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SUMMARY

This paper sursurises the offects .f cryogenic temperatures on the mechanical and physical
propertiss of materials. Heat rapacity and hermal corductivily are considered in the context of
conservazicn of liguid nitrogen, tharmal s.ability of the gas s-ream and the response time for changes in
operating temperature. Particuiar attentior is given to the effects of differential expansion and failure
due to thermal fatigue. Factors affecting safsty are discussed, including hazards created due to the
inadvertant production of liquid oxygen and the physiological eflects of exposure to liquid and gasec:s
nirrogen, such as cold burns and asphyxiation. The preference for using f.=.c mrtals at low temperatures
is explained in cerms of thelr superior toughness and the limitaticns on the use of fervitic sceels is also
consicered. Non-metallic materials are discussed. mairiy ir. the contexz of thelr LOX compazibility and
their uss the the form of foams and fibres as inaulante, seals anc fitre-reinforced composites.

1. INTRODUCTION

The industrial p-odicticn snu handling of cryogenic fluida such as liquid nitrogen, oxygen,
hydrogen and heli:n, as wvell as liquefied natural and petcoleum gaseses is nov based on mature technologies
develuped and refined over many decades. The need: of a cryogenic vind tunnel using large quantities of
liquid nitrogen do nt differ signifi-zantly frua those of, for example, a large cheaical plant or food
freezi~g (aciory and thus much of this technology i dirently transferable. It is, however, important to
recognise that *he majerity «f those involved in running or ueing s cxyogenic wind tunnel are unlikely to
have had previous experience of cryogenic fluids. It {s therefore particularly importar:t to ensute that
the accurulated experience on tne safe handling of cryogenic fluids Lls also passed oa to thase new usars.
Much of thia experience has now been gathered together in manuals ana texts such as references 1, 2 & 3.
This information should he digestei and understodd not only ty those with managerial responmdility for
safety, but 2130 by thcse directly .nvolved, and as far as is practical, by those indirectly involved in
the use of cryogenic fl:.¢s. *njustified alzrm created in the minds of those in recelpt cf a suitabdle
training program can usually te 3llayed by a full and frank examination of the facts. Justifiadle alarm is
better exposed befcre an ac:ident, when remelial action can be taken, than after a tragedy. Finally, the
old adage "familiatity bdreeds contempt™ is unfortunately true and even experienced personnel can get
careless. Crvogenis fluids such as liquid nitrcgen desstve a Pealthy respect, ot whan handlad with caTe,
their use can cpen up new areas of t. “nology such as the cryogesic wind tunnei. In view of the importance
of using the correct procedures in the design, construcrion and operaticn of cryogenic tunnels, those
sect.ons of this paper that have a direct beating on safety wiil be highlighted dy the use of bold prinmt.

Those involved in the desig™ and construction »f crrogenic rind tunnels and tre models that are
to be tesled in them need 2 more thovoush understanding of the nroperties of cryogenic flulds and msterials
and techniques o€ cons’ruction. In the previous AGARD lecture series No. 11l on Cryogenic Wind Tunnels.
(Ref., 4}, the author gave two lectires on the Physical and Mechani.al Properties of Materlals and Dr. R. G.
Scutrlock gave three lectures on Cryogenic Engineering. These lectures set out basic principles for the
safe handling of cryogealc liquids ind the coneiruction of cryoganic equipment and, five years later, these
principles are equally valid. In °ils lecture wa will zry and distill the essence from the material
contained in these five lectures and update it in the _ight of _ha progress mace since the first lecture
course. For & more thorough understanding of the subject the reader is, hovever, encouraged to corsult the
original papers, parricularly »- much numerical data on the phvsical and mechanical properties of materials
was collated in the tatles zherein (Refs. 5 & 6) Further valuable infermatinn is aleo contained in
Totlers excellent report can "Materials for Crvogenic Wind Tunnel Testing™ (Ref. 7)

Sefore considerirg these factors .n detail, it is worth taking a bdrief overview of a typical
latge {nstallation. Firstly, "< us consider ths storage and transfer of the large quantities of ligquid
nirrcgen needed to run a tunnel. In principle, thls is virtually identical to the situation which exists
i, fcr 2ample. a large fcod f_sezing plant. Tha storzge veessels, pumps, valves and control equipment,
2ll serve the same purposes and thetre ate, therefore, sound ressons for considering them as a coamercial
pacikage once the relevant design specification has been estadlished. Thus, for example, it should not
matter whether 9% nickel steel, 304 stainlesa or 50f3 aiuminium is chosen for the construction of the LIN
sto—age vessel as long as it is carried out dy a techaically compatent organisation. In many respects the
design and construction of the transfet iine should aleo be a relatively simple commercial conslderation
once lo~3l constraints and tequirements have been identified.

Secondly, in che design an: construction of the tunnel itself it is neceseary to dear in mind the
extra constraints that cryogenic operation will introduce. For example:

- thin, light structures cool down more apidly snd evaporste less cryngenic fluid than do heavy sections,
thus, if fast thermal tesponse is requirey it is essential %o minimise the thermal mass of the structure.

- 1 .sulatio~ is necessary %o cut down the raat inleak to the working space and hence ‘e effective
refrigeration power used. TFls insulatton can be applied either internally or externa.ly and the
implications ¢ this Jecision are manifested in considerations cf the emooth profile of the inner liner in
the first case and in the -oughness of the pressure shell at cryogenic tenperatures in the second.



ORIGINAL PAGL .S
- OF POOR QUALITY

- all materials contract to a greater or lesser extent when they are cooled ind one of the essentlal
aspects of the successful design of cryogenic equipmant lies in avoiding the re.blems created by
differential contraction caused by temperature gradlents or the juxtaposition of dissimilar materials.

- some materials enbrittle at low temperaturss and it is of critical importance to select materials with
strengths and toughnesses acequate for their intended duty. The failure of even a non-structural component
could possibly cause damage further down the tunnel, or lead to the presmature ond of a test rum.

- 21l materials used must be compatible with their working ervironment both internallv and extermally.
Design must ensure the prevention of accidental condensation of liquid oxygen, narticularly in the presence
of hydrocarbon based polymers which are LOX incomjatibdle.

Thirdly, 1t is important that desigrers and operatoTs ars aware of the differences that a low
temperature envivonment will induce 1n a tunnel and its zssociated equipment as ~ompared to comventional
operation at ambient temperatures. Thus, certain aspects of =he model suspension and force measuring
systems will have to be reconsidered in the light of thelr crysgenic cpetating environmeant, for exasple:

- the materials used to construct the sting assembly have to be very strong and stiff. In many alloys tigh
strengths are associated vith lov toughnesses and as the strengins of all mwetals increase at low
terperatures, .: 1s essential to ensure tha. their toughness <4ces rot fall 2 unacceptabdbly lov levels:
cuTTent s-ate of the art technology seems to favour “he various grades of maraging steel and the
precipitation hardened and high-ritrogen foris of stairless steel for sting construction.

- if the force balaace systems are tn operate at arblent tempersture in a cryogenic tunnel, heaters must be
used to warm the appropriate regions. ow conductivity materials have 2o be used to pruvide the necessary
heat breaks betueen wvarm and cold reglons, while high conductivity inssrts can even ovt unwanted
temperature gradients.

- alternatively, 1f the whole system is to aperate at low temperaturs it has to be possible to calibrate
out the variations in the geuge constants brought about by changes in the electrical resistivity of the
metallic films or wires and adequate moisture prooiing is essenzial.

- provasion should be made for the removal of the model assembly fros the test secticn without the need to
warm up the whole tunnel. Furthermore, a cold model assemdiy should be allowed to wark up in an atmosphere
of dry nitrogen if problems caused by moisture condensztion and frost build up are tc be avoided.

At this stage it is worth emphasising that care needs to bs exercised in the use of data taken
from cormvilations and Teference manuals because some properties are more “structure sensitive” than others.
For exarmple, the electrical and thermal conductivizies, strength, ductility and toughness of materials are
properties that are highly depencent on the microstructural and cheaical condltion of the material. In
contrast. the specific heat, thermal expansion and elastic moduli are relatively unaffected by the presence
of structural cefects. Thus, although it is possible to apply the data taken from the literature for the
structure-insensitive group cf properties, it would de unwise, and even dangerous, tc use uncritically the
values given for the defect sensitive properties. Thess should be used for guidance only and if at all
possible, they should be backed up by diata obtained experimentally ou material obtained from the suppliers
of the datch of material zo e used: in the abseace of such experimeatal verification., genercus safety
margins should be applied to “he literature data.

2.  THELMAL AND QOTHER PHYSICAL PROPERTIES OF MATERIALS
2.1 Heat Capacity and Specific Heat

Information on the heat capacity or specific heat of materials used in the construction of
cryogenic equipment is necessary in order to calculate the energy that has to be suppiiea for cool-down to
the cperating temperature. StTuctures with the highest heat capacities require the largest asount of
cooling and this has %o be supplied by the latent heat of the evaporating iiquid or by the sensible heat of
the cold gas. For structures which have to undergo frequent ~ooling and warming cycles, it is important to
minimise the total heat capacity, or thermal mass, to achieve both low liquid boil-off rates curing cool-
dowvn and also short cooling times: for equipment that rarely wvarms up once it 1is cooled, low neat
capacities are not so important. A further, and highly relevant, exanple of the effect of thermsl msss may
be illustrated by comparing tie operating experience of the NASA 0.3-m TCT with that nf the tunnal at the
University of Tsukubs, Japan. in the NASA tunnel viriually no prodlems wers experienced in controlling the
temperature of the working gas by varying the liquid nitrogen injection rate, while the Japanesa group
found the malntenance of steady temperatures much more difficult. The clue to thig diffevence is to de
found in the designs of the tunnel liner and {nsulation system. The NASA tunnel is insulated on the
ouiside of tne 6061-T6 aluminium alloy pressure shell and thus a large thermal mags of metal 18 cooled dowm
tc the working temperature. The thermal inertia of this large mass evens out fluctuations in the gas
temperature that would otherwise de created dy variations in the liquid nitrugen injection rate. In the
Tsukuba tunnel the insulation is 1nside the mild steel pressure shell and the inner wall is thin and has a
low thermal mass It is thus unable fo absord much heat without its tempetature rising and the liquid
nitrogen in ecticn control system has to work much harder to ach.eve temperature stabiiity. On the other
hand, deliberate changes in the operating temperature are achieved more rapidly in the Japanese tunnel.

For heat balance calculations {t s, in fact, the enthalpy, H -ij dT, which ie of most direct
use and in Reference 8 tabulated values of the enthalpy relative to absolute zero are given together with
the specific heat at constant pressure, Cp, for a range of metals and non-metals. The specific heats of
all materials drop off at low temperatures eventuslly to become zero at O K, and the very low values found
at hydrogen and helium temperatures can cause large temperature differences to be set up by 2 small hcat-
inllux. At liquid nitrcgen temperatures and above these effects are not so severe.

Although latgs amounts of cold wotk may cause a slight decrease in heat capacity, for practical
putposes specific heats ize largely unaffected by the normal range of conditions found in metals. The
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specific heats of pure crystalline solids over the complete temperate range is ;lvcx} by tha Dedye theory
and knovledge of the characteristic temperature, OD, allows calculation of the specific heat at the
required temperature.(Ref. 9). Specific heats of alloys a” rocm temperature are given approximately by the
Kopp-Nevman tule of mixtures in which the specific heat of a matallic 3olution is given by the sum of the
products of specific heat and molar fraction for each constituent clenenc. Although the Tule gets less
applicadble at low temperatures, in the absence of alternative data it gives an acceptable first
approximarion. Furthermore. it is worth noting that zhe latcice structure has a strong influsnce on
specific heats as illusccuted by the observation that the sessured speci€ic heat of f.c.c. austenitic
stainless steels are closer to those calculated for gamme iron than those msasuved on the b.c.c. alpha
iron. The specific heats of non-crystalline and amorphons materials cannot be iescribed by the Debye
theory and there is. therefore. no satisfactory altermative to measured values for materials such as glass
and amorphous ceranics, as well as all polymers, elastomers. composites and adhesives. When considered on
a unit mass basis most of these materials have high heat capacities comparad to metals. dut this
discrerancy is reduced if they are ccnsidered on a unit volume basis.

2.2 Thermal Conductivity

Conduction of heat in solids takes place thwough the vidration of their latiice azoms, ard in the
case of metals, by the movement of theitr conduction electrons. Any mechaniss which rakes these processes
rore difficult lowers the thermal conductivity of the material and h Righ conductivities are found in
pure. strain free. large grain or single crystal metals and non-metals, while low conductivities are
associated with impure, stressed, amctrphous or microcrystalline structures. as it is difficult, if not
inpossible. to recognise these different conditions by looking at the surface of a material, ancd as the
physical and mechanical history of the sample is rarely well documented, great uncertainties can arise .n
using thermal conductivity data from the literature. However, in many ¢ es, conductivities at one extreme
or the other are required - for example, very low conductivities where hest breaks are required to reduce
heat influx, or very high conductivities to minimise thermal gradients. In gemarsl, good conductors ate
naterials of high purity and in an annealed state, while bad conductors are either alloys with many
conmponents and complex microstructures, or non-matals with amorphous or amlcrocrystalline structures. Still
lower conductivities may be obtained by increasing the n.rer of ianteifaces crossed by the heat flux. For
exanple, stacks of stairless steel discs may be used for compressively loaded, thetmally-insulating
supports, while the combination of many fine glass filaments with a thermo-setting plastic matrix (%.R.P)
gives a material with the highest known ratio of tensile or compressive strength to thermal conductivity.
The use of C.R.P. supports to separate the inner and outer skins of modern veseoels ior storing cryogeaic
ligquids is. ir 2 lirge measure, responsidble for the low boil-off rates currentily achieved.

It should, however, be noted that although the amorphous or microcrystailine structures of most
aon-netals nake then very efficient thermal insulators, it also makes them very britrle, especially in the
bulk form and they can be excessively prone to thermal shock if cooled rapidly. Ffurthermore, variazions in
their density. structure and processing history can changs their thermal cocnductivities by about an order
of magnitude as well as causing considerable anisotropy, so care has to be taken in extractirng suitatle
values from the literature.

2.3 Thermal Expansion

This is probably the most important of v M
the physical properties because the stresses set 1 2.0 PTFE (1) 0.2 cardon
up in components by differential thermal expansion steel
can very easily cause severe distortion or, at the %) (11) titanium
worst, failure. The total linear contraction of a
nunber of representative naterials is shown as a L‘.{l.f 1.5 |
function of temperature in Fig. 1. It can be seen nylorn
from the figure that the total linear contractisn Liay
at 77 K varies from adout 3.05% for Invar and
Pyrex glass to over 2% for some thermosetting Total 1.0 i
resins, and it is not surprising, therefors, that Linear
problens can arise when natarials are used Contraction
together without «dequate fcrethought. Problems
can, in praccice,usually be resolved into two
basic categories.

7111) Invar &

1) those in which only one type of material A
is involved and where differential contraction is 0 [
a result of temperature gradients, 0

Temperature (K) —>»

i1" those in which the same emperature

gradient is applied across tvo or more materials Figure 1. Total Linear Contraction of
of different expansion coefficient. Selecied Materials

Considering first the case of dissimilar materials, a common mercury in glaes thermometer uses
the large differences in expansion coefficients between the two components, but nc stresses are set up as
the mercury is free to move instde the glass tube (Fig. 2a). in contras>, a bi-metaliic strip consists of
tvo netals firmly fixed together, and when the temperature decresses the free end moves towards the side
containing the metal with the higher expansion coefficient (Fig. 2b). If the end ware not fres to move the
metal with the higher expansicn corfficient would be put iato tension and the other metal into compression
(Fig. 2c). An idea of the forces that can be set up by contraction in dissimilar metals can be obtained by
considering the hypothetical arrangement illustrated in Fig. 2(d), in which co-axial copper and steel pipes
ioined at both ends are cooled to 80 K. The total linear sontnctlon of copper is 302 xlo". vhile that of
a 0.2% carbon steel is 192 x10°%, a difference of 110 x10”" or just over 0.12. Thus tne differential
strain is slightly larger than that considered to give the 0.12 proof stress, which in copper at 80 K is
about 88 MPa. If the joint between "he tvo metals were 2 soft lead-tin solder it would have to yleld and
flow in order to accommodite this degree of mismatch. (Data from Ref. 10)
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An even more relevant example is
illustrated in Fig. 2(e) which shows a section of
an externally-iansulated, closed-circuit cryogenic
tunnel. When cold the wall of the tunnel
contracts relative to its warm mountings and, a8
one end is effectively clamped by the fan shaft
bearing, the other end must be able to move to
prevent thermally-induced stressing on cooldown.
In the NASA LaRC 0.3-m TCT this is acc ..plished by
supporting the wall on a stainless stee. supports
vhich slide on re-inforced PTFE pads.

Differential contraction between the inner and
outer uwalls is a common design problem in transfer
lines for cryogenic fluids and some form of
expansion join: has to be built into the system.
It wvas noted earlier that the total linear
contractiocn of Invar from 300 to 77 K wvas very
much smaller than other alloys, about 1/6th of
that of austenitic stainless steels and 1/8th of
that of aluxinium alloys. Thus a tTransfer line
vwith the inner wall made from Invar would need
only 1/6th or 1/8th as many expansion joints as it
would if made fror stainless steel or aluminium
alloy vespectively and the savings thus achieved
are sometimes more than enough to cffset the
higher nmaterial and fabrication costs associated
with Invar.

A further exanple of mismatched
materials is illusrrated in Fig. =(f) by a flanged
joint vetuweer aluminium alloy and stairless steel
pipes. Aluminium allioys contract more than
rtainless steels and if an aluminium alloy bolt
were used its loading would be increased as it
contracted nore rapidly than the stainless steel
flange. It is possible that the bolt might in
fact fail on cocling: if nnt it would yield and
stretch so that on warming to room temperature it
would now be too long to compress the gasket
adequately and a room temperature leak would be
created. The use of 2 s-ainless steel bolt would
also cause problens because cn cooling it woulz
contract less tapidly than the aluminium flange
and so oe unable to keep the same compressive
stress on tne gasket - the likely outcome being a
low temperature leak which would then seal itself
up when the oint were revarmed to ambient
temperature. This tyre of low temperature leak
will be recognised by those with cryogenic
experience as a source of considerable
fruscration!

One elegant solution to this problem is
shown in Fig. 2(g). A long stainless steel bolt
passes through the centre of a Monel compensating
sleeve as well as through the two flanges, the
length of the Monel sleeve being calculated to
conmpensate exactly for the lower contraction in
the bolt. The total i.near contractions at 8C K
relative to 293K are 391 x10°* for aluminium, 236
for Monel and 285 for typs 304 stainless
tespectively, hence the difference between the
stainless bolt and the aluminium flange is
106 x10°% and that between stainless and Monel is
49 x1e°%,
a Monel sleeve 10 x106/49, {.e. 21.6 mm long wedld
be needed for exact compensation. The same
principle may be used for joints between 9% nickel
steel and aluminium flanges by using an Invar
(N{lo 36) sleeve to compensate for the contrac:ion
in the 97 Ni steel boilt.

Returning to the case where temperature
aifferences can cause prodlems even when the
material is the same, Fig. 2(h) shcws
schematically a situation in which co-axial,
thermally-insulated vessels are joined at their
extremities. If the vessels were made of mild
steel the total l.near contraction of the inner
shell at 80 K would have been 192 x10°% relative

to the cuter shell which remained at ambient temperat.re.

If the aluminium flange were 10 mm thick

i
{

2(a) 2(b) 2(c)
SKETCH OF 0.3-m TCT
e e -t lMR — - - = <
' - Sereen Sachion /';.,"'““ /‘"‘2 inpchien,
i Section 3
: fon
{ T |
Sachen osoterf
Singi T
j Suiimy nasl [
2(e)
)
C ' stainless sceel flarge
\ .
LE l q'_ | aluminium alloy flange
2(f) !
stainless steel bolt, vasher
,/’/’ and aut.
{ /-end compenssting slesve
!
1
|
| lrutninloul steel flange
sluminium alloy flange
2(g)
\—li-‘ui-d nitrogen J;
vacyus
2(h)

Figures 2(a) to (h) Examples of Differencial

Thermal Concraction caused by Dissimilar
Materials or Temperature Gradients.
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This strain was too large to be accommodated by the mild steel which vas not only belov its ductile-
brittle transition, but in all prebadility embrittled by the welaing used in its fabrication.

The whole question of fits and clearances at lov temperatures has to be kept very much in mind.
Most of us are familiar with the practice of heating a gear wheel bdefore placing it onto a shaft so that it
will shrink to a tight fit on cooling. Some will also be auatre that the same operation is sometimes
carried out by coolirg the shaft with liguid anitrogen prior to fitting the gear so that the required fit is
obtained when tha shaft expands on Tewarning to room temperature. These examples should be remembered vhen
constructing models, balances or other fittings where there are close fits and small clearances. On
cocling these clearances could either decrsase and cause a seizure, or increase and lead to looseness and
possible leakage. This can also manifest icself in changes in the clamping force applied to models which
could decrease on cyoling and allow the model to vibrate loose, OT increasa and possidly cause damage.
Reference to Fig. 1. will remind us that these problems are likely t~ be particularly severe whers non-
metallic materials are involved as their total linear contractions are so large.

inally it is worth reiterating the comment made earlier about thermal shock. We have nov seen
that nost non-metals have low thermal conductivities and high expansion coefficients, and we will find
later that many of them also become embrittled at low temperatures. HWe thus have e combination of the
three factors that lead to thermal shock and they are patticulariy sevare if the materials are present in
thick sections and/or cool-down rates are high. Neverthelesa, brittle materials can be used safely at .ow
temperatures 1f enough care is taken. For example liquid hydrogen bubble chambers have plate glass windowe
for viewing ports which are cooled at a rate of a few degrees K per day tc prevent thermal shock. In the
case of viewing ports for cryogenic wind tunnels, it is probably much detter to follew the practice adopted
in the prototype NASA tunnel of adopting quadruple glazing purged with dry nitrogen. This not only
ninimizes thermal shock but it cuts down the heat loss and prevents condensation cn the outer skin. When
purging a rulti-layer sysctem it is impcrtant to ensure that tne purge gas is fed in from the varm sf and
exhausted at the cold face, as flow in the opposite direction is liable to cause condensation on the outer
layers as they are cooled by the cold gas being fed from the inside.

3.  PROPERTIES OF CRYOGENIC FLUIDS

The production of tonnage quantities of liquid oxygen and nitrogen by the fractional distillation
of liquid air is a commercial process that has besn daveloped continuously over almost 100 years. The
availability of liquid nitrogen in tonnage quantities initially came as a bye-product of the requiremeat
for large quantities of liquid oxygen for use in stesel making, rocket fuels and other applications. Liquid
nitrogen is reacdily available and telatively inexpensive and it was this combination that triggered the
intticl development of the prototype cryogenic wind tunnels in the early 1970's. Modern large tunmnels such
as the NTP consume so much nitrogen that a dedicated air separation plant is needed for their supply, the
liquid oxygen now being the saleable dye-product. Although the designer or operator of a cryogenic wind
tunnel does not need to know the details of the commarcial liquefaction process, some understanding of the
basic chermodynamic mechanism of the separation of liquid air into its majcu constituents is desiradle as
incorrect design or operation of equipmsnt thet uses liquid nitrogen can cause the inadvertent production

of liquid oxygen 2nd create a potentially seriocus fire hazard. Rasic aspects of Cryogenic Engineering are
described in references 1l and 13.

3.1 Liquid Air, Oxysen and Nitrogen

The basic propercles of liquid air and its constitients are set out in Table 1 and discussed in
the next two sections.

Table 1 P.operties of Liquid Nitrogen, Air, Argon and Oxygen (Refs. 1 and 11)

Property Nitrogen Alr Atgon Oxygen
Molecular Weight 28 28.8 40 32
Critical Pressure (atm.) 33.5 38.7 48.3 0.1
Critical Temperature (K) 126 132 151 154
Normal Boiling Poiat (K) 77.4  Buddble 78.8, Dew 81.8 87.3 90.2
freezing Point (K) 63.2 - 84 54.8
Liquid Density at Normal 808 876 1402 1138
Boiling Point (kg/m3} :

Specific Gravity of Gas 0.97 1 1.38 1.10
at 288 K and 1 atm.

Yol. Gas @ 288K & 1 atm. 683 730 823 843
/unit vol. liquid @ B.P.

Latent Heat of Vapor- 199 205 161 213
1sation (kJ/kg)

Specific Heat of Liouid 2.038 1.967 1.138 1.699
Cp, (J/kg.K)

Liquid Viscosity 158 163 256 188
(microPascal.sec)

Paramagnetism nons oxygen / § none strong

Colour colourless light blue colourless blue

Oxidizing Power none moderate nons very atrong
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31.1.1 Binary phase diagram for oxygen-nitrogen mixtures

The binary phase diagram detwveen pure
caygen. B.P. 90.” K, and pure nitrogen, B.P. 77.3 90 | o v Tt vy P90,2
N\, is shown in Fig. 3. The composition of
gaseous air is taken as 21% oxygen, 79% nitrogen,
the rinor constituents such as argon being ignored T (K)
for the sake of simplicity. For air the dew poiat
temperature, vhere droplets of liquid start to a5
condanse from the saturated vapour, is 81.8 K.

The bubble point temperature, where bubbles of gas Temper

4+

3
™rer-r-r-rrv.r

start to form in the saturated liquid, is 78.8 K. -ature
The horizontal tie-line drawn at 81.8 K connects = [777777
the composition of the vapour, 21T oxygen-79% 8¢

g

nitrogen, with that of the liquid with which it is

LEEn s N\ ZED Zun som a4

U S VO U S U U T G U S S W {

in equilidbrium, 50X oxygen-50%7 nitrogen, thus d : Liquid
{llusctrating that the liquid is enriched with 77.3 ! .
oxygen. In commercial air separation this . .
enrichment is exploited by re-evaporating the 75 N N S U
liquefied air and allowing the nitrogen-enriched 0 21 50

gas to rise up the column while the liquid Oxysen Concentration (2)
descends and becomes progressively richer in oxygen
as more and more nitrogen evaporates. Figure 3. Nitrogen / Gxygen Phase Diagram

3.1.2 Inadvertent Liquid OXygen (LOX) formation,

It is, hovever, the inadvertent formation of oxygen-enriched liquid that is of m:ch greater
significance to the operator of a cryogenic wind tunnel. If air come -n contact with a surface cooled to
temperatures below 81.8 K, it will condense and form a liquid enriched in oxygen. Subsecuent evaporation
of the nitrogen will further eanrich the liguid until the remaining liquid is virtually pure oxygen. This
can constitute an extremgly serious fire hazard if there are combustible matarials present. All
hydrocarbon-based solids, liquids and gasses are LOX incompatible and the greatest care should be taken to
avoid their presence in an oxygen-enriched atmosphere. If the cold surface is visible and covered with
frost, its temperature is too high to condense liquid oxygen. If it looks wat aad free of frost it 1s
probably because the condensing liquid air has washed any frost away.

Despite its low temperature, liquid oxygen is an extremsly efficient oxidizing agent and many
materials, including some metals, will burn violently if ignited in its presence as the heat released
during combustion is about an order of magnitude greater than the latent heat needed to vaporise the liquid
to gas. Particularly reactive metals such as titanium and magnesium are a hazard aven in the dulk form,
while fervitic and auystenitic steels, aluminium and zinc will burn fiercely when in the finely divided form
of dust or fibres. All hydrocarbons, including ordinary clothing, human hait and tissue as well as many of
the plastic foams and fibres used in insulation systems are LOX incompatible materials. Further details of
the LOX compatibility of plastics materials are given in Tadble 10 of Ref. 5, There are two ways in which
such materials may be used safely. The first is to apply an impervious vapour darrie. to the outside of
the insulation to prevent air ingress. This has the additional benafit of excluding water vapour vhich
might otherwise lead to ice formation and degradation of the insulation material. The second is to ensurs
that the material i{s continuously purged with a dry, inart gas such as nitrogen. In practice these two
technijues are best combined by gas purging the aspsce inside the vapour barrier. A further point to note
is that, although the appropriate measures may have originallv been taken to pravent LOX condensation,
subsequent servicing or modification may result in the incomplete re-estabiishment of an effective vapour
barrier. In other cases, especially where the cperatives have changed, potential hazarcs have arisen when
LOX-incompacible materials have bean substituted for the original, correctly-specified material. A further
potential hazard can arise where control valves are hydraullically actuated if the inevitable fluid leakage
from old installations is aliowed to contaminate the insulation system or, as often happens, is allowed to
saturate the flooring material. The comtination of these ssturated materials and oxygen-enriched air
drifting down from an wmproperly insulated nitrogen-cooled surface would be a serious combustion hazard
should they be Lnadvertently ignited. (Ref, 12).

3.2 Physiological Effects of Nitrogen and Other Safety Considerations

3.2.1 Cold Burms

Despite the apparent contradiction in terminslogy, the physiological effect of the exposure of
human flesh to cryogenic temperatures is similar to that of a thermal burn. The affected tissue dies. In e
controlled form this effect is utilized in cryosurgery to destroy umsanted growths and cancers. Even more
unpleasant effects are caused if moist, bare flesh is held in contact with a very cold surface, for example
an uninsulated pipe carrying liquid nitrogen. The moisture on the skin is frozen hard to the surface and
it may be impossible to relesse the skin wvithout tearing or cutting off the frozen layer. Non-absorbent
clothing should be worn wvhen handling cryogenic liquide and care taken to ensure that any spilled liquid
cannot be trapped inside shoes. Gloves should be dry, non-absorbent and loose-fitting so that thay could
be removed rapidly if liquid got inside. Should a cold burn occur, flowing coid water should be used to
thaw the affected area.

3.3.2 Oxygen Deficlency, Anoxia or Asphyxiation

It is only necessary for the oxygen content of breathing air to fall a few percent below its
normal value of adout 202 for bodily functions, both msntal and physical, to be adversely affected, hence
the use of oxygen oreathing sets for climbing mountains and high altitude flight. Reduction of the oxygen
level tovards about 141 causes anoxaamia which is characterised by an increase in pulse trate, laboured
breathing and difficulty in concentration. At oxygen levels betwmen 14 and 107 the victim is still
conscious but muscular effort causes rapid fatigue and mental processes such as co-ordination and judgement
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deteriorate. When the oxyg : concentration falls below 102 there is e severe risk of asphyxiation and
possibly permanent brsin damage. By the tims the victin realises that something is wrong it may be too
1ate for him to save himself as his suscles will be unable to function and allow his escaps. If the oxygen
level falle below 62 death is virtually insevitable - apparently painless, but nonethaless permanent! It
is, in fact, surprisingly easy to achieve such low oxygen concentrations. Inhaling just a few dresths, or
even one deep breath of pure nitrogen, or any other inert gas, can flush the oxygen out of the lungs and
the lcsa of muscle function can prevent them trefilling even if the victim is Temoved from the inert
atmosphers. Some form of rapid resuscitation would be necessary to restors oxygen to the lungs and allow
possible recovery. A typical scenario for such an accident is where someona opens and inspaction hatch in
a nitrogen-purged vessel, puts his head inside to "take a quick look" for somthing omly to collapes within
a feu seconds because his lungs have become filled with nitrogen. Littls or no wvarning is given by the
body of this form of anoxia. unlike the gradual loss of breathadle air that takee plact in a sealed volume
when the oxygen is not replaced.

Thers are two imporrant areas in which the effects of anoxia can be avoided. Firstly, it is
necessary to be able to detect the presence and extent of reglions of low oxygen concentration. Oxygen
monitors have replaced the traditional canary for this purpose and used correctly thay are irvaluadle.

Care is, however, needed in their location. 1If, for example, they are placed too high up they will not
register a dangerous loss of oxygen at working head hejight. Placed dirsctly over a nitrogen vent or on the
floor below an outlet they will trigger prematurely. Such fales alarma are likely to lead to distruet or
complacency that could prevent operatives from reacting to a truly dangerous situstion. Pits and ducts are
particularly hazardous as cold gasses tend to sink and accumulate at low levels. When using liquid
nitrogen it is essential to maintain a flow of fresh air, often simply by opening the appropriate doots and
windows, to prevent the build up of an inert gas. -

The sacond ares involves the provision of the appropriate equipment for dealing with an
emergency. Particularly important is an advance evaluation of the likely mode and extent of a poasible
spillage and the measures tha: should he taken to sinimize its effect. For example, evacuation routes
shtould be marked and kapt clear. Breathing equipment should be kept handy snd personnel properly tralned
in its use so that they could rezch safety and/or effect rescus even in the eveat of a large spillage and
severe nitrogen build-up. Alternatively, the availadility of a breathing set could allow somsone to temain
safely in the affected atrva tc permit rapid remedial action that could prevent a small incideant from
becoming a najor accident. Thus, althcugh automatic shut-down of pumps and closure of valves should be
designed into a liquid handling system wherever possidle, the ability to close back-up valves manually
could also be an advantage in some situations.

STORAGE AND TRANSFER OF LIQUID N1TROGEN
4.1 Heat-T.ansfer into Cryogeaic Liquids

Energy has to be expended in liquefying cryogenic fluids such as nitrogen and heat influxes need
to be reduced as far as possible in order to minimise the rate at which it re-evaporates. It is important
to tealise that even alter a cryogenic fluid has absorbed enough heat to overcome the latent heat of
vaporisation, additional thermal energy is needed to warm up the gas. Furthermore, the amount of “sensible
heat”, as &> is called, required to warm ¢vaporated nitrogen gas to toom temperature is approximately
equivaient to the latent heat. In good cryogenic design practics this sensible heat is used to cool

radiation shields, encry pipes and other sources of heat-inleaks and thus reduce the net heat flux that is
absorbed by the latent heat.

4.1.1 Insulation Systems

4 schematic liquid nitrogen storage vessel is shown in Fig. 4. and there are three mechanisms by
which heat reaches the cryogenic fluid: conduction, radiation and convection. Consider first coaduction.
This comes mainly from from heac flowing along the load-bearing supports and connscting pipes and it is
minimised by using tnin sections of materials with low thermal conductivities such as glass reinforced
plastics and cold-worked stainless steels, etc. Many non-metallic materials used for thermal insulation at
low temperatures are in the form of finely divided powders, fibres, films or foams and their low
conductivities arise not only from the inhersnt low conductivity of the material, but even more so, from
the poor thermal /‘ontact between adjacent parti:les or layers. Further improvements can be achieved in
powdered or fib~c insulation systems by removing the gas froam between the layers and eo cutting down
corvection losses. In the case of insulating foams, it is important to appreciste the role played by the
P48 OT vapour trapped in the cells. If the blowing gss has high melting or boiling points it may be
pusaible to solidify thia gas ar iow temperatures, reduce convmction within the cells ar” thus improve its
insulation value., However, if the cells are not completely closed, gas or vapour may permeate from the
warm to the cold faces. Not only will this lower the efficlency of the insulation but permsation of water
vapour will break down the cell structure by cyclic freeze-thaw action. As noted earlier, an even more
serious problem can be caused by the permeation of air through imperfect foam insulation surrounding liquid
nitrogen cooled surfaces as this can lead to preferential condensation of 1iquid oxygen and the creation of
a potential combustion hazard. The solution to both of these prodlems is to provide a efficient vapour
batrier on the varm side of the foam to prevent the ingress of gas or vapcur, and this also helps to
ninimise ageing problems. Closed cell foams are widely used for the thermal insulatiom of liquid nitrogen
and other cryogenic systems. They are relatively cheap, efficient and easy to apply, soms deing foamed in
situ. Other types of foam, particularly the extruded type of polystyrens slabstock, have good load bearing
characteristics - in general th strongest foams have the higheet densities and the highest conductivities.

Radiation, particularly the infra-red component, is reduced by the use of heat-shields, which asre
either actively cooled by contact with the evaporated, cold gas or act passivaly by incressing the number
of radiating layers between ambient and and cryogenic temperatures. Absorption of radistion at the liquid
surface is sometimes reduced by e layer of flosting spheres called Kroffels which reduce the arss of liquid
that “sees” higher temperature radiation. In the most effective systems of all, the super-insulants, thin
metallic films intercept the infra-red radiation and chemicsl getters are use to soak up any residual gsas.
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Figure 4 Schematic Representation of Aspects of Llquid Nitrogen Stoxage

4,2 Storage of Liquid Nitrogen

Storage vessels for crydgenic liquids such as nitrogen are not designed to be full of liquid and
about 10Y of the total volume, called the ullage space, ia left above the liquid surface. This space also
all-us liquid to separate out and settle as the vessel is filled and in a typical transfer, once the vessel
is about 902 full, liquid appears in the gas stream venting from the vessel indicating transfer is
effectively complete. Even with an efficient insulation system, thare is alvays & net influx of heat
reaching the cryogenic fluid in its storags vessel and this evaporates gas which collects in the ullage
space. If the heat influx is minimal, stable stratified layers duild up in both liquid and gas with
density gradients that tend to oppose any hatural convection, as inferrsd on the left hand side of Fig. 4.
For larser heat influxes the gas and liquid in comtact with the wall are varmed causing them to rise and
set up separate Convection systems in both the liquid and the gss. Consider first the gas. The walls are
hotter than the gas and so absorb some of its sensidle heat, thus becoming cooled. Correct design should
enable all of the incoming heat flux reaching the unwected wall to be absotbed by the cold gas so that
there is no heat flow down to the wetted walls whare it woyld have to be absordbed by the latent heat of the
1iquid. The warming gas rises by convection in the boundary layst adjacent to the walls and falls agaia in
the centre to flow outwards across the liquid surface sweeping with it the cold evaporating gas, so
completing the convection cycle, as indicated in the tight hand side of Figure 4.

4.2.1 Storage Instabilities

Similar convection cycles exist ia the liquid, with upvard flow in the boundary layer at the
walls and then across the surface whare it absords heat from the counter-flov of gas and evaporstes froa
the surface of the superheated liquid. This surface evaporation, or boil-off as it is often called, has an
irTegular nature and takes place in cells whase locations move over the surface. If, however, the liqid
is left undisturbed for long periods, the boil-off rate decreases and a stadle layer of highly superhsaced
1iquid develops on the surface. When subsequently disturbed, this superheated layer evaporates suddenly,
leading to a rapii increase in the boll-off rate and a tise !n pressure. In smaller-sized storage vessels
the temperature of this superheated layer can sometimes rissz by up to 40 K before explosive bdoil-off takes
place. Condensatlion of 1iquid oxygen or argon in the surface iayer can take place if air can leak iato the
vessel xnd, as these liquide are both hotter and denser than liquid nitrogen, rapid boll-off occurs if the
sutface layer is disturded. It is, in fact, coneidered good practice to stir liquid nitrogen slcwly to
prevent ths build-up of unstadle stratified layers.

4.2.2 Provision nf Relief Valves and Bursting Disks.

in Table 1 it was noted that if 1 1itre of liquid nitrogen wvas evaporated and varmed to room
temparature and 1 atmosphare pressure it would create approximetely 680 litres of gas. If such evaporation
were to take place in a2 enclosed volume the resultant pressure would thus increase to over 600 atmospherss
should the structure de strong enough to withstand such a pressute. In practice no storage vessals,
transfer linas or other componants would be stressed to this level and they would therefore tupture,
possidly explosively. To prevent such s hazard, enclosures that could pcssibly become over-pressurised
have to be fitted with relief valves and bursting disks eet to trigger and vent cthe gas esfely. It should
be noted that the capacity of rhase itexs needs to be adequate to cops with the maximum gas flow rate and
that the bursting disk should be fitted between the enclosure and the telief valve. Vacuum spaces between
the inner liquid container and the extermal ehell must be fitted with bursting disks as a guard against
sudden fatlure of the inner container and consequent ingress of liquid into the insulation. One
spectacular rupture of a cryogenic pressure vessel not fitted with s velief valve occurred in Apello 13 on
its way to the moon vhen an ¢lectric heatar was accidentally left on in the titanium alloy liquid helium
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storage vesssl. Otrier more common csusee irclude the blockage of 11quid hydrogen and helium storage
vessels by the condensatisn and solidificstion of alr and the plugsing of liquid nitrogen vents and iines
b condensed and frozen vater vapour. The lute shewn ia Fig. & fitted in the £111 and dTain line between
the ianer vessel and the valve helps to praver: localised evaporation of iiquid from the warm pipe and the
possibility of blockage due to the build-up of impurities such as dissolved vater vapour ami carbon
dlicxide.

4.} Transfer of Liquid Nitrogen
4,3.1 Removal of Liquid from the Storage Vesssl

There are three principle methods used Lo remove liquid from the ““orage vessal (1) sely
pressurizazion of the inner vessel, (2) externzl gas pressurization and (J) pump traasfer.

The liquid flow rates obtainable with self pressurizaticn are relatively low and this technique
is most frequently used for smaller sized vessels and laboratory scsle applications. Some of the liquid is
vemoved from the storage vesssel and pasiad thrcugh an external vapourising coll where it evapourates,
expands and causes the pressure to lacreasa. This varm gas .3 fed back into Lhe storsge vessel through the
diffuser which, together with stratificaticn in the gas prevents the uvarm gas flowing directly into contact
with the liquid aad recondensing.

External pressurizazion can utilise either the same gas as that liquefied in the storsge vessel,
or a separate, often non-condensable,gas. Considerably higher transfe: rates can be achiaved by external
pressurization together with rapid response times. In the Douglas Alrcraft Company aft blowdown cryogenic
tunnel, liquid nitrogen from a 9000 gallon capacitv -un tank was pressurised to 300 psia using compressed
alr stored in separate tanks. Transfer rztes of 1440 litres/second (300 gallons/second) of 1iquid were
achieved giving a maximum run time of the order of 30 seconds.

Both the 0.3-m TCT and NTF at NASA Langley used pumps to transfer their liquid nitrogen, 3 pumps
being run in parallel wten the maximum flow rates of about 450 kg/sec (5.5x10% 1litres/sec) are neaded by
the NTF. It should be noted that a Net Poeitive Suction Head (NPSH) must be maintained at the pump inlet
{f cavitation is to be avoided. Furthermore as the evaporation rate dutring liquid transfer i{s to low to
maintain the pressure in the ullage space above atmspharic, nitrogen gas has to be Teturned to the ullage
space to prevent possible collapse of the inner veseel.

4.3.2 Transfer Lines

As noted earlier structures with low thermal mass cool more Japidly and evaporate less cryogenic
liquid than those with larger thermal masses and thie is one factor that has to be taken into consideration
in deciding whether to insulate transfer lines ctr to lesve them bare. When liquid oxygen or pressurised
1iquid nitrogen is passed through an uninsulated pips, frost builds up on the outside and tends to insulate
it by preventing convective cooling by the air. If, however the nitrogen is subcooled, condensation of
l1iquid air tends to wash awvay the frost and heat losses are higher. Nevertheless short lengths of baTe
pipe are often used to transfer lijquid nitrogen from delivery tankers to small storage vessels as thay are
cheaper and less cumbersoms than insulated lines. For longer runs and permanent installations transfer
lines are, however invariably insulated. An evacuated double wvalled construction, with or without powder
or superinsulation, is usually favoured for the larger and longer lines and, as noted sarlier some form of
exprrsion joint has to be provided to prevent the 1iid up of tensile stresses on the inner pipe during
cool-down. Flexible foams, with suitable vapour barriers to prevent LOX condensation are frequently used
for shorter, smaller runs.

4,3.3 Liquid Transfer

In a perfectly insulated, pre-cooled pipe cryogenic fluid would dbe tranaferred ss a single phase
1iquid, but in mosr practical cases some degree of two phasa flow is usually present. This can take many
forms depending on whether the pipe is horizontal or vertical, the mass flow rate, pressure drop across the
line and heat inleaks to the lins. In general, stratified flow with the liquid at the bottom of a
horizontal pipe and vapour above it occurs st low flow rates, dut at higher flow rates, shear between gas
and liquid sets up waves or plugs which can completely fill the pipe tith liquid. Under some cigcumstances
annulac flow occurs and this can be beneficial if it can be arranged ‘a such away that thia gas is on the
outside completely surrounding a central core of liquid, as in this case heat inleaks from the pipe walls
will be absorbed by tha seasible heat of the gas not the latent heat of the liquid.

During initial cooldown tha first liquid introduced into a warm pipe evaporates on contact with
the warm sides. This gas then flows ahead of the advancing liquid front precooling the valls as it
progresses towards the outlet, a process that can often take e surprisingly long time. Incressing the
1iquid delivery pressure can be an expensive way of speeding up the procese as lese of the sensible heat of
the gas is uged in pracooling the pipe. Furthermors, a3 the evaporated gas occupies & much greater volume
than the liquia, gas velocities can be vary high and frequently the flowv is chokad at the exit during
practically the entire cocldown and leaves at sonic velocity. If, however, the flow resistance in the pipe
ts large it may be impossible to make the 1iquid front advance more than pertially along the pips such that
liquid never emerges from the other end and a zero delivery condition is obtained. The usual solution to
such & problem is to modify the line by installing a sufficient number of intermsdiate venting points to
allow the liquid front to be advanced nrogressively by venting from these intermediate points until liquid
emerges and ther moving on sequentially to the next vent point. Unpredictable two phase flow thrcugh the
liquid nitrogen injectors of e cryogenic wind tuanel can aleo create prodlems with its temperature control,
particularly if the condition does not occur evenly with sll injection positions. One design that
overcomes this prodlem is to feed 31l injectors from a circular “ring-main” of liquid as this prevents
vapour building at any particular location. .
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Control of nitrogen flow through the injectors is achieved using servo-controlled valves, digital
valves being used in the Q0.3-m TCT but the more corventional gate and globe valves being preferred for the
NTF. Rapld and accurate control of the liquid flow is obtained whan the systin is cold, but .are should be
taken duting cool-down to pravent rapid opening or clasing of valves that allow liquid to enter warm areas.
The sudden bulld-up of pressure from the vaporising liquid could lead to pressure surges and even flov
reversal, with the risk of damage to pumps and othet equipment in the line. Even emargency vent or stop
valves should be arranged so as to operate over a few seconds rather than slamming shut.

5.  STRENGTH AND TOUGHNESS OF METALS AT LOW TEMPERATURES

Cne of the principal design requirements of any piece of equipment is that it should hav~
adequate stiffness, strength and toughness to withstand safely any load or stress that may be appliad to
i{t. Operation at lovw temperatures effectively increases the requirement for adequate toughr>es at the
operating temperaturs, as virtually all materisls are both stiffer and stronger at lovw temperstures thsn an
ambient. A load-braring structure must, therefore, be able to cope with not only the static and dynamic
stTesses whish can be predicted for normal operation, but also tne thermal shocks it may be subjected to on
cool down, the thermal stressas {nduced by differential expansion during wvarming and cooling cyclas, as
well as the accidental overstresses or impact loads that it may receive in tho presencs of the scratches
and dents it is liadble to suffer during service.

Most materials are designed to operate within their elastic limits and typical stress and
deflection formulse require the use of appropriate values for the elastic constants such as the Youngs,
Shear and Bulk modulii{ and Polssons ratic. Fortunately, the elastic constants are telatively insensitive
to structure variations such as changes in grain size, the degree of cold workirg, heat trestment and small
compositional variationa etc., while decressing the temperature in general incresses Youngs modulus by
abeut 10I between 300 K and 80 K. Accuracies greater than about 11 are rarely requized in the calculations
normally used to avoid buckling failure (elastic instability) or excessive elastic deformation ( jamming)
and thus values taken from the literature can be used with a reasonably high degree of confidence. The
c.sign problems created at ordinary temperatures by the relatively low modulil of aluminium alloys when
compared to either aussenitic o, ferritic steels are also encouatered at lov tempesratures where stiffness
is important, for example, where shell . nding is a significant design limitation, as in a ¢ lumn subjected
to a lateral air flow loading. Iu such cases, the higher modulli offered by, for example, the austenitic
stainless or 97 nickel steels would allov either stiffer structures for the same section or thinmer
sections for the same stiffness.

Yield and plastic deformation in metals are processes atrongly influenced by their structure and
conditicn to such an extent that accurate predictions arve difficult and experimentally determined data
inve uable. General classification of their properties is bast started by considering their crystal
structures, rost metals and alloys having face-centred-cubic, body-centred-cubic or hexagonal-close-packed
lattices. Of these the face-cunt ed-cubic metals are greatly to be preferved for low temparature use as
almost without exceptiorn their strengths, ductility and toughness all improve as the temperature falls,
thus making them idesl for crycgenic applications. F.c.c. copper-, nickel-, and aluminium-besed alloys,
together with Invar and the austenitic stainless stsels ave, in fact. the metals mos: widely used for the
construction of equipment operating below about 150 K. Of the hexagonal-close-packed matals only magnesium
and titanium are used in significant quantities below room temperature, the high specific strengths offered

by titanium alloys being particularly attractive for certain specialised applications in the aerospace
industry.

It is the body-centred-cubic group of metals that offer the greatest challenge but uwhich
constitute the greatest risk as they almost all undergo a transition from duct’le to brittle behaviour at
some temperaturs, usually below ambient. Furthermore, small changes ia their chemi - 1 composition, gratin
size, the degree of plastic constraint brought ahout by a notch or flaw, and even the rate at which a load
is appiied, can 3ll have a marked effect on the delicate interrelaticnshin betweer strensth. tuughness and
the temparature at. which the ductile-to-brittle traneformation occurs. As, however, “he economically
irreplaceatle ferritic steels have b.c.c. structures, thelr use at luw temperatures nnot de precluded and
it is necessary tc define tha temperature and stress limits to which a certzin grade, thicknees and
condition of steel may be safely used. These limitations are traditionally lald down by codes of practice
issued by independent bodies such as the American Soclety of Mechanical Enginsers, government agencies such
as the British Standards Institution, locsl or national insurance agencies or even state regulatory
authorities, and thure are very few load bearing structures which can be built without conforming to one or
more snuch codes. Thare is alsc, however, an incressing and very welcoms tendency towards backing up these
codes by a sclentifically rigorous fallure analysis based on the concepts of fracturs mechanics - & study
of the resistance offered by a material to the continued propsgation of a crack nucleating in the vicinity
of a sharp coack., Such analyses are also applicable to high strength alloys with f.c.c. and h.c.p.
structures, as well as to the rate at vhich cracks propagate during fatigue and so constitute @ powerful
analytical technique which the aerospace industry in general was quick to davelop and exploit.

The mechanical properties of materials at low temperatures are considered in detail in References
5, 7, 14 and 15, while data is presented in References 16 to 19.

5.1 Face-Centred-Cubic Metals and Alloys

Although some copper and nickel based alloys are used for particular applications in cryogenic
vind tunnels, the quantities involved are small and they are best considered in the next lecture in the
contaxt of their use in model construction. It is only aluminium alloys and the austanitic iron-based
alloys that are likely to be used in significant quantitias.
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Figures S(a), (b and (¢). The Mechanical Properties of Aluminium and its Allovs at Low Temperatures.

5.1.1 Alurminium Alloys

It is instructive to start by considering tha properties of pure aluminium becsuse it shows very
clearly the basic characteristics of f.c.c. metale which makse them so useful at low temperatuies. In Fig
S(a) a series of engineering stress-sirain curves are shown for aluminium and soms of 1ts alle= ° :Zed at
and below 300 K. The following festures should bde¢ noted from the curves for pure aluminium

i) Yield is a gradual process and the yleld stress is only a weak function of tempers

i11) The strain hardening rate (slope of the stress-strain curve after yleld) , the vliimace tansile
stress (maximum point in the curve) and the total plastic elongation all increzse as the tampevature falls.
Thus the metal becomes botk stronger and more ductile at low temperatures essentially because it is able to
accommcdate 2 greater degree of strain hardening before the onset of necking (plastic instabdility).

ii1) The large drop off in measured stress between the caset of necking and final faliure is
indicative of a large reduction in area and hance a very ductile type of fracture at all temperatures.

In Figs 5(b) and (c) the data is cross-plotted to show more clearly the temperature dspendence of
the yleld and tensile strengths and the elongation. It is the combination of increase in ductility and
tensile strength, together with the rslative temperature-insensitivity of tha yield stress that is the
definitive characteristic of face-centred-cubic metals and slloys which makes them so eminently sultable
for use at low temperatures. It is brought about by their ability to sli; and deform tu prevent the build-
up of high stress concentrations at the tips of cracks and fiaws.

Pure aluminium has high electrical and thermal conductivities and it has replaced copper in many
instances where these characteristics are required. Its alloys are widely Lsed where moderately high
strengths combined with high toughness and low density are necessary, such as in vosd and rail transporters
for liquid gases, as well as 1n static liquid storage tanks. Aluminium alloys may conven’‘ently be divided
into two groups according to the basic metailurgical strengthening mechaanism involved: (1) the solution-
hardened alloys, which are very ductile but only moderately strong in the annealed staie (although their
strengths can be improved by cold working), and (2) the precipitation-hardenable types, which can be heat
treated to give conolderadly higher str._.igths.

Of the solution-hardened typea, those containing menganese as the main alloying addition (3000
series) have only moderate strengths, but they are very ductile and hence easily formed. Type 3003 is used
for tubes, bends, junctions, plate fin heat exchangers, tube plates and trays, a3 well as in distillation
columns and many ocher applications. Their role in hest exchanges arioces largely because they can be dip-
brazed in molten salt baths using sluminium-silicon eutactic alloys. They can also be extruded and cut
with roller cutters, characieristics which are advantageous for voluma production. They can be cold-worked
for higher strengths, but, as they are so often used in the wselded ¢ Drazad condition wvhere these
advantages would be lost, it i3 more usual to use one of the higher-strength alloys whers necessary.

The aluminium-magnesium alloys (5000 series) have higher strengths than the 3000 serias and they
are widely used for the construction of land-bssed storage tanks, road and rail transporcers and for the
primary containment of liquid natural gas in ING ships. A series of stri:.s-strain curves from tests at
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300, 195 and 77 K on a 5083 alloy is also shown in Fig 5(a) It can be seen that the yleld stringths are
higher than thos: of pura aluminium but still relatively independent of temperature. The strain hardening
rate is also higher and beccmes still more s at lover temperatures 80 that both tensile strength and
elongation improve at lov temperature3 and thue the alloy 1s ideal for low temperature use. Type 5083
alloy is, in fact, the largeet-tonrage ailoy in cryogenic service larsely dus to its comdination of
moderately high strength with excellsnt weldabilicy. Gas-metal-arc and tungsten-metal-arc systems have
been used to weld plates up to 175 mm thick; even in the as-velded condition its full streneth is retained
thus giving it an advantage over the hi;ner stre.gth 2000 and 7000 heat-treatable alloys if poit-weld heat
tieatment is not possible. Additisnal stzength can be achieved in the 5000 series alloys by cold-rolling
but the corsiquent loss of ductility is not always accdptable. Most of the internal atructuis ¢f the NT¥
is fabricat(Jd in 5C)0 series alloys. The contraction, test section, high spe«s.d ai.ffuser and upsctream
nacelle are made from welded 5083, as in the non-cryogenic operating mode thas temperatures of these parts
does not exceed 66 C (150 F). Tais !s the maximum temperature at which $J€J can 2 operated continuously
in a highly stressed state while z-olding the possibility of grain-boundary stress c~rrosion. Due to the
Lncrease in temperature of the gas stream created by the power of the fan, which zan be as much as 14 C (25
F) at the high power amclent temparaturs operating condition, those sections betweaa it and the coolirng
coll, the cownstream nacelle, shrouds and rzpld diffuser, are made of type 5454. This alloy can be used
safely at the higher temperatures out, as its yleld stresys is about $0X of that of 5083, chicxer sections
are nacessarv.

Aluminium-megnesium-silicon alloys (60.. series) have che lowest strengths of the heat-treatable
rypes and. in general, they are the only ones used outside the zeroapace industry. Type 6061 in the Té
condition ls stronger than the 3003 and 5083 alloys bu. its strength in the as-velded conditica drops below
that of the golution hardened allcys. It is generally available in the forms of pipe, pipe fittings,
extruded tubing snd other shapes. Stress-strain curves for 6061-T6 sre also shown in Fig 5 (a) and it can
be sesn that their shapes differ from :hose of pure aluminium and the solution hardened 5083. The yieid
stresses of 6061-T6 are higher and more temperature dependent and the strain hardening rates are lowar.
The tensile strengths do not greatly exceed the yield strengths and elongations ars spaller at all
temperetures than for 5083. Nevertneless, the mechanical properties of 6061-T6 make it suitable for
cryogenic applications and ii was used for construction of the prassure shell and internals of the NASA
LaRC 0.3-m TCT.

The aluminium-copper alloys (2000 series) have higher strengths than the Al-Mg-Si types but their
toughness, especially thelr notch toughness, begins to fall seriously at lov temperaturs ard they are not
widely used. Moreover, they are often considered to be less (say to weld relidbly. Nevertheless, welded
type 2014-T6 was employed in the construction of the iquid-oa-gen and liquid-nitrogen fuel tanks for the
Saturn V Rocket where its high strength/weight ratio proved advsntageous.

The final series of stress strain curves in Figure 5 (a) is for one of the very high strength
aluminium-zinc-magnesium heat-truatable allcys, 7075-T6. As may be seen, very high yield atrengths are
attainable at and below room temnerature. However, {t is also appavent that the ductility, which is
already rather low at room temperasrure, falls even further at low tampervatures. If the samples were
notchest and/or loading rates higher, the picture would appesr even blacker as these very high strength
alloys nave low notch-toughness and are thus rarely used below room temperature. They do, however, preovide
a2 convenient example cf how a very high strength alloy, even with an f.c.c. structure, can have such a low
fracture toughness is to make it necessary to use fracture techanica analyses for safe design. Even though
the alloy does not fail by cleavage, slip is suv inhidited . the metallurgizal process used to cieate its
high strength that it is no longer able to deform easily ai. . reduce stress concencrations at the tips of
cracks and flavs.

53.1.2 Austenitic Stainless Steels

Thie is one of the most important class of materials used in the construction of equipment fo:
o. ‘*»tinp at low temperatures. Tie face-centred-cubic gamma phase of iron is normally only stable at high
terr zratures, but the addition of alloying elemerts such a» nickel, mangarnese, carbon and nitrogen
suppresses the gamma-alpha transformation and ¢nables the austenitic gamma phase to be retained to room
temperature and below. The gamma structure i4, hovever, only metastable and under certain conditions of
stressing and/or cooling a partial transformation to martensits can take place in some of the less highly
‘1loyed stenls such as type 304. Two martensite phases are formed having h.c.p. and b.c.t. structures
.espectively, and it ie the b.~.t. form which leads to an increase in stiength ut lo¢s of toughness in the
transfcrmed state. Furthermore, b.c.t. martensite i3 ferromagnetic ard its presence i{s a severe
disadvantage in applications where magnetic fields are present. Finally, to make matters even worse, the
transformatior. {s accompanied by a volume expansion which can spoil the fit of accurately machined
components such as shafts and flanges.

In general, the most stable :"eels are those with the highest nickal contenzs such as the 25-Cr,
20-N{ type 310 wrought alloy and the analogous casting alloys CK20 and Kro.arc-55. One disadvantage of 310
is its rather low yield strength of about 200 MPs at room tesmperature, but {f some loss of ductility can bde
tolerated this may, however, be rauised to about 500 MPa by cold working without either a significant drop
in toughness or transformation to martensite. Because of its high nickel content type 310 is more
expensive than other 300 series stainless steels and it i1s somewd *~ more difficult to obtain in & wide
tange of product forms than the more popular alloys. In moet ~ther 300 series austenitic stal .ess steels
some degree of rartensitic transformation may be induced by stressing or thermal cycling. The
ferromagnetic na ure of b.c.t. martensite allowvs its existence o be established very simply by the use of
a srall pocket magnct, while a somevhat more sophistizated. and hence expensive, variastion on this theme
uses s calibrated spring balance to measure the force required £o remove a tagnet from the surfuce 0. the
sample.

In a series of exper.ments carried out by the international dickel Company, the magnetic
permeability of a series of austenitic stzinless steels was measured befors and after cold rolling at 300K
and 77 K. It was found that type 310 showed no transformation while type 301 wes strongly affected by both
treatments. The samples of 316, 321 and 347 showed an incTeasing tencency to transform during cold rolling
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but vere relatively unmaffected by thermal cycling. Type 304, one of the most widely available of all the
austenitic staiiless steels, has the greatest variability in its tehaviour because small decreases in the
carbon and nitrogen cortents can be very harmful as both slements are strong austenite stabilisers. It is
therefore worth noting that the recently developed 'Hi-prcof' grades of 304, 316 and 347 which contain 0.2%
nitrogen to increase their yieid strengths by about 70 MPa, will also be very much more resistant to
nartensite transformation than the normal grades. In coatrast the lov carin grades ¢ 304 used t¢ prevent
weld decay will be least Tesistant to martensitic traasformation! When the nitrogen bearing grades 304N,
316N and 347N Secome more readily availadle in the product forms required, they will offer probably the
best combination of pr partias available for lov temperature applications from any austenitic stainless
steel and their use should be encouraged. Regrettably, they are, at present, difficult to odtain in small
quantities and in forms other than sheet and plate.

A further point worth noting from the results of the International Nickel Company experiments
cencerns the effect of thermal cycling. If the ferromagnetic nature of a partially martensitic 300 series
steel 1s not a drauback for a particular application which demands good dimensional stability, it is
possible o ensure t-at transformation is complete before final machining. This may be achieved by cycling
repeatedly between 300 K and 77 K, if necessary taking measurements after each few cycles, until no further
significant dimensioral changes occur. Further corsideration of dimensional imstability, particularly in
the coatext of wind tunnel models, will be given in the next lecture.

Type .04 is the most readily available of the austenitic stainless steels and the low carbon
welding grade 304l was used for the outer pressurs shell of the NI™ Under normal operating comditions the
outer shell is unlixely to be cooled more than a few tens of degrees bdbelov room temperature, due possidly
tc lccalised degradation of the insulation. Furthermore, should some malfunction lead to the build up of
liquid nitrogen inside the shell, the inherent toughness of the austenitic structure ought tc ensure that
no enbrittlement protlems would be encountered.

$.2 Body-Centred-Cubic Metals and Alloys

As a general rule metals witn b.c.c. crystal structures undergo a ductile-drittle transition
which occurs at some temperature which may be above 2r below room temperature. There are a few exreptions,
but for practical purposes the potentially brittle nature of b.c.c. metals at low temperatures puts a
severe limitation on their use. Hovever, they cannol be disregarded as they include the whole range of
carocen. low-alloy and nickel sreels which are ecsnomically irreplaceable for the construction cf equipment
operating at moderately low temperatures. The basic philosophy behind their successful application lies in
ensuring "hat they have adequate toughness at their minimum operating temperature for them to withstand not
only their design stresses but also accidental impact and other overloads without fall'=g in a dbrittle and
catastrophic manner.

5.2.1 The Ductile-Brittle Transformation in Ferritic Steels

One manifestation of the ductile-drittle transformation in low-alloy ferritic steels can be
odserved ir zne sharp decrease in the tensile elongation that occurs at the transition temperature. A much
oore realistic indication of the seriousness of the problem is, however, obtalned frum the tough-dbrittle
transformation measured by the decrease 1n the impact energy absorbed in Charpy V notch tests carried out
over the transicion temperature range. For a plalin carbon steel the toughness transition takes place at or
above room temperature, whereas the ductility transition occurs at some 220 C lower. About half of “his
drcp can be accounted for by the very much higher st.ain rates involved in an impact test, as ferritic
steels are highly strain rate sensitive. Thus in practice ferritic steels should not be subjected to sharp
blows or ir; = loading when they are dbelow their toushness transition. The remainder of the decrsase is
due %o the presence of the stress concentration at the notch roct, an indication of the importance of
avoiding sharp corners and minimising stress concentr-tions. Small variations in the depth or sharpness of
the notch alsc account for much of the scatter in tne i1mpact enargies measured over the transition range.
in general most metallurgical and other factors which strengthen the material, e.g. cold work, increased
allcv additions, precipitation hardening, etc., also ‘ower 1ts toughness. The only exception to this rule
is the action of grain refinement as this .ncreases both the strength ard the toughness. Inceed grain
refinement is one of "he most important methods of obttain'ng toughness :r farritic steels at low
te-petratures, and this is achieved in part by increasing the manganese concentration relative to that of
caroon, high Mn/C raiios giving finer grained structuras. The degiee to which rhe steel 1is deoxidised, or
killed, by the addition of silicon and aluminium is also important, fully-killed steels bLeing tougher, but
more expensive, than semi-killed sieels. Niodium and vanadium ave also added to high grade steels to
produce additional grain re‘inement, vhile caraful centrol of the aluminium, nitrogen and vanadium
concentrations can lead rot only to enhanced grain refinement but also to precipitation hardening by their
resultant nitrides and carbides.

It {s, however, the nickel allcy steels that are most widely used at and below 220K. In Britain
2.25, 3.5, and 97 N4 steels are -eadily available and these grades adequately span most required
temperature ranges. 2.25%1 N{ steel i{s used down to 210 K, particularly for equipmsnt handling liquid
propane at 230 X, whils 3.51 M steel down to 170 K and is commonly specified for :.nks. pipes, and other
applications involving liquid ethylene., ethane, acetylene and carbor dioxide. It is, in fact, also often
employed for higher-temperature applications because the additional safety margins given by its higher
toughness compensate for irs marginally higher cost compared to 2.25% Ni steel. A SI Ni steel is also used
quite widely in Europe at temperatures down o 150 K, particularly in the fabrication of welded vessels for
the hanoling and stotrage of liquid ethylene. The use of 91 nickel steel in thicknesses up to 50 mm and at
temparatures down to 77 K without post-weid heat-treatment has been sllowed since 1962 under ASME code case
1338. This steel is availadle in ooth (1) the quenched and tempered, and (2) the double normalised and
tempered conditions, (1) havirg a marginally higher yleld strees and lower ductility at room temperature:
it is unusuai in that post-weld heat treatment actually lowers its toughness and this treatment .s
therefore not recummended. It is the only ferritic steel permitted for uwe at 1liquid-nitrogen temperatures
and it is economicaliy competiiive for the construction of latge storage tanks for 1liquid nitrogen, oxygen,
argon and methane. Its high proof-stress/tensile-stress ratio gives it a distinct advantage if design on
the basis cf proof-stress such as BS 5500 is permiasible, but even when designing to tensile-stress codes
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it is still @ very economical material. It ls readily welded, bdut fillers with the same compasition as the
parent metal must not be used a3 such welds lack adequate toughness. Austenitic 252 Cr-201 Ni consumables
give tough welds with expsnsion coefficients that match those of the parent metal, but vhose strengths are
lswer, whereas the higher-strength Inconel types have missatching expansion coefficients and this can cause
high contraction stresses to be set up during thermal ~ycling. Thus neither type of electrode is ideal and
furthermcre thait high cost detracts somevhat from the favourable economics offered by the parent metal.

It should be noted that 9% Ni sceel, like other high-tensile steels, is particularly prone to hydrogen
emdrittlement and thus precautions have to be takem to prevent hydrogen pick-up during welding or in
service. A special high quality veraion of 91 Ni steel wvas used for tha fan shaft of the NIF, Tha
possibility of using the siandard ailoy for the pTessure shell must alsc hive been considered seriously as
1t would have been a cost-effective alternative to the 3O4L stainless steel eventually chosen, the relative
availabilities of the quantities and product forms required probably being one of the deciding factors.

5.2.2 Cryogenic Wind Tunnels with Ferritic Steel Pressure Shells

it should de noted tha" there are in fact a number of cryogenic vind tunnels in operation in
which the pressure shell is made of mild steel and similar low alloy steels with tough-brittle transitions
near roon temperatuce These may be divided into two categories, the first being blow-down tunnels or
recirculating tunnels with short juty cycles. In these cases the tuanels are lined with a relatively thin
layer of some form of durable insulation that can be siven a clean aerodynamic profile. The thermal
characteristics cf the t:nnel are analysed to establish that the thermal diffusivity of the insulation is
low enough to prevent the walls from cooling stgnificantly during the cold period of the tunnel duty cycle.
The second type >f tunnel ia typified by the tunnel at Tsukuba University. Japan. Here tha internal
insulation is much thicker and the tunnel operates coantinuously. Thermocouples are used to sense the
temperature of the insulation layer ad)acent to the inner surface of the pressure shall and heaater tapes
are available to orovide local heating should it be necessary to ensure that the wall temparature does not
fall below its tcugn-brittle zransitien.

5.3 Fracture Toughnesxs and Zrack Prupagation

In most materials the presence of a notch or flaw has an emdrittling effect due to the stress
concentrating effect at tne Tip. Modern theories of Linear Elastic and Gensral Yieding Fracture Mechanics
(LEFM) and {GYFM) can relate the fracture strength and criticsl €lav size to the Fracture Toughneas of the
material, Ke. In a simplified form the bdasic relationship ias:

g = Kc /[nl*O.S( K¢ /0’.’ )1]&
whare o is the fracture stress, K. the fracture toughness, o7y 1s the yleld stress and 2 is the
critical crack length. Note particularly the temm (X, 103‘9 , as it gives an indication of the amount
of piastic deformation that takes place in the material ahead of the advancing crack. If o is small,
(Xe fomg ) 18 large and there 1s a large plastic zone ahead of the crack tip. Relatively large amounts of
energy are absorbed in tearing through this zone and crack propagation is therefore made more difficult.
In contrast, if o5 1s large, (X¢ /oy ) is relatively small, the plastic zone size is also small and
little energy is absorded by shear deformation. Furthermore, we have already seen that the yield stresses
of many alloys increase quite rapidly as the tempsrature falls. Thus to maintain the same relationship
between fracture strength and critical crack sice the fracture toughness would have to increase in
proportion to che yield stress. This does not happen in many high strength alloys and as & result the
critical crack size decreases and they become incressingly notch drittle. Unfortunately the fracture
toughness of a <ateri:" ‘= 1ot only highly dependent on its physical and mechanical condition but also on
ity thickness and even sample width., Neverthaless the application of the concepts of fracture mechanics
have provided a better understanding of fracure behaviour in high strength alloys and 3 firmer basis for
design to prevent low energy absorbent fraccute.

Tt is ccnvenient zo divide materials into the value of the ratio of the tensile modulus to the
vield strength, /oy . If E/05y is less than 150 the material has such a high strength that critical flaw
sizes are low ard load-dearing structures rmust be designed using fracture =-.ghness analyses. If E/ogy is
greater than 150 the raterial is low strength and only those bcc metals such as ferritic steels that fail
ty cleavage lack Zoughness. Medium strength materials fallirg between thes: 1imis at room temperature can
becore effectively high strength materials at low temperatures because of the viee in their yield stressss.
Fracture mechanics analyses are catrried out for many of the high strength materials used in various
cryogenic wind tunnel applications including the support stings, balances, models and other components that
are highiy stressed at cryogenic cemparatures. Fracture toughness is considered further in the next
lecture and selected values for Kc at 300 and 77K are given in its Appendix for many of the alloys likely
to ba of use for these applications.

5.4 Time-Dependent Failure

A3 has been shown, the fractute stresa of @ material ie strongly influenced by the presence of
cracks and flaws. There are three principle mechanisms by which such cracks may form or intensify duting
sarvice: (1) fatigue, (2) corrosion (especlally-stress corroeion and corrosion-fatigue), and (3) hydrogen
embrittlement. None of thest is a specifically low-temperature phanomencn, indeed the fatigue lives of
many metals increase considerably at lovw temparatures, while the rates at which most corrosion Teactions
take place drop rapidly as che temperature falls - tather they incresse the probability of unstable failure
under service conditions which would normally be considered satisfactory. Thelr effect is tuns rasult of
one or more of the following factors: (a) they lower the toughness of he matarial, (b) they provide a
mechanism whereby s crack suatpens and increases the degree of stress concentration, or (¢) they allow a
sud critical crack to grov at stresses below the gross yield streas until it reaches the critical length
required for unstable propagation.

S5.4.1 Fatigue and Thermal Fatigue
Fatigue failure occurs in materials subjected to cyclic or fluctuating stresses which may or may

not be superimposed on stacic applied stresses. 7allure under such loading conditions can take place at
stresses which are very much lower than the rensile or yleld stresses even in materials vhich are notmally
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considered to be tough and ductile. Fatigue musL therefors de considered as ¢ possidle mode of failure in
any plece of lov-temperature equipment sub)ected to cyclic loading ov vidtration (for example, pumps, motors
and turbines), or to periodic changes in pressure (transfer lines, storage vesssls, and other process
plant). The severity of the problem may be indicated by the estimate that sbout half the failures
encountsred in genecal engineering practice are caused by fatigue. Fatigue tests cartied cut at low
temperatures have shown that fatigue lives of most metals rise considerably as the temperaturs falls. It
has already been demonstratcd that the tensile stresses of most metals increase as the temperature is
lowered and it has been found that there is a strong correlation between fatigue strength and tensile
strength; indeed, experiments have shown that in some matals the ratio of the endurance limit at 1C

cycles to the tensile stress is virtually independent of testing temperature.

Thermal fatigue is of particular relevance to cryogenic plant, such failures having occurred in
regenerators after a large nuabar of temperature reversals, and in heat exchangers and other components
after a relatively small number of warming and cooling cycles caused dy plant shut-down. The basic cause
of this type of fatigue is the high stresses and straine that can be set up during thermal cycling if
temperature gradients are non-linear or if free expansion and contraction are restricted by external
constraints. In this type of low-cycle, high-strair fatigue, small amounts of plastic deformation take
place during each loading cycle and cumulatively lead to failure. Such fallures wvere in fact eacountered
in the early operation of NASA LaRC O.3-m TCT where "spoke-like” aluminium struts veres rigldly sttached to
the tunnal pressure vessel and to central “hub-like™ structures. Subsequent redesign using PTFE cushioned
“T* slots at the central hub attachment points allowed fres thermal expansion of the spokes and elisination
of the stressss that caused thermal fatigue.

Pre-existing flaus, notches, cracks, badly radiused corners and other surface defects have a
strong influence on fatigue lives, causing them to drop sharply at all temperatures even in materials which
are rot normally considered to be notch sensitive. This is usually a result of the increase in stress
intensity brought about by the sharp fatigue cracks and it is particularly severe in high-strength
alumintum allcys. titanium, and stainless steels which are known to be notch sensitive. As noted earlier,
it is possible to apply the concepts of fracture toughness to crack growth under cyclic applied stresses
and many data compilations (e.g. Ref. 18) show the relationship between crack growth rete dafdN as &
function of stress intensity factor range A K. Predicted component lives are then obtained by calculating
how many cycles are required to increase the flaw size from its initisl to the critical value. Ia genersl.
fatigue crack zrovth tates decrease at low temperatures for most metals normally used for the construction
of ctyogenic equipment. In contrast they incresse for ferritic steels at temperatures below the ductile-
brittle transition.

Corrosion fatigue can be a problem vith some low temperature equipment particularly if it is
frequently cycled hetween lovw and ambient temperatures. In the presence of even mildly corrosive
environments large reductions in the endurance limits can occur even though the amount of metal corroded is
negligible. Some aluminium alloys are especially prome to corrosion-fatigue, ordinary moist air causing
some deterioration, while salt-laden atmosphares sre particulsarly harmful. Premature failure has been
known to occur in air separation plants locatea ®7 the ses or near chemical plants and if such conditions
are liable to dbe encountered it is necessary to apply & protective coating to the metal or to specify a
material such as stainless steel, which is less susceptible to this type of fallure.

S.4.2 Corrosion and Embrittlement

These are two mechanisms by which fallure can occur without warning long after the initial
application of the stress and they can cause failure at low temperatures even though the actual corrcsion
or embrittiement is more likely to have taken place at c- adbove room tempersture. Stress-corrosion
resulting from internal residual stresses is liadle to occur in drass, aluminium. magnesium, titanium, and
steel as well as scme non-metals. It is usually prevented by annsaling at a temperature high enough to
remove the residual stresses without weakening the material. Hydrogen embrittlement is a particular
problem in high-strength steels such as 92 Ni steel. The hydrogen is usually absorbed during pickling and
plating processes or during welding, and, although the hydrogen can sometimez de removed from steels dy
baking at 350 C, it is better to prevent its initial plck-up where poasible.

6. STRENGTH AND TOUGHNESS OF NON-METALS AT LOW TEMPERATURES

Non-metallic materials have much mcre complex structures “han metals and the amorphous and
microcrystailine structures typically found in glasses and cetamics slmost invariably make them brittle
because they are unable to accommodate the plastic deformation neeced to relieve the high streas
concentrations which bulld up around small flaws. They are thus much stronger in compression than in
cension but are rarely used in the bulk form even under compresszive loadings because thelr poor thermal
conductivities and consequent liability to thearmal shock make them liable to shatter. However, in the
finely divided form of fibres, powders, films, foams and expanlied granules they are widely used for thermal
end electrical insulation at low temperatures.

6.1 Ceramica and Glasses

Glasses and ceramics have amorphous structures and they are unable to deform plastically and
relieve sttess concentrationa caused by microcracks in their surfaces. They fail in tension at relatively
low stressas at all temperatures and thelr use in bulk form at lov tamperstures is limited. Glase Dewar
flasks are, however, still used for storing small quantities of cryogenic fluidas and largs plate glass
windows are employed as vieving ports in cryogenic budble chambers. Cireful tharmal annealing to remove
surface cracks and residual stresses is assential for these applications, while thick sectione have to be
cooled extremely slowly to avoid fallure due to differentisl contraction or thermal shock. Ceramics and
glasses ave stronger in compression than in *ension because the microcracks are propagated by tensile
stTesses and residual compressive stresses are often induced in the surfaces of glass plates to toughen
them. In a similar manner concrete structures, which are slso drittle in tension, can operate
satisfactorily at low temperatures if kept in compression and large liquid-natural-gas storage tanks have
been constructed in which the concrete is maintained in compression by steel reinforcing rods placed in
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tension arount the uarmer outside of the tank. The liquid nitrogen storage tanks for the University of
Tsukuba cryogenic vind tunnel 're also made of concrete lined intermally to minimise the evaporation rate
and keep the tension roda in the varm part of the concrete. For applications such as the floors of loading
bays for road tankers transpotrting cryogenic liquids, it has been found that nigh-alumina cemants such as
Ciment Fondue are muc.. more resistant to shattering by thermal shock than is ordinary ‘ortland cement.

6.2 Thermoplastica and Thermosets

Polymeric materiala can be divided basically into two structural categories: the thermoplastics
and the tlermosets. The long chain molecular structires of thermo-plastics give them mechanical properties
which are strongly dependent on the temperature and rate at vhich they are stressed. Furthermore, an
increase in their intermolecular forces over a temperature rangs known as the glass transition, which may
be above or below ambient, means tha: most thermoplastics undergo a reversible transition to a glass-
brittle staie in which they are unable to deform plastically. As their glass transition temperatures are
all above 150 K there are no thermoplastics which exhidbit any really significant degree of ductility delow
this tempecature.

Thermosetting polymers have a network structure which Tenders them brittle and they are thus
rarely used in .he unfilleg st . However, wvhen comtined¢ with suitable fillers their toughness is greatly
improved and phenolic-impregn:ted cloths and papers (such as Tufnol and Paxolin) zre particularly useful
for the fabrication of load-bearing, electrically-insulating fitments. The i{nclusion of powdered glass or
ceramic powders reduccs the brittleness of un-filled resins while the incorporation of glass or carbon
fibres and cloths in epoxy resin mattices gives the high performance compositas to be considered in section
6.4.

Materials selection becomes even more complicated if these materials are needed in applications
where liquid oxygen (LOX) is present, as virtually ail hydrocarbon-based polymers are incompatibdle with LOX
and burn violently in its presence. The polysulphides, silicones and fluorosilicones are more LOX
compatible, but it is only the fluorocarbons that are completely satisfactory in this respect.

6.2.1 Thermoplastics of Particuiar Interest for Cryogenic Wind Tunnels

Applications of major interest for wind tunnel models will be considered in the next lecture.
Here we will consider thermoplastics in their roles as seals and adhesives. Correctly designed fittings
are important if leak-tight joints aie to be made at low temperatures. As long as no dynamic stresses are
involved, sacisfactory seals can be obtained from elastomers, even vhen they are beiovw their glass
transition. In otder to achieve this aim. very large compreseive strains are imposed at room temperature
so that the elastomer is able to exert sufficient force to offset the decrease in load caused by the
contraction which takes place as it goes through its glass transition. The most satisfactory results are
obtained using confined compression designs in vhich a follower on one flange squeezes the O-ring into the
bottom of a matching groove in the face of the other flange, as well as into the clearance space between
groove and follower. The 0 rings are typically compressed by about 802 of their original ~ameter and are
thus not re-useable.

The fluorocarbon family of polymers, polytetrafluoroethylene (PTFE, TIfF, Teflon), the fluorinated
ethylene/propylene copolymers (FEP), and polychlorotrifluorcethylene (PCTFE ~  F), are the only materials
which retain any measurable ductility (approx. 11) down to 4 K. This is a rea of their unique molecular
structure in which crystallites are formed having a tight spiral formation of f.uorine and chlorine groups
which are unable to pack closely together, th s preventing the material from having a .trong glass
transition. Although these materials are not elastomers, thelir adility to undergo enough plastic
deformation t¢ form a satisfactory seal makes them invaluadle for use st temperatures down .5 4K. They do,
hovever. suffer from i tendency to cold flow unde * conti.uous load, and seals are thus liadble to leak
unless the load can be increased to compensate for rhe cold flow. Filled-PTFE compositions have been
developed to overcome this problem, glass-fibre dei=; most commonly used for O-rings and gasxets, while
graphite, bronze and other powders are also used for bearing applications. Glass fibre improves the
tensile and compressive properties of the materials, while the PTFE gives it sufficlent ductility to
accommodate plastically the strains developed. Furthermore, the thermal contraction of the composite is
reduced from the high value characteristic of unfilled PTFE, so that the expansion of the composite is more
compatible with that of metals, thus making joint design easier. The confined compression designs of
flanges are also to be preferred for use with fluorocarbon seals because they minimise the deleterious
effacts of cold flow.

In the NASA LaRC 0.3-m TCT many large and small diameter seals are made using “Gortex". This is
3 low-density form of PTFE created by a proprietary process that iavolves stretching the material to about
10 times its original length without reducing its diameter. The material has been found to be particularly
suitadble for the demountadle seals on the plenum cover of the 2D test section. Although “Gortex” is not
intended for re-use, it has been found that it is not necessary to replace the gaskets each tims the cover
is opened. An altermative approach is to use spring- or pressure-assisted seals. In spring-aseisted seals
a metal backbone spring provides the sealing force and helps to compensate {or dimensionsl changes during
cocl-down, while the PTFE coating forms the actual seal with the mating surface. A "U" ghape cross section
seal vwith a type 302 stainless steel spring and PTFE coating was chosen for the NTF, the “U” shape section
alloving the use of gas pressure to improve sesling efficiency. It was also found that the surface finish
of the mating surtace was important, a 0.8 um (32 uin) RMS finish being acceptadle, and that treatment of
these surfaces with FEP or TFE tapes or lubticants improved sealing efficiency.

Thers are many applications in which metal-metal, metal-plastics or plastic-plastics adhesive
joints are advantageous. For example, brackets, clips and other attachments can be donded to pressute
vessels without creating the stress raisers that would otherwise be csused dy welding or other conventional
techniques, while corrosion-free joints between diseimilar metals can be obtained if thneir surfaces are
kept apart by an electrically non-conducting adhesive. At room temperature, adhesives ate usually abdble to
deform sufficiently for any stress concentrations to be relieved, bdut at low temperatures their modull
increase consideradly and make this much less likely. Contraction and other stresees have to be ainimizec
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and the key to the successful development of structural adhesives lies in the use of fillers that match the
expansion coefficients of the adhesives as closely as possible to those of the substrate and the adherenc.
They also tedistribute tharmal stresses throughout the adhesive instead of concentrating them at the
adhes! ve-substrate interface. Even so, the thermal conductivities of most adhesives are lovw, and
tempeta.ure differentials betveen them and metal substrates can cause failure from thermal shock if the
glue line is not kept as thin as possible. One \ay of achieving this is ts use a °"structure’ or ‘carrier’
between adherent and substrate. This 13 usually a thin layer of glass fibre mat which allovs the adhesive
to penstrate and vat the filaments., thus forming an even bond as well as reducing the differential

contra “ion between adhesive and adherent. It also has the further advantage of reducing creep at ambient
temper.iure in adhesives such as the polyurethans pastes, vhich in other vespects are among the most
successful adhesives for lov-temperature applicstions. Other types include the epcxy-nyloans, nitrile
modified phenolics, epoxy-phenolics, and fluorocarbon-epoxy-polyamides.

6.3 High-Performance Composites

High performance composites are formed by the incorporation of glass. carbon or Kevlar fibres in
matrices of thermosetting polymers such as epoxy resins. For most aerospace applications their attraction
lies in theii high specific strengths and stiffness, and these characteristics improve at low temperatures
but not, perhaps. 3o narkedly as those of matals. One major interest in glass-reinforced plastics for low
tenperarure applications comes, as noted earlier, from their very high strength/thermal conductivity ratios
which make them ‘deal for use as load-bearing, thermally-insulating supports.

As the reinforcing fibres are stronger and stiffer than the matrix, they support the greater part
of the applied load and the streagth of the composite is determined by the length, orientation, and
concentration of the fibres. 50-60 per ceant of fibres by volume are typical maximum concentrations unless
filament-winding techniques are used. Tensile strengths of 270-420 MPa are typical of room-temperature
values and these increase gradually to about 480-700 MPa at 77 K. Their modull are less temperaturs
dependent, increasing by adbout 10-20 per ceat on cooling from 300 K to 20 K, while their toughnass, as
measured by impact or notched tensile tests, shows little significant variaction over this temperature
range. These are quite high strengths by most standards, and when the low density of glass-fibre-
reinforced plastics (GRP) i3 taken into consideration, it car be seen that their spacific strengths are
extremely high.

Tensile rests carried out on specimens laminated from a single thickness of woven cloth show a
change from a high initial modulus to a lowar secondary modulus at a load equivalent to about 13-15 per
cent of their ultimate load-carrying capacities. If the specimens are examined at this stage they can be
seen 1> be fyll of microcracks and the material is nov porous and unable to retain vapour or liquids. The
root of this difficulty lies in the failure of the bond at the fibre-matrix interface in those fibres that
have a large stress component Tesolved perpendicular to the fibras. The strength of this bond s about 12-
1S per cent ot the corposite strength parallel to the fidres. Hence the material ha. become porous long
before it has developed its full potential strength and its electrical properties are also degraded.
Factigue failure also develops by fibre/matrix debonding and resin cracking at stresses lower than those in
comparable static tests. ‘here fatigue loading is expescted, design stresses are usually taken as about
one-tenth of the composite failure stress.

Class filre reinforced composites also have other drawbacks. Static fatigue, which is a
characteristic failure mode in bulk glass and unreinforced thermo-plastics, can also occur in GRPs if
nolst « is able (o penetrata the fibre matrix interface, although this failure mechanisam does not cperate
1f . . composite is maintained at low temperatures. A more serious difficulty lies in the highly
anisotropic nature of their mechanical properties, reinforcement being much more afficient in a direction
parallel to the fibres than parpendicular to them. Cross-plying the lamination allows two-dimensional
reinforcement, “:t strengths and mudull are reduced compared to those attainable parallel to the fibres.
If the orientati.n of successive plies is varied from layer to layer, this anisotropy can be reduced and
nore homcgeneous properties obtained. This type of laminated structure was utilized in the construction of
the NTF fan bdlades. Two different types of woven E glass cloth pre-impregnated with an epoxy resin were
laii up at predetermined orientatisns and oven cured to consolidate the laminate and fully cure the resin.
Other fibreglass structures used in the NTF include pultrusion sections used to fix the foamed glass
insulation belween the inner aluminium liner and outer stainless steeal pressure shell. Further
applicaticns ot high performance composites will be considered {n the next lecture.

7. MAURIAL PROCUREMENT AND QUALITY CONTROL

It should be noted that the construction of cryogenic equipment is subject tu the same economic
anstraints as any other large technical project, in that the total ccst of each stage or component nceds
to be considered when alternative materials are being considered. Thus, to the cost of the dasic material
needs to be added the cost of the appropriate forming, joining and fadbricatlior processes, inspection and
quality contiol, possitle rework and final finishing. It is almost invariably a false economy to purchase
material for demanding technical applications at ‘vock-bottom' prices as the resultant 'savings' frequently
lead to subsequent costly problems, or even rejection of the component. The additional costs incurred in
ensuring that a project starts off with top quality materisl are s worthwhile premium to psy for avoiding
the problers iikely to arise from the use of poor quality material. It is recommended that the ultimate
use of ~omponent, and possibly the intended fadrication route should be made known to the mstertals
suppilers when quotations are being sought so that they are awars of ths problems that might arise if
tayget specifications are not met. Furthermore, it has often baen found that ‘misunderstandings' are kept
“J & minimum L€ the project enginesr makes contact with a technical Tepresentative of the suppliers to make
him avare of the project requirements, rather than just leaving the purchasing department to progress the
order.
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In this lecture the author has tried to bring out the philosophy that cryogenic engineering ia a
mature technology that has much to offer the field of asrodynamic testing through use of the cryogenic wind
tunnel. It is. however, important that those without @ thorough grounding in cryogenic engineering shoyld
make an effort to beflfit from accumuylated experience on the correct say to handle cryogenic fluids and the
best materials to us in the construction of equipment for operation at cryogenic temperatures. To this
end, particular emphasis has been laid in this lecture on those aspects of cryogenic enginsering that have
a direct bearing on safety, in the delief that if potential prodlems can be understood, it is less likely
that actual problems vill be encountered. Used with care crycgenic fluids such as liquid nitrogen can
bring aignificant scientific and technical advantages. MNisused, the cost could de injury. or even death,
of those directly or indirectly involved.
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