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form to or be guided by

the Board and its Committees will not investigate or consider patents which may apply to the subje:

latdst edition.

‘and practices recommended, are advisory only. Their use by anyone engaged

d or recommended practice, and no commitment to con

:‘f; Th¢ information presented in this document is meant to_provide a basis for

§ sutnmary evaluation of selected cryogenic propellants:\ An attempt has heen

.Z male to furnish a coverage which is broad in scope, yet comparatively brief

g in ¢ontent, considering the amount of material involved. The informatign has

E’ bedn compiled from sources in the unclassified-literature wherever posdible;

*E in 11115 regard, extensive use has been made.of material presented in The

8 Handling and Storage of Liquid Propellants'manual prepared for the Offi¢e of

2 the| Director of Defense Research and Eagineering by a work group of th¢ Ad-

& 2 vispry Panel on Fuels and Lubricants, the Liquid Propellant Manual prepared

%é 72‘ by the Liquid Propellant Information-Agency at the Johns Hopkins Univexsity,
ou g Silyer Spring, Maryland, and the Manual for Handling Missile Propellanfs
$%pq (AFMTC TR 58-7) preparedfor-the Air Force Missile Test Center, Patrick
§§ :Z, AF|B, Florida, by Pan American World Airways, Inc
%’ﬁ{’:’ B Incllusion of a comprehensive annotated bibliography and a tabular summpry
ig §§ of the physical preperties of each propellant - providing a ready source fo the
t 55 2 original refexences - allows the user to perform his own evaluation of tHe data
§§§§ if Be so desires. The bibliography offers a more complete coverage of subject
g §§§ maferial than anything heretofore available in the literature; annotationg should
{:‘jggg increasedthe value of this section. Physical property values presented in this
fgfa WO k are "interim values" taken from selected references by the Cryo enic
?E §§ Data 3 Og : g .abora-
EE‘EZ tory. An evaluation program is under way to determme the "most—probable" or
E,‘g‘;’:“:a, "best" values.
§§§§ Prepared by SAE Committee AGE-1, Military and Space Support Equipment
Eﬁ-‘-’g (Fluid Systems Subcommittee). Particular acknowledgment is given to com~
gé‘ég mittee member Alan ¥. Schmidt for the selection, compilation, and organiza-
agsey tion of the information.
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I. RECOMMENDED MATERIALS AND PRACTICES FOR USE WITH CRYOGENIC PROPELLANTS

- A Compilation from the Literature with Annotated Bibliography -

1. INTRODUCTION

1.1 General - Liqpid propellant fuels and oxidizers are,
in general, highly reatctive chemicals. Consequently, the

propellants and their
ardous properties whi

action products possess certain haz-
must be fully understood by all who

are required to handle them., This manual is intended as a

guide to help establis|
The fitting of details
personnel assigned to
formation on the propx
that hazards will be rg
1.2 Personnel Traj

rules as needed to fit actual cases.
nto this framework must be left to
pecific operations. Accordingly, in-
erties of these materials is given so
cognized and understood.
ning and Supervision - All operating

personnel shall be tau
general principles of

use of such materials,
handled safely when
known and followed f;
ance or carelessness ¢
Each person engaged i
dures of self-aid and
afford a substantial m
the event of accident.

ht the nature of propellants and the
fe conduct in handling;\storage, and
Propellants describéd\here can be
rtain simple basic principles are
ithfully. On the‘other hand, ignor-

n result in permanent injury or death.

this work should be taught proce-
rst-aid, \which if applied promptly
asure-of protection against injury in

‘ Section Page
1. INTRODUCTION
1.1 General ,......... et e s ceataceaca s et te e 3
1.2 Personnel Training and Supervision ................ ... .00, 3
2. HAZARDS
2.1 Health ............ seescirsesescossasearanss Crereceiaaenas 3
2.2 Fire......... besesareann tteitesseeaseesiaae N 3
2.3 Explosion ......... i sessasescetenansaas o eraancarraanas 3
3. SAFETY MEASURES «::vtvtcnrrnsrnannnnsnnces Ceesrienieeerianaannts 4
4. TRANSFER AND STORAGE ¢+ o0t vt tsnnnnrtissrssssnssnssossscanns PN 4
BIBLIOGRAPHY

and leaks and to insure‘adequate vemtilation. Local exhaust

ventilation is usnally preferable to

neral ventilation be-

cause it controls/centamination of ajr at thé source. The

choice between/tlie two types of ve
be dictated by the nature of the speq

Adequate’ water supplies must be
use incap’appropriate form, such as
fountains. Water is the best single 4
burmns by propellants,

As 2 general guide to the control
and mists, hygenic standards such as

ilation will normally
bific operation.
available for instant
howers and eye-wash
bgent for minimizing

of toxic vapors, gases,
Threshold Limit Values

(often referred to as MAC's or Maximum Allowable Con-

centrations) are useful. There are @
drogen, nitrogen, and helium, whig
the usual sense, can cause asphyxial
ygen from the immediate environmg

ther gases, such as hy-
h though not toxic in
ion by exclusion of ox-
1L,

2. 2 Fire - Each working -area mlIst be kept free of com-

bustible materials. Ventilation is e
por and dust concentrations at a safe
idizers must be kept separated; fire-|
extinguishing agents must be suited
may occur with a particular fuel or

sential for keeping va-
level. Fuels and ox-
fighting equipment and
o the type of fire which
pxidizer. Where flam-

mable vapors may be present, electl

ical equipment must be

2. HAZARDS

The three hazards to be dealt with in operations involv~-
ing cryogenic propellants are health, fire, and explosion.

of the approved explosion-proof type and equipment and
containers grounded. Nonstatic general wearing apparel
should be provided and used where necessary. Approved
lightning protection systems should be installed where re-

quired.

Spills pose serious problems in inhabited areas since the low-
temperature fluids and vapors may lead to physiological haz-
ards such as frostbite and asphyxiation, and in some cases,
to fires and explosions.

2.1 Health - Considering the response of the human
body to its environment, appropriate engineering design and
operating procedures must be exercised to minimize spills

2.3 Explosion - Principles guiding the elimination and
control of fire hazards are generally applicable to explo-
sion hazards as well. In addition, earth, sand, concrete,
or metal barricades of sufficient mass should be provided
in appropriate places to lessen the effects of an explosion.
Shock-sensitive materials must be protected from vibration
and impact,
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3. SAFETY MEASURES

Properly engineered systems are paramount to safe usage
of propellants. In the construction of such systems, only
materials compatible with the particular propellants for
which the system is designed can be used, In order to elim-
inate the possibility of an accident, the entire system must
be cleaned propetly to eliminate any foreign matter.

Successful control of hazards requires thorough training
of personnel in the following subjects:

1. The chemical and physical characteristics of the
fuels and oxidizers. 7

2. The hazards peculiar to each fuel and oxidizer and
the proper personal protective mehsures required.

3. The most efficient technique required for control of

B 4357340 0008820 7 MM

4. TRANSFER AND STORAGE

Firg and explosion hazards have an important influence
on the design of main storage units and on their location
with raspect to each other and to populated buildings and
areas, Fuels and oxidizers must be separated by distance
or barriers, and ready storage quantities should consist only
of the minimum amount necessary for the operation. Stor-
age tanks should be diked, and ventilation should take ad-
vantage of prevailing winds and natural terrain,

Ample water for fire-fighting and decontamination must
be provided. Cleanliness must be observed throughout the
area, and rules regarding safe practices must be rigidly en-
forced,

All operations with cryogenic fluids should be planned
carefully, and a set of preparatory, operating, and emet-

fires involving a specific[fuel or oxidizer.

A general listing by tifle and mode of publication is
presented below, followef by technical literature abstracts
of each items

Books

GENERAL BIBLIOGRAPHY

gency procedures should be prepared for the operating per-
sonnel; these procedutes should cover special cleaning and

fire-fighting instructions, requited-clothing, safety devices,
etc,

A Compendium of the Propertied of Materials at

Low. Temperatures (Phase II)

Cryogenic Engineel

Cryogenic Technol

Applied Cryogenic

ing
PBY
Engineering

Cryogenic Systems

Cryogenics

Safety with Cryogepic Fluids

Rocket Propellant gnd Pressurization Systems

Ground Support Sylems for Missiles and Space
Vehicles

Gonference Proceedings
Advances in Cryogenic Engineering - Proceedings of
the National Cryogenic’ Engineering Conferences
Cryogenic Safety -| A-Summary Report of the

Cryogenic Materials Data Handh
Meéchanical Properties of Structy
Low Temperatures
Properties of Materials at Low T
Specific Heats and Enthalpies of]
at Low Temperatures
Thermal Expansion of Technical
Temperatures
Infrared Reflectances of Metals 4
Temperatures
Tensile and Impact Properties o
from 20 to 300°K
Cryogenic Data Book
Properties of Selected Rocket Prg
Compatibility of Materials with
and Oxidizers
Compatibility of Plastics with Li

Gok
ral Materials at

emperatures
Technical Solids

Solids at Low
Lt Cryogenic
Selected Materials
ppellants

Rocket Propellants

quid Propellants,

Cryogenic Safety Gonference

Proceedings of the Propellant Thermodynamics and
Handling Conference

Proceedings of the Conference on Long-Term Cryo- .
Propellant Storage in Space

Manuals
The Handling and Storage of Liquid Propellants
Liquid Propellant Manual
Manual for Handling Missile Propellants
General Safety Precautions for Missile Liquid
Propellants
Liquid Propellants Safety Handbook
Handling Hazardous Materials .
Compendiums, Handbooks, Monographs, Surveys
A Compendium of the Properties of Materials at
Low Temperatures (Phase I)

Euels-and Oxidizers

Properties of Plastics and Related Materials at

Cryogenic Temperatures
Metals and Alloys for Cryogenic
A Review

Application ~

Effects of Low Temperature on Structural Materials
Low Temperature and Cryogenic Steels
Aerospace Fluid Component. Designers Handbook

Advanced Valve Technology

Cryogenic Valves , . . a Survey
Cryogenic Control Valves for Industrial Processes
A Broad Survey of Cryogenic Pumping

Handbook of Compressed Gases

Handbook of Thermal Design Data for Multilayer

Insulation Systems
Thermal Insulation Systems

Boiling Heat Transfer for Og, Ng, Hg, and He
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Boiling Heat Transfer for Cryogenics
Review of Static Seals for Cryogenic Systems
"Bearings and Seals for Cryogenic Fluids

Miscellaneous Publications, Papers, Reports

Introduction to Cryogenics
Introduction to Cryogenic Engineering

" The Storage and Handling of Cryogenic Liquids
Safe Handling of Cryogenic Fluids
Air-Condensing Cryogenic Fluids
Air-Solidifying Cryogenic Fluids
Cryogenie Safety
Fire-Hazard Properties of Flammable Liquids,

Gases and Volatile Solids
‘ Review of Fire and Explosion Hazards of Flight
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Cryogenic Information Report

Cryogenic Technology - Journal of the Gryogenic
Society of America

CRYOGENIC ENGINEERING - Scott, R. B. - D. Van
Nostrand Company, Inc., Princeton, New Jersey (1959)

368 pp.

Throughout the preparation of this book an objective al-
ways considered was to present the necessary information in
such a manner that an investigator with a new idea involv-
ing cryogenic techniques can assess the feasibility of his pro-
ject and gain some idea about the difficulties that he should
expect. Because this book is intended primarily for the
reader who is unfamiliar with low temperatures, the treat-
ment is deliberately elementary, but it is not trivial. It is

Vehicle Combustibles

Explosion and Fire Hazards Associated with the Use

of Low-Teriperature Industrial Fluids
Sparking Characteristics and Safety Hazards of
Metallic Mpterials
Problems in Cfyogenics

Thermal Problems Peculiar to Cryogens in Space

Cryogenic Instfumentation

Cryogenic Thqrmocouple Thermometry

Mass Flowmetgrs in Cryogenic Service

Cryogenic Floy Measurement - Flow Meters

Flow Measurerpent of Cryogenic Fluids

Large Size Cryjjogenic Turbine Type Flowmeter
Technology

Cooldown of L
Liquid Oxygen Lines

Cooldown of (ryogenic Transfer Systems

Flexibility Considerations for the Design.of
Cryogenic Transfer Lines

Cryogenic Piping System Design Considerations

Fundamentals pf Low Temperature/Piping Design

Cryogenic Storage Vessels

How to Specify Low Tempetature Storage Vessels
Design of Cryqgenic Storage Tanks for Industrial

Applicatio!
Large Cryogenlic-Stotage Vessels
Construction i

rge-Diameter Liquid Hydrogen and

believed that considerations of pragtical importance can be
presented in language that is-easily understood. There is
little or no attempt to deal with either the esoteric concepts
of modern cryogenic physics or thel refinements that engi-
neering practice has established in[some disciplines used by
cryogenists such as heat exchange, | distillation, or adsorp-
tion. Referencés)to authoritative information on such sub-
jects are given. "~ The emphasis here is upon both basic and
applied information most important in engineering research
and development at low temperatures.

Since this treatise emphasizes the practical aspects of
low-temperature technology, it is hoped that the informa-
tion will be most useful to the design engineer who has the
responsibility of making " practicall’ equipment work.

CRYOGENIC TECHNOLOGY - Vance, R. W, - John
Wiley & Sons, Inc., New York (1953) 585 pp.

The goal of this treatise is to pjovide a source or refer-
ence for those engaged either in applications of, or basic,
theoretical studies. The text matgrial contains an analysis
of thermodynamic principles and
tail how low temperatures are ac

ment this theoretical background gre discussions of some of

The Past, Present and Future of Metals for Liquid

Rockets

Low Temperature and Cryogenic Steels: How to

" Choose, Use, and Weld Them

Bibliographies

Rocket Propellants, DDC (AD 233 500)

Rocket Propellants, DDC (AD 315 500)

Rocket Propellants, DDC (AD 263 000)

Rocket Propellants, DDC (AD 325 000)

Cryogenics and Low Temperature Research,
DDC (AD 271 000)

Journals

Cryogenics - An International Journal of Low
Temperature Engineering and Research
Cryogenic Engineering News

the principle applications of cryogenic engineering such as
the cryotron and other superconductive. devices, the solid-
state maser, space simulation and cryopumping, nuclear
propulsion, the safety aspects and explosive potentials of
cryogenic propellants, and deep-space probes, including
the cryogenic storage problems in extraterrestrial environ-
ments. An analysis of cryobiology technology provides an
unusual climax.

APPLIED CRYOGENIC ENGINEERING - Vance, R. W. and
Duke, W. M, - John Wiley & Sons, Inc., New York (1962)
510 pp.

This compilation of lectures is designed to enhance the
knowledge of scientists and engineers engaged in research
and development as well as operating personnel, in the field
of cryogenics. It is particularly applicable to missile and
space vehicle systems, but the basic theory explained is ap-
nranciate tn all fialds of endeavor requiring technical skills
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in the application of low temperatures to industrial pro-
cesses.

The book has been divided into two parts: Part I - Basic
Theory; Part II - Applications of Cryogenic Engineering.

Part I discusses basic theory, beginning with the proper-
ties of cryogenic fluids and covering mechanical properties
of materials in cryogenic environments, low temperature
thermometry, fluid flow and heat transfer, insulation tech-
niques and some non-missile applications of cryogenic
equipment, It consists of eight chapters in which the the-
ories applicable to the use of cryogenic materials in ballis-
tic missiles and space vehicles are condensed into engineer~
ing form augmented by organized experimental data.

Part II describes many of the applications of cryogernic
theories to space vehicles and systems. Also, predictions
have been made as to what the future propulsion systems

"B 8357340 DD08822 0 WM

problems, propellant hardware, instrumentation, etc. The
book is designed to deal in depth with such problems,

GROUND SUPPORT SYSTEMS FOR MISSILES AND SPACE
VEHICLES - Brown, K. and Weiser, P. - McGraw-Hill
Company, Inc.,, New York (1961) 490 pp.

The aim of this book is to present a complete picture of
the systems required to support either a missile or a space
vehicle, Liquid propellant handling considerations are cov=-
ered in Part IV (book is divided into five parts) and include
a detailed discussion on cryogenics, hazards and safety, and
the design and development of fast-fill propellant loading
systems.

ADVANCES IN CRYOGENIC ENGINEERING - Timmerhaus,
K, D, (Editor) - Advances in Cryogenic Engineering Volis,

might be for space vehilles.

CRYOGENIC SYSTENIS - Barron, R, - McGraw Hill
Company, Inc., New York (1966) 678 pp.

The objective of thi book is to present an introduction
to the engineering aspedts and challenges of cryogenics,
Emphasis is placed on the design and analysis of systems
used to produce, maintdin, and utilize low termperatures.
The text is an outgrowth of class notes and lecture material

1-13, Plenum Press, New York (1960/-68)

A series of volumes dealing with low temperature phe-
nomena and their applications;)&ach yolume constitutes the
Proceedings of one Cryogenic'Enginegring Conference, be-
ginning with Volume I ~'Proceedings|of the First National
Cryogenic Engineering Conference hdld at the National
Bureau of Standards, Boulder, Coloragdo (September 1954)
and covering all(subsequent conferenges to date.

associated with a course

in cryogenic systems taught at

Ohio State University a:[d is slanted primarily toward

senior mechanical engi
is arranged so that it m4
familiar with cryogenic
to assist in the design of

eering students, although the text
y be used by an engineer un-
techniques when he is called upon
a system for low temperatures,

CRYOGENICS - Mc
Corp., New York (1964,

The purpose of this b
scientist with another sp
scientist, a qualitative
and some of the represe

SAFETY WITH GRY
M. G. - Plenum Press,

intock, M.
270 pp.

k is to give to the efigineer or
ialty, or to the educated non-
nderstanding ofithe-basic aspects
tative applications of cryogenics.

- Reinhold Publishing

ENIC ELUIDS - Zabetakis,
ew.York (1967) 156 pp.

This monograph provjides,a conc1se, complete exposi~

tion of the principles of

CRYOGENIC SAFETY - A SUMM
CRYOGENIC SAFETY CONFERENCE +

'Y REPORT OF THE
Air Products, Inc.,

Allentown, Pa,, (July 1959) 145 pp 7y fig 12 tab 61 ref,
This report covers material presented in five sessions and
eleven seminars at the 1959 CryogeE Safety Conference.

The session topics included (1) Haza
tems, (2) Technical Character of Cr

s of Cryogenic Sys-
genic Hazards, (3)

Design and Construction for Safety, ({) Operations for Safe~

ty, and (5) Liquid Hydrogen Safety.

PROCEEDINGS OF THE PROPELLANT THERMODYNAM-

ICS AND HANDLING CONFERENCE ~

Bollinger, L. B, and

Lemmons, A, W. (Editors) Proc. of Propellant Thermody-

namics and Handling Conference, Ohjio State Univ. (July

20-21, 1959) O.S.U. Eng. Experiment Station Rept. No. 12,
The "Propellant Thermodynamics pnd Handling Confer-

ence” was one of the first "specialist'

conferences held by

the American Rocket Society. Coverhage of two technical

ll(.ll.llls UL (82 ) yO =

genic liquids, It covers safety rules, design data, first aid
precautions, and hazard control procedures while stressing
the basle principles of handling low-temperature materials
and the properties of cryogenic fluids, Thus it permits the
reader to design his own unique operaiion with assurance
and security even when the physical situation is not specifi-
cally covered by standard safety engineering rules.

ROCKET PROPELLANT AND PRESSURIZATION
SYSTEMS - Ring, Elliot (Editor) - Prentice-Hall, Inc,,
Englewood Cliffs, N, J. (1964) 310 pp.

Presented here are those subjects which make up the
entire propulsion field, engine, propellant, feed systems,
and pressurization systems, and the specific problems in
each, Included are sections on cryogenic loading prob-
lems, geysering, stratification, special zero gravity fluid

areas was planned originally for the conference: propellant
thermodynamics and propeliant handling. The propellant
handling area had papers covering such aspects as materials
problems, handling techniques, safety, and toxicity of
high-energy and cryogenic liquid propellants and their com-
bustion products.

Included in this collection are the following titles:

The Large Scale Production, Handling, and Storage of
Liquid Hydrogen.

Safety Aspects in the Handling and Storage of Liquid
Hydrogen,

Experience with Handling Liquid Hydrogen in Engine
Testing,

Transportation, Transfer and Storage of Liquid Fluorine,

Materials of Construction for Handling Fluorine.
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Some Problems in Using Fluorine in Rocket Systems.
Safety and Handling of Ozone-Oxygen Mixtiures.

PROCEEDINGS OF THE CONFERENGCE ON LONG-TERM
CRY OPROPELLANT STORAGE IN SPACE - NASA - Marshall
Space Flight Center, Huntsville, Ala. (Oct, 12-13, 1966)
264 pp.

This conference was planned to promote long-term
storage of cryogenic propellants in space. The papers
represent a cross section of significant topics on design,
testing and instrumentation. Included in this collection
are the following titles:

Thermal Mass Penalties Associated with Cryogenic Pro-

pellant Storage on Manned Mars and Venus Missions.

Lunar Storage of Cryogenic Reactants.

Development of Mageri ials Application

LIQUID PROPELLANT MANUAL -
Agency, Johns Hepkins Univ., Silver

Liquid Propellant Info,
Springs, Md., Manual

(March 1961) Contr, No. NOrd 7386,
The liquid propellant manual is a compendium of the

properties of liquid propellants, and

is intended to provide

a survey of the physico-chemical properties of selected pro-
pellants and promising propellant candidates in order to as-

sess their performance or feasibility
Additional information and revisions

in rocket applications.
will be issued at fre-

quencies depending upon the receipt of new data. Units for

specific elements, compounds, and
propeliants will contain information

mixtures used as liquid
on the physical, chem-

ical, thermodynamic, transport, and electromagnetic prop-

erties for these materials.

In addition, information on safe-

ty, handling, compatibility of materials, and logistics will

he included

Concepts for Joint Use as Cryogenic Insulation and
Micrometeoroid Bumpers.
Thermal Problems Associated with the Development of
a Flight Configujed Cryogenic Insulation System.
Shadow Shield Expefimental Studies.
Performance of a LHo Shrouded Supercritical Helium
System.
Study of Vapor/Liqyid Separators for Venting Cryogenic
Propellant Tanks|in Space.

Characteristics of Two-Phase Flow in a Choked Nozzle,
Thermodynamic Mddel for Orbital Cryogenic Propellant
Tanks with P-T Correlations for Saturn S-IV Stage

and Centaur Flights,

Topics Requiring Fufther Study on the Effect of Gravity
upon Heat Transfer. o

The Growth of Hydjogen Bubbles in Low Gravity.

Finite Difference Sqlution of Stratification and (Pressure
Rise in Containefs. '

Flow Visualization find Thermal Stratification of Water
in a Horizontal Qylinder and a Sphere.

Vapor Pull-Througl] atr a Tank Drain with and without
Dielectrophoretit Baffling.

Gradient Stabilizatjon of Electrohydrodynamically
Oriented Liquids

Heat Transfer to Rofating Cryogenic Fuel Tanks in Orbit,

Low Gravity Fluid Hehayior and Heat Transfer Results

MANUAL FOR HANDLING MISSILE PROPELLANTS - Pan

Am. World Airways, Patrick/AFB, F

TR 58-7 (1958y DDC AD 134'2717.

la., AFMTC Rept. No.

This manual presents\in a single guthority the miscella-

neous information gvailable from diy

erse sources. It com-~

bines such data with practical experience and offers a stand-

ard of operationfas current as possible,
hazards involved in the storage, han
propellants'employed in rocketry. 1

tions.récommended herein should be

It deals with the
iling, and the use of
he procedures and cau-
adhered to for the safe-

ty of personnel and property. It is iftended as a guide and

anjoutline of the most important pre
operations involving certain hazardo

other chemicals. This publication i

cautions to be taken in
s fuels, oxidizers, and
not to be considered

as an engineering manual or as a degign handbook; neither

should it restrict development of new

methods and proce~

dures, It can be called a list of "things to do" and "not to

do" for maintaining a reasonable deg

ree of safety relating

to the materials discussed. These procedures, in combina-
tion with the general principles of industrial safety, intel-

ligently utilized should resilt in acc

ident-free operations.

LIQUID PROPELLANTS SAFETY HANDBOOK - NASA-
Kennedy Space Center (Safety Office), Cocoa Beach, Fla. -

NASA Rept. SP-4-44-S (April 1, 1

65).

from the S-IV B=203 Fiight:
Liquid-Solid Hydrogen Mixtures as Vehicle Propellants.
Slush Hydregen Characteristics.
Cryogenic Transparent Tank Development.

THE HANDLING AND STORAGE OF LIQUID PRO-
PELLANTS - Chemical Propulsion Information Agency,
Defense Research and Engineering, Wash., D. C. (Jan.

1963) 338 pp.

This manual is published as a source of information; it
is intended for use as a basis for the preparation of regulations
governing the handling and storage of liquid propellants.

Included in the contents are four chapters on cryogenic
propellants (fluorine, oxygen, nitrogen, hydrogen), fifteen
chapters on non-cryogenic propellants, and appendices
covering fire fighting techniques, fire protection and ex-
tinguishment, cleaning procedures and hazard characteristics.,

This handbook contains the latest] information concerning
liquid propellants utilized by the NASA at the Kennedy
Space Center at Merritt Island Launch Area as of the date
of this publication. Changes will be issued periodically to
keep the handbook current and accurate,

HANDLING HAZARDOUS MATERIALS - NASA - Tech-

nology Utilization Division -

NASA
1965), 93 pp. C

This publication deals with highly

that have been studied-in the search

Rept. SP-5032 (Sept.

reactive matérials

for fuels and oxidizers

for space work: Liquid hydrogen, fluorinie, ozone (and

several non-cryogens). It describes

both the hazards that

have restricted the use of these materials and the proce-
dures by which they have been handled and stored safely.
References are given to work done by NASA and other

investigators,
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GENERAL SAFETY PRECAUTIONS FOR MISSILE LIQUID
PROPELLANTS - Air Force Tech, Order 11G-1-8
(Oct, 18, 1961).

The purpose of this technical order is to provide safety
measures, safety standards, procedures, instructions, and
precautions for preventing fires, explosions, personal in-
juries, poisonous and injurious conditions, and property
damage pertaining tos

a. Servicing operations at test facilities and launch
complexes involving missile liquid propellants.

b. The construction, operation, or alteration of test
facilities and launch complexes designed for the testing,
servicing, or launching of liquid propulsion systems or
missiles.

c. The arrangement or safeguarding of equipment,
machinery, plumbing, tanks, contamers, and accessories
for operating buildings

This publication is npt to be considered as a des1gn
manual or engineering handbook on missile liquid pro-
pellants, nor is it intended to restrict development in this
field. Its primary purpgse is to present the things ''to do"
and "ot to do'* to obtalin reasonable and adequate safety
in the operational handling and use of highly reactive
chemicals.

A COMPENDIUM OF [THE PROPERTIES OF MATERIALS
AT LOW TEMPERATURES -~ PHASE I: Part1. Properties of
Fluids (July 1960); Part IL. Properties of Solids (Oct. 1960);
Part IIl. Bibliography of References (Oct. 1960). Johnson,
V. J. (General Ed.) Natl, Bur. Standards Cryogenic Eng.
Lab., WADD Tech, Rept| 60-56, Contr. No, AF 33(616)58-4.

Phase I of the Compendium is divided into three parts:
Part I, ten properties of ten fluids; Part II, three properties
of solids; Part III, an eXtensive bibliography of references.
Density, expansivity, thermal conductivity, specific heat
and enthalpy, transition|heats, phase equilibria, \dielectric
constants, adsorption, surface tension and yiscosity for the
solid, liquid and gas phtes of helium, hydrogen, neon,
nitrogen, oxygen, air, ¢arbon monoxide, fluorine, argon
and methane are given ywherever adequate data could be
collected. Thermal expansion,.thermal conductivity and
specific heat and enthalpy aré.given for a number of solids
of interest in cryogenic ngmeenng Data sheets, pnma-
rily in graphic form, aré-présen > ;
data collected. The source of the matenal used, other
references and tables of selected values with appropriate
comments are furnished with each data sheet to document
the data presented, Conversion tables and other helpful in~
formation are also included.

A COMPENDIUM OF THE PROPERTIES OF MATERIALS
AT LOW TEMPERATURE - PHASE II, Part IV, Stewart, R.
B. and Johmson, V. J. (General Ed.) Natl, Bur. Standards
Cryogenic Eng. Lab, WADD Tech. Rept. 60-56 (1961)
Contr, No, AF 33(616)59-6, 501 pp.

Phase II of the Compendium includes data sheets on com-
pressibility factor, velocity of sound and entropy of fluids,
vapor-liquid equilibrium concentration of binary mixtures
of fluids, and electrical resistivity and thermal conductivity

integrals of metallic solids. Data sheets are included for
each of these properties for the following materials: Com-
pressibility Factor (Helium, Hydrogen, Neon, Nitrogen,
Air, Methane); Entropy (a T-S diagram for Neon); Veloc-
ity of Sound (in liquids: Heliwm, Hydrogen, Nitrogen,
Oxygen, Argon, Methane; in gases: Helium, Hydrogen,
Neon, Nitrogen, Oxygen, Air, Carbon Monoxide, Methane;
Nitrogen in Oxygen, Carbon Monoxide, Argonm, Methane);
Blectrical Resistivity (63 of the pure metallic elements);
and Thermal Conductivity Integrals (44 pure metallic sub-
stances, 36 non-ferrous alloys, 9 ferrous alloys and 4 glasses
and plastics). In general the data sheets present the data

primarily in graphical form, and in addition include tables
of selected values, references to the sources of the data and
other references, Appropriate comments of interest to the
user are also given.

CRYOGENIC MATERIALS DATAHANDBOOK - Durham,
T. E., McClintock, R, M. and-Reed,|R. P, - Natl, Bur.
Standards Cryogenic Eng. Lab.{ Contr,| No. AF 04(647)-59~3,
556 pp 1107 ref,

This handbook of data‘on solid maferials at low tempera-
tures contains certaifvmechanical and physical properties
of selected metals.and non-metals over the temperature
range minus 454%F to plus 500%F, The materials are mostly
ones in currentuse for missile applicptions at cryogenic
temperatures, but a few have been included because of
their potential for such uses. The properties are those
which are most generally useful to the designer. The com-
pilation is believed to include all reliable data which have
appeared in the literature from 1940 fhru 1959 and recent
data from test laboratories. In some fases the data reported
have not yet been published. Information from a few pa~
pers published prior to 1940 has also

MECHANICAL PROPERTIES OF STRUCTURAL MATERI~
ALS AT LOW TEMPERATURES; A COMPILATION FROM
THE LITERATURE - McClintock, R. M. and Gibbons, H. P,
Natl. Bur. Standards Monograph 13 (Jine 1960) 180 pp 104
ref,

The tensile strength, yield strengtll, tensile elongation,
and impact energy of about two hundrgd materials, metallic
and non-metallic, are given graghica.ly as functions of

emperature-between4"-and-3060—Kelvin.

PROPERTIES OF MATERIALS AT LOW TEMPERATURES -
Corruccini, R, J. - Chem. Eng. Progress 53, 262-617,
342-46, 897-402 (A three-part article) (1957),

This review summarizes the knowledge acquired from
work at the (NBS) Boulder Laboratory on low~temperature
data, organized and interpreted in the light of theory, and
shows how useful estimation procedures may sometimes be
derived from theory to fill gaps in the available data.

SPECIFIC HEATS AND ENTHALPIES OF TECHNICAL
SOLIDS AT LOW - TEMPERATURES; A COMPILATION FROM
THE LITERATURE - Corruccini, R. J. and Gniewek, J. J.
Natl, Bur, Standards Monograph 21 (Oct. 1960) 20 pp 4 tab
165 ref,
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Tables are given of the specific heat, cp, and'the
enthalpy of 28 metals, 3 alloys, 8 other inorganic sub-
stances, and 8 organic substances in the temperature range,
19 1o 300°K.

THERMAL EXPANSION OF TECHNICAL SOLIDS AT LOW
TEMPERATURES; A COMPILATION FROM THE LITERA-
TURE - Corruccini, R. J. and Gniewek, J. J. - Natl, Bur.

Standards Monograph No, 29 (May 1961) 22 pp 4 tab 246 ref.

Tables are given of the linear contraction relative to
293°K, (Lggg - Lr)/Lggq. and the linear expansion coeffi-
cient, dL/L993dT, of thirty elements, forty-five alloys,
twenty~two other inorganic substances and twenty plastics
and elastomers in the temperature range, 0 to 300°K.

. PROPERTIES OF SELECTED ROCKET PROPELLANTS -

Vol. 1(1963) Vol, II (1964) - The

Boeing Company,

Seattle, Washington - Document D2-11677 DDC AD

444 642,
The purpose of this document is

to provide information

on chemical, physical and thermodynamic properties,

handling and safety characteristics,
and availability and cost of selecte

methods of production,
d rocket propellants.

(Cryogenic propellants hydrogen, fluorine, and oxygen are

included in this work.)

COMPATIBILITY OF MATERIALS WITH ROCKET PRO-

PELLANTS AND OXIDIZERS - Boyd,

and White, E. L. - Battelle Mem,

W. K., Berry, W, E.,
Inst., Defense Metals

Inform. Center, Columbus, Ohio DMIC Memo. No. 201

INFRARED REFLECTANCES OF METALS AT CRYOGENIC
TEMPERATURES - A ¢OMPILATION FROM THE LITERA -
TURE - Dickson, P. F, and Jones, M. C. - Natl. Bur.
Standards Tech. Note|348 (Oct. 1966) 66 pp. 11 fig.

20 tab. 33 ref.

Spectral and total feflectances for metals at cryogenic
temperatures in the infrared wavelength region are com-
piled from the literatyre. Information concerning sample
preparation and purity), radiation source, and methods of
reflectance measuremient are also presented, Observations
regarding the effects ¢n reflectance of temperature, oxide
layer, wavelength, apd sample preparation are given.

TENSILE AND IMPACT PROPERTIES OF SELECTED
MATERIALS FROM 20| TO 300°K - Warren, K. A. and
Reed, R. P, - Natl. Bur, Standards Monograph 63 (June
1963) - 51 pp 30 fig 7 tab 3 ref.

The tensile and impact properties of structitral materials
were experimentally determined at temperatures from 20
to 300°K. Tensile properties of a few materials were also
determined at 4°K. e -materials included forty-two
commercial alloys of [iron, alumjnum, titanium, copper,
nickel, and cobalt, apd two metal-bonded carbides. The
properties experimenthlly determined were the yield
strength, tensile strenfth, elongation, and reduction of
area, the stress versus|strain curve, and the impact energy.

(Jan. 1965) 41 pp 36 tab 302 ref,
This report summarizes the avai

Jable information on the

compatibility of liquid rocket propellants with prominent

materials of construction,

Fuels anfd oxidizers of current

interest are discussed, %The corrosiqn data which are pre-

sented will apply to storing, handli
ment outside ofdmissiles and to mis

ng and control equip-
Jile components exclud-

ing combustion/chamber, The compatibility of materials

with reaction products in combustion chambers,

etc., has not been considered.

nozzles,

The.report is subdivided into secfions according to the
propellant, Each material of constjuction is rated for a

given medium as belonging to one

primarily upon corrosion resistance.

of four classes, based
Consideration also is

given to such factors as catalytic dgcomposition and sen-

sitivity to impact.

COMPATIBILITY OF PLASTICS

PELLANTS, FUELS AND OXIDIZERY

WITH LIQUID PRO-
~ Beach, NormanE,,

Plastics Technical Evaluation Centgr, Picatinny Arsenal,
Dover, New Jersey, PLASTEC REPORT 25 (Jan. 1966)

119 pp. 43 ref, - DDC AD 632 2817,

Much has been published on the
bility of plastics with liquid propel

subject of the compati-
nts, fuels and oxidizers,

but invariably from the standpoint ¢f the propeliant or fuel.

This report is a rearrangement of t

The test equipment and procedures are described. The
individual data are presented in tables, and the average
results are displayed in graphs.

CRYOGENIC DATA BOOK (CGS UNITS) - Chelton, D
B. and Mann, .D. B. (NBS-CEL, Boulder, Colo.) Calif.
Univ., Radiation Lab., Berkeley, Rept. No. UCRL-3421)
(May 1956) 116 pp.

Increased activities in Cryogenic Bngineering have
brought about the need for a compilation of available data.
The purpose of the Cryogenic Data Book is to provide a con-
densed source of reliable data and reference information for
those working in the cryogenic field. = Specifically the data
wete-compiled with a view toward the design of 11qu1d hy-
drogen bubble chambers,

The compilation does not constitute a critical survey of

the literature.

bility data from the standpoint of the plastic material.

is in the form of a tabulation, with

published compati-
It
primary arrangement by

plastic (or elastomeric) material; and thereunder, by fuel.

All arrangements are alphabetical,
original reference; that is, either b
nation. The compatibility evaluat

in the form given in the
y generic or trade desig-
ion is in terms of the

original document, briefly culled to show behavior of the

material at a given temperature an

d for a given time.

Elastomers are included (although they are not a stated
concern of PLASTEC); but oils, lubricants and greases are
omitted, even though based on polymersy The information

has been drawn from 43 references,

whicih are annotated

so that the information extracted- from them shall have

additional significance.

PROPERTIES OF PLASTICS AND
AT CRYOGENIC “TEMPERA TURES -

Distributed under license from the IHS Archive
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PLASTEC Rept, 20 (July 1965) 253 pp 46 fig 34 tab 319 ref.

This report reviews the effects of cryogenic temperatures
on plastics and such related materials as elastomers and
adhesives, It presents an annotated bibliography of 319
references from open literature, government project and
contract reports, and conference papers. A detailed sub-
ject index and a number of supplemental indexes are
included. Topics covered are: Molded Polymeric Mate-
rials (Plastics); Cryogenic Insulation; Structural Plastic
Laminates; Elastomers, Seals and Sealants; Adhesives;
Plastic Films, Film Laminations and Vapor Barriers; Fibers;
Electrical Applications; Wear and Friction; Liquid Oxygen
(LOX) Compatibility; Radiation and Combined Effects; and
Miscellaneous Applications, Test Methods are not treated
in a separate section in the discussion, but the subject

AEROSPAGE FLUID COMPONENT DESIGNERS' HAND-
BOOK=-TRW Systems Group, Redondo Beach, Calif,, -
AFRPL TDR 64-25 (March 1967} - Contr, Nos, AF04(611) -
8385, AF04(611) - 11316, Two volumes: DDC AD 809
182, DDC AD 809 183,

The Aerospace Fluid Component Designers' Handbook
is a compilation of basic information on the design, analy-
sis, selection, and specification of valves and associated
fluid components used in aerospace fluid systems. The
handbook is intended to be used as a basic reference for
engineers and other techiical personnel who are involved
in any phase of aerospace fluid component technology, It
contains sections dealing with heat transfer, fluid me-
chanics, fluid systems, fluid components, modules,
analysis, computers, specifications, contamination and

index refers to many|references with information on test
procedures and appayatus,

METALS AND ALLOYS FOR CRYOGENIC APPLICATION -
A REVIEW - Kendall] E. G, - Aerospace Corp., ElSegundo,
Calif., SSD-63-371 Rept. No. TDR~-269 (4240-10)-6 (Jan,
1964) Contr, No. AR 04(695)-269, 61 pp 19 fig 11 tab 84
ref,

An up-to-date reyiew of metals and alloys suitable for
cryogenic aerospace structural applications has been made.
The mechanical properties of austenitic stainless steels,
other steels, aluminym alloys, titanium alloys, nickel al-
loys and cobalt alloys from +178 to -423°F are presented, in-
cluding tensile and yield strengths, elongation and notch/
tensile ratios. MecHanical properties of weldments are also
presented. The quegtion of notch toughness and the notch
acuity factor, Ki, is|discussed with respect to low temipera~
ture tensile testing, |Compatibility with the liquid)gases is
discussed and alloys fnost suitable for containing liquid ox-
ygen and hydrogen ip aerospace vehicles are recommended.

BFFECTS OF LOW TEMPERATURES . ON STRUCTURAL
MATERIALS - NASA|Tech, Utiliz) Rept,, NASA SP-5012
(Dec. 1964) 55 pp 44 fig 37 tab 2 ref.

There are many pgroblems; associated with the storage
and handling of ¢ryogenic.flaids, which must be considered
in the design and fahrication of tankage and other com-

cleaning, reliability, materials, gnd environments. The
handbook will continue to be fevised periodically for the

purposes of maintaining the,currengy of the data and add-
ing applicable new material,

ADVANCED VALVE TECHNOL
Loser, J,B. and-Sneegas, E,C, - Midwest Research Inst. -
NASA SP-5019 (1967) - 183 pp 118 fig 30 tab 159 ref.

The exploration of space has ngcessitated a multitude
of innovations and improvements ih valves, the control-
ling elements of both simple and qomplex fluid-handling
systems. In view of the benefits that can be derived from
what has been learned about the design, performance, and
manufacture of these devices, this[survey was undertaken.

Y - Burmeister, L.C.,

CRYOGENIC VALVES, . . A SPJRVEY - Beard, C. S. -
Cryogenic Eng. News 2, 62-64; 66, 68, 69 (Nov. 1967),

The differences between cryogenic and ordinary valves
are both visible and invisible. Thg author reviews re-~
quirements for valve bodies, matelials, seats, and lubri-
cants for compatibility with cryogens and ultra-Iow
temperatures.

CRYOGENIG CONTROL VALVE§ FOR INDUSTRIAL
PROCESSES - Ives, R. P. - Cryogenic Eng. News 3,
38-41 (Aug, 1968) 7 fig,

ponents of ¢ryogenic rocket systems. Thus, a continuing
program is being conducted by the Propulsion and Vehicle
Engineering Laboratory of the Marshall Space Flight Center
to evaluate the applicability of various metallic materials
at cryogenic temperatures,

LOW TEMPERATURE AND CRYOGENIC STEELS MATE-
RIALS MANUAL - United States Steel, Pittsburgh, Pa. -
191 pp 81 fig 30 tab 218 ref.

This manual is designed to provide knowledge of steels

\K\qced for use in low-temperature and cryogenic service.
It e

badie\sgsynopsis of material properties and fabrica-
tion technidi "Nléw\enais an economic evaluation of con-
tainers and other criterl i igni i

¢ ired when designing cryogenic
_ process equipnient, equ\

v T
: ~oe

vy

There is nothing mystic about cryogenic control valves.
Their design, application and installation is sirnply an
extension of basic control valve engineering and tech-
nology. A process or instrument engineer must review the
service conditions, review the available equipment, select
the unit best suited for the specific job, and apply the con-
trol valve as outlined, This does not differ from the tech-
nique used to apply a control valve to any process.

A BROAD SURVEY OF CRYOGENIGC PUMPING -
Hoelscher, F, W, - Cryogenic Eng. News 2, 78-80, 82,
84, 85 (Aug. 1967).

A wide-ranging outline of cryogenic pumping equip-

ment is presented, including designs, uses, requlrements,

T ———
s T

problems and limitations.
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HANDBOOK OF COMPRESSED GASES - Compressed
Gas Association - Reinhold Publishing Corporation, New
York (1966) 416 pp.

Prepared by the staff of the Compressed Gas Association,

the foremost research leader on safety and technical stand-
ards in this field, the book covers the essential core of
knowledge and practice in all safe and efficient handling,
storage and transportation of gases. Some of the many
compfessed gases included in the handbook are: acetylene,
ammonia, carbon dioxide, chlorine, ethylene, fluorine,
fluorocarbons, hydrogen chloride, hydrogen sulfide,
krypton, LP-gases, medical gases, methane, nitrogen,
nitrous oxide, oxygen, vinyl methyl ether, and xenon.

An extremely important section of the book describes

vital materials available nowhere else in book form -the

Special attention has been
ces, as in the book’s coverage of

gas shipment and stora
throughout the United

HANDBOOK OF THERMAL DESIGN DATA FOR MULTI-
LAYER INSULATION SYSTEMS ~ Coston, R. M. - Lock-
heed Missiles and Space Company - Prepared for NASA -
Marshall Space Flight Center, Contr. No. NAS 8-20353,
NASA CR-87485 (June [L967) 207 pp 71 fig 5 tab 115 z€f;

The prime intent in) assembling the data presented'in
this volume is to provigle a sourcebook of consistent data
on thermal and physic4l properties of multilayer insula-
tions so that the data cpn be applied in mathematical
thermal models of cryggenic propellant tankage.

The second intent of this report i to provide readily
available design data for general(usage by designers and
thermal analysts of crypgenic space vehicles who will not
necessarily employ thel matheémiatical models. A variety
of design data is preseijted; including thermal conduc-

7- 4357340 DDDBBE? T;

to indicate opportunities for improvements.

Included in
this work are chapters on: Applications of Thermal Insu-
lations; Principles of Thermal Insulation Systems; Cryo-
genic Insulation Systems; Structural and Non-insulating
Cryogenic System Components; High-Temperature Ther-
mal Protection Systems.

BOILING HEAT TRANSFER FOR OXYGEN, NITROGEN,
HYDROGEN, AND HELIUM - Brentari, E.G., Giarratano,
P.J. and Smith, R.V. - Natl. Bur. Standards Tech. Note
317 (Sept. 1965) 119 pp 83 fig 7 tab 110 ref.

This study has been conducted to provide an orderly
examination of the information relative to boiling heat
transfer for four cryogenic fluids, The general approach
has been to examine expenmental data with respect to the
B wldpppear to have prob-
able success and whlch would be likely to be used by
design engineers. These correlationf were graphically
and statistically compared. ¢ The resplts are discussed,
and when it appears a hest/or acceptable recommendation
can be made, computation aids for designers are included.
These aids are in the form of graphi¢al presentations for
preliminary studies’and equations foy computer studies.
The authors have also indicated the ppparent limits for the
use of these correlations, when possiple, The effect of
many variables which would often be¢ significant are not
included in the predictive correlatiops. The influence of
these variables is discussed in a sepafate section on boiling
variables.

BOILING HEAT TRANSFER FOR CRYOGENICS - Seader,
J.D., Miller, W.S. and Kalvinskas [- Rocketdyne - NASA
CR-243 (June 1965) NASA Contr. Ng. NAS 8-5337 117 pp
47 fig 9 tab 154 ref,

An extensive survey of available
literature on heat transfer to boiling [hydrogen, nitrogen,
and oxygen is presented. Included dre a bibliography of
available experimental data, a suminary of boiling theory,
graphical comparisons of the experithental data, and com-
pilations of pertinent physical propefties for each of the
three cryogenic flnids, Based upon the results of the sur-
vey, recommendations are made for|a test program to

information from the

tivity, specific heat, density, linear thermal expansion,
weight per unit area, and maximum material operating
temperatures.

Data presented here are divided into four major cate-
gories: (1) Gases; (2) Metals; (3) Fiberglass Laminates;
(4) Multilayer Insulations; (4, 1) Substrates; (4.2) Multi-
layer-Insulation-System Materials; (4. 3) Multilayer
Composites; (4. 4) Attachment Methods; (4. 5) Test
Methods.

THERMAL INSULATION SYSTEMS -~ NASA Tech. Utiliz.

Rept., NASA SP-5027 (1967) - 148 pp 77 fig 10 tab
101 ref,

The purpose of this survey is to summarize, and thus
make more accessible to industry, data on the perform-
ance of thermal insulations and systems combining such
insulations, particularly for cryogenic applications, and

Disti

provide critical information where data are lacking.

REVIEW OF STATIC SEALS FOR CRY OGENIC SYSTEMS
- Robbins, R.P. and Ludtke, P.R. -J. Spacecraft Rockets
1, No. 3, 253-59 (May-June 1964) 6 fig 1 tab 55 ref.

Although cryogenic techniques have advanced rapidly,
little effort has been devoted to standardization of seals
for cryogenic systems. This paper surveys and evaluates
various demountable, low-temperature static seals. Rec-
tangular-sectioned gaskets of Teflon or Kel-F, or of soft
metal, or with plastie sealing surfaces can be used, but
gaskets require heavy flanges. O-rings of rubber, Viton,
and neoprene have been used successfully down to 20°K
with high-initiak-loading designs. Holow, metallic O-
rings can be used, but they are hard and require good sur-
face finishes, > 16 rms. Solid O-rings of soft metals (e. g.,
indium, lead, copper and aluminum) can seal to 1079

ributed under license from the IHS Archive
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Pressure-actuated seals of G, U,

V., or W configuration are said to be superior to all others
for cryogenic space systems (a table of available types is

given); they use lightweight flanges and will follow flange
deflections; they are expensive, and small leak paths can

develop, but they have
perature-actuated seals
relationships) also show
extensively,

proved reliable in the field, Tem-
(favorable thermal contraction
promise but have not been used

BEARINGS AND SEALS FOR GRY OGENIC FLUIDS -

Scibbe, H, W, - NASA -

land, Ohio - NASA TM
nical paper presented at

Lewis Research Genter, Cleve-
X-52415 (March 1968) - [ Tech-
SAE Fuels and Lubricants Meet -

ing, Cleveland, Ohio, Nov. 13 1967].

Bearings and seals in

rocket engine turbopumps oper-

car), converters, meters, pumps (rotary and reciprocating),
transfer methods and piping design,

SAFE HANDLING OF CRYOGENIC FLUIDS - Neary, R,
M. - Chemical Section, National Safety Congress, Chicago,
1., (Oct. 16, 1961) paper 20 pp 8 ref.

Cryogenic fluids have been handled safely by a few com-
panies since the early part of the century. Their use, and
the number of people handling them, have increased tre~
mendously in recent years. To ensure safety, old and new
users alike require a thorough understanding of the proper-
ties of these fluids and a willingness to make use of reason~
able safeguards in handling them. Since handling small
quantities presents some safety considerations different from
handling larger volumes, these subjects will be covered in

separate sections of this paper,

and lubricating techniq

es are required since ordinary oils

ate directly in the cryoEenic propellant. Special design

and greases become gla

slike solids at these extremely

cold temperatures. The bearing load carrying surfaces

are lubricated by thin t
provided by the bearing]
from a self-lubricating
patibility and wear are
tact seals in these cryog
used in seal nosepieces,

ansfer films, The lubricant is
cage which is usually fabricated
Teflon compound, Material com-~
fhe important factors for face con-
enic fluids, Carbon, normally
has violent reactions when run in

liquid fluorine, an extr¢mely chemically active fluid,

Wear at the rubbing cor
designed for positive fa
leakage.

INTRODUCTION TO
Machine Design 36, 16
The principal enging

tact is minimized when the seal is
e separation with acceptable

CRYOGENICS - Vance, R. W,
p-192 (Oct, 8, 1964).
ering problems associated-with

cryogenics, including the fundamental relations, ‘theories,

equations and concepts,
many authorities. This
considerations and poin
tions to selected design

INTRODUCTION TO

have been described in detail by
article highlights some of these

the way toward practical solu-
problems.

CRYOGENIC ENGINEERING -

Reiff, D, D, - ASME P¢

per;No, 64- WA/PID-8 (Nov, 1964)

AIR-CONDENSING CRYOGENIC FLUIDS - Neary, R. M. -
Union Carbide Corp., Linde Division{- Paper presented at
National Safety Congress.(Oct. 31, 1963).

with the recent advances in the njissile and electronics
industries and of fdumerous research applications, such as
Telstar and space chambers, liquefied hydrogen and helium
are fast becorning important cryogenic fluids, Unlike the
more common cryogenic fluids, namgly oxygen and nitro-
gen, the properties of liquefied hydrqgen and helium are
unusual and, as a result, special equlpment and handling
techniques are required, This paper priefly summarizes
the properties, design of equipment, |and practical proce-
dures for the safe and efficient handling of these fluids,

AIR-SOLIDIFYING CRYOGENIC FLUIDS - Neary, R, M.
ASME Paper No., 64-WA/SAF-1 (Sept| 1964) 8 pp 8 fig
1 tab 8 ref.

With the recent advances in the mlissile and electronics
industries and of numerous research applications, liquefied
hydrogen and helium are fast becomipg important cryogenic
fluids, Unlike the more common cryjogenic fluids, namely
liquid oxygen and nitrogen, liquefied hydrogen and helium
are capable of solidifying air, This and other properties

12 pp 7 fig 11 ref,

The purpose of this report is to introduce a few of the
essential disciplines in cryogenic engineering, The basic
principles of liquefaction of gases and low-temperature heat
transfer and insulation are briefly treated, The discussion
of storage, transfer, and handling of cryogenic fluids has
been slanted to hydrogen; however, the basic principles of

cryogenic technology ar

e embraced, In addition, mobile

ground-service equipment is discussed briefly.

THE STORAGE AND

HANDLING OF CRYOGENIC

LIQUIDS ~ Zenner, G. H. - Progress in Cryogenics 2, 3-39,
Academic Press Inc., New York (1960) 24 fig 6 tab 51 ref,
Included in the contents of this article are sections on

the properties of liquids

020 N2o A, CH4, Fg, Hg, He,

storage and transport containers (stationary, truck, tank

make it necessary to handle these products with different
equipment and procedures. Personal protective equipment
is reviewed. The design of small, medium and large
tankage is reviewed briefly. Special emphasis is placed on
design and safety devices for small liquefied helium con-
tainers commonly used in laboratories because several
serious accidents have resulted from solid air plugging of
the vents,

CRYOGENIC SAFETY - Spencer, E. W, - J. Chem.
Education 41 (Sept. 1964) 4 pp 5 fig 1 tab 14 ref.

A general discussion on the hazards, storage, and gen-
eral precautions pertinent to the handling of cryogenic
fluids. This article is a portion of the paper which appeared
previously in the Journal of American Society of Safety
Engineers.

Distributed under license from the IHS Archive



https://saenorm.com/api/?name=36047d1beca9be339016cf65ed2d617e

SAE AIR*639B L9 WM 8357340 0008829 3 w"
-13 -

FIRE-HAZARD PROPERTIES OF FLAMMABLE LIQUIDS,
GASES AND VOLATILE SOLIDS ~ National Fire Protection
Association, Rept. No. 325 (May 1960).

This tabulation of available data on the properties of
flammable liquids and other materials listed is sponsored
by the NFPA Committee on Flammable Liquids. The table
summarizes available data on the fire~hazard properties of
more than 1000 substances, listed alphabetically by their
chemical name. The values selected are representative
figures deemed suitable for general use.

REVIEW OF FIRE AND EXPLOSION HAZARDS OF FLIGHT
VEHICLE COMBUSTIBLES - Van Dolah, W,, Zabetakis, M.
G., Burgess, D. S. and Scott, G. S, - ASD TR 61-278
(April 1961) (See also subsequent annual supplements).

perience is directly applicable. An attempt has been made
to discuss situations where the unwary may go astray and
where the cryogenic engineer has evolved new techniques.
In addition, an attempt has been made to indicate the
location of data and information applicable to new mate-
rials and situations, as well as that applicable to the
familiar materials and situations in the low temperature
regions.

PROBLEMS IN CRY OGENICS - Nesbitt, L.B. - General
Electric Go., Schenectady, N.Y. - ASME Paper No.
63-WA -288 (Nov. 1963) 4 pp 1 fig.

A major impediment in the growth of cryogenic en-
gineering as a productive segment of the engineering
sciences has been the many real and imaginary problems

The prevention of|fires and explosions involving the com-
bustibles and oxidanty likely to be found in flight vehicles
requires a knowledge|of the flammability and related char-
acteristics of these materials, This is a compilation of the
available characteristics data for a series of combustibles
and oxidants of currept interest (including fluorine, oxygen
and hydrogen).

EXPLOSION AND [FIRE HAZARDS ASSOCIATED WITH
THE USE OF LOW- TEMPERATURE INDUSTRIAL FLUIDS -
Burgoyne, J. H. - Trans. Inst. Chem. Engrs. (London) 185,
CE 7-10 (Jan. - Feb{ 1965).

Hazards of low-tgmperature fluids are considered under
the headings of pressjire bursts, gas explosion, fire, and
explosion of liquid npixtures (e.g., of fuel and oxygen):
The literature on thdse subjects is reviewed and an attempt
is made to distinguish areas where gaps in knowledge exist
and further systematc research should be rewarding. It is
concluded that gas ekplosion properties at lowtemperatures
and the explosibility| of low-temperature\liquid mixtures
merit considerable aftention.

SPARKING CHARACTERISTIGS\AND SAFETY HAZARDS
OF METALLIC MATERIALS = Bernstein, H. and Young, G.
C. - NAVORD Rept. | 5205;/Tech. Rept. NGF-T-5T (April
1957).

This report is a
safety hazards of metallic materials. The fundamentals of
sparking theory and methods of spark testing are presented.
The ignition hazards associated with sparks are discussed.
Attention is called to an alternate and possibly more signif-
icant source of ignition - impacts. The data indicate that
sparks and impacts can result from the use of "non-spark-
ing" materials. The authors conclude that no benefit is
gained by employing non~sparking hand tools in place of
steel to prevent explosions.

REGENT ADVANCES IN CRYOGENIC ENGINEERING -
Jacobs, R, B, - ARS Jour,, 245-51 (Apr. 1959) 56 ref.

The point to be emphasized is that cryogenic engineer-
ing is a synthesis of the older branches of engineering
(mechanical, chemical, electrical), and therefore does
not involve new basic principles. The discussion presented
here has avoided those areas where usual engineering ex-

whose solutions are now available.| The author points out
the pitfalls in the study of cryogenfics and indicates a
sound approach to cryogenic expeffimentation and
development.

THERMAL PROBLEMS PECULIAR TO CRYOGENICS IN
SPACE - Adelberg; M. and Schwafrtz, S, H. - SAE Paper
No. 670588 {(June 1967) 10 pp 9 fig 3 tab 24 ref. - [Pub-
lished in Proc. of the SAE Aerospace Systems Conference,
Los Angeles, Calif.]

Thérmal problems peculiar to ¢ryogens stored in a
reduced gravity environment are discussed along with
some techniques considered for thgir solution. Included
are gravitational effects upon trangient and steady state
nucleate boiling, heat transfer and temperature fluctua-
tion and meniscus displacement and distortion. To place
these problems in proper perspectiye, a brief survey of the
various heat transfer modes is presented. One device,
which appears to warrant serious cpnsideration, is the
thermodynamic separator and its dperation is briefly
described.

To illustrate the importance of|certain problems pecu-
liar to reduced gravity, a number [of numerical examples
are presented.

HANDLING LIQUID PROPELLANTS - Dachs, L. L. -
46,11 t. 1966).

Beyond obvious fluid management problems, liquid
propellants spawn sneaky, second order effects like cavi-
tation, oscillation and zero-g "'migration’’. Equipment
configuration is the key to knocking down bubble popula-
tion; baffles and the like arrest sloshing; expulsion de-
vices help the orbital restart.

CRYOGENIGC INSTRUMENTATION - Angerhofer, A. W, -
Alr Reduction Co., Inc. - Control Engineering 12, 67-73,
77-84 (1965) (A two-part article),

Because of their low temperatures and high volatility,
some unique measurement problems arise in the use of
cryogenic fluids. Gonventional sensors can solve most of
these problers, but satisfactory operation requires care in
application and a knowledge of the complications that can
occur. The first article discusses special cryogenic prob-
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lems in temperature and level sensing; the second article
covers fluid flow and analysis instruments.

CRYOGENIG THERMOGOUPLE THERMOMETRY - Sparks,
L. L. and Powell, R, L. - Measurements and Data 1,
82-90 (March - April 1967) -

Gomumercially available low -temperature thermocouple
wire from all major U,S. manufacturers has been exhaus-
tively tested to determine the inhomogeneity and inter-
changeability characteristics of the wire. Spot calibra-
tions between liquid-helium and liquid-nitrogen tempera-
tures, and between liquid-nitrogen and ice temperatures,
show that the NBS interim low-temperature tables are suf-
ficient for most engineering and scientific requirements.
Preliminary work on several gold-iron alloys indicates that
these alloys will allow more accurate thermoelectric tem-

concerns in cryogenic flow measurement regardless of
meter type: (1) the condition of the liquid to be metered;
(2) the materials and consttuction of the primary element;
(3) the safe installation of that element.

LARGE SIZE GRY OGENIC TURBL

NE TYPE FLOWMETER

TECHNOLOGY - Deppe, G. R, - Aerojet-General Corp.

Rept, No, 8800-60, - NASA CR 54
14 fig 3 tab 11 ref.

810 (June 1966) 45 pp

The procurement, calibration, facility installation,
and use of turbine flowmeters for the very large liquid

oxygen/liquid hydrogen component
Engine are described. Also, constr

s of the M -1 Rocket
uction details of one

turbine flowmeter and limited calibration data for several

turbine flowmeters are given. The

relative capabilities of

the nation’s major testing organizations are presented along

perature measuremeny in the liquid ~helium/ liquid~hydro-
gen temperatute range. Research, now well underway,
will lead to establishment of standard thermocouple tables
for temperatures from|liquid helium up to 0°C for all of
the cryogenically useful commercial thermocouple alloys.

MASS FLOWMETERS IN CRYOGENIC SERVICE -
Alspach, W, J., Miller, C. E. and Flynn, T. M. -Paper
presented at 1966 ASNIE Flow Measurernent Conf,, Pitts-
burgh, Pa, - (Publish¢d in Flow Measurement Symposium)
23 pp 27 fig 29 ref.

This paper concerns cryogenic fluid mass flow measure~
ment by a variety of techniques, including those that are
available and those that are being developed. Attention
is given to the princifle of operation, performance results,
and operational and dgsign characteristics.

The problem of cryogenic fluid flowmieter calibration
is examined and discussed with reference to available
facilities, techniques) limitations, and accuraecy. The
problem of calibratiog for special cryogenic)applications,
such as slush hydrogen| and cold gases, wheére no calibra-
tion facilities are avajlable is also examined. Inferred
calibration from a substitute fluid.calibration or design
practices is also revieped.

To improve the'm4ss flow measurement of cryogenic
fluids, discussions are|directed towards measurement tech-
nique selection, densi 3 i ia
systems, improvements in volumetric flow measurements,
improvements in direct measuring mass flowmeters, and
improvements in calibration,

CRY OGENIG FLOW MEASUREMENT - FLOW METERS -
Bucknell, R, - Cryogenic Eng. News 1, 28-30, 43
(April 19686),

The author presents a discussion of flow meters and
their characteristics in cryogenic service.

FLOW MEASUREMENT OF CRYOGENIC FLUIDS -
Close, D. L. - Instruments and Control Systems 41, 109-
114 (Feb, 1968) 7 fig 4 tab 15 ref, '

The fundamentals of flow measurement of ambient tem -
perature fluids can be applied to cryogenic liquids, which
are typically colder than -150°C, There are three special

with facility recommendations,

COOLDOWN OF LARGE“DIAME1
GEN AND LIQUID OXYGEN'LINES
and Schwartz, M. H,-~ Aerojet-G¢
No. 8800-54, NASA CR 54809 (Ap
6 tab 8 ref.

This report<concerns the analyti

'ER LIQUID HYDRO-
- Commander, J, G,
neral Corp. - Rept.

il 1966) 56 pp 22 fig

tal study and opera-

tional expetience associated with the large cryogenic pro-

pellant-systems used in Test Zone |
plex.("The techniques applicable t

of the M~-1 test com~
b initial chilldown of

large diameter cryogenic piping systems are discussed;

major consideration is given to liqy
oxygen propellant systems that utili
off gases at a predetermined rate tg
down. The use of this technique re
the problem of thermal stress conce
materials during chilldown.

The principal areas of discussion

A. Various methods considered f
genic piping systems,

B. Analysis of thermal stress at s
hydrogen and liquid oxygen piping

id hydrogen and liquid
ze the cryogenic boil-
effect system chill-

duces or eliminates
ntrations in the system

include:
pr chilldown of cry-

elected points in liquid
kystems where cross-

section transitions produce maximupmn thermal gradients.

C. Analysis of system chilldown
cold gaseous cryogens are utilized f

characteristics when
o effect the initial re-

tluding predictions of
temperature for sys-

tems exposed to various combinations of gas flow rate and

initial temperature.

D. Analysis of the effects caused by cold shocking on
critical cross-section transitions of the 18 inch liquid
hydrogen discharge line which have stabilized at equilib-

rium temperatures of 260 R, 160 R,

and 60 R,

COOLDOWN OF CRYOGENIC TRANSFER SYSTEMS -
Liebenberg, D. H., Novak, J. K, and Edeskuty, F, J. -
AIAA Paper No, 67-475 (July 1967) 9 pp 8 fig 3 tab 16 ref.

Operation of a cryogenic system

is frequently compli-

cated by the transient process of cooling it to its equilib-
rium operating temperature. A knowledge of the time

and amount of cryogen necessary to cool the line is valu-
able since sufficient cryogen storage must be provided to
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complete the cooling of a large line. It is also necessary
to cool the line in a manner which will not result in
damage to the line or to associated components. Improper
cooldown procedures can produce bowing (a distortion of
the pipe caused by uneven cooling around the pipes cir-
cumference), unacceptable pressure and flow surges if the
flow is improperly initiated or limited, unacceptable
stresses in components if temperature gradients are too
large, or can, through uneven cooling, cause binding in
moving parts, such as pumps, mechanical interference of
components, etc. Specific rules for eliminating these
problems cannot be given, but general suggestions for
avoiding the problems are presented.

FLEXIBILITY CONSJ

CRYOGENIC TRANSFER LINES Flleder W G., Smlth

W. J. and Wetmore, K
Engineering 5, 111-19

Conf.) Plenum Press, Inc

. R. - Advances in Cryogenic
(Prov. of 1959 Cryogenic Eng.
, New York (1960) Paper B-5,

9 fig, 5 ref.

In conventional piping systems, sufficient uniform
thermal cooldown flex{bility is obtainable by the use of
expansion loops. Unifprm thermal cooldown occurs
when the pipe is full of liquid and the entire pipeline has
cooled to liquid tempefature. In the case of missile sys-
tems employing cryogdnic transfer lines, space and cool-
down weight limitatiors may preclude the use of expan-
sion loops for achieving flexibility. In addition, the
uninsulated thin-walled transfer piping is subject to tem-
perature gradients of a|scale not usually encountered in
process piping systems,| and as a consequence of these
temperature gradients the phenomenon of pipeline(bowing
occurs. Bowing is the fendency of the centerline of the
pipe to be deformed info an arc.

A brief analytical s
bility for cryogenic lin
expansion loops and ex|
requirements for unifor
considerations, Finall
developed for the Atla

udy is presented to"show how flexi-

es may be obtained by the use of

pansion jointS)that satisfy both the

In thermal cooldown and bowing

y, the liquid oxygen transfer piping
missile’launching complex is

presented and special fFatures of this system are explained.

B 8357340 DUDBBBL 1 .
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FUNDAMENTALS OF LOW TEMPERATURE PIPING
DESIGN - Surdi, V. L, and Romaine, D - The M. W,
Kellogg Co. - Hydro. Proc. and Petr. Ref, 43, 116-24
(June 1964).

While the design of piping for low temperature is, for
the most part, the same as for above ambient tempera-
ture, there are two basic conditions that must be given
special consideration,

First, the cost of refrigeration increases as the tempera-
ture is reduced, From this it is clear that low tempera-
ture insulation and insulation techniques merit special
design consideration, and, as is shown in this paper, such
consideration leads to a number of concepts that differ
from conventional warm piping.

Second carbon steel and gasket materials become

S ; or-operation below -50°F,
1 steels, stainless
steel, copper, or aluminum asthe material of construc~
tion. While each of these materials|serves very well in
certain situations, each nevertheless|has certain limita-

tions that require special design cons
materials become brittle and are ge
at low temperatures. Designing fla
avoid leaks takes on a new significa
ture plants.where vessels, piping, an

ideration, Gasket
erally less effective
ges and joints to

ice in low tempera-
d valves frequently

are made;of dissimilar metals with attendant differences

in coefficients of thermal expansion

CRYOGENIC STORAGE VESSELS
Iron Co, - Publication G-50-64 - 15

The information contained in this
marily with storage vessels. Include
insulation systems, vessel geometry

Chicago Bridge and
pp 18 fig 4 tab.
bulletin deals pri-
d are sections on
and design require-

ments, materials of construction, fiftings, and foundations.

HOW TO SPECIFY LOW TEMPERA
VESSELS - Zick, L, P, and Clapp,
Bridge and Iron Co. - Hydro. Proc,
125-32 (June 1964).

TURE STORAGE

M. B. - Chicago

and Petr. Ref. 43,

Greater exposure to brittle fractuge at full stress is the

CRYOGENIC PIPING SYSTEM DESIGN CONSIDERA~
TIONS - Jacobs, R, B, - Heating, Piping Air Conditioning
32, 130-40, 142-56 (1960) (A two-part article).

Piping systems for transporting liquefied gases are not
basically different from those for the more familiar fluids.
But, some differences must be considered by the designer
because of the temperature range encountered - rooimn tem-
perature down to almost absolute zero or -459,6°F, The
topics presented (in the first article) include properties of
materials and insulation techniques. How low temperatures
affect the fluid-mechanical design, selection of pumping
equipment, heat exchanger design, piping system instru-
mentation, and the fabrication and installation of the piping
system are presented in the second article.

most significant difference between vessels used for stor-
age at refrigerated temperatures and storage at atmos-
pheric temperature, Therefore, the selection of notch
tough material is extremely important for refrigerated
storage vessels, Notches should be eliminated in the de-
sign details and construction of parts carrying high stress,
insofar as possible. Unavoidable stress concentrations are
better tolerated by notch tough materials,

This article is based upon the current state-of-the-art,
but the reader should remember that a precise evaluation
of the ductile versus brittle behavior of materials used in
storage vessels operated at refrigerated temperatures is
not clearly defined. Nevertheless, certain levels of
toughness which may be determined by tests will result in
safe structures.
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DESIGN OF CRYOGENIC STORAGE TANKS FOR INDUS-
TRIAL APPLICATIONS - Marsh, H, W. - Am. Soc. Testing
Materials, Spec, Tech. Publ, No. 302 (March 1962) pp
172~88, 4 fig 1 tab 4 ref.

This is a discussion of the facets of cryogenic storage tank
design directed toward those who have only limited experi-
ence in the field. Design considerations as to cost, suit~
ability of materials for the temperatures and pressures in-
volved, configuration of inner vessels and jackets, support
systems, and types of insulation, evacuated and nonevac-
uated, for both shop-built and field-erected vessels are dis-
cussed in brief. The potential requirements for cryogenic
storage for industrial applications are listed. Military ap~
plications for both ground and air-borne use are excluded
as these involve unusual design conditions foreign to the
usual industrial installation.

by the reduction of density rather than by the increase of
strength and the possibility of utilizing simultaneously the
most favorable properties of two or more materials,

LOW TEMPERATURE AND CRYOGENIG STEELS: HOW ‘
TO CHOOSE, USE, AND WELD THEM - Anonymous -~
Special Report - Welding Design and Fabrication—,
51-73 (April 1964),

In this report information is provided on which steels
are proving to be best for each low temperature level;
what welding electrodes and methods are recommended;
which ASME pressure vessel codes apply; and what ASTM
designations are used for each steel grade,

ROCKET PROPELLANTS -~ Armed Services Tech., Inform.
Agency, Arlington, Va., Bibliography Rept. AD 233 500

LARGE CRYOGENIC STORAGE VESSELS - Adams, L. -
Pittsburgh-Des Moineg Steel Co, - ASHRAE Jour, .
48-9 (July 1964),

This article summdrizes data on the size, shape, and
design of large capacity, field-erected vessels for the
storage of cryogenic Eids, and includes information on

metals, thermal insulption, heat leak, and some perti-
nent physical properties of the products stored,

CONSTRUCTION OQF HIGH PRESSURE CRY OGENIC
VESSELS =~ Sangdahl, (G. S. and Wilson, L. C. =~ Chicago
Bridge and Iron Co, -|ASME Paper No, 64~PET~17
(Sept. 1964) 12 pp 8 1ig 4 tab 11 ref,

The large increase{in the use of oxygen, nitrogen,
hydrogen, methane apd other gases for industrial purposes
has greatly increased fhe need for storage of thesegases,
This can most efficieptly and safely be done as a lique-
fied gas at a temperature below the boiling point of the
gas and at atmospheric pressure, Specialapplications
may require high prespure storage. This.article describes
the many factors whidh must be considered in the con-
struction of high presshre cryogenitivessels - such as:
design, material sele¢tion, forming, welding, heat treat-
ment, inspection, and cleaning.

THE PAST, PRESENTAND FUTURE OF METALS FOR
LIQUID ROCKETS - Lucas, W, R, - Metals Engineering
Quarterly 6, 58-62 (Feb. 1966),

The utilization of metals in liquid-propelled rocket
systems is discussed in terms of the unique environments in
which performance is required, Weldability, toughness at
cryogenic temperature, stress-corrosion resistance, and
chemical compatibility with propellants are identified as
important criteria in the selection of metals for these ap-
plications, Aluminum has been the predominant metal in
liquid rocket structures, and its use has paralleled alumi-
num alloy development in this country. Recent achieve-
ments in the development of new wrought aluminum
alloys, a new aluminum casting alloy, and other light-
weight materials are discussed, Composite materials are
projected as the materials of the future because they afford
the possibility of increasing the strength-to-density ratio

(March 1960) 56 pp.
The bibliography is a compilation of approximately 292
abstracts of unclassified reperts on liquid and solid propel-
lants which were added to. the ASTIA collection from 1953
to 15 Feb, 1960, The'first part of fhe bibliography includes
separate sections dealing with general information on solid
rocket propellanis)and on liquid rodket propellants. The
second part.ofthe bibliography includes sections for each
of the following compositions used |n rocket propellants:
(1) acetylenes, (2) amines, (3) ammonia, (4) ammonium
perchlorate, (5) boron hydrides, (6) ethylene oxide, (7)
fluorine, (8) hydrazines, (9) hydrogarbons, (10) hydrogen,
(11) hydrogen peroxide, (12) lithiu?E compounds, (13)
methanol; (14) nitric acid, (15) nitrogen, (16) nitrogen~-
fluorine compounds, (17) nitrogen gxides, (18) nitro-paraf-
fins, (19) oxygen, (20) ozone, (21)[perchloryl fluoride, and
(22) thiophosphites, Abstract entrigs in each subdivision of
the first and second parts are arranged alphabetically by
corporate author, numerically by cpntract number and by
date. Only final or summary reporfs were included in the
bibliography, except when the fina] report was not received
or when a progress report contained|significant information
which was not included in the final|report, A bibliography
of confidential entries on solid and [liquid propellants (AD
315 500) was compiled separately.

ROPELLANTS ~ Armed Services Tech. Inform.
Agency, Arlington, Va., Bibliography Rept. AD 263 000
(Aug. 1961) 75 pp.

A list of references was prepared as a sequel to previous
ASTIA bibliographies on rocket propellants identified as
AD 233 500 (unclassified) and AD 315 500 (confidential),
Citations are limited to unclassified documents cataloged
by ASTIA from February 1960 to August 1961. A classified
edition of the bibliography was also published as AD 325 000,
Entries are arranged in two broad categories of references:
liquid, hybrid, solid or non-conventional propellant systems,
and specific chemical components of propellants.

CRYOGENICS AND LOW TEMPERATURE RESEARCH, AN .
ASTIA REPORT BIBLIOGRAPHY - Armed Services Technical
Information Agency, Arlington, Va,, ASTIA AD 271 000
(Feb 62) 865 refs,
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as presented by ASTIA in response to

numerous inquiries concerning cryogenics and low tempera-
ture research. Citations are incluyded for documents cata-
loged by ASTIA from 1958 through 1 February 1962, and

are restricted to unclassified, unlimited references.

The

classified section of the hibliography appears separately as

a secret document, ide:

ntified as AD-327 650, References

are arranged alphabetically by subject areas pertaining to
low temperature research, instrumentation, and materials.

These subject areas are

further subdivided into more specific

topics which include references on superconductivity,
thermochemistry, temperature measurement and control,

adhesives, elastomers,

liquefied gases, lubricants, metals,

and propellant research.

CRYOGENICS - AN

TEMPERATURE ENGINEERING AND RESEARCH -

sohn, X., Scott, R, B
Company, Ltd., Londg
by Plenum Press, Inc.,

endels-
, and Weil, L. (Editors) Heywood and
n (Distributed in U.S. and Canada
New York)

The purpose of CRYPGENICS is to publish original papers

on all aspects of low t
development. Each is
article, written by an
shorter technical notes

mperature research, engineering, and
ue also features an invited survey

huthority on the subject, as well as

letters and book reviews. The com-

plete texts of all papery appear in English, with abstracts
printed in English, Frepch, German, and Russian.

The many different
and development today

rends of low temperature research

are not only intensified, they are

also divergent. However, all share the same cryogenic

- 17 -

methods and techniques and all must rely on the same

basic research and engineering data. Concentration of rel-
evant information on these subjects in one journal should be
invaluable to all those working in the field. It is the aim
of CRYOGENICS to save time and labor of researchers and
engineers in the field by providing them with significant and
current information in one convenient publication.

CRYOGENIC ENGINEERING NEWS - (A controlled circu-
lation publication printed tonthly by Business Communi-
cations, Inc., Cleveland, Ohio).

A publication concerning the production and use of
ulira-low temperatures,

: : : ORT - (Published by
Technical Economics Associates, Estes Park, Colo.).

A monthly survey, bringing together information on the
developments and activities in the yarious areas of the cryo-
genic field.

CRYOGENIC TECHNOLOGY - JOURNAL OF THE CRYO-
GENIC SOCIETY\OF AMERICA - (Pyblished bi-monthly by
Cryogenic Technology Publications, Inc., Bel Air, Los
Angeles, ‘Catif. ).

official publication of
Hevoted to the various

CRYOGENIC TECHNOLOGY is an
the Cryogenic Society of America,
technical and practical aspects of the several branches of
cryogenics.
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CRYOGENIC DATA GENTER

Since the purpose of this report is to provide summary
information concerning fluid and solid material properties
and practices relating to selected cryogenic propellants,
it may be considered useful to indicate something about
the primary world source for such information - the
National Bureau of Standards Cryogenic Data Center. The
Center is a Section in the Cryogenics Division of the Na-
tional Bureau of Standards (Boulder, Golorado Laboratories)
and is divided into two principal groups, the Data Com-
pilation Unit and the Documentation Umt.

The Data Compilation-Unit-is-engaged-in-the-eriti
evaluation and compilation of thermodynamic and trans-
port properties of cryogenic fluids and fluid mixtures and
cryogenic properties|of solids. Tables and charts of
property data, based on selected values from the scientific
literature, are compiled for wide ranges of temperature
and pressure, As a [participant in the National Stand-
ard Reference Data §ystem program, the Data Compila-
tion Unit is recognizged as a national authority for data on
the properties of materials at cryogenic temperatures, and
thus many of the tasks undertaken by this unit are organ-
ized to produce datal tables suitable for entry into the
NSRDS. _

The Documentation Unit's functions complement the
activities of the Dat3 Compilation Unit, These functions
are: 1) to maintain pn awareness of current publications
and reprints of cryogenic interest, 2) to acquire and(cata-
log such literature a needed by the Data Compilation
Unit, other laboratogy staff, and for completing the Data
Center's files, 3) to pode the pertinent literature in depth
for storage and retrigval, and 4) to develop an operative
mechanized bibliographic and indexing service for the
comprehensive retrigval of information and data in specific
subject areas as needed. This mnit also handles the distri-
bution of all the Crypgenic, Division's publications and
announces availability of new materials periodically,

Of possible interest(to,the readers of this document are
the various services available to the public from the
Cryogenic Data Center:

Literature Searches, Nearly 60, 000 accessions of cry=-
ogenic literature have been entered into the Data Center's
system, Approximately two-thirds of these (on the proper=~
ties of materials, cryogenic equipment and processes) have
been processed for machine searching. Custom bibliog-
raphies are prepared for specific subjects or for broad
subject areas; indexing follows from the nature of search
queries and can be quite detailed. Simple searches can
be made for as little as $25, 00 with more extensive
searches at a proportxonately higher cost. The feasibility
be obtained from the

Data Center.
Current Awareness Service,- Aln awareness of publica-
tions and reports of cryogenic intgrest is maintained by
the regular review of nearly two hundred periodicals cover
to cover, by a weekly review of the *'Current Contents™
service, by reviewing some fiftegn abstract journals, and
by noting references in cryogenic|documents. Weekly
lists of new_literature of cryogeni¢ interest are prepared

and distributed to subscribers at a

subscription price of

$15, 00 per year for 52 issues, lrubscnpuon may be ob-

tained simply by ordering from t

e Cryogenic Data Center,

Announcements of Cryogenics [Division Publications and

Reports.
ture evolving from the Cryogenic
grams are sent to mose than 4000

Announcements and abstract cards of new litera-

Division's research pro-
persons and institutions

periodically. Nearly five hundrefl separate items of
literature are now available, Reduest can be made for
inclusion on the mailing list by writing to the Cryogenic

Data Center.

Distribution of the pvailable literature is

now being handled by the governmient Clearinghouse for
Federal Scientific and Technical Information, Springfield,
Virginia 22151, Ordering informgtion is included with

the announcements,

Anyone desiring information c¢ncerning the various

services described above may writ
Cryogenic Data Center
Natiofidl pureau o a1d
Boulder, Colorado 80302
or telephone

e to the

ards

(303) 447-1000, ext, 3834
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II. RECOMMENDED MATERIALS AND PRACTICES FOR USE WITH LIQUID OXYGEN

‘ Section

- A Compilation from the Literature with Annotated Bibliography -
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' 1. HAZARDS

1.1 Health - The
from its very low tem
oxygen contacts the s}

health hazards of liquid oxygen atise
perature. If liquid, or cold gaseous,
tin, damage resembling burns-can re-

sult,

The extent of sych damage can range from ‘relatively

minor burns to complgte embrittlement and destruction of

exposed tissue. The

oxygen can be minimf
Extensive bumps require prompt medical attention.

water.

Qxygen gas will ng
erations, except that
cause some upper resg

{umediate effects of)freezing by liquid

zed by soaking affected parts in tepid

t cause toxic effects in propellant op-
jnhalation of the very cold gas may
iratory irritation.

pxygen will not burn but vigorously

mechanical shock excitation, Whefe combustion is initiated
prior to or concurrently with fuel-o{ygen contact, flare type

combustion occurs, accompanied by
Putting out fires involving liquid

repeated explosions.
oxygen requires proce-

dures varying with the type of fire dqonditions. Where the

fire results from a leak or flow of 1i
paper, waste, or similar combustib.
the flow if possible. For small spil
flow of liquid oxygen has been stop
to put the fire out quickly. Where
oxygen and liquid fuels, control it
(a) When liquid oxygen leaks o
tities of fuel, shut off the flow of i

1.2 Fire - Liquid
supports combustion,
and freezing of liquid
gether.

Its low temperature causes cooling
fuels if both liquids are brought to-

Such mixtures are shock sensitive and are capable

of reaction with the violence of a detonation.
Liquid oxygen is capable of saturating normal clothing
and rendering it flammable. Workers must not smoke or

strike fires in oxygen

storage or handling areas or while

wearing clothing saturated with oxygen, since the clothing
may retain a high concentration of oxygen for a consider-

able period of time.

Two types of combustion reactions may occur depending

on conditions of mixing and 1gn1t10n Intensity of combus-

tion reaction is dependent on the type of fuel involved. Al-
though the mixing of fuel and liquid oxygen may be accom-
plished without fire, a detonation occurs upon ignition or

nid oxygen onto wood,
e material, first stop
s, or after the leak or
ed, use enough water
he fire involves liquid

s follows:

flows into large quan~
nid oxygen, and put the
fire fighting agents.

(b) When fuel leaks or flows into large quantities of lig-

uid oxygen, shut off the fuel flow,

(c) When fuel and liquid oxygen have been mixed, or
are mixing, but not yet burning, isolate the area from igni-
tion sources and get out quickly, allowing the oxygen to
evaporate. Where large pools of water-soluble fuel are
present, use water to dilute the fuel and to reduce the in-
tensity of the fire, This method cannot be used with fuels

which do not mix with water,

Do not use on fires in deep

pools of liquid oxygen as this causes more rapid release of

gaseous oxygen. Appropriate extinguishing agents may be

used to put out fuel fires after the oxygen has evaporated.
NOTE: Mixtures of liquid oxygen and fuels present an

extreme detonation hazard, Such materials as wood pulp,
cot;on, lampblack, hydrocarbons, metal powders, sulfur
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and coal dust are often used in combination with liquid
oxygen as a relatively cheap explosive; the latter combi~
nation produces an effect similar to 40% nitroglycerine
dynamite, It seems likely that almost any combustible
material might detonate when in contact with liquid oxygen,
Several incidents may illustrate this: A leak developed in a
pipe joint in a liquid oxygen line and the liquid flowed onto
an asphalt-paved surface, When a workman attempting to
repair the leak struck the joint, the impact was transmitted
from the joint to the pavement below and the pavement de~
tonated, A similar incident has been reported where gravel~
led asphalt detonated when a man walked across an area
where liquid oxygen had previously been spilled.

1.3 Bxplosion ~ All materials that will burn, especially
rocket fuels, present an explosion hazard when mixed with
liquid oxygen., Such mixtures can usually be exploded by

BN 3357340 000883k 0 mA

by two or more persons working in a group. Trained super-
vision of all potentially hazardous activities involving liquid
oxygen is essential.

.2, 2 Personnel Education - The following subjects shall
be explained to all persons concerned with liquid oxygen
handling, transfer, and storage:

(a) Natwre and properties of oxygen in both the liquid
and the gaseous phases.

(b) Approved materials which are compatible with liquid
oxygen,

(c) Proper equipment and its operation,

(d) Use and care of protective equipment and clothing.

(e) Safety, self-aid and first-aid instructions.

2. 8 Personal Protection - The principal hazards associ-
ated with the handling of liquid oxygen are fire and the ex~
tremely low temperature of the liquid.

static electricity, mefhanical shock, elecirical spark, and For hand protection, gauntlel type gloves which can be

similar energy sourced, Under most conditions, the ordinary
burning of rocket fuelf or other combustible materials, when
mixed with liquid oxygen, may progress to a detonation,

Liquid oxygen fonzlgs high concentrations of oxygen gas
from spills or leaks. Puring transfer operations large vol-
umes of gas are formed due to "boil-off." In confined areas,
gaseous oxygen can farm mixtures with fuel vapors that can
be exploded by staticelectricity, electrical spark, or flame,

Pressure rupture cap occur when the liquid is held in a
closed system with no|refrigeration, Oxygen cannot be
maintained as a liquid if its temperature rises above the
critical temperature (-1'81°F) regardless of confining pres-
sure, Liquid oxygen trapped between valves can cause vio-
lent rupture of the pi%kor tube, while loss of refrigeration
can cause a storage tapk to rupture if the pressure is not(re~
lieved by suitable devjces. Loss of vacuum in vacuum-
jacketed tanks can capise increased evaporation and overload
the normal venting sydtem, resulting in high pressures.

All sources of ignition or heat must be kept'away from
oxygen transferring anfl servicing operations-and from areas
where spills have occyrred, All tanks‘and equipment must
be provided with proper grounding<o-remove static elec-
tricity, It is absolutely essential to keep combustible or
other reactive materi%]s to a minimum in liquid oxygen

storage and handling 4reas;>-Porous combustible materials
such as clothing may jetain hazardous quantities of gaseous

easily and rapidly removed are satijfactory. These gloves
may be either of asbestos ordegreased chrome leather with
an inner liner of impermeable matgrial. For protection of
the feet, leather shoes which can be readily removed should
be used, These can be high top or [low top; the choice de-
pends entirely on-the area in which|the individual will be
working, If hightop boots are used, pants legs will be out-
side the boottops. Where soles of shoes have been exposed
to the liquid, the footwear should bp removed immediately
to prevent delayed frostbite.
Head and face protection requirgs the use of acid-type
goggles (preferably) or a face shield to stop splashes, Flame
resistant and static-free clothing should be worn by person-
nel conducting hazardous operationg or experiments with
liquid oxygen because of the fire hgzard. In addition, an
apron of approved material shall be| worn if the liquid is
being handled in an open system.

8. TRANSFER AND STORAGE

8.1 General - Liquid oxygen myst be stored in contain-
ers (either fixed or mobile) of apprqved design, materials,
and construction.

Storage, transfer, and test areas[must be kept neat, and
free from combustibles. These areas must be inspected fre-
quently,

oxygen, creating a dangerous fire hazard,

Pressure rupture of equipment can be avoided by check-
ing all parts of the oxygen system to see that refrigeration
and/or vacuum jacketing is maintained. Closed systems
and "dead ends" must be avoided unless propesly protected
with pressure relief valves and blow-~out discs, Such de-
vices protect the system in the event of refrigeration or
vacuum failure. Blow-out discs, or their equivalent, are
also required on vacuum-insulated equipment jackets.

2. SAFBETY MEASURES

2.1 General - All hazardous operations or experiments
involving the handling of liquid oxygen shall be performed

An adequate water supply or fire extinguishers must be
available for combating fires. Approved deluge~-type pei-
sonnel showers should be properly located for immediate
use in an emergency.

3,2 Materials - The ability of materials to maintain
satisfactory physical properties and to withstand thermal
stresses caused by large temperature changes is of prime
importance.

8.2.1 Metals - The ferrous alloys, except the austenitic
chromium-nickel alloys, lose their ductility when subjected
to the low temperatures of liquid oxygen and depending on
their form and the application to which they are applied
they may become too brittle for use with liquid oxygen.
Metals suitable for this service are aluminum, copper,
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nickel, and most of their alloys, as well as the "300 series"
austenitic stainless steels.

3. 2. 2 Non-Metals - Non-metals which are suitable for
use with liquid oxygen are given in several of the references
provided in the Bibliography. A rather extensive list of ma-
terials to be used for gaskets, packaging, sealants, lubri-

cants, solvents, etc.,

is now available; however, use is

occasionally qualified by the intended application - a fact
which points to the desirability of reviewing the original in-
formation source concerning material compatibility with
liquid oxygen. Applications involving mechanical impact
are of particular concern.

3.3 Equipment - Liquid oxygen handling equipment shall

be degreased by washing with approved grease-removing
solvents before being used. Equipment taken out of service

for maintenance or m|
cleaned before being
Liquid oxygen may
tanks of approved des
ping containers desigy
be used in this servicg
prior to service in acg
able ASME, ASTM,
sels. Containers for
liquid oxygen should

Dust caps are to be replaced and exposed sections of other
connectors covered, insuring that dirt, moisture, and other
foreign matter cannot get into the hose and ultimately into
the liquid oxygen.

3. 5 Cleaning Procedures

3.5.1 General - The nature of liquid oxygen, a strong
oxidizer which vigorously supports combustion, presents sev-
eral unique problems when cleaning lines and storage tanks
through which it passes.

Cleanliness, in the usual sense, is not a sufficient crite-
rion when dealing with liquid oxygen systems, The high
purity required prohibits the presence of solid particles of
specified micron size, in addition to Iimiting the quantity
of organic material, due to the highly reactive nature of
such material in contact with liquid oxygen.

pdlfication shall be imspected and

feturned to service.

be stored in either fixed or mobile

gn and materials, Storage and ship-

ed for non-cryogenic fluids shall not

. Storage tanks shall be proof-tested

ordance with the provisions of applic-
ICC specifications for pressure ves-

T
Jhipment, storage, and transfer of

be fabricated in accordance with the

physical and structurjl requirements dictated by the use

for which they are in
material such as diatq
silica, rock wool, m4
cleaned to remove al
wherever insulation is
relief devices (valves
vided to protect all ¢
failure.

The general condi
plicable to pipes and

3.4 Transfer Proc

ended. A non-combustible insulating
maceous silica, synthetic aerated
gnesia, or fiberglass, properly

grease and dirt, shall be used
nccessary or desirable. Pressure
and/or rupture discs) must be-pro-
bmpartments from overpressuce

[ions applicable to tamks are also ap-
fittings,
edures - Prior to\transferring liquid

oxygen from one conlainer to another, all hose adapters,

couplings, transfer li
be inspected for forei
of hydrocarbons in an
present in above equi

es and accompanying equipment shall
bn particles, When there is a suspicion
y foim,”or when foreign particles are

prrient, the equipment shall be cleaned

Cloth or brushes, where the material may be separated
from the base, shall never be tised’In any cleaning opera-
tion. The acceptable types of solvent for cleaning liquid
oxygen systems are chlorinated hydTocarbons such as ethy-
lene dichloride, trichlorethylene or Freon. With the ex-
ception of Freon, which is relativeK non-toxic, the prob-
lem of toxicityexists with these compounds. Carbon
tetrachloride 4s'extremely toxic and shall not be used in
any cleaning operation. Relative to other solvents, opera-
tors shall‘not be exposed to them fofr long periods and safety
measurés must be taken for protection against vapors. When
a detergent, such as a solution of tfi-sodium phosphate, is
used to clean liquid oxygen systems, the problem of toxicity
does not exist. (NOTE: Tri-sodiurp phosphate is not to be .
used on aluminum or its alloys.)

Consideration shall be given to detached parts of liquid
oxygen systemns to prevent contamination of the parts or of
the system from which they were removed. The best meth-
od is to encase the opening in a sequrely and properly ap-
plied polyethylene bag. In the absence of such a bag, wide
plastic tape may be applied. Matefrial should never be
stuffed in a liquid oxygen system opening. Make-shift
methods must not be used in these peratiohs.

Since it is not possible to predict the hydrocarbon build-
up rate in most liquid oxygen systemns, and since it is neces-
sary to hold extremely low hydrocatbon concentration levels
in these systems, periodic inspection for contamination will

and inspected as indicated in Section 3. 5.

After inspecting the area to determine if it is safe to
commence transfer operations, hose fittings are connected
to the respective container counterparts and checked for
proper seating and tightness. Drip pans shall be placed
under vents and connections of liquid oxygen vessels to con-
tain spills. Liquid oxygen must not be spilled on asphalt’
pavement. Containers must not vent in the vicinity of
combustible material, 7

When the transfer operation has been completed, the

liquid valves on both

vessels are closed and the transfer

line is vented by opening an appropriate relief valve. The
hose is then disconnected and allowed to warm up and pref-
erably dry out before it is used again. Care should be taken
that the hose and other accessories do not touch the ground.

determine when cleaning again becomes necessary.

3. 5.2 Methods - As substitution for. a lengthy detailed
résumé of cleaning methods and inspection techniques for
oxygen systems - presentation of which will not achieve
universal acceptance - segments of two books referenced
in the General Bibliography section of this document are
suggested for further.reading. These. are:

(a) APPLIED CRYOGENIC ENGINEERING - Vance, R. W.
and Duke, W. M. (Ed.) - Appendix C - Contamination
Control in Cryogenic Fluids and Systems. '

(b) GROUND SUPPORT SYSTEMS FOR MISSILES AND
SPACE VEHICLES - Brown, K. and Weiser, P. (Ed.) -
Chapter 11 - Cryogenic Missile System Hazards,

Quoting from the first of these: "There has been and
still is a great variance throughout industry in the type and
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size of equipment requirements, cleaning techniques, work
flow, inspection methods, definition of a clean atmosphete
and contamination criteria. This lack of standardization
initially imposed a severe hardship on the ballistic missile
effort, but standardized specifications have now been es-
tablished which should reduce confusion, inefficiency, and
costly recleaning operations. AIR FORCE TECHNICAL
ORDER, T.O. 42C-1-11, Cleaning and Inspection Proce~
dures for Rocket Propellant Systems (Liquid and Gaseous),
governs the cleaning methods. Copies can be obtained by
writing to Olmstead Air Force Base, MAOQ,"

From the second: “As a result {of the extreme cleanli-
ness requirements in the missile industry) many cleaning
specifications and inspection procedures are in existence,
most of them similar, but still of sufficient difference as to

tors, sponsored a meeting ,... in an effort to formulate one
set of standards which could be applicable to all missile
programs. After much planning and coordinating, the AIA
issued their recommendations for cleaning and inspection
procedutes in a pamphiet: Handbook for Contamination
Control of Liquid Rocket Propulsion Systems, Aerospace In-
dustries Association, March 7, 1960."

"In the meanstime the Air Force Ballistic Missile Division

issued another set of instructions governing component
cleaning methods and criteria for the initial acceptance of
ground support systems: Specification for Cleaning Com-
ponents of Liguid Oxygen-Hydrocarbon Fuel Propellant
Systems, AFBMD, ARDC, July &, 1960."

From this it is evident that one completely acceptable
set of standards does not yet exist and therefore cannot be

create confusion in the installation and acceptance of mis-~ reported here, It is recommended again, however, that

sile propellant loading systems.
“To minimize this |confusion the Aerospace Industries As-
sociation, at the instigation of many of the prime contrac-

QUALITY CONTROL OF OXYGEN PROPELLANT LIQUID
OXYGEN, AVIATOR'S LIQUID BREATHING OXYGEN, AND
AVIATOR S GASEOUS|BREATHING OXYGEN - Air Force
Tech. Order 42B6-1-1) (May 15, 1963).

The purpose of this|technical manual is to provide infor-
mation, guidance, instructions, and procedures for on-base
quality control of liqufd oxygen used as a missile propellant,
and liquid and gaseouq oxygen used for aviator's breathing
purposes. Included infthe contents are sections on hazards

[

and safety precautions|in handling liquid and gaseous oxygen.

COMPATIBILITY OF METALLIC MATERIALS WITH
LIQUID OXYGEN - Aefojet-General Corp. ,~Rept, No, DVR
64-459 (Oct, 1964), 15 pp 4 tab 27 ref Y DDC AD 459 269,

Investigation of thel reactivity of metals with both liquid
and gaseous oxygen were reviewedsand summrarized, *as
were theories of the ignition and(propagation of combustion
of metals in oxygen,
based alloys were fou
but magnesium and titanium alloys were not.

BIBLIOGRAPHY

luminnm, stainless steels and nickel-
totbe-Compatible with liquid oxygen,

the references cited at the beginning of this subsection be
reviewed for extensive discussion)of| the topic (including
cleaning and inspection procedures pnd techniques).

container together/with the thermal|test results on the con-
tainer is included.

CONTAMINANTS IN LIQUID OX|[YGEN AS RELATED TO
SAFETY IN LIQUID OXYGEN PRODYCTION AND DISTRI~
BUTION EQUIPMENT - Arrick, C. D. - Advances in Cryo-
genic Engineering 3, 218-25 (Proc. |of 1957 Cryogenic Eng.
Conf,) Plenum Press, Inc., New York (1960) Paper D-8, 1
fig 3 tab,

If suitable precautions are taken fn production and dis-
tribution there is very little hazard from the traces of com-
bustible contaminants present in liquid oxygen. However,
these contaminants could contribute|to serious fires or ex-
plosions if they are allowed to increpse to dangerous levels,
Combustible materials may get into|liquid oxygen from the
atmospheric air processed, from oil lubricated air com-
pressor, from improperly cleaned equipment, and from
equipment parts such as gaskets, pagkings, etc, This dis-

OPTIMUM DESIGN OF LIQUID OXYGEN CONTAINERS -
Arnett, R. W,, Watren, K. A, and Mullen, L, O, - Nail.
Bur, Standards, WADC TR 59-62 (Aug. 1961) Contr, AF
33(616)56-15, 235 pp 87 fig 14 tab 73 ref,

The basic parameters influencing the design of liquid
oxygen containers are considered and their design interre~
lation evaluated. Factors considered include materials,
configuration, insulation, support members, instrumenta-
tion, valves, piping, weight, evaporation loss, and acces-
sory items such as vacuum pumps and transfer hoses, Means
for evaluating and optimizing the combination of the vari-
ous factors are presented together with experimental work
conducted in areas where information was lacking, De-
scription of the design and construction of a liquid oxygen

cussion is limited to the contaminanys introduced from the
air processed in a low temperature gll; separation plant. The
bk o combustible materials in the liquid oxygen prod-

uct usually comes from this source if reasonable attention
has been paid to the other sources. It is quite practical and
desirable to keep the concentration of combustibles in lig~
uid oxygen far below dangerous levels. It is difficult and
unnecessary to eliminate them completely,

STUDY OF LIQUID OXYGEN CONTAMINATION - Bailey,

B. M., Sterner, C. J. and Vignale, V. J. - Air Products,
Inc., Allentown, Pa,, Summary Progr, Rept. No, 4 (July
1960) Contr. AF 33(616)6730, 107 pp 25 fig 12 tab 56 ref.
DDC AD 253 231,

The significance of contamination in liquid oxygen is
discussed, The three types of contaminants of concern in
this program include: (1) combustible compounds, solid or
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dissolved, which may constitute a fire or explosion hazard
to both general safety and equipment; (2) solid inert con-
taminants which may contribute to mechanical malfunction
of the propellant loading system or the rocket engine; and

(3) dissolved inert contaminants which may affect the rocket

thrust or, under certain circumstances, might interfere with
engine ignition. The major sources of contamination con-
sist of the air stream to the separation plant which produces
the liquid oxygen, transfer of liquid oxygen from the plant
to storage, and nitrogen pressurization. Nominally minor
sources include vent lines and relief valves, residual con-
tamination, and equipment deterioration. Current speci-
fications are given for liquid oxygen and equipment.

CONTAMINATION CONTROL IN LIQUID OXYGEN SYS-

B 5357340 0008439 & M
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siles. The significant sources and degree of contamination
are supplied as a background survey and the current speci-
fications for liquid oxygen and ground support equipment
are discussed. Recommendations for liquid oxygen speci-
fication and for equipment operation are presented. Sources
and mechanisms for ignition of liquid oxygen systems, fac-
tors related to solid contaminants, cleaning and purifica-
tion of oxygen equipment and handling systems, have been
included. Also as part of this contract, the contractor de~
veloped safety standards for use in high pressure oxygen and
helium gases for later incorporation in the Liquid Propellant
Safety Manual published by the Liquid Propellant Informa-
tion Agency. As part of this program, a three-month an-
alytical survey was made at Cape Canaveral and summa-
rized herein.

TEMS - Ball, W. L.
CONTAMINATION

Air Products & {"'hnml'nn'lc, Inc

IN THE PRODUCTION & HANDLING
OF CRYOGENIC FLUIPS - Smith, C. P. - Linde Company -
Jour, Am, Assoc.. Coptamination Control 3 (Aug. 1964)

pp 10-15, 19, 32. [Hor both papers listed above].

SAFETY IN AIR AND AMMONIA PLANTS - CEP Techni-
cal Manuals (Vol. 1-8), published by A,IL. Ch.E.

Includes both publjshed and previously unpublished data
on the topic of safety|in air and ammonia plants- - primarily
discussions and resumgs of past plant operating experiences
and current practices,

CORROSION EFFEQTS OF LIQUID FLUORINE AND LIQ-
UID OXYGEN ON MA[TERIALS OF CONSTRUCTION - Fink,
F. W. and White, E. |L. - Corrosion 17, 58t-60t (1961)

2 fig 1 tab 9 ref.

The corrosion behgvior of materials of construction for
handling liquid fluorife and liquid oxygen is'summarized.
This is an important matter in rocket construction. Even
though both of these glements are very, reactive, most of
the common metals are sufficiently resistant for many ap-
plications. The compatibility with these oxidizers of alloys
of iron, nickel, copppr, aluminum, magnesium, titanium,
and zirconium is discpssed. <Corrosion rate data compiled
from both published and-unpublished sources are presented.
The compatibility of OTganic materials is
also reviewed. Attention is given to the effect of initiating
rapid reactions, or burning of both metals and organic ma=
terials by compressive impact, tensile impact, friction,
wear, and other mechanisms.

S$TUDY OF LIQUID OXYGEN CONTAMINATION -
FINAL REPORT - Foster, R, H. - Air Products & Chem.,

Inc., Allentown, Pa,, Final Rept. SSD-TD 62-8 (May 1961)

Contr. AF 33(616)6730, 144 pp 31 fig 14 tab 62 ref DDC
AD 272 871.

The purpose of this study was to develop a better under-
standing of the physical, chemical and mechanical rela-
tionships involved in developing realistic parameters for
specification purposes for the application of oxygen to mis-

FIELD HANDLING OF LIQUIDBREATHING OXYGEN -
Frederick Research Corporation,~ NAVWEPS 06-30-501
(Aug. 1959) 76 pp 68 fig 4.vab 40 ref,

Personnel responsiblefor the seryicing of aircraft liquid
oxygen converter systems should be|thoroughly familiar
with the physical@nd chemical characteristics of oxygen
and with the pertinent operational instructions, The pur-
pose of this:handbook is to provide field personnel with
proper instructions for the safe and pfficient handling of
liquid oxygen, and to familiarize 41l interested personnel
with the scope of the liquid oxygen|ground support system,

IGNITION IN HIGH PRESSURE OXYGEN - Guter, M,
British Oxygen Company R&D Rept.| 1312 - (First issued
June 1950, Ministry of Supply; Re-issued Feb, 19617,
Ministry of Aviation) - DDC AD 648 612.

The objective of this work was tp determine the igni-
tion temperatures of selected matefials in oxygen at
pressures up to 250 atmospheres, and to study the influ-
ence of a number of variables on this behaviour. In addi-
tion to pressure, the main variable§ examined include
rate of flow of gas, rate of heating|the sample, effect of
prolonged storage in oxygen under pressure, oxygen con-
centration and the physical state of the sample. No at-
tempt was made to study the behavjiour of materials under
actual working conditions, or to decide if they would be
completely safe agatnst all hazards in use, This could
only be done by means of a greatly enlarged program
of research relating to the design and use of particular
items of equipment.

In view of the very large number of materials that have
been examined, a broad classification has been attempted
and the materials have been placed in the following five
groups:

I Lubricants, including thread sealing compounds.

II Natural and synthetic rubber hose materials,

III Polymers.

IV Valve seat materials.

V Metals and alloys.
The report first describes the apparatus and experimental
methods used, The results are presented and discussed in
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five separate sections relating respectively to the above
groups,

Results of other workers in this field are few and have
been found only for materials classified in sections I, IV
and V. These results and an account of the methods by
which they were obtained are included in the relevant dis-
cussion sections.

MECHANICALLY INITIATED REACTIONS OF ORGANIC
MATERIALS IN MISSILE OXIDIZERS ~ Hauser, R, L., Sykes,
G. E, and Rumpel, W. E, = Martin Co., Denver, Colo.,
ASD Tech, Rept. 61324 (June 1960 ~ June 1961) Contr,

AF 33(616)7271, 281 pp 50 fig 137 tab 8 ref,

This report presents the results of impact testing of 24

organic materials with liquid oxygen, In addition, nine of

-2 -
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much less severe strength requirements, occurs, This arti~
cle discusses corrosion behavior and mechanical properties
of metals used in handling liquid oxygen and liquid fluorine,

REACTIVITY OF METALS WITH LIQUID AND GASEOUS
OXYGEN - Jackson, J. D., Boyd, W, K. and Miller, P, D,
Battelle Memorial Inst., Defense Metals Information Center,

Columbus, Chio, DMIC Memo No, 168 (Jan. 1963) 26 pp
DDC AD 297 124, -

Since the first observation of a violent reaction in early
1959, the compatibility of titanium and its alloys with liq-
uid oxygen (LOX) has received considerable attention, Ini-
tially, laboratory investigations were primarily limited to
impact studies utilizing the ABMA impact tester or modi~
fications thereof. Later the Air Force initiated a program
The results

these materials were tested with nitrogen tetroxide, Pure to determine the mechanism of the reaction
polymers, plasticizers and antioxidants were studied an of these early studies were previously summarized in DMIC

their threshold sensitivity levels and detonation energies
were determined, Propedures and equations for calibrating
impact testing machings were developed and used to calcu~
late the rates of energy transfer into test materials, A full
record of test procedurgs is included, In addition, 18 of the
given materials in confact with liquid oxygen were subject~
ed to shear forces with|a modified Shell Four-Ball Wear
Tester to determine whether reactions could be initiated by
friction,

REACTIONS OF ORGANIC MATERIALS WITH LIQUID
OX'YGEN =~ Hauser, R, |L. and Rumpel, W, F, ~ Advances
in Cryogenic Bngineeripg 8, 242-50 (Proc. of 1962 Cryo-
genic Eng, Conf.) Plenyum Press, Inc., New York (1963)
Paper E-2, 5 fig 2 tab # ref.

This paper summaripes the pertinent results of a seien-
tific study of the natur¢ and magnitude of detonation’re~
actions involving organic materials and liquid bxygen. The
study is more complete than any available dn\current litera~
ture, Theoretical analysis and instrumeritation techniques
now permit calibrationof impact testing.machines and cal~
culation of energy trangfer rates, A number of pure poly-
mers, particularly elasfomers, were' found to be less reac~
tive than their commerfial counterparts; some plasticizers
and antioxidants were gbseiVed to propagate in liquid oxy-
gen, and none was initjatéd in gaseous oxygen,

Memorandum 89, dated March,6,) 1961,

More recently, the factofs mecesspry to promote reac-
tions between titanium andliquid of gaseous oxygen have
been studied under conditions similaf to those which would
be encountered in shissile and space [service. It is the pur~
pose of this memorahdum to summagize the present state of
the art in the light of both past and present developments,

HAZARD LEVEL OF HYDROCARBON FILMS IN SYSTEMS
CONTAINING LIQUID AND GASEOUS OXYGEN - Kehat, E, ~
Advances in Cryogenic BEngineering 1, 163-69 (Proc, of
1961 Cryogenic Eng., Conf.) Plenum [Press, Inc., New York
(1962) Paper E-4, 8 fig 1 tab 8 ref.

The object of this work was to defermine realistic stand~
ards of cleanliness in systems contaigi %liquid and gaseous
oxygen. An arbitrary figure of 4 mg/ft“ had been set by
examination of systems that had caufed no trouble in the
past. It was felt that this figure was|too low and that ex-~
perimental determination of the safe level should be made
to set such standards,

EFFEGT OF LIQUID NITROGEN DILUTION ON LOX
IMPACT SENSITIVITY - Key, C. F|, Gayle, I, B, -
NASA-George C. Marshall Space Flight Center, Huntsville,
Alabama - NASA TMX-53208 (Feb) 15, 1965), [See ].

Relative measures of detonation energies were obtained
for a number of organic materials; this information pro=
vides a safer basis for selection of materials than has been
available solely from reaction frequency data,

CORROSION IN CRYOGENIC LIQUIDS = jackson, J. D. -
Chem. Eng. Progress 57, 61~64 (1961) 6 fig 10 ref.

The large use of liquid propellants in missile systems has
brought many serious problems to the missile designer and
the materials engineer;, One important problem is the cor-~
rosion behavior of materials of construction under the vari-
ous exposure conditions of the missile and the auxiliary
equipment, In the missile, short-term exposure occurs;
however, the materials may be stressed almost to their”
yield strength, In the auxiliary equipment (such as storage
tanks, pipelines, and pumps), long term exposure, under

Spacecraft Rockets 3, n. 2, 274-76 (Feb. 1966) for sum-
mary publication, ]

An experimental investigation was carried out to study
the decrease in reactivity of materials with liquid oxygen
(LOX) that is caused by dilution of the LOX with liquid
nitrogen (LN_). A wide range of materials was selected for
testing, each of which previously had been shown to be
sensitive to impact in LOX, Tests were made with the

ABMA LOX Impact Tester using LOX/LN, mixtures ranging
in concentration from 20 percent LOX in LN_ to pure LOX,
The results showed that relatively large proportions of LN
were required to effect an appreicable decrease in reactivity;
however, all materials tested were insensitive to impact at
10 Kg-m in liquid air.
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COMPATIBILITY OF MATERIALS WITH LIQUID OXY-
GEN - Key, C. F. and Riehl, W. A. - NASA - George C.
Marshall Space Flight Center, Huntsville, Ala., Internal
Report MTP-P&VE-M-63-14 (Dec 4, 1963).

The test instrument and procedure developed by Lucas
and Riehl was used to determine the compatibility of a wide
variety of materials with liquid oxygen (LOX). This method
is based upon the tendency of materials to react with LOX
on impact and is commonly known as the "ABMA Tester”
Within the past eight years' use, over 100,000 individual
test drops have been made on approximately 1,000 different
materials.

Pertinent data from these tests have been compiled and
the findings are presented in this report. Recommendations
are made for guidance of designers and others in selection

4 fig 5 tab 2 ref - DDC AD 267 782,

This report covers an investigation of the hazards pro-
duced by the long-term storage of liquid oxygen. Possible
contamination. in the transfer process from the plant to the
storage tank was not of concern here, but only those hydro-
carbons occurring in the liquid oxygen received from the
air-separation plant.

SURVEY OF HAZARDS OF HANDLING LIQUID OXYGEN -
McCamy, C. S. - Ind. Eng. Chem. 49, No. 9, 81A-82A
(Sept. 1957) 15 ref,

With the increased industrial use of liquid oxygen, the
importance of knowing about its compatibility with other
materials is very much accented, Included in this article
are properties of liquid and gaseous oxygen, materials com-
patibility with oxygen, flammability and ignition charac-

of safe materials for Yise in oxygen systems. Materials are
discussed according t¢ the following classifications: (1) -
Lubricants, (2) Sealdnts and Threading compounds, (3)
Thermal and Electricpl Insulation, (4) Elastomers, Plastics
and Adhesives, (5) Gaskets and Packing, (6) Metals, Al~
loys and Solders, (7)(Dye Penetrants, and (8) Solvents,
Cleaning Solutions anjd Miscellaneous.

COMPATIBILITY PF MATERIALS WITH 7500 PSI OXY -~
GEN - Nihart, G. J. jand Smith, C. P, - Linde Company -
AMRL-TDR-64-76 (Qct. 1964) Contr. AF 33(657)-11686,
89 pp 43 fig 12 tab 1f ref, - DDC AD 608 260,

A research program was conducted to develop ignition
data on thread lubricfnts, thredd sealants, fluorocarbon
plastics, and metals.| Spontaneous ignition temperatures
were determined in hoth 2000 psi and 7500 psi oxygen for
all the above materidls except metals, The spontaneous
ignition temperatureq for these materials were found to be
essentially the same fn 7500 psi oxygen and in 2000 psi
oxygen. Only three pf the tested lubricamnis)are recom-
mended for possible yse in 7500 psi systems. None of the
thread sealants are rqcommended. «Glass-filled polytetra-

_fluoroethylene is usable only if tightly confined. The
relative ease of ignitjon of metals and alloys was detet-
mined by promoted ignition methods in oxygen at 7500
psi. Inconel alloy 6¢0,. brass, Monel alloy 400, and
nickel were found to have the highest resistance to igni-

teristics, etc.

OXYGEN PLANT SAFETY PRINCIIPLES - McKinley, C
and Himmelberger, F. --Ghiem. Egg. Progr. 63, No. 3,
112-21 (March 1957) 6 fig 6 tab.

Safe operation of @ir separation equipment is a subject
of growing impoitdnce because of the vastly increased rates
of tonnage oxygen and nitrogen unge by the chemical and
metallurgical industries. Much of [the large new demand is
at locations under heavy and incregsing air pollution - con-
ditions‘tequiring fullest application of present technology.
Reduction of hazards requires undegstanding, To this end,
past published data provides limitefl knowledge.

Original data developed at Air Products by controlled ex
plosion tests and solubility studies ypon combustible con-
taminants permit the formulation of new safety principles
consistent with historical findings.

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

STANDARD FOR BULK OXYGEN SYSTEMS AT CON-
SUMER SITES - National Fire Protejction Association, Rept.
No. 566 (May 1962) 8 pp.

These Standards cover the genefal principles recommend-
ed for the installation of bulk oxygen systems on industrial
and institutional consymer premise3. It covers requirements

tion and combustion among the common alloys and metals.
Of the materials tested, stainless steel and aluminum are
the least satisfactory for use at oxygen pressures of 7500
psi. A test system was constructed to evaluate the hazards
in rapidly charging a 65 cubic inch nickel-lined vessel
with high pressure oxygen. A series of rapid charging tests
up to as high as 8000 psi proceeded without incident,
Electrostatic charges measured during the charging were
negligible.

PRECAUTIONS AND SAFE PRACTICES FOR HANDLING
LIQUEBFIED ATMOSPHERE GASES - Linde Company, Div.
of Union Carbide Corp., Publication F-9888.

The purpose of this booklet is to outline the basic tech-
niques for the safe handling of liquefied atmospheric gases.

LONG- TERM STORAGE OF LIQUID OXYGEN - Little,
Arthur D., Inc. (July 1958) Contr. AF 04(647)-130, 24 pp

for bulk oxygen systems including design, location, opera-
tion and maintenance. The Standards do not apply to oxy-

- gen manufacturing plants or other establishments operated

by the oxygen supplier or his agent for the purpose of storing
oxygen and refilling portable containers, trailers, mobile
supply trucks or «ank cars.

COMPATIBILITY OF MATERIALS WITH LIQUID OXYGEN-
Peckham, H. M. and Hauser, R. L. - Advances in Cryo-
genic Engineering 4, 26-46 (Proc. of 1958 Cryogenic Eng.

Conf.) Plenum Press, Inc ., New York (1960) Paper A-3, 6
fig 1 tab.

Insuiing the compatibility of materials with liquid oxy-
gen has been a problem with the missile industry from the
first use of LOX in propellant systems. Many materials are
compatible under static conditions; however, when they
are: used in missile systems where dynamic or shock produc-
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ing conditions are ever present, a severe hazard of detona-
tion exists, The cryogenic industry has been aware of this
problem for some time, although the study to date has been
restricted to solving the immediate problems of producing
and transporting the fluid,

The first active study of the compatibility problem in
the missile industry was focused on lubricants, Investiga~
tions began in early 1957 when it was found that most com-
mercial lubricants were impact sensitive in combination
with LOX,

This paper reviews the application of (compatibility
tester) standards to a test apparatus constructed for the Ma-
terials Engineering Laboratory at Mastin-Denver and pre-
sents results of (materials comnpatibility) tests conducted by
Martin-Denver and others,

B 2357340 0008842 & WM

vestigated by impact, shock, puncture, and spark sensitiv-
ity testing, Punctures resulting from bullets, darts, pins,
or artificial meteoroids usually caused explosions. Coat-
ings which reduced titanium reactivity in impact or shock
tests were not beneficial under puncture conditions, Alu-
minum and stainless steel failed to react on impact or punc~
ture, )
The shock stimuli produced by small detonator caps alone
were sufficient to initiate explosive reaction of titanium in
contact with oxygen. An extremely heavy shock was neces-
sary to cause aluminum to react under the same test condi-
tions, and stainless steel did not react under the most drastic
shock conditions employed. The titanium/oxygen com-~
bination is considerably more susceptible to spark initiation
than aluminum/oxygen. A comparatively high energy spark
was necessary for reaction of 0,010~inch-thick sheets of ti-

THE DESIGN AND OPERATION OF
eynales, G. H. - Douglas Aircraft
18 (Jan 1959).

SAFETY ASPECTS
OXYGEN SYSTEMS ~
Co., Eng. Paper No,

COMPATIBILITY QF MATERIALS WITH OXYGEN -
Reynales, C. H. - Dopglas Aircraft Co., Rept. D81-444
(Oct, 1958) 78 pp 26 tef.

The contents of thi$ report represent the result of a rapid
survey made to meet gn immediate need for general infor-
mation on the behavior of oxygen in conjunction with the
materials used in the gonstruction of WS-315A, ground sup-
port equipment. The study covers the review of technical
literature, test reports|and unpublished data concerning the
behavior of gascous and liquid oxygén,

SELECTION OF LUBRICANTS AND THREAD COM-~
POUNDS FOR OX'YGEN MISSILE SYSTEMS - Reynales, C.
H. - Advances in Cryqgenic Bngineering 6, 117-29 (Proc.
of 1960 Cryogenic Eng} Conf.) Plenum Press,“Inc., New
York (1961) Paper B-6{ 84 fig 7 tab,

The missile industry has been concerned from the be-
ginning about the presgnce of lubricants in oxygen systems
because the use of sonmje of these(compounds may lead to
burnouts and to disastrus explosions, This brief study aims
to analyze the reasons|behind the special role played by
these compounds in missile‘oxygen systems and to find
means of reducing the
by evolving criteria for selecting safe compounds.

REACTIVITY OF TITANIUM WITH OXYGEN - Riehl,
W. A,, Key, C. F. and Gayle, J. B. -~ NASA - George C.
Marshall Space Flight Center, Huntsville, Ala, Internal
Report MTP-P&VE~-M-62~13 (Nov. 80, 1962).

The reactivity of titanium with oxygen was studied by
several test methods and under a variety of conditions as~
sociated with space vehicles,

Titanium is highly sensitive to impact in contact with
LOX, and this method was used to study the effects of sur-
face treatments, coatings, and numerous other factors upon
the reactivity. 'The comparative reactivities of titanium,
aluminum, and stainless steel alloys with oxygen were in-

tanium with oxygen.

Under the particular test.conditigns used, titanium was
insensitive to reaction with oXygen when subjected to vib-
ration, pressure cycling, ‘or to rupture with pressurization
of thin-walled tanks containing LOX|,

IGNITION OF METALS IN OXYGEN - White, E. L. and
Ward, J. J. =\Battelle Mem. Inst., [Defense Metals Inform,
Center, Columbus, Ohio - DMIC Memo, No, 224 (Feb. 1,
1966)65/pp 12 fig 13 tab 46 ref.

The report deals with the ignitioh of metals in oxygen
and oxygen-containing atmospheres| The ignition of metals
is reviewed from the viewpoints of (a) methods that have
been used to study behavior, (b) exgerimental values that
have been obtained, and (c) the stagus of theories that per-
mit the calculations of ignition temperatures. A number of
experimental methods have been us¢d to determine the
ignition temperature of solid metals and alloys in oxygen
gas, air, various mixtures of inert gpses with oxygen, and
liquid oxygen, In addition to the input of energy from heat
sources, the effects of electrical-energy input, and various
types of mechanical-energy input on the ignition tempera-
ture have also been reported, Experimental values of
ignition temperature are discussed for alloys of titanium,
aluminum, copper, nickel, iron, cobalt, magnesium, tin,
and lead; stainless steels, silver and|silver solders, and other
metals and alloys are also discussed.

SAFETY IN THE USE OF OXYGEN - Voit, R, - Linde
Ber, Tech. u, Wiss. 9, 46-55 (Sept. 1960) 10 fig,

This paper discusses the three following tasks undertaken
by the author's company:

1, The investigation of the dangers concomitant with:
the liquefaction of air and the fractionation into its con-
stituent parts. :

2. Determination of the causes of burns and injuries to
attendants in oxygen plants, - there being no simultaneous
injury to the plant - and the elimination of these accident
possibilities.

3. Investigation of the causes of fires and explosions at
oxygen valves, lines and plants, and their elimination.
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SAFETY ENGINEERING AS APPLIED TO THE HANDLING
OF LIQUEFIED ATMOSPHERIC GASES - Zenner, G. H. -
Advances in Cryogenic Engineering 1, 291-95 (Proc. of
1954 Cryogenic Eng. Conf.) Plenum Press, Inc., New York
. (1960) Paper H-5, 4 fig.

In the development of the present laige-scale production
and distribution of liquefied atmospheric gases many unusu-
al hazards were encountered. The following discussion is
intended to clarify these hazards and to outline some of the
means used to overcome them.
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PHYSICAL PROPERTIES OF LIQUID OXYGEN

PROPERTY VALUES OF OXYGEN
AT SELECTED CONDITIONS

Nomenclature and Conditions

TP = Triple Point b. The Advisory Committee on Thermometry of the

NBT = Normal Boiling Temperature (and 1 atm.) . Intemational Committee on Weights and Measures has

NTP = Normal Temperature and Pressure agreed on 90,17°K as the present most probable value of
(70°F, 14,17 psia) thermodynamic temperature for the normal boiling point

273.15°K* = 0°C = 32°F = 491,67°R of oxygen; see Brickwedde, F. G,, "International Practical

Temperature Scale, " Physics Today 16, 24-26-(1963).
The term "mole" as used here means "gm-mole, "
c. C_(vapor) could be used here.
L4

NBT.
a, Calculated from| density of the liquid and dP/dT of T
fusion line by the Clapgyron equation, d. Vahie taken at 90°K(-297.6%7°F).
*Changes have been|made to correct data to this scale
where necessary.
Property Values ¢f Oxygen at Selected Conditions Property'Values of Oxygen at Selected Conditions
Property. Yalue Reference Property Value Reference
Molecuiar Weight . 31,9988 1 Molecular Weight ) 31.9988 1
. Temperature, *K 54.353 2,3 R Temperature, 'F -341,83 2,3
Triple Triple
Point Pressure, hm Hg 1.-14 2,3 < oX: | Pressure, paja 0, 0220 2,3 -
. Solid 0.0430 Density, | Solid 5.9
Values Density, 1 touid 0.0413 4,5 Values lb/fts Liquid 2.5 4,5
mole/cc Vanor 0. 000000336 4,5 Vapor 671 4,5
Normal ™) 'K 90.180 2,3 Normal Temperature (Ty), *F |-297.35 2,3
Bailing Density, L ianid 0.03565 5, 6,22 Botling Density, Liquid 1.2 5, 6,22
Values mole/cc Vapor 0.0001396 522 Values 1b/ft Vapor 0.2789 5,22
|_Temperature, *K 154. 77 2,3 Critical |_Temparature, *F -181.08 ] 2,3
Critical ‘ o L8109 2,3 Values Pressure, psia 736,90 2,3
Values Density, m!le/cc 0,013333 3,22 Density, 1b/is> 26.63 3,22
One Liter Weight, kg 1. 141 6,22 ?fi‘e uglag?gn Weight, 1b 9.520 6,22
Liquid (NBT)| Volume of | NBT | 2554 6,22 Bautvalonts Volums of | NBT | 34.15 6,22
Equivalents | Gas, liters NTP | gé60:) 4,6,2 gas, ft NTP ] 115.1 4,6,2
3 Y 255.4 6,22 : Equivalent Volumes of Gas | NBT | 295.4 6,22
Her Velume of Ligeid (0% | NTP [ g6 1 r 62 per Volume of Liquid (NBT) [ NTP ‘sjto 1 46,2
Heat of Fusion, Gal/mole TP 106.3 | 4,7,8 |_Heat of Fyeion. Btu/lb TP |§.976 41,8
Heat of Vaporjzation, Gal gFole NBT | 1630.9 5,7,22 |_Heat of Vaporization, Btu/lb NBT | 91.738 5,7,22
c Solid 1 TP 11.1 5,8 c _Solid TR 0. 346 5,8
s | _Liquid NBT 13:0 5.8 $——Liquid NBT 0.405 58
Specilic _Vapor NBT ¢ Specific Vapor NBT ¢
Heat Liguid NBT. .17 d 9 Heat | Liquid NBT 0.24 9
S | Vapor NBT 5.0 A 10,11 . ¢, Vapor NBT 0.16 10,11
Cal/mole-*K Gas NTP 5.03 2 Btu/lb-*F Gas NTP | 0.157 2
c [Hdauid  NBT 13.0 6,8 o (Hdauid NBT 0.406 68
P | vapor NBT 7.1 4 11 P | _Vapor NBT 0.22 11
Gas NTP 7.03 2 . Gas NTP. 0,220 2
Specific EP_ | Liquid NBT | 1.69 68,9 Specific S | Liquid NBT 1. 69 6,8,9
Heat S |Vapor NBT 1.42 10,11 Heat & |-Vapor NBT 1.42 10,11
Ratio ¥ | Gas NTP 1.40 2 Ratio v | Gas NTP | 1.40 2
Thermal Liouid _NBT 0.0003575| 12,13 Thermal Liquid NBT 0.08643 12,13
- Conductivity Vapor NBT 0.00001934 14 Condu;(:tivi ¥ Vapor NBT 0.004666 14
Calfem=gec-"K Gas NTP 0.0000626] 15,14,2 Btu/hr-it-*F Gas NTP 0,01515 15,14, 2
Viscosity | Liquid NBT 0.00190 16,17,21 Viscosity Liquid NBT 0.190 16,17, 21
M Vapor NBT 0.0000692] 18,19,13 " Vapor NBT 0. 00692 18,19,13
Gm/cmesec Gas NTP 0.000203 {15,13,2,20 Centipcise Gas . NTP 0.0203 15,13,2,20

Distributed under license from the IHS Archive



https://saenorm.com/api/?name=36047d1beca9be339016cf65ed2d617e

SAE AIR*839B L9 EE 8357340 0008845 1 W&
- 99 -

REFERENCES ON THE PHYSICAL
PROPERTIES OF LIQUID OXYGEN

1. TUPAC Revises Atomic Weight Values. Chem. Engr.
News 387, 42-43 (Nov. 20, 1961)

2. Hilsenrath, J. (Editor) - Tables of Thermal Properties
of Gases. Natl, Bur. Standards Circ, No, 564 (1955)

3. Hoge, H. J. - Vapor Pressure and Fixed Points of
Oxygen and. Heat Capacity in the Critical Region. J. Res,
Natl. Bur, Standards 44, 321-45 (1950)

4, Stewart, R. B. - Private communication (March 1966)

5. Mullins, J, C., Ziegler, W. T. and Kirk, B. 8. -

The Thermodynamic
100°K, Georgia Inst
Rept. No 2 (March 1

6. Van Itterbeek
Liquid Oxygen as a K
Cryogenics 1, 77-80

7. Mullins, J. C
The Thermodynamid
100°K. Advances in

Properties of Oxygen from 20° to
D62) Contr. No, CST-7339
A, and Verbeke, O. - Density of
unction of Pressure and Temperature,

(1960)

. Ziegler, W, T. and Kirk, B. S. -
Properties of Oxygen from 20° to
Cryogenic Engineering, Vol. 8,

Plenum Press, New 7
8. Giauque, W.

Capacity of Oxygen

Heat of Vaporizatior

ork (1963), pp. 126-34

F. and Johnston, H. L. - The Heat
from 12°K to its Boiling Point and its
. The Entropy from Spectroscopic

Data, J. Am. Chem. Soc. 51, 2300-21 (1929)

9. Van Itterbeek
Some Cryogenic Liq
vances in Cryogenic
New York (1964), pf

10, Van Lammers
and Specific Heats o]
Communs, Kamerliq
No. 776 (1935)

11, Van Itterbeek, A. and Van Paemal, O. - Measure-

ments on the Velocif
Oxygen Gas at Liqui
593-603 (1938).

A. and Van Dael, W, - Properties of
ids from Velocity of Sound Data. Ad-
Engineering, Vol. 9, Plenum Press,

. 207-16

n, J. A. - Second Virial Coefficient
f Oxygen. Physica 2, 833-39 (1935),
gh Onnes Lab. Univ,-Leiden, Suppl.

ty of Sound as)Function of Pressure in
| Oxygen Temperatures. Physica 5,

12, Ziebland, H,

and-Burton, J. T. A. - The Thermal

Conductivity of Liqulid apd Gaseous Oxygen. Brit, J. Appl.

Phys. 6, 416-20 (1955)

13. Thermophysical Properties Research Center Data
Book, Vol. 2, Nonmettalic Elements, Compounds and Mix-
tures. Thermophysical Properties Research Center, Purdue
University, Lafayette, Indiana (1964)

14. Johnston, H, L. and Grilly, E. R, -~ The Thermal
Conductivities of Eight Common Gases between 80° and
380°K, J. Chem. Phys. 14, 233-38 (1946)

15, Childs, G. E. and Hanley, H. J. M. - The Viscosity
and Thermal Conductivity Coefficients of Dilute Nitrogen
h. Note No. 350

(Oct. 1966)

16, Johnson, V, J. (Editer))=" Al Compendium of the
Properties of Materials atlow Temperatures (Phase I).
Part I. Properties of Fluids. Natl, Bur. Standards, Cryo-
genic Engr. Lab., WADD Tech. Rept, 60-56 (1960)
WADD Contr. No; AF 33(616)-5814

17. Rudenko;/N. S. and Shubnikov, L. W. - The Vis-
cosity of Liquid Nitrogen, Carbon[Monoxide, Argon and
Oxygen‘and its Dependence on Temperature. Physik Z.
Sowjetunion 6, 470-77 (1934) -

8. Keyes,- F. G. - A Summary of Viscosity and Heat
Conduction Data for He, A, H2, » Npg, CO, COy,
HoO, and Air. Trans. Am. Soc. [Mech. Engrs. 73,
589-96 (1951)

19, Johnston, H, L. and McCldskey, K. E. - Viscosities
of Several Common Gases Betweeg 90°K and Room Tem-
perature. J. Phys. Chem. 44, 108-58 (1940)

20. Wobser, R. and Muller, F.|- Die innere Reibung von
Gassen and Dampfen und ihre Mesjung im Hoppler -
Viskosimeter.- Kolloid Beihefte 53, 165-276 (1241)

21. Van Itterbeek, A., Zink, H. and Van Paemel, O. -
Viscosity Measurements in Liquefipd Gases. Cryogenics 2,
No. 4, 210-11 (1962)

22, Stewart, R, B, - The Thermodynamic Properties of
Oxygen. Univ. of Iowa, Iowa City, Ph.D. Thesis
(June 1966)

Distributed under license from the IHS Archive


https://saenorm.com/api/?name=36047d1beca9be339016cf65ed2d617e

SAE AIR%839B kL9

W 8357340 000884L 3 mK

- 30 -
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Quantity -distance relationships fof the storage and use
1. HAZARDS of hydrogen have been prepared and published by the U. S,

1.1 Health - The h
arise from its very low
gas can exclude oxygen
liquid, or cold gaseous,

alth hazards of liquid hydrogen
mperature and the fact\that the
thus causing asphyxiation, If
hydrogen contacts the skin, dam-
result. The-extent of such dam-

d parts in tepid water. Extensive .

burns require prompt medical attention.

Dept. of Defense, Air Force, Navy,|Compressed Gas
Association, Bureau of Mines, National Fire Protection
Association, U.S. Air Force and othdrs; however, to date,
general acceptance for any one of these guides has not
been achieved. Each requirement, therefore, should be
examined and evaluated with current|information from the
above sources in mind, and with the inderstanding that
only the best engineering judgment if good enough to make
necessary decisions in this matter.
- 1.2, 2 Control - The most effectiye control of hydrogen
fires is the shutting off of the supply, | Equipment should be

1,2 Fire,

1.2.1 General - An unconfined mixture of hydrogen and
air will burn but not detonate if it is exposed to a limited
ignition source such as a spark. In confined areas or when
ignition is accomplished by a shock source, equivalent to
a blasting cap or a small explosive charge, a detonation,
or an explosion of the mixture can occur. A hydrogen flame
has one-tenth the radiation effect and one-tenth the dura-
tion of hydrocatbon fuels such as gasoline and kerosene,
When no impurities are present, hydrogen burns in air with
an invisible flame. Hydrogen-air mixtures containing as
little as 4 percent or as much as 74 percent hydrogen by
volume are readily ignited. Hydrogen-oxygen mixtures
are flammable over the range of 4 to 94 percent hydrogen
by volume.

designed for effective control and isolation in case of fail-
ures. Fires from hydrogen gas can be controlled effectively
with the common extinguishing agents such as water, carbon
dioxide and steam. It should be remembered, however,
that if hydrogen flame resulting from leaks are extinguished,
hydrogen will continue to leak and form a cloud of com~
bustible gas which may explode if ignited. Where large
spills occur, vacate the area at least 400 ft radius from the
source. It should be emphasized that the outer limits of
the flame, or fire, cannot generally be secen. If leaks oc-
cur in enclosed areas, care should be exercised to eliminate
ignition possibilities, and adequately ventilate before en-
tering,

1,2, 3 Prevention - The followingsources of ignition must
be eliminated to prevent the occurrence of fires:
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- smoking, welding, or open flame

shall be prohibited when hydrogen is being processed:

2. Electrical Equipment ~ all electrical equipment
must be of the explosion-proof type or must be purged con-
tinuously with an inert gas.

3. Metallic Sparks - all handling tools should be of the
spark resistant, non-ferrous type or should be covered with a
non-conducting material.

4, Static Electricity - all equipment must be properly
grounded, and the use of conductive floors and shoes is rec-

ommended.
1.3 Explosion.
1.3.1 General -
but if contaminated

Liquid hydrogen is not in itself explosive
with oxygen it is unstable and an ex-

plosion is likely to occur. The liquid is hazardous, how-
ever, because the gas is always present due to evaporation.
An explosive hazard =

is completely or parfially confined. Such a mixture will
propagate a detonatjon wave when initiated by an explo-
sive. A deflagation| will occur when this mixture is ignited

from a spark ‘source,

cause serious damagp.

oxygen enriched sol
ent, Pressure rup
when the liquid is h
ation. Hydrogen c
temperature rises a

regardless of confini

between valves can
loss of refrigeration
the pressure is not r
hydrogen does not p
orates and mixes wi

certain mixtures are

very high rate of fl

1. 8.2 Preventio

However, either type of ignition will
Explosive hazards also exist when
d air or when strong oxidizers are pres~
, with severe consequences, can occur
1d in a closed system with no refriger-
ot be maintained as a liquid if its
ve the critical temperature (-400 F)
g pressure. Liquid hydrogen trapped
ause violent rupture of the pipe while
an cause a storage tank to rupture if
lieved by suitable devices, Liquid
resent a detonable hazard when it evap-
[h air in an unconfined space, . although
subject to rapid combustien with a
e propagation.
p - All sources of ignition shall be kept

away from areas where liquid hydrogem is-being stored or
handled. This meaps no smoking, fise.of approved explo-

i

to become brittle. The low temperatuse also constitutes a
freezing hazard to personnel who come into direct contact
with the fluid or any unprotected equipment, However,

the most serious hazard associated with the use of liguid
hydrogen is the danger of fire or explosion. Liquid
hydrogen is extremely volatile; the flammable and detona-
tion limits of gaseous mixtures of air and hydrogen are wide;
and the potential energy release per pound of reactants is
very large. All operations involving the handling of liquid
hydrogen shall be performed by two or more persons working
in a group Trained supervision of all potentially hazard-
ous activities involving liquid hydrogen is essential.

2. 2 Personnel Education - The following subjects shall
be explained to all personnel concerned with liquid hydro-
gen handling, transfer, and storage:

(a) Nature and properties of hydrogen in both the liquid

(b) Approved materials which gre compatible with liquid
hydrogen.

(c) Proper equipment.and its operation.

(d) Use and care of protective equipment and clothing.

(e) Safety, self-aid, and first-pid instructions.

2. 3 Personal Protection - The principal hazards associ~
ated with the“handling of liquid hydrogen are fire and the
extremely Jow temperature of the liquid.

For hand protection, gauntlet type gloves which can be
easilyand rapidly removed are satfsfactory, These gloves
mady be either of asbestos or chronie leather with an inner
liner of impermeable material. Fpr protection of the feet,
leather shoes which can be readily|removed should be used.
These can be high ‘top or low top; |the choice depends en-
tirely on the area in which the indfvidual will be working.
If high top boots are used, pants lggs will be outside the
boot tops. Where soles of shoes hdave been exposed to the
liquid, the footwear should be removed immediately to
prevent delayed frostbite,

Head and face protection requifes the use of acid-type
goggles or a face shield to stop sp,iLshes. Flame-resistant

sion-proof electrical equipment where available and proper
grounding of equipment to renlove static electricity. Vent-
ing of hydrogen vapprs should be accomplished at a remote
location and storagg tanks_and other containers should be
kept under positive pressure to insure that air does not enter

and static-free clothing should be

worn by personnel work-

ing with liquid hydrogen because gf the fire hazard.

Respiratory protection is not reg
possibility of asphyxiation in-close
nized, The use of oxygen breathi

juired; however, the
d areas should be recog-
g equipment in a hydro~

the system. An "Underwriter Approved” automatic device
for detecting hazardous concentrations of hydrogen should
be installed where appropriate, Pressure rupture of mate-
rials can be avoided by the proper use of pressure relief
valves and blow-out discs. Pressure gages should also be
used for system monitoring. Enclosures of any type that
would allow trapping of hydrogen should be either elimin-
ated or ventilated. Careful pressure and leak testing of
all lines should occur periodically,

2. SAFETY MEASURES

2.1 General - Liquid hydrogen is difficult to handle be-
cause of its low temperature, which causes many materials

gen atmosphere will create an exp
avoided.

3. TRANSFER AND STORAGE

losion hazard and shall be

3.1 General - Liquid hydrogen must be stored in con-

tainers (either fixed or mobile) of
rials, and construction.

approved design, mate-

Storage, transfer, and test areas must be kept neat and

free from combustibles.
frequently.

These areas must be inspected

An adequate water supply or fire éxtinguishers must be
available for combating fires (of combustibles other than
hydrogen). Approved deluge-type personnel showers should
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immediate use in an emergency.

3.2 Materials - The ability of materials to maintain
satisfactory physical properties and to withstand thermal

stresses caused by large
importance.
3.2, 1 Meccals - The

temperature changes is of prime

ferrous alloys, except the austenitic

chromium-nickel alloys, lose their ductility when subjected

to the low temperatures

of liquid hydrogen and depending

on their form and the application to which they are applied
théy may become too brittle for use with liquid hydrogen.
Metals suitable for this service are aluminum, copper, nick-
el, and most of their alloys, as well as the "300 series"
austenitic stainless steels.

3.2.2 Non-Metals - Several of thé non-metals suitable
for use with liquid hydrogen are Teflon, Kel-F, Dacron, Nylon,
Mylar and Micarta, The most commonly used insulating

materials for cryogenic

application (with due recognition

working, High strength steels are particularly susceptible
(no failures having been confirmed in steels with ultimate
tensile strengths below 94, 000 psi).

3) This form of embrittlement only occurs within about
100 C of ambient temperature.

4) Embrittlement reduces ductility of the material, but
this is recovered upon removal of the hydrogen.

5) The problem is alleviated or dismissed by substitu-
tion of non-embrittling (e, g., non-ferritic, non-cold-
worked) materials for the undesirable ones, if possible, or
by imposing non-permeable, barrier coatings or liners
between the hydrogen and the sensitive or susceptible
material,

As a final note, the present state of understanding of
the several phenomena gathered under the heading of hy-
drogen embrittlement is incomplete, Various reports and
recent reviews on the subject are available from such

being given to the clasch high-vacuum insulation) are ex-
panded perlite, silica aprogel, diatomaceous earth, fiber-

glass, polystyrene and p
balsa and asbestos.
3.2,3 Hydrogen Em

olywrethane plastic foams, cork,

brittlement - Although it is not

considered generally to
hydrogen embrittlemen
able phenomena which
equipment must considg

be a cryogenic problem, the term
describes any of several undesir-

users of hydrogen gas handling

r in any serious, comprehensive

safety analysis, Such ¢
small Bourdon tube in

quipment may range from the
hydrogen gas measuring pressure

gage to a very large high pressure hydrogen gas storage
cylinder in a multi-million standard cubic feet tank farm -

either or both items pos
a liquid hydrogen produ

Of the various ways
metallic structures or ¢
mary importance to thi

ibly being used in conjunction with

n which hydrogen may embrittle
bmponents, the mechanism of pri-
discussion is the hydrogen-in-

duced delayed brittle ﬂEcture of high strength)structural

steels at relatively low
as hydrogen-stress cracl
tioned items as typical
cited where ferritic Boy
have burst at pressures
whereas prior testing to

pplied stresses -~ otherwise known
ting, Using the-previously men-
examples, ~instances have been
rdon tubes eontaining hydrogen

s low{as, one-tenth full scale,

other fluids proved uney
(5000 psi) gas receivers

the rated full scale pressure with

failed (cracked) in hydrogen gas

service well below the design pressure after initially pass-

ing a 7500 psi hydrostat

ic proof test, whereas high pressure

nitrogen gas receivers of the same manufacture for the
same pressure duty experienced no problems in this regard,

It is not the purpose

of this section to present a treatise

on the subject of hydrogen embrittlement, Rather, the
intent is to state the problem (above), summarize perti-
nent observed facts concerning the matter, and suggest

certain solutions, The
obvious solutions are:
1) Embrittlement to
common in the austenit
the ferritic steels under

observations and some of the more

any appreciable depth is un-
ic stainless steels; it is common in
the right conditions.

2) Embrittlement increases with hardening or cold-

ction, test, or rocket launch facility.

places as the Battelle Memorial Institute, and the reader
is referred to these research and ‘information centers for
more specific knowledge.

3.3 Equipment - Liquid,hydrogen
shall be degreased by washing with app:
solvents before being used. Equipmept taken out of service
for maintenance 6r modification shall be inspected and
cleaned before being returned to service,

* Liquid ‘hydrogen may be stored|in either fixed or mo-
bile tanks, of approved design and malerials, Storage and
shipping containers designed for non-cryogenic service shall
not e used in this service. Storage fanks shall be proof-
tésted prior to service in accordance [with the provisions of
applicable ASME, ASTM, or ICC spgcifications for pres-
sure vessels, Gontainers for shipment, storage, and trans-
fer of liquid hydrogen should be fabricated in accordance
with the physical and structural requifements dictated by
the use for which they are intended, |Pressure relief de-
vices (valves and/or rupture discs) mtst be provided to pro- |
tect all compartments from overpresspire failure,

handling equipment
ved grease-removing .

"The general conditions applicable]
plicable to pipes and fittings,

3.4 Transfer Procedures ~ Prior tq transferring liquid
hydrogen from one container to anothfer, all hose adapters,
couplings, transfer lines and accompanying equipment shall
be inspected for cleanliness. Connegtor O-rings shall be

OF CTacks or other sighs of damage and replaced
when necessary; these seals should be lightly coated with
silicone vacuum-grease,

After inspecting the area to determine if it is safe to
commence transfer operations, hose fittings are connected
to the respective container counterparts and checked for
proper seating and tightness. Static grounding cables shall
always be used, between both the transfesring vehicles and
strategically located ground rods, in transfer and storage of
liquid hydrogen,

The system should now be put through a sequence of
evacuation and purge cycles - initially with an inert gas
such as dry nitrogen and then with hydrogen. The first
cycle may also be used as a means of detecting and cor-~
recting leaks. Alternate cycles of hydrogen pressurization
and vented depressurization are, upon occasion, also useful

to tanks are also ap-
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in reducing system gas contamination to an acceptable level
when evacuation is impossible or impraci:ical. After the
system has finally been charged with hydrogen, it should be
maintained at slight positive pressure to prevent infiltration,
or inward diffusion, of undesirable fluids (air, water, etc.).

Upon completion of the transfer, the system may be
"inerted" by permitting, or causing, it to warm above the
liquefaction temperature of nitrogen, followed by an ade-
quate number of evacuation and nitrogen gas purge cycles.
Again it is to be left under slight positive pressure, and con-
sideration must be given to subsequent warming of the con-
tained gas with resultant pressure rise.

If the lines are to be disconnected upon completion of
the transfer operation, disregard the preceding paragraph.

Close valves on both fer line by
opening an appropriafe relief valve. After disconnecting
the line, dust caps aje to be replaced and exposed sections

of other connectors cpvered, insuring that dirt, moisture or
other foreign matter pannot get into the hose and ultimately

SAFETY ASPECTY OF LIQUID HYDROGEN - Allan,
D. S. - Little, A:th\P D., Inc. - Society of Automotive

Engineers Paper No. P94B (Jan. 1965) 5 pp 3 fig 5 ref.

The results of both research and practical experience
that have provided a|working basis for the safe storage’and
handling of liquid hyflrogen are reviewed. The hazards in-
volved in the use of Yiquid hydrogen, including those re-
lated to both its cryogenic characteristics@nd its reactivity
with air, are discussqd. General recommendations are
made as to precautiopary measureswiich shall be con-
sidered in the design|and operationof liquid hydrogen
facilities.

TEST EQUIPMENT AND PROCEDURES USED IN THE

BIBLIOGRAPHY.

into the liquid hydrogen.
Several approaches have developed on the subject.-of
venting hydrogen gas. One constitutes deliberate burning
or flaring of the escaping gas, while the other involves
venting without burning. A certain degree of hazard exists
in both cases, however, and the final choice rests with con-
ditions existing at the facility - flow rates, location of vent
stack, solid contaminant concentration level in vent gas,
etc. If the gas is flared, provision must be made t prevent
flashback down the stack; if it is not flared, reasonable as-
surance should exist that ignition will not occur due to elec-
trostatic phenomena. One means of preventing a flow of
air down the stack during periods of minimum, or no, vent-
ing is to provide a continuous nitrogen purge up the stack.
When possible, and economically feasible, it is desirable
to recover the gas, which would otherwise be discharged to
atmosphere, by collecting it-in gafholders and compressing
it to high pressure storage.

HAZARDS OF LIQUID HYDROGEN IN RESEARCH AND DE-
VELOPMENT FACILITIES - Atlantic Research Corporation,
Alexandria, Va,, ASD-TDR-62-1027 (Dec. 1962), Contr.
No. AF 33(657)-8952, 75 pp 1 fig|4 tab 27 ref.

It is the objective of this repori to establish the hazards
associated with the use of liquid hydrogen in research and
development facilities, and to review the applicable tech-
niques of hazard prevention and cqntrol. For this purpose
the physical and chemical propert]es of hydrogen have been
summarized with emphasis on the felation of these proper-
ties to combustion and detonation processes, and informa-
tion has been collected on experiefices and practices in
numerous facilities. Hazards comprise the possibility of
pressure rupture of containers, initEation of flammable mix-

tures formed by release of hy due to vessel failure or

DEVELOPMENT OF LIQUID UXYGEN = HYDROGEN ROCKET
ENGINBS - Anschutz, R. H. - Advances in Cryogenic Engi-
neering 5, 62-8 (Proc. of 1959 Cryogenic Eng. Conf.)
Plenum Press, Inc., New York (1960).

The development of rocket engines utilizing cryogenic
fluid propellants involves many specialized tests and the
use of much specialized test equipment. This is particular-
ly true where one of the propellants used is liquid hydrogen
with its extremely low temperature and wide flammability
limits. Pratt & Whitney Aircraft is currently developing for
the Air Force under NASA direction the XLR 115 liquid oxy=-
gen-liquid hydrogen rocket engine. This paper discusses
some of the test equipment and procedures which are being
employed in the XLR 115 engine development program at
the Florida Research and Development Center near West
Palm Beach, Fla.

other causes, and explosion of hydrogen and contaminating
oxygen under cryogenic conditions. It is shown that the
theory of chemical reaction provides a complete understand-
ing of the combustion and detonation characteristics of hy-
drogen-oxygen systems and defines the chemical and phys-
ical requirements for inhibition and control of combustion
and detonations. Experiences and practices in research and
development facilities have been analyzed, general safety
procedures have been suggested and subjects warranting fur-
ther investigation have been determined.

HYDROGEN - Atomic Energy Commission, Washington,
D. C., Safety & Fire Protection Bull. No. 5 (Aug. 1956)
10 pp 3 fig 16 ref,

The Atomic Energy Commission and its contractors have
experienced a number of serious accidents involving hydro-
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gen gas. These have included, variously, hydrogen cooled
equipment, by-product hydrogen, hydrogen generated as a
result of water-metal reactions, process hydrogen, and the
pressure~testing of hydrogen containers, This bulletin cov-
ers properties, uses, handling and explosion characteristics
of gaseous and liquid hydrogen, and provides various listings
of precautions and safe practices to be observed in working
with hydrogen.

HAZARDS DUE TO HYDROGEN ABOARD A SPACE
VEHICLE - Caras, Gus. J. - Redstone Scientific Information
Center Rept, 291 (Sept. 1964) 17 pp 28 ref,

This bibliography consists of 23 annotated references on
the subject of hazards to space vehicles as a result of hydro-
gen leaks, The references treat such topics as hydrogen-
leak detection and suppféssion o
the subject of hydrogen [safety is rather broad, an attempt
was made to include on}y those references which were re-
lated in some way to safety of space cabins or similar
compartments,

HYDROGEN - Complessed Gas Association, Inc.,, New
York (1955) Pamphlet G-6 15 pp 3 fig.

This pamphlet is ong of a series of publications compiled
by the Compressed Gas [Association, Inc. to satisfy the de-
mand for information rdlative to the transportation, handl-
ing and storage of comyressed gases.

In this pamphlet an attempt has been made to present
general information regprding the characteristics of hydro-
gen and its handling.

TENTATIVE STANDARD FOR LIQUEFIED HYDROGEN
SYSTEMS AT CONSUMER SITES - Compressed Gas Associa-
tion, Inc., New York -|Pamphlet G-5.2T (Aug. 1965),

8 pp 2 tab,

This standard covers [the general principles-tecommended
for the installation of lifguefied hydrogen systéms on con-
sumer premises.

A STUDY OF THE HAZARDS IN-THE STORAGE AND
HANDLING OF LIQUID HYDROGEN - Cassutt, L. H.,
Maddocks, F, E. and Sgwyer,"W. A, - Advances in Cryo-
genic Engineering 5, 54 enic Eng

This paper summarizes the results of an experimental
program to investigate the potential hazards of static charge
generation and accumulation in well-grounded liquid hydro=
gen storage and transfer systems. Results of previous inves-
tigations of hydrogen hazards indicate that, because of the
very low ignition energy requirements and wide range of
flammability for mixtures of hydrogen and air (or oxygen),
extreme care must be taken to remove all possible ignition
sources from hydrogen facilities. The elimination of static
electricity as an ignition source, however, required greater
knowledge than was available concerning the conditions
governing its occurrence in liquid hydrogen service.

PROPERTIES OF LIQUID HYDROGEN - Corruceini, R,
J. - Paper presented at meeting of International Institute
i i ‘ . rnoble, France (June
8, 1965) 53 pp 14 fig 6 tab 64 refl

In this paper a survey is made of the available know -
ledge of those physical propéfties of [liquid hydrogen that
are of technological importance, First, some of the
physics that explain the)special charjcteristics of hydro-
gen are presented.~ Then, a catalog pf the major sources
of data and extracts of these data arg given. Finally, some
special topics\are discussed that have not been adequately
dealt with‘dn/previous surveys,

LIQUID HYDROGEN ENGINEERING INSTRUMENTA -
TION - Flynn, T. M. - Paper presented at meeting of
International Institute of Refrigeration - Gommission I,
Grenoble, France (June 8, 1965) 38 pp 15 fig 12 ref,

Prudent liquid hydrogen engineeripg requires the meas~
urement of both extensive and intensfve properties of the
cryogenic liquid, Transducers are rdquired for liquid
level (quantity), both point and contfnuous systems, and
mass rate systems, In addition, therg must be transducers
of pressure, temperature, density, and occasionally,
quality, This paper discusses some df the devices and
practices currently used for the measfirement of pressure,
temperature, flow rate, and liquid lgvel in liquid hydro-
gen systems,

Conf,) Plenum Press, Inc., New York (1960) 3 fig 11 ref.

This paper describes the results of a research program
initiated to develop realistic safety criteria for the storage
and handling of liquid hydrogen. Such criteria could bring
about substantial savings in the capital equipment costs of
production and storage facilities and could point out safety
devices which would prevent major losses. Also a reduction
in the required area for a production or storage facility
might be effected, thus decreasing the costs of such facili-
ties.

BLECTROSTATIC HAZARDS ASSOCIATED WITH THE
TRANSFER AND STORAGE OF LIQUID HYDROGEN ~
Casstitt, L., Biron, D. and Vonnegut, B. - Advances in
Cryogenic Engineering 7, 327-35 (Proc. of 1961 Cryogenic
Eng. Conf.) Plenum Press, Inc., New York (1962) Paper
H-1, 7 fig 1 tab 17 ref,

LIQUID HYDROGEN TECHNOLOGY - General Dynamics/
Astronautics, San Diego, Calif. - Rept. No. AE62-0774
(Sept 1962) 294 pp 143 fig 24 tab 144 vef, STIF N64-

10128,

This report summarizes a continuing study of liquid hy-
drogen technology being conducted by General Dynamics/
Astronautics in company-funded research and in develop-
ment of the hydrogen-fueled Centaur space vehicle. for the
National Aeronautics and Space Administration. The re~
port is intended to serve as a standard reference on liquid
hydrogen properties, handling and storage with primary
emphasis.on space vehicle applications. The following 14
areas are included: manufacture, transportation, hydrogen
safety, materials compatibility, cryogenic insulation, trans-
fér, _cryogenic measurements, propulsion methods, sloshing,
vortexing, propellant heating, zero-gravity behavior, space
storage, properties.
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SAFETY PROBLEMS AND SAFETY CODES CONCERN-
ING LIQUID HYDROGEN AND LIQUID HELIUM - Edeskuty,
F. J. Los Alamos Scientific Laboratory, Los Alamos, New
Mexico. Presented at the XIIth International Congress of
Refrigeration, Madrid, Spain (Sept. 1967) 33 pp 2 fig
5 tab 33 ref,

Safety problems which occur in the storage and hand-
ling of liquid hydrogen and liquid helium include material
selection, contamination, pressure relief and stress analy-
sis, Proper material selection requires optimization of a
number of factors, only one of which is the metal ductility
at the use temperature. Consideration of temperature
gradients during the cooldown process has shown that stress
contributions from this source are important and must be

The principal hazards of operating a liquid hydrogen
bubble chamber are failure of equipment (due to overpres-
sure) and uncontrolled escape of hydrogen gas, which may
cause an explosion. If safety conditions are incorporated
in planning from the job beginning, components can be de-
signed to reduce or eliminate the probability of accidents
arising from the known hazards. The degree of safety, the
hydrogen safety -vent system, and the hazards and operation
of the liquid hydrogen bubble chambers at UCRL are dis-
cussed .

SAFETY REVIEW: LIQUID HYDROGEN SERVICING SYS-
TEM PAD 37B SATURN C-1 - CAPE CANAVERAL, FLORIDA -
Himmelberger, F. and Vander Arend, P, C. - Air Products

included in the overa
control must be exerd
can accumulate over
in line plugging or th
able mixtures,

Safety codes are b
Safety restrictions wh

ised over contaminants since they
a period of time which could result
e formation of explosive or deton-

ping developed for liquid hydrogen.
ch exist cover shipping procedures,

production purities, minimum distances between storage

vessels and between s
Distance standards are
evolving technology.
large quantities of liq
confidence in the use

PRINCIPLES FOR §{

orage vessels and other facilities.
not necessarily uniform as this is an
Significant experience to date with
pid hydrogen permits a high level of
of this material.

AFE HANDLING OF LIQUID HYDRO-

GEN - Grumer, J., Strasser, A., and Van Meter, R. A, =

U. S. Bur. Mines, Dg
Lab,, Pittshurgh, Pa,
2 tab 31 ref.
Recommendations
gen, based on an exte
safety practices at va

pt. of Interior, Explosives Research
Tech. Rept. (June 1967) 34 pp

for the safe handling of lquid hydro-
nsive survey of the-literature and of
ious installations, “are presented.

Consideration is given
stitute the most serio
and safe practice in

to fires and eXplosions which con-
s hazard. Measures for fire control
drogen.storage and transfer are dis-

cussed. Importance ¢f prompt and accurate detection of
hydrogen leaks is stregsed, (together with the need for

35 pp 5 fig 1 tab 9 ref,

1 systern sfress analyeis, Careful & Chem.. Inc., Allentown, Pa., Contr. No, NAS 8-1546,

This written Safety Review ‘discusses the underlying prin-

ciples of Iiquid hydrogen safety in j

art I, and then, in Part

11, defines how these principles have been applied to the

design of the Liquid Hydrogen Servi
(Cape Canaverdl, )Florida). Since
handling are well known, greater e
on the cryogenic factors governing

HANDLING LIQUID HYDROGEN
SCALE - Laquer, 'H. L. - Advances

cing System on Pad 37B
the safety aspects of fuel
mphasis has been placed
liquid hydrogen safety.

ON A PILOT-PLANT
in Cryogenic Engineer-

ing 5, 85-94 (Proc. of 1959 Cryogefic Eng. Conf.) Plenum

Press, Inc., New York (1960) 12 fig

The following discussion summaj
during the last three years while has
5500 - liter batches. The work was
self, nor is it complete or exhaustiy
coincidentally while developing an

4 ref.

izes experience obtained
ndling liquid hydrogen in
not an objective in it-
e, but was done only

i operating a liquid

hydrogen~cooled electromagnet. T

encountered on this pilot-plant sca.

he quantities of liquid

are mich nearer to

handled are small by missile standEds, but the problems

those of large-scale usage than tho:
usage. The scaling of volumes wot
laboratory to 1000 gal. in our magn

of normal laboratory
1d be from 1 gal. in the
et to perhaps 100, 000

gal. for missile testing.

better detection devicess ; is-placed-on
the fact that there is no substitute for well-trained, ade-
quately supervised and safety-conscious personnel,

SAFE HANDLING OF LIQUID HYDROGEN - Grumer, J.,
Strasser, A., and Van Meter, R. A. - Cryogenic Eng.
News 2, 60-63 (Aug. 1967).

The greatly increased use of hydrogen in recent years
has led to a corresponding increase in the need for sound
safety practices and precautions. As part of a broad pro-
gram sponsored by the Space Nuclear Propulsion Office,
the Bureau of Mines investigated hazards associated with
liquid hydrogen operations - listing eighty-three recom-
mendations in this article to eliminate such hazards.

DESIGNING FOR SAFETY IN HYDROGEN BUBBLE CHAM-
BERS - Hernandez, H. P., Mark, J. W. and Watt, R, D, -
Rev. Sci. Instr.-28, 528-35 (July 1957).

PROCEDURES FOR THE DESIGN AND OPERATION OF
HAZARDOUS RESEARCH EQUIPMENT - U.S.A.E.C.,
Lawrence Radiation Lab., Univ. of Cal., Berkeley, Cal.,
UCRL- 9711 (Oct. 1961) 73 pp 12 fig 7 ref.

This manual sets forth the procedures for the safe design
and operation of hazardous research equipment, such as
hydrogen targets, bubble chambers, high-pressure gas
apparatuses, and the like. These procedures are in addition
to the LRL general safety requirements set forth by the
Plant Safety and Emergency Service Department,

PRECAUTIONS AND SAFE PRACTICES FOR HANDLING
LIQUID HYDROGEN - Linde Company, Div. of Union
Carbide Corp., Publication F-9914.

The purpose of this booklet is to outline the basic tech-
nimiae far tha eafs handling of liquid hydrogen.
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INTERIM REPORT ON AN INVESTIGATION OF HAZARDS
ASSOCIATED WITH LIQUID HYDROGEN STORAGE AND
USB -~ Little, Arthur D,, Inc. (Jan. 1959) Contr. AF 18

(600)1687, 92 pp 24 fi

g 5 tab 14 ref,

Over the years there has been accumulated in various
quarters a considerable, but nevertheless limited, experi-

ence with the hazards

hydrogen in gallon quantities.

associated with handling of liquid
There have been several

explosions and accidents reported (appendix A) - some
explained and others from unknown causes - but there has
never been a satisfactory basis for predicting the magnitude

of hazard associated with the large-scale production, storage

and handling of liquid

hydrogen.

It was the purpose of the current assignment to establish

through an expenmental program the criteria for storing and

transporting large quar
basis of the findings -
tance relationships and

FINAL REPORT ON

to recommend reallstrc quanuty-drs-
safe-handling procedures.

AN INVESTIGATION OF HAZARDS

ASSOCIATED WITH THE STORAGE AND HANDLING OF

LIQUID HYDROGEN -

Contr AF 18(600)-1681.

Little, Arthur D., Inc, (March 1960)

The material presepted in this report summarizes the
efforts of a program dgsigned to provide a more satisfactory

basis for establishing r

basonable safety procedures for the

storage and transportatiion of large quantities (up to 100, 000

1b. ) of liquid hydroger
acceident records and s
experimental program
information was condu
program are presented

. Experience of others, including
fety practices, were studied and an
to gather much needed additional
kcted, Details of the experimental

in Appendix A, The conclusions and

recommendations conderned with safe handling and proper

storage criteria derive
presented in the main

FINAL REPORT ON
ASSOCIATED WITH T
IN CLOSE PROXIMITY
(CONFIDENTIAL) = Lif

Contr, AF 18(600)1681.

| from the results of the program are
body of the report,

AN INVESTIGATION OF HAZARDS
HE STORAGE OF LIQUID HYDROGEN
TO LIQUID OXYGEN AND RP-1

tle, Arthur D., Inc., (July 1960)

type valves, one for a cryogenic gas service and the other
for a cryogenic liquid service (these valves are under de-
velopment by Parker Aircraft Co. for a government agency);
(2) bibliographical information on the physical and mech~
anical properties of specific construction materials for a
temperature range of -420°F to +200°F (these materials in-
clude some austenitic stainless steels and Teflon plastics);
(3) the thermodynamic properties of helium, hydrogen, and
nitrogen fluids with which the valves may be used or tested;
(4) the hazards associated with the transportation and storage
of hydrogen and with its use for testing the prototype valves
for leakage across the seals; and (5) the sources and avail-
ability of hydrogen, and the Los Angeles regulations that
apply to its transportation and use,

Little, Arthur D., Inc., WADC\TR
AF 33(616)5641, 583 pp 226 xef. D

This handbook provides éngineering data concerning the

59-751 (May 1961) Contr,
AD 235 123,

most adequate, safe, candreconomical procedures andequip=
ment for liquid hydrogen storage, fransfer, and ground serv-
icing systems. /The engineering d4ta developed centers on
the requirementsfor (1) storage vgssels, (2) transfer lines,
(8) pumping systems, (4) valves, (5) instruments, and (6)
recondenging systems. Results, cofclusions and recommend-
ations(are reported in separate chapters classified in accord-
ance with the above listed hardwaze items,

STORAGE, TRANSFER, AND SERVICING EQUIPMENT
FOR LIQUID HYDROGEN -~ Little, Arthur D., Inc., WADC
Tech Rept, 69-386 (July 1959) Coijtr. AF 83(616)5641,

772 pp 237 ref.

The purpose of this study is to provide engineering data
concerning the most adequate, saf¢, and economical pro-
cedures and equipment for liquid hydrogen storage, transfer,
and ground servicing systems.

Investigations have centered on|the requirements for (1)
storage vessels, (2) transfer lines, (3) pumping systems, (4)
valves, (5) instruments, and (6) regondensing systems, Re-
sults, conclusions and recommenddgtions are reported in sep-
arate chapters classified in accorddnce with the above listed
hardware items.

LIQUID HYDROGEN
D., Inc,, Detachment
(600)1687,

This document covers general properties, hazards, safety

measures, transfer and

mended safety instruction format for use with, liquid hydro-

gen.

SAFETY MANUAL - Little, Arthur
No. 2, (Oct. 1959) Cont. AF 18

storage, shipping of, and recom-

HYDROGEN HANDBOOK., A COMPILATION OF PROP-

ERTIES, HANDLING A

ND TESTING PROCEDURES, COM-

PATIBILITY WITH MATERIALS, AND BEHAVIOR AT LOW
TEMPERATURES - Little, Arthur D,, Inc., Cambridge,

Mass,, AFFTC TR 60-19 (April 1960) (Subcontract to Parker
Afrcraft Co,, Los Angeles, Calif.) Contr, No, 33(616)6710;

246 pp 89 fig 20 tab 29 ref. DDC AD 242 285,

This report summarizes (1) experience with and the avail-
able technical information on the development of two proto-

STORAGE, SERVICING, TRANSFER AND HANDLING OF
LIQUID HYDROGEN -~ Little, Arthur D., Inc.,, AFFTC TR
61-18 (May 1961) Contr. No, AF 33(616)7330, 162 pp 26
ref.

This report documents the results of investigations into

six technical areas pertaining to the handling of large quan-
tities of liquid hydrogen. The engineering data developed
.are reported in six separate sections. Section I establishes
the current availability and specifications for liquid hydro-
gen pumps and cites the operational experience reported by
the major users of these items, Section II sets forth a tested
method for predicting the hydrogen gas required for the pres-
surized transfer of liquid hydrogen. Section III recounts the
known facts relating to the safety and reliability of hydrogen
gas cylinders as used in typical operations for the pressurized
transfer of liquid hydrogen. Section IV presents the design
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specifications and performance characteristics of gravity-fed
and boosted pressure-fed vaporizers for liquid hydrogen trans-
fers established as a result of an integrated program of theo-
retical analysis and tests. Section V includes an economic
comparison of systems using pumps, hydrogen vaporizers and
high pressure hydrogen gas bottles to transfer liquid hydro~
gen. Section VI presents the results of a further investiga-
tion of the single parting line coupling for vacuum-jacketed
transfer lines originally reported in WADC TR 59~386.

HYDROGEN SAFETY MANUAL - Advisory Panel on Ex-
perimental Fluids and Gases NASA - Lewis Research Cen-
ter, Cleveland, Ohio NASA TMX-52454 (1968) 79 pp
7 fig 4 tab.

This manual is designed to cover most aspects of hydro-
gen handling and usage. Both personnel and equipment

SAE AIR*839B L9 _ 37 -
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The Safety Instruction outlines organizational responsi-
bilities and application of the Safety Guide for the safe use
of hydrogen in the Boulder Laboratories. The Safety Guide
outlines safety considerations pertinent to the various situa-
tions and conditions in which liquid and gaseous hydrogen
is used in the Boulder Laboratories. The subject matter
covered is developed with the intent of increasing personnel
awareness of the hazards involved in handling hydrogen and
pointing out practical methods of minimizing the hazards.
It is not intended to prohibit or inhibit the use of hydrogen
for experimental purposes.

HANDLING OF LIQUID AND GASEOUS HYDROGEN -
Schmidt, A. F. - Presented in the panel on Handling of
Propellants and Gases, SAE National Aeronautic Meeting,

are concerned, It is the intent to present here acceptable
hydrogen standards anq practices for minimum safety re-
quirements only. Mole extensive safety precautions should
be employed when there is extra hazard, as in highly-
congested areas or in ¢perations with equipment that has
little safety margin,

STANDARD FOR GASEOUS HYDROGEN SYSTEMS AT
CONSUMER SITES - National Fire Protection Association,
Rept. No, 567 (1963) [L1 pp.

This Standard coveys the general principles recommended
for the installation of gaseous hydrogen systems on cunsurner
premises. It covers r¢quirements for gaseous hydrogen sys-
tems including design| location, operation and maintenance;
The Standard does noy apply to hydrogen manufacturing
plants or other estaiblx]:hments operated by the hydrogen sup-

plier or his agent for fhe purpose of storing hydrogen and
refilling portable contfainers, trailers, mobile supply trucks
or tank cars.

LIQUID HYDROGEN HANDLING AND-SAFETY -
Maddocks, F. E. - Lijtle, Arthur D.;\Inc., Santa Monica,
Calif, (No date) 29 pp 16 fig 1 tab“12 ref.

The history of liqufd hydrogen production is reviewed
from the first liquefadtion in‘liter quantities until current
production of many tdns-per day. Some of the interesting

- tion and the pipes, valves, fittings,

L > i —; ) 7 pp-

Problems associated with the-us¢|of hydrogen are dis-
cussed in the light of present“day ciyogenic fuel handling
technology; an examination'of several characteristics of
hydrogen is made - specifically those concerned with its
ignition and subsequent detonation gr deflagration.

LIQUID HYDROGEN - Schmidt, E. W. - Raketentechnik
und Raumfahrtforschung 5, 24-26 (1P61); also available in
English translation as: Tech, Memgq. 1028, Feltman Re-

search.Laboratories, Picatinny Arsenal, Dover, New Jersey
(August 1962) 18 pp 1 fig 1 tab 9 ref,

The problems in the manufacturg, storage, and handling
of liquid hydrogen are examined. Cited afe the operations
of a number of American firms, including Pratt and Whitney.
The primary problem discussed is the loss through evapora~
and storage tanks de-
signed to counteract this loss in ordgr that the liquid hydro~
gen may be used to better advantage as a rocket propellant,

CRYOGENIC HYDROGEN - Pratt pnd Whitney Aircraft
Div., United Aircraft Corporation -|Booklet S- 945
(Mar. 1965).

Engineers at Pratt and Whitney Ajrcraft's Florida Research
and Development Center have handled millions of gallons of
liquid hydrogen during years of actiye experience with this

physical and thermal 4
with particular emphasis on those of most interest to the
missile and space designer. A typical process for liquid
hydrogen production is described and the growth of the
U.S. production capacity is reviewed. A description of
current storage vessel and. transfer line design practice is
given. Some of the limitations of metals, both ferrous
and non-ferrous, and non-metals when used at liquid hy-
drogen temperature are pointed out. The paper concludes
with a detailed review of safety problems including detona-
tion, deflagration and radiation hazards as well as recom-
mendations for safe handling of the miaterial.

SAFETY INSTRUCTION AND SAFETY GUIDE FOR
HANDLING GASEOUS AND LIQUID HYDROGEN AT THE
BOULDER LABORATORIES - Natl. Bur. Standards Memo.
Rept. No. CM~-4 (Jan. 1960) 30 pp 12 ref,

material. Some of the techniques they have learned are
published in the hope they may be of interest to those asso-
ciated with projects employing this fuel. Sections of the
booklet deal with preparation, storage, handling, physical
and thermodynamic properties of hydrogen.

THE SAFE HANDLING OF LIQUID HYDROGEN - Scharle,
W. J. - Trans, Inst. Chem. Engrs. (London) 185, CE 16-24
(Jan. -Feb. 1965).

This paper presents an up-to-date summary of current
practices in the U.S. A, on the safe storage and handling of
liquid hydrogen. Present yearly consumption in the U, S, A,
is over 50 million gallons.

A brief review of the properties of hydrogen and general
procedures for safe handling is given. Quantity-distance
relationships for liquid-hydrogen storage tanks, both for pro-
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duction facilities and missile test stands are given, Safe
methods for disposal of varying quantities of liquid hydrogen
require special consideration, and criteria are presented.

Quality-control aspects for liquid hydrogen are becoming
more rigid. The hazards of oxidants present in liquid hydro-
gen are discussed, A brief description of purity requirements
is given along with a standard method for sampling and"
analysis,

A description of methods of transfer and transfer equip-
ment is given.

THE STORAGE AND HANDLING OF HYDROGEN WITH
SAFETY - Stoll, A. P. - Trans. Inst, Chem. Engrs.
(London) 185, CE 11-16 (Jan, - Feb. 1965).

Safety precautions during the handling of hydrogen,
whethér ligquid or gaseous, are dictated by the relative ease
of ignition of hydrog in-ai i =
siderable pressures cap be built up if reaction of combustion
is contained and.protgction is primarily based on preventing
the formation of explpsive mixtures of hydrogen with air
both inside and outside the equipment, Further, probable
sources of ignition shquld be segregated or eliminated alto-
gether. The effects f burning liquid hydrogen and methods
of dealing with such flires are discussed.

The storage and hqndling of liquid hydrogen at - 253°C
requires special technliques, which are by now well estab-
lished, Details are given of how liquid hydrogen should be
handled in the laboratory, showing that with due care such
work can be carried out quite safely.

TECHNOLOGY AND USES OF LIQUID HYDROGEN -
Scott, R, B., Denton| W, H., Nicholls, C. M. (Editors)
Pergamon Press, Oxford, England (1964) 415 pp.

This book is a comjpilation of advanced technical*infor-
mation from the forerpost laboratories of the United States,
England, Switzerland{ and West Germany ofi:the production
and uses of liquid hydrogen. It covers technical aspects of
production of hydrogeh gas for liquefaction, hydrogen lique-
fiers, properties of hydrogen, insulation requirements for
storage and transport, | safety practices, and uses ranging
from refrigerant to rogket fuel;

SAFE ELECTRICAI INSTALLATIONS IN ATMOSPHERES
CONTAINING HYDR
(Mar, 2, 1964) 4 pp.

Areas where extremely flammable and explosive hy-
drogen is used are designated by the National Electrical
Code as Class I, Group B, Div, 1 hazardous locations,
Electrical equipment used in these areas should be de-
signed in accordance with Underwriter's Laboratories
(U/L) requirements, If not, there is a good possibility
that an electrical spark or arc caused by this equipment
might touch off a massive explosion and fire,

This article reviews the hazards of hydrogen, intrinsi-
cally safe equipment, purged or pressurized systems, and
explosion-proof enclosures.

HYDROGEN DETECTORS - Strasser, A,, Liebman, I.
and Harris, S. R, - Cryogenic Eng. News 2, 16-18, 20

B 5357340 DOOAB5Y 2 WM

(Dec. 1967),

The greatly increased use of hydrogen in recent years
has led to a corresponding increase in the need for reliable
hydrogen detectors. As part of a broad program about the
safe usé of hydrogen, sponsored by the Space Nuclear
Propulsion Office, the Bureau of Mines investigated the
performance of a number of hydrogen detectors, The re-
sults of this investigation are presented here. Its purpose
was to determine the limitations and potentialities of the
kinds of detectors examined; it was not intended to pro-
vide official approval or disapproval of the instruments.

LARGE-SCALE PRODUCTION, HANDLING, AND STOR-
AGE OF LIQUID HYDROGEN - Vander Arend, P, C. ~ Ad~
vances in Cryogenic Engineering 5, 49-54 (Proc. of 1959
Cryogenic Eng. Conf.) Plenum Press, Inc., New York (1960)

With the engineering, design,~4nd construction of large-
scale liquid hydrogen production fgcilities under direction
of the Air Force, liquid hydrogen has become a propellant
available on a sustained-and economic basis, A shost re-
view of the past few years shows hgw tremendous the pro-
gress in hydrogen(technology has bgen.

CONTROL OF LIQUID HYDROGEN HAZARDS AT EX-
PERIMENTAL FACILITIES: A REVIEW - Weintraub, A. A. -
AEC Health and Safety Laboratory [Rept. 160 (May 1965)
249'pp 26 fig 4 tab 60 ref.

The hazards of liquid hydrogen [at experimental facilities
are described and current techniques are presented for their
control, As background, the uses pf hydrogen, its general
properties (Appendix A notes specific properties) and the
design and materials for liquid hydrogen systems are dis-
cussed, Flame propagation, deflagration and detonation,
ignition in free space and under copfined conditions are
considered under fire and explosiont hazards.

The techniques of hazard contrgl are examined in rela-
tion to hydrogen detection systems{ ventilation, liquid
hydrogen dump systems, flaring, ignition sources, explo-
sion suppression, inerting, fire conjtrol and personnel expo-
sures. Storage, transfer and transportation are also discussed.
Appendix B contains case histories jof hydrogen accidents.

iqui puides, cited among the
60 references, are reproduced in Appendix C.,

THE APPLICATION OF COMMERCIAL ELECTRICAL
EQUIPMENT TO LOCATIONS WHERE HYDROGEN GAS
MAY EXIST IN QUANTITIES SUFFICIENT TO PRODUCE
EXPLOSIVE OR IGNITABLE MIXTURES - Woodard, K. A, -
Advances in Cryogenic Engineering 1, 144-47 (Proc, of
1954 Cryogenic Eng. Conf.) Plenum Press, Inc., New York
(1960) Paper C-6.

The purpose of this paper is to summarize the type of
electrical equipment and methods of installation chosen
for industrial plants and miscellaneous equipment installa-
tions used in processing liquid or gaseous hydrogen. An
attempt has been made to set up systematic design proce-
dures built around the National Electrical Code wherever
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practicable. This paper is not intended to be used as a rule
book, but only as a guide and as a record of past prohlems
and their solutions in order to expedite future design prob-
lems and to help insure the safest performance possible.

An expanded version of this paper was written in 1955 by
the author for the Stearns-Roger Manufacturing Company,
Denver, Colo., under the title: A SAFETY GUIDE FOR THE
APPLICATION OF COMMERCIAL ELECTRICAL EQUIPMENT
IN LIQUID HYDROGEN FACILITIES.

HAZARDS IN THE HANDLING OF CRYOGENIC FLUIDS -
Zabetakis, M. G. ~ Advances in Cryogenic Engineering 8,
236-41 (Proc. of 1962 Cryogenic Eng. Conf.) Plenum Press,
Inc., New York (1963) Paper E-1, 1 tab 28 ref.

1960 Cryogenic Eng. Conf,) Plenum Press, Inc., New York
(1961) Paper D-2, T fig I tab 12 ref,

The use of liquid hydrogen as a low: temperature fluid
and as a high energy fuel presents explosion hazards not
ordinarily encountered with other cryogenic fluids. These
hazards arise because of the many unique properties of this
combustible in both the liquid and gaseous states. A pro-
gram was started in 1958 by the Federal Bureau of Mines to
determine the nature and extent of the above hazards. The
data obtained from this program have been used to formu-
late emergency procedures and safeguards for the prevention
of a disaster following the accidental spillage of liquid hy-
drogen. These data, emergency procedures and safeguards
are summarized in this report.

The general safety precautions-to-be-used-i g
tion, handling, storage, and use of compressed gases are re-
viewed briefly, Physiglogical effects of cryogenic fluids
and their behavior in dir and in contact with various struc-
tural materials are corfsidered in some detail. The usual
hazards associated with inerts, combustibles and oxidants
are treated in terms of|fluids that are initially at low tem-
peratures.

RESEARCH ON THE|HAZARDS ASSOCIATED WITH THE
PRODUCTION AND HANDLING OF LIQUID HYDROGEN -
Zabetakis, M. G. and|Burgess, D. S. - U.S. Bur. Mines,
WADD Tech., Rept. 6(~141 (June 1960) Contr. AF 33(616)
58-5, 76 pp 39 fig 10 fab 22 ref.

The use of liquid hydrogen as a high-energy fuel intro-
duces numerous hazards not ordinarily associated with the
use of other more conventional fuels. These hazards are
attributable to the unique properties of hydrogen in_the
liquid and gas states. [Since little work has been cenducted
on explosion and relat¢d hazards of cryogenic fuels, a re-
search program was unflertaken to obtain basic-data on such
dangers for hydrogen apd other combustibles under these
conditions. The data were used to outline emergency pro-
cedures for protecting personnel and‘equipment when an
accident spillage of liquid hydrogen occurs and to establish
a quantity~-distance table for/the storage of this fuel.

EXPLOSION HAZARDS OF LIQUID HYDROGEN -

RESEARCH ON THE HAZARDSASSOCIATED WITH THE
USE OF LIQUID HYDROGEN IN'BUBHLE CHAMBERS -
Zabetakis, M. G., Furno,. AL. and Perlee, H. E. - U.S,
Bur. Mines, Dept. of Intérior, Explgsives Research Lab.,
Pittsburgh, Pa., Final®ept. No, 3841 (May 1962) 53 pp 24
ref.

In the present'study, certain of the hazards associated
with the use.of liquid hydrogen in erjclosed spaces were in-
vestigated.inrsome detail. Of partiqular interest were those
hazards@ssociated with the use of the liquid in bubble cham-
bers. ‘These could arise from the faflure of a glass window,
cofitainer, vacuum tank, vent systetfi, etc. Accordingly,
special efforts were made to determine the nature of glass
window failures, the results to be expected from the im-
pingement of glass fragments on materials found in bubble
chamber vacuum tanks, the performpnce of vent systems,
the desirable characteristics of hydrdgen gas detection sys-
tems, the method of ignition of hydjogen~-air mixtures, and
finally, the results to be expected frpm the ignition of such
mixtures in enclosed spaces.

HAZARDS IN USING LIQUID HYQJROGEN IN BUBBLE
CHAMBERS - Zabetakis, M, G., Fumo, A. L. and Perlee,
H, E. - U.8, Bur. Mines, Dept. of jnterior, Explosives
Research Lab. Pittsburgh, Pa., RI 6309 (1963) 39 pp 27 fig
29 ref.

Zabetakis, M, G., Furno, A, L., and Martindill, G. H, -
Advances in Cryogenic Engineering 6, 185-94 (Proc. of

(Similar in content to preceding report; slightly different
arrangement of material.)
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PHYSICAL PROPERTIES OF HYDROGEN

PROPERTY VALUES OF NORMAL
HYDROGEN AT SELECTED CONDITIONS

Nomenclature and Notations

TP = Triple Point b. C (vapor) could be used here,
NBT = Normal Boiling Temperature (and 1 atm,) P NBT
NTP = Normal Temperature and Pressure ¢, ‘Extrapolated value.
(70°F, 14,7 psia)
273,16°K* = 0°C = 32°F = 491, 67°R d. Cs (liquid)NBT could be used here.
The term."mole” as used here means "gm-mole, " €, Assuming b above is done, the value of Cp/cv

(liquid)_ ___ is then 1,6,
a. The Advisdry Committee on Thermometry of the i
International Committee on Weights and Measures has f, Value taken at 20°K-(>493, 67°F).
agreed on 20,384K as the present most probable value of
thermodynamic tenperature for the normal boiling tempera-
ture of normal hydrogen;.see Brickwedde, F. G., "Inter-
national PracticalTemperature Scale, " Physics Today 16,
24-26 (1963),

*Changes have been made to correct data to this scale
where necessary .

lected Conditions
Property Values of Normal Hydrogen at Selected Conditions Property Values of Normal Hyd“’g"f‘ at Selected Con
Reference |
Propekty Value Reference Eroperty zV:llsLeg4 e N ence
Molecular Weight 2.01594 1 Molecular Weight . "
T T permodeatar “.'K ..... 13,95 2.3, 4 . | Temperature, *°F -434,56 2,3,
Triple —Tempgrature, — 13,95 2,3,4 Triple o L o4 54
.Presspre, mm Hg ...84.0 3,45 ) | Point - 4 34
Polnt : " solid 0.0430 sl oin Density, | Solid 5. ]
3 L2 H S e e
Values Densify, T -.?-—5 . 0383 304 Values 1b/£t3 iquid 4,82 3,4
-motefpe  ~HAwid_} 23— y ' Vapor 0.00794 4
oo vve ool = .. . Vapor___, :__2.70000631 4 _ <
Normal Tempdzature (Tp), "K' 20.38 2 2,3,4 Normal %ﬂﬁramre (Tp), *F| |-422.99 : zi
Boiling Densify, | Liquid_ | _0.0352 2,3,4 3:;}::5 enel Ys Liquid 4.43 23
Values : mole/pe : Val;m_ i o boocer 4 1b/ét Vapor 0.0832 4
T . c ' -399. 2,3,4
B !_Tempqrature,. 'K i_33.18 2,3,4 Critical | Temperature, *F 399.95
Critical ! ¥ Pressure, psia 190. 8 3,4
| Pressure, mm.H_Z.__. 9865 — 3,4 Values L. 88 234
| Values ! Dansily, molefec. . ) b 0,0149 . _ . 2,3,4_ Denaity, Ib/ft . 23,
. : Weighb,_kg M oome © 1,2,3 One Gallon Weight, 1b 0.592 1,2,3
o e ) Volumb o BT 53.3 T 2,3,4 Liquid (NBT)| valume of B 7.12 2,3,4
Liquid (NBT): Volumfe of ANBT,.i_ 53. s3, Equivalents 3 b s e ~—
Equivalents 1 Gas, liters NTP | gs50 : 2,3,5 gas. i . 'z ;
| e cutvaiont Volamas dt Gab- P : 53.3 .
fvai  NBT.! 53.3 : 2,3 Equivalent Volumes of Gas | NB.
1;?1“,12;::::!11?::{; f(:;;) i_:TP 850 ‘0 2,3,5 per Volume of Liquid (NBT) NTP | gs0 2,3,5
| Heat of Fusion, Cal/mole TP 28.0 T 3.4 | Heat ol Fusion, Btu/ib TP 17: 0 ; :
|_Heat of Vaporization, Gal/mole NBT ! 216 : 3,4 .Hnn_ntlammw 9 — ;
| solid TP 1.37 { 3 o |sond TP g. 2
Cy I Liquid NBT | 4.6 3 s | fquia . nBT | 2.3
L ryys
Specific :_Vapor NBT 1 Specific Vapor NBT ;
Heat ! Jiquid NBT_|__ 2.9 i 3 Heat ¢ | Liquid NBT 1.: " 2
: ol v | _vapor NBT 1.
H .0 ; 6
vV i_Vapor NBT | __.3 : Bta/lbe*F _Gap p— v .
Gal/mole-*K tGas ___ UNTP}! __4.90 . 6 | 8
1 4 di i BT
G Liquid NBT | c P liquid N > T
P i Vapor NBT 5.8 i 3,4 p | Vapor NBT .9 x
" Gas NTP | 6.89 Y Gas Nrp | 34t | 64
i e Liquid NAT
t ¢, | Liaquid NBT N Specific c
Specific | 7§ Vapor NBT 1.9 | 3 Heat EP Vapor NBT L9 3
o A : Ratlo v TP 1.41 6
Ratio | Vv . Gas ___NTP 1.41 ! 6 ) N " e :
Thermal ! Liquia NBT 0.000284 _ 7 'Izihergntl | Liquid NBT 0.0 1
Conductivity ' Vapor NBT | 0.000038 % 6,4 Gon uctivity Vapor NBT | _0.0092 bus
| Cal/emesec='K__: Gas NTP | 0.000427 | 6,4 _Bty/hr=ft-*F Gias TR ] 0. 10:5 s
Viscosity ! Ligquid ___NBT |__g.000135 ! 8,3 Viscosity | Liguid NBT. 0.0l ; -
" i Vapor noT | 0.00001090  3,6,4 " ~ |vaper . NBT o.gg;gz : 64
Gm/cm-sec + Gas . NTP 0.0000884. - 3,6, 4 Centipoise Gas NTP 9. s Oy

e — e e -
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PROPERTY VALUES OF
PARAHYDROGEN AT
SELECTED CONDITIONS

Notations

TP
NBT
NTP

Triple Point
Normal Boiling Temperature (and 1 atm.)
Normal Temperature and Pressure

(70°F, 14,7 psia)

273.15°K* = 0°C =

The term "mole" a

32°F = 491.67°R

s used here means "gm-mole. "
g

a. Calculated with the assumptjon that the volume
change on fusion is the same for normal and parahydrogen

with the value of AV

from reference 3.

- 41 -

C'v (gas)NTP

e. Cp (gas)NTP

B 4357340 0004457 &6 WA

CP (vapor)NBT could be used here.
of normal hydrogen could be used here.

of normal hydrogen could be used here.

f. Assuming c and d above are done, the value for
Cp/ c, (gas)NTP is then 1.41.

g. Value taken at 20°K (-423, 67°F).

h. The difference between the viscosities of normal and

b. The Advisory C¢mmittee on Thermometry of the
International Commiti¢e on Weights and Measures has
agreed on 20,267°K as|the present most probable value of
thermodynamic tempegature for the normal boiling tempera-

ture of parahydrogen; s

e Brickwedde, F. G., "International

parahydrogen is less than 1% from 15

° to 90°K; see references

16 and 17. Therefore y (gas)yqp)of| normal hydrogen could

be used here assuming the trénd-of n

brmal- to- para difference.

Practical Temperature [Scale, " Physics Today 16, 24-26
(1963).
*Changes have been|made to correct data to this scale
where necessary.
Property Values of Harahydrogen at Selected Conditions Property Values of Parahydrogen af Selected Conditions
Propertfy Value Reference Property Value Reference
Molecular Weight 2.01594 1 Molecular Weight 2.01594 1
. Temperaturg, °K 13.803 2,9 ) Temperature, °F 134.83 2,9
Triple - Triple 1.02 9
Point Pressure, thm Hg 52.8 9 - Point Pres?ure. psja - m
. Solid 0.0429 Density, Solid
Values Densisy, Liquid 0.0382° 2,9, 14 Values 1b/e | Liquid 4.81 2,9,14
.. mOlE/Cc Vanop 0.0000624 9,14 Vapor 0.00784 9,14
Normal | Temperaturk (Tp). °K 20.268 2,9 Normal | Temperature (Ty), °F #23.187 2,9
Boiling Density, | Liquid__| ©0.03511 2,9,14 Boiling De“;‘Y' Liquid 4.42 2,9,14
Values mole/ce Vapor 0.000664 9,14 Values 1b/ft Vapor 0.0835 9,14
fps | Temperaturg, °K 32.976 9,14 Critical | Temperature, °F 100. 30 9,14
Critieal Pressure, thm Hg 0697 9,14 Values Fressure, psia 187.6 2, 14
Values Density, mdle/cc 0-0156 9,14 nsity, 1b/ft 1.96 9,14
One Liter Weight, kg 0.07078 9 ?}m %aiﬁ’é‘m Weight, 1b 0.5907 9
Liquid (NBT)| Volume of BT | 52.9 2,9 E;‘i‘::, lonte Volumt; of NBT 7.07 2,9
Equivalents | Gas, liters NTP | g4g 2,.6,9 gas, ft NTP | [113.3 2,6,9
E quivalent Volumes of Gas b NBT_|_52-9 2,9 Equivalent Volumes of Gas |_NB 52.9 2,9
per Volume of Liquid (NBTY NTR | g4g 2670 per Volume of Liquid (NBT) | NTP | bag 2,6,9
Heat of Fusion, Cal/mole TP 28.1 10 Heat of Fusion, Btu/lb TP 25.07 _ 10
Heat of Vaporization, Gal/mole NBT | 214.8 9,10, 14 | Heat of Vaporization, Btu/lb NBT.} 191.7 9,10, 14
Solid TP 1.36 3,10 | Solid TP 0.674 3,10
Cs Liquid NBT 4. 63 12 Cq | Liquid NBT 2.30 12
Specific Vapor NBT ° Specific Vapor NBT 9
Heat I | Tiguid” . NBT 2.72 13,14 Heat c | Liquid NBT 1.35 13, 14
v | Vapor NBT 3.13 14 v | Vapor NBT 1.55 14
Cal/mole-*K Gas NTP d Btu/lb-"F Gas NTP 9
G Liquid NBT 4.7 14 c Liquid NBT. 2.3 14
P | Vapor NBT 5.86 14 P | Vapor NBT 2.91 14
Gas NTP € __ Gas NTP b
speciic | Op [ Liquid NBT | 1.72 13,14 speciftc | | Liauid NBT_|__1.72 13,14
Heat C | Vapor NBT 1.902 — 14 He.at e Vapor NBT 1.902 , 14
Ratio v | Gas NTP Ratio v | Gas NTP
Thermal | Liquia NpT.| _0.000284 7.4 Thermal | Liquid NBT 0.0687 7,4
Conductivity Vapor NBT 0.000038 6,15 Conductivity | vapor NBT 0.0092, 6,15
(‘al'/rmK-sec-'K Gas. NTP 0.000440 6,15 Btu/_hlr{-ft-‘F Gas._ - __NTP 0.106 6,15
Viscosity | Liquid _ NBT 0.0001317 8 Viscosity | Jiquid . NBT. 0.01317 8
B Vapor NBT 0.00001098 3,6,16,17 " Vapor NBT 0.00109 3,6,16,17
Gm/cm-sec Gas NTP o] Centinoise Gas NTP,
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IV. RECOMMENDED MATERIALS AND PRAGCTICES FOR USE WITH LIQUID FLUQRINE

- A Compilation from the Literature with Annotated Bibliography -
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BIBLIOGRAPHY The lesion becomes first reddened apd then swollen and
1. HAZARDS pale with a macerated appearance. | It is accompanied by
1.1 Health severe throbbing pain. Adequate tfeatment will usually
1.1.1 Generalt Liquid fluorine exhibits a slight green  stop the pathological changes at thi§ stage; otherwise
fluorescence giving it a yellow green,appearance. Pure necrosis and ulceration will ensue,
gaseous fluorine has 4 pale yellow,color. A fluorine cloud Because treatment of fluorine buins is specific and highly
released into the atmpsphere generally has a dense, medium efficient, it should be instituted imJnediately, even in
brown appearance. This changesrapidly to a milky-white  cases of questionable severity, The|skin should be flushed
appearance as the fluprine Téacts with the water in the at- with copious amount of tepid tap wdter for at least 15
mosphere to form hyd minutes, the washing should not be [nterrupted even while

Fluorine has the chardeteristic-halegen

B rg=—Medical attention should
under most circumstances, HF is formed by the time its

be summmoned and, if in the opinion of the physician the burn

odor can be detected, which adds a faint ozone odor.

1.1.2 Toxicity - Both liquid and gaseous fluorine are ex-
ceedingly corrosive to body tissues. The low boiling point
of fluorine makes it unlikely that the liquid will get in
contact with the body, but if this accident should occur,
skin injury resembling burns will follow. These are likely
to be severe, deep, and slow in healing.

Gaseous flnorine in high concentrations will result in
thermal burns to the skin. This type of burn would be simi-
lar to that cansed by an oxyacetylene flame and could be
treated like any combination chemical and thermal burn.
Gaseous fluorine in moderate concentrations in contact with
the skin will result in burns more chemical in nature and
closely resembling those caused by hydrofluoric acid. A
latent period depending upon.the degree of exposure is
usually associated with fluorine burns. Several hours may
elapse before the patient is,conscious of pain or injury.

is mild, a water base paste containing magnesium salts may
then be applied (A commeicial paste on the market consist-
ing of 20% magnesium sulfate, 6% magnesium oxide, 18%
glycerin, 1.2% procaine hydrochloride, q.s. water base).
If the physician considers even a slight chance that the burn
may develop beyond the erythema stage, the tissue beneath
and around the affected area should be infiltrated with 10%
calcium gluconate. This precipitates the fluorine as inert
calcium fluoride.

Fluorine burns of the eye require immediate, copious and
prolonged irrigation with tepid tap water, Subsequent treat-
ment should be directed by an opthalmologist and consists
in the application of pontociane for the relief of pain, my-
driatics, and the removal of any necrotic tissue in the
cornea.

Under no conditions should the first aid treatment consist
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The effect of chronic long term exposure to gaseoue fluo-
rine may cause chronic pulmonary damage and deposition of
fluoride in bones and teeth. Tests at Edwards AFB in which
volunteers were subjected to- concentrations of about 25 ppm
for a period of even less than 4 minute showed the exposed
person has a sore throat and minor chest pains for a period
of six hours, Emergency tolerance limits (ETL) for fluorine
are dependent on exposure time. The following tabulated
values are for seldom or non-occupational frequency of ex-
posure such as is likely to be encountered in rocket operations

Exposure Time in Minutes ETL in ppmv

5 5
15 3
30 2
60 1

tinguish them. After consumption or dissipation of the
fluorine in the fluorine-fed fire, extinguishing methods
appropriate to the nature of the resultant fire may be used,
Small spills of fluorine may be handled by remote applica-
tion of water fog to promote smooth rapid combustion of the
fluorine, Areas surrounding large spills should be evacuated
until the fluorine has evaporated,

1.3 Explosion

1.3.1 General - Fluorine itself is insensitive to explosive
decomposition; however, explosive reactions may result in
the action of fluorine on most materials, While fluorine
"explosions" are not at detonation velocities the reaction of
finorine with other material is in some cases sufficiently
violent that it may cause slight overpressures even in uncon-
fined areas, In confined spaces such as tanks, lines, etc.

0,5 ppmv is the ETL for repeated exposure. 0,1 ppmv/8
hour day has been pccepted for occupational exposure TLV
(threshold limit value).

The inhalation ¢f flood concentrations of fluorine would
probably cause asphyxia by mechanism of laryngeal and
bronchiole spasm, pnd later by bronchiole obstruction and
pulmonary edema.| Exposure to high concentrations of
fluorine would alsd|be accompanied by gastrointestinal symp-
toms and irritation [of the eyes, throat and skin; but these
symptoms would bg secondary in importance to lung damage.

1,1.3 First Aid Jand Self Aid - Treatment of fluorine burns
is specific and highty efficient and is discussed in the pre~
vious section. In the event of exposure of persons to con-
centrations of fluorine vapor exceeding the hygenic standy
ards, remove the phtients from the contaminated atmosphere
and keep them as quiet as possible, If breathing.stops, apply
artificial respiratiop and get medical attention'as soon as
possible, If there is evidence of air hunger, oxygen therapy
should be instituted, Administration of-the gas under slightly
increased pressure may force more oxygen past the stenosed
bronchiole tubes, ajid an increased ‘oxygen tension in the
alveoli will result ih more efficient transfer of oxygen to the
blood. If the patiept does not succumb to anoxemia within
a few hours, complete recovery can be expected and resid-
ual conditions should be-ireated symptomatically.

the rea.nﬁ.nn_nf_ﬂu.ou.u.amm_smta foreign material (e.g.
condensed water) will initiatethe reaction of fluorine with

the transfer or storage container fesulting in pressure ruptures
and subsequent fires or sécondary explosions, The hyper-
golicity of fluorine preclides the formation of detonable
liquid mixtures, but explosive vapor mixtures may be formed
with combustibles which can explode spontaneously,

Explosion$\may ocour when liguid fluorine is trapped in a
closed system and refrigeration i not maintained, Liquid
fluorine trapped between valves,| can cause violent rupture
of the pipe or tube on warming, | This condition is not
unique with fluorine but it exists|with all cryogenics,

1.8.2 Prevention- Any equipment to be used for fluorine
service should be thoroughly cledned, degreased and dried,
then treated with increasing congentrations of fluorine gas
so that any impurities may be reacted without the simul-
taneous ignition of the equipment,

2. SAFETY MEASURES

2.1 General - Although fluonine is the most reactive
element and recognized as a very dangerous material, it
can be handled without undue hapard if proper precau-
tions are taken. It Is important for the safe handling of
fluorine that in addition to the sqfety measures given be~
low and in subsequent sections thet common sense safety
precautions should not be overlolqaked. All operations in-

1.2 Fire

1.2.1 General - Flourine is the most powerful chemical
oxidizing agent known; it reacts with practically all organic
and inorganic substances, including water, The few excep-
tions are the inert gases, metal fluorides in their highest
valence state, and a few (catalyst and adulterant free) com~
pletely fluorinated organic compounds. Even the latter may
burn in a fluorine atmosphere if contaminated with a com-~
bustible material or if subjected to high flow velocities of
fluorine. The heats of reaction are always high and most
reactions take place with ignition,

1.2.2 Control~ The reaction of fuels with liquid fluorine
is frequently so rapid that no attempt can be made to ex-

volving the handling of fluorine shall be performed by
petsons working in a group. Trained supervision of all po-~
tentially hazardous activities involving fluorine is essential.

The NASA -Lewis Research Center policy1 on use of pro-
tective clothing and equipment (breathing gear, etc.),
which has proved effective in almost two decades of safe
operation with fluorine systems, can be summed up in one
sentence: Use protective equipment only when it improves
safety, Extravagant use of protective clothing may provide
a false sense of security, while in fact being only a physical
hindrance., The following table gives various conditions
and recommended clothing or apparatus to be used in each
conditions
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TABLE 1 - RECOMMENDED SAFETY CLOTHING AND EQUIPMENT

When the condition is, or is expected to be,

Wear the following equipment:?
one in which - g eduip

There is no odor of fluorine (less than 0.10 ppm
fluorine in air)

Common work clothes

Easily removable plastic gloves, face shield, cloth
head covering, work clothes; a filtered - air mask,
or a portable air supply system should be used when-
ever the odor of fluorine is detected and persists for
longer than one minute

Fluorine can be smelled, but does not irritate the
nose (0,10 to 15 ppm flucrine in air)

Filtered-air mask or portable air supply, easily
removable plastic gloves, face shield, cloth or

plastic head covering, and loose-fitting plastic

jacket; minimize time in the arep

Fluorine irritates the nose, but does not affect the
skin or hair (15to 100 ppm flnorine in air)

Full safety suit (preferably/made pf a fluoropolymer)
and breathing-air supply

Fluorine warms|the skin and makes body hair sticky
(above 100 ppm fluorine in air)

Rescue, standby, or accident surveillance as needed Full safety suit and breathing air upply

aComfortable footgear does not exist which would give protection'against fluorine splash, impingement, or
cryogenic puddles. Common work shoes are considered appropriate protection for the feet. [ Routine precautions
should be follojred to prevent spilling any cryogenic fluid intd pockets, on shoe tops, sleeves, etc.

1Table 1 afd the accompanying three paragraphs have been excerpted with slight modifjcation from NASA SP-3037,

HANDLING AND USE OF FLUORINE AND FLUORINE~OXYGEN MIXTURES IN ROCKET SYSTEMS by W. H. Schmidt.

Remotely charged
lated by personnel in

aind operated facilities are manipu-
eryday work clothes, except for

tion of the fluorine sugply. This function-requires only a
face shield! and glov

b tubing caps, or at other times of
High pressure gaseous systems that
shielding for protection, which
the need for additiona v g
clothing should be designed for rapid and easy removal, in
case a fluorine impingement should penetrate the body
covering. When breaking into a system that has contained
fluorine, personnel should wear

1) a transparent plastic full face shield! over a head
covering of cloth or plastic,

2) gloves made of TFE cloth impregnated with TFE, or
one of the other fluorinated polymers2, designed for easy
removal by vigorous arm movements,

3) a jacket, or similar covering, also made of TFE
cloth impregnated with TEE, or one of the other fluori-
nated polymersz,- (also designed for ready removal),

If fumes cannot be avolded or if exposure is prolonged,
filtered breathing air from a supply tank or a portable
breathing apparatus, with self-contained supply tank and
face mask, is required.

in most cases, eliminates

2.2 Personnel Education - The fpllowing subjects shall
be explained thoroughly to all persopnel concerned with the
handling, transfer, and storage of fiiorine:

(a) Nature and properties of fluorine, with emphasis on
its toxicity.

(b) Approved materials which arg compatible with
fluorine.

(c) Proper equipment and its opgration.

(d) Use and care of protective equipment and clothing,

(e) Safety, self-a1d and first-aid insmructions,
al Pre 0 Fhe-principal personal hazards

ass001ated with the handling of ﬂuorme are as follows:

(a) Inhalation of vapor,

(b) Exposure of the body to the liquid or vapor,

(c) Fire.,

No materials are known at present that will provide
complete protection, Impermeable gloves, boots, and
body protection shall be worn when handling fluorine in
all uncertain or highly hazardous activities. All such

* Face shields will not provide protection against a high-
velocity impingement of fluorine. While amyl butyrate
has been used for face shields, another material, Aclar, a
film made from fluorohalocarbon, is preferred.

2 While the TEE cloth is preferred, neoprene is also
suitable for protection against inadvertent exposure to
dilute puffs of fluorine,
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protection clothing shall be designed and used in such a
manner that it can be shed easily and quickly,

3. TRANSFER AND STORAGE

8.1 General - Liquid fluorine must be stored in con-
tainers (either fixed or mobile) of approved design, mate-
rials, and construction.

Storage, transfer, and test areas must be kept neat and
free from combustibles, These areas must be inspected
frequently,

* In designing a reliable fluorine system the greatest em-
phasis is placed on three factors:

(a) Achieving an absolutely leak proof system,

(b) Avoiding irregularities in the flow passages such as
crevices and lap joints, weld slag, rough or oxidized
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tion occurred at atmospheric pressure, reaction was initiated
by the pressure increase.

Metallic materials with a high thermal conductivity resist
ignition with fluorine more readily than materials with low
conductivity, Combustion with fluorine will not occur if
the heat of reaction can be dissipated from the point of
ignition fast enough to maintain less than the combustion
temperature for the material involved.

Fluorocarbon materials undergo two types of reaction with
the fluorine--a slow reaction in which the material slowly
reacts forming fluoride at the surface at a relatively low
temperature, and a fast combustion reaction. The type of
reaction is generally determined by the ability or the capac-
ity of material adjacent to the reacting zone to dissipate the
heat of reaction at a rate equal to or greater than the rate in
which the heat is produced. Fluorocarbon O-rings or valve

surfaces,

(c) Taking extreme care in the assembly, cleaning,
passivation, and in|the prevention of contamination,

The success of this procedure has been demonstrated by
many successful operations of liquid fluorine at the NASA
Lewis Research Cenfer. It should be mentioned here that
much of the materipl presented in this section was derived
from the paper "Soine Problems in using Fluorine in Rocket
Systems" by H., W.|Schmidt and B, A. Rothenberg, as pre-
sented in O, 8,U, Special Report No, 12 entitled PRO-
CEEDINGS OF THE |PROPELLANT THERMODYNAMICS AND
HANDLING CONFERENCE - this is referenced in the General

Bibliography of the|present document. For a comprehensive(
much expanded treatment of the subject of fluorine, the
reader is referred tg NASA SP-3037, HANDLING AND USE
OF FLUORINE AND |[FLUORINE- OXYGEN MIXTURESIN
ROCKET SYSTEMS|by H. W, Schmidt - a report\which is
referenced in the fluorine bibliography following this section.

3.2 Materials -|Partially oxidized material can be fully
oxidized simply by [exposure to an oxidizing atmosphere of
suitable temperaturp, This is particularly true with fluorine
since fluorine has the highest oxidation potential of all the
elements, Ordinary oxides may be considered to be in a
state of less than mpximum_oxidation because fluorine is
capable of replacing the oxygen atoms with sufficient heat
release to maintain combustion. Most metallic oxides react
with fluorine at te| — ess—th 4
Even fire brick (A1203 S102) will burn in ﬂuorme. 'I'he
reaction of fluorocarbon polymers with fluorine is another
example of a reaction of a higher state of oxidation. Poly-
tetrafluoroethylene (-CFo-CFg-), for example, is a satu-
rated fluorocarbon chain but fluorine is capable of breaking
the carbon bond reacting the carbon to a higher degree of
saturation forming carbon tetrafluoride, The reaction may
be initiated from an unreacting system by increasing the
temperature,

A pressure increase will also initiate reaction with fluo-
rine. Several non-metallic materials were tested under the
static conditions for compatibility with both liquid and
gaseous fluorine at atmospheric pressure and at 1500 psig
respectively, In a majority of the tests on which no reac-

stem packings closely surrounded by metal slowly react
away if the gaseous fluorine(is able to leak past them. How-
ever, active combustionis genetally prevented because of
the high thermal conductivity of|the system surrounding the
O-ring or packing.

Fluorine will react with the surface of nearly all solid
materials, Iftlle material is spgntaneously combustible,
reaction will ¢ontinue until the fluorine or the material is
depleted, \If the material is not spontaneously combustible,
like most metals, surface reactign simply forms a fluoride
film‘n the surface, This film, if sufficiently tenacious, is

considered generally to be an aig

in preventing fluorine at-

tack on fluorine systems, If, hopever, the surface area

exposed to fluorine is very large
for example, a fine mesh screen
such as powdered metal or spun g

in proportion to the mass,
or finely divided material
lass, the surface reaction

will initiate combustion and the
taneously reactive.

material becomes spon-

Many fluorine system failures
although the flow condition itself has not been established as
the direct cause of failure in mogt cases. In one test at
NASA Lewis, polytetrafluoroethyjene (Teflon) was exposed
statically to liquid fluorine at 15D0 psi without reaction.
The same material when subjected to flow conditions at 50
psi reacted violently. The fact that Teflon withstood static
exposure to 11qu1d fluorine and y¢t failed in the dynamic test

pa : dietals-form a protective fluoride
surface f11m when exposed to fluorine. Teflon, on the other
hand, tends to react with flnorine to break down the poly-
mer and form unsaturated low molecular weight fluorocar-
bons, These fluorocarbons would not adhere to the surface
and therefore would be of no value as protective films, It is
also possible, of course, that the surface impurity could act
as a reaction initiator although this should be independent of
kinetic or static conditions,

In the experience at NASA Lewis in flyorine system fail-
ures, combustion reaction was initiated with fluorine and its
containing system, The section in which failure occurred
was usnally consumed which desiroyed the evidence so that
the exact cause could not be determined. However, high
pressure flow of liquid fluorine was most frequently involved

occur during flow conditions,
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and the compatibility of materials was suspected. A series
of compatibility tests with liquid fluorine were conducted in
an effort to isolate the cause of burnouts. Flow tests were
run at pressures up to 1500 psi. Fluorine was cycled to the
test sections by means of an appropriate control value in
pressures up to 1500 psi. The materials tested were Monel,
stainless steel, nickel, brass, and aluminum. Pinhole ori-
fices were used to simulate leaks for determining erosion
tendencies. Fluorine was impinged against flat-ended plugs
at velocities over 350 ft. per sec. and sharpedged wedges
were used to study turbulence and the effect of sharp edges
in fluorine flow, Liquid fluorine at 1500 psi was released
suddenly into one-quarter inch stainless steel and aluminum
tubing containing gaseous fluorine at ambient temperatures
without adverse effect on the system. No metal erosion or
appreciable chemical
specimens used and tesfed. Pressure, flow rate, Reynolds
number, or system configuration had no effect on the test.
After the entire prepardtion and operating procedure was
reviewed it was conclufled that the primary cause of burnouts
in fluorine systems was|not associated with the selection of
materials or configuratfon of systemn components, but rather
must be due to system fontamination. Contamination in-
cludes all foreign matdrial, organic or inorganic that is not
fully fluorinated. Use|of extreme care in assembly, to-
gether with astringent fleaning procedures to obtain meticu-
lously clean systems rejsulted in a marked reduction in system
failures.

A secondary cause df "burnouts” may be attributed to
mechanical failure of the containing system which may allow
the fluorine to come iffto contact with reactable material.
For example, a flange|leak may allow fluorine to comntact
moisture or dirt on the |outside of the flow line which/may
initiate combustion with the type material.

Most metal materialls of construction areTesistaiit to
fluorine attack if the conditions of exposure are not too
severe. In many cases this resistance is enhanced by the
fluoride film that formg on or in thésurface of the material
from initial reaction. |Materials'more subject to fluorine and
hydrogen fluoride corrgsion accumulate relatively heavy
fluoride coatings during prolenged use. Iron is such a mate-
rial and is used mostly|in’gaseous fluorine systems at low

resistant to reaction with liquid fluorine,

One reference

reports that the ceramic material mullite was not visibly
affected by the liquid fluorine, but it is reasonable to assume

that if enough heat was generated to

melt or burn most

metals, the fluorine could attack the ceramic material.
Fluorine reacts with organic, aqueous, or siliceous mate-

rials otherwise considered inert, as well as with oxidizable

materials, Therefore, silicants and standard petroleum-

based lubricants are not usable,
ricants for fluorine service.

There are no reliable lub-

3.3 Equipment - Liquid fluorine handling equipment
shall be degreased by washing with approved grease-remov-

ing solvents before being used.

Passivation is recommended

as a final treatment prior to liquid exposure, Equipment

taken out of service for maintenance
be inspected and cleaned before retu
tanks for storage of liquid fluorine)a
with three horizontal concentric’she
intermediate shell and an nner shell

user, the shells can be constructed 01]

num, or stainless stéel,” The inner
fluorine; the intermediate shell will

or modification shall
ned to service, The
usually constructed

s; an outer shell, an

L As dictated by the
either Monel, alumi-
ell will contain liquid
contain liquid nitrogen;

and the outer shell an insulating maIrial of low thermal

conductivity\such as Santocel or per
concern of potential fluorine leakage
nulus; (I the event there is a probal
seep, into the insulated space, it is rq

ite provided there is no
into the insulating an-
ility that fluorine may
commended that a

vacuum only, or a high vacuum plusLa metallic radiation

shield, be utilized. The primary ob
fabrication is to achieve a smooth cr
seam welds which have flux and slag

ective in fluorine tank
bvice free interior;
inclusions, pockets or

bubbles, and oxidized surface flaking are considered par-

ticularly hazardous, and this type of
of reacting and combusting with fluoj

contaminant is capable
rine. The higher the

state of purity of the container, its
fluorine itself, the less possible it is
It follows that pressurizing gases mus
other contaminants,

3.8.1 Containers - Liquid fluorir
either fixed or mobile tanks of apprg
rials. Storage and shipping containg

rface and even the
OF reaction to occur.
be free of moisture or

he may be stored in
ved design and mate-
rs designed for non-

cryogenic flnids shall not be used inl

pressures in moderate ambient temperatures. The advantage
is low cost; the disadvantage is flow restriction and clogging
from accumulated solids which necessitates more frequent
maintenance, Fluoride coatings are sometimes very brittle,
sometimes porous and powdery, The more resistant mate-
rials such as nickel and stainless steel rarely exhibit visible
surface films from fluorine exposures, The permeability of
the fluoride coating, which varies with the material, is one
of the controlling factors in the corrosion rate. Those metals
with greatest resistivity to fluorine attack are least dependent
on the fluoride film for protection. For example, nickel is
nearly passive to liquid fluorine, and may be exposed to
severe dynamic conditions without prior surface passivation.
Other commonly used materials with excellent resistivity to
fluorine are Monel, Inconel, 300 series stainless steel, brass,
copper, and aluminum.

There are no non-metals that are known to be entirely

this service. Storage

tanks shall be proof-tested prior to service in accordance
with the provisions of applicable ASME, ASTM, or IGC
specifications for pressure vessels, Containers for shipment,
storage and transfer of liquid fluorine shall be fabricated in
accordance with the physical and structural requirements
dictated by the use for which they are intended.

3.3.2 Lines and Fittings - For lines and fittings the ob-
jective again must be a Ieakproof plainly designed system
free of contamination. A reliable way to join fluorine flow
lines is to arc weld them in an inert helium atmosphere
(Heliarc process) using a V-notch butt weld; for removable
sections, the use of concentrically serrated flanges bolted
together against an annealed soft aluminum gasket is accept-
able. Bolt tension should be checked frequently, especially
after several extreme temperature cycles.

Compression fittings and threaded

connections have been

used successfully for high pressure fluorine systems in lines
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less than 8/4 in, diameter, but for 3/4 in, or above they
are not considered a reliable joint for liquid fluorine service.
Compression fittings above 8/4 in, are more difficult to

seat properly than the smaller sizes, thereby increasing the
possibility of high pressure leaks, Also they tend to fail
more readily from high pressure by tubing pulling out of the
fittings.

The threaded type connections should be avoided but
have been used successfully when the threaded portion has
been silver soldered in place cr better if both ends of the
threaded section have been welded or brazed; this prevents
fluorine from getting into the spaces between the threads
where cleaning is difficult,

3.8.8 Valves - Many of the standard globe, plug or
needle valves can be adapted for gaseous fluorine by using
Teflon valve stem packings, In most cases, liquid fluorine

Because of the fact that fluorine is the most powerful
oxidizing agent known, reacting with practically all organic
and inorganic substances - exceptions being the inert gases,
metal fluorides in the highest valence state, and a few (catal-
yst and adulterant free) completely fluorinated organic com-
pounds - limited information can be provided here regarding
transfer methods and techniques. The necessary procedures
for transferring to and from storage containers and various
items of equipment shall be based on specific component de-
sign features and specific requirements of each test, experi-
ment, or application. All operating personnel shall have
complete and thorough instruction prior to any transfer
operation,

USE CAUTION --- DOUBLE-CHECK EVERY OPERATION

requires that diaphrigm- or bellows-sealed valves be used
to prevent liquid frgm contacting the seal material. Because
of the extremely lojv temperatures of liquid fluorine systems,
standard valves packed with Teflon or Kel-F are unsuitable
although some reliability can be achieved by using a valve
on an extension 10 fo 12 inches long; vertically mounted
valve-bonnet exten$ions reduce the possibility of liquid
fluorine contacting [the stem packing since the heat transfer
into the valve maintains a gas pocket in the area of the
packing., This proviides higher packing temperatures, thus
preventing leaks that may cause spontaneous ignition.

Hand- operated valves should be equipped with valve stem
extension through a|suitable barrier for the protection of the
operator, This typg of operation should be limited to low
pressure (<500 psi)|gaseous systems,

For high pressure| liquid fluorine systems, remotely oper-
ated diaphragm- or|bellows-type valves are preferted. Ex-
cellent results have|been obtained with valve plugs of Monel
or stainless steel angl seats of nickel, brass, ‘copper, or alu-
minum, Valves shquld be completely disassembled for
thorough cleaning prior to use and while’ the valve is apart
for cleaning it is good practice to‘mate the valve plug in
its respective seat for perfect seatinig, Valve actuators may
be either hydraulic jor pneumatic,

8.5 Spills, Leaks and Deconfamination - All areas con-
taining fluorine under pressure) sHall be inspected for leaks at
suitable intervals, Do notymove|leaking fluorine cylinders,
A leak in the cylinder-wall is usyally caused by an impurity
in the cylinder and is often assodiated with a pressure rise
which may cause the cylinder to[rupture, When a valve is
found to be léaking, no attempt jshould be made to tighten
the valve orithe packing nut. Eyacuate the area.

Repair all leaks only after venting the fluorine. The use
of filter paper moistened with pdtassium - iodide solution or
moist starch~potassinm iodide paper is a very sensitive means
of detecting fluorine (down to about 25 ppm), The odor of
fluorine is so strong that very low concentrations can be de-
tected, but this is not a safe or rgliable method of detecting
lethal quantities.

Ammonium hydroxide (aqua gmmonia) in a plastic squirt
bottle should be used as a rapid qualitative test. This method
is used for the detection and locdtion of small gas leaks; the
chemical smoke produced is very visible,

Small amounts of fluorine may be disposed of by slow
venting. It may also be disposed of by a fluorine-hydrocar-~
bon-air burner, scrubber, and s,t%:k. Possibly the safest dis-

posal method is that in which fluorine is converted to unreac-
tive and nontoxic carbon tetraflupride by passing it through
charcoal,

5'3. 3.4 Pumps ang }.Ioses - ?’he requirement for flexible In the event that liquid fluorife is spilled, the contami-
_tubing for liquid ﬂuw—ﬂmmuﬂhm—mﬁmw i ith sodium carbonate. The

section or diaphragm flexer units are designed for a minimum
of stress and strain of the required motion and should be ade-

quate for most requirements, Difficulty could be expected

if excessive surface flexing causes cracks, flaking or leaks in

the tubing or if the design prevents suitable cleaning,

In the event a pump is utilized in a transfer operation,
extreme caution should be exercised on the design of the
shaft seal, Depending on the use, the seal should be de-
signed to prevent fluorine leakage entirely, or to control the
leakage and its path so as to prevent it from mixing or asso-
ciating with- other incompatible elements of the pump.

8,4 Transfer Procedures ~ Transfer of liquid fluorine is
generally accomplished by pressurization with helium or by
evaporation of the liquid, It is essential that all of the
equipment, lines, and fittings be leak-tight, dry and
thoroughly cleansed of all foreign material prior to use,

dry powder can be sprayed on to the spill area from a fluid-
ized system similar in principle to that of dry chemical fire
extinguishers, If major spillages occur in areas where forma-
tion of hydrofluoric acid liquid and vapor pose no undue
danger, water in the form of a fine mist or fog is recom-
mended. A major portion of the fluorine will be converted
to hot, light gaseous products which rise vertically and dif-
fuse quickly into the atmosphere,

8.6 Cleaning Procedures - Equipment is to be cleaned in
accordance with the provisions of Appendix A.

8,7 Passivation Procedures - Passivation, of either sys-
tem components or an assembled system, is the final step
of cleaning for fluorine handling equipment. Prime impor-
tance was originally given to the fact that the procedure
resulted in formation of a fluoride film which covered all
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exposed (to fluorine) surfaces, thereby inhibiting any fur-
ther corrosion and material surface reactivity in actual
service, This is still considered to be one function of the
procedure; however, its main benefit is in the complete
fluorination of residual contaminants remaining in the com-
ponent or system after normal cleaning procedures have
been followed (see Section 3.6 above). There is no evi-
dence at hand today that requires passivation for materials
which have been thoroughly cleaned. This is not meant to
indicate that passivation may be regarded as a substitute

for good cleaning practices - it isn't. However, most sys-
tem failures that have resulted in burnout have been traced
to some form of contamination, and passivation provides
one additional bit of insurance that everything has been
done that can be done to assure extreme cleanliness where
it is such an importan] .
dures to be used involye either of the following sequences:

A, Passivation by evaguation and pressurization
1) Evacuate systenp and backfill with pure, dry nitrogen
or helium gas;
2) Evacuate systen} again and backfill with pure fluorine
gas or a mixture of fljorine and helium gases until a slight

DESIGN HANDBOOK FOR LIQUID FLUORINE GROUND
HANDLING EQUIPMENT (Second Edition) - Aerojet-Genezal
Corp., AFRPL-TR-65-[133 (Aug. 1965) Contr. AF 04(611)-
10541, 484 pp 126 fig|72 tab 265 ref - DDC AD 468216,

This handbook is a [compilation of available design data
and methods of operatjon representing present technical ex-
perience levels as applied to fluorine. 'In addition, it in-
cludes design and opemational data for liquid helium, liquid
oxygen and liquid nitrpgen systems in.those areas likely to be
of use to a designer of|a liquid fluorine facility.

The handbook also pontains considerable design informa-
tion to assist the desigper incealing up current sizes of fluo-
rine and cryogenic sysfems\to meet the designer's specific
requirements,
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positive gage pressure is reached;

3) Hold for several minutes to permit any reaction that
might take place to occur slowly;

4) Continue pressurization (with incremental stops to
allow any reaction with contaminants to proceed slowly)
until 110 percent of maximum operating pressure is
reached; . ’

5) Hold for at least 1/2 hour;

6) Vent system to slight positive gage pressure to pre-
vent infiltration of atmospheric contaminants.

B. Passivation by pressurization without evacuation

1) Pressurize system to maximum operating pressure, or
50 psi, as desired with pure, dry nitrogen or helium gas;
2) Vent system to slight positive gage pressure;

i i orine gas or a mixture
of fluorine and helium gases (with incremental staps to
allow any reaction with contaminants to proceed slowly)
until 110 percent of maximum operating pressure is
reached;

4) Hold for at least)1/2 hour;
5) Vent systemdo slight positive gage pressure to pre-
vent infiltration of atmospheric contaminants.

FLUORINE (Product Information Technical Bulletins ) -
General Chemical Division, Allied Chemical and Dye Cor-
poration, New York, )

Information from "the nation's pfimary supplier of fluo-
rine, in both gaseous and liquid forms for commercial and
research applications” on the storage, handling, safety, and
material compatibility of fluorine.

BIBLIOGRAPHY OF FLUORINE - Briggs, C. (Ed.), Martin
Company, Denver, Colo, (July 1, 1961) 12 pp DDC AD
293 821,

This compilation includes titles pf approximately 142
documents related to the use of fluorine in liquid rocket en-
gines, Covered in this listing are bgoks, reports, journals,

Because no exact system requirements are specified, no
optimum system is selected, though several fluorine systems
are discussed, Both advantages and disadvantages of the
various components are discussed to enable the designer to
choose the best system for his particular needs. Bases for
comparison include cost, availability, length of operation,
fluorine loss and location.

THE PROPERTIES AND HANDLING OF FLUORINE - Air
Products & Chemicals, Inc., ASD-TDR-62-273 (Oct. 1963)
Contr, AF 33(616)-6515, 131 pp 11 fig 57 tab 187 ref -
DDC AD 423 751. )

This report presents data on properties of fluorine, meth-
ods of analysis, safe-handling procedures, compatibility of
materials of construction with fluorine, corrosion rates of
metals, and bibliography of pertinent references.

and magazines prior to, and including, the year 1961,

BIBLIOGRAPHY OF FLUORINE AND FLUORINE- OXYGEN
OXIDIZERS FOR SPACE APPLICATIONS - Cabaniss, J. H. -
NASA TM X-53149 (Oct. 1964) 76 pp 353 ref.

The bibliography references approximately 350 reports on
fluorine and fluorine- oxygen mixtures (FLOX). In the intro-
duction, current government contracts pertaining to FLOX
and fluorine are listed. The bibliography includes separate
sections dealing with material compatibility; handling, stor-
age, disposal, and safety considerations; physical and chemi-
cal propetrties; propellant oxidizer studies; vehicle component
design studies; and miscellaneous reports,

A LITERATURE SURVEY OF THE CORROSION OF METAL
ALLOYS IN LIQUID AND GASEOUS FLUORINE - Cabaniss,
J. H. and Williamson, J. G. - NASA-George C. Marshall
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Space Flight Center, Huntsville, Ala. - Internal Report
MTP-P & VE-M-63-21 (Dec, 31, 1963).

A literature survey on the corrosive nature of both liquid
and gaseous fluorine is presented. This paper contains gen-
eral information regarding: (1) chemical reaction of fluorine
with various metallic materials; (2) conditions under which
these materials can be used with fluorine; (3) results of cor-
rosion tests that have been conducted on various materials
over the range of -820°F (-196°C) to 1800°F ('704°C).

FLUORINE SYSTEMS HANDBOOK - Douglas Missile and
Space Systems Division - NASA CR-72064 (July 1967)
NASA Contr, No, NAS, - 1851 413 pp 76 fig 54 tab 325 ref.

This Handbook contains criteria for the design of air-
borne fluorine feed systems and associated components,
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HANDLING FLUORINE AND FLUORINE COMPOUNDS -
The International Nickel Company, Inc., New York.
A general information document concerning fluorine and

fluorine compounds.

EXPERIMENTAL EVALUATION OF LIQUID FLUORINE
SYSTEM COMPONENTS - DeWitt, R, L. and Schmidt, H.
W. - NASA-Lewis Research Center, Cleveland, Ohio -
NASA Tech. Note D-1727 (June 1963),

The investigation reported here was undertaken primarily
to design, develop, and test prototype flight hardware to be
used in systems for the safe ground-to-vehicle transfer of
liquid fluorine and secondarily to test the capability of liquid
fluorine with the materials and fabrication techniques used

in construction of the hardware.

The prototype hardware

consisted of a "quick-disconnect” coupling and a valve, which

Two types of information are presented: (1) philosophical
information defining general methods, and (2) detailed
specifications and|procedures. Although the major em-
phasis has been on criteria for components exposed to
elemental fluoring, the information is generally applicable
other cryogenic oxidizers which con-
tain fluorine as a gonstituent.

DEVELOPMENT AND DEMONSTRATION OF GRITERIA
FOR LIQUID FLUGRINE FEED SYSTEM COMPONENTS -
Final Report - Doyglas Missile and Space Systems Division-
NASA CR-72063 (Pct. 1967) NASA Contr, No, NAS,, -
1851 - 473 pp 199 fig 67 tab 289 ref,

The objectives|of the work covered by this report were:
(1) to establish the criteria for use in the design, fabrication,
inspection, and servicing of fluorine flightweight propellant
feed systems, and|(2) to demonstrate, where necessary, the
adequacy of these|criteria,

FLUORINE PROPULSION TECHNOLOGY,- Flanagan, J. R.
and Stephenson, K. W,, Jr. - AIAA Second Annual Meeting,
July 26-29, 1965, ATAA Paper No. 657536,

This paper predents a review of\the technological investi-
gations that have peen conducted to advance the state- of-the-
art of fluorine propulsion, It also reports the key accomplish-
ments in the current technological investigations and discusses
the role that fluorlne fay play in our future space program.

were designed and fabricated at|
and a commercially procuréd,rg

FRICTION, WEAR,)AND DY]
LIQUID FLUORINE AND LIQUID

the Lewis Research Center,
tating-vane flowmeter,

NAMIC SEAL STUDIES IN
OXYGEN - Hady, W, F.,

Allen, G. P,SSliney, H. E., 4nd Johnson, R. L. - NASA-

Lewis Research Center, Clevela
D-2453.(Aug. 1964) 15 p.
Friction and wear of four ma

nd, Ohio - NASA Tech, Note

ferial combinations were de-

termiined running submerged in
fluorine, Results of these studi

liquid oxygen and in liquid
and two face contact seals

run submerged in liquid fluoring indicated that AlpOg sliding
against either a fused fluoride film on AlpOg or a nickel-
bonded TiC cermet are acceptaple material combinations

for fluorine seal applications.

he presence of a fluoride

film, either as an applied fused|coating (CaFg + LiF + NiFo)

or as a film formed during slidi
TiC cermet or possibly AIF3 on
was beneficial in reducing fricti
riders,

HANDLING LIQUID FLUORIN
Kimball, A. R., Advances in C

g (NiFg on a nickel-bonded
Al203g) in liguid fluorine
on and wear of the AloOg3

E IN ROCKET APPLICATIONS-
ryogenic Engineering 5, 77-

84 (Proc. of 1959 Cryogenic Eng
New York (1960) Paper B-1, 8 f
Fluorine is extremely attract]

. Conf.) Plenum Press, Inc,,
g 1 tab, :
ve as the oxidizer in rocket

A FACILITY FORTESTING ROCKET ENGINES AND
FLOW SYSTEM COMPONENTS IN LIQUID FLUOCRINE -
French, J. R, and Robinett, F. E, - SAE Paper No,
670590 (June 1967) 6 pp 3 fig. [Published in Proc. of the
SAE Aerospace Systems Conference, Los Angeles, Calif, ].

A liquid fluorine closed flow loop and engine test
position has been designed, ‘constructed, and operated for
extended periods with very few difficulties, This paper
describes the design philosophy of the system and discusses
the operation experience gained in rocket engine firings
and cold flow operations, Based upon experience with
this system, a new attitude toward the handling of fluorine
has evolved, Fluorine may now be handled with confi-
dence so long as its peculiar characteristics are considered
and respected. In this light, more realistic safety, clean-
ing, passivation, and testing procedures have been devel-
oped and are described herein,

propulsion systems in view of the 40% performance increase
that may be realized by replacing present day operational
propellants with a high-energy combination. Development
of fluorine propulsion systems has, however, been approached
cautiously because of concern expressed in view of its ex-

treme reactivity and toxicity,

In this paper a review is made of the present state- of- the-
art (1959) and Bell Aircraft Corporation's findings in the

areas of material compatibility,

equipment fabrication,

operating techniques, instumentation, and safety when

using liquid fluorine.

LIQUID FLUORINE - PRODUCTION AND HANDLING -
Neumark, H. R, - Allied Chemical Corporation - Presented

at 2nd Missile Liquid Propellant

Symposium (Nov. 1964).

A discussion and clarification of some of the problems re-~
lated to the use of liquid fluorine.
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THE COMPATIBILITY OF VARIOUS METALS WITH
LIQUID FLUORINE - Kleinberg, S. and Tompkins, J, F
Air Products, Inc., Allentown, Pa., - ASD-TDR-62-250
Report for Oct, 1960-Oct., 1961 on Finishes and Materials
Preservation (Mar. 1962) Contr. AF 33(616)6515, 114 pp
22 fig 19 tab 14 ref.

Studies were made of liquid fluorine and its contami-
nants, reactions on metal surfaces, fluoride films, and im-
mersion tests of tensile specimens. A method of preparing
contaminant-free fluorine and its infrared analysis is
 discussed.

COMPATIBILITY OF POLYMERIC MATERIALS WITH
FLUORINE AND FLUORINE-OXYGEN MIX TURES - Russell
L. M., Schmidt, H
Research Center, Cle"eland, Ohio - NASA Tech. Note
D-3392 (June 1966) 39 pp 17 fig 5 tab 3 ref.

Compatibility test{ were performed on a number of poly-
meric materials with the use of various mixtures of fluorine
and oxygen in both gqseous and liquid states. The purpose
of these tests was to ipvestigate the feasibility of using fluo-
rine- oxygen mixtures|in rocket-propulsion systems containing
some nonmetallic mafterials. The tests were divided into
two major areas, statlc tests and dynamic tests.

In the static tests, |a number of test samples were exposed
to various FLOX (fluofine-oxygen) mixtures, both gaseous
and liquid, at atmospheric pressure and virtually static con-
ditions in order to obtiain information on compatibility solely
as a function of fluorine concentration. The reactivity of,
the materials tested With FLOX under static conditions is a
function of the conceptration of fluorine in the mixture.

In the dynamic teqts, selected materials were (exposed to
fluorine and FLOX at [various combinations of concentration
and flow velocity. Reactivity profiles were generated for
these materials as functions of these twoparameters. At any
given fluorine concenjtration, flow velocity was a strongly
significant parameter|in the reactivity of FLOX with all
materials tested. Goherally the flitorocarbon polymers, par-
ticularly the fully fluprinated; Straight-chain polymers were
the most compatible with fluorine and with FLOX.

In both static and fiynamic tests, a comparison between

up to approximately 400 ft/sec and pressures up to 1500 1b/
sq. in. gage. Configurations were varied to produce severe
turbulence and impact effects. Two rotating-vane flow-
meters were also tested. None of the metals exhibited any

measurable physical or chemical changes.

In a run made

with Teflon, fluorine reacted violently.

HANDLING AND USE OF FLUORINE AND FLUORINE -
OXYGEN MIXTURES IN ROCKET SYSTEMS - Schmidt, H.
W. (with assistance of J, T. Harper, Technical Writer) -
NASA -Lewis Research Center, Cleveland, Ohio -~ NASA
§P-3037 (1967) 279 pp 76 fig 42 tab 259 ref,

The accumulated technology necessary for the practi-
cal application of fluorine as a rocket propellant is pre-

sented in this report. Physical and
specific areas in design and develo
tems and in testing and launch)ope.
tion given herein should provide th
or the scientist with information pej
istics of fluorine and(fluorine-oxyg

chemical character-
lered in relation to
bment of rocket sys-
ations, The informa-

e designer, the engineer,
culiar to the character-
en mixtures (FLOX) to

enable him to werk with these fluids intelligently and

safely, An effort’has been made tq
formation for facility and systems (
operation that is directly applicabl
or FLOX) programs.

PRODUGTION, HANDLING ANL

MENTAL FLUORINE - Siegmund, J|

cal Corporation, Industrial Chemig
town, N. J. - Paper No, 262 prese,
Meeting, Houston, Texas (Feb, 19
1 ref. '

The manufacture of fluorine on
scale is discussed relative to currer
expansion capability and raw mate|
transportation of liquid fluorine is
Construction materials suitable for
ponents, and procedures for preparj
use with fluorine, are given. The
rine, both chronic and acute, are

present practical in-
Jesign, assembly, and
e to specific fluorine

D SHIPPING OF ELE-
M. - Allied Chemi-
als Division, Morris-
nted at AIChE National
-23, 1967) 6 pp 9 fig

a large commercial

t production status,
rial availability. The
liscussed in detail.
various system com -
ng the components for
toxic effects of fluo-
liscussed. Exposure

probabilities in the aerospace indudtry are compared with

cryogenic liquid and ambient-temperature gaseous test re-
sults indicated that the liquid was the more reactive.

It was concluded that some of the materials tested may
be considered for use in rocket systems with fluorine or
FLOX under controlled conditions of exposure; however, be-
cause of possible variations in quality and because polymers
are more sensitive to contamination than metals in a fluo-
rine environment, they should be used with a margin of
safety.

COMPATIBILITY OF METALS WITH LIQUID FLUORINE
AT HIGH PRESSURES AND FLOW VELOCITIES - Schmidt,
H. W. - NACA - Lewis Flight Propulsion Laboratory, Cleve-
land, Ohio - NACA Research Memo. E58D11 (July 1958)

15 pp.

Nickel, stainless steel, brass, and aluminum were evalu-

ated for compatibility with liquid fluorine at flow velocities

> &

those in the chemical industry. The need for different
toxicity guidelines for each is discussed. Methods of de-
tection and decontamination in the event of leakage or

spillage are also given,

SOME FIELD PROBLEMS ASSOCIATED WITH THE HAND-

LING OF FLUORINE AND FLOX - Siegmund, J.

M. - Cry-

ogenic Technology 2, 105-108 (Sept./Oct. 1966).

Possible solutions to some of the problems associated with
the handling of fluorine and FLOX mixtures in missile appli-
cations are discussed. FLOX is a physical mixture, not a
chemical compound. Because of the difference in boiling
points of the two components, a composition change will
take place with FLOX if the oxidizer tank is vented to at-

mosphere during "holds" on the lau

nch pad. The amount of

change is shown in a plot of % boil-off versus composition,
In order to accomplish the desired m1ss10n. it will probably
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be necessary to build up the fluorine and oxygen content to
the original composition prior to "lift off," A practical
method for analyzing the FLOX oxidizer quickly, to deter-
mine fluorine content, is described, A method for making
corrections for "boil-off" using a “boil-off* composition
chart is presented, and an alternate method preventing
"boil-off" is proposed.

When working with high energy toxic materials, it is
necessary to monitor surrounding areas to maintain toxicant
concentrations within tolerable limits, This paper discusses
some experiences with an instrument for the detection of
small amounts of fluorine in the atmosphere.

Quantity- distance relationships, fire, explosion, blast
effects and medical aspects are discussed. The method of
charging flox into 5,000 pound transport tanks is outlined.

and tearing of metal samples while immersed in liquid F;
explosibility of contaminant in liquid F. Corrosion of metals
in pure liquid F was negligible, generally amounting to less
than 1 mil penetration per year. The results indicated that
contamination of liquid F could result in severe corrosion.
Graphite C was incompatible with liquid F, while dense
amorphous C was only slightly affected. Ti ignited under
impact in liquid F, but the ignition did not propagate. No
evidence was found to support the theory that a F film is
required to protect metals from attack by liquid F. Passi-
vation by gaseous F was recommended as an extension of
the cleaning procedure, although there is no evidence that
passivation is required for materials which have been
thoroughly cleaned,

PREPARATION, |PROPERTIES, AND TECHNOLOGY OF
FLUORINE AND ORGANIC FLUORO COMPOUNDS - Slesser,
C. and Schram, S.|R. (Ed.) - Div, VII, Vol, I, National
Nuclear Energy Serjes, McGraw-Hill Book Company, Inc.,
New York (1959).

CORROSION OF IMETALS BY LIQUID FLUORINE - Single-
ton, A. H,, Tompkins, J. F., Kleinberg, S., and Sterner,
C. J. - Ind. & Eng| Chem. 57 (March 1965) pp 47-53.

In this study, mgtals were exposed to corrosive action of
liquid flyorine for feriods up to one year in duration. The
metals tested were fhose most commonly of interest for this
service - alloys of aluminum, titanium, copper, magnes-
ium, nickel, and sfainless steel, Samples were exposed-in
both the stressed anfl the unstressed states, and tensile
strength of certain metals was tested after fluorine. exposure.
In all cases, it was|concluded that the corrosive action of
fluorine in a dry sydtem, free from contamipants, is neg-
ligible, and that stjess corrosion and cracking are not likely
to occur in metals ¢xposed to liquid fluorine. All metals
tested had the samg yield strength after” exposure as before.,

THE COMPATIB]LITY OF VARIOUS METALS AND CAR-
BON WITH LIQUID [FLUORINE*- Sterner, C. I. and Single-
ton, A, H, - Air Pioducts;/Inc., Allentown, Pa. - WADD
TR 60-436, Report for-June 1959 - June 1960 on Finishes

THE COMPATIBILITY OF VARIOUS METALS WITH
LIQUID FLUORINE - Sterner,”C.|J. and Singleton, A. H. -
Air Products, Inc., Allentown, Pa. - WADD TR 60-819
Report for June 1960 —Oct. 1960 on Finishes and Materials
Preservation (Mar,-1961) Contr, |AF 33(616)6515 42 pp

tab 15 ref -(DDC AD 260 087,

Studies were made to determine the compatibility and
resistance to corrosion of various metals with liquid F at
-320F, . ‘Metals tested included various alloys of Al, stain-
less and high-strength steel, Ti,|Cu, Monel, Ni, and Mg.
It\was found that the total corrosjon of Ti which had been
exposed to liquid F was independent of time for periods up
to 2 weeks. The corrosion of Mg increased up to one day,
but longer exposures up to 2 weeks produced no further
corrosion. Increased corrosion of metals by F contami-
nated with water does not occur fat liquid F temperatures,
but takes place in the gas phase while the system is warm-
ing. F which had been liquefied in glass cells was found to
contain solid material. Pretreatment with F gas is recom-
mended since it can bum off surface contamination which
might prove dangerous during liquid exposure. Abrading
metal surfaces under liquid F with wire bristles caused no
apparent increase in corrosion rafe,

COMPATIBILITY PROBLEMS WITH MATERIALS OF

and Materials Preservation (Aug, 1960y Contf. AF 33(610)
6515 110 pp fig tab 162 ref - DDC AD 244 309.
Investigation was made of the compatibility and resist-
ance to corrosion of various alloys of Al, stainless steels (in-
cluding high strength steels), Ti, Cu, Ni, Mg and Monel
metal, Tests included continwous immersion in liquid F for
periods up to 2 weeks; impact sensitivity (impact ignition of
Ti and Al in liquid F and of Ti in liquid O at impact energy
levels ranging from 2, 6 to 65 ft-1b, and impact on tubes
containing liquid F); passivation and storage for periods up
to 64 days followed by immersion in liquid F; thermal shock
of samples by liquid F and in contact with liquid F; flexing

CONSTRUGTION IN LAUNCH VEHICLES - The Boeing
Company, Launch Systems Branch, Aero-Space Division,
Huntsville, Ala, (March 1966) - Document D5-13229

16 pp 7 fig 1 tab 6 ref,

This report is a brief review of previous studies on the
compatibility of various materials with LOX and FLOX
mixtures that was presented at the 5th Launch Systems
Branch Technology Council Meeting, May 26, 1965 in
New Orleans, Louisiana, It is being released as a sup-
plement to SAMRM-19 as a background reference on com-
patibility problems related to material exposed to oxygen
and fluorine oxidizers in propulsion systems,
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PHYSICAL PROPERTIES OF FLUORINE

PROPERTY VALUES OF FLUORINE
AT SELECTED CONDITIONS

Nomenclature and Conditions

a. Taken from reference 5 at a pressure of one atmos-

TP = Triple Point phere and at a temperature of 85.24°K, which is not the
NBT = Normal Boiling Temperature (and 1 atm.) best value of Normal Boiling Temperature (85.03°K) re-
NTP = Normal Temperature and Pressure ported in the present work.

(70°F, 14.1 psia)
273.15°K* = 0°C = 32°F = 491,67°R

The term "mole” as ysed here means "gm-mole, "

b. Calculated from PV = RT + BP, with B from refer-
ence 3.

c. Extrapolated value.

*Changes have bedn made to correct data to this scale
where necessary.

Property Valuep of Fluorine at Selected Conditions Property Values of Fluorine at S¢lected Conditions
Properiy Yalue Reference Property Yalue Reference
Molecular Weight 37.9968 1 Molecular Weight 37.9968 1
\ . Temperafjure, °K 53.54 2 Temperature, °F ~363.30 2
4 Triple Triple
- Point Pregsurel mm He 1.66 2 | Pressure, psja 0.0321 2
. Solid 0.0500 3 Point Density, Solid 118.65 3
Values Density, Liquid 0.04487 5 Values 3 Liquia | 106-484 3
mole/cc 1b/ft |_Liqui
Yapor Vapor
Normal | Temperafure (Ty). °K 85.03 2,3 Normal Temperature (Ty), *F__ |-306.61 2,3
Dolling Density, Lignid 0.03966 4 33}:‘: Denslty, Liquid 94 08 4
ues
mole/cc Vanor 0. 0000 483" P 1b/ft Vapor 0.3519 ° 5
A Tamperathira, °K 144 6 Critical Temperature, °F -200. 47 6
Critical .
Pressurel mm Hg 41800 [ Pressure, psia _408.5 [
Values Values 3
Density, nole/cc 0.01241 5 Density, 1b/ft 29. 44 5
One Liter Weight, KHg 1.507 4 One Gallon Weight, 1b 12,58 4
Liquid (NBT)| Volume o | sNBT 265.178 5 LlQ‘f’-d (NBT)| volume of }__N_B_T 35, 75 5
Equivalents Gas, litegs NTP = Equivalents 3 b
q ’ 956. 83 3 gas, ft NTP | 1)27.89 3
Ecuivalent Volumes of Ghs NBT | 265.78 3,4 Equivalent Volumes of Gas NBT | 465.78 3,4
per Volume of Liquid (NBT) NTP | 956.83 7,4 per Volume of Liquid (NBT) NTP | ¢56.83 7,4
Heat of Fusion, Cal/mole TP 121.98 2,3 Heat of Fusion, Btu/lb TP 5.778 2,3
Heat of Vaporizatio mole T |1561. 3 2,3 |_Heat of Vaporization, Btu/lb NBT 73. 835 2,3
Solid TP 12.210 2 c Solid TP 0,32132 2
S | Liquid NBT ] o | Liquid NBT
Specific Vapor NBT Specific Yapor NBT
Heat ¢ |Lldquid NRT Heat ¢ | Liquid NBT
v | Vapor NBT v | Vapor NBT
Btu/ib-°F
Cal/mole-"K Gas NTP Gas NTP
c Liquid NBT | 13.948 2 c Liguid NRBT. 0.36697 2
P | Vapor NBT P | Vapor NBT
Gas NTP Gas NTP
Specific _C_:R -Liquid NBT Specific EP Liguid NBT
Heat rel Vapor NBT Heat ra Vapor NBT
Ratio ¥ | Gas NTP Ratio v | Gas NTP
Thermal Liquid NBT 0.000378 8 Thermal Liquid NBT 0.0915 8
» Condyctivity Vapor NBT | o0.0000172°| 9,10 °°"d“;““‘)' Vapor NBT 0.00416 % 9,10
Cal/cm-sec-°K Gas NTP 0.0000633 9,10 Btu/hr-ft-°F Gas NTP 0.01532 9,10
Viscosity Liquid NBT 0.00243 ¢| 11,10 Viscosity Liquid NBT 0.243 11,10
B Vapor NBT |__0.000073 ¢ 12 n Vapor NBT | 0.0073 © 12
Gm/cm-sec Gas NTP 0.000231 12,10 Centipoise Gas_ NTP 0.0231 12,10
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