611-69-C-0101.



W.R. Blackstone,' A. B. Wenzel,' and R. L. Every®

Sensitivity and Reaction Intensity Studies
of LOX-LNG Mixtures

REFERENCE: Blackstone, W. R., Wenzel, A. B, and Every, R. L., “Sensi-
tivity and Reaction Intensity Studies of LOX-LNG Mixtures,” Cryogens
and Gases: Testing and Methods and Standards Development, ASTM STP
537, American Society for Testing and Materials, 1973, pp. 40-58.

ABSTRACT: Mixtures of liquid oxygen (LOX) and liquid natural gas
(LNG) are very attractive as commercial explosives because they exhibit
very high brisance, or shattering power, and because the basic materials are
readily available and inexpensive. However, the mixtures can be quite dan-
gerous if mishandled, and there is little or no information available con-
cerning the handling hazards. The objective of this program was to obtain
such information by conducting a series of drop tests to characterize the im-
pact ignition and reaction intensity behavior of various LOX-LNG mix-
tures and to determine whether the addition of an inert inhibitor would
change the reaction intensity or the impact sensitivity. Impact tests were
conducted using pentaerythrito!l tetranitrate (PETN), and the results were
compared with those for the various LOX-LNG mixtures.

KEY WORDS: cryogenics, liquid oxygen, liquid natural gas, explosives, im-
pact sensitivity, intensity, desensitizing

During the early 1960’s, a number of laboratories were trying to develop
an inexpensive and readily available rocket propellant system which would
not cause health or safety hazards at blast-off. Also involved was a search
for a propellant with sufficient specific impulse to allow the space crafts to
exit and reenter the atmosphere without the necessity of jettisoning the fuel
tanks. The only propellant which came close to meeting these requirements
was liquid oxygen (LOZX) and kerosine (RP-1 grade); however, the spe-
cific impulse of this combination was not sufficient.

* Senior research engineer and section manager, respectively, Southwest Research
Institute, San Antonio, Texas 78284.
* Staff scientist, Continental Qil Co., Ponca City, Okla. 74601.
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Calculations showed the specific impulse of mixtures of LOX and liquid
methane (LCH,) would meet the specifications put on a monopropellant
and would be significantly better than LOX-RP1. The results of these stud-
ies have been published [/, 2]* and indicate the validity of the specific im-
pulse calculations. However, an unexpected and accidental explosion did oc-
cur while testing these mixtures and indicated that further test work would
be required to fully describe the safety measures necessary. This, coupled
with the cancellation of the Dynasoar Program (recoverable vehicles)
caused abandonment of this work.

More recently, other uses for the highly explosive LOX-LCH, mixture,
or LOX-liquid natural gas (LNG) have suggested themselves and have
prompted renewed interest in the safety aspects of handling. As a result of
this renewed interest. Southwest Research Institute (SWRI) began to evalu-
ate LOX-LNG mixtures in relation to standard explosives and to study the
safety problems involved.

TABLE 1—Program test plan.

Plummet
Test O/F Ratio Test No. of Drop Height, Weight,
No. Material by Volume Type Test Drops in. 1b
1.1 PETN ... N 19 variable 20
1.2 PETN - RI® 10 42 20
1.3 LOX-LNG 1.50 RI 10 42 20
1.4 ” 1.34 RI 10 42 20
1.5 " 1.50 S 10 variable 20
1.6 " 1.34 S 19 variable 20
1.7 " 1.96 Rl 11 42 20
1.8 " 3.00 S 10 variable 20
1.9 " 1.96 S 10 variable 20
1.10 " 1.96 RI 1 42 20
1.11 " 3.21 RI 10 24° 20
1.12 " 1.07 RI 10 42 20
2.1 LOX-LNG 1.50 RI 20 42 20
2.2 CBS 1.96 S 7 variable 20
2.3 ” 1.96 RI 13 42 20
2.4 ” 1.21 RI 6 42 20
2.5 ” 3.21 RI 10 42 20
2.6 " 1.96 RI 10 42 20
2.7 ” 1.07 RI 10 42 20
2.8 " 1.07 RI 5 42 20

¢ Sensitivity.
* Reaction Intensity.
¢ After fifth test of Test No. 1.11, drop height was increased to 42 in.

* The italic numbers in brackets refer to the list of references appended to this
paper.
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The experimental approach chosen was comprised of impact tests to
characterize the impact sensitivity and reaction intensity of various mixtures
of LOX-LNG and to determine whether the addition of an inert inhibitor
would change the sensitivity or reaction intensity. For a base comparison
with other energetic explosives, tests also were conducted using pentaery-
thritol tetranitrate (PETN) explosives.

The program was conveniently divided into two test series. Tests 1.1
through 1.12 determined the sensitivity and reaction intensity of PETN and
various mixtures of LOX-LNG without an inert component. Tests 2.1
through 2.8 determined the sensitivity and reaction intensity of various mix-
tures of LOX-LNG with a fumed silica (CAB-O-SIL, Grade EH) compo-
nent. A total of 221 drop tests was conducted.

In this paper, the approach and setup of the experiments are given. Re-
sults and analyses are presented in the form of graphs, tables, and illustra-
tions, and conclusions are made from them.

Test Equipment and Procedures
Test Plan

The test plan is given in Table 1. Tests 1.1 and 1.2 determined the igni-
tion sensitivity levels and reaction intensity for a primary explosive PETN.
These tests generated values which were used as a baseline for the subse-
quent LOX-LNG tests. Tests 1.3 through 1.12 were designed for the pur-
pose of characterizing both the ignition levels and the reaction intensity of
LOX/LNG mixtures without the addition of the inert component. Tests
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FIG. 1—AFAPL impact tester.
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2.1 through 2.8 were designed to characterize the effects of CAB-O-SIL,
Grade EH. The results are reported in Section III.

Test Apparatus

The data reported herein were obtained in the impact sensitivity labora-
tory located in the Department of Fluids and Lubrication Technology of
SwRI. The basic test apparatus used is known as the Air Force Aero Pro-
pulsion Laboratory (AFAPL) impact tester (a modification of the well-
known Army Ballistic Missile Agency (ABMA) machine.) The original
version of this apparatus was installed in 1958, and the facility has since
been used to test hundreds of different types of materials in contact with
LOX.

A complete description of the AFAPL impact tester, as shown in Fig. 1,
would be inappropriate in this paper; for such details, the reader may con-
sult Refs 7 and 2. Here, the basic design parameters pertinent to an evalua-
tion of the test results are discussed briefly.

The basic parameters include a 20-1b plummet which can be released
from any height up to 48 in. The impact force is transmitted through a strik-
er pin (Fig. 2) to the specimen resting in the specimen cup (Fig. 3). An
anvil region assembly serves to hold the striker pin and specimen cup in
proper alignment.

The rebound catcher (Fig. 1) arrests the plummet after its initial impact
since the allowance of secondary impacts would reduce the control of igni-
tion stimuli.

The reaction intensity measuring system (Fig. 1) consists of two identical
but independent subsystems. In visualizing how this measuring system
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works, it should first be noted that each impact on a drop-weight tester cre-
ates shock waves in the air, ranging from very low order sound waves when
a reaction does not occur, to the blast waves emanating from a detonation.
These shock waves are picked up at the nearby inlet ends of the two stain-
less steel tubes (the shock wave probes.) While in a tube, a shock wave can-
not expand; therefore, its peak pressure will remain essentially undimin-
ished. This means that a piezoelectric transducer located near the outlet end
of the tube can read practically the same peak pressure as that occurring at
the inlet end very near the wave source. At the same time, the transducer
can be protected from the deleterious effects of violent explosions. The
transducer signal then goes through a charge amplifier to a peak pressure
meter, where a voltage reading corresponding to the peak pressure of the
shock wave is obtained. The two identical measuring subsystems are used in
order to increase the probability of measuring the highest part of directional
reactions.

Figure 4 shows the tester, test cell, and remote instrument and control
console.

Impact Sensitivity

In this paper, impact sensitivity is expressed in terms of the drop height at
which the test material has a 50 percent probability of reaction. This drop
height is called, for brevity, the SO percent point. The test method by which
the 50 percent point is obtained is known as the “up-and-down,” or Bruce-
ton method [3, 4]. Briefly, it involves a predetermined number of test drops
made from varying heights, in equal log increments, in such a manner as to
bracket the 50 percent point of the test material. Recently, Dixon [5] has
described the application of this method with small samples (for example,
sample size N < 6), and this method was utilized in this program.

It should be noted that in conducting an impact sensitivity test, one must
assign a value of positive to a test result if any evidence of reaction is found,
regardless of the severity. This means that a test drop yielding a slight pop is
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FIG. 4—The LOX impact test facility at SwRI.
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assigned the same value as one yielding a violent detonation. Clearly, a ma-
terial which yields only mild reaction under a given energy input is less haz-
ardous than one yielding detonations under the same conditions. By defini-
tion, however, an impact sensitivity test cannot evaluate this difference
quantitatively. Thus, the reaction intensity test is necessary for an adequate
hazard evaluation.

Reaction Intensity

The reaction intensity test consists simply of conducting a predetermined
number of test drops from a single, predetermined drop height. The intensi-
ties are measured in the manner described previously. For this program, the
sample size ranged from 5 to 20, and the drop height used was 42 in.

FIG., 5—Details of LNG condenser.
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FIG. 6—Assembled LNG condenser.

Test Materials

The basic materials used for these tests were PETN, LOX, LNG, and
CAB-O-SIL, Grade EH.

The PETN was commercially obtained and tested in a dry condition. The
LOX was procured commercially. The procurement specification was MIL
0-25508.

The LNG used in the program was condensed from ordinary natural gas.
Figures 5 and 6 show the still constructed for this purpose. Liquid nitrogen
was circulated through the copper coil resting in the insulated dewar. A sep-
arate copper tube introduced the natural gas into the dewar, wherein it con-
densed on the coils and fell to the bottom. As much as 1 liter of LNG could
be made in about 2 h by this technique.

Of course, the composition of the LNG was not known exactly. However,
most impurities in natural gas will solidify at LCH, temperatures and sink to
the bottom. Thus, when the LNG is taken from the dewar by dipping only
from the top portion of the liquid, the resultant mixture consists mostly of
LCH, with some liquid ethane.

The inhibitor used for some of the tests reported herein was CAB-O-SIL,
Grade EH.

The various mixtures of LOX and LNG tested were prepared with small
dippers. For example, to prepare a sample with 1.21 oxidizer/ fuel (O/F)
ratio by volume, nine dippers (0.75 ml/dipper) of LOX were mixed with
eight dippers (0.70 ml/dipper) of LNG.
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The various mixtures were made in glass beakers, prechilled to LOX
temperature. Figure 7 shows the mixing station in one corner of the test cell.
The polycarbonate shield shown served as a fragment shield in case of acci-
dental ignition of the mixtures, but no such accident occurred.

For the tests involving the inhibitor, the LOX and LNG were first mixed
as described previously. Then the required volume of inhibitor was added,
producing a paste-like substance of a consistency that could be easily
poured.

As will be seen later, the test results showed that one aspect of the sample
preparation procedure was of more significance than anticipated. Initially,
the sample material was distributed among the specimen cups immediately
after mixing, and LOX was maintained around the bottom of the cups dur-
ing the test series. Later, it was concluded that the LOX, with its lower
boiling point, was boiling off the individual specimens rapidly enough to
cause a significant change in O/F ratio between the first and last specimens
of a group of, say, 10. Thereafter, the sample material was left in the beaker
after mixing, and each specimen cup was filled only as its test drop oc-
curred. Thus, the exposed surface area of the mixture was reduced, lowering
the LOX boil-off rate, and retarding the change of O/F ratio. The signifi-
cance of this will be pointed out in the discussion of test results.

Results and Discussion
General

As mentioned previously, the primary objective of the test program was
to characterize the impact ignition and reaction intensity behavior of
LOX/LNG mixtures and to determine whether the addition of an inert in-
hibitor would change this behavior favorably. In other words, it was desired
to establish the relative handling hazard of such mixtures and whether the
inhibitor would lessen the hazard. In view of the difficulties involved in at-
tempting an absolute definition of hazard, it was agreed that the tests should
include PETN for reference measurements, since the relative degree of han-
dling hazard associated with PETN is well known.

Table 2 presents a summary of all test results obtained in the program,
and the following paragraphs discuss the analysis of the sensitivity and reac-
tion intensity data.

Sensitivity Tests

To establish a quantitative reference level for this particular tester, the
first sensitivity test was performed on PETN (Test 1. 1). Figure 8 shows a
view of test drops 12 through 16 of Test 1. 1. Test drops 12 and 16 reacted
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FIG. 7—Sample mixing station.

while test drops 13, 14, and 15 did not. Note that one aluminum sleeve was
expanded sufficiently by the reaction to separate from the specimen cup.
The scatter of the test data was quite low, and the measurement is therefore
considered a reliable one. The measured value of 11.3 in. obtained with a
20-1b plummet may be compared with values of approximately 13 ¢cm (5.12
in.) obtained with 2-kg (4.4 1b) plummets as reported in the literature.
Such results illustrate the significant role of sample configuration and re-
straint in impact testing and emphasize the fact that sensitivity test results
are meaningful only when used as relative points of comparison. It is clearly
fallacious to draw conclusions from such tests regarding the ability of a ma-
terial to withstand specific loads of impact energy without ignition.

FIG. 8—Post-test view of specimen cups and striker pins for Test 1.1.
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As shown in Table 2, Test 1.5 (LOX/LNG-1.5 by volume) yielded a
50 percent point of 12.8 in., which one might take at first as an indication of
slightly less sensitivity relative to PETN. However, the data scatter was con-
siderable. Therefore, the measurement cannot be considered as significantly
different than that of PETN.

Tests 1. 6, 1. 8, and 1. 9 also exhibited considerable scatter, and it would
be unwarranted to conclude that any of these show a sensitivity significantly
different than that of PETN. One can safely say that the impact ignition
hazard of this material, when mixed, is of the same order of magnitude as
that of PETN.

An additional consideration for these tests is that at the very low drop
heights (<6 in.) guiderail friction on the plummet causes the plummet
drop time to deviate considerably from that of theoretical free fall. Hence, it
becomes difficult to obtain an accurate measurement of sensitivity at these
levels, and this concept is thought to account for a portion of the data scat-
ter obtained.

Test 2.2 on LOX/LNG = 196 + CBS yielded a 50 percent
point of 2.7 in. This is far enough below the previous measurements so
that possibly, in spite of the scatter, etc., the addition of the inhibitor actual-
ly increases the mixture sensitivity somewhat. To conclude more than this
would require more data. On the other hand, the mere fact that the specimens
were mixed and tested without incident shows that it is possible to handle the
material safely with adequate precautions.

Reaction Intensity Tests

As indicated previously, the testing emphasis in this program was on re-
action intensity, as it was believed that this parameter would be more useful

50 T T T T T
REGRESSION EQUATION, y=-3.9+0.481X
CORRELATION COEFFICIENT, r=0.79
40} B
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FIG. 9—Regression of standard deviation mean for reaction intensity measurements.
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in assessing hazard. Thus, the amount of data gathered was sufficient for the
use of standard analysis of variance techniques which, in turn, permitted the
extraction of the maximum amount of information.

The first step in the analysis was to calculate means and variances for the
reaction intensity data as summarized in Table 2. Here, X indicates the
mean and S the standard deviation, assuming that this type of data would be
reasonably normally distributed in the region +o to —o. It should be
noted that many of the tests produced data similar to those for Test 2. 6, in
which 3 out of 10 tests produced either partial or negative reactions. For
purposes of calculating X and §, the negative or partial or both results were
excluded, as it was judged that their inclusion would produce unacceptable
abnormality of the distribution. (Such results were not discarded, however,
since they were used to calculate reaction frequencies.)

The next step was to plot X versus S for all tests, as shown in Fig. 9 (ex-
cluding, of course, the PETN tests.) Here, it is apparent that the data scat-
ter increases with X. Since the analysis of variance technique requires ho-
mogeneous variances, it was clearly necessary to rectify the situation by a
transformation. For a dependency of the form § = 4 (X + B), the trans-
formation X’ = log (X + B) is appropriate. For Fig. 9, the transforma-
tion was calculated to be X’ = log {X — 8). Table 3 shows the trans-
formed data,

As a check on the transformation, X’ was plotted versus §’, and the re-
gression was found to be nearly parallel to the abscissa. This leads to the
conclusion that the transformed data adequately fulfill the homogeneity of
variance criterion.

Table 4 shows the results of the analysis of variance and also the one sta-
tistic for which all the previous mathematical calculations were performed,
namely, the pooled estimate of sample variance, S,°. The usefulness of this
statistic is felt to be worthy of emphasis through an example. Assume it is
desired to calculate a 90 percent confidence interval for the mean of the
transformed data of Test 1.7, for which X’ = 1.6433, 8’ = 0.3078. and n
= 9. The confidence limits would be defined by

TABLE 4—Analysis of variance for transformed reaction intensity data.

Source of Degrees of Sum of Mean
Variation Freedom Squares Square
Between Treatments 14 2.8337 0.2024
Within Treatments 91 4.9052 0.0539

Total 105 7.7389
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!

X + t

= Vn
wherein ¢ would be obtained from a table of the Student’s “t” distribution
for @« = 0.05 and n — 1 degrees of freedom. The numbers would be

0.3078
1.6433 = ——— 1.860

NG

or

1.6433 + (.1908

But, S,? is an overall average sample variance, which takes into account
much more than just the nine specimens of this particular test. It is, in fact,
a better estimate of the population variance for this particular group of
specimens than is §'. I S, = /5,7 is used in place of §', a ¢
value for 91 degrees of freedom can also be used. Now, the confidence in-
terval is

0.2322
1.6433 = — 1.662

or
1.6433 = 0.1286

which illustrates the value of the pooled estimate of variance.
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FIG. 10-—Reaction intensity versus O|F Ratio.
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FIG. 11-—Reaction intensity results for tests conducted on 12, 15, and 24 Feb. 1971.

Getting back to the problem, the next step is to determine which of the
various Xs are significantly different. Currently, the best method for this is
Duncan’s multiple range test [6] for unequal sample sizes. Without going
through the mathematics of this procedure, it can be stated briefly that the
differences between the various means, S,, and a table of least significant
ranges are used to yield the results in Table 5. Here, the means are arranged
in ascending order of magnitude. Those means which are underscored by
the same solid line are not significantly different at the 0.05 level of signifi-
cance. Note that X's4 is significantly different from X', 4, but not from
X'1.10.

Thus, the data scatter is considerable, and it would be difficult to substan-
tiate many conclusions concerning the efects of the various sample material
treatments. On the other hand, it is clear that the presence of CAB-O-SIL
has little effect, if any, on the reaction intensity.

However, if we plot reaction intensity data obtained on 12, 15, and 24
Feb. 1971 on one graph and those obtained on 25 Feb. 1971 on another,
we get the results shown in Figs. 11 and 12. As discussed earlier, sample
preparations on 12, 15, and 24 Feb. 1971 consisted of mixing a batch and
pouring a mixture in all the individual test cups prior to testing. On 25 Feb.

18— T T T T T
X O LOX-ING
/ X LOX-ING *+CBS
L6 /
- // &)
/ © °
1A/
/
/ x
/
H ~
1.2 ~
1 I L | I |

1 z 3
OXIDIZER FUEL RATIO (O/F) BY VOLUME
FIG. 12—Reaction intensity results for tests conducted on 25 Feb. 1971.
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FIG. 13—Post-test view of specimen cup sleeves for Test 1.10.

1971, the procedure was changed to pouring the mixture into a test cup and
testing the sample before pouring the next one. In Figs. 11 and 12 we have
drawn in trend lines roughly through the middle of the various groups. It
can be seen that the entire trend seemed to shift to the left in Fig. 12. It is
believed that this behavior reflects the differences in sample preparation
procedure (and thus the rate of change of O/F ratio) discussed in the pre-
vious section. It is also believed that this same factor caused the previously
discussed difficulties in the sensitivity measurements.

Finally, it is interesting to note that the LOX-LNG mixtures as a group
were more energetic than equivalent amounts of PETN impacted under sim-
ilar conditions. This is exemplified in the reaction intensity data discussed
previously. Also, Fig. 13 shows that when the reactions occurred the dam-
age to the specimen cup sleeves was greater than that of equivalent amounts
of PETN (see Fig. 8).

Conclusions

It appears that the addition of CAB-O-SIL has little or no effect on ei-
ther sensitivity or reaction intensity of mixtures of LOX and LNG.

The sensitivities of O/F ratios between 1 and 3 (by volume) are of ap-
proximately the same order of magnitude as PETN. Above O/F = 3, the
sensitivity is less.

The reaction intensities of O/F ratios between 1 and 3 are higher than
that of PETN, but diminish rapidly for O/F ratios greater than 3.

Test results were apparently affected by boil off of LOX during the test.
Such boil off would cause the O/F ratio originally mixed to change rapidly
during the course of a test, and this would affect both sensitivity and reac-
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tion intensity. Considering the sensitivity and reaction intensity behavior of
O/F mixtures greater than 3, this suggests that starting a job with overly
lean mixtures would be a good safety practice.

In general, LOX/LNG mixtures appear to have about the same degree
of handling hazard as PETN, but are potentially more energetic. Further,
the mixture need not be made until the last minute, thus avoiding most han-
dling hazards.
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Recent advances in technology have managed to significantly reduce the
steady state low temperature available to those interested in the field. This,
together with the increase in the use of cryogenic fluids in both industry and
research laboratories, has led to a situation where innovation and initiative
are essential to the maintenance of competitive products. One must be able
to construct systems that maintain stable temperatures under extreme and
adverse conditions. It is not unreasonable to expect request for systems that
will contain large volumes of liquid *He at a temperature of 0.2°K that will
sustain heat loads from 2 W to less than 1 erg/s. The modifications neces-
sary to compensate for this variable input are unfortunately not just a matter
of scaling. There are many experiences, techniques, and hopeful extrapola-
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tions necessary to accomplish this. However, we can outline some of the
problems. Just as the experience gained with standard *He refrigerators at
temperatures of 0.3°K are useful when building a ®He/*He Dilution Re-
frigerator it is by no means the only requirement. Although the temperature
of those devices is reduced by an order of magnitude (0.03°K), the prob-
lems associated with temperature measurement, environment, and quality
control have more than compensated by increasing several orders of magni-
tude.

The first consideration before attempting a design is to clarify the equip-
ment specifications. Most customers initially desire a system with as many
variables as money allows. These would include temperature range, heat ex-
traction, modular components, and versatility for many experimental uses.
One should first attempt to define what the major purpose is and then limit
and assign priorities to the remaining items. Systems have been designed for
excellent multipurpose uses. Frequently, because of unreasonable expecta-
tions, one can construct a dewar system that does many things, although
none of them well!

Design Specifications

As the systems become more sophisticated, more care must be given to
precise statements about the requirements and capabilities. For a standard
dewar designed to hold 10 liters of liquid *He at 4.2°K for 100 h while in a
typical laboratory environment, there are little uncertainties. As the required
temperature of the system is lowered, those items that were given little con-
sideration or taken for granted become extremely important.

In particular, consider the problems involved with the *He/*He Dilution
Refrigerator System where temperature of 0.020°K must be maintained as
long as several weeks. The obvious aspects of the environment that can sig-
nificantly affect the capabilities of the system include:

1. Isolation of systems from external vibration;

2. Physical limitation due to space of external pumps and gas lines;
and

3. Isolation of system from AC and RF pickup.
It is always possible to reduce the above items so they do not seriously de-
grade systems performance. However, whether or not they are still large
enough to limit how well we measure the operation is another question.
Most techniques for measuring temperature in the milli-degree region re-
quire complex electronics at room temperature and sensors with low heat
capacity at the cold region. These devices, such as carbon resistors or para-
magnetic salts, are frequently more sensitive to an adverse environment than
the Dilution Refrigerator itself.
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In the region of temperature where gas thermometry is no longer feasible,
careful consideration must be given to the exact type of thermometer that
will be used to define the temperature. These questions should be discussed
and agreed upon before design for the system is undertaken. If enough
thought is devoted to these problems, one can expect to avoid situations
where a system achieves design temperature only from midnight to six a.m.
or when an offending FM radio station is on the air.

Design

In systems of moderate complexity a decision must be made whether to
build an integral unit or one with modular components. The initial cost of
the modular unit is higher. However, it allows access to all vacuum areas of
the system and can be easily modified or repaired. This can be accomplished
with rubber O-ring flanges at room temperature and the reliable metal seals
in the cold area. Factors which govern the initial choice of design include:

1. Reliability and mechanical strength of vacuum joints;

2. Intended time period for dewar use;

3. Where and how dewar will be used;

4. Expected multipurpose functions; and

5. Cost.
Many materials are now commonly accepted for cryogenic use. In addition
to the old standby stainless steel, structural members are being constructed
of fiber glass epoxy laminates. These laminates are nearly as strong as alu-
minum (tensile strength 20 000 psi) and have thermal conductivities of the
order 0.5 X 107*W — cm/cm* — K (approximately 20 times less than
stainless steel.) By the use of suitable epoxies and other improved joining
techniques almost any materials can be joined together.

Another consideration may be the elimination of the nitrogen shield for
helium vessels. Such designs can and often do have lower boil-off rates than
with a nitrogen shield. However, due to the extra mass to be cooled with the
boil-off gas, cool down times are generally longer (6 to 10 h as compared
to 2 to 3 h with the nitrogen shield.)

Testing

For dewars to accept cryogenic inserts, the primary consideration for test-
ing purposes is the measured boijl-off rate. If, however, the system is to
function as a refrigerator by the forced evaporation of a cryogenic fluid or
the circulation of ®He/*He, provisions must be made for measuring several
other variables. The *He/*He Dilution Refrigerator is the most demanding
in regards to environment and system monitors. Besides measuring normal
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boil-off rates from atmospheric pressure N, and ¢He, it is necessary to
monitor the temperature and heat extraction rates of the low pressure ‘He
condensing bath and the Dilution Refrigerator.

The most exacting requirement is that of temperature measurement. This
value together with the heat extraction capability is of primary importance
to the user. Where the experimentor is only interested in the temperature
dependence of some physical variable, for the designer this measurement is
the end result. With this in mind every effort should be made to establish a
testing facility where accurate temperature measurements can be made. If
one surveys existing low temperature laboratories, it will become clear that
this is not a trivial problem nor is there a common opinion on how it should
be solved.

We can quickly catalog the areas of design and testing that become in-
creasingly important as temperature reaches the milli-degree region:

1. Thermal heating due to external vibrations of pump, building, etc.

2. Fluxuating heat leak due to absorption of residual exchange gas
(generally 4He used to precool refrigerator.)

3. Thermal radiation from warm surfaces to cold region. The radiation
from heat shields at 4.2°K is of the order 1.2 erg/min cm?, and this level
already can influence the refrigerator operation. The effect on the thermal
sensors such as carbon resistors is even more drastic since they are typically
maintained at heat loads of 10~1% W or smaller.

4, Temperature gradients created when small heat inputs are applied
to the refrigerator. This is a result of the rapidly decreasing thermal conduc-
tivity of most metals at these temperatures and the increasing Kapitza resist-
ance.

5. Transmission of radio frequency voltages through monitor leads to
low temperature components. This can be a perplexing and time consuming
problem. The attitude toward a solution depends frequently on past difficul-
ties encountered. At times, it is possible to overcome this problem by just
doing an adequate job of shielding external cables. Depending upon the lo-
cation of the system, it may be necessary to construct a shielded room com-
pletely enclosed with copper conductor, power lines, filtered lines, and all
other service lines insulated from the room. This facility aids accurate meas-
urements, but due to its cost, it is probably worthwhile to make several tests
initially before deciding that it is needed.

Use

If it were possible, we should license cryogenic users. However, the next
best of all possible worlds would be to generate elaborate operating manuals
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and insist upon a strict obedience to the rules. In a sense certain companies
already require the equivalent of a driver’s test by means of mandatory
commissioning. We do not think it is necessary, we hope!
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This discussion will center primarily around the program of the Cryogen-
ics Division of the National Bureau of Standards (NBS) in the measure-
ment and critical evaluation of thermodynamic and transport property data
for the principal cryogenic fluids. This program was initiated in 1958 under
sponsorship of the United States Air Force (USAF) and resulted in the es-
tablishment of the Cryogenic Data Center and a highly sophisticated fluid
properties measurements laboratory. Major sponsorship of the program was

1 Staff consultant and former director, Cryogenic Data Center, National Burean of
Standards, Boulder, Colo. 80302.
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later transferred to the National Aeronautics and Space Administration
(NASA), but the USAF and other agencies maintain a close interest and
provided some support.

Precise property measurements have been made and published only for
parahydrogen, oxygen, fluorine, and methane. These are discussed under
the specific fluid headings, the principal publications are listed in the refer-
ences, and charts are listed in the Appendix.

The critical evaluation and compilation program, which is one of the
principal functions of the Cryogenic Data Center, covers an extensive list of
cryogenic fluids and fluid properties. Of primary concern, however, are
those covered by the initial USAF survey that resulted in a report issued in
four parts in 1960 and 1961 [7].? The compendium summarized the status
of thermophysical property data at that time for the materials covered. It
also formed a basis for future data compilation tasks and showed the areas
most in need of better data.

In the intervening period of more than twelve years, an extensive data
compilation program (in addition to the measurements program just men-
tioned) has been carried on for thermodynamic and transport properties for
most of the cryogenic fluids in both the liquid and gaseous state, including
the following that are pertinent to this discussion:

Helium-4

Hydrogen (para, normal, and equilibrium)
Argon

Nitrogen

Oxygen

Fluorine

Methane

In this paper I will describe briefly the data compilation tasks for each of
the materials listed, indicate those in which the Cryogenics Division of the
NBS has made significant contributions, and list the more important tables
and charts that may be used as sources of cryogenic engineering data. A
more complete discussion of these tasks is given in a recent report [2] to
the principal sponsor® of many of the tasks.

Thermodynamic (Equilibrium) Properties

These properties are the pressure-volume-temperature (PVT) and de-
rived properties such as enthalpy, entropy, internal energy, specific heats
Cp and Cr, and velocity of sound.

?The italic numbers in brackets refer to the list of references appended to this
paper.
?*NASA, Office of Advanced Research and Technology, Contract R-06-006-046.
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Perhaps the best way to describe the various thermodynamic properties
programs is to highlight current or past activities or both for each of the cry-
ogenic fluids in the order listed previously.

Helium-4

A task for the critical evaluation of the thermodynamic properties of hel-
ium-4 from 2 to 1500 K and for pressures up to 1000 has been carried on
for a number of years by R. D. McCarty and is nearly finished. He has fit-
ted all available data to a new 34 term polynomial Benedict-Webb-Rubin
type equation of state. This fitting effort has not only improved the correla-
tion of existing data but has more clearly defined the areas in which better
experimental data are needed. Before a completely satisfactory thermody-
namic correlation can be accomplished it is essential that additional PVT,
specific heat, and velocity of sound measurements be made over the temper-
ature range of 2 to 70 K for pressures from 0.01 to 350 atm. The prelimi-
nary results of this task have been distributed for review [3]. A National
Standard Reference Data System—NBS (NSRDS-NBS) monograph [4] is
now in final draft form and two NBS Technical Notes presenting the data in
the International System of Units (SI) and in British units will be published
soon [5, 6]. This work extends and improves upon previous work by Mann
[7, 8] which has been widely used throughout the world.

Parahydrogen

NBS Monograph 94 by Roder et al [9] is the latest and most authorita-
tive publication for the thermodynamic and related properties of parahydro-
gen from the triple point to 100 K and pressures to 340 atm. This mono-
graph was prepared from an extensive experimental measurements program
conducted in the Cryogenics Division of NBS. Subsequently, Hall et al pre-
pared a computer program for the thermodynamic and transport properties
of hydrogen to 5000 R and pressures to 5000 psi [10]. This program, pre-
pared for NASA,* was widely used by the NASA-Atomic Energy Commis-
sion (AEC) Space Nuclear Propulsion Office and its contractors in the nu-
clear propulsion project (NERVA). Eight properties are covered: pressure,
volume, temperature, enthalpy, entropy, internal energy, viscosity, and ther-
mal conductivity. Entry into the tabular code can be made with either pres-
sure and temperature or pressure and enthalpy, and corresponding values
will be listed for the other six properties. A similar set of computer pro-
grams (Tabcode IT) for equilibrium hydrogen properties is nearly finished
[71]. The equilibrium hydrogen properties code is useful in situations
where parahydrogen has been subjected to an environment of high neutron

¢ NASA-AEC Space Nuclear Propulsion Office, Contract R-45.
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flux such as in a nuclear propulsion engine. Under such conditions rapid
conversion to equilibrium concentrations of the ortho-para mixture may be
expected. Ortho-para equilibrium is also approached in many other situa-
tions, so this new program should also be of fairly wide interest.

Other related compilations for parahydrogen are listed in Refs /2 and 13.
Reference /2 was an advance publication to NBS Monograph 94 [9] and is
particularly useful in that it lists values for the properties of parahydrogen to
300 K. Reference 13 summarizes work done at NBS correlating the proper-
ties in the solid-vapor and solid-liquid regions.

The most extensive and comprehensive compilation of the thermophysical
properties of parahydrogen from the freezing-liquid line to 5000 R for pres-
sures to 10 000 psia was prepared by McCarty and Weber [/4]. It is a re-
correlation, interpolation, and extrapolation of all available data for the fol-
lowing properties and parameters: pressure-volume/density-temperature,
entropy, enthalpy, internal energy, speed of sound, specific heats, thermal
conductivity, viscosity, thermal diffusivity, Prandtl number, and dielectric
constant for the saturated fluid and for 65 isobars. Also included in the iso-
baric tables are the following quantities of special utility in heat transfer and
thermodynamic calculations: ( 4 P/ oV )y, ( 0P/ idT)y, V(i H/ iV)p,
V(iP/alU)y, —V(IP/IV)y, and 1/V( dV/ & T)p. Surface tension of
the liquid, pressure temperature (PT) values for the melting line, index
of refraction, and derived JouleThomson inversion curve are also presented.

Normal Hydrogen

The most extensive compilation of the thermal properties of hydrogen
was prepared by Woolley et al [15] in 1948. For normal hydrogen, Dean
[16] in 1961, prepared a tabulation of the thermodynamic properties from
low temperatures to 300 K and pressures from 1 to 100 atm (and a similar
one in British units [/7]) based on the circular by Woolley et al. These
technical notes are much more convenient to use than the circular, and they
have been quite popular.

A compilation of the property differences of orthohydrogen and parahy-
drogen or mixtures of orthohydrogen and parahydrogen was prepared by
Hust and Stewart [/8] in 1965 and has been useful where properties of
various mixtures of orthohydrogen and parahydrogen are needed.

Argon

Thermodynamic properties of argon have been measured in many labora-
tories but usually for limited ranges of pressure and temperature. Collective-
ly, however, the properties are well known over a wide range of pressure
and temperature.
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Gosman et al [/9] have compiled the thermodynamic properties of argon
from the triple point to 300 K for pressures to 1000 atm, It is interesting to
note that this work is in very close agreement, in the areas of overlap, with a
similar compilation by vasserman and Rabinovitch of the USSR [20, 21]. The
Thermodynamic Tables Project of the International Union of Pure and Ap-
plied Chemistry (UIPAC) has compared these two compilations and have
found the agreement sufficiently good to justify the preparation of an inter-
national table for argon over the full range of both sources. The internation-
al table is now published [22] and is available as indicated in the bibliogra-
phy.

Nitrogen

Nitrogen is one of the most widely used of all cryogenic fluids, yet today
we have relatively poorer knowledge of its wide range physical properties
than the other common cryogenic fluids, namely, helium, hydrogen, argon,
and oxygen. An extensive correlation of the thermodynamic properties of
nitrogen from 64 to 300 K for pressures from 0.1 to 200 was completed in
1961 by Strobridge [23, 24]. This is still the most widely used source of
data for values of volume, enthalpy, internal energy, and entropy for the lig-
uid and gaseous phases within its range of pressure and temperature. These
tables and the associated temperature-entropy chart [D-23] are based on a
single equation of state which has become a model for many subsequent
equations of state used to correlate properties of fluids.

More recently, Coleman and Stewart [25] have recorrelated the nitrogen
data and extended it to 1000 K and 1000 atm pressure, using a somewhat
similar single equation of the Benedict-Webb-Rubin polynominal type hav-
ing 23 constants. In the area of common coverage their results are essential-
1y equivalent to that of Strobridge and the user will find no significant differ-
ence in the numbers reported, except for the different datum values used for
the derived properties.

The latest correlation and compilation of nitrogen data is reported by Ja-
cobsen [26]. A thorough analysis of Coleman and Stewart’s [25] equation
and a recorrelation of the nitrogen data yielded a 32 coefficient equation
that not only provided an improved fitting of the data (including calculation
of the derived properties), but allowed an extension of the temperature and
pressure ranges to 2000 K and 10 000 atm with an estimated inaccuracy of
0.3 percent or less. A saturation table ranging from the triple point to the
critical point and 21 isobaric tables give values for pressure-volume/
density-temperature, internal energy, enthalpy, entropy, specific heats (Cp
and Cy), and velocity of sound. An extension of this work by Stewart et al
is nearing completion, and a final report will soon be issued [27].
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The ultimate accuracy of the property values compiled in these correla-
tions is severely limited by the fact that there have been practically no new
significant wide-range measurements performed on nitrogen in recent years.
The quality of existing thermodynamic property measurements at low tem-
peratures ranges from poor to nonexistent. Furthermore, there are no accur-
ate calculations of the specific heats or sound velocities of liquid or com-
pressed gaseous nitrogen at lJow temperatures. This is because there are very
few accurate PVT measurements at low temperatures and in a wide pressure
range, no C, specific heat measurements, and practically no C, specific heat
measurements in the liquid range. Before any real improvement in property
values for nitrogen can be achieved new experimental measurements must
be made.

Oxygen

The initial correlation of the thermodynamic properties of oxygen done at
NBS in the Cryogenic Data Center was completed by Stewart [28]. It was
based on all of the thermodynamic property measurements then available in
the literature, as well as new PVT measurements being made within the
NBS Cryogenics Division by Weber [29]. Using a single equation of state,
Stewart compiled values of density, enthalpy, internal energy, and entropy,
for temperatures from 65 to 300 K and pressures from 0.02 to 340 atm.

In 1968 a most precise and extensive program for measurement of the
PVT and specific heat at constant volume (C,) for oxygen was completed
for the range of temperatures and pressures from the triple point to 300 K
and 350 atm. The results were first distributed in NBS Report form [29]
and then published in the NBS Journal of Research [30, 31]. They repre-
sent over 80 percent of all published experimental measurements for the
range covered. Tabulations of property values are given for volume, isotherm
derivative (4 P/ d p)s, isochore derivative ( 7P/ iT),, internal energy,
enthalpy, entropy, constant volume heat capacity (Cy), constant pressure
heat capacity (C,), and velocity of sound, for liquid and gaseous phases,
including saturated liquid and vapor.

More recently McCarty and Weber prepared an extensive compilation of
the properties of oxygen in British units for NASA [32] based on the data
referred to in the above paragraph. It gives precise, closely spaced data for
oxygen in the supercritical region in which the oxygen tanks on the Apollo
command and service module operated. These data were used in determin-
ing the chain of events occurring in the Apollo 13 incident where the oxy-
gen tank exploded.

Another contribution of the oxygen properties program is “an improved
vapor pressure representation” developed by Prydz [33]. His vapor pres-
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sure equation represents the best available oxygen data to within their preci-
sion over the whole temperature range from the triple point to the critical
point.

A program for measurement of the dielectric constant of compressed gas-
eous and liquid oxygen has been completed by Younglove [34], and the re-
sults are published in the NBS Journal of Research. These are very precise
measurements which will, when combined with the accurate density data,
provide a better Clausius-Mossotti function. This can be very useful in de-
termining the density of oxygen in large storage tanks where a capacitance
gage is used or making density extrapolations where it is difficult to deter-
mine density directly.

The measurement program for the velocity of sound in saturated and
compressed fluid oxygen has also been completed. The results have been
prepared for publication by Straty and Younglove [35]. These new data
will be quite useful in checking other property values as well as for engi-
neering purposes.

An extensive oxygen technology survey of the thermophysical properties
of oxygen for NASA’s Aerospace Safety Research and Data Institute (AS-
RDI) was prepared by Roder and Weber [36]. It is a handbook covering
all available property data. Extensive tables, charts, and a full description of
the property values including source and uncertainties are included.

Fluorine

Fluorine is the third cryogenic fluid for which an extensive properties
measurement program has been conducted in the NBS Cryogenics Division.
Programs on hydrogen and oxygen have been completed, and a methane
property measurements program is now in progress. There were practically
no measured properties of fluorine that were reliable, Precise PVT and C,
measurements were made in 1969 and 1970 under sponsorship of the
USAF? for temperature and pressure ranges from the triple point to 300 K
and 200 atm. The resulting publication of the data by Prydz and Straty
[37] provides a tabulation at closely spaced increments of temperature and
pressure for density, the isotherm derivative ( #P/ A p) r, isochore derivative
( 4P/ oT), internal energy, enthalpy, entropy, specific heats (C,
and C,), and velocity of sound. Experimental measurement of the dielectric
constant and molar polarizability of compressed gaseous and liquid fluorine
has also been completed by Straty and Younglove, and the results have been
submitted for publication [38]. The range covered is from near the triple
point (53.48 K) to 300 K and for pressures to 200 atm.

§ USAF Contract MIPR No. FO 4611-70-X-0001.
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Calculated values for the viscosity and thermal conductivity coefficients of
gaseous and liquid fluorine were assembled by Hanley and Prydz [39] and
have also been submitted for publication. The range covered is from 70 to
300 K for pressures to 200 atm. These calculations were made from kinetic
theory and the modified Enskog theory, given the new PVT data, since no
reliable transport property data were available. Even so, the uncertainty of
their values was believed to be less than 5 percent except near the critical
point. Incidentally, new experimental measurements of viscosity have just
been completed, and a preliminary analysis of the results indicate that they
are in excellent agreement with Hanley’s and Prydz’s calculated values.

Methane

It is likely that many cryogenic processes will involve the liquefaction,
storage, and pumping of methane either as a pure fluid or as the major com-
ponent of liquefied natural gas (LNG) as the use of LNG continues to in-
crease. Accordingly, there is a need for accurate thermodynamic property
values for this fluid from room temperature down to the solid-liquid bound-
ary with emphasis on the saturated and compressed liquid states. An exten-
sive literature survey on the properties of methane was completed in 1968
and presented in the form of an annotated bibliography by Hall [40]. This
search has since been updated and a critical review of the data made by
Goodwin [41, 42]. The data were fitted to an equation of state and other
thermodynamic functions and the results tabulated [43]. Values for internal
energy, enthalpy, entropy, C,, C,, velocity of sound, and vapor pressure are
given.

The Cryogenics Division is engaged in an extensive experimental meas-
urements program for methane. PVT, specific heat (C,), and dielectric
constant measurements have been completed. Viscosity measurements are
underway and velocity of sound and thermal diffusion measurements
planned. A paper by Prydz and Goodwin on the experimental melting and
vapor pressures of methane has been published [44], and one by Goodwin
and Prydz on densities of compressed liquid methane and the equation of
state has also been published [45]. A comprehensive report on the thermo-
physical properties of methane is now being prepared.®

Transport Properties

An extensive program to study the transport properties of the cryogenic
fluids was undertaken about seven years ago. The object of the program was

¢ This work is being sponsored by the American Gas Association (AGA).
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to clarify the state of the art of the transport properties and to provide ta-
bles, correlations and predictive techniques for the transport coefficients.
Very encouraging progress has been made on the program as can be noted
from the list of publications that have evolved [46—60]. Viscosity and ther-
mal conductivity coefficients for the dilute gas phase of the following fluids
have been published: argon [47], nitrogen and oxygen [48], neon, kryp-
ton, and xenon [49], and hydrogen [58]. A preliminary compilation has
also been completed for the viscosity and thermal conductivity coefficients
of nine fluids from about two-thirds critical temperature to 300 K and for
pressures to 200 atm [59].

The nine fluids are oxygen, krypton, xenon, hydrogen, helium, oxygen,
nitrogen, methane, and fluorine.

The transport properties program might be summarized as follows:

1. Careful fundamental studies on transport phenomena have led to: (a)
Re-evaluation of experimental work in NBS and elsewhere which has re-
vealed some fundamental errors [60]. (b) A better testing procedure of
transport property theories. {¢) A prediction technique of the transport
properties for fluids for which data are not available, for example, as has
been done for fluorine.

2. The program is providing authoritative tables of viscosity, thermal
conductivity, and thermal diffusion coefficients.

Documentation Activities

A major part of the Cryogenic Data Center is its documentation function
which is essential to the Division’s properties of materials programs as well
as other Division programs. A complete review of these data and informa-
tion service of the Cryogenic Data Center was recently published by Neil
Olien [61], acting director of the center.

A thorough and continuous search of current published literature is con-
ducted. Over 300 journals are reviewed cover to cover, as well as searches
of abstracting services, patents, conference proceedings, and report litera-
ture made. Dissemination is made each week through the Current Aware-
ness Service. In addition, two specialized bibliographies are published
quarterly, the Superconducting Devices and Materials Quarterly and the Li-
quefied Natural Gas Quarterly. Documents from these lists are then selected
for entry into the information retrieval system. Magnetic tapes containing title,
author, author’s affiliation, reference, abstract reference, and indexing terms
are used for storage and search purposes. Some 7000 new documents are
added each year, and the total file now contains more than 80 000 docu-
ments. The availability of these data on magnetic tape permits rapid access
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to a vast amount of information. With these resources the Cryogenic Divi-
sion is undoubtedly the largest source of data on the properties of materials
and other bibliographic information at cryotemperatures.

APPENDIX

Thermodynamic Charts for Properties of Cryogenic Fluids?
Helium-4

D-52 Temperature-entropy diagram for helium (15 to 300 K; 0.1 to 100
atm). National Bureau of Standards, Cryogenics Div., 1964. Available
814 by 11 in. and 17 by 22 in. sizes.

D-53 Temperature-entropy diagram for helium (3 to 25 K; 0.5 to 100 atm).
National Bureau of Standards, Cryogenics Div., 1964, Available 8%
by 11 in. and 17 by 22 in. sizes.

D-54 Enthalpy-entropy chart for helium (3 to 25 K; 1 to 100 atm). National
Bureau of Standards, Cryogenics Div., 1964, Available 8%2 by 11 in.
and 17 by 22 in. sizes.

D-13  Compressibility factor chart for helium, Z versus P (20 to 300 K; 1 to
100 atm), with tabular values. National Bureau of Standards, Cryogenics
Div., 1961. Available 812 by 11 in. and 17 by 22 in. sizes.

Parahydrogen

D-20 Temperature-entropy chart for parahydrogen (14 to 100 K; 0.1 to 340
atm). National Bureau of Standards, Cryogenics Div., 1965. Available
8% by 11 in. and 17 by 22 in. sizes.

D-21A Interim, temperature-entropy chart for parahydrogen (in metric units;
80 to 300 K; 1 to 100 atm). National Bureau of Standards, Cryogenics
Div., 1961. Available 8'2 by 11 in.; 11 by 17 in. and 17 by 22 in. sizes.

D-22 Enthalpy-entropy chart for parahydrogen (16 to 64 K; 0.3 to 340 atm).
National Bureau of Standards, Cryogenics Div., 1965. Available 8%
by 11 in. and 17 by 22 in. sizes.

Normal Hydrogen

D-4  Temperature-entropy diagram of normal hydrogen (0 to 150 K; 0.6 to
300 atm). National Bureau of Standards, 1948. Available 812 by 11
in. and 17 by 22 in. sizes.

D-5  Temperature-entropy diagram of normal hydrogen (130 to 300 K; 0.8
to 600 atm). National Bureau of Standards, 1948. Available 8%z by
11 in. and 17 by 22 in. sizes.

D-14 Compressibility factor for normal hydrogen; Z versus P (16 to 300 K;
0.08 to 800 atm); with tabular values. National Bureau of Standards,
Cryogenics Div., 1961. Available 8% by 11 in. and 17 by 22 in. sizes.

" Available from the Cryogenic Data Center, National Bureau of Standards, Boul-
der, Colo. 80302. (Use the D-number indicated).
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Argon

D-61 Temperature-entropy chart for argon (85 to 300 K; 0.02 to 100 atm).
National Bureau of Standards, Cryogenics Div., 1969. Available 11 by
17 in. size.

D-62 Compressibility factor chart for argon (90 to 300 K; 0.5 to 500 atm).
National Bureau of Standards, Cryogenics Div., 1969. Available 11 by
17 in. and 82 by 11 in. sizes.

Nitrogen

D-23 Temperature-entropy diagram for nitrogen (65 to 300 K; 0.1 to 200
atm). National Bureau of Standards, Cryogenics Div., 1963. Available
8- by 11 in. and 17 by 22 in. sizes.

D-16 Compressibility factor chart for nitrogen; Z versus P (90 to 300 K; 1
to 500 atm), with tabular values. National Bureau of Standards, Cryo-
genics Div., 1961. Available 82 by 11 in. and 17 by 22 in. sizes.

D-17 Compressibility factor chart for nitrogen; Z versus P (90 to 300 K;
300 to 3000 atm), with tabular values. National Bureau of Standards,
Cryogenics Div., 1961. Available 82 by 11 in and 17 by 22 in. sizes.

Oxygen

D-56 Temperature-entropy chart for oxygen (65 to 300 K; 0.002 to 340 atm).
National Bureau of Standards, Cryogenics Div., 1966. Available 8V2
by 11 in,, 11 by 17 in. and 17 by 22 in. sizes.

D-57 Compressibility factor chart for oxygen (70 to 300 K; 1 to 340 atm).
National Bureau of Standards, Cryogenics Div., 1966. Available 8V

D-63 Temperature-entropy chart for oxygen (100 to 600 R; 0.03 to 5000
psia). National Bureau of Standards, Cryogenics Div., 1971. Available
8%2 by 11 in. and 17 by 22 in. sizes.

D-65 Pressure-enthalpy chart for oxygen (120 to 580 R; 800 to 1050 psia}).
National Bureau of Standards, Cryogenics Div., 1971. Available 17 by
22 in. size.

D-66 Enthalpy-entropy chart for Oxygen (110 to 600 R; 0.03 to 5000 psia),
by R. D. McCarty and L. A. Weber, National Bureau of Standards,
Cryogenics Div., 1971, Available 82 by 11 in. and 17 by 22 in. sizes.

D-67 Pressure-temperature diagram for oxygen (90 to 600 R; 0 to 5000 psia),
by R. D. McCarty and L. A. Weber, 1971. Available 8% by 11 in.
and 17 by 22 in. sizes.

Fluorine
None
Methane

None
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