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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.
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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, 0K, and O 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).

Specific Vol. (0 C and 1 atmosphere)
Specific Vol. being considered

)
Amagat = v -

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.

Bracket - A support or structural part which attaches and

holds a duct to the vehicle.structure.

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,

anchor - A main duct support at a point on the duct

systemn that remains fixed in respect to duct sys-
tem expansions; contractions or deflections.

guide - A support designed to provide for move-

ment of a duct in a predetermined direction while
supporting it in all other directions.

sliding - A bracket which allows a duct to slide in

a controlled direction while supporting-it in all
other directions.

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).

Bracket,

Bracket,

Bracket,

~ Bracket,

Bracket,

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 excluding foreign mat-
ter.

Full document details: SAE ARP735A

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-
centration,

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 1o 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 constants - Values of pressure, temperature and vol-
urne corresponding to the “critical 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 meaBﬁem nts

temperature,
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Cryopumping - The process whereby gas is "pumped” by
being condensed at cryogenic temperatures.

~ Similar to cryovoiding.

Cryoscopy - Determinatior of the freezing points of liquids.

Cryostat - An apparatus for maintaining a constant temper-
ature in the cryogenic 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 evacpation whereby gas is con-
densed at cryogenic temperatures. Similar to
cryopumping.

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

Dewar - An insulated container for storing cryogenic liquid,
Usually a multi-walled vessel with a vacuum be-
tween the walls for insulation or a combination
of vacuum and insulating materials,

Duct - An enclosed passageway made of sheet metal or
other suitable material for the 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 devices 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.

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

Plug - Plug flow is characterized by the flow of large
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
deformation when subjected to a shear stress,

Freeze-out method ~ 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
in‘a closed system.

Gox - Commonly used expression for gaseous oxyge.

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 (L/D) 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 tyies of QszQvagxnts

permit axial moveinen: wiholitdfailmesdrddharing Hub

therefore, permit the ducting system to expand
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Joint, flexible - A non-rigid joint, convoluted tubing, hose
or ball joint assembly which. joins two ducts and
permits 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 to-a component mounted on and sup-
ported by the duct, instead of direct attachment
to a support or bracket.

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

Liper - A cylindrical part within a flex-section assembly,

Liquefaction - Cooling of gas until its condensation {emper-
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, thermal 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.

pressure - The force determined by the product of the

internal differential pressure and the duct cross-
sectional area.

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 s
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 nnits 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 wsed to accommodate con-
traction or expansion in a duct system.

Ortho-hydrogen - Molecular hydrogen in which two hydrogen
nuclei are spinning in the same direction.

Oxidizer - A rocket propellant component, such as liquid

Load,

Load.

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 formerly 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 normal function of bubble re-
lease.

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

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

Pressure, 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-
formation.

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-

Page 7 of 84
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Superconductivity - The condition where there is no meas-
urable electrical resistance in certain materials
below a specific low.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: GHg
Gaseous Nitrogen: GNg Liquid Oxygen: LO2
Gaseous Oxygen: GOg2  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

Liquid Nitrogen: LN2

use.
Temperature, design - The selected normal 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 normal operation.
Temperature, maximum operating - The maximum tem-

Full document details: SAE ARP735A

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, genetally referred to vacuum
jacketed or insulated piping.

Tnple 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 thermal 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.

Documents
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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 electrolyte, 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 environments 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:

Full document details: SAE ARP735A

(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 removable. |

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 enters 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 concermn,

a, Ifthe 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 reverses. '

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 lig-
uid entering, reduces this effect.

2.1, 2.4 Low Flow Rates on Small Lines - Heat transfer
tates 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
ductand vapor exits from the line.

2.1.2.5 Keeping the Liquid Cold
duct must be considered.

Heat input to a
ocC
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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 injection
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.

(8) The cryogenic fluid may be colder than the condens-
ing temperature of oxygen in the air, .as are LNo and LHo.
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) Startcondition - 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.

(8) Static firing - If system is designed to flight condi-~
tions, then 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, 1If 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 -~ A system

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 of 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 aunosphere 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.

(8) 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 convolutions,
heating causes gas to form, and at this time the beat 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 accommaodate.

(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.

€. Radiation

(1) Radiation from a rocket engine ﬂalQQaGM Eﬂﬁnts

on base heating and all exposec co.apcrenBocument Sharing Hub

with quick closing valves is subject to pressure transients
which may be the maximum pressure the system feels.
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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
properties, This effect appears more severe at cryogenic
temperatures. An example of this property change is 27%
tensile loss in 301 cres. (See reference 1.)

2.1,38.5 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

¢, 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
may be 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 short duration,

Full document details: SAE ARP735A

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 ducting 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 Particle 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 dugting.

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 ra
flow,

(2) Duct walls are subject to buffeting particularly where
diameters are large and there are elbowsdin the Sﬁtem. Oi
canning and fatigue failures can take plaﬁ.o ments

(3) Turning vanes in elbov's riiust he D&ﬁﬁmémtsﬁéir%g Hub
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 requirements - 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
. Duct end connections.
Internal fluid dynamics
Acceleration loads
Heat leak mechanism
Thrust vector gimballing
. 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

Faal Y

o
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(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. L. 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
. Heat transfer to or from the fluid
Type or lack of insulation
Percolating or other cryogenic phenomena
Routing around or through structure
Cleaning and purging requirements
Compensation for duct and structural movements
Pumping system
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 accep%cla ments

tion evaluation testing

o
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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 the 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 andstrength.
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 instrumentation 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, Temperatﬁre, pressure, and motiop cycling

g. Installation methods

h. Cleaning and purging methods
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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 Imeans must
be incorporated in the system design to compensate for
structural deflections and thermal movements. The methods
include the use of flexible ducting, duct flexure, or a com-
bination.

2.2.17.2 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-
age to the flexible section during movement.

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

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

The amount and type of movement

Suitable support points

Space limitations

System components

Fluid dynamics including fluid induced oscillation
Cleaning capability

Ease of assembly

Availability for inspection

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 suppoDocu ments

The location of an anchorins duct sup%)rt will be gov-
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quire anchor supports on each major section. Intermediate
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 carry the internal pressure loads and the loads due to

2.3 HEAT TRANSFER AND FLUID FLOW
2.3.1 Heat Transfer - The temperature rise, due to heat
leak, of a cryogenic fluid in a duct can be described by the

equation:
q
AT = = (1)
we Cp
where
AT = fluid temperature rise, R

q = heat flux, Btu/sec
(bf = 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: -

o = D 2
v
where
w = gas produced, flow rate, lbs/sec
qg = heat flux, Btu/sec
AHv = heat of vapbrization, Btu/1b

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 1074 torr), radiation
is an important mode of heat transfer. The equation of heat
transfer by radiation can be written:

(=) ()]
o=oF 4 |\r/) -\1g ©
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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
Q = heat flux, Btu/hr
o = constant, 0.1714 x 10”8 Bru/hr-ft2 -p%
F, = emisivity factor, dimensionless
Al = inside duct surface area, ft2
T1 = inside duct temperature, R
T 2 = outside duct temperature, R

Vacuum Insulated Duct

Outside Surface (ho)

Inside ———_
Surface (hl)

Vacuum (low pressure)

Radiation —

Shield “———— Cryogenic Fluid

Figure 1

The emissivity factor for concentric cylinders can be ex-~
pressed as:

1
P o= . (See refe_rence 1) @
€ A

1 1 /1

crx e

1 %2 &
€ 1 - emissivity of inside surface evaluated at T 1
€, = emissivity of outside surface evaluated at T 9
A1 = surface area of inside cylinder
A2 = surface area of outside cylinder
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It should also be pointed out that the heat leak for vacuum a = accommodation coefficient of inner surface
insulated ducts can be reduced by the use of one or more = accommodation coefficient of outer surfa
radiation shields as represented by the dotted line in Fig. 1. g T 3€CO ote uriace

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 beat 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).

specific heat ratio

~
i

M = molecular weight

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

walls
=UA(T_-T 5 )
< Ty Ty ® Conservative results can be obtained by letting the ac-
where commodation coefficient equal 1.0, Typical values of a
are shown in Table L
= 1 TABLE 1
U7 Un v 1/m, ¥ LK (6) E—
APPROXIMATE ACCOMMODATION COEFFICIENTS
and
.k re M A
Q = heat flux, Btu/hr ‘
A = duct surface area, ft2 800 0.3 0.3 0.8-0.9
76 0.4 0.5 1.0
T, = outside environmental temp., R 20 0.6 1.0 -
T, = cryogen temp,, R
1 2 Conduction heat transfer through insulation, supports, and
h, = cryogen heat transfer coefficient, Btu/hr-ft"-R spacers can be a major mode of energy transfer and is repre-
h, = environmental heat transfer coefficient, sented by the equation:
Btu/hr-ft2-R .
L = duct thickness, ft Q= T A AT (8
K = thermal conductivity of duct, Btu/hr-ftz-R/ft
where
Both h1 and h 9 depend upon the configuration and physical
Q = heat flux, Btu/hr

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

thermal conductivity, Btu/hr-ft-R

. . 2
cross sectional area in direction of heat flow, ft

A =

As a result of the very low pressure in vacuum insulated
ducts (<€ 1 x 1074 torr), the convection of heat is accom- AT = temperature difference across the insulation, R
plished in the free molecule flow regime and can be ex- L = insulation thickness, ft
pressed as:

% +1 P 2.3,2 Pressure Dro
Q=(.57 A X (T, - T - & Tressure DIOP S
1 A y-1+/MT 1 2. 3.2, 1 DuctLosses - Whenever possible it is desirable

%14 A—l (1 - az) o to maintain single phase flow in the duct system, either all
2 liquid or all gas. For this case the normal equation for hy-
(7) draulic and thermodynamic analysis of fluids may be used.
Pressure drop for a single phase fluid in a duct can be eval-
uated from the following equation:

(See reference 1.)

where
2 »p 2
Q = heat flux, Btu/hr Ap=2fL‘]’) m QG <1__ 1_> (9
g g p p

A1 = inner wall area, ft2 o 0 2 1

2
A2 = outer wall area, ft
P = pressure, microns of Hj Documents

P ' & NOTE: When considering single Lhose aﬁ%ﬂﬁmﬁf@mring Hub

T = temperature, R above equation has a general design limitation of Mach 0.2,
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where
AP = pressure drop, psf
f = Fanning friction factor (see refs, 3 and 5)
V = fluid velocity, ft/sec
P, = mean fluid density, 1b/ ft_3
L = duct length, ft
go = acceleration due to gravity, ft/sec2
D = duct diameter, ft
G = mass flow rate, lb/se,c-ft2
p1 = density of fluid at entrance, 1b/ft3
Py = density of fluid at exit, lb/ ft3
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 un-
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

) ()]

109
and
2 1/3
= 73/y [uL (62.3/pL) ] / (11)
where
G = gasmass flow rate, 1b/hr-ft2
= liquid mass flow rate, 1b /hr- ft?
pg = density of gas, lb/ft8
P F density of liquid, lb/’ft3
. 2
y = surface tension, dynes/cm
P = liquid viscosity, centipoise

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

Full document details: SAE ARP735A

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, P
be greater than PV

must
S
atT , e
e

PV will of necessity be > PV because of the increase in
e i
fluid temperature (T) caused by the heat leak through the
duct insulation and, in addition, to a much smaller degree,
by friction.
PT, therefore must be > PV,
i i
AP of the duct plus the increase of P

by an amount equal to the

to PV caused by the
i e

temperature increase of the fluid, where

PT- = total pressure at duct inlet
i

PV = vapor pressure at duct inlet
i

P_ = fluid static pressure at exit

Se .

PV = vapor pressure at exit
e

Te = temperature of fluid at exit

Also, fluid velocities must be kept low enough so that the
static pressure in the duct does not fall below liquid vapor
pressure. v
2. 3. 2. 2 Pressure Transients (Surges) - The de51gner
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 lig-
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 liquid 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):

2p
AP = (4;L+ CKr > (Vz m)
90 go

(12)
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FIGURE 2 (Reference 6)

FLOW PATTERN REGIONS FOR TWO PHASE FLOW
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FIGURE 3 (Reference 4)

LOSS COEFFICIENT VS, REYNOLDS NUMBER FOR 90o RADIUS BENDS - CIRCULAR DUCTS
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FIGURE 4 (Reference 4)

CORRECTION FACTOR FOR BENDS OTHER THAN 90° FOR ELLIPTICAL AND CIRCULAR DUCTS
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Figure 3, and Figure 4 shows values of C versus duct bend
angle 6 in degrees,

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
' piactice 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

SAE ARP735A Page 20 of 84
where Reynolds number = DV —Lﬁ
o
AP = pressure drop, psf where
f = Fanning friction factor (see refs. 3 and 5) D = duct diameter, ft
\Y = fluid velocity, ft/sec V = velocity of fluid, ft/sec
. 3 3
pm = mean fluid density, 1b/ft p = density of fluid, 1b/ft
2
L = length along the center line of the duct p = absolute viscosity of fluid, -1b/sec/ft
- . 2
g = acceleration due to gravity, ft/sec
o REFERENCES
D = duct diameter, ft
G = mass flow rate, lb/séc-ftz 1. Scott, Russell B., Cryogenic Engineering, Van
. . 3 Norstrand, New York, 1960.
py = density of fluid at entrance. 1b/ft 2. Ludwig, EmestE., "Flow of Fluids," Chemical Engi-
Py = density of fluid at exit, 1b/ft3 neering, June 13, 1960, p. 161.
. 3. McAdams, Heat Transmission,
c = correction factor for bends other than 90 deg 4. SAE Aerospace Applied Thermodynamics Manual.
K = loss coefficient for a 90-deg elbow bend 5. Resek, R. B., "Fluid Conversion Factors for Pressure
T90 Drop Calculations,” Product Engineering, june 1954.
6. Baker, O., Multiphase Flow in Pipe Lines, Oil &
Values for K,,  versus Reynolds number may be found from  Gas Journal, Nov. 10, 1958, pg. 156.
90

Section 2, 3: "Additional References - refer to Bibliog-
raphy publications 23 and 31."

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

-1

b K

4. Marks Handbook - 1951, "Converted Units

.28 1 _cmgm,
T 4597 7'30.48 gmK

5. Scott, RussellB. Cryogenic Engineering, Van
Norstrand, New York, 1960,

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

7. Rocketdyne Report RR-59-48,

handling because of their low temperature relative to am- 8. NBS Technical Note 130« D ‘..\em@’qgsy mentS
bient. The use of insulation may be desirable to minimize 9. Hydrogen Handbook - LrilC IR6GbY:umpril, SI860.ng Hub
heat losses and resultant vaporization of the fluid. Ductibistibuted undericense from the I Achive? - November, 1948, A
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TABLE 1 - Physical Properties

[ Fluid Hydrogen - H,
Air Oxygen |Fluorine Nitrogen Normal| Para. Helium
Characteristic o Foy N, He4
Boiling Temp. (1) (1) (1) (1) (1) (8) (1)
X * 78.8 90.19 85.21 77.35 20.39 20.268 14.2
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 54mmiat 52.8| 1.0
: mm H,
Critical Temp. (4) (1) (1) (1) H?l) (?) (1)
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) (1)
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/Liter * 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{0.0C425 |0.00122{0.00134{0.01135
Gm/Cm3 * at 81.8°K|
Heat of Vaporiz-
ation at the boil- (1) (1) (1) (5) (1) (8) (1)
ing point 49.04 50.18 39.728 |47.6 105.5 107.65 [4.995
Cal/Gm *
Heat of fusion 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 13.81°K|at
& 52.8mmH, 4.2°K
Specific Heat at .
constant Press. at (6) (1) (1) (1) (1) (10) (2)
273 K - Cp 0.2398 | 0.2191 | 0.1953 (0.249 3.3934 [3.6l1l1 1.25
Cal/Gm K * '
Specific Heat at
constant Vol. at (1) (1) | approx. (1) (1) (2)
273°K - Cv 0.1702 [ 0.1566 0.143 |0.178 2.4076 0.753
Cal/Gm K
K = Cp * (6) (1) | approx. (2) (1) (2)
Cv 1.403 1.40 1. 36 1.404 1.409 1.660
Gas constant -[R].
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) L
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 sectionfibues indericense fom e IS Archive
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