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AEROSPACE VEHICLE CRYOGENIC DUCT SYSTEMS
'Hued 8-15- 66
Revl.-d

PURPOSE AND SCOPE

This Aerospace Recommended Practice outlines the design,
installation, testing and field maintenance criteria for aero­
space vehicle cryogenic duct systems. These recommenda­
tions are considered currently applicable guides and are
subject to revision due to the continuing development within
industry.

I
Reproduced by GLOBAL ENGlNERlNG
DOCUMENTS With the Permission of
SAE UndcrRoyalty Agreement ] Printed In U. S. A.
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1. TERMINOLOGY

.Absolute zero - Theoretical temperature at which all ther­
mal motion or heat action ceases - approximately
-273.16 C, -459.69 F, 0 K, and b R.

Actuating system - A system supplying and transmitting en­
ergy for operation of devices within a given sys­
tem.

Adapter skirt - Flange or extension of a duct section provid­
ing a means of fitting another duct section to it.

Amagat - The ratio of the specific volume of a fluid at 0 C
and one (1) atmosphere and the specific volume
being considered (same fluid).

_ V0 _ Specific Vol. (0 C and 1 atmosphere)
Amagat - V - Specific Vol. being considered

Attitude - Orientation of a vehicle or .equipment as deter­
mined by the inclination of its axis to a frame of
reference.

Bellows - A convoluted unit consisting of one or more con­
volutions used to obtain flexibility.

Boiloff - Vented vaporization of a saturated liquid as the
fluid mass absorbs heat through the walls of the
container.

r:lracket - A support or sttuctural part which attaches and
holds a duct to the vehicle.structure.

Bracket. adjustable - A bracket that allows some freedom
in the location of the duct, which it supports,
during installation. After the duct is located
satisfactorily. the bracket is tightened and the
duct is held fixed.

Bracket, anchor - A main duct support at a point on the duct
system that remains fixed in respect to duct sys­
tem expansions; contractions or deflections.

Bracket, guide - A support designed to provide for move­
ment of a duct in a predetermined direction while
supporting it in all other directions.

Bracket, sliding - A bracket which allows a duct to slide in
a conttolled direction while supporting it in all
other directions.

Bracket. swing - A linkage which supports a duct and allows
movement along the arc of the swinging bracket.

Braid- Woven wire sleeving used to limit the movements of
a flex section.

Bulkhead seal - A fitting allowing the passage of a duct
through a wall or bulkhead which prevents leak­
age through the bulkhead around the outer pe­
riphery of the duct.

By-pass - A duct that conveys fluid around a system or sys­
tem component(s)...

Cap, pressure - A part which can be used to cover tightly
the end of a duct and sustain the internal pressure.

Cap. protective - A part used to cover an end or opening in
a duct for the purpose of excludiIW foreign mat­
ter.

Cavitation - A localized reduction of pressure in a fluid sys­
tem, below the vapor pressure of the fluid, caus:
ing the fluid to form cavities which are filled
with vapor and dissolved gases.

Certified clean - A term used to specify that a component
has been examined and cleaned in accordance
with specific methods so that it does not contain
foreign particles above a specified size and con­
centtation.

Cold flow teSt - Test of a liquid rocket without firing to
check efficiency of a propulsion subsystem that
prOVides for the conditioning and flow of propel­
lants. including tank pressurization, propellant
loading. and propellant feeding.

Compression - Act of reducing the volume of the working
fluid by the application of force.

Compression system - A duct system wherein the fluid col­
umn loads due to internal pressure are reacted by
the support structure.

Cool-down - The process by which the temperature of cry­
ogenic components is reduced to or below the
saturation temperature of the contained cryogen.

Coupling - A fitting or clamping device that serves to join
the mating ends of adjacent ducts or other com­
ponents.

Critical constanti - Values of pressure, temperature and vol­
ume corresponding to the .. crltical point" are
called "critical constants".

Critical' point - The point at which the slope of the saturated
liquid-vapor line on a pressure-volume diagram
or temperature-entropy diagram is zero.

Critical pressure - The saturation pressure at the critical
temperature.

Critical temperature - The limiting temperature of a flUid,
above which the liquid phase may not exist.

Cryogen - A member of a family of substances which are
gases at "room temperature" and are liquids at
temperatures below -150 C at sea level pressure.

Cryogenerator - An apparatus used to remove heat from
gases so that they condense at cryogenic temper­
atures.

Cryogenic engineering - Engineering which is concemed
with developing and improving low-temperature
processes and equipment, determining physical.
properties of structural and other materials used
in producing. maintaining. and using low tem­
peratures; and the practical application of low­
temperature techniques and processes.

Cryogenics - The science of low-temperature conditions;
usually below 123 K (-150 C).

Cryogenists • Personnel associated with the science of re­
frigeration, especially with reference to methods,
systems. and materials for producing very low.
temperatures.

Cryometer - A thermometer for the measurement of low
temperature.
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Cryopumping - The process whereby gas is "pumped" by
being condensed at cryogenic temperatures.
Similar to cryovoiding.

Cryoscopy - DetenniilatioJ1 of the freezing points of liquids.
Cryostat - An apparatus for maintaining a constant temper­

ature iIi the cryogen},c range with automatic reg­
ulation of temperature.

Cryotron (switch) - An electromagnetic type of switch
which utilizes electrical 'conduction character­
istics of materials at cryogenic conditions.

Cryovoiding - The process of evacjIation whereby gas i's con­
densed at cryogenic temperatures. Simil~r to
cryopumping.

Deflection - A displacement of a duct or joint due to oper­
ating conditions.

Dewar - An insulated container for storing cryogenic liquid.
Usually amultl-walled vessel with a vacuum be­
tween the wails for insulation or acombinatibn
of vacuum and insulating materials.

Duct - An enclosed passageway made of sheet metal or
other suitable material for tlie conveyance of
fluids.

Duct assembly - Detail parts fitted and joined together to
form an integral part.

Expansion, thermal - Duct growth due to an increase in
temperature. ~

Flex-section - These device~ when incorporated in a duct
system permit relative motion in one or more
planes. The term Flex-section may include
bellows, flexible sections and flexible joints
which are devices possessing fleXibility result- '
ing from the method of construction or the utili­
zation of flexible materials.

Flex-section, braided - A flexible device surrounded by a
woven wire sleeve attached to the ends which re­
strict the movements of the unit.

Flex-section, free - A flexible device which does not incor­
porate any device or part for the purpose of pre­
venting movement.

Flex-section,restrained - A flexible device incorporating a
means of restraint, other than braid, to prevent
axial motion.

Flow, single phase - With a cryogenic fluid flowing in a
duct, single phase flow is characterized by being:
either all liquid or all gas.

Flow, two-phase - The simultaneous flow of a liquid and gas
and/or vapor in a duct. The following are types
of two-phase flow in a cryogenic system.

Annular - Annular flow is characterized by the flow
of a continuous liquid layer along ,the duct wall
while the gas flows in the central core at much
higher velocity.

Bubble - Bubble flow is characterized by the forma­
tion of individual bubbles along the upper surface
of the duct.

Froth - Froth flow is characterized by a foam-like
mixture of small bubbles and liquid intimately
mixed during turbulent flow through the duct.

Mist - Mist flow is characterized by fine liquid drops

suspended by surface tension, with no significant
relative velocity between the liquid and gas phase.

Plug - Plug flow is characterized by the flow of l~l!ge

plugs of liquid through the duct and is most likely
to exist during the transition period from bubble
to stratified' flow.

Slug - Slug flow is characterized by alternate sec­
tions of gas and liquid along the duct.

Stratified, - Stratified flow is characterized by the
flow of the liquid phase along the bottom of the
duct, while the gas phase occupies the upper por­
tion of the duct. The gas phase flows at much
higher velocity than the liqUid at the bottom.

Wavy - Wavy flow is similar to stratified flow with
the exception that waves are formed at the gas­
liquid interface.

Fluid - A fluid is a substance which undergoes continuous
defonnation when subjected to a shear stress.

Freeze-outmethod - A method of controlling the composi­
tion of gases or liquids by freezing and separating
frozen matter from the remaining liquids or fluids.

Getter - A substance which takes up gas at very low pres­
sures and is used to improve or maintain a vacuum
ina closed system.

Gox - Commonly used expression for gaseous oxygen.
Hose - Tubing, either flexible by construction or made of

flexible material which is attached to the ends
of adjacent ducts, tubes or fittings. The term
generally implies flexible tubing with a length
to diameter ratio (LID) of three (3) or greater.

Ice frost - A thickness of ice that gathers on the outside of
equipment over surfaces supercooled by cryogenic
fluids.

Installation - A completed set of duct assemblies and duct
supports incorporated in a vehicle.

Insulation - A material applied around the duct which is
used to reduce heat exchange.

Insulation, super - High efficiency insulator used in ex­
tremely low temperature applications. The

, thermal conductivity range of super insulations
is 1/10 to 1/50 that of the more common low­
temperature insulations.

Interface, fluid system - The common boundary between
fluids. In a cryogenic storage vehicle, the
boundary between liquid and ullage.

Interface, vehicle system - The common boundary between
one component and another.

Joint - A device or complete assembly which unites or es­
tablishes continuity between adjacent ducts or
other components.

Joint. ball - A joint which permits relative angular move­
ment and rotation of two adjacent ducts.

Joint. compensating - A pressure (thrust) compensated as­
sembly allowing axial'motion which maintains
the duct walls in tension.

Joint, expansion - Any of many types of joints which can
permit axial movement without failures and,
therefore. permit the ducting system to expand
or contract.
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Joint, flexible - A non-rigid joint, convoluted tubing, hose
or ball joint assembly which. joins two ducts and
pennits relative motion of the ducts in one or

more planes.
Joint, restrained - A flex-section assembly in which an an­

gular deflection can occur with a tension load
,being transmitted by an external or internal de­

vice.
Joint, rotary - A joint which permits relative rotation of

two adjacent ducts.
Joint, slip - A joint having sleeve assemblies, one sliding

inside the other, to allow axial motion.
Line mounting - Refers toa component mounted on and sup­

ported by the duct, instead ofdirect attachment
to a support or bracket.

Linear offset - Distance between the duct centerlines of two
joining ducts.

Liner - A cylindrical part within a flex-section assembly.
Liquefaction - Cooling of gas until its condensation Lemper­

ature is reached.
Liquefier - A device used in the process of condensation of

gases.
Live length - The convoluted length of a flex-section as­

sembly.
Load - The resultant force exerted upon restraining brackets

(and structure) due to internal fluid static and dy­
namic pressures, thennal expansion or contraction,
structural deflection, and component weight.

Load, limit - The maximum combined load due to all in­
ternal and external pressures and forces that a
duct or duct system can encounter at any time in
service.

Load, pre - The force imposed on a duct or duct system
prior to, or during, installation.

Load, pressure - The force detennined by the product of the
internal differential pressure and the duct cross­
sectional area.

Load, ultimate - The maximum load a duct or duct system
can sustain without failure.

Lox clean - A component that has been examined and
cleaned in accordance with specified methods ,,,.
that it does not contain foreign particles of a
specific size and concentration that could cause
a malfunction.

Mass flow rate - The rate of fluid flow expressed in units of
mass per units of time.

Misalignment - Error in alignment between the axes of two
joining parts; the error may be linear, angular.
or both.

Omega bend - A bend whose shape resembles the Greek
letter omega and is used 'to accommodate con­
traction or expansion in a duct system.

Ortho-hydrogen - Molecular hydrogen in which two hydrogen
nuclei a:e spinning in the same direction.

Oxidizer - A rocket propellant component, such as liquid
oxygen, nitric acid, fluorine, and others, which

supports combustion when in combination with a
fuel.

Para-hydrogen - Molecular hydrogen in which the two hy­
drogen nuclei are spinning in opposite directions
so that their contribution to the total angular
momentum is zero.

Percolating - (Percolate) To cause (a liquid) to pass through
interstices, as a porous substance; to filter; to
strain; also fonnerly to sift through fine holes.
Percolating can be evidenced by the rapid re­
lease of gas bubbles in excess of that rate which
may occur as a nonnal function of bubble re­
lease.

Precooling - The first or initial cooling applied to a fluid
involved in a process.

Pressure, burst - Maximmn internal pressure above ambient
which duct must withstand without rupture.

PIt>.,,;ure, design - The selected normal operating pressure.
Pressure, differential - The difference between the internal

pressure at a point in a duct and a reference pres­
sure (ambient) or, in a flOWing system, the dif­
ference in pressure between two points due to
pressure drop.

Pressure envelope- The range of presSures to which a part is
subjected in normal operation.

Pressure, maximum operating - The maximum pressure a
duct will experience under all possible operating
conditions.

Pressure, proof - The maximum test pressure a duct or duct
installation must sustain without permanent de­
fonnation.

Purge - To internally cleanse a component or system of un­
desirable fluids or contaminants by flOWing a
selected flUid, usually under pressure, through the
component or system.

Regenerator - A device used in liquefaction systems to cool
high pressure air and remove some impurities by
condensation.

Reliability - (1) Dependability. (2) The probability that a
component or system will operate for a specified
period of time under specified conditions without
failing.

Rupture - A break in a duct or duct assembly.
Saturation - The condition for cOexistence in stable equili­

brium of two or more distinct phases.
Scim - Abbreviation for "standard cubic inches per minute",

used for measuring leakage rates.
Sloshing - The oscillation of a body of liquid in its tank or

container.
Stratification - Temperature layering of a cryogenic fluid

in its container due to the temperature of the
liquid at the surface rising more rapidly than
that of the bulk of the liquid.

Subcritical storage - Containment of a cryogen below its
critical temperature and pressure so that a liquid­
vapor interface exits.

(

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

                                                                                          

- 7 -

Superconductivity - The condition where there is no meas­
urable electrical resistance in certain materials
bels>w a.s~~ific..1o'tl. temperature for each Of the
materials.

Supercritical storage - Containment of cryogenic fluid ini­
tially stored above its critical pressure and gen­
erally below its critical temperature - used for
supply systems under zero "G" or variable "G"
conditions.

Symbols - Gaseous Hydrogen: GH2 Liquid Nitrogen: LN2
Gaseous Nitrogen: GN2 pquid Oxygen: L02
Gaseous Oxygen: G02 Liquid Hydrogen: LH2

System - A combination of ducts. duct supports. duct joints
and fluid control devices which will regulate and
convey fluids from a source to a point or points of
use.

Temperature. design - The selected nonnal operating tem­
perature.

Temperature. differential - The difference between the in­
ternal temperature in a duct and a reference tem­
perature. or in a flOWing system. the difference
in temperature between two points due to tem­
perature drop.

Temperature. envelope - The range of temperatures to
which a part is subjected in nonnal operation.

Temperature. maximum operating - The maximum tem-

perature a duct will experience under all possible

operating conditions.
Tension system - A ducting system wherein the fluid column

or longitudinal forces due to internal pressure are
not transmitted to the supporting structure. The
fluid column loads of such a duct system are re­
acted by axial tension in the duct walls.

Transfer lines - In cryogenics. generally referred to vacuum
jacketed or insulated piping.

Triple point - Triple line - A point or line on Pressure-Tem­
perature or Pressure-Volume diagrams where all
three phases of a substance may co-exist simul­
taneously in equilibrium; i. e.. solid, liquid,
and gas.

Ullage - The extra volume of a pressure vessel above the
contained liquid level to allow for thennal ex­
pansion of liquid and for ejection of dissolved
gases or the accumulation of gaseous products
of slow reactions within the liquid.

Vehicle - Assembled structural and aero-dynamic com­
ponents of an aircraft or missile.

White room (or clean room) - A cleaning facility designed
to provide the necessary environmental condi­
tions (temperature. dew-point and contaminant
particle size) and equipment to accomplish cer­
tified cleaning.
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2. SYSTEM DESIGN

2.1 SYSTEM ENVIRONMENT - Environment is here con­
sidered to be the sum of the influence applied by systems
associated with the ducting and the influence applied by

nature.
Three major conditions for consideration have been es-

tablished: stand by or transportation, tanking and cool­
down, and flight or static firing.

2. 1. 1 Stand-By or Transportation Condition
2. 1. 1. 1 Vibration in Transportation - If a completed

flight article must be transported by truck, trailer, or air­
plane, shipping vibration can be a problem.

Vibration at this time is generally of smaller magnitude
than that during flight, but it may involve a large number

of cycles.
Conditions are different than flight as the ducting does

not contain propellants, or flight pressures. . This condition
may be included as part of duct qualification testing.

2.1. 1.2 Two Valves or Closures in the Same Duct:

a. In a duct with both ends closed large pOSitive pres­
sures will develop when trapped residual cryogenic liquid
boils off.

b. A duct closed at both ends may, if not internally
pressurized, develop negative pressures with decrease in
temperature.

c. This same arrangement may develop negative pres­
sures due to leakage from the duct during altitude changes.
The negative pressures become evident when altitude is de­
creased.

2. 1. 1. 3 Corrosion:
a. Galvanic corrosion is an action that must be control­

led. When two metals differing in electro-chemical poten­
tial are allowed to have electrical contact through some
form of elec~rolyte, the less noble metal is consumed.

b. Coating of the less noble material is practiced, and
is effective. On components exposed to the elements, how·
ever, coating may not be adequate. Hard particles, such
as sand, can penetrate painted, or in the case of aluminum,
anodized surfaces. This leaves the surface vulnerable.

c. Coated surfaces are more practical in a protected
area, and can be practical even in particularly corrosive
atmosphere.

d. Stored components, such as spares, must also be con­
sidered. The interior must be protected against corrosion
and other contamination.

e. Some cryogenic propellants subject the interior of
ducting to severe corrosive atmosphere. Detailed studies
and tests of materials are then required.

f. Stress corrosion eilVironments may exist in cryogenic
ducts and should be considered in design.

2. 1. 1. 4 Leakage:
a. Leakage at any time is not a desirable situation. The

allowable leak-rate should be established based upon the
criticality of leakage. In many systems, even small leak­
rates are critical, because of:

(1) fire hazard
(2) explosion hazard
(3) depletion of supply

The result is loss of the mission, or even loss of the vehicle.
b. Seals should be designed to allow for collecting and

measuring leakage throughout development, checkout, static
test and flight phase of the system. Test programs should
simulate flight conditions, particularly dynamic pressure and
temperature, and should include long term storage.

c. Seals used for cryogenics may be subject to creeping
at ambient temperatures. Test problems should include hot
and cold CYCling, and storage tests to check for this possi­
bility.

2.1.1. 5 Maintenance:
a. It is inevitable that components will be removed and

replaced in the field.
b. Simplicity of design is important. The amount of

required adjusting, aligning etc., should be minimized.
c. The poSSibility of installing components backwards

or otherwise oriented incorrectly should be eliminated. This
applies also to parts of components which are re.!Oovable. .

d. Good access is important for installation and for leak
check after installation.

2.1.2 Tanking and Cool-Down Condition
2. 1. 2. 1 High Rate Tanking - The requirement may exist

for fluid flow to be greater during fill than during flight.
Portions of the system may be sized to, meet this, and this
also may be the highest pressure condition. Since the fluid
flow is in reverse direction, certain components must have
particular consideration.

a. Poppet valves in the duct.
b. Reverse loading on supports as a consequence of valve

sequencing, or pressure drop due to flow.
c. Impingement of fluid as it enteIS the tank.
2.1.2.2 Cool-Down Into a Hot Duct - When flow is in­

itiated into a relatively hot duct, the rapid boiloff can be
of concern.

a. If tIle ducts involved are long with considerable pres­
sure drop, a high pressure will be the result.

b~ If a pump is supplying the cool-down flow, cavita­
tion and surging can be induced as the flow decreases to
zero or even revezses.

Allowing boiloff from upstream lines to pass through the
system prior to liquid flow minimizes the problem.

2.1.2.3 Tank Pressure Decay - If a quantity of cryo­
genic liquid is suddenly introduced into a large tank at am­
bient pressure and temperature, negative pressures can re­
sult in the tank. These may be in the order of 3 or 4 psi.
Allowing chilldown gas flow through the tank prior to liq­
uid entering, reduces this effect.

2. 1. 2. 4 Low Flow Rates on Small Lines - Heat transfer
rates and flow rate may be such that a steady state condi­
tion can develop in which the line never fully chills down.
This results in a condition where liquid is introduced to the
duct and vapor exits from the line.

2. 1. 2. 5 Keeping the Liquid Cold - Heat input to a filled
duct must be considered.

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

                                                                                          

- 9 -

a. If a propellant is not sufficiently cold, but near boil­
ing, the engine pump NPSH (net positive suction head) may
not be supplied.

b. A duct may percolate or burp in the manner of a cof­
fee pot. This endangers engine start conditions and intro­
duces surges into the system.

c. Problems of this nature may be solved by injecrion
of cold liquid, or allowing recirculation through branch
lines. In either case, insulation on the duct may help.

d. Insulation:
(1) Analysis should be made to prove there is a net

weight saving in the use of insulation. If the result is only
a small net saving, then the problems of insulation will
probably be of more concern than weight saVing.

(2) InSulation is often difficult to install and inspect,
and is easily damaged.

(3) The cryogenic fluid may be colder than the condens­
ing temperature of oxygen in the air, ·as are LN2 and LH2.
If the insulation can trap this condensation, then an explo­
sive hazard can result. Another result can be damage to in­
sulation as ducting warms to ambient.

2. 1. 3 Flight and Static Firing Condition
2.1. 3. 1 Influences Determining Duct Sizes - The objec­

tive is to make ducting as small as possible. Velocities
should be as high as can be tolerated by allowable pressure
drop.

a. Net pump suction head
(1) Start condition - From zero, the fluid must accelerate

to a velocity as required by pump demand. The larger the
diameter of the duct, the less the pressure drop during this
acceleration. This is a transient condition, but still may
be critical to a starting engine.,

(2) Flight condition - To be considered is the fact that
the liquid head is dropping due to consumption of propellant.
Increase in acceleration may more than compensate for this
liquid head loss.

(3) Static firing - If system is designed to flight condi­
tions, tht:n static firing may be limited to less than full dur­
ation because of head loss, with no compensating gain in
acceleration.

b. Multi engine arrangements - There may be a require­
ment that each pump inlet have the same presSure. If all
ducting is sized to the minimum, this condition is probably
met.

The tendency, however, is to use the same flex joints,
flanges, etc., for as many different ducting systems as pos­
sible. The requirement then is not so easily met.

c. Application of test data in respect to pressure drop ­
Caution should be exercised in directly converting test data
to cryogeniC applications when the test fluid was noncryo­
genic. Direct conversion does not necessarily agree with
later test results when the correct fluid is used.

2.1.3.2 Pressure Transients Due to Valves - Asystem
with quick closing valves is subject to pressure transients
which may be the maximum pressure the system feels.

a. The magnitude of the surge is dependent on the
weight flow and compressibility of the fluid, the valve
closing time, and the ducting configuration, and material.

b. The length ci. time the surge exists is a function of
the length of the duct upstream of the valve and the speed
of sound through the fluid.

c. Surges that exist for short time periods, such as 15
milliseconds, must be considered as steady state~

2. 1. 3. 3 Allowable Flange Loads - Equipment to which
a duct is attached may have specified allowable load lim­
itations. Problem areas are in ducting stiffness, weight,
location of supports and vibration response. Calculations
should be made to check this condition early in the lay-out
stage.

2. 1. 3. 4 Influences of Heat
a. Aerodynamic heating
(1) High velocity through atmosphere develops heating

of surfaces where air impingement is allowed to exist. .
(2) Ducting supports on the exterior of a flight article

must be insulated or made of material that can withstand
high temperatures.

(3) Cryogenic ducting generally will not experience
trouble from impingement as long as fluid flow exists in
the duct.

(4) An exposed flex section can experience trouble in
that the cryo liquid flow is stagnant in the convol\ltions,
heating causes gas to form, and at this time the heat trans­
fer is so poor that the convolution can become overheated.

(5) Ballistic re-entry into the atmosphere may be re­
quired. - Aerodynamic heating on any exposed ducting will
be severe, and ablative covering for protection of ducting
will probably be required. Since the covering would have
to be replaced, it would be good design to keep ducting
from being exposed.

b. Structural displacement due to temperature change
(1) As a duct system and or a large tank changes in tem­

perature, such as ambient to cold, there is a change in
length that the ducting must accommodate.

(2) During flight, the structure of the vehicle can be­
come heated and make a surprisingly large displacement of
attached ducting.

c. Base heating and flame attenuation
(1) Base heating may take place when vapor from fuel

rich flames moves into the low pressure area at aft end of
a vehicle. Combustion then takes place and all components
in this area are subject to high temperatures.

(2) Flames from sources which are not well aft of the
vehicle, will at high altitudes flare out or attenuate to the
extent that the flame envelops much of the vehicle.

d. Ice formation - Cryogenic system valve actuators or
other mechanisms near cryogenic ducting may become cov­
ered with ice. The condition is most severe when exposed
to rain. Such mechanisms must be designed to operate with
ice deposited, or have heaters to eliminate the problem.

e. Radiation
(1) Radiation from a rocket engine flame has an effect

on base heating and all exposed components.
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(2) Solar radiation in space, particularly during coast
periods is a heat source that must be considered. Insulation
in this case is simplified in that a vacuum already exists,
and only shielding with proper absorbtivity-emissivity ratio
is required.

(3) Nuclear radiation has an effect on the properties of
some of the cryogenic ducting materials. A characteristic
change to materials is a decrease in tensile and elongation
propetties. This effect appears more severe at cryogenic
temperatures. An example of this property change is 270/0
tensile loss in 301 cres. (See reference 1.)

2. 1. 3. 5 Acceleration
a. Structural deflections from acceleration - As flight

articles are typically of optimum strength to weight ratio,
they are also quite flexible under dynamic conditions.
Thrust, gimbaling engines, buffeting etc., result in deflec­
tions of the basic structure. The ducting then must 'allow
for these motions. In the case of duct attached to a gim­
baling engine, considerably more motion must be designed
for.

b. Pressure variations from acceleration effects - The
pressure-time history may show considerable variation. As
an example, a propellant duct may feel the follOWing:

+ 70 psig after tanking
- 10 psig at engine start
+ 150 psig at max acceleration
+ 180 psig at valve closure
+ 40 psig at thrust decay

c. Zero G condItion - A liquid system in a condition of
no acceleration, presents interesting problems.

,(1) Surface tension forces tend to dominate the shape of
liquid gas interface. When the contact angle is small, then
a tank tends to have liquid covering its surface, with the gas
confined to the center.

(2) Attempts to pump either a liquid or a gas from the
system may not be rewarded. Application of an accelera­
tion prior to attempts to pump liquid is one solution.

(3) Heat transfer with gas formation at hot spots further
complicates the situation.

d. Pressure pulse - During engine start, a pressure wave
maybe generated in the flame bucket. The pressure will
be externally applied to ducting, and as a secondary effect,
deflections and shock loads transmitted from supporting
structure will be felt.

The pressure wave develops as a function of flame bucket
dimensions, and thrust rise time. Pulse pressures in the or­
der of 5 psi are known.

e. Touchdown after re-entry
(1) Water impact may be involved. There can be con­

siderable spray and sea water impingement on ducting. This
is particularly so if touchdown rockets are used, as the ground
effect will result in a return flow of water and gases to the
vehicle.

(2) In the case of ground touchdown the impact "G's"
may be high, but of shott duration.

2.1.3. 6 Zero-Ambient Pressure
a. Substances that normally are solids or gels may change

their properties thru sublimation. Insulation is subject to ex­
panding.

b. Friction is a particular problem. In addition to grease
or ordinary lubricants losing their properties, there may be
change in friction coefficient on surfaces which' were de­
signed to operate without lubricant. Layers of gas or oxide
on metal surfaces have an influence on coefficient of fric­
tion as measured at sea level conditions. These layers may
disintegrate at zero pressure. Actuators, disconnects,
braided hoses, etc., may be suspect here.

c. The existence of a nature supplied vacuum may be of
,advantage. Heat transfer through convection is eliminated.

2. 1. 3. -7 Vibration
a. Ducting systems, being of flexible nature to allow for

displacements, are resonant at low vibration frequencies.
At these low frequencies, large energies may be encounter­
ed. An input of! 3 G's may be magnified to 30 to 60 G's
at various points in the duct system.

b. Ducting supports, and minimum gauges of ducting
may be established by vibration requirements rather than
pressure.

c. Components that have flat spots or odd intersections
such as Y's or T's are especially susceptible to damage.
Failures here are involved with oil canning and local fa-.
tigue.

d. A situation that should be avoided is the one where
a component or length of dueting is mounted between two
unrestrained flex sections. Damage of the flex sections may
result when vibrating at the resonant frequency.

e. Strategic location and proper design of supports or
dampeners to eliminate system damage without decreasing
the required fleXibility of the ducting is a real challenge to
the designer.

f. Vibration requirement should be governed by actual
or analytical spectrum and level for the particular duct
location.

2.1. 3. 8 Partide Impingement - When out Of the pro­
tective earth atmosphere the vehicle is subject to bombard­
ment from dust particles. Wearing or pitting of the duct
wall and actual penetration'may result, as the particles may
have large kinetic energy.

The length of time, and to some extent, the location in
space are significant factors. As the need for protection of
personnel and tanks is required, similar consideration must
be given to duc;ting.

2. 1. 3. 9 Influences Concerning Flow
a. Modes of failure from flow
(1) Seals in butterfly valves, even though they appear/to

be firmly in place, may become unseated during high rate
flow.

(2) Duct walls are subject to buffeting particularly where
diameters are large and there are elbows in the system. Oil
canning and fatigue failures can take place.

(3) Turning vanes in elbows must be rugged. Instability
of a vane leads to additional dynamic load which further

(

(
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increases its deflection and possibility of failure.
(4) A convoluted flex whether free or restrained is sub­

ject to longitudinal cycling during flow. The flow rate and
flex spring rate are important.

(5) As tank depletion nears, vortexing of liquid in the
tank takes place allowing gas to be entrained in the flow.
If this cannot be tolerated, large tank residuals will exist.
Various forms of baffles and perforated diaphrams are em­
ployed to eliminate vortexing.

b. Flow test requir~ments - The hardware should be sub
ject to the same safety factors under flow conditions as un­
der any other conditions.

(1) A proof flow rate should be established which will
apply dynamic forces with a certain margin over the dy-

. namic forces applied at operating flow rates. As an exam­
ple, a flow rate of 1. 225 x operating flow rate results in dy­
namic forces of 1. 50 for safety factor.

2.2 SYSTEM ARRANGEMENT AND DESIGN
2. 2. 1 Types of Duct Systems - A duct system may be a

tension. compression or combination tension-compression
type. The type of system selected will depend on a num­
ber of factors, e. g~, the duct configuration, provision for
thermal movement. the type of or lack of insulation. the
availability of structure for anchoring, etc. The follow­
ing paragraphs give a brief description of the types. For

. further information see ARP 699.
2. 2. 1. 1 Tension System - A tension system is one in

. which the internal fluid forces are reacted by the duct and
are not transmitted to the vehicle structure through supports.
Analysis of a tension system must include, but is not neces­
sarily limited to, the follOWing:

a. Duct gUide supports (such as rollers, sliding, or hanger
type)

b. Provision for thermal movement
c. Differential contraction during cooldown
d. Vehicle structural deflections
e. Duct end connections
f. Internal fluid dynamics
g. Acceleration loads
h. Heat leak mechanism
i. Thr~st vector gimballing
j. Flex section motion limitation
k. Vibration
2. 2. 1. 2 Compression System - A compression system is

one in which the internal fluid and thermal contraction
forces are reacted by the support structure. Analysis of a
compression system includes the factors mentioned for the
tension system and the following additional considerations.

a. Adequate vehicle structural supports
b. Duct strength to withStand bending and column loads
2. 2. 1. 3 Tension-Compression System - A tension-com-

pression-type system may be used in lieu of either a tension

(2) In addition, some flow time should be spent at oper­
ating flow rates, as the flex joints may be critical at some
points different from proof flow rate.

(3) A liberal use of instrumentation bosses on test hard­
ware may save time in a test program. In development of
a system, the test objectives may change to find more and
different information than originally planned.

REFERENCE

1. Allen, J. W., J. 1. Christian, and J. F. Watson. "A
Study of the Effects of Nuclear Radiation on High-Strength
Aerospace Vehicle Materials at the Boiling Point of Hydro­
gen," General Dynamics Research Program 111-9135, 111­
9212, 27 September 1961.

or compression system. It would consist of placing one sec­
tion of the system in tension and the other section in com­
pression as described above. The fixed point in the tension
section will occur where it joins the duct section which is
in compression. Design of the system will include all of
the considerations mentioned in individual systems.

2.2. 2 Optimum Arrangement - Arriving at an optimum
duct arrangement involves engineering comparison studies
including but not limited to the follOWing factors:

a. Permissible pressure drop
b. Heat transfer to or from the fluid
c. Type or lack of insulation
d. Percolating or other cryogenic ·phenomena
e. Routing around or through structure
f. Cleaning and purging requirements
g. Compensation for duct and structural movements
h. Purnping system
i. Transferring, filling, purging, draining, venting, or

test stand operation
j. Weight
k. Accessibility for maintenance
2. 2. 3 Quality Assurance - The costly problem of fre­

quent maintenance, the logistics problem of low equipment
operation time. and the problem of equipment failing to
perform the required function dictate an active quality as­
surance program. During design, manufacture, and instal­
lation, quality and reliability can be assured by adhering to
the follOWing:

a. Careful consideration of requirements in design (tem­
perature, pressure, deflections. insulation, materials, etc.)

b. Use standard, well developed components where pos­
sible

c. Select vendors whose performance is proven
d. Comprehensive qualification acceptance and produc­

tion evaluation testing
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e. Thorough inspection and proof test after manufactur-
ing

f; Proven manufacturing methods
g. Package for protection during handling or shipment
h. Use only properly maintained and calibrated test

equipment
i. Maintain cleanliness standards
j. Use proper tools and fixtures in assembly and instal­

lation
k. Initiate a training program in the handling, installa­

tion, and maintenance for shop and field personnel
1. Organize a system for reporting, investigating, and

correcting malfunctions
2. 2. 4 Compatibility - The change in mechanical prop­

erties at cryogenic temperatures and the chemical reactions
'of cryogenic fluids with materials makes it necessary to con­
sider the following:

a. The compatibility of materials with cryogenic fluids
b. The compatibility of the ducting location with the

structure
c. The compatibility of manufacturing methods with

materials
d. The suitability of the resulting duct to perform the

intended function
e. Dissimilar metals
2. 2. 5 Maintainability - Design of low-maintenance duct

systems involves consideration of reliability, accessibility,
and replaceability. Durability during manufacturing, in­
spection, handling and installation must be inherent in the
design or insured by the use-of proper temporary reinforc­
ing, packaging and handling procedures. Accessibility and
replaceability requirements must be coordinated with the
design of tlte structure, tankage and associated sub-systems
to insure the capability of leak checking after installation.

2. 2. 6 Testing - A system test program should be ini­
tiated for qualification and production evaluation.

2. 2. 6. 1 System Qualification - The qualification test
must be performed on a production duct system. Support
structure should duplicate that of the installed system as to
rigidity, vibration characteristics, support points and strength:
The test setup should include production or simulated pro­
duction valves, pump, tanks and other related components
with instrumentation and controls to be used in the produc­
tion installation. Additional test instrumenta,tion should be
included to indicate operation under all conditions and to
verify original system calculations. Actual testing should
be conducted in the environment in which the system will
operate including temperature, pressure, vibration, altitude,
deflection, etc. The system tests should include:

a. Leak checking
b. Cold shocking
c. Flow characteristics
d. Proof pressure
e. Heat transfer characteristics
f. Temperature, pressure, and motion cycling
g. Installation methods
h. Cleaning and purging methods

2.2.6.2 Production Acceptance - Production acceptance
testing verifies that the production system fulfills all perti­
nent requirements and should include as a minimum:

a. Examination of product
b. Leak check
c. Motion check if critical
d. proof pressure
e. Heat transfer characteristics
f. Operational check of integrated components
2. 2.7' compensation for Movement
2.2.7.1 Methods - To prevent damage to the ducting,

system components, tankage, or structure, a means must
be incorporated in the system design to compensate for
structural deflections and thermal movements. The methods
include the use of fle~ible ducting, duct flexure, or a com­
bination.

2.2.7.2. Use of Flexible Ducting - Flexible ducting con­
sists of one or more flexible sections and is arranged to per­
mit movement in one or more planes. For a detailed dis­
cussion of flexible joints refer to Section 3.4.

Care must be exercised in the placement, support and
restraint of flex sections in a tension system to prevent dam­
ageio the flexible section during movement.

Misalignment of free flexible sections in a compression
system can impose undesirable loads through the supports
during movement.

Other factors to be considered in the use of flexible sec-
tions include:

a. The amount and type of movement
b. Suitable support points
c. Space limitations
d. System components
e. Fluid dynamics including fluid induced oscillation
f. Cleaning capability
g. Ease of assembly
h. Availability for inspection
1. Ease of maintenance
j. Life expectancy

2. 2. 7. 3 Use of Duct Flexure - Absorbing movement by
duct flexure is accomplished by a suitable length of duct or
a special bend such as the ..u.. or Omega. Loads imposed
by duct flexure can damage or cause malfunction in com­
ponents if not reacted properly by supports. The factors
listed under flexible ducting must also be considered in the
design of a system using duct flexure.

2.2.7.4 Combination of Methods - The two methods can
be combined in different sections of one system depending
upon the system configuration.

2. 2. 8 Duct Supports - Duct supports fall into two general
categories: those which anchor the ducts and those which
permit and control motion. These latter are generally slid­
ing- or swing-type brackets. Supports of this type used in
the space vacuum environment must be designed to prevent
cold welding of any friction surfaces. Insulation may be re­
quired to limit heat leak through a support.

The location of an anchoring duct support will be gov­
erned by design of the system. A tension system will re-
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quire anchor supports on each major section. Intennediate
guide supports may be needed to stabilize the duct. Indi­
vidual components, such as valves or regulators. should be
supported as necessary to prevent malfunction or damage.

Anchor supports in a compression system must be design­
ed to ca.rry the internal pressure loads and the loads due to

thermal movement as well as those due to structural move­
ment.

All supports should be accurately located to prevent pre­
loading of the duct, including torsion. The need for ad­
justment during installation should be considered during
bracket design.

where

2.3 HEAT TRA.NSFER AND FLUID FLOW
2. 3. I Heat Transfer - The temperature rise, due to heat

leak, of a cryogenic fluid in a duct can be described by the
equation:

--- "
"(r\ \; ---- Vacuum (low pressure)

~U/
" A

-- -- '--- Cryogenic FluId

Q = heat flux, Btu/hr

a =constant, 0.1714 x 10- 8 Btu/hr-ft2 -1'4

F = emissivity factor. dimensionless
€

A = inside duct surface area, ft2
1

T = inside duct temperature, R
1

T
2

= outside duct temperature, R

Vacuum Insulated Duct

Outside Surface (hZ)

where

(1)

(2)= -q­
~H

V

W
g

~T = fluid temperature rise, R

q = heat flux, Btu/sec

w
f = flow rate, lb/sec

Cp = specific heat, Btu/lb-R

This expression is valid only when no phase change is asso­
ciated with the cryogen. For the condition of a saturated
liquid within the duct, phase change will occur and the
quantity of gas produced is given by the equation:

where Figure I

W = gas produced. flow rate. lbs/sec
g

q = heat flux, Btu/sec

~H = heat of vaporization, Btu/lb
v

The emissivity factor for concentric cyiin<.lers can be ex­
pressed as:

(3)

Al = surface area of inside cylinder

emissivity of inside surface evaluated at T
I

(4)
(See reference 1.)

€ = emissivity of outside surface evaluated at T
2 2

1
F =

€ Al1-+ -
€1 A

Z

A
2

= surface area of outside cylinder

The amount of heat leak into the duct will depend upon
many environmental factors. including the use of insUla­
tion, type of insulation, supports and their configuration,
the use of vacuum lines, radiation shields. etc. Depending
upon the configuration. the heat may be transferred by ra­
diation, convection. and/or conduction.

For a vacuum insulated line « 1 x 10-4 torr). radiation
is an important mode of heat transfer. The equation of heat
transfer by radiation can be written:

Q =of, A, [C~)· C~n
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2
K = thennal conductiVity of duct, Btu/hr-ft -R/ft

T 2 = outside environmental temp., R

T1 = cryogen temp., R
2

hI = cryogen heat transfer coefficient, Btu/hr-ft -R

hz = environmental heat transfer coefficient,
Btu/hr-ftZ~R

L = duct thickness, ft

It should also be pointed out that the heat leak for vacuwn
insulated ducts can be reduced by the use of one or more
radiation shields as represented by the dotted line in Fig. 1.
The heat leak for this condition can be evaluated by a sim­
ultaneous solution of a series of equations similar to equa­
tion (3) by writing a heat balance between all surfaces which
"see" each other.

Heat transfer by convection is important for the case of
non-insulated ducts. The heat addition to non-insulated
ducts can be represented by equation (5).

TABLE I

(8)
k

Q = - A l:.T
L

TO, K He HZ Air

300 0.3 0.3 0.8-0.9

76 0.4 0.5 1.0
20 0.6 1.0

a
l

= accommodation coefficient of inner surface

a
Z = aGcommodation coefficient of outer surface

y = specific heat ratio

M = molecular weight

Free molecular flow can be said to exist when the mean free
path of the gas is greater than some chatActeristic dimension
of the system. The characteristic dimension of the vacuwn
insulated duct is the distance between the inside and outside
walls.

Conservative results can be obtained by letting the ac­
commodation coefficient equal 1. O. Typical values of ex
are shown in Table L

APPROXIMATE ACCOMMODATION COEFFICIENTS

where

Conduction heat transfer through insulation. supports. and
spacers can be a major mode of energy transfer and is repre­
sented by the equation:

(6)

(5)Q = UA (T - T )
2. 1

where

U= 1
1/~ + l/hz + L/K

and

Q = heat flux, Btu/hr

A = duct surface area, ft
2

Both hI and h
Z

depend upon the configuration and physical

properties of the fluids. Values of these heat transfer coef­
ficients can be calculated by Wle of equations available in
most heat transfer texts.

As a result of the very low pressure in vacuum insulated
ducts « 1 x 10-4 torr). the convection of heat is accom­
plished in the free mo'lecule flow regime and can be ex­
pressed as:

Q = heat flux. Btu/hr

k = thennal conductiVity. Btu/hr-ft-R

A = cross sectional area in direction of heat flow. ftZ

l:. T = temperature difference acros~ the insulation, R

L = insulation thickness, ft

(:i1 (Xz 1 P
Q =(.57) Al --A-=----=- L!..:. -- (T - Tr)

a 1 y-l.yMT 1
1 + - (1 - a) a

A
Z

2 1

(See reference 1.)

where

(7)

2" 3. Z Pressure Drop
2" 3. 2. 1 DuctLosses'- Whenever possible it is desirable

to maintain single phase flow in the duct system, either all
liquid or all gas. For this case the normal equation for hy­
draulic and thennodynamic analysis of fluids may be used.
Pressure drop for a single phase fluid in a duct can be eval­
uated from the follOWing equation:

T = temperature. R
NOTE: When considering single phase gas systems the

above equation has a general design limitation of Mach 0.2.

Q =

A =
1

A =
2

P =

heat flux. Btu/hr

inner wall area, ft
2

outer wall area, ft
Z

pressure, microns of Hg.

(9)
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where

C::.P = pressure drop, psf

f = Fanning friction factor (see refs. 3 and 5)

V = fluid velocity, ft/sec
3

P = mean fluid density. lb/ft
m

L = duct length, ft
2

go = acceleration due to gravity. ft/sec

D = duct diameter, ft
2

G = mass flow rate, lb/sec-ft
3

PI = density of fluid at entrance, lb/ft

P
2

= density of fluid at exit, lb/ft
3

safety factor should be used. Reference 2 has a series of
two-phase pressure drop equations. They are somewhat
tedious, however, and the small increased accuracy may
not warrant their use.

To maintain single phase flow at the duct exit, PS must

be greater than PV at Te' e
e

P will of necessity be > P because of the increase in
V , V.

e 1

fluid temperature (T) caused by the heat leak through the
duct insulation and, in addition, to a much smaller degree,
by friction.

P therefore must be > P by an amoWlt equal to the
T. V.

1 1

C::.P of the duct plus the increase of P to P caused by the
V. V

1 e
temperature increase of the fluid, where

Note: Flow-induced vibrations may cause failure of flex
sections in ducts carrying gases (for unsleeved bellows). For
this reason limit internal duct Mach number to 0.3.

It is not always possible to design a duct system which
will maintain single phase flow at all times. One example
is the non-steady state case associated with duct" cool down"
by a cryogenic fluid. For ducts of normal size, it is not Wl­
usual to have a cryogen enter a duct as a liquid and leave
as a gas. Thus, for some length of the line two phase flow
exists. No reliable equations have been developed for eval­
uating the pressure drop of fluid in two-phase flow. One
difficulty lies in the large number of types of two-phase
flow which can exist. The types of flow are indicated in
Figure 2.

The following equations are used to establish the para­
meters for Figure 2, where

1/2

A= [(:;5) (6:~3)J (10)

and

where

G

L

1/3

= gas mass flow rate, lb/hr- ft2

= liquid mass flow rate, lb /hr- ft2

. 3
= denSity of gas, lb/ft

:= density of liquid, Ib/ft
3

= surface tension, dynes/cm2

= liquid viscosity, centipoise

(11)

P = total pressure at duct inlet
T.

1

P = vapor pressure at duct inlet
V.

1

P := fluid static pressure at exit
S
eo

PV = vapor pressure at exit
e

T = temperature of fluid at exit
e

Also, fluid velocities must be kept low enough so that the
static pressure in the duct does not fall below liquid vapor
pressure.

2. 3. 2. 2 Pressure Transients (Surges) - The designer
should be aware of when pressure surges may occur. A typ­
ical case is during initial cool down. If a cryogenic liquid
is forced too rapidly into a "hot" duct, flashing of the liq­
uid may occur at such a rate that the gas produced may not
be capable of venting, thus producing a pressure surge forc­
ing the liqui1 back out of the duct. The cycle may then be
repeated.

Note: Severe water hammer problems may occur in ducting
of any size if modulating flow or rapid shut off or start of
flow is introduced.,

2. 3. 2. 3 Elbow Flow Losses - Pressure drop for a single
phase fluid in a duct can be evaluated from the following
equation (see reference 4):

(
4fL ) (V2Pm).t::.p = -- + CK ---

D T gO 2 go

(12)One author has suggested evaluating pressure drop based on
the homogeneous properties of the two-phase system, while
another suggests assuming gas properties for the total two­
phase regime. Whatever method is assumed, a generous

+
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. 1/2
). = [(pg/.07S)(P

L
/62.3)]

1/3
1/1 = 73/Y[~L(62.3/PL)2J

L = LIQUID MASS VELOCITY, Ib/hr-ft2

G = GAS MASS VELOCITY, Ib/hr-ft 2

y = SURFACE TENSION, dynes/cm2

~L = LIQUID VISCOSITY, CENTIPOISE

Pg = GAS DENSITY, Ib/ft 3

PL = LIQUID DENSITY, Ib/ft 3

FIGURE 2 (Reference 6)

FLOW PATTERN REGIONS FOR TWO PHASE FLOW
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REYNOLDS NUMBER

FIGURE 3 (Reference 4)

o
LOSS COEFFICIENT VS. REYNOLDS NUMBER FOR 90 RADIUS BENDS - CIRCULAR DUCTS
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FIGURE 4 (Reference 4)
CORREarION FACTOR FOR BENDS OTHER THAN 90° FOR ELLIPTICAL AID) CIRCULA.R DUarS
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Reynolds number = DV J­
go 11

K = loss coefficient for a 90-deg elbow bend
T gO

Values for K versus Reynolds number may be found from
TgO

Figure 3, and Figure 4 shows values of C versus duct bend
angle e in degrees.

t:.,p

f

v

= pressure drop. psf

=Fanning friction factor (see refs. 3 and 5)

=fluid velocity. ft/sec

= mean fluid density, lb/ft
3

=length along the center line of the duct
2=acceleration due to gravity. ft/sec

= duct diameter, ft
, 2=mass flow rate, lb/sec-ft

= density of fluid at entrance. lb/ft
3

= density of fluid at exit, lb/ft
3

= correction factor for bends other than 90 deg

where

D = duct diameter, ft

V = velocity of fluid. ft/sec
3

p = density of fluid. lb/ft
2

11 = absolute Viscosity of fluid •. lb/sec/ft

REFERENCES

1. Scott, Russell B.. Cryogenic Engineering. Van
Norstrand. New York. 1960.

2. LUdwig. Ernest E., "Flow of Fluids." Chemical Engi-
neering, June 13, 1960, p. 161.

3. McAdams, Heat Transmission.
4. SAE Aerospace Applied Thermodynamics Manual.
5. Resek, R. B., "Fluid Conversion Factors for 'Pressure

Drop Calculations," Product Engineering, June 1954.
6. Baker, 0.. Multiphase Flow in Pipe Lines. Oil &

Gas Journal, Nov. 10, 1958, pg. 156.

Section 2.3: "f>.dditional References - refer to Bibliog­
raphy publications 23 and 31."

2.4 CRYOGENIC FLUIDS -Cryogenic fluids are materials
that move easily at temperatures below 123 K (-150 C)

(see ref. 1). These fluids are in the gaseous state at higher
temperatures, in the liquid state at lower temperatures, and
become solids at very low temperatures. The exact tem­
perature at which change of state occurs is a function of the
specific material and the ambient pressure except in the
case of helium. which can only be solidified at high pres­
sure and very low temperature.

2.4. 1 Applicable Cryogenic Fluids - This recommended
practice discusses those cryogenic fluids which may reason­
ably be expected to be used in aerospace vehicles in suffi­
cient quantities to require the use of ducting for their proper
utilization. These fluids are:

a. Air
b. Oxygen
c. Fluorine
d. Nitrogen
e. Normal hydrogen
f. Parahydrogen
g. Helium
2.4.2 Important Physical Properties - Table I lists the

important sea-level physical properties of these cryogenic
flUids. Figures 1 through 6 are temperature-entropy curves
for each of these fluids, except fluorine.

2. 4. 3 Fluid Handling - Cryogenic fluids require special
handling because of their low temperature relative to am­
bient. The use of insulation may be desirable to minimize
heat losses and resultant vaporization of the flUid. Ducting

must be capable of maintaining leak-tight seals even during
rapid chill down.

This transient cooling period produces loads on the duct­
ing in addition to the normal ext~rnal design loads. These
transient loads are due to differential thermal contractions
and to the high velocity gas flow caused by rapid boiling of
the cryogenic fluid when it contacts the relatively warm
ducting.

Ducting systems that handle cryogenic flUids should be
maintained to standards of safety and cleanliness which de­
pend on the specific fluid used. (See paragraph 2.5.)

REFERENCES

1. WADD Technical Report 60-56 Part 1.

2. American Institute of Physics Handbook - 1957.
3. Ruheman. M.B.. Low Temperature Physics

ks db k 19 " ft-lb
4. Mar Han 00 - 51. Converted Units lb K

273 1 cm-gm"=--x---
459.7 '30.48 gm K

5. Scott. Russell B. Cryogenic Engineering. Van
Norstrand, New York. 1960.

6. Handbook of Chemistry & Physics - 35th Edition -
1953-54.

7. Rocketdyne Report RR-59-48.
8. NBS Technical Note 130 - December, 1961.
9. Hydrogen Handbook - AFFTC TR60-19 - April, 1960.

10. NBS RP 1932 - November, 1948.
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TABLE 1 - Physical Properties

Fluid Hydrogen - H2
,

Air Oxygen Fluorine Nitrogen Normal Para. Helium

ICharacteristic °2 F2 N2 H 4e

Boiling Temp. (1) (1) (1) (1) (1) (8) (1)
K * 78.8 90.19 85.21 77.35 20.39 20.268 4.2

Melting Temp. (3 ) (1) (1) (1) (1) (1) (3)
K * 50.1 54.9 53.51 63.1 13.95 13.81 25 Atmos

at 54mm at 52.8 1.0

!i1) rom ~1)Critical Temp. (4) (1) (1) (1) (I)
K 133. 154.7 132.88 126.1 33'.19 32.99 5.2

Critical Press. (4) (1) (1) (1 ) (1) (1) (1)
Atmospheres 37.2 50.1 34.529 33.49 12.98 12.77 2.26

Liquid' density at (1 ) (1) (6) (1) (5) (8) (I)
the boiling point 0.8739 1.14 1.11 0.8084 0.071 0.0708 0.125
Gms/Cm3 *
Gas density at 273~K (1) (2) (6) (2) (2) (8) (2)

- Gms/Li ter * 1.269 1.4277 1.69 1.2568 0.08994 0.17847
Vapor density at (1 ) (5) (7) (5) (5) (8) (5)
the boiling point .004485 0.00426 0.00573 0.00425 0.00122 0.00134 0.01135
Gm/Cm3 * at 81. 8°K I I
Heat of Vaporiz ,.

ation at the boi1- (1) (1) (I) (5) (I) (8) (1)
ing point 49.04 50.18 39.728 47.6 105.5 107.65 4.995
Ca1/Gm *
H~at of f~sion at (5) (1) (5) (5) (-10 ) (1)
the melting point 3.32 3.209 6.11 13.9 14.0, 1.72
Cal/Gm * at 13.8rK at

,& 52. 8nunHq 4.2°K
Specific Heat at "

constant Press. at (6) (1) (1) (1) (I) (10) (2)
273 K - Cp 0.2398 0.2191 0.1953 0.249 3.3934 3.611 1.25
Ca1/Gm K *
Specific Heat at
constant Vol. at (1) (1) approx. (1) (I) (2)
273 OK - Cv 0.1702 0.1566 O. 143 0.178 2.4076 0.753
Cal/Gm K

K = .£R. * (6) (1) approx. ( 2') (1) (2)
Cv 1.403 1.40 1. 36 1.404 1.409 1.660

Gas constant -lRL
Cm Gm (4) (4) (6) (6) (6) (10) (6)
Gm K 2,924. 2,649. 2,231. 3,026. 42,055. 42,055. 21,180.

Gas sonic velocity
at 273· K - meters/ (2) (2) approx. (2) (2) (2)

sec. * 331.45 317.2 276. ,337. 1,269.5 970 ,

See Ref. 1 for curves of viscosity vs. temp. and for thermal conductivity
*At Sea Level Atmospheric Pressure - unless otherwise noted.
() Indicates source (see references this section).

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- 21 -

81llTtSH OXYC>E.N co. LTD.

NEP"AED BY F. DIN

AIR

TEMPERATURE-ENTROPY

430

1'1 .. 1$

'20 130

I I I: I II 450
( I I, I -of, 440,

ENTROPY, JOULES/MOLE, oK
80 90 100 1107060

450 H++-+-14-++-H-f-l l-/hi1YJ-I/4--c1tl1--IJ+/-HHi--+-!HhV+t-H--!Htf--I-H+--Ji-TH-i
H~,,,,oL I I I; I, I I

ttttttjjj:t:fEIrnllbr~'~ttt!~~ltt~,jttJmtt:tttt4;:t:t:;t:;:t~
440 I I II I Iii: I I I'

f-t-t-t-t-t-H--1- ~H"60oJ ," I I I I ' I
430 ,I I I '1- -t ~, I II I 'II
420 H-+-+-+-+-+--+-Hi-+,-+I,?'. Ri.' ,I • rill -'6000 420

f-H-t-t-+-+-+-+H~'.bo"~ ~ ~ f'fl. 'f/I . fU?J ~';',--?f "'Ir-;::Yf-+--r;~H-I~!'~~t-H -/--t--+-+-i
410 ~ ~ 0. 0.., rr /0./ I': I ,J': 410

I' -+ J I

FORDIAGRAM

PRESSURE. INTERNATIONAL ATMOSPHERES ---

ENTHALPY. JOULES / MOLE

VOLUME • CUBIC CENTIMETRES/MOLE

RESf:,A,QCH .. DEVEL.OPMENT DEPT., LONDON.

100908070

400 f-t-t-t-t-hf-i- H·',?"ct.:::Ht/-'-H/c.'-I+H4I'/4-i1h1/-J-n' \-i'!+-h''fI-+i-Ir'--1+-H-+'+~~+tI_+-I+--H 400
." , I !I I ' I

40 50 60
ENTROPY, JOULES/MOLE, OK

3020

1954

10

ENTROPY AND ENTHALPY ZERO

FOR LlOUID BOILING AT I ATM

AND 78'8 OK

I MOI£ - 28·96 GRAMS

o

'40

-IL.----------------------------------------J
THIS CHARI' REPRODUCED BY PERMISSION OF BlJITE.RWORI'BS SCIENTU'IC PUBUCATIONS, 4 - 5 BELLYARD, TEMPLE BAR, LONDON, w.e. 2.

GOOD QUALITY WAll. SIZE CijARI'S AVAILABLE FROM BUTI'ERWORl'HS @ 155. PLUS 25. 6d. POSTAGE.

Fig. 1

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- 22 -

-[ill 1111"1 '1'1 !I": I I~ I

Iii: Ii ; : I 'ii II II I'Iii: : I I ! I , ;,

,
;

1'J,

(

, , , :

~ I N i i
.-- :, ,
.. z ,
"'~0:::' I , : I'

, ii.....
='~~='i ~ ~~s , I
IiiiIi; .. "<0_

;,.!~ I r: i ~~ ~
,

il i ~ ~ ~ ~ I II

:!~ 1 i "< ~~:~
~ ~~~5 II'

'~m"
z 0 :o~z:

I i l ,I "m..c,.,r::.~ I
!i~3 - .., _z

.f.b ! ~ e~~ , ,
o~ ;

,
z ..Zo
~o

, ! II

I :;1, I,IJ I.

i iiI;' 1 : ' I'; 1
i !.~: T l 1! \' \ I \ ,I~ ~

,. '! :~ ., , I J. "~'

,
I

I 1"\: ; i "I
I,

I ! 'i ! , I

I ;

I
I Ii

. • II . It

I.

., '

PRESSION ATMOSPHERES ASS

Reprinted frc.: Keeec., W.K., Bijl, A. and Van Ierland, J.P.
Log p - Entbalp;y DiagrBlll8 or Carbon Monoxide and Oxygen (in Prench)
eammun.. Kaaer11ngh ODnee Lab. Univ. Leiden Buppl. No. 112d (1955)
Translation Available from Cryogenic IlBta Center, National Bureau
or Standards, Boulder, Colorado

Fig. 2

\'
(;

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

'.:
.; '.'

P
re

p
ar

ed
,fr

om
:

N
a'

t1
on

al
.

B
ur

ea
u

o
f

S
ta

n
d

ar
d

s,
T

ec
hn

ic
al

.
N

ot
e,

TN
12

9
(P

B
16

16
-'0

)
Ja

n
u

ar
y

19
62

,
"T

he
T

he
rm

od
yn

am
ic

P
ro

p
er

ti
es

o
f

N
it

ro
ge

n
fr

om
6

4
to

}O
O

°K
b
e
t
~
e
n

0
.1

an
d

20
0

A
tm

os
ph

er
es

",
Th

om
as

R.
S

tr
o

b
ri

d
g

e;
by

th
e

C
ry

og
en

ic
D

at
a

C
en

te
r,

N
at

io
n

al
B

ur
ea

u
o

f
S

ta
n

d
ar

d
s,

B
ou

ld
er

,
C

ol
or

ad
o.

.
(
6

)
,

R
.

D
.

M
cC

ar
ty

,
L

.
J
.

E
ri

ck
s

Ja
n

u
ar

y
19

3

I t-
,J

0
0 I

1
-

l
~
·

1
-

1
-

1
-1

:"

1
-

1-
1

...

1
-1

",

1
-

I
I

I
I

I 1
-

'"CD
-1

1;
;

--
I

I
I

I
I

I
n

c

~
8

U
l

I

~
N l>

I

I
I

I

~
8

I '" g;
l>

I
l>

I
l>

I

8
~

~

T
E

M
P

E
R

A
T

U
R

E
,-

R

I
I

I
I

I
I

3
N g;

I\
) ~

I\
) ~

1
I

I
I

I

8
CD a

~
~

I
I

I
I

I

~f-
-

T
E

M
P

E
R

A
T

U
R

E
,

-K
~

~
~

~
8-

=
N

~
•

~
~

~
m

~
8N

~
~

~
~

~
~

~
~

~
~

O
~
{

O
J
"

0
0

0
0

_
0

0
0

0
_

0
0

0
0

0
0

0
0

0
•

OJ:

I
~
~
~
~
~
I
~

~
~
'\

1\
\;1

\:'
0
~

...~
~

",
",

...
0

."
~

~
~,

"
~

.:
.

"
("

)
Z

Z
"
,

"
,

:J
l

rn
\

~
,-

1
--

-
~

.
-
.
-
,

..
..

..
;::

z
",

:::
0

.
f\
'o
3~

I\
~
~
~
~
~

,
i

i~
~

~
§

~
b
~

o~
lJ

-J
.d

\1
\
~

~\
~t

--
?~
~
~

~
_

~
Ii

~
-<
~
i~

~
:::

0
§j

.
\
~

H
~:

o~
•

..
A

.l
:.'

.
,
~
~

-"
""

N
f-

-
8

'~
3

-
-

~
1'!1

n
V

:0
'0

'~
-S

"
'O

~
~c

--
--

.-
~

'-
~~
.
~

~
~

~.
;:
;J
\'
?>

"'+
\-

"
;
<

"
"
;
'
:
;
:
:
:
~
'
~
R
<
:
:
6
b

.:::
.-

-
~

.-
.-

---
1-

--
.

--
-

f-
~,
g;
;;

~
-l

J
'~\\

~I\
~
~
~

\~
~.
,
"
~
~
~
~
~
~

i-
.--

-.
--

-
.-

.-
~i
l

!
~

,"
3

0
~
~

3
!J

!I
/
-
1

\
0

-
-

~
~
:
:
x
~
_
.
~

~
~c

i.
::.

::
'"

;;
3

z"
'O

~
-
~

/'
\.

:f
;\

I\
\

~
~
~
~

--.
.
~
?
_

~~
/n

i:
~t

5!
~~

mF
--

--
-
-

--
---

--
e
-
-

'
-
-

~.
~

i
3~

2
__

_
x

\,
_

I
"
':

"
~

t:
:3

k'
""

-,
<:

::"
-'-

---
x

l>

Y
\

£1
\

I
\~

t
:
J
.
~
-
-
\
-
~
v
'
V
-
:
t

.-
::
..
\:
--
--
'~
-
~
~

::
::

k:
::

::
'>

<
kP

""
't>

->
~

1
-

Uo
1'

1
L

~~
~
~
V
'
I
~

,8
,...

..d
;~
K
r
z
-
:
~
~
·

K
---

-'
-

::;
.;:

:~
[:5

.:1
-'

---
.'
'>

r-
>

<
-:

.
.
'
"

~
~
V

~\
~
~

~
V
_
~
~
~
~
~
~
K
"
'
"

~
~

~
~
~

~
I
-
:
U

H
~
?
~
~

-
~
K
~
~
;
:
~
~
~
~
~
~
~
:
s
~
~
r
-
;
~
:
~

t:
=~
;-
~~

/r
--
k~
/
.=

:~
~!

~~
I-
m~

~
~
v
t
r
r
2
~
~
K
~
~
:
:
s
~
t
~
k
~
~
f
-
-
~
'
v

.
P
'
~
~
~

VF
-~

~t
::

--
7

'2-
/,

..
~

--
r-

,.
~

/i
v
r
P
?
~
r
:
~
~
--

-~
~E

t;
:0

;1
2
~:

:=
;:

::
;K

~
=-r

'--
-f=

r-r
~

/'
;r
-"
-~

50
Q

/
/

V
10

/'15
V

1
_
~i

~~
r:

::
::

f:
:t

--
-t

-1
t-

--
~-

.f
""

"'
~0

17
r-

--
.t

--
fr

-)
r
-
~

i7
~
h
L

:
r
-
~
~
t
:
-
V2

0
V

.
t
-
T

"
t
-
-
.
.

0
5

--
7

-
-

1
7

-
'-

~

~r--...
..
t-

:~
i::

:..
:::

-tJ
-.

/1
-

-:t:
:.
(~J

.r/
;t_

~If
-~'

r-I
-:

II
--

....
J!

'r
:-

-f
f-

r-
-~

--
-;

:
;:

=.
~~

h
e

/
.

ro
'3

ft=
.I-

---
.,L

t;
r=

_
0>
~

"-
..

to-
-"

-
1'

--
""

,--
1-
--
::
'~
~

I
.-

0
2

1:
=-

.
-

c
,

"--
:

I::-
1

-
"

,-
--

-
f::::

L...
.:::':

'~
-
~

-
I
b

-
t-

-
'-

-
--

""
t-

-
/

,r
--

U
,
I
·

.....
I

I--f
::::

::
,?t:

:::o
-..

r-
-.
r-
::
:;
~

It.-
:..
~
=

.
r-

f
-

.
.

"Y
t'::

-.5
r--

+-
IT

t-:
-.c

r:"
I

/
--J

..
1/

~
•

""
""

to
--

I
-t

--
-

F
""
r-

t-
--

l
t
-

t-
-

r-
-

r-
r-

'r
.3

I
I

-t
-
r-

-
'

:u
I:l

~
I:::

:-
t-

-
r--

-
~f
":
::
:.

!-o
or

;-
r-

-
t--

::
I-

-.
..t
'
t
-

~
1
-
-

'_
_

.-
~

iD
~

!';"
""
~
t
:
:
:

t:":
"/=

::~
~

:::t-
t==

::r=
::f

-"
'-t

--
F

--
fo

.:;
r-

t-
~
~
1

-
-
.
'

12
..

_
0

0
5

r
-

"l
~

t,
:o

-
1
-
-
t
-
-
~
5

1
--

-
1

--
1

--
P

:I
00

3~
t:

::
:-

-!
.

r-
~

at
m

a
;;

?
~r

--
..

.e
.:

00
0.

3~
::

r-
r-

f-
-.

.
r
-
f-

t
-
t
-

"""
't-

_._
.t

-
_
t-

-
~
~
I
-
t
-
-

~-
I-

-
f-

'-=
~
_
.
.
.
:

.
.
.
.
.
.

.
~.
1
~

::
t;

~
t-

t-
;

-
'
C

.
'

r-;
I-

-
.

I-
-

_
~
.

.
'"

,~
r
-

I-
-

-
Z

p
-r

vv
-.

.
II!

0
'"

r-
-f

-4
-

_
_

'
_

1
--

--
1

-
~

9
/n

"
,
,
'-

l
:
'i
.

~
t::

:---
---,

'"
.

-
-
-
.

,..
..:

Jt:
::-

1;-
0

.
.

i;
;
-
-

':
-

.,
·Q

O
o3

£
0

'"
'"

r
-

--
•.

::
--
.
.
.

--
.

--
0
_

_
.
~

.
.

"
,-

F
=

~
C3

~
",

I
I

I
I

I
I

I
I

I
I

I
I

I
I

I
I

3
0

0
b~

1'
1 Z ~

"%
j

:u
1-

'.
0

lQ
"l

l
;< c.

.
L

v
0 i
-
~

II
I ..... C
l 3 •
~

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

                                                                                          

- 24 :..

'50°r--r~----.----r--~-.---~-,--,.----,rUT""10.11I. :nTrj1lJrT1jl71rTTII-rr7T71T1TVlr/..--,rn-rv--rllrr/r-rr-~TlI/TT/--r-r-/---,
14<1\-_+-1-+-+--l_I--+-+--+--+---j~~!I,.O+J~~TfI-~t1j*fl-R-tfH-+IrIJ==i:J:::Hrlf/----fH'-liI'T-i/~b'-+tH1I--H--+Ii-t--fII-t+--tt-50-rP --j

~ rlJlH! I I, -4, I' I , f j !
~'"'/~ r..!Uf ~ ~ ,j, & , 1/ I I I 80

16

I

!

1514I~12n 9 10 II
t~NTROPY CAL Gtof'OEG-'

76

:r..-l .-:" ,,--.. ........ 7~V; /)/ 1// 10

/
/ ~~ ~,'" ," ~::: ,~~/ / / 170 ~oI./On.

'<r" 0 ~~ Ci'C 03 1""0 c ,• .,..., ~ I/O k~ '< ~,,;,O 0" .~..... /S,D -'6 (
"0.1 .:0

4

2& 0
r---

•r-----,;;

\0

0
3

Fig. 4

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- 25 -

I
0'/ Q

"''I .. I

I I
I ! f
i I (

II
U f i

I f

I
I

!J

7 y

:

J I

-- I

~--

1-1'-- -- !
W II ii 0..

0 f fl ~ / I!!
./- i2 0

N • !~

~~

~4 /
"'..

<3'§ / /'Ii'

<t'
~

<f' 1;1 Y
~'li

0
0

'Ii

c6'
~.I

<3'

~"I

-

150

i~ Ui III I II I: I ·11
170l------+----+--4-tfJJ4Ji~/-J.bII..lI4='1 f#l=t=#~1~~/-+-,! 1+-1+-

1
-t+-I ---+J..+.I-I;---4/---f..--.!! 580

ro
O
O ~ U1; 7, J I i 1/ j II I Ii I ! I! TEMPERATURE, ENTROPY CHART

I 60f---l--++H-P1f-+J--fI+fIL+H1/--f--H+-f--I'lt-flllf-lf+!+r++1f--J/Lf-f--c1ff-+--ftt-I +-H,+I~IIH-tf-JH FOR normal-HYDROGEN -

1---+--,0 It II 'n 7 L . II I I· i I I I I II f I J I !)40 TAKEN FROM NATIONAL BUREAU OF _
.,<0 1 I I I b I. II Ii I I /! I 'II STANDARDS RESEARCH PAPER RP 19321 I.--h JJ.£ ~ ~_ Ii (1948) BY WOOLEY, SCOTT. AND

JIJ110NO~I~/~7 ~ff/~f@ FIi rll:; 17 If ~! I ~ Nj 1 BRICKWEDDE. Fig 32. -
I---f--!'-. PRESSURE (Pl aIm ~.,,,,oriU h II r ff I I II 'I II II I I II / / 500 DENSITY (p) amagat

y '11 . I I. II II (density. gm/cm·=densify. amagat" B.9BB6x 10-')

140f---l--LHtfj~~t1-t:P:r'-ff-/J'i7'(jH-f,.#=:i#rVf+-Hp-=f;1IJ~/if-~/~tll+/~t+lf~~11=h/tJlt=t!WJ~=t------1 i~r~~~~U(~T ;~i~~~ oK

l-.Li'li°ul.l~wrtLJL.L1LfAR/!17U1rH-'--.LlLl-lil/::JJ:::.j:t±:::=~/JJJLJ..J/~/.LJ~~H~46!Q..££o COIl.L9.!!l/om-!:----J.-~----L-~~----l-J
130 8 9 10 " 12 13 14 15 16 17 18 19 20

ENTROPY. col / gm oK

Fig. 4a

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SOI--f--+---r-

30

- 26 -

ENTROPY, Col/gm!.K or BTU/lb.!R

ENTROPY, Joules / gm OK

Fig. 5

40

10

0-20A

II

170

160

150

-t--j----j.- ,130

120

0:.
I.U
0:

I/O ?/
~
~.
I.U
~

::E
I.U

100 I-

BO

70

60

50

50

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

                                                                                          

'"o

t'I
j

1-" \Q U
1

Q
l

fT
I

Z -t :0 o ":< e­ O c: .. f/
I ..... <

0 3 I • ;>;

P
re

p
ar

ed
to

r:
N

a
ti

o
n

a
l

B
u

re
au

a
t

S
ta

n
d

a
rd

s,
T

ec
h

n
ic

a
l

N
ot

e.
'_

'l!
f

1
3

0
(P

B
16

16
31

)
D

ec
em

be
r

1
9

6
1

,
"

P
rO

Y
1l

1o
n

al
'lh

eI
'll

lO
dy

na
m

1c
:f

u
n

ct
io

n
s

to
r

P
ar

ah
yd

ro
ge

n
"

,
H

.
fo

l.
R

od
er

an
d

R
.

D
.

G
oo

dv
1n

;
b

y
th

e
C

rr
o&

en
ic

D
at

a
C

en
te

r,
N

a
ti

o
n

a
l

B
u

re
au

a
t

S
ta

n
d

a
rd

s,
B

o
u

ld
er

,
C

ol
or

ad
o,

tr
am

p
ro

p
er

ty
tu

n
c

ti
o

n
a

re
p

o
rt

e
d

in
N

B
S

TN
1

3
0

.
T

h
es

e
f\

m
ct

io
n

s
w

er
e

u
se

d
to

c
a

lc
u

la
te

te
m

p
er

at
u

re
aD

d
en

tr
o

p
y

to
r

a
ll

in
te

r
se

c
ti

o
n

s
a

t
is

o
b

a
rs

an
d

1
se

n
th

a
lp

s
an

d
to

r
in

te
r
se

c
ti

o
n

s
a

t
is

o
b

a
rs

an
d

1s
O

ll
le

tr
lC

li
n

e
s.

A
d

d
it

iO
li

al
p

o
in

ts
w

er
e

a
ls

o
ca

lc
u

la
te

d
a

s
n

ec
eu

&
ry

to
C

C
II

IP
le

te
th

e
p

r
e
c
is

e
d

et
:l

.n
it

io
a

a
t

th
e

p
ro

p
er

ty
li

n
ea

.
R

.
B

.
S

te
w

a
rt

,
R

.
D

.
M

c
C

a
rt

y
,

R
.

D
.

W
ee

k
le

y
(D

ec
em

b
er

19
61

)

G
PO

85
29

71
T

E
M

P
E

R
A

T
U

R
E

,
OK

m
0

N
~

~
~

~
~

~
~

N
O

0
~

0
~

0
~

0
~

0

'"
t?:

"
~

Iil
'

I
I

I
m

::--
..
'i
~

I
I

I
=

{tJ
.
~
I
~

::
.

i
-

~"
",
,,

j
'~

.o
.o

)-
I.

..
?

fT
I

fT
I

0
"

-
t

"T
l o

Z
_

,.
...

...
''1

-.
~
r
n
:
:
+
-
-
'

n
Z

Z
fT

l
:0

fT
l

--
l

",
::

f..
.
"
~
,

"
f
.
[
'
~
,

__
g

I
,

~
~
~

:i
ti

[;l
~

::u
IT

l
-
H

o
~
~
"

'-J
..~

't
f-
..
-:
.
~
~

u;
i
.
;

i
1
g

~
~

::::
j
~
~

""U
~

-

i£
':;
~
~
~
~

j"t
-':

:l
~

g
!

I
,

-
~
:
:

-<
"

-<
~
»

l>
3:

=
'1

--
"
'-

:-
-
-
-
.

<
-

0
.
,

c
-<

-t
::

u
"-

~-
--

..
..

~.
"':::

:,
li.

N
~

't"-
-..

C3
:
:
!

_~
"§

;;
~

C
-
'

-
.
.
~
'
0

l'D
g

c-
"b

::u
--,

~"
':
:
~
~
~
~

~J
:.
.~
N-
--
~

Ir--
-::

/"--
1:::

:
~
!

i
l

~h
.

S
~:
;;

~
fT

l
~

J,
-
-
1

m

"
'
~

r-
--

~,
-.

..
..

..
..

..
~,

-j
".

.
~:

:-
--

..
.

r--.
.

-""
r--

-...
.0

i
N

I
!

I
&

r
<

n
:
:
:
e

-
3

0
0

-
'
-
.

0
0

-
.
.
.
.
.
.
.

...
...

...
-

Cl
~

'"
::--

-..
.....

~t
--
""
::
:-
;

.....
r--.

..
~

......
....

"""
r--

-
r--

....
.""

-...
.It

--.
.

8
i

N
I
"

!
i

I
Q
~

<
0

S
0

3
;>

;
::

U
"

-
~
~
~
-

--
"'

Q
(,

-:
:"

,.
f'

;:
--

-.
..

.~
'~

.
r-

--
'-

~.
..

..
..

..
.

,(-
:::

t
-g

i
t--

J
-.
-~
-

'__
I_

_
~
I
_
_
_

I
g

3.
:::

3~
g

;
=

~
~

~
~

-
:
:

I
~-
,~

~
~
~
G
:
-
.

....,
;'-

-;-
8

-
-
t

-
N

-i-
i--

-:
~

A
.
O

'
I
T

l
:
:
U

_
-
~
~

!
~

~
~

~-
-

.,
~

'
-
'
~
!

2
-

."
~
-

+
-'

-1
-
=t

3
Z

--
l

";
",

,,
......

.
~
l
'
,

:
:
:
s
~
!
~
~
!
~

'-
"
:

""
""

~
::

::
:-

,,
;~

,~
-
:
~
~

°
I

'"
,'

-
~
~

8
-t
::
-:
~

l:
7i

j
::

-:
-"

.J
:~

~6
.;

.Q
IO
o
~
-

0
__

+
_

'-
<

D
+

-
-
-
l-

-
-

1
.

~
1'-

....
'~
"
>
.

-..
....

"
S

P
Q
~

....
.-

;--
-

:~
I-
--
,
~

-
;;

::
--

-~
....

....
:
~

-
~
I
~
~
'
~

I--
-+

.
'
g
~
,
!
!

1:
-

,
I

--
o
~
'

....
....

...'
'"

,-
~

~I
::

-.
..

.
'-

--
~

t:::
-...

:'
-.

::
'"

~
S
~

-N
-.

~I
-:

::
:-

--
-

-.
::'..,-

--
\'-

c~
'
g

[
0>

1+
'!

~
---

..
..

..
.
-
_
~
~
,
-
"

I;;:
:::::

~
J
-
~
-

,,
--

-
"
,
,
-
~
~
r
-
.
~
I
~
~
,
O
O
f
'
O
~
-
-
~

F-
-:

-~
J

--
.:.

:.-
r

P
:+

---
\--

'6
-

-
+-

"-
-

"-.
....

..:
-
,
~

.....
~

--.
...

::-
--:

:
::::

:~
'::-

--.
...
~

t-
""'

=
,.

•
F--

::
::
:;
~~
~-
€.
:p
",
.,

,r
--

,-
-:

--
=:

:1
:--

.
-
-
~

0
1

",
°

I
~

"
I

::,
"-

,.
1'

"
~

-~
~

-
--

-
.,.s

-..
.f'

.
--
-.
:~
-

..,
""

""
"-

-
~O
n5
'

--
-

-,
--

-1
-'-

0-
,-

-
t-

o
>

-
'-

-
-

-
\
-
-
'9

-
-
-

I.
..

..
:
,

,r
--

...
.:

:::
:::

:"
..
::
::
::
-:
~

'-
--

---
'::

,--
-."

[F
"-

"
r-

-
""'1

::::
::1:

::::
---

"""
"
~

.B
n
\
~

°
I

'3
'

'
°

~
;-..

.....
...

~~-
':'

--.
i::

:::
:--

:'
:-

~~
N"
",
,:
:.

0-
-.
",
Jj
"-
-~
4

k
;

-
:-

::
-"

'~
!-

-o
~-

-
0

>
-
-I

--
--

-1
-~

-
"-

-
~:

--
..

..
..

..
..

..
~
-
~

"
'.

...
.

..
;:

:-
-

"'
..

..
.

I
....

."
'-

--
-"

::
h

-.
.,

"
"
'
~
~

i--
-=:

::_
..::

::-
'-
-'
t-
_-
--
=~
::
--
::
:

""'
"

!
-""

",
-+
--
:.
.~
'~
'

'<3
'p

i
~

-
:--

."
1-

...
..

T
N

..
"

~
-"'..

.;-
.'

-,
""

-t
'
'
"

~
'
-

.
.

-"
"
>

-
..
~
;
:
-
-
.
.
.
.
:

-.
.:

-
·
0

-
-

--.
€.Q

...-
j
_

_
.J

.
-
-
..

0
-
+
-
-
1
-
-
-
-
-
~
-
-

~'
--

-I
-~

I
~
~

'i-
Z

'<
..

""'h
...

~I
--
-t
'-
-:
::
;;
::
-.

---.
..::

:::
"
-

-l:
::-

-:
~
~
~

I~
t--.

.
--

-
hI

'--
~:
--
--
J.
r-
::
~

:<
,~
~
:
o
-

:-
--

t
~

-:
::

~
I

!
'6

~
--

'"
..
..
..
..
",
~,
.~
~

!
-
-
-
~

:--
--.

.;
-
-
-
~
~

':
-:
::
:-
~

_
_
'
~

~"
""

"-
'z"

-r-
-::

,.
r
-
~

-:
--

"0
":

::
::

:
~

1 4
0

:--
-=

r--
F=

:J:
::::

:-1
-

-
N

r
-

\
;
~
~
-
-

~
....

....
...'
!
'
-
.
~

i""
"""

""
I

r-.
....

.:
'--.

...
"
"
"
"
~

'-;
i

~
~
.
.
.
;
.

PI
:::

:
~-
--
f=
::
::
;:

"::
:

::-
-
~

--
:.

=
J
~

'--
--

:
-J
'-
.t
:t
==
::
~

).
,-
~~

--
-!

-.
J

r{
--

-
~
N
-
-
-
-

-.
::

~~
~t

::
::

::
:S

::
:O

~
-
-
-

r:::
--
~r
--
=:
::

...:
-
~

~~
r-
.~
-+
-

--
--
.;
~'
::
-

"
'-

-;
;:

~
=--

I
1

-,
~
~
~

r
~,

Ji
'~

N.
-,

-·
..t-

t:
--
~
~
~

...
..

-
--
~
_
.

-~
~.
'-

-.
,"

-.
-

~I-
.;;

:c·
t·

.
-

-
=-=

=-
I
'

8:
'

__
.J'

S
:0;

I
I
_
~

f:k
--

.:I
--..

..
I--

r--
:::

::i
-.

I'-
--

;
-

_i::
::::=

=
01

0
~

~f
;:
IO
:'
:.
.L

t-:
::d

.
•

=
.

~
-:

:
""

'"
"'=
~

--
.::

-
""

'-
-

-..
,..

'-
-
-
,

U
~

:
;;

;;
~

--+
--

-""t
-i.

N
--

r-.
,,,,

,,'-
-...

.,
"

:::
..:

:::
:::

--.
::-

-.
r--

-r-
.

1
--

-
r-::

::::
:t

I--
:::

:::
J-

-.
5
~

""
--'
=

;-
~

I
-

i
=

~
-
-

-

j'
i'~

,
8

i
:

"t
-

.....
H

--...
..::

I-::
:--l

---
t-

r-
l.

....
"-

-'
,'--

::::
~

--
-

"-
-.

.,
:-

-.
f"

:p
:
~
~

S
,
7
"
'
"
~

"'
=

i
-::

::
r--.

--
::::

--
'

=-
-~
l-

-
.-

-}
T
-
t
f
"
"
~
~
.
:
J
"
f
~

r-:-
r--:

::
'=
-~
~~
,.

~
S
,
~
6

-~
--
-t
-;
:

~r
::
:-
'

';
;.
~
~
-

;:=
,::.

:.:.
:-:-

:-0
::
-
~

r-
-

-
~

-
-.

-
-3

[-
--

-.
--

--
---;

--'-
1g

,
~
t
-

-
"
"
'
~
~
~
-

-'
:"
"'
-~
04

~~
""
ft
::
::

~r
--

-
-
~

I'
l-

--
::

:-
-:

t~
::

~:
:"

,--
-

-
-

::::
-
=

---
-

,-t
--

-
-
T

1--
--

r-
g

i
r--

r-.
':
'~
::
'-
"'
::
-1
~

~::
:::

...
l60
~
;
:

rt:
:::

-c:.
.

c-..
:.:
~
F

~I
--
-_

_
~

.
;
:
:
,

_
-

...
::

-
t:

=
r-

;:
:.:

:
:::

:::
.

-

J-
-c

-i
-l

-
--

-+-
1"-

j-
--

--
ji

gJ
~:
:.
.J
~~
:-
.

-..'
o~~

r--
=;-
~
~

r--
-r=

::::
r--

;-
~~
::
:~
:=
t:
:2
~n
:~
E:

r-
t-

--
I-

--
~
-

'"
_._._

_I
_

!I
"

--
--

-·-
I!

·
-i-

-+
-.-

-.J
--L

-
-
+
~

._
:~
_~
o.
..
J

l(lJ
~r
1

'-
_

-r--
I-

-.
r-

-,
:::

:::
.,

_:
:j

_~
""

'-
r-

--
:t

I-
--

"'
=

-.
1

-
r--

.-r
-

r--:
:
=~

__
··1

__
_

'
I

I
I

~
8

I,
t'

-.
.:

R
,o

,
O

n
l'
~I

::
::

-
,
~
t
-

-:
:::

_
I

:
:
:
:
:
:
-
.
.
~
,
-
.
.
.
,
~
-

-,
..

..
-
-
-
-
-
-

=
_

-
-
j

:-
--

1
--

,
-::1

---
+'-

-
i-

-
-
-
j-

-
-
,
-
-
'-

'-
--

t~
r

__
1
9
~
'
,

h
-
..

,
-

--
,.

~
-
"
-
..

:
~t

=-
:.

.:
.-

~
-

-
-

,
"

'
,

,
~
'
t
-
,

~
---

+
-

;
_

-
1

-
-
:
-
-

-
.-

'--
-j

--
-1

--
-
-i

+
I-

l
-

'-1
'--

-i -
--

c-
-

-1
-;

'-
-i

0
'
-
-

--
*

1
:-

--
1'

--
-

r:--
t::-

-!-
~
~
.-

~-
--

:-
-F

':
"

I
-
-

_
_

-
_

_
--

--
j:

;;

m
-
~
-
-
j
-
-
-
-
r
~
I
-
-
-
~
i-

-
-
1

-
-
1

-
-

-r
--

;-
--

i
°

-T
-

~-
-

-b
..F

=:
N

t--
-'

,:
i:
::
:,
;,
~
~

-..
...

=
t-

=,
...

..
r
-
-

o
,
!
',

;!
!±O

g
J
,

"':
--

.
'
P

_:
..

."
;-

,r
-.

r-
--

I-
-

_
-
-

1
-

,
-

--
+

--
-T

--
--

-
-
,
-

--
-'

-
1

--
--

-1
-°

-
-
.-

-
o
·
-
-
-
~
'
I

O'
m
,
.
~

-
-

-
,
I
i
!

°
;

J,
T"

""
-'!

---
.

--
.

;-
.r

-
I
-
I
-

1
--

-1
-

_
----

-t--
i---

t---
t--t

-r--
t-

-
j_

_.
,-

+
__
t_

-i
_

o
__

--
:-

-8
"-

-
'"

-
=

-
r-

-
I

-
_

f-
--

i-
--

+
--

--
,
-
-

-+
-1

---
---

-
i--i

+
-
~

-I
Jt--

I
-
-
g

:;;
r-

",
!"

_J
QO

~I
§

--
-j

",

m
I

I
I

I
:-

T
-

~
8

'-
-I

--
-

r-
--

.
-

'"
I
I
1

1
I
I
I
1

1
1

1
1

I
I
I
I
I
I
I
I
I
I
I
!
I

!
I
I
I
!

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

1
1

-

o , N ;;
g

N o o
N g

'"o o
'" '"o

T
E

M
P

E
R

A
T

U
R

E
,

OR

b o o
~ '"o

'"o o
'"b o

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- 28 -

I

0-53
48

-
I-I 8

--
,-

-
I-I 6

-
,-

-
-I 4
-
-

, -
-I 2
-

-

I0
-

8
-
-

-.i;

19 20

44 .4.0

ENTROPY. Ca1/9°K or BTU/lboR
16 20 24 2.8 3.2128• 4

I I' 'I I ' I , "" I I I I I

f--f-- f-----r----jf-.-, ... -1

f-+-+--t-f/;

__...---I--

i

l i . ~--+--f-- --f--f- Lit l
/ I ; I III r---- 1--'1--, ,,II' I -

r 1 I I I 111 II I I I'T t-"{ H"4Q , _ 44

TEMPERATURE-ENTROPY CHART Y iJ--1/"",, I II I" ,I f I I il -:::
- FOR HELIUM r--jN ,/ I I 1~ \II I I I I f I iI, II - 42
f-- PRESSURE. I PI atm .-

DENSITY,IP) g/cm
l

, ~ S.ifl' ch !£ ~'I rI, iii- U! I' -f-- r- '-- .... . '.j: 0' --- -

ENTHALPY, I H) Jaules/v I ~.~, I . I" ~!!,ll I I 11'301- 40

f-- Nationa' Buroau af Standards Hml j' ~ fI' If-j...' I " I! I q I 'I L 1,-=
f- Cryogenic Engineering Laboratory Ijf 11/__ !II I. 1)--. I i 1++ 'r--t 8!£ "'I--'~I--+--++-+-l'-

Boulder,Calorado i: III tt" ,Ai 1171f..../-I.31/1/. I ell 8 'I? ,-= 3B

f--+---+-t--+-I-+-+-+-+-I-+-++---+-++'fiA-hH-
l
-++'1 /IJ l7~l '---j.~ ~r ~ 1-- ~ I ~ 1 '20 ~

1--+-+-+-I--+-+-+-!---+-+--+-t-+---H'fJH-l441H1---ilH-tIi--I1'-PN:.+-fH+++-+---+H-t---H---H-!---+-4--,!++-!---+++-+--11 - 36

I---t-t--l--r+--
I

+--+-;!+--+--,+----+-+-+-).1/ If -/Il /f/'/ r,f~~~:j I: I J !t I I I~
l 1'r-J I0~ ~ iiJ "/ I II" r---f! _ c- I i -= 34

1-+-1--+--11-+-1----1-.1-+-+-+1-+<'11 t)(~-ttrf1i Ilif' Iii iii'! I II 10 f-C- 1-:::

f---+----t-+--t--+--+-----t--I--+--+--+!-t.Jl '( !-llJ/iL :I. :7! ~~lDI-U ,I !I Ii 1/ '-= 32

I i J l'il llLL :I I: h I IlhCli ! I I 1-
f-+--+-+-+--II---+--+--+-+-+----t-I -+--+-CVlH--/--+Hc'j//rilLI--fI ir-ll/i'-f1'I'-oJ/fI-fI-H-I//'--tI,IH;l---,jl+--l-11--+,-tf-'J-+-i,P-'/4irr----+NI-,+-C;t-I-+r---+-f--Jf,f--f-i--1+--tf-/.t-+~I -=- 30

f--+---+-+--+--+-I +-+--+--+:' f--i~; JIf J1J' '$?1#~4 !ff-O I, III J II II! I \ I /00 ,-=
i I : i ~ ,/~ 1: /~I V/~~V.e/rl,Ji/ /L! VI ! I i h' I -

f--+--+-+---1f--if-T- -': - ~-S' iJ JfA 1/ fJ/hittJ !{-~J~IN~ 1/,' f--t I 'I 1-::: 28

e.--f-'-h-+--+I-+--+ ' -i ~11 ;'lV/Il/ Y~Vl;~Y/,Ai1~L .. rn~-JJ I J90 1~26~
I I 8 1'1 1 tlt/'l ~ Irilff- Tirrrr, '" II ~ I . I - ~

I __~ l1 'j/);(, W1J://l V/'I ]jjU+_JJ.U II ~1l r1-= :
, it), 1/'11 I I~/)ItKi f. / rN~ Ill7/ I 1-::: 24 ~

/, fjl/t~YJi~!/il!tIi4//-f!' j-Pfl t I1.
BO

[I '~22~
f-I---t- -: --,- -.fi./llJJ;if, /.VJ/I/r;tJ!? I 1/!/fAJ-I··~rI-f -/--. !.~-Jlj-~ .. 1- J- -~_-=

I, ~ IV '1~:/'1 III 1/Al If If I rt;/J rt-N-. ,II: I ' I I i 1-= 20

f-f--t--~- --II ,Af}1 7Jj(JjJYj;'f/t!Jj'rJ;- J.~i·f; ,_70 : ~ -

t---t---f---t---t-'-ri : #t/(Jlll!jI/I!I)f!!;~ ;'11 /I)hi l )11.. --~f , +----'-!I-t-+-+-+--t---+----l
·11 11J/;r!Yf-;.;J/;;'; I~r/Y I! / /V / lIr-J-Vl if i

o

.. ::;- 25
(\J

8- '8..
.-t .... ..-l

to
0

to 24
::s

~ 8 ~
III::s

~..-l~
Q.
III

~'d ~ 23

~.. ~~ ......
10

11'.11"\ ~
..-l • 0- 0

~O:;:l
.... 22

d III
~.

Viz;

V" ~ .. ~

~~"" 21o V V ·~.o~ ~

';iI~V >;o U
~ ~:l ~

20

~$l! j!
E-I u

.. tv'll:! · 19J:l
~ El V ·"" e ~ II;
~ .... ~
~§U

18

~ .... V
WQJ::J
~ b:l >. 17
::s~.o
III .~

j~~~ 16

~ (l) • 0
d PtIIl..-l

o~108 'f- 15.... III
~ ~ ~ w
~ig~ a::

:::l

.. ~ 3 f- 14

~ =..~ <l:a::
'"' ~ 10

UJ
.... (l) .. Q.

'd V '.~ ~ ~ 13

t ~ '8.~ f-
III .'10

~~~~ 12
~= cCW

II

10

9

8

7

6

5

4

Fig. 6

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

                                                                                          

- 29 -

-I00

-

- 80

..

- 60

-

- 40

-

35

0-52
8D

I I ,!... 540II I
I -
I - 520

I -

70
ENTROPY, Cal/\l-K or eTUII~-R

40 50 6.03.020

---

120

110

250-

240-'1

300 IlfTT TTII I I I ! , i'! I

f--+--+-+--+----+-.-+--'I-.-~. -T ---I, --+-'

"

-),'- I: . -_~~ II] H'lil' J~Ib.Hti++r-hiHb=tffiFH'F' Ff1#=#=+9
290 -1 i " ...J-'... +- i !

280 ;----t- -- I .'~n~~ _..L-.JI,f..I.'I+4=~:o-=f=IFFJFi=#!'=#:=f:/m~f::A=1
1-_ TEMPERATURE· ENTROPY CHART 1'__ ,':f:Pl ' J I ' I ,-500

27
' FOR HELIUM-' J.-"";"-' T I .. 1 T i-, f-- -

Of-----! J---t---t-.:.l:,-r4-+--...j---f"--+++-I-J-+-ti--H+-l-f-l-l---L!--+-1!ri-i!+-i+-+J---1
._' PRESSURE,IP) aIm i- ' __ .. ,">joJ1'1.JI I , ,T 'if 1-480

260~ DENSI-TY, (,oj 9 I em' i I w;:Pu;-P-- / i J~' I l' /,; -_
ENTHALPY, (Hl JDule./o '. I 'W', i 1~ Tf ~ §'" §'" _-_'&'1.- f'" --1i~-46O

~,, ~---i. 1- -?f-...8.... 8"'."';" 8'" 8" '-8/ Qr~ INDtionol BureDu Df Standard. 'I II ,. ~i, ,e I I
CrYOQenic Enoineerino Laboratory s./4LJ l~j ,L I IQ.. . • .-

Boulder,ColDrDdo .IE l-J·,~~.l""i ,H-fh I 1 i I 1'1 '/1 rI -- -440

I: :, 'f
2301--1---+---+-,--+-'-+--+-1-fi-t-- -i-or ---~-"';}n-~ ~r II -.- T tti---JI /- 1.11:1 I -420

-i--l·t +- ·--1 - I·-i· -: i.. t' IIIf~1,01lJ-LtJIf{1t,Itt=/.:t:#t1=}tt#il =f:.Rt =IFF#I} I-FtilF#.lZfl_T'~··f
220 ' ' " I" ; ,,'Z-dJH1l:r i, , 1'1 1-400

~--i---f'-'-~"-+-~ .+.i' 1 - , . U Hll-1rr- r- J i - J I hi; .-/1----+-1- -
210' I, :\,<p ff'T!l - , I I I IicoL - 380

200
-~t--i--t-+- --+-1- 'i .. --, T-1--t~m ~ ~ .. If Ii'+.-J-

I I ! '1050 1-360
i " ,I '. ;: U-cc...-c '7 Ii'

190' I r- ! ..~- .-- .... ~·t-:---;;~·I' t1 I I !. -t;r--~--

O

'1 I,i IT ~'---:----'--'--~"..---,'- I ,....c., JJ, -l-: -<lit I' 1/-h·.1 . If , II 1
000

- 340
18 <if.?TI T 'j " I . /, II Ii/I I i ..l -

J ' i !,' . ,,' ~ 11 111 i ~ ; JH,o i 9,- -320
--, -.J'--+-+-I"i._ --i---- ....... . .. - · ..·j:n~() Yo 0/- 1",0.,1._", 2,' '17 . '" '" -' ~t ",~+--k/-I"-----1

170 ' ' . ' """;010 ~" ','i i '-',;: / ../ I 7~ -

~ -i-';'-t-t- : :---- __ ._.j -;;O~j1m ! I· :; J I ;T ~ ~ If://.-- 1:~~=t=300~
w/60 I ' . J.-H 1', I I 'I: I. If il I ill i - W

~ 150 ' . i·i ~~------.-----+-.'O'f//I r /1 '111ft -- 'tH..-f~--1=280~
~-+ .. i··-i--~ .-. "'-1'OdJur 'I '{,I I illl: J 1,_1 1

. ---260~
~ 140 l ! J 7W . ~
w l i, 11. t I: I 1/ 7fT , J ! - W
I- -. t- : I " ..~ I '~ , ,/ ; 1 i p, I ' ,.. +..--. --- I-

130 ',700' -240

: : 1QJ/1r/ . /1; 'I II; Jj if 16~ t--I- =220

.Sfltr .; 1//. I 11·/ 1 / 1./ ' ill J; I -f j
II!. 600 i : -:-200

- t €lft1l / f / If, II 1/1/ If II // 'I/~;; i :".i

100~__-,-_+-:- -+~cl!1-i/'-AII!Ll=4iq-jf.hP+t=ilt'I-1-=H:I'=tI-'I+l-t:f=~VItt1-r~~50 ~!~-w
, ,.. j ..;1 . f r 5~It ~tI .;. ! II / } / 77/ f 1 J j l j;

.;...,- A II II R71 1/1/ 7fT'l! J 7: -, 50C
90f--~,..,--~-+-----+--+--;---~-;:r!rH=:R=f--Ji-I'H-f+fhY+--II-~If-/-;i-Vi-HI--#+C--If-+--i-Ir-+-+----1-rl

_.---~~---;-'---"--_~_i<;J.u!-jlf~,'::ft,/it=/:}II*//f:::)il/#I/,/:.t,JJf-t.J!f.:iUL:..'#j,ji/r-1.l.~rJjtAHIJlLJ-'j#ij~:tF-il1.14' f/4~'-++---+
801-------~~.....,....-- '.J...If / I 1 III I I I II I! / /I I I I ! 'I 4':JO

. ."'hl/I /1/ I II II I 'I I Yj~ j / ill y ~/ I~OO ~ 1
70~----+--+----4:P1JI. / / ,.)I.illl_!I",0 J "-{ v:; ;JJ;;CJ._~H4 ! I

. #r!L& eil Ii .I 0 8( l#, 818;' 7 8. ~HI§rn~r~sO j
60f-- f--_.....:~ft1T/1 f I, I Ii 111// .j Ii I II III 'I Ii I ;.,rr3~ i

. _' .. r/f/// '.1 I (I I IIf I 111/7771/ '/''1 II 7lyy;;
501-------+-"' ~1tff7//11 /I I 1/ j II / /I ///jill/ iJ II !I

l ~(JII/I fI fI f I /1//1/ I 1/ 111/// I /_ .
~Q'/l/!7//"/1 1'/ /1/1/1// /1/ 11//////1 /; / H-250.JOUlest

o .. t--l-' j
401--------+-;y/1/1 f/// / // / / /i / / //J /. /1// 11/ / ./. l

. .. ~~?Sf)·PJ!ll/ ;/A/0Y0///f/,/;},;//i// 1/ 200 , '; : t
3Of------Y/f '7 7/--"'/// /' /'./ /1/ i././ /.//./ /I' if , I

20~~'~~",\50~~~j~~~~~?'~~~~.~0~~~n~~~::;:~~~'~;:;;~~~~~V~/~7=~50t=='=t=t=='=''Il j'15~ ,/'/,/ ~.// A"'---: 4/.//////4 ~ I,
5 10 15 20 2'=-5--~--'------!3O:---l---1-J..::J

ENTROPY. Joules I 9 OK

Fig. 6a

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- 30 ...

2.5 SAFETY
2. 5. 1 General Considerations - Considerable caution

must be exercised in the use of cryogenic fluids. The haz­
ards involved are due to four physical characteristics of these
fluids:

a. Extreme cold
b; High pressure gas generation
c. Combustibility
d. Toxicity
Table I indicates the applicability of recommended safety

rules to the handling of cryogenic fluids; the follOWing para­
graphs contain some amplification of these recommenda­
tions. Adequate first-aid equipment must be maintained in
the area, and personnel must be properly trained in the 'use
of this equipment.

2.5.2' 'Extreme Cold - Contact with materials at cryo­
genic temperatures can seriously harm human tissue. Per­
sonnel must be adequately protected by clothing, goggles,
and gloves. Improperly insulated ducts, which handle liq­
uid hydrogen, helium, or nitrogen, produce significant
quantities of liquid oxygen on the outside of the duct by
cooling of the ambient air. This liquid oxygen, if present,
must be dissipated to prevent contact with personnel or any
fuels.

Physical properties of construction materials are greatly
affected by cryogenic temperatures (see 'paragraph 2;6 ­
Materials) and design consideration must be given to the
cryogenic properties.

2. 5. 3 High Pressure Gas Generation - Cryogenic fluids
are liquid because of their very low temperature. Atmos­
pheric heat in time will convert these liquids to gases which,
if contained, will develop dangerously high pressures. To
avoid this hazard, the follOWing rules should be observed:

a. Avoid fluid entrapment. Each ~ction of duct be­
tween shut-off :valves must be provided with an adequate
relief valve or safety rupture disc. Direct flow of any es­
caping gases so as to avoid contact with personnel.

b. Pressure safety devices and vent ducts must be
protected from accumulation of external moisture which

. will freeze and render these devices inoperative.
2. 5. 4 Combustibility
2. 5. 4. 1 General Considerations - In order to prevent

combustion, fuels and oxidizers must be kept separated and
potential ignition sources must be eliminated. In addition,
extra cleanl~ness precautions must be taken with the oxidi­
zers since the presence of even small amounts of many ma­
terials in the presence of oxygen or fluorine constitute an
explosive hazard. Use of demagnetiZing techniques may
be desirable to assist in removing small particles from duct-

. ing during the cleaning process.

. . 2. 5. 4. 2 Cleanliness - It is of utmost importance that
all cryogenic systems be maintained at a high level of
cleanliness. Components and systems which handle oxygen,
fluorine and hydrogen must be cleaned in accordance with
applicable references such as I, 2, and 3. These proce- ­
dures are applicable during assp,mbly of components, instal­
lation into systems and in operational use (including related
ground handling equipment).

The following design practices will give maximum assur­
ance of duct cleanliness:

a. Eliminate crevices or joints that can hold contami­
nants. If unavoidable, these openings should be large enough
to provide for adequate flushing and drainage to avoid reten­
tion of particles and to avoid etching during or after the
cleaning operation.

b, Weld joints should be butt welds.
c. Flexible members should be designed so as to avoid

entrapment of contaminants, and to prOVide adequate means
of inspection and cleaning. Where feasible, convoluted bel­
lows should be of open pitch construction. If a liner is re­
quired, the use of a removable liner is preferred. If a fixed
liner is required, the liner should contain holes to permit
adequate flushing.

d. Closures should be proVided to protect ducts against
recontamination after cleaning, prior to system installa­
tion: and during maintenance.

2.5,4.3 Operational Safety - Thorough knowledge of the
applicable fluid characteristics is essential. All equipment
should be electrically grounded. Smoking, open flames
and other potential ignition sources should be prohibited in
areas handling cryogenic fluids. This is partiCUlarly im­
portant when handling liquid hydrogen. (Reference 4)

Leakage, spillage and dumping of cryogenic fluids must
be controlled. Wind condition and direction must be con­
sidered whenever handling large quantities of fluids to as­
sure rapid dissipation of the spillage in a safe area. Vent
and burn hydrogen in a vertical stack away from the supply
or area of spillage. Purging of systems, ventilation of area,
concrete run off channels and strictly enforced safety rules
are important. Rig~d control of valving procedures and op­
erations, and a complete set of emergency procedures -for
use in case of an accident. or malfunction are required.

2.5.5 Toxicity and AsphyXia - Fluorine is highly toxic.
even in moderate concentrations, and must be handled only
by personnel attired in adequate protective clothing and us­
ing separate breathing eqUipment.

Non toxic gasses in some concentrations will cause as­
phyxiation, so adequate area ventilation must be proVided.

REFERENCES

1. Handbook for Contamination Control of Liquid Rocket
Propulsion Systems - Aerospace Industries Association.

2. NASA - Cleanliness of Components for Use in liqUid
Oxygen, Fuel, and Pneumatic Systems - MSFC - Spec. ­
164•
-3. NASA - Testing of Materials Othep than Sealants for
Compatibility with Liquid Oxygen

4. Research on the Hazards Associated with the Produc­
tion and Handling of LiqUid Hydrogen - Bureau of Mines,
RI-5707, Zabetakis and Burgess, 1961.

Section 2. 5: "Additional References - refer to Bibliog­
raphy publications 22, 44, 103, and 108."
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TABLE I

APPLICABILITY OF SAFETY RULES

Safety Rule N2 °2 F 2 H 2 He
----.

I

Personnel: !

Protective clothing x x x x x i,
;

i

Breathing equipment x i

'I
I
I

Fire fighting equipment
I

I
I

Required: x x x
I
;
I
I

Ignition sources I

prohibited x x x I i
I

Spillage disposal and area

Iventilation required x x x x x

* * *
i

Duct insulation x x x x I x

Periodic leakage checks
@required @ x x X

I

System purge required x x x x \ x

Design must avoid entrapment
of fluids and provide adequate x x x x x
means of pressure relief

\

Materials must be compatible
with the applicable fluid and

x x x x xhave adequate physical pro-
perties at cryogenic temperature

System must always be
maintained clean per specificatic x x x x xn

@ Leak check if in enclosed area

* Insulation not always required for heat loss

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- 32 -

2. 6 METALLIC MATERIALS
2. 6. 1 General Characteristics of Metallic Materials ­

The selection of a suitable cryogenic duct material i~ gen-,
erallya function of both quantitative and qualitative con-
siderations. In general, strength and stiffness of metals in­
crease with a decrease in temperature. Ductility is one of
the main application parameters and may, or may not, be
significantly affected by low temperatures. Many common
materials are temperature-sensitive and do exhibit a lower­
'ing of ductility in the low temperature realm and are con­
sidered brittle. The transition from ductile to brittle be­
havior can occur sharply or gradually, and at relatively
high temperatures. This transition is affected by both met­
allurgical and mechanical characteristics, and is the most
limiting factor in material selection. In general, the me­
tals and alloys haVing a face-centered-cubic crystal struc­
ture such as aluminum alloys, austenitic stainless steels,
and nickel base alloys, and some with hexagonal-close­
packed crystal structure such as the alpha titanium alloys
and cobalt base alloys are ductile at cryogenic tempera­
tures. Metals with a body-centered-cubic structure such as
the beta titanium alloys and low-alloy steels have a rela­
tively high ductile-brittle (D. B.) transition temperature,
and are not suitable for cryogenic application.

2. 6. 1. 1 Quantitative Data - The quantitative evalua­
tion is based on one or more comparative figures of merit
unique to the particular design requirements.

2. 6. 1. 1. 1 Strength-to- Weight Ratio - This is a fre­
quently used figure of merit, and is commonly given as the
ratio of tensile yield strength to density. Figure 3 shows this'
relationship for a group of materials suitable for cryogenic

use.
2. 6. 1. 1. 2 Ductility - This parameter is difficult to

specify in a straight-forward manner. In essence it is some
comparative measure that determines to what extent the
material will be brittle at service temperature. If brittle­
ness is present, the hardware would be subject to catastroph­
ic failure in the event of impact loads, complex stress fields
or excessive vibratory loads where stress reduction through
plastic flow is not possible.

Several laboratory tests have been devised to predict
whether a material will behave in a ductile manner or brit­
tle manner in service. The most popular of these tests are
the various impact tests, the notched tensile test, and the
tensile elongation or reduction in area test. The greatest
amount of published literature to date has been on the ten­
sile elongation and impact; type. Comparative tests current­
ly receiving much attention are the notch tensile test and
fracture toughness measured by crack propagation. Care
must be exercised in the· use of any ,data of the above type
to be sure that it was obtained under reasonably similar cir­

cumstances.
2. 6. 1. 1. 3 Impact Strength - Even though the effects of

low temperature on tensile elongation properties of metals
tend to show certain trends, the factors involved in specify­
ing materials for low temperature service are far more com­
plex than can be evaluated by such measurements alone. In

most instances, cryogenic equipment should have minimum
weight which leads to relatively high stresses. It should be
possible to fabricate the metals by accepted methods. In
certain applications, shock-loading will be experienced.
Problems of toughness at very low temperatures ranging
from -320 to -423 F become critical. A point to remember
is that low notched to unnotched tensile ratios frequently oc­
cur at -423 F where elongation values are relatively high.
Consequently, a material may exhibit a large amount of
ductility, as measured by elongation or reduction of area,
and yet have very poor toughness as measured by notched to
unnotched tensile ratios, or Charpy notch tests. For exam­
pIe, aluminum alloy 7075-T6 has greater elongation at
-423 F than does 2014-T6 alloy, but it has been noted that
in sheet stock, it and others of the 7000 series aluminum
alloys tend to become too brittle for use at -423 F. With­
out information on notched specimens to show the relative
tendency for brittleness, it is possible to misjudge,suitabil­
ity of an alloy for use at very low temperatures. This is
especially true where conditions favoring brittle failure are
present. These include high strain rates, stress concentra­
tions, high operating stresses, and low temperature. Varia­
tions in interstitial content resulting from commercial tol­
erances and/or processing often have a marked effect in ma­
terial toughness at low temperature. Some typical values
for Charpy impact tests on various materials are given in
Table 1.

2. 6. 1. 1. 4 Fatigue Strength - A good compilation of
existing fatigue data of cryogenic materials is contained in
reference 4, which is kept up to date by supplements as
more data become available. These data, however,. gener­
ally cover only the high cycle range, i. e. greater than 104

cycles, whereas the requirements of many.dur;oting applica­
tions are below that value. In general, for a given stress
level, fatigue life at cryogenic temperatures is greater than
the room temperature value.

2.6.1.1. 5 Thermal Movement - In cryogeniC as well as
high-temperature duct systems thermal movement effects
are one of the principal design considerations. The total
thermal movement in the cryogenic region for selected ma­
terials on which data are available is given in Figure 4.

2. 6. 1. 1. 6 Thermal ConductiVity - Heat conductlOn
through ducting a,nd supports can be an important design
problem. With the use ofsuper insulations particular con­
sideration must be given to all heat leaks which degrade
system insulation performance. At the present time thermal
conductivity values at cryogenic temperatures are not read­
ily available for many of the materials suitable for ducting.
Figure 5 gives conductivity values for various groups of ma­
terials which may be used as a general engineering selec­
tion guide. References 4 and 5 should be consulted for more
specific values. Reference 4 in particular will have data
added through supplements as' it becomes available.

2. 6. 1. 2 Qualitative Considerations - When the most
suitable materials have been compared on a quantitative
engineering basis, then the more qualitative aspects must
be examined. In some cases, it may be desirable to assign

("
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arbitrary figures of merit to the qualitative factors to aid in
the optimum selection.

2. 6. 1. 2. 1 Fabrication - Careful consideration must be
given to the unique working characteristics of the many
suitable materials. If severe forming is required, the fact
that some materials work-harden very rapidly must be con­
sidered. Since for many materials, the mechanical prop­
erties at cryogenic temperatures are sensitive to contamina­
tion and interstitial content, care must be exercised in se­
lecting the proper welding procedures.

2.6.1. 2. 2 Availability - Many materials are limited
with respect to available gages. Also, where materials
have limited usage, lead-time to obtain special mill runs
must be considered. Since low temperature properties are
often sensitive to variations in thermal and mechanical his­
tory as well as the chemical compositions which are allow­
able within commercial specifications, a special procure­
ment specification may be required.

2.6.1. 2. 3 Compatibility - Ordinarily, most materials
whose mechanical properties are suitable for cryogenic tem­
peratures have good to excellent corrosion resistance. There
are cases, however, where a material is specifically prefer­
able, e. g., monel for use with liquid fluorine.

2.6.2 General Design Data - Table I gives a selection
of materials which are suitable for use at cryogenic tem­
peratures. The minimum temperature given indicates the
region where ductile to brittle transition occurs. Compara­
tive typical mechanical properties for some materials are
given on Figures I, 2, and 3. Materials whose strength is
normally obtained by cold-working have not been included
since in most" ducting applications fusion welding is reqUired
which results in local weakening.

2. 6. 2. 1 Aluminum Alloys - A considerable amount of
information is presently available on aluminum alloys for
cryogenic application. Aluminum alloys have many strong
points in the low-temperature realm, mainly because:

a. At cryogenic temperatures, tensile, shear, and fa-
tigue strengths increase

b. Fracture occurs in a ductile manner
c. There is no ductile-brittle transition
d. They are easily worked
e. Cost is low
Most of the published data on the mechanical properties

of aluminum alloys do not provide a clear-cut indication of
the preferred sheet aluminum alloy for cryogenic tempera­
ture applications. However, the 5000 series alloys are used
with increasing frequency in cryogenic applications. The
modern inert gas shielded arc welding technique has encour­
aged use of this alloy group because of the relatively high
strength and toughness in the as-welded condition. This
group of alloys exhibits an increase in tensile strength of
about 800/0 between 80 and -423 F; the yield increases about
150/0 in this same range.

In the 3000 series, 3003 is the most popular. It is easiest
to weld of all the aluminum alloys and is especially good
where reliable vacuum sealing is essential. It is normally
welded with 11 00 wire. The low strength of this alloy is
the chief limitation.

Alloys in the 6000 series show no evidence of ductile to
brittle transition. They are all readily weldable in the an­
nealed condition. The as-welded strength of the 6000 alloys
is lower than the 5000 series.

The 7000 series normally have higher strengths than any
of the other groups. However, they are not generally rec­
ommended where welding is a consideration. Welded joint
strengths are too low to permit reasonable use of the high
strength properties. The same is true for the 2000 series al­
loys with the exception of Alloy 2219,

2. 6. 2. 2 Stainless Steels - The stainless steels are gener-
ally divided into four main categories:

a. Austenitic (300 series typical)
b. Ferritic (400 series, non-hardenable)
c. Martensitic (400 series, hardenable)
d. Precipitation' Hardening (AM 350, 17 -7PH, A- 286,

etc.)
The austenitic group of 300 series stainless is the only one

with acceptable properties at cryogenic temperatures; the
materials within the group are generally considered superior
in this respect. However, in the annealed condition these
steels have relatively low strength. The strength is consid­
erably improved by cold-working, but when fusion welding
is required, it is difficult to fully utilize this increased
strength, since the property advantage developed through
cold working is no longer valid at the welded zone.

Care must be taken to keep austenitic stainless stable.
For example, sensitization (chromium carbide precipitation
to grain boundaries) must be avoided since this stimulates
intergranular or intercrystalline attack when in the presence
of a corrosive medium.

2.6.2.3 Nickel Base Alloys '- Nickel ba~ alloys such
as the Inconels, Rene' 41, Monel, and Hastelloys are of
face-centered-cubic crystal structure and exhibit good
cryogenic properties and are extensively used. These ma­
terials were originally developed for high-temperature ap­
plications. Some applications could have parameters in-

. volving both high and low temperatures which would sug­
gestthat these nickel base alloys would have extreme ad­
vantages•

2.6. 2.4 Cobalt Base Alloys - Cobalt alloys such as L-605
(or Haynes Alloy #25) have a hexagonal-close-packed lattice
and show good cryogenic properties similar t() the titanium­
base alloys. Again, th~se materials are principally used 'for
high temperature applications and are usually considered
for cryogenic use only in unique aevices exposed to both
temperature extremes.

2.6.2. 5 Titanium Alloys - Titanium and its alloys are
grouped in three general classes: alpha, alpha-beta, and
beta. Only the alpha and alpha-beta alloys are suitable for
cryogenic use. The most important alpha alloy is 5Al ­
2.5Sn which has relatively better weldability, and is non­
heat-treatable. The alpha-beta alloys such as 6Al - 4V,
7Al - 4Mo, 4Al - 4Mn, and 8Mn are weldable and may be
heat treated. Of this latter group, 6Al - 4V is the more
popUlar. There is much scatter in the cryogenic property
data mainly because of the interstitial content within the
alloys. Titanium is susceptable to pickup of C, H, N, and
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O. Welding. for example. must be accomplished in an in­
ert atmosphere or vacuum to preclude contaminating gases.
Absorption of hydrogen through pickling acids. plating solu­
tions. or just plain water vapor must also be guarded against.
The interstitials affect the ductility significantly, and unless
removed, as in ELI (extra low interstitial) grades, will lower
the ductility to a great extent at cryogenic temperatures.

In 1959 it was discovered that under specific conditions
titanium and its alloys were susceptible to violent, and often
catastrophic, reactions in the presence of liquid oxygen.
These reactions are associated with local impact, galling
and stress rupture which promote the formation of a gaseous
oxygen pocket, and thus. is said to be LOX impact sensitive.
A thorough description of,this phenomenon is beyond the scope
of this report; however, an excellent description plus a list
of references are contained in reference 6. (See also refer­
ence 10 for LOX compatibility of material.)

~. 6. 3 Non-Metallic Materials - Because of their light
weight. low thermal conductivity. and adequate mechanical
properties. a limited number of plastics can be considered
for cryogenic ducting applications, such as insulating and
sliding supports, gasketing material, and valve seats. The
ductility of nearly all plastics decreases with decreasing
temperature; however. unlike metallic materials the notch­
ed to unnotched tensile strength ratio increases slightly at
lower temperatures. The tensile strength and modulus of
elasticity of plastics increases as temperature decreases,
which improves structural properties but makes contour con­
formance and sealing more difficult.

The most commonly specified plastics for cryogeniC ap­
plications are Mylar, Nylon. and fluorocarbons. Outstand­
ing among the fluorocarbons that retain some ductility at
low temperature are Teflon and Kel-F. Glass sheet and re­
inforced plastics are sometimes applicable for non-structural
applications, such as insulation. Mylar (except in very thin
sheet form) and Nylon are considered brittle at low tempera­
ture; however. where ductility is not a primary considera­
tion. these materials are considered SUitable. except for
LOX application. due to their low impact-sensitivity thres­
hold.

Figure 6 shows the variation in tensile strength of some
commonly used plastics at cryogenic temperatures. For de­
sign application in the cryogeluc region the yield and ulti­
mate strength are practically identical due to the drastic
reduction in ductility. _

For the fluorocarbon materials. such as Teflon and Kel-F,
one of the most important features that must be considered
in application is the dependence of.mechanical properties

at cryogenic temperatures upon the crystallinity of the ma­
terial. The crystalline content is dependent on design shape
and processing history. Consequently. design properties ob­
tained from a tensile specimen of a controlled uniform crys­
talline content will not be necessarily indicative of the
mechanical properties of a molded or extruded part with
variable crystalline content throughout the section. This is
illustrated in Figure 6. where the difference in tensile prop­
erties for controlled crystallinity content is shown.
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Temperature (OF) Figure 3
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TYPICP L THERMA L cmmUCTIVITY
V1; LUES VS TEttPERPT1JRE FOR

MJ..TERIJlL GROUPS IN THE
CRYOGENIC REGION
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TABLE I

SELECTED MATERlALS SUITABLE ·FOR USE AT CRYOGENIC TEMPBRATURES

AMS Min. 1mpac~··

Spec. Temp. Corrosion Strength
Material (sheet) ~ Condition Resistance Weldabillty Founabillty (ft-lb)

304 5513 -455 Annealed Excellent Good· Excellent fSK -320T
304L 5647A -455 Annealed Excellent Excellent Excellent 65K - 423T

316 5524 -455 Annealed Excellent Good· Excellent

321 5510 -455 Annealed Good Excellent Excellent 45K - 320T

347 5512 -455 Annealed Good Excellent Excellent 55K - 320T

A-286 5525 -320 Aged Excellent Fail"' • Good
03V - 320T
50V - 423T

Inconel 5596 -455 Aged Excellent Good Good
718

Inconel
5540 -455 Annealed Excellent Excellent Excellent

600

Monel 4544 -455 Annealed Excellent Excellent Excellent

Inconel-
5542 -455 Aged Excellent Good·· Good 37V - 320TX-750

K Monel None -320 Aged Excellent Good" Good
MV'" 320T
36V - 423T

Hastel-
None -455 Annealed Excellent Excellent Good

loy B

Hastel-
5530 -455 Annealed Excellent iixcellent Good

.. loy C
. -

Hastel':'
5536 -455 Annealed Excellent Excellent Excellent Good

loy X

N-155 5532 -455 Annealed Excellent Fair Good

HS-25
5537 -455 Annealed Good Good Good

(L-605)

• Must be annealed (fast quench) after welding to maintain best corrosion resistance

•• Welding must be accomplished before heat treatment

••• V =Charpy V. K =Charpy K, T =Temp F
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TABLE I (Continued)

AMS Min. Impact*...co (
Spec. Temp. Corrosion Strength

Material (sheet) ..-®- Condition Resistance Weldability Formability (ft-lb)

Invar None -320 Annealed Excellent Good Good

Al 6061 4027 -455 T6 Aged Excellent Excellent* '" Poor 12K - 320T
12K - 423T

Al 5052 4015 -455 0 Excellent Excellent Excellent

Al 5086 None -455 0 Excellent Excellent Fair

Al 5154 4018 -455 0 Excellent Excellent* '" Fair

Al 2024 4037 -455 T3 Fair Fair Fair 6K - 320T
6K - 423T

Al 5083 4056 -455 0 Excellent Good Fa·ir

Ti-6AI4V 4911 -320 Annealed Excellent Fair Poor

Ti-5AI
4910 -320 Annealed Excellent Good Poor 10V - 320T

2.5.5n

Ti-RS70 4901 -320 Annealed Excellent Good Fair

Al2219 None -423 T62 Aged Excellent Excellent Fair

• Must be annealed (fast quench) after welding to maintain best corrosion resistance

...co Welding must be accomplished before heat treatment

• ...co V =Charpy V, K =Charpy K, T =Temp F

2.7 RELIABILITY
2. 7. 1 Background - Historically, reliability disciplines

were introduced in the 1920's when Bell Laboratories put
ql,lality control on a firm scientific basis, and still later
when the government took action to improve reliability in
design by developing the JAN standards during World War II.
Another major step was taken in the 1951-1952 period when
the Department of Defense established the "Advisory Group
on Reliability of Electronic Equipment" (AGREE). The
AGREE task force was established to "monitor and stimulate
interest in reliability matters and recommend measures
which would result in more reliable electronic equipment. "
The report (reference 1) issued by this group is still a valu­
able reference for designers and reliability engineers and is

considered the origin of the technical reliability program as
we know it today.

Today there are more than two hundred identifiable gov­
ernment specifications and documents related to the estab­
lishment and support of reliability requirements on all types
of equipment. The most commonly applied specifications
in current usage are: U. S. Air Force's MIL-R-27542, Reli­
ability Program for Systems, Sub-Systems and Equipment;
NASA's NPC 250-1, Reliability Program Provisions for Space
Systems Contractors; and NAVY's WS-3250, General Speci­
fication for Reliability.

2. 7. 2 Designing for Reliability - When the design of a
cryogenic ducting system(s) is included within the scope of
any military or space agency contract, the submittal of a
Reliability Program Plan will generally be required. Al­
though many tasks, disciplines, and controls are contained
within a Reliability Program Plan, the individual designer
is initially concerned with designing his equipment to meet
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a designated or preapportioned reliability goal. This goal
is a design objective and is a nwnerical expression of the
probability that the design will perform, without failure, its
specified function under given conditions for a specified pe­
riod of time. In simplified terms, the reliability of a cryo­
genic ducting system, Qr any component within the system,
is the probability that it will work as intended.

The reliability of a product is primarily determined in
four basic areas of effort: (1) design and development (in­
cluding testing), (2) manufacturing, (3) logistics, and (4)
human factors (including operator effectiveness). Although
all four factors must be given due consideration during the
initial design and development states, the priniary emphasis
must be on design. lithe design is good, but the other areas
are deficient, correction of the deficient areas can be made
later in the program; but if deficiencies exist in the basic
design, they are often impossible to correct once the design
has progressed beyond a certain point (see reference 2). It
is important, therefore, for the designer to request and ob­
tain reliability engineering information and services early
in the design phase. The types of reliability information
and assistance needed by the designer can be broadly clas­
sified into the following categories:

a. Interfaces with other design areas which would affect
the designer's decisions and, in some instances, result in
trade-off relationships

b. Reliability design techniques, parts selection, and
data (such as mean-tirne-between-failures, de-rating fac­
tors, and the application of redundancy)

c. Periodic quantitative evaluation of design to deter-
mine progress towards reliability goals

d. Reliability and system test planning
e. Design reviews
The designer retains full authority and responsibility for

product design and reliability throughout the life of the prod­
uct. It is incumbent upon the designer to use the services of
his reliability organization to assure that the reliability in­
herent in his design is not compromised by any reliability
hazard associated with the fabrication, delh'ery, or end use
of the product.

2. 7. 3 Reliability Testing - Plans for demonstrating the
achieved reliability of a product at specified milestones are
imposed on the contractor by one of the specifications noted
in paragraph 2.7.1. Although these docwnents are general­
ly applicable to major weapon systems or SUbsystems, the
subcontractor usually receives a proportionate share of the
reliability requirement which he mllst verify through dem­
onstration and reliability tests.

Design, development, and testing are virtually synony­
mous and come under the general heading of "design." But
wnat is reliability testing, and how does it fit into acom­
pany's established test program? Reliability testing has as
its purpose the establishment of the length of time a product
will operate satisfactorily under the specified conditions. In
effect, reliability testing has evolved as a complement to,
and not as a replacement for, the traditional development,
qualification, environmental, and production tests.

Integrating and optimizing a test program on a cryogenic
system or component, particularly when reliability commit­
ments are involved, is a task requiring special training or
experience. No attempt is made here to impart the" how"
involved, but to strongly recommend that reliability spe­
cialists participate in the formulation of development, qual­
ification, and reliability test plans to assure that the test re­
sults will yield the required data for the verification and im­
provement of product reliability.

2.7.4 Emphasizing Reliability - The objective of this
brief section was not to treat in any depth ,the subject of re­
liability, but to alert the cryogenic ducting system designer
to the ever increasing importance of reliability disciplines
in the design of today'saerospace systems; While the growth
in technology has made it easier to achieve reliability in the
design of a part or a simple assembly, the increase in sys­
tem complexity and technological requirements cause sys­
tem reliability to become ever more difficult and costly to
achieve. There is a point of diminishing returns, but the
more effort spent on reliability considerations during the de­
sign, development, and test phases, the greater will be the
savings during the operational phases.

Recommended reliability design and test standards, speci­
fications' reports, and texts are prOVided for the benefit of
the designer in the Bibliography.

RE~ERENCES

1. "Reliability of Military Electronic Equipment. "
AGREE Task Group 9 Report, Washington, D. C. U. S.
Government Printing Office, June 1957.

2. "Reliability Control in Aerospace Equipment Devel­
opment. " Technical Progress Series, Volwne 4, Society of
Automotive Engineers, Inc., 1963.

Section 2. 7: "Additional References - refer to Bibliog­
raphy publications 8, 15, 33, 46, 50, 60, 68, 78, 80, 86,
87, 89, 92, 93, 94, 95, 96, 107."
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~=.===:=,jAt:::::==::f"r )

Overlap - Self-aligning. For oxidizer service. I. D. is

usually welded in addition to O. D.

*•

Burn-Down Flange - Common for drop hammer halves and
for joining thin gauge tubes. Care must be taken to assure
full weld penetration to L D. of duct. Radius at bend must
be kept small and mating parts must match.

(

•-.i~

Butt-Weld - Most ideal from both cleanliness and stress
considerations but more difficult to make in thillller gauges.

1= =-:: =---'-::....._:-_-:.":. ~ ~
> • ~

u. Permissible flange loads
v. Insulation requirements
3.1.2.2 Vacuwn jacketed ducts require additional con­

siderations and precautions. These are as follows:
a. Cleanliness and elimination of outgassing materials
b. Means for evacuation of vacuum area (usually a

pump-down valve in the jacket)
Co Means for measuring vacuum
d. Safety rupture disk or other devices for releasing pres­

sure build-up in vacuum jacket due to leak in inner duct
6. Accommodation of differential growth between in­

ner and outer ducts due to both teIIiperature and pressure dif­
ferences (usually by flex section)

f. Support points and jacket compatibility. particularly'
transmission of pressure reactions through elbows.

3. 1. 3 Design
3. 1. 3. 1 Welding - Types of weld joints play an impor­

tant part in successful cryogenic duct design. For oxidizer
use, an additional requirement for ease of cleaning and
elimination of dirt retaining areas has to be considered.
Listed below are conventional weld joints with applicable
conunents:

Combination Weld - For joining .thin or multiple ply flex
.sections to adjacent component. Resistance seamweld is

trimmed in center of nugget and this heavy section is welded
to the next assembly. For oxidizer use 1. D. would also be
welded.

3. 1. 3. 2 Brazing - Certain brazes can be used to join
cryogenic ducts. but do not find Widespread use due to re­
sultant cleaning and inspection problems.

S. 1. 3.3 Die Formed Parts
3. 1. 3. 3. 1 Flat Areas - Special attention should be given

to duct shapes such as tees or y's that contain flat areas. The
flats should be crowned and/or reinforced to guard against
early fatigue from pressure pulsations or from flow-induced
vibration. Reinforcement of the crotch area of Y sections is

3. COMPONENT DESIGN

3.1 DUCT - A duct. as here considered. is a complete
.-ut from coupling to cOIJPling. Design considerations for
individual components, including flex sections and connec­
lors, are·handled in subsequent chapters.

3. 1. 1 Duct Types
3.1.1.1 Non-Insulated Ducts - A non-insulated duct is

one in which no insulation means are provided.
3. 1. 1. 2 Insulated Duets
3. 1. 1. 2. 1 Integrally Insulated Duet -An integrally in­

IIU1ated duct is one in which the insulation is constructed as
a part of the duct assembly and is not removable.

3.1.1.2.1.1 Vacuum Jacketed Duct - A vacuum jacket­
ed duct is the most common form of integrally insulated as­
sembly. It possesses the lowest beat gain but at some cost
ctisadvantage. See further handling and manufacturing para­
!r&phs for additional information. Insulation section. 3.2,
4eals with types of vac.uum insulations conunonly used.

3.1.1.2.1. 2 Integral. Non-VaclUlIIl Jacketed Duet - An
integral. non-vacuum jacketed duct call utilize a metal or
reinforced plastic outer shell which forms an allllular volume
containing adead air space, foam, fiberglass or other in­
sulating medium. The duct will usually contain standoffs.
rings, or other means to support the outer shell.

3. 1. 1. 2. 2 Non-Integral. Insulated Duct - A non-inte­
,rally insulated duct assembly uses insulation which is re­
¢lovable and replaceable and does not form an integral part
of the duct.

3. 1. 2 Criteria
3. 1. 2. 1 The follOWing considerations should be taken

mto account when desiwWJg cryogenic duct assemblies:
a. Maximum and minimum operating pressure
b. Maximum and minimum operating temperature
c. Most cr1ti~ combination of pressure and temperature
d. PJ:essure impu1Je and .. fluid hammer"
e. VibrationeIlvil'Onment
f. Extemal negative pressures caused by environment or.y vacuum jacket insulation
g. Plow velocity and/or impingement
h. Internal load (1. e., momentum change at elbows)
1. Externally applied loads (i e., vehicle deflection

forces, weight of duct,. installation loads. possibility of
1IIe aa step, aerodynamic forces, etc.)

J•. Shock and acce'erations due to engine start. blast-
C)ff, stage separation

k. Movement due to structural deflections
1. Movement due to engine if gimballed
Ill., Thermal contraction or growth
n. Movement due to acceleration loads
o. Cleanliness requirements
p. Means for supporting" duct
q. Shop handling limitations
r. Shop fabrication capabilities
s. CorrOlion
t. Compatibility of materials and processes to the fluid

used
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Ref: Roark p '318 Case 30 and 31

Ref: Roark p 268 Case 1

For Long Duct with Free Ends of Length R.

3
t
I<-

3 . 2.5 (safety factor)
r

E
2

1 - v
p' = 1/4 .

For Long Duct Reinforced at Intervals or Short Duct of
Length R.

p' = 0,807 ~r-v(, ~ i.)'

-~tApplicable when R. > 4.90r l t

S =.EE
1 2t

S =.EE
2 t

circumstances dictate otherwise.
3.1.3.7 Typical Basic Duct Design Formulas
The following symbols are used in this section:

A = Area
a = Mean radius of toroid or elbow bend
c = Coefficient of expansion
E = Modulus of elasticity
g = Gravitational constant (32.2 ft/sec~
R. = Duct length
M = Moment
m = Mass flow rate
p' = Buckling pressure
P = Pressure
r = Radius of duct
r' = Radius of elbow to O. D. of bend
~t = Temperature differential
S' = Buckling Stress
S = Stress

= Tube wall thickness
T = Torsion
v = Poisson's Ratio
V = Fluid velocity

3. 1. 3. 7. 1 Wall Stresses (Due to Internal Pressure)

Meridional

•3.1. 3.7. 2 External Collapsing Pressure (Assumes Per-
fectly Round Thin Wall Duct and Infinite Stiffness at Support
Point). Practical considerations can be met by applying an
additional safety factor of 2.5 unless specifically varified by
test.

3.1.3.3.2 Thinning - Whenever a duct de~ign includes
die-formed tees or elbows, an allowance in the form of re­
duced stress levels must be made for stretching of the metal
over the die. Normally, the maximwn thinning occurs at
the inside bend radius near the .duct half parting plane and
can be as high as 5rf1/o in these areas.

Thinning is dependent on the ratio of duct diameter to
wall thickness, forming techniques, radius of bend, and de­
grees of bend.

Increase in yield due to cold working will to some degree
offset the amount of thinning and should be considered when
establishing the minimwn allowance wall thickness.

Consult available design and manufacturing manuals be­
fore establishing the wall thickness. Recommended practice
is to specify a minimwn permissible wall thickness after
forming.

common practice and is often a necessity due to high loading
in this area. 'This reinforcement is commonly accomp,lished
by the addition of external saddles, tie bars through the duct
or. in the case of Y sections, a splitter. The leading edge
of the splitter will usually have to be reinforced.

;1.1.3.3.3 Ovality -Ovality in welded ducts can ap­
preciably.shorten fatigue life due to the breathing effect, or
change in cross-sectional shape as pressure fluctuates. This
can also result in a Bourdon tube effect in elbows. Care
must be taken in allowing for this ovality by reducing design
level, by reinforcing. or by secondary manufacturing pro­
cesses to round the section.

3. 1. 3. 4 Duct Reinforcements - When used, doublers, or

other reinforcements should be welded all around,preferably
.by fusion welding, to the basic duct. If large temperature
differentials are encountered, consideration should be given
to venting the entrapped area.

3. 1. 3. 5 External Pressure - Many ducts can experience
external pressure during some phase of their use. If this is
a possibility it must be taken intoconsil:leration in thin wall
ducting since design procedures for internal pressure are often
insufficient for external pressure.

3.1.3.6 Design Stress Factors - A duct should be struc­
turally adequate to resist without rupture, pressures of at
least 2.5 times the maximwn operating pressure. including
transients. The duct should be structurally adequate to re­
sist without permanent deformation, pressures of at least 1.1
times the operating pressure or 1.2 times design pressure in­
cluding transients, whichever is considered'the most severe.
The maximum operating pressure should be determined from
the values resulting when any single system component mal­
functions. Similar factors should be applied to dynamic
forces resulting from fluid flow. Where combined loads oc­
cur, detail design of the ducting should be adequate to ab­
sorb loads from column action, structural or bracket deflec­
tion, and dynamic loads in addition to the internal pressure
loads. A reduced allowable yield strength should be con­
sidered with respect to life-cycle expectancy. Normally,
room temperature material properties are used Wiless special
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3.1. 3. 7. 3 Column Buckling Stress-Ends not Constrained­
Thin Wall Duct

Maximum Tangential Stress (Occurs on Inside of Toroid)
s' t

.3E ­
r

Tangential Stress

S = £!
1 t

(~)
2r'

(

Most accurate for long ducts, and tube is round.

Ref: Roark p 316 Case 25

= £!
t (

2a-r)
2a - 2r

3. 1. 3. 7. 4 Bending (Equal Moment Applied to Each End)
Meridional Stress

S = Mc
I

S = £!
2 2t

(Uniform Throughout)

where: Ref: Roark p 274 Case 20

c = r = Radius of Duct

I = Moment of Inertia of Thin Annulus

3
rr r t

S =
Mr

3
rr r t

M
=

2
rr r t

3. 1. 4 Special Considerations
3. 1. 4. 1 Handling - Ducts for airborne use are typically

l,ight gage. This presents a, problem wherein this factor will
often constitute the governing criteria for design. Minimum
wall thicknesses to-minim~ze damage during fabrication and
handling are suggested below. These figures are intended as
a g!Jide only and will vary with physical properties, handl­
ing practices and l/r ratio.

3. 1. 3. 7. 5 Thermal Stress

Axial Length Change b. = cl (b.t)

Duct Diameter
(Inches)

Wall Thickness
(Inches) (

3. 1. 3. 7. 6 Torsion

b.E
S = R (Within the Proportional Limit)

• T
S = --2-'

s 2rr r t

Under 1.5
1.50 to 2.50
2.50 to 4.00
4.00 to 6.00
6.00 to 9.00

9.00 to 14.00
14.00 to 20.00

Above 20 Inches

.' .010
.012
.016
.020

.025

.032

.050

As Dictated By Design

Ref: Marks V, pg. 262

3. 1. 3. 7. 7 External Reactions Due to Change in Dire<.;~ion

3. 1. 3. '{. 8 Elbow - Stress in torus due to internal pres­
sure may be used as an approximate method.

Where F is a combination of static pressure reaction and
thrust due to fluid change in direction and e is a comple­
ment of included elbow angle.

3. 1. 4. 2 Entrapment Areas - Impurities can cause ex­
plo~ions with oxidizers. These contaminants can also cause
malfunction in valves and other eqUipment. Ducts for
special service such as liquid oxygen must be assembled and
cleaned to applicable specifications.

3. 1. 4. 3 Assembly Sequences for Cleaning - The de­
signer must give due consideration to the assembly sequence.
Proper cleaning, if required, can often be done only in spe­
cific subassembly stages. Cleaning sequence can be of such
importance as to dictate choice of details influencing the
most advantageous cleaning procedure.

3.1.4.4 Duct Support and Boss Provisions - Attention
should be given to duct support poip.ts, adding the support
load to other duct stresses. The effect of load reversals
through supports must also be checked. The following gen­
eral duct suppon provisions are recommended for considera­
tions:

wQ
m=-

g

Ref: Case 27 and 28Ref: Roarkp 317

F = PA (1 - cos El) + mV (1 - cos El)

Assume Incompressible Flow
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·,

3.1.4.4.1 Doublers - Generally, doublers are one ma­
terial gage heavier than the parent duct material, and are
usually recommended under bosses and attach brackets on
thin wall ducts (usually less than .060).

Boss doublers should be circular in shape, at least I-inch
larger in diameter, where possible, than the boss and fUsion

.welded with full circumferential weld to the duct... The
bosses should contain wrench flats if possible.

Attachment bracket doublers should be full circumferen­
tial doublers which may be roll seam welded or fusion weld­
ed to the duct. The doubler width should extend at least
1/2 in. beyond the support bracket and the gap between the
ends of the doubler should be welded closed.

3. 1. 4. 4. 2 Slide Doublers - Doublers, as described under
3. 1. 4. 4. I, should also be used on ducts for all sliding or
rubbing areas.

3.1.4.4.3 External Duct Stiffeners - External duct stiff­
eners, or beading, should be used, if necessary, on ducts
which may be subjected to collapsing or external pressure.
It is wise practice that this particular design problem be
verified by test.

3. 1. 5 Testing
3. 1. 5. 1 Production Test - The follOWing tests are nor­

m{l1ly performed by the duct manufacturer on each produc­
tion unit.

3. 1. 5. 1. 1 Proof Pressure and Leak Test - The duct shall
be pressurized to design proof pressure, at ambient tempera­
ture, using dry air or nitrogen and then submerging in water
for a period of five minutes. During this time, the duct
shall be VisUally examined for evidence of leakage as indi­
cated by the emission of air bubbles.... There shall be no
leakage or eVidence of permanent deformation. For more
critical systems such as hydrogen, hel~um or vacuum, it
will be necessary to use more sensitive leak detection meth­
ods such as a helium mass spectrometer. For safety consid­
erations, a hydrostatic test may precede the gas test.

3. 1. 5. 1. 2 Examination of Product - The duct shall be:
a. Dimensionally inspected for conformance with the

design draWing and applicable specifications with emphasis
on critical dimensions.

b. Visually examined for quality of workmanship, use
of correct materials, finishes and proper identification.

3.1. 5. 1. 3 Movement Verification - Where deemed es­
sential the design movements shall be verified by actual
test.

3.1. 5. 2 Qualification Test - Qualification testing may
be performed by the duct manufacturer or vehicle manufac­
turer. A certified copy of the test results shall be required.
The follOWing tests shall be performed on one production
unit.

a. Examination of product
b. proof pressure
c. Leakage
d. Vibration
e. Life cycle
f. Pressure impulse
g. Pressure drop

h. Flow fatigue
i. Burst pressure
3. 1. 5. 2. 1 Examination of Product (See 3. 1. 5. 1. 2 and

3.1. 5. 1. 3.)
3. 1. 5. 2. 2 Proof Pressure and Leak· Test - The duct shall

be installed in a fixture simulating actual service installa­
tion and pressurized with the operating fluid, or a safe sub­
stitute, to proof pressure for a period of five minutes. Fol­
loWing this, the room temperature proof test of paragraph
3. 1. 5. 1. 1 shall be repeated. There shall be no evidence
of leakage or permanent deformation as a result of these
tests.

3. 1. 5. 2. 3 Vibration Test - The duct shall be installed
in a fixture capable of reproducing the actuCfI service dy­
namic environment (as closely as practical), and subjected
to a resonance scan in each of three mutually perpendicular
axes over the expected frequency range at the required dis­
placement and/or accelerations. Both the fixture and the test
specimen shall be monitored throughout the test by both in­
strumentation and visual observation with a strobe light.

Upon c<;>mpletion of the search for resonance, the duct
shall be subjected to a vibration dwell for a period of five
minutes at the one most severe resonant frequency noted for
each axis (total dwell time, 15 minutes).

The duct shall be fi1l~dwith the operating fluid, or a
safe substitute.. and pressurized to design pressure during
vibration.

There shan be no evidence of leakage or damage as a
result of this test.

3. 1. 5. 2.4 Life Cycle Test - The life cycle test should
be based on a statistical distribution of all anticipated move­
ments throughout the unit's life and not on its maximum
movement alone.

A cycle shall be a full excursion from a starting position
to the extremes and back to the starting position. The de­
signer must include the cycles encountered during vehicle
manufacture and checkout, if these cycles form a measur-:'
able part of the limited life.

The unit shall be installed in a fixture capable of im­
parting the line deflections anticipated in actual service.
The unit shall be pressurized to design pressure, using the
operating fluid or a safe reasonable substitute, as a medium
and operational deflection applied for the expected endur­
ance-iife of the unit. Installation movements should be con-

. sidered separately in the test program.
During this test, load cells or similar equipment may be

placed between the specimen and fixture to determine spring
rates, flange loading, etc. The unit shall be examined fre­
quently during the testing for evidence of leakage or dam­
age.

At the completion of testing, the proof test of paragraph
3. 1. 5. 2. 2 shall be repeated.

3.1.5.2.5 Pressure Impulse Test - The duct shall be in­
stalled in its maximum deflected position in a fixture simu­
lating actual service installation. The duct shall be filled
with an incompressible fluid and subjected to pressure im­
pulses. The magnitude. duration, and number of surges will
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be the maximum anticipated in service. The surge will be
monitored by pressure transducers on or immediately adja­
cent to the part and recorded on direct readout equipment
Extreme caution must be exercised in the set-up to prevent
over-pressurization of the specimen. A quick acting pres­
sure relief valve set ffl/o above maximum pressure will be in­
stalled in the system.

FollOWing this test the duct shall be examined· and proof­
tested at room temperature to check for leakage and/or
damage.

3.1.5.2.6 Pressure Drop and Flow Test - When pressure
drop is important the duct shall be subjf>.cted to the range of
flow rates expected in service. Pressure drop shall be meas­
ured at a sufficient number of flows to establish a curve over
the entire range. This test may be performed using water as
a medium at conditions other than those of service with final
results converted to service conditions. If pressure drop is
critical, consideration shall be given to performing the flow
test at both nominal and maximum deflected positions. If
flow velocities are critical, a flow scan may be performed
to search for any resonances in the duct.

3.1.5. 2.7 Environmental Test - Salt spray, fungus, sand­
and other tests that may simulate the duct envirornnent may
be specified as deemed necessary by materials and design.

3. 1. 5. 2. 8 Burst Pressure Test - With the unit installed
in a fixture simulating service installation and using LN2 as
a pressurizing medium, increase internal pressure to design
burst pressure and hold for a period of two minutes. There
shall be no rupture but deformation is permissible. At this

point, the pressure shall be increased to rupture, or com­
plete failure. The unit shall be returned to room tempera­
ture and pressure for examination. Entrapped air, or gas
generated from the fluid, present a serious explosion hazard
if failure occurs during test. Every effort should he made to
maintain .a liquid filL

3.1.5.2.9. Cycle to Failure - When a cycle-to-failure
test is desired, an additional duct will be required to go
through vibration, impulse and life cycle to ·failure.

3. 1. 5. 2. 10 Section1,ng and Examination - The test ar­
ticle may be sectioned or otherwise made ready for an ex­
amination to disclose types of wear, interferences, failure
modes, quality defects, etc. The duct shall then be dis­
posed of in accordance with customer requirements.

3.1. 5. 3 Sampling Test - As a check on subsequent man­
ufacturing and processing, consideration should be given to
specifying sampling tests. Normally a randomly selected
duct from each production run shall be subjected to the fol­
lOWing tests:

a. Examination of product
b. Proof pressure test
c. Vibration test
d. Life cycle test
e. Pressure impulse test
f. Burst test

Failure of the sample duct to comply with all test re­
quirements will require detail analysis and may be cause
for rejection of the entire lot.
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3. 1. 5.4 Cross Reference for Test Procedures as Applied to Duct Assemblies

Qualification Sample
Production

,or Test
Test Test Test Acceptance Test Description

"

Examination Yes Yes Yes Para. 3.1. 5. 1. 2

Leakage Yes Yes Yes Para. 3.1. 5.1. 1

Proof Pressure Yes Yes Yes
Para. 3.1. 5. 2.2
and 3. 1. 5. 1. 1

Life Cycle Yes Yes No Para. 3.1. 5. 2.4

Vibration Yes Yes No Para. 3.1.5.2.3

Pressure
,

Yes If critical No Para. 3.1. 5. 2. 5Impulse

Pressure Drop If critical If critical No Para. 3.1.5.2.6
','

Flow Fatigue If critical If critical No Para. 3,1. 5. 2. 6

Movement
Yes If critical If critical Para. .3. 1. 5. 1. 3Verification

, Burst Pressure yes If critical No Para. 3.1. 5. 2. 8

Cycle to
No No Para. 3.1. 5. 2. 9Failure ' ,

Sectioning and
If critical No

Para. 3.1. 5. 2. 10
Examination

Yes
May be desirable
if minimum gage
or thinning is
critical

REFERENCE

1. Roark, R. J. Formulas for Stress and Strain, Thirci,

Edition, 1954. McGraw-Hill Book Co.

3.2 INSULATION
3. 2. 1 Design Considerations of the System
3. 2. 1. 1 Fluids to be Contained - The discussions to fol­

low will be concerned primarily with liquid oxygen and liq­
uid hydrogen ducting insulation systems. These lire the
most common cryogenic fluids used in space applications
and the problems of insulating these are similar to the other
cryogenic fluids. Of prime consideration in designing an

insulation system for oxygen (as with fluorine) is the oxidiz­
ing property of the contained fluid. Many materials which
will not burn in air, for example, flame retardant foam in­
sulations, will burn violently when ignited in an oxygen­
rich atmosphere. Insulation of hydrogen systems, on the
other hand, must consider the lower temperature boiling
point of the cryogen, the effect of cryopumping within the
insulation and the serious pressure drop associated with two-
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phase flow. These effects will be discussed in relation to
specific types of insulation systems in the paragraphs to fol­
low.

3. 2. 1. 2 Safety (See also 2.5) - The discussion in this
section is devoted to safety as regards the insulati~n system
only. Many of the subjects mentioned here have been dis­
cussed under paragraph 2.5, but are repeated here for em-

,phasis. The general safety considerations applicable to all
cryogenic systems as well as those specifically involving the
fluid in question must always be borne in mind by the de­
signer. Review of references 1 and 2 is appropriate for these
considerations.

Any cryogenic fluid, unless it is subcooled b~low the
saturation temperature ct:1rIesponding to its pressure, will be
subjected to boiling by heat in-leakage from the surround­
ings. Thus, if the liquid is contained in a closed system, a
pressure rise with time is inevitable. The quality of the ap­
plied insulation system can only affectthe time rate at which
this pressure rise occurs; it cannot prevent it. Therefore. a
relief device or a bursting disk, must be installed in any
portion of a duct system which can be closed off.

When the duct is to contain an oxidizer, the materials
used must therefore be compatible with the oxidizing fluid.
A similar problem arises when the fluid contained is at a tem­
perature below that of air liquefaction. If the insulation
system is not sufficiently well sealed to prevent air permea­
tion, the air will condense on the cold surfaces and within
the colder portions of the insulation material. Then as this
air is allowed to warm and reboil, any fibrous insulation sys­
tem will serve as a rectification column causing saturation
of the system with liquid oxygen. A number of severe fires
have been caused by this action when the insulation mate­
rials were not compatible with oxygen.

Cryopumping creates a vacuum wIthin the cells of the
insulation material. If the material is 'not strong enough to
withstand the 1 atmosphere bearing pressure, the cell walls
will collapse and the insulation will be destroyed.

Any vacuum insulation system is subject to leakage of
atmospheric air or the fluid contained in the duct. To pre­
clude a dangerous situatiqn in either event, a vacuum
bursting disk or other safety'device must be used when
vacuum insulations are employed.

3.2.1. 3 Vacuum Technoiogy - Many of the higher qual­
ity insulation system$ depend for their performance on a
very low interstitial pressure in the submicron range.

Utilization of vacuum insulation requires careful design
and precise fabrication techniques. If the 'vacuum space has
the structural duct walls as one of its boundaries, this wall
must be tight enough at cryogenic temperatures to prevent
leakage of evaporated gas into the insulation space. The
other boundary of the insulation space is usuallY. ex.posed to
ambienCfemperature. This wall must be leak'-tight under
whatever environmental conditions to which it will be sub­
jected. Means must be provided to maintain the vacuum
integrity in spite of the differential contraction between the
cold and warm boundaries.

Helium mass spectrometer leak detection techniques
must be used during fabrication. The allowable leakage
rate depends upon the degree of vacuum required for optimum
insulation performance and the volume of the insulation
space.. However, leakage figures of 10-6 to 10-7 ccs of
atmospheric helium per second are common and are attain­
able with commonly used materials and commonly used
welding techniques. It should be pointed out, however,
that mechanical joints such as screwed fittings or flanges
are not desirable ,within the vacuum enclosure unless some
provision is made to weld the joints so that they are leak
tight.

3. 2. 1. 4 Cleanliness - Any material which has been ex­
posed to air will have a layer of gas and vapor several mole­
cules thick on its surface, and, in addition, the interior of
metals contains dissolved or occluded gas which is trapped
during solidification and an oxide layer which may be scaly
or porous thus presenting trapped areas for gas. Adsorption
on freshly exposed surfaces is very rapid and the adsorbed
gas tends to reach an equilibrium pressure with the surround­
ing atmosphere. Removal of the adsorbed gases is both a
time and temperature function. Since the gases tend to
reach an equilibrium with the environmental pressure, evac­
uation for a long period of time will desorb the gases. Ap­
plication of heat during evacuation will speed the process.

3.2. 1. 5 Adsorption and Gettering - Complete elimina­
tion of adsorbed gases is very time consuming and expen­
sive. In order to attain high vacuum for long periods of
time. therefore, it is necessary to make use of adsorbents
and getters in the vacuum system. An adsorbent such as
metallic zeolites activated charcoal (not compatible with
liquid oxygen) or s~lica gel are used to adsorb gasses near
liquification at the temperature of the contained cryogen.
For this reason the adsorbent package should be located in
a low temperature area.

Hydrogen is often an important constituent of the adsorbed
gases. Because of its low boiling point, it is less easily pick­
ed up by adsorbents and, therefore, even a very small quan­
~ity of hydrogen will preclude good vacuum performanc~.

Getter materials are used to remove this hydrogen. The
basic difference between a getter and an adsorbent is that
a getter cleans up gases by chemical reaction whereas sur­
face adhesion is the technique employed by adsorbents.
Getters usually will produce very low pressure levels inde­
pentent of temperature but the chemical-reaction rate is
speeded up by elevated temperatures. I~ is, therefore,
common to locate the getters in the warmest portion of the
insulation system. Common getter materials include ac­
tive metals, active zeolites and weak oxides.

3. I?., 2 Types of Insulation Systems - Cryogenic insula­
tions can be divided into foams. straight vacuum, vacuum
powders and vacuum Super Insulations. Uninsul'ated ducts '
are also employed in certain instances. These will be dis­
cussed in the separate sections which follow.

3. 2. 2. 1 Uninsulated - Uninsulated pipe lines may be
used in temporary or experimental systems involving con-

('
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tinuously high flow rates, or in systems", here the usage is
infrequent or of short duration. A duct which is warm dur­
ing ground hold might well be left bare since in space ,it
)\'ill have the benefit of the ambient vacuum. Heat is trans­
ferred from the ambient air to the outside surface of the pipe

line through a film consisting of liquid and solid air, and
from the inner surface of the transfer line to the cryogenic
liquid by convection and boiling. Frost may form, provid­
ing some insulation. An idea of the heat flux into a bare
duct may be obtained from review of Table 1.

Table I

Heat Transfer to Uninsulated Ducts (References 3 and 4)

Uninsulated Liquid Hydrogen

Uninsulated Liquid Oxygen

Heat Flux
Btu/hr-ft2

3490
6020

575
325
900

Remarks

Still, ambient air
15 mph wind

No frost
1/10 in. frost
Bare pipe, 8 mph wind

Uninsulated Liquid Nitrogen Use L02 figures above prOVided no
air condenses

3.2.2.2 Straight Vacuum - High vacuum insulation con­
sistS of an evacuated space between two highly reflectirg sur­
faces. Heat is transferred principally by radiation, but there
may be some contribution due to gas conduction. The
amount of heat transfer by radiation can be calculated from
equation 3 of paragraph 2. 3. 1. The emissivity is dependent
on many factors such as the material, any applied coating.
surface condition, etc. The magnitude of the gas conduc­
tion can be established from the Knudsen equation (Equation
7 of paragraph 2.3. 1). A cold state pressure rise above
1 x 10- 5 mm Hg abs for high vacuum will increase the heat
leak, but cryopumping effects of the cryogenic fluid can ef­
fect practical economies in the design.

Supports are required to maintain the outer shell of a vac­
·uum line and to attach the ducting to the structure itself in
all cases. The longest possible heat path with minimum
contact area is~ desirable. Stainless steel is often used when
both structural strength and comparatively low thermal con­
ductivity are desired; several nonmetallic materials are ap-

. plicable when the lower strength is acceptable in favor of
improved thermal performance such as Teflon or Kel-F (see
paragraph 2. 6. 3).

A range of performance for straight vacuum as an insula­
tion is depicted on Figure 1 for comparison with the other
cryogenic insulations. Obviously, no allowance can be in­
cluded for density because the only weight is that of the
vacuum enclosure which is entirely configuration dependent.
Thickness and temperature difference to establish a thermal
conductivity value have been arbitrarily chosen from repre­
sentative cases. The range of values shown reflects the ef­
fect of degree of vacuum and surface emissivity of the sys­
tem.

3. 2. 2. 3 Foam Insulations
3.2. 2.,3.1 Types of Foams - It is important to note that

organic foam materials are a fuel and will present' an ex­
plosive hazard if they come in contact with oxygen or fluo­
rine. There are a number of cellular foams available which
have somewhat different properties. The overall conduc­
tivity is dependent upon the type of foam, e. g. foamed
fiber glass. polystyrene. polyurethane. etc.. as well as den­
sity, cell size. blOWing agent and percentage of closed cells.

Foam insulation exists in two forms: open cell and c1Qsed
cell. The latter type is eXclusively used in cryogenic ser­
vice. to prevent vapor passage and to take advantage of cryo­
pumping. When the insulation cools to cryogenic tempera­
tures, gas which fills the closed cell de~reases in volume,
causing a partial vacuum inside the foam. thus decreasing
the effective conductivity of the foam.

As an insulating foam ages, the above effect is decreased
due to a slow diffusion of the surrounding atmosphere into
the closed cells. When this happens, the insulation loses its
usefulness and must be replaced. This generally happens in
a period of one year and can be detected by the initiation of
two phase flow or forming of condensate or frost on the outer
ducts under conditions .which preViously did not cause either
of these effects. To decrease the rate of this diffusion. a
vapor barrier consisting of a tough, flexible material (usual­
ly a plastic) which is impermeable to air is often employed.

3. 2. 2. 3. 2 Properties of Foams - Most types of foam are
available in densities which range from 1 to 15 Ib/cu ft. The
density. which is a direct function of foam cell size, affects
both conductivity and compressive strength. Smaller cell

. size (greater density), results in higher compressive strength
but also higher thermal conductivity. Conversely. lesser
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density means lower thermal conductivity but decreased
loading capabilities. The optimum value ofdensity for low
thermal conductiVity is 2 to 3.5Ib/cu ft. Any foam of
lighter density will have a higher heat leak due to an in­
crease in radiation. If the insulation must meet a loading
requirement, higher density foams can be considered but it
must be remembered that this is done at the expense of ad­
ditional heat leak due to increased solid conduction.

Since the thermal exI'ansion coefficient of an expanded
foam is from 2 to 10 times that of most structural materials,
application to a metal surface subject to rapid cooldown may

crack the foam. Thus the foam insulation is applied fn
overlapping segments or slabs with expansion joints between
segment ends filled with flexible insulating material. For
smaller surface area applications such as around valves or
fittings, solid foam, which is rigidly foarned in place, can
be used without danger of cracking.

Table II lists the important properties for a number of
representative foam insulations available currently. It
should be emphasized that the insulation performance de­
pends upon the materials used, the blowing agent, the den­
sity, and manufacture.

Foam

Polyurethane

Polystyrene

Epoxy Resin

Foamglas

Rubber
Silica
Teflon

Table II

Properties of Representative Foam Insulations

Thermal
Density Internal BOWldary Conductivit)

Ib/ft3 Pressure - Torr Temperature, R Btu/hr-ft-R

5.0-8.5 760 540-137 0.019
5.0-8.5 1 x 10-3 54'0-137 0.007
2.0-5.0 760 540-137 0.014

0.87 760 (hydrogen) 141-36 0.025
0.87 760 (hydrogen) 365-142 0.07
0.87 5 x 10-3 365-142 0.0025
0.87 5 x 10-3 141-36 0.002
2.9 760 540-139 0.015
3.7 760 540-139 0.019
2.9 10-5 139-36 0.0047
1.2 760 380-140 0.0135
5 760 540-139 0.019
5 10-2 540-139 0.0097
5 4 x 10-3 540-139 0.0075

5-8.75 760 540-139 0.019
5-8.75 10-3 540-139 0.007

2 760 540-139 0.0166
(Freon Blawn) 10-3 540-37 0.062
(C02 Blown) 10-3 540-37 0.004
(C02 Blown) 10-3 540-37 0.006

9.0 760 540-37 0.02
< 10-3 511-139 0.017

5.0 760 540-139 0.021
10.0 760 540-139 0.032

760 0.05

Notes

1. Coefficient of thermal expansion for most foams is approximately 4 x 10-5 in. /in.-R.

2. Specific heat of foam (polystyrene:density 2.9 Ibs/ft3, 500 R) = 0.27 Btu/lb-R.

3. An approximate value for compressive strength =25 P (psi) where p =density in Ib/ft3.

4. References 5, 6, 7. 8, 9, 10.
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3. 2. 2. 3. 3 Application Methods - Insulation of flanges,
valves and other fittings should consist of prefabricated or
premolded covers of foam applied to the same thickness as
specified for the adjacent duct insulation. If prefabricated
fitting covers are not available, regular duct insulation may
be formed to fit bends, tees, etc., closely enough not to re­
duce the efficiency of the insulation due to an excessive
number of joints.

An increasingly popular method for insulating odd shaped
duct arrangements is foamed-in-place insulation. This
method involves construction of a mold around the equip­
ment to be insulated. Foam materials and foaming agent
are then mixed and poured into the mold. Inside the mold,
the foam expands into shape and dries. Curing time is up to
two hours, depending on curing temperature. A newer meth­
od involves spraying the foam mixture onto the component
to be insulated with a spray gun. The foam then expands

in place without use of a mold.
3.2.2.4 Vacuum Powders - As review of Table III and

Figure 1 shows, vacuum powder insulation systems are an or­
der of magnitude< better on the basis of thermal conductivity
times density than foam insulations. Representative mate­
rials which fall into this category include perlite, vermicu­
lite, Microcel and Santocel.

In order to reduce the heat transport by radiation, small
metallic flakes can be mixed with the vacuum powder. One
proprietary compound has been developed which is composed
of very fine copper flakes and a powder mixed together.

It should be pointed out that these powders are not l~ad­
bearing and, therefore, a rigid vacuum casing must be in­
stalled to enclose the powders. No provision is included in
the density figures given below to account for ihis vacuum
casing. Another disadvantage of powder insulations is their
tendency to settle which deteriorates their performance.

Table III

.,
Physical Properties of Representative Vacuum Insulations (Reference 11)

Thermal Conductivity
Btu/hr-ft R

Warm Side at 530 R Density Approximate
Designation Cold Side at 36 R Lbs/Cu Ft Layers/Inch

Vacuum Perlite 72 x 10-5 6.0 Powder
Fiber Glass (Helium at

Atmospheric Pressure) 5800 x 10-5 0.5
Fiber Glass (Vacuum) 32x 10- 5 2.5
CS-5 18 x 10-5 8.0 Powder

~
6.5 x 10-5 2.0 15 - 30
9.0 x 10-5 2.5 10 - 20

Super Insulations· 2.0 x 10- 5 4.7 35 - 70

~ 1.8 x 10- 5 5.5 50 - 100
1.0 x 10-5 7.5 75 - 150

NRC-2" * 2.0 x 10-5 3.2 100 - 150

• Super Insulations and CS-5 refer to proprietary insulation systems developed
by Union Carbide Corporation, Linde Division.

.. NRC-2 is a proprietary insulation system developed by National Research
C9rp.

3. 2. 2, 5 Super Insulation Systems - The concept of super
insulation systems may be defined AS a means to provide a
large number of radiation shields in a small space and main­
taining them wider conditions of low interstitial pressure.
Two types ofsUJ>er insulation have been developed to date.
One is the concept of alternate layers of radiation shields
separated by fibrous spacers. These radiation shields may
take the form of aluminum or other reflecting foil mate­
rial (or aluminimized polyester film). The fibrous spacer
material is most often some form of unhanded fiberglass,

although. again, a wide variety of materials is available
and has been used in practice. Different performance
values can be obtained by varying spacer and shield mate­
rials as is evident in Table Ill. It should be noted that a
degradation up to 30'10 is not uncommon when the insulation
systems are applied to small ducts or complicated shapes.

Another type oflaminar insulation is formed of a num­
ber of layers of metalized ,plastic such as aluminized
Mylar and the plastic is crinkled so that the layers touch
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only' at nwnerous points. These points prevent the existence
of large areas of planer contact between layers and hold the
layers spaced apart to permit each layer to reach its own
separate equilibrium temperature. This type has a thermal
conductivity of about 2 x 10- 5 Btu/hr-ft F and a density of
about 3.2 lb/cu ft., at an optimum practical layer density.
These values, too, are taken from calorimeter tests.

Discussions of super insulation for a.pplications such as
this should include consideration of insulation systems which
are purged with a non-condensible gas such as helium. The
concept here is to install the insulation system without an
external rigid vacuum casing and maintain a purge of non­
condensing gas in the interstitial space. During ground hold
prior to launch of the vehicle while this gas pressure is
maintained at slightly above one atmosphere, assuming
helium is used as the purge gas, the thermal conductivity of
the insulation will be 5800 x 10- 5 Btu/hr-ft F. When the
vehicle reaches the vacuum of space, ultimately the per':'
formance f~gu~~ ~iven above can be achieved.

Another concept which has been under evaluation includes
encapsulating the insulation material within a flexible' jacket
and evacuating the interstitial space. During the ground
hold thi.s flexible jacket is compressed under the one
atmosphere external pressure causing compression of the in­
sulation by an approximate factor of four and increasing the
solid conduction component of heat transfer. This concept
is described more fully in references 11 and 12. A curve
shOWing the effects of compression on the thermal perform­
ance of super insulation is shown in Figu~e 3. Here, as
the spacecraft leaves the earth's atmosphere, the insula­
tion recovers nearly its original thickness and thermal per­
formance.

3. 2. 2. 6 Tests and Maintenance - The most important
overall test of an insulation system is its performance as
measured by total heat in-leakage to the line. This is most
often performed by conducting a normal evaporation rate
test. Extreme caution must be exercised in setting up a
normal evaporation rate test for a well insulated ducting
system since heat in-leakage to the ends can very easily
mask the true insulation performance. For example, if a
duct is simply flanged at the ends, and filled with a liquid
cryogen, the heat in-leakage at the ends will far surpass any
heat entering the fluid through the insulation along the duct.
Careful design, therefore, of end closures is essential in
tooling for a normal evaporation rate test. Preferably, the
end closures should be located above the liquid level during
testing.

In order to conduct a good test, the duct system to be
tested is installed in a test setup and suitable enclosures in­
stalled. The line is then filled with liquid cryogen and the
effluent vapor piped through a bubbler chamber and a wet
drum meter to measure flow quantities. If high flow rates
are anticipated, an orifice type meter might be preferred.
Visual inspection of the insulation while cold will reveal any
cracking due to differential contraction (particularly with
foams) or the formation of frost spots which will occur in
faulty locations in any insulation material or system.

For vacuum insUlations, the vacuum integrity is best
determined by use of the thermocouple gauge and observa­
tion of its performance as the line cools and any cryopump-

ing takes place. One would expect the pressure to drop as
the inner line is cooled. Conversely, if the pressure in fact
rises at this time, one would suspect a leak in the internal
line such that noncondensing gas is permitted into the in­
sulation space. Again, formation of frost or cold spots on
the insulation is indicative of poor vacuum or other mal­
function.

Frequent inspection of all lines prior to actual flight use
is desirable to ensure that foams have not deteriorated or
vacuum insulations lost their vacuwn. Normally, .vacuwn
insulated lines are sealed.during manufacture and re-evacua­
tion in the field is not necessary. However, re-evacuation
can be ,performed if it is deemed desirable.

REFERENCES

1. "Precautions and Safe Practices for Handling Lique­
fied Atmospheric Bases." Booklet F-9888-E, Union Carbide
Corporation, Linde Division, New York.
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4. Van Gundy, D. A. and Jacobs, R. B. "Character­
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3.3 COUPLINGS FOR CRYOGENIC DUCTING - The pur­
pose Mthis section is to outline a recommended practice gov­
erning the design and test of couplings for cryogenic ducting.
Generally, couplings for cryogenic ducting have requirements
similar to couplings for pneumatic ducting as outlined in
ARP 699, except that the allowable leakage rates are usually
orders of magnitude lower, and except for the effects of
cryogenic temperatures and material compatibility.

3.3.1 Design Requirements for Couplings - A duct cou­
pling is herein considered to be a joint assembly of flanges,
seals, clamps, bolts, and/or related devices comprising a
fitting that serves to connect and disconnect the mating ends
of adjacent ducts or components in.a cryogenic system.
Brazed or welded joints are not considered herein.

The following performance requirements should be con­
sidered:

3.3.1.1 Structural Loads - The coopling shall be capable
of safely carrying the maximum possible combination of
loads simultaneously applied, plus the fatigue cycles caused
by the follOWing factors, while maintaining system integrity.

a. Rigging load required to seal.
b. Mechanical duct system loads (maximum axial ten-

. sion and axial compression, bending, and torsion loads) re­
quired to compensate for duct installation misalignment mo­
tion, vehicle deflections, etc.

c. Fluid pressure loads, positive and negative opera1;ing
pressure, surge pressure, ambient pressure, fluid direction
changes, etc.

d. System vibration.
e. Thermal loads covering the total temperature range

(including transients).
Flanges and retaining members are usually analyzed sep­

arately for ability to withstand the applied loads. See MIL­
C-27536 (reference 1) and ASME Boiler Code Section VIII
(reference 2) for example. An improved analysis method
which accounts for deflection is shown in reference 3.. Spe­
cial care should be taken to consider possible "hidden" loads,
such as bending or axial loads due to thermal growth or mis­
alignment and transient temperature effects. Special at­
tention should be given to the selection of materials which
are considered naturally resistant to stress corrosion.

3.3.1. 2 Allowable Leakage - All couplings will exhibit
some small elastic deflections in response to the applied
loads of 3. 3. 1. 1. Couplings must therefore not exceed
maximum allowable leakage during and after such deflec­
tions. Considering the hazard of even slight leakage in
most cryogenic systems, it 1s reaommended that the best
current state-of-the-art sealing be specified and tested with
and without applied loading on sample couplings.

3. 3. 1. 3 Safety Devices - The extreme danger that can
result from a coupling failure in a cryogenic system makes
it advisable to give consideration to redundant-load-path
couplings. Examples are parallel bolts, safety straps and
tangs, etc; al.so. double- or redundant-seal joint designs
where the primary sea11eakage can be monitored, or bled
off, are worthy of note (see Figure 6).

. 3. 3. 1. 4 Heat Leak - Heat transfer through couplings
may be a problem in many cryogenic systems, partiCUlarly
those using vacuum-jacketed ducting. Long-heat-path

joint can be employed to solve this problem (see Figure 4).
3.3.1.5 Quick Disconnect - The ease offastening fea­

ture of a duct coupling should be determined by a trade-off
with weight, reliability, and the relative economy of its
use in the duct system where definite advantages are gained
by the use of a .. quick disconnect" over the normal coupling;
as an example, where the duct connects to a piece of equip­
ment requiring frequent removal for inspection, filter re­
placement, or rapid attrition, etc. The time thus saved in
removal and reinstallation of the equipment may justify..the
use of the "quick disconnect" coupler. "Quick disconnect"
features will generally add some weight to the coupling.

3. 3. 1. 6 Installation and Handling Requirement - The
follOWing requirements pertaining to the installation and
handling of duct couplings should be given careful consider­
ation:

a. Dimensional and damage inspection before and after
attachment. This may include compatibility of the duct
outside diameter with the inside diameter of the flange,
angular relation of flange face to the duct axis, out-of­
roundness, flatness and surface condition of the flange face,
With special attention given to sealing surfaces. Look for
tool marks, scratches, nicks, scaling. etc.

b. Handling precautions to prevent damage and con­
tamination. (The manufacturer usually supplies protective
media and instructions.)

c. Installation techniques.
d. Requirements for repeated assembly and disassembly,

including seal replacement.
3. 3. 2 Qualification Tests - Suitable qualification test­

ing, sampling testing, and acceptance testing should be
specified for cryogeniC duct system couplings and should be
supplemented with testing of all or a portion of the duct sys­
tem.

A suggested minimum test outline with typical procedures
is outlined in Table 1.

3. 3. 3 Duct Coupling Methods - This section .illustrates a
series of the more common duct coupling types and methods

in current use. Specific information regarding the intended
use, the leakage allowed, the temperature range, the pres­
sure range, and the bending load or deflection requirements
should be furnished to the coupling manufacturer. Torque
wrenches are usually employed.

3. 3. 3. 1 Clamping and Joining Methods - Figures 1
through 4 illustrate clamping and joining methods.

3.3.3. 2 Joint Sealing Methods - Figures 5 through 14 il­
lustrate the more common types of seals in current use. See
also references 4 and 5 for additional types and limitations.

REFERENCES

1. "Coupling, Clamp, Grooved, V-Band," Military
Specification M;IL-C-27536, 15 October 1963.

2. "A. S. M. E. Boiler & Pressure Vessel Code," Section
VIII, Unfired Pressure Vessels, 1962 Edition.

3. "Development of Mechanical Fittings," Air Force
Flight Test Center Technical Documentary Report No. RTD­
TDR-63-1115. Qualified requestors may obtain copies of
this report from DDC.
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Table I

Qualification Sample

Examination of
Product

Assembly and
Torque
Deformation

Proof Load
and Leakage

Le.akage Test
of Redundant
Feature
(if applicable)

High­
Temperature

" Test

Low­
Temperature
Test

Temperature
Shock Test

Test

Yes

Yes

Yes

Yes

Yes
(If

required)

Yes

Yes

Test

Yes

Yes

yes

Yes

No

No

No

Acceptance
Test

Yes

No

No

No

No

No

No

Test Description

Examine coupling material. workmanship. dimensions.
finish. identification marking. etc." to insure conform­
ity to drawing and specification.

Assemble coupling. Check for any interference, bind­
ing. misalignment. or other installation difficulty.
Tighten to maximum torque apd check for any galling
or excessive deformation. Repeat assembly cycles
per detail specification.

Assemble coupling in test cell at recommended torque.
Apply proof pressure at operating temperature and check
for leakage or excessive deformation. Repeat with sys­
tem bending load or other loads added. Leakage sensi­
tivity to be 1 x 10- 9 sec/sec helium or as stated in de­
tail specification.

Leakage test at operating conditions alternately with
primary and secondary seal or latch element inopera­
tive.

Subject coupling to high-temperature test per para­
graph 4.1. 2 of MIL-E-5272 except use maximum
operating or environmental temperature. Repeat
proof load and leakage. Some specifications now
require over temperature tests up to 5rP/o

Subject coupling to low-temperature test per para­
graph 4.2.2 of MIL-E- 5272 except use minimum oper­
ating or environmental temperature or per detail speci­
fication. Repeat proof load and leakage.

Subject coupling to temperature shock test per para­
graph 4.3.1 of M1L-E-5272 except initial and final
temperature to be minimum and maximum operating

. temperature. respectively. or with measured thermal
gradient per detail specification. Repeat cycle per de­
tail specification (100 cycles suggested). Repeat proof
load and leakage.
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Test Test
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Table I (Cont'd)

Acceptance
Test Test DescnptlOn

Corrosion­
Resistance
Test

Vibration

Endurance
Test

Ultimate Load
and/or Burst
Pressure
Test

Yes

Yes

Yes

Yes

Can if
critical

Can if
critical

Can if
critical

Yes

No

No

No

No

'/

Subject the coupling to Salt Spray Test per Procedure I
of MIL-E-5272 or Strauss Test per Federal Test Method
151, Method 821.1, or suitable Stress-corrosion Test
per deta,il specification., Repeat proof load and leakage.

Assemble coupling in test cell at maximum torque.
Perform Vibration Test per Procedure XII of MIL-E-
5272 or per detail specification. Fixture and/or re­
sponse acceleration to dynamically simulate applica­
tion. Half of test at operating pressure and temperature.
Half at room temperature without pressure unless other­
wise specified in detail specification. Repeat proof load
and leakage.

Assemble coupling in test cell and apply.! cyclic bend­
ing loads for 100,000 cycles at 60-120 cpm or per detail
specification. Simultaneously apply pressure cycles
from 10-1 Ocp/o of operating pressure not in phase with
bending cycles. Test at specified temperature.

Assemble coupling and apply 15cp/o rated torque. Sub­
ject coupling to 15cp/o of proof load and pre~ure at oper­
ating temperature for five minutes. Leakage is allowed,
but separation or fracture shall constitute failure.
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---_ .. ---- ~- --- .

Description Remarks

Conventional

==:t&: ~Bolted method.
Coupling Generally

heavy but
light weight
possible

ith
special

Figure 1
designs.

V -band or Often used
clamp-type in limited
coupling access

~a
areas or
where

...<..
frequent
disassembly
is required.

Figure 2

Threaded Most
or common

~S~ ~
,

Union- for small i
Itype diameters

Coupling

Figure 3

------+-------+------

___-"- , .--L~ _

Vacuum­
jacketed

lIBayonet"
I Coupling

Special
design

-for
low heat
Illeakll

II Figure 4

/'

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- 62 -

SAENORM.C
OM : C

lick
 to

 vi
ew

 th
e f

ull
 PDF of

 ar
p7

35

https://saenorm.com/api/?name=9fb949f9e3c327091b06f67375133b36


 
Distributed under license from the IHS Archive
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- 63 -

Figure 10

._-----.'---_._----

Figure 11

Special tight
tolerance
gland; good
deformation.
Net reusable.

Teflon seal Similar to
with Figure 9.
formed
metal

s:~~g ~ _
M h ' d Pressure actuated.ac Ine

, Various platings
spnng

1
available. Spacersea
can be used with
flat-face flanges.
Low tolerance to
flange out-of-flat
warpage and
scratches.

I
t
!Rectangular
"Rocker"
type metal
radial seal

Figure 13

Figure 12

Special gland.
low roundness
and
concentricity
tolerance.

Conical
n'letal

radial seal

Wedge -type:
metal
radial seal

Allowable
flange
distertion &
deflection
very good.
Special gland•

. Gasket cost

1 J~:_· ~ F_ig_U_r_e_l_4 ~-~

~
I
f

I
r

!

I
I
l-·_·-------+-------
I

I
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3.4 FLEXIBLE SECTIONS - The accommodations of duct
motions caused by thermal deflections, installation mis­
alignment, and structural and gimbaling deflections is nor­
mally provided for with bellows-type joints or combinations
thereof. These bellows' type joints may be either free bel­
lows, restrained bellows, or thrust-compensating bellows.

3. 4. 1 Bellows Design - A bellows accommodates duct
movements by deflection of its convoluted portion. Bellows
used in missile ducting are normally fabricated from stain­
less steel and may be of single or multi-ply wall construc­
tion. Caution should be used in the fabrication of multi­
ply bellows in avoiding entrapment of contaminants or mois­
ture between the plies during forming. Usually this entrap­
ped material can be baked out of the assembly prior to mak­
ing closure welds on the bellows necks. A bellows is com­
posed of a number of working convolutions as shown in Fig­
ure 1. Our discussion here will be limited to the as-formed,
straight-side wall, rounded crown' and root, convolution
type bellows, which is the type most commonly used. The
nomenclature given in Figure 1 will be used throughout this
specification. An internally pressurized bellows will tend
to elongate aX,ially because of the unbalanced pressure
forces created by the pressure acting on the convolution
shapes. The tendency can be reacted to by tension linkages
tying axially across the bellows or by compressive forces in
the bellows end support structure.-

3. 4. 1.·r Fundamental Design Parameters - Aircraft and/
or missile manufacturers (prime contractors) as a rule do not
fabricate the bellows themselves. They usually spec'ify
their requirements to a subcontractor who specializes in bel­
lows design and fabrication. However, 'for the prime con­
tractor to be able to write an intelligent and reasonable
specification, he must be fairly familiar with the design
limitations of bellows. The purpose for presenting the bel­
lows design equations and references thereto is two fold:
(1) to allow the prime contractor to be aware of bellows
design limitations, and (2) to allow the prime contractor to
at least make a cursory analysis of the designs submitted to
him by the subcontractors. The fundamental parameters in
bellows design are considered to be:

a. Material selection
b. Spring rate
c. Buckling stability
d. Stress analysis
(1) Bending stress
(2) Bulging stress
(3) Hoop stress
e. Fatigue life
f. Pressure loss
g. Vibration characteristics

lICNote that linkages must be designee;! to resist full bel-
, 2

'lrDm
lows pressure separating load; -4- . p.

The information on bellows design that is presented here­
in is intended to be used as a gUide only. A practical, suc­
cessful design, as in all engineering designs, may represent
a compromise of these design parameters. Final design of
the bellows should be left to the individual subcontractors
involved in orc!er to take advantage of their broad design,
testing, service, and fabrication experience.

3. 4. 1. 1. 1 Material Selection - The most commonly
used material for cryogenic applications is 321 corrosion­
resistant steel. However, successful bellows have also been
made of 347 CRES, Inconel-X, Inco 718, K-monel, Hastel­
loy B&;C, A-286, Rene 41, and Haynes 25. Various alumi­
num alloys are also occasionally used, but they are usually
limited to low stress or noncritical applications. These ma­
terials offer the added bonus of having their yield and ulti­
mate strengths increase with decreasing temperature. Some
materials such as 17 -7PH and AM350 stainless steels become
brittle at low temperature and should not be used.

3.4.1. 1. 2 Spring Rate - Figure 2 presents the various
types of deflections which bellows are capable of accom­
modating and their respective equations for determining
spring rates. Bellows nomenclature of Figure 1 is supple­
mented with that given in Figure 2. These equations are
based on a consensus of the information presented in refer­
ences 1 through 7.

3.4.1.1.3 Buckling Stability - Bellows can become un­
stable when pressurized internally and will buckle in a man­
ner similar to that of column buckling. The equation given
in Figure 3 may be used to determine the critical buckling
pressure of straight bellows. Reference 8 (Haringx) may be
used if a more sophisticated result - - taking into account dif­
ferent types of end restraint -- is desired. Theoretically, a
bellows deflected in angular rotation does not have a lower
critical buckling pressure than the same bellows in a straight
position; however, a bent bellows has a lateral deflection
for each pressure increment and those deflections may be­
come excessive. Externally pressurized bellows do not
buckle in the same sense as an internally pressurized bel­
lows; their mode of failure is a crimping or oil canning of
the walls inwardly. This usually occurs at a much higher
pressure than the pressure at which internally pressurized
buckling occurs. In design situations where a long bellows
is needed to allow long axial strokes, preference should be
given to external pressurization, i. e., pressure applied to
outside diameter surface area.

3.4. 1. 1. 4 Stress Analysis - Stress analysis of a given
bellows ca? be made using equations presented in Figure 4.
For bending stress analysis purposes, it is usually convenient
to express all types of deflections in terms of equivalent
axial deflections. The conversion factors to accomplish this
are given in Figure 5. Design requirements such as spring
rate and fatigue life usually cause the bellows to operate in
the plastic stress range. It is not unusual to design a 321
CRES bellows for a working stress (as calculated with the
equations in this document) of up to 150,000 psi, although
the yield strength of the material in the annealed condition
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where

f = cps and W is weight in lb/in. of length

2. For ends fixed and acceleration perpendicular to the
bellows centerline

(
KA ). 1/2

f = 9.85 --,l·W

NORMAL DESIGN PRACTICE FOR BELLOWS USAGE

Proof Pressure - 1.2 x (Design Pressure Including Transients)
or 1.5 x (Design Pressure) whichever is considered the
most severe.

Burst Pressure - 2.5 x (Design Pressure Including Transients).
Compression Stroke - 10 to 150/0 of the flex section live

length, although up to 400/0 has been successfully
attaineq; however, fatigue life will be greatly re­
duced. See paragraph 3.4.1. 1. 5.

Extension Stroke - 100/0 of the flex -section live length, al­
though up to 400/0 has been successfully attained;
however, fatigue life will be greatly ~duced. See
paragraph 3.4. 1. 1. 5.

Angular Deflection - ,!5 deg maximum. although,!15 deg
has been successfully attained.

Lateral Offset - :0.02[2 /D maximum although 0.25 t2/D
has been successfully attained. Note that it is poor
practice to have one joint accommodate two or more
types of deflection simultane~uS1y.,:althoughitisof­

ten dictated by other design considerations.
Torsional Deflection - Preferably none; however, small ro­

tations can be accommqdated by specific design.
Ratio of Flex-Section Length to Inside Diameter - Generally.

. 1/2 to 1-1/2; however, exceptions can be made.
See Haringx's buckling analysis.

Convolution Height - 3 to 130/0 of the inside diameter, al­
though up to 250/0 has been achieved.

Minimum Ratio of Convolution Inside Bend Radius to. Total
Wall Thickness - 2.0 for straight side wall convolu­
tions, although 0.8 has been successfully achieved.
(Based on inside ply in the case of multi-ply.)

Use of Internal Liners to Prevent FlOW-Induced Vibration ­
Recommended in gas service when Mach number is
in 0.3 to 0.4 or greater range and in liqUid service
where maximum velocity in velocity profile is'60
ft/sec or more. Liners should definitely be used in
bellows located immediately downstream of sharp­
turn elbows, valves, or other flow disturbances and
for angular joints making large angulations.

Next Assembly Precaution - For bellows made of materials
which utilize the forming, cold worked strength
(such as 321 CRES), care should be exercised in
next assembly to not weld too close to bellows or
heat treat assembly so as to reduce cold worked
strength. A good rule of the thumb is to keep the
duct weld at least the VRt distance away from the
end convolution disk, where R = Di/2 and t = total
wall thickness.

(
KA ) 1/2

f = 24.
8

Dm 13. W

3.4. 1. 2 Normal Design Practice - The follOWing criteria
should be observed for best results in the application of the
bellows:

where K is a constant(
K n

N= ;-) ,
b

is only 35,000 psi. Cold working of the bellows material
during forming operations can increase the yield strength
considerably, and bellows designers sometimes take advan­
tage of this fact.

3. 4. 1. 1. 5 Fatigue Life - Fatigue life of a bellows is
mostly a function of the number of alternating stress cycles
imposed and is relatively independent of steady state stress­
es. The number of cycles before failure is inversely pro­
portional to the alternating stress raised to some exponential
power:

The values of nand K are dependent on the properties of the
particular material involved. An exponent of 3.5 and a K
va~ue of 1.6' 106 have been determined from Type 321.
CRES at room temperature (reference 4). Comparison of
fatigue life conducted on identical bellows at room and
cryogenic temperatures indicates much longer life at the
cryogenic temperatures. For example, for 321 CRES, fati­
gue life at liquid nitrogen temperature is 2 to 4 tlines that
at room temperature and at liquid hydrogen temperature
limited test data indicates that it is at least 12 times greater
than at room temperature.

3. 4. 1. 1. 6 Pressure Drop - Pressure drop in unsleeved
bellows because of friction has been determined to be a
function of the geometry of bellows. The friction factor
in the turbulent regime is relatively independent of Reynolds
number. See Figure 6 for losses in straight bellows, and
Figure 7 for effect of 90 deg bends. Losses in internally re­
strained gimbal and internal tie-rod joints are given in
Figures 8 and 9.

3.4. 1. 1. 7 Vibration Characteristics - A bellows con­
stitutes a spring-mass system with low-damping character­
istics. Consequently, mechanically or flow induced vibra­
tions near the resonant frequency of the bellows (and har­
monics) can cause rapid deterioration and eventual fatigue
failure. These failures can occur in what appears to be a
fantastically short operating time, i. e., seconds. Equations
for the fundamental resonant frequency for the two most
common supporting and accelerating systems are:

1. For ends fixed and acceleration parallel to the bel­
lows centerline
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Vibration - Bellows should be designed with natural frequen­
cies different from known system inputs such as pump
speeds, pump outlet pressure oscillations, etc.

3. 4. 1. 3 Specification of Design Requirements - Because
of the highly specialized nature of bellows design and fab­
rication, it is necessary that the design requirements and
operating conditions be carefully specified. The following
information should normally be called out:

a. Type of fluid service
b. Pressure (normal operating, proof, surge. and burst).

temperature (maximum. minimum, and normal operating).
and the most critical combination of temperature and pres­
sure

c. Type of material
d. Deflections (axial. angular. and lateral offset)
e. Vibration requirements (frequency, amplitude, and

acceleration)
f. Ivlaxirnum flow velocity or Mach number and allow­

able pressure drop
g. Minimum life cycles (define cycle clearly in terms

of deflections, pressures, and temperatures)
11. Space envelope (maximum outside diameter, mml­

mum inside diameter. live length, overall length, nature
of end couplings)

i. If a liner or sleeve is required. specify the minimum
a"llowab1e inside diameter. minimum clearance between
liner and convolutions, liner length. type of liner free end.
the direction of normal flow, and the possibility of reverse
flow.

j. Qualification test requirements (to include method of
"duct support)

k. Production test requirements
1. Optional requirements may include the spring rate,

sectioning and measurement of wall thickness consistency,
and buckling stability

3. 4. 2 Flexible Joint Design - A flexible joint design
consists of a bellows pressure carrier and a mechanical link­
age and/or a compensating bellows device to counteract the
tendency of the bellows to elongate axially under the pres­
sure-separating for~e. The restraint feature allows the joint
to act as a tension-carrying member.

3. 4. 2. 1 Restrained Joints - Some typical modes of re­
straint are shown in Figure 10. The most commonly used
linkage types are the gimbal, tie rod, and braided.

3.4.2.1.1 Gimbal Type - These units can be made with
either internal or external gimbal supports and will permit
angular deflection in any plane. The primary advantage of
this type is its ability to proVide angular deflection with a
small actuating force. It should be pointed out that a gim­
bal joint when deflected in two planes will result in a geo­
metrical, torsional deflection and load being applied to the
bellows. This is the Hooke's joint effect.

3.4. 2.1. 2 Tie Rod Type - Internal tie-rod flexible
joints also permit angular deflection in any plane. They
have the advantages of low cost. low weight, and lowest
bending force. They have the disadvantage of presenting

protuberances in the flow stream which can cause relatively
high-pressure drop in high-velocity systems (Figure 8).

3. 4. 2. 1. 3 Braided Type - The use of an external, wire
braid over a flex section has been a long accepted method
of proViding restraint. The primary advantages are low cost,
simplicity of fabrication, and small space envelope. On the
other hand. the braid restricts the angular deflection which
results in a greater bending moment. The design of these
units should be such as to minimize rubbing contact between
the braid and the end convolutions.

3.4.2.2 Thrust Compensating Joints - This type of bel­
lows assembly allows for axial deflection in the same manner

as an unrestrained bellows. The particular design shown in
Figu.re 10 utilizes a pressure balancing chamber installed
external to and concentric with the main-duct bellows. This
chamber is vented to internal duct pressure and, by use of
proper cross sectional area. an axial force equal and op­
posite to the pressure separating force of the main duct bel­
lows is thus created. There are many variations of this
theme. The primary use of the compensating joint is to
retain a tension type system in areas where limited space
exists and axial travel cannot be absorbed by angulation. By
proper selection of the cross sectional area, the thrust force
may be under, fUlly, or overly "compensated so that a com­
pressive. balancing. or tensile load is imposed on the sys­
tem.

3. 4. 2. 2. 1 Normal Design Practice - The follOWing de­
sign criteria should be observed for compensating joints:

a. Compression stroke: 10 to 150/0 of the total bellows
live length, although up to 4cp/o has been successfully
achieved; however, fatigue life will be greatly reduced. See
paragraph 3. 4. 1. 1. 5.

b. Extension stroke: 1cp/o of the total bellows live length,
although up to 4rP/o has been successfully achieved.

c. Angular deflection: :!:,5 deg.
d. Lateral offset: None.
e. Torsional deflection: None, although small rotations

can be accommodated by specific design.
f. Ratio of individual bellows length to duct outside

diameter; unsupported length limitation same as unrestrain­
ed bellows.

3. 4. 2. 2. 2 Statement of Design Requirements - Applica­
ble information from paragraph 3. 4. 1. 3 should be specified
as needed for compensating joints. The following additional
requirements are usually necessary:

a. Spring rate at design compression stroke
b. Amount of pressure thrust unbalance which can be

tolerated
c. Mounting details

3.4. 3 Test Procedures - Testing is usually divided into
two categories;; one is the initial qualification testing which
is later repeated on a sampling basis during production runs,
and the other is acceptance testing which consists of nonde­
structive tests made on all production pieces. Typical tests
conducted and categories they fall into are given in the fol­
lOWing table:

(
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Qualification Sample Acceptance Test Description
Test Test Test

Proof Hydrostatic or pneumostatic pressure
Pressure Yes Yes Yes applied to bellows for 5 minutes,

no leakage or distortion allowed,
normally 1.2 x design pressure in-
cluding transients or 1. 5 ·x design
pressure~whichever is considered
the most severe

Spring Can be if Determine force vs axial (or lateral
Rate Yes Yes critical or angular) deflection characteristics

Dimensional Hicrometer, caliper sort of an
Check Yes Yes Yes inspection

Buckling Can be if Can be if Application of proof or design pres-
Stability Yes critical critical sure with bellows in most extreme

deflected position

Burst Hydrostatic or pneumostatic pressure
Pressure Yes Yes No applied to bellows at up to 2.5 x

desif,l"ll pressure. Yielding allowed but
no leakage

Fatigue Deflection and/or pressure cycling under

Cycling Yes Yes No normal operating conditions for a pre-
determined number of life cycles "l'lith-
out failure

Vibration Yes Yes No Vibrati~g under normal operating con-
ditions and end-use vibration environ-
ment conditions for a predetermined
period of time 1,.i thout failure

Flow Can be if Can be if No ~1eaSllremeIlt of pressure loss through
Calibration critical critical flex at rated flo,,,. conditions

Flow' Can be if Can be if No Flowing end-use fluid (water or air
Fatigue critical critical may sometimes be substituted) through

part at rated velocity for a pre-
determined period of time without
failure

Sectioning Cross sectioning of belIovs after
and Yes Yes No completion of fatigue test and measure-
Thickness ment of consistency of wall thickness

along length of convolution, flO
percent tolerance usually allowed
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