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PREFACE

Ix preparing this book an attempt has been made to survey briefly
the specific effects of pressure upon physical processes taking place
in liquid and gaseous systems. It will be found that nearly all the
characteristic properties of a fluid come under review, and the ground
to be covered is, therefore, extensive, and some selection and con-
densation have been necessary.

In view of the rather specialized nature of the subject it has been
thought advisable to emphasize the experimental aspect and to
devote several chapters to the design of high-pressure plant and
equipment and to the methods of measuring high pressures. The
calculations of the stresses and strains set up in the walls of pressure
vessels are dealt with fully and it is hoped that sufficient detail has
been given to enable any one with the necessary basic scientific
training to embark upon high-pressure work with a reasonable degree
of security.

There follows an account of the pressure-volume-temperature
relationships of gases and a discussion of the equation of state prob-
lem. A review of recent compressibility work is given together with
a summary of data relating to the volumetric behaviour of the more
important gases and their binary mixtures.

A chapter upon the liquefaction of gases has been contributed t -
my colleague Dr. M. Ruhemann.

The use of enthalpy-entropy and temperature-entropy diagrams
in the design of compressors and of gas circulating pumps is
described. The concluding part of the book deals with the dielectric
properties and refractivity of gases and with the viscosity and com-
pressibility of pure liquids and of aqueous solutions of salts, alkalis,
and acids.

Numerous tables of data are given in the text and in Appendixes.

The reader will find that, in spite of much progress in the last
few years, there is still a serious lack of fundamental data of all
kinds relating to condensed systems. For this reason, and in order
further to stimulate interest in this important field, particular
attention has been paid throughout to the description of apparatus
and experimental methods. Much of the contents of the book is
taken from original papers published during the past few years, but
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frequent quotations are given from the earlier classical papers on the
subject, and every care has been taken to present both old and new
viewpoints in their proper perspective.

In conclusion it is a pleasant duty to express my thanks to the
many workers both in Europe and America who have accorded me
permission to make the fullest use of their publications. I am
particularly indebted to Professors P. Bridgman, F. G. Keyes,
A. Michels, I. Masson, and to Drs. Beattie, Bartlett, and Dr. and Mrs.
Deming, whose work constitutes such a valuable contribution to this
branch of Physics.

Acknowledgements are also due to the Councils of the Royal
Society, the American Chemical Socicty, the American Academy of
Arts and Sciences, the Faraday Society, Messrs. Longmans, Green &
Co., Ltd., and to Messrs. John Wiley & Sons, Inc. (Fig. 77) for
permission to reproduce illustrations from their Proceedings and

publications.
D.M. N.

IMPERIAL COLLEGE OF SCIENCE
AND TECHNOLOGY, LONDON
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PART I

THE DESIGN OF HIGH-PRESSURE PLANT AND
THE MEASUREMENT OF HIGH PRESSURES

I

THE PROPERTIES OF MATERIALS USED IN THE
CONSTRUCTION OF HIGH-PRESSURE PLANT AND
EQUIPMENT

It is proposed in this and the succeeding two chapters to describe
the various methods by which cylindrical vessels may be constructed
to withstand high internal pressure, and to indicate the theoretical
basis for computing the magnitudes of the stresses and strains set
up in their walls both as the result of the method of construction and
of the imposed working pressure.

Although, in general, the stresses concerned will not exceed those
corresponding with the tensile and compressive elastic limits of the
material, in some instances ‘over-stressing’ as a factor in construction
will have to be considered; and it is necessary, therefore, to have some
knowledge of the behaviour of materials over a wide range of condi-
tions, including those in which permanent deformation and even
rupture may occur. At present, the cause of elastic failure is not
known, and the mathematical theory of elasticity is confined to the
limits within which Hooke’s law is obeyed; but from empirical results
in the regions of ‘slip’ and ‘yield’ it is possible to modify the physical
properties of a material in & known manner and to make use of such
residual effects as ‘self-hooping’ in cylinder construction.

The elementary requirements of a material to withstand the com-
plicated system of stresses due to high pressures are (a) high elasticity
and (b) a degree of plasticity which finds expression in the terms
ductility, malleability, and toughness, and which enables high
stresses to be sustained without danger of sudden fracture or frag-
mentation. The data upon which these properties are assessed are
provided by the standard tensile, extension, bending, hardness, and
impact tests familiar to engineers. The tensile and extension values
give a measure of the elasticity, and the bending, hardness, and

impact values a measure of the plasticity; the results taken as a
4544 B



2 MATERIALS USED IN CONSTRUCTION

whole enable an estimate to be made of the safe working stress in
the material under test.

The selection of a suitable material is, however, governed by a
number of additional factors of which the more important are the
size of the projected plant, the working temperature, and the nature
of the process for which the plant is required. Considerations of
cost also make it expedient to employ, where possible, commercial
products which are readily obtainable in the form of forgings, rolled
bars of various section, and seamless tubes.

A brief description of some of the more important materials avail-
able is given below.

The Low and High Carbon Steels

Under this head are included those steels containing up to about
1 per cent. of carbon, 0-5-1 per cent. of manganese, and traces of
silicon, sulphur, and phosphorus. The best-known representative of
the low carbon steels is mild steel. This material, made by the acid
or basic open-hearth process, has a moderate tensile strength at
room temperatures, and good ductile properties. Itisused extensively
in the construction of gas-containers, air-receivers, pipe-lines, and
commercial cylinders for the storage of liquefiable gases. The
chemical composition and physical properties of the steel recom-
mended by the Gas Cylinders Research Committee (Fourth Report)
for the latter purpose, are as follows:

Chemical Composition:
Carbon . . ' . 0-2-0-25 per cent.
Manganese . . . 0-456-0-75 per cent.
Silicon . . . not to exceed 0-2 per cent.
Sulphur . . . not to exceed 0-045 per cent.
Phosphorus . . . mnot to exceed 0-045 per cent.
Iron . . the remainder.

Physical Properties, after heatmg to between 860° and 890° C. and cooling
in still air:

(a) The yield-point (i.e. the point at which the extension of the test-piece
increases without increase of load) should be not less than 17 tons per sq. inch.

(b) The ultimate stress should be between 28 and 33 tons per sq. inch.

(¢) The elongation of the test-piece should be not less than 15 per cent.

By increasing the carbon content there is a progressive increase
in tensile strength accompanied, however, by a decrease in ductility;
and the high carbon steels, even after careful and consistent heat
treatment are liable to unexpected variations in plasticity which are
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not always revealed by the usual mechanical tests. For this reason
they have been largely replaced in recent years by nickel- and nickel-
chromium steels.

It should be mentioned, however, that a 0-4 per cent. carbon
steel has been recommended by the Gas Cylinders Research Com-
mittee (First Report, 1921) for the manufacture of commercial
cylinders for the ‘permanent’ gases, and experience now extending
over upwards of fifteen years has shown it to be quite satisfactory
for this purpose. The chemical composition and physical properties

of the steel in question are specified as follows:
Chemical Composition:

Carbon . . . 0-43-0-48 per cent.
Manganese . . . 0-50-0-90 per cent.

Silicon . . . not to exceed 0-30 per cent.
Sulphur . . . not to exceed 0-045 per cent.
Phosphorus . . . not to exceed 0-045 per cent.
Iron . the remainder.

Physical Properties, after heating to between 820° and 850°C. and cooling in
still air:

(a) The yield-point should be not less than 20 tons per sq. inch.

(b) The ultimate stress should bo not less than 40 tons per sq. inch.

(¢) The elongation should be not less than 14 per cent.

The carbon steels readily oxidize on heating in air and tend to under-
go structural changes when maintained for long periods above 400° C.

Nickel-, Nickel-Chromium, and Nickel-Chromium-Molyb-
denum Steels

Steels containing varying small percentages of nickel or of nickel
and chromium have a much better combination and range of elastic
and plastic properties than have the high carbon steels; in particular,
the regularity with which the results of heat treatment can be repro-
duced and the absence of ‘mass-effect’, even in large forgings in
which the rate of cooling is comparatively slow, are qualities which
recommend them for pressure work.

The effect of the addition of nickel to a steel is to improve the
tensile properties, each 1 per cent. up to about 5 per cent. giving rise
to an increase of 4,000 to 6,000 lb. per sq. inch, approximately, over
that of the corresponding carbon steel. The addition of chromium
increases the strength and hardness of the steel without materially
increasing its brittleness; it tends, however, to increase the suscepti-
bility to brittleness on prolonged heating at high temperatures, in
which respect it differs from nickel.
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The use of nickel and chromium together results in a general
improvement in physical properties; the nickel appears to strengthen
and toughen the ferrite matrix of the steel whilst the chromium tends
to toughen the carbide (cementite and pearlite) constituents. The
relative quantities added should be so adjusted that the increased
susceptibility to brittleness on prolonged heating due to the chromium,
is balanced by an opposite effect due to the nickel; the optimum
ratio is found to be Ni: Cr = 2-5:1.

The commercial ‘high’ and ‘low’ grades of nickel-chromium steel
contain approximately 3-5 and 1-5 per cent. of nickel and 1-5 and
0-6 per cent. of chromium, respectively, the effect of the higher pro-
portions being to improve the plastic properties without very much
altering the tensile strength.

On prolonged heating at temperatures between 250° and 500° C.
nickel-chromium steels are liable to a form of embrittlement known
as ‘temper-brittleness’, the effect of which is to diminish sensibly the
ductility of the metal as measured by the ordinary impact tests.
The magnitude of the change in a typical instance may be seen from
the following data in which a 3-38:0-6 Ni-Cr steel is compared with
a 3 per cent. nickel steel:

- | Impact test,
0, y
Composition, % Embrittling Je.-1b.
C [Mn| Ni | Cr Heat treatment treatment beforeé after

0-25 | 0-48 | 3-05 | 0:03 | Normalized at 800°-850° C. \ Maintainod | 25, 27, 16, 17,
Oil-hardened at 830°C.; }

at 450° C.
0-60 t_em!)ored a‘t 659‘_’ C. iff{r 100 hour&t t‘f4,._56 } 7, 9

0-28 | 0-65 I‘ 3-38

Nickel-Chromium-Molybdenum Steels

The addition of molybdenum to a nickel-chromium steel is found
to eliminate the susceptibility to temper-brittleness and to counter-
act the softening produced by tempering. The change in properties
with increase in molybdenum content is progressive but the optimum
effect is obtained by the addition of not more than about 0-5 per cent.

The chemical composition and physical properties of a typical
steel of this class are given in Table 1 [1].

The data in Table 1 relate to small forgings and are the results
of short-time tests carried out at room temperatures; it must be
emphasized that they give little indication as to the behaviour of the
material at high temperatures.
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TABLE 1

Chemical Composition: C = 0-27, Ni = 2-55, Cr = 0-68, Mo = 0-62,
and Mn = 0-57 per cent.

Heat treatment
Tempered Physical properties

§ : ¥, 5 . - ® €3 § 2

. (<) : g8 R 5.8 3 8
S| O | B |8 85 8E 8 1500858

° s ~ 8 o o3 S 3 5 $ 3 $
Fe 08| ¢ |E2)3E e |35 P (f8s
25008 | & | SE|FF 8|8 |FY B EE
SE | & | B | RS |~ NS R 85| <l |NEE
900 600 2 b5 62-6 67-1 19 58 326 38
900 650 2 44 50-0 56-1 24 67 273 56
900 670 2 41 45-0 52-0 25 57 249 60
900 ! 700 2 23 36-4 53-0 24 58 244 | 60

Average modulus of elasticity = 13,000 tons per sq. inch.

To harden nickel-chromium-molybdenum steels they should be
heated to between 830° and 850° C. and, after soaking, quenched in
oil. They should be withdrawn from the quenching bath after a
time depending on the mass and, for most purposes, should be
immediately tempered by heating to between 550° and 650° C., the
actual temperature being determined by the ultimate tensile strength
and other physical properties desired. To avoid distortion, cooling
from the tempering temperature should take place in the furnace. A
big increase in tensile strength, accompanied, however, by a loss in
ductility, may be obtained by hardening and immediately tempering
at a low temperature in the region of 200° C., preferably in an oil bath.

A detailed account has been given by F. E. Smith (Proc. Inst.
Mech. Eng. 133, 139 (1936)) of the treatment of large forgings used in
the Billingham Plant of Messrs. Imperial Chemical Industries, Ltd.,
for the production of petrol by the hydrogenation of bituminous coal
at high pressures, from which the following passages are taken:

‘The manufacture of the steel and of the forgings is inspected at all stages,
and in collaboration with the steel-makers a report is prepared covering the
melting of the steel and the casting of the ingot. After the core has been
removed, the ends of the hollow billet or ingot are sulphur-printed in order to
ensure that the top and bottom croppage has been adequate and also to ensure
that the hole made by the removal of the core has been sufficient to remove all
the central weakness present in the original ingot; in addition, any laps,
surface cracks, &c., are also removed. The latest developments in the produc-
tion of such large hollow vessels tend towards a method of forging whereby the
original ingot is not allowed to become cold until a considerable amount of
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forging has been done on it and the first opportunity to carry out sulphur
printing and inspection occurs when most of the forging has becn done.

‘After all forging has been completed the forging is rough-machined and is
heat-treated ; from the users’ point of view, it is most important that the heat
treatment shovld be absolutely correct, sinco the resistance of the vessel to
hydrogen attack and general service conditions can be appreciably diminished
by any errors in temperature control during the trecatment.

‘After heat-treatment, and before final machining, test-pieces are marked
out and stamped at each end of the forging. Tensile, bend, and impact test
specimens are taken from various parts of the wall thickness in a transverse
direction relative to the main direction of hot working. The broken test-pioces
are sectioned and examined microscopically as a further check on the heat
treatiment and on its uniformity.

‘In addition to these tests, certain parts of the forging may be macro-etched
to ensure that the material is free from undue segregation.

‘After final machining is complete the vessel is assembled for hydraulic test.
This consists in bringing the complcte assembly up to a pressure of 13 times the
working pressure and taking measurements of the circumferential and longi-
tudinal strains and of the volumetric stretch, as the pressure is increased to a
maximum and then decreased to zero. Pressure-deflexion curves are plotted
and these should show, of course, that the forging has undergone no permanent
sot during the test.

‘The complete record of each forging thus obtained is not only a safeguard
against accidents, but enables the special features of each vessel to be corre-
lated, giving the best possible guidance with regard to the use of vessels in
particular duties and showing whether service conditions are affecting the
forging in any way.’

The Effect of Overstrain on the Properties of Steel

For some purposes it is necessary to overstrain steels and to make
use of the residual stresses set up as the result of the permanent de-
formation due to the overstrain. If a load-extension test is made on
a sample of high tensile steel by a recording apparatus which applies
the load continuously and magnifies the extension some 100-fold, a
diagram similar to that reproduced in Fig. 1 is obtained. The tensile
‘limit of proportionality’ or ‘elastic limit’ is given by OE’, the ‘slip’
range by EA, the true ‘yield’ range by AB, and the ‘semi-plastic’
and ‘plastic’ ranges by BC and CG@, respectively. It will be noted
that, in the yield range, there is an increase of extension without a
corresponding increase of load and the stress-strain release to no
load after overstrain (CD) is nearly elastic; OD measures the per-
manent set produced by the overtensioning load OC’. A diagram
similar in all respects to Fig. 1 is obtained if a compressive instead
of a tensile stress is employed.
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By using a pull-push recorder the behaviour of a specimen when
subjected to a tensile followed by a compressive stress can be studied.

cf --_.!' .................. ¢ .

£f--§

Yild ! Semi- plastic zone

zone

R e L L T Ty g 6, 9
SR il

Load

] ]
Ok__ Permanent set ——— 0 .
Extension

F1c. 1. Load-extension diagrams for alternate tensile and compressive stresses.

+

Tension

Load

- Extension

Compression

Fia. 2. Load-extension diagrams for high tensile steel.

The diagram in Fig. 2, which relates to a typical high tensile steel,
indicates that when stressed beyond its elastic limit, it has practically
no compressive elasticity and no compressive yield; it is also evident
that the permanent set may have either a positive or a negative value
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according to the relative magnitudes of the applied stresses. In
general, high tensile steels have the same elastic limits in tension and
in compression and the phenomena of slip and yield are very similar;
the modulus of elasticity has also the same value in tension and
compression and is unaltered by overstressing.

To take a specific example [2] we may consider the behaviour of
a nickel-chromium-molybdenum steel of the following chemical com-
position, when subjected to overstrain: carbon = 0-23, silicon = 0-11,
manganese = 0-57, phosphorus = 0-03, sulphur = 0-03, nickel =
2:46, chromium = 0-68, and molybdenum = 0-62 per cent.

Test-pieces were cut from a forging of the steel, oil-hardened at
830° C., tempered at 550°C., and quenched in water. The original
tensile properties of the specimen were as follows:

Elastic limit . . . . 39-5 tons per sq. inch.
Yield-point . . . . 433 ’s .
Stress at maximum load . 528 . .
Elongation . . . . 14-8 per cent.
Reduction of area . . . 578 »

Average modulus of clasticity . 13,100 tons per sq. inch.

On applying a tensile stress sufficient to overstrain the metal and
cause a permanent set of about 3 per cent., its resultant tensile
properties were: :

O-;m;zaim Resultant properties
E

-3" ° - “ -
£ | % £ | B ;8 Y 2
AR BEELRE LES EIE B gs <
58 §\3 S| 48 |58 & 3 3
TR TS

Specimen | 3§ | A% | RE | RS |af8| AR | &5 | 958

1 460 | 270 | 51 . 13,100

2 460 | 355 | .. | 493 | 518 | 113 | 525 ..

The effect of the overtension is to lower the original elastic limit
and to increase the original yield.

The elastic properties of the overstressed metal can be largely
restored by a subsequent low-temperature heat treatment. Thus, on
heating a number of overstrained specimens of the above steel for
one hour at 200°C., their resultant properties were found to be
modified as shown in Table 2.
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TaABLE 2

The Effect of Overstressing a Nickel-Chromium-Molybdenum Steel
Jollowed by Low-temperature Heat Treatment

Overtension Resultant properties after heat treatment
3
5 s |3
¢ $ . : s S 3
gl |Fe|fs| il g 8¢
S 2 = s §_ ° B _§ N. g § 5e ™ g *
§F | fa | $8 | 28 58 % | fas
. Se ET 8 By lfsw E. |38 B3t
Specimen | 38 | 48 | RS »,..§ HES| R | K5 | I8
3 43-0 0-58 43-7 455 .. 13,100
4 43-0 1-08 .. 47-9 51-1 12-8 57-8 .
5 48-0 4-47 49-8 54-9 .. .. .. 13,100
6 48-0 5-36 .. 56-6 57-1 52 495 ..
7 49-9 6-90 52-4 57-5 .. .. .. 13,100
8 49-3 7-02 .. .. 60-1 .. 52-2 ..

The above data show that the original elastic limit has been in-
creased to at least the value of the overtensioning stress, whilst both
the original tensile yield and the stress at maximum load have been
increased; the percentage elongation, on the other hand, has been
reduced. The effect of overtensioning followed by heat treatment at
200° C. upon the plasticity of the metal is shown by the following
comparative Izod impact test figures:

Overtensioning

stress, Average Izod impact figures,

tons[sq. in. St.-lb.

0 64-2

44-3 40-3

460 36-3

48-0 29-7

50-0 258

In a similar way a low-temperature heat treatment of an over-
compressed steel restores its tensile elasticity, although not to its
original value.

According to Macrae [2] the optimum temperature for the low-
temperature heat treatment of an overstressed steel varies with the
type of steel (see table on p. 10).

A knowledge of the behaviour of steels on overstressing is necessary
in the construction of cylinders by the ‘auto-frettage’ process, and
the method by which the resultant stresses and strains are calculated,
will be described in Chapter III.

4544 o



10 MATERIALS USED IN CONSTRUCTION

Optimum temperature
for a low-temperature
Composition, treatment of 1 hour,

Material % °C.
Mild steel . . C=102 200
High carbon steel C = 03-04 250
Cast steel . C =026 376
Mn = 1-28
Nickel steel C = 0-36 250
Ni = 3-72
Nickel-chromium stoel C = 0-25 330
Ni = 375
Cr = 0-55
Nickel-chromium-molybdenum-steel . C =023 400
Mi= 246
Cr = 0-68
Mn = 0-57
Mo = 0-62

The Effect of Heat upon the Properties of Carbon and Alloy

Steels

The results of short-time mechanical tests indicate that, in general,
the elastic properties of metals are adversely affected, and the plastic
properties are improved, by increase of temperature. Thus, mild
steel which has a moderately high tensile strength (an ultimate
stress of about 30 tons per sq. inch) and a high ductility at room
temperature, tends to become brittle at liquid air temperature and
to lose most of its elastic strength when heated to about 500° C. The
change in properties on heating is often accompanied by a change in
structure; in carbon steels, for example, there is a tendency to
spheroidization of the cementite on prolonged heating above 400°C.,
and many stainless steels lose their corrosion-resisting properties
and undergo a coarsening of grain in the temperature range 500°-
850°C. [3].

All metals exhibit the phenomenon of ‘creep’ at sufficiently high
temperatures and their strength, as indicated by tensile tests,
depends upon the time they are under stress, varying from a maxi-
mum value approximately equal to the ultimate strength as given by
the normal rate of loading, for short periods, to a minimum value
approximately equal to the limiting creep stress, for long periods.
The limiting creep stress curve may, therefore, be considered as the
true ultimate strength curve where high temperatures of long dura-
tion are concerned.
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The ‘pearlite’ steels, which include all the commercial structural
steels, have very low limiting creep stresses at temperatures above
450° C., and lose practically the whole of their elastic strength above
600°C. The addition of nickel does little to improve their creep
properties, but chromium has a definite beneficial effect and when
present to the extent of about 5 per cent., combined with 0-5 per
cent. of molybdenum, in a low carbon steel, the resultant material has
over twice the strength of the corresponding carbon steel at 540°C.

The ‘martensitic’ chromium steels containing from 12 to 14 per
cent. of chromium have excellent corrosion resisting properties and
a comparatively high creep strength, but their ductility is low and
they show a tendency to grain coarsening on prolonged exposure to
high temperatures. They may be hardened and tempered, and are
therefore useful for the construction of valve parts and the like.

The best refractory metals are the ‘austenitic’ stainless steels
containing varying high percentages of nickel and chromium together
with, in some instances, smaller percentages of tungsten. These
alloys possess relatively high limiting creep stresses up to 600°, satis-
factory resistance to oxidation up to 900° C., and stability of structure
at high temperatures [4].

The data contained in Table 3 show the stresses necessary to pro-
duce a uniform rate of creep in various types of steel, at temperatures
between 350° and 600°C. [3].

TaABLE 3

Stresses necessary to produce a Uniform Rate of Creep at Various
Temperatures

Stress in lb. per sq. in. lo give

a rate of creep of 0-000001 in.

per in. per day at the follow-
ing temperatures, °C.

Chemical composition, 9%,

Material C |[Ni| C |Mo | V Si | W ! 350° 450° | 550° | 600°
Mild steel | 020 .. .. .. .. .. . | 22,500 | 14,500 | 4,500
Ni-Cr steel | 0:30 | 38| 095 .. .. .. .. | 31,000 | 9,000 | 1,000
Ni-Cr-Mo

steel 0-28|365| 087({024] .. .. .. | 56,000 | 33,5600 | 2,000 | .,
Cr-V stoel |0-35 | .. .13 .. |0156] .. .. | 85,000 | 22,5600 | 2,000} ..
Cr-Sisteel {061 .. | 832( .. .. | 282 .. | 53,600 25,500 | 4,500
martensitic

steel 027 .. (1400 .. .. .. .. | 49,000 | 27,000 | 4,500
austenitic

steel 0-16 { 801800 .. .. .. |08 .. 14,500 | 6,500 | 4,600
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It will be of interest to consider, in a little more detail, the
behaviour of a typical heat-resisting steel at high temperatures, and
for this purpose we have selected a material having the following
chemical composition:

Carbon . . 046 per cent. Chromium . 14-00 per cent.
Silicon . . 120 ,, ,, Tungsten . . 3569 ,,
Manganese . 109 ,, Sulphur . . 0028, .,
Nickel . . 26-60 ,, Phosphorus . 0026, .,

Short- and long-time tensile tests upon this material gave the
results summarized in Table 4 [5].

TABLE 4. Tensile Properties of a Nickel-Chromium-Tungsten Steel at
High Temperatures

Short-time ten.wilej teéis_
Ultimate Reduction of | Estimated limiting

Temperature, stress, Elongation, area, creep stress,

°C. tons/sq. in. % % tons|sq. in.

15 458 335 42-5

500 40-9 27-0 33-0 ..

600 347 22.0 29-0 11-0

700 25:1 21-0 28-0 6-0

800 17-3 390 430 20

A set of strain-time curves for various stress values at 700° C. are
reproduced in Fig. 3. It will be seen that for stresses above 7 tons
per sq. inch the rate of creep increases with time, and the curves
terminate abruptly with the fracture of the test-piece. The rate of
creep for a stress of 7 tons per sq. inch, on the other hand, is very
nearly constant, and the conditions correspond closely with those for
the limiting creep stress.

The best method of applying such data to design is still open to
question. The limiting creep stress is a somewhat indefinite quantity
depending, amongst other factors, upon the sensitivity of the
measuring apparatus and upon the condition of the sample in respect
of heat treatment; and it is frequently necessary to employ in practice
much higher working stresses. The problem then becomes one of
estimating the maximum rate of creep that will give no more than
a certain permissible deformation during the lifetime of the part
concerned.

It must also be borne in mind, when designing pressure plant, that
we have to deal with a complex system of stresses which may give
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rise to creep conditions differing from those due to a simple axial
tensile stress. In the case of a cylindrical vessel subjected to an
internal hydrostatic pressure, for example, it has been shown that
the resultant creep resembles that given by a tube under torsion,
and hence data based upon creep due to simple shear would be a

0‘30 T I
Temperature 700 °C

0-25 f

/12 Tons/sq.in.

020 / 8 Tons /sq.in ,
. 4 ),
01 / 10Tons /sq, in. /
A

g

=]

Strain

005 o]
/ M

5 10

7 Tons sq in
hd

25 30 35

15 20
Duration of test - Days
Fia. 3. Creop stresses of a typical heat-resisting stoel.

more reliable guide than those based upon tension [6]. This aspect
of design will be dealt with more fully in Chapter 111.

In order to avoid making the prolonged and tedious observa-
tions necessary in evaluating the true limiting creep stress, various
‘accelerated’ creep tests have been proposed; but since, by their
nature, they take no account of the slow structural changes which
are known to occur when steel is subjected to the combined action
of heat and stress over long periods, the results must be used with
some caution [3].

The Effect of Low Temperatures on the Properties of
Metals
In a number of high-pressure processes it is necessary to maintain
certain parts of the plant at liquid air temperature (—180°C.) and
for design purposes we must know how the mechanical properties
of the materials used in its construction vary with reduction of
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temperature. It is possible to generalize to some extent; the tensile
strength and yield-point of most metals rise progressively with
lowering of the temperature whilst the elongation, reduction of area,
and impact values fall. With low carbon steels, for example, the
ultimate strength is nearly doubled on cooling from room temperature
to —180°C. and the impact value is reduced to about 1/20 of its
original value; that is to say, the steel becomes hard and brittle at
liquid air temperature.

The results of tests on the mechanical properties of five typical
steels at temperatures between 15° and —180° C. are given in Table

5 [7].
TABLE 5. The Effect of Low Temperatures upon the Mechanical
Properties of some Ferrous Metals

2
@ '
g g T.le |® $ sf¢
§ | s |85|8 |3 T |EEgS
§ S | S| B TR 0y 388s
® % 53 . “~
Composition of metal, g‘ 3 § ) § %‘ 5 g g §~:9. §~§ £¢
% & |58 [KE|R=2|s5| S& |5983
Armco iron: + 15| 204 .. 279 | 73-2 78-0 (b) 83-0
C = 0-035 — 20| 240 | 137 | 420 | 750
Mn = 0-02 — 50 265 | 188 | 43-.0 | 740
S = 0-016 — 70| 275 | 194 | 3756 | 720 4-0 (b)
P = 0003 —100| 298 | 25656 | 26:56 | 70-0
—120| 344 | 298 | 17-0 | 68-0
—180| 500 | .. | mil | nil | 15 (b)
‘Vibrac’ steel : + 15( 680 | 61-5 | 140 | 650 57:5 (b) 60-6
C =033 Si= 016 |— 21 69-0 | 629 | 156 | 64-0
Mn = 064 S=0012 | — 60| 732 | 640 [ 14-0 | 63-0
Ni= 254 P= 0035 | — 67| 728 | 650 156 | 62:0 | 530
Cr = 0-67 — 96| 76-1 | 666 | 164 | 61-0
Mo = 0-64 —180| 900 | 82:0 | 170 | 630 22.0 (b)
Low carbon steel 4+ 15| 296 | 244 { 297 | 71-8 940 91-0
— 65| 360 | 302 | 336 | 70-3 | 490
—180| 642 | .. | 265|550 | 30(b)
Austenitic steol: + 16| 414 | 1656 | 540 | 740 | 1140 107-5
C= 011 — 20| 510 | 190 | 625 | 730
Ni = 10:05 — 60| 61-1 | 222 | 61-0 | 740 | 1175
Cr = 183 — 96| 690 | 240 | 461 | 70-0
—116| 800 | 32-56 | 48-5 | 63-0 | 107-5
—180| 9956 | 33-3 | 45:7 | 550 | 100-0
‘Anka’ steel: —180 1093 | 37-5 | 380 | 520 | 750
C= 011
Cr = 158

(b) indicates that the specimen was broken in the machine.
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Armco iron, which is a very pure form of iron, shows a large
increase in ultimate strength with reduction of temperature, but its
ductility decreases and at —180° C. it has practically no resistance to
impact. The low carbon steel behaves in the same way save that it
retains its ductility down to —65°C.

The nickel-chromium-molybdenum steel (Vibrac) shows an in-
crease of ultimate strength of about 30 per cent. and a considerable
increase in extension. The impact strength remains fairly constant
down to about —100° C. after which it diminishes fairly rapidly. The
austenitic steels increase in tensile strength and retain nearly the
whole of their impact strength on cooling to —180°C. Even after
prolonged soaking at liquid air temperature their ductile properties
show little change.

Amongst the non-ferrous metals copper, nickel, and aluminium
retain their tensile and impact strength unimpaired down to —180°C.,
and the same may be said of copper-nickel alloys, 70-30 brass, and
nickel-silver. The data in Table 6 show the small variation in
mechanical properties between 15° and —180°C. [8].

The Action of Gases upon Metals

In many high-pressure processes gases are in direct contact with
the metal walls of containers, often at elevated temperatures, and it
is necessary to know something of the effects produced by them on
the mechanical properties of the metal as the result of any adsorption,
diffusion, or solution that may take place.

Adsorption is of two kinds, the one a purely physical reversible
process in which the gas, in molecular form, is held on the surface
by the field of force due to unsaturated atoms of the metal lattice,
and the other an irreversible process with respect to temperature, in
which the gas is dissociated and its atoms are linked directly to the
metal atoms in the surface; the first type is usually known as
physical adsorption and the second as chemisorption or activated
adsorption.

Physical adsorption is a low-temperature process in which equi-
librium is reached very quickly; it is mainly a property of the surface,
and, at saturation, all gases are adsorbed to approximately the same
extent. The effect of pressure is to increase the amount of gas
adsorbed until a layer one molecule thick has been formed, after
which no further adsorption takes place. Chemisorption, on the
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TaBLE 6. The Mechanical Properties of Various Non-Ferrous Metals
and Alloys at Low Temperatures. (Colbeck and MacGzllwmy)

Ultimate | Elongation | Reduction Impacz
Temperature, | strength, on 2 in., in area, test,
M atenal ° C’ tons[sq. in. % % ﬂ lb
Annealed copper + 15 140 480 76 5 430
(Cu = 99-985%)) — 10 14-3 40-2 780
— 40 15-1 47-0 770 45-0
— 80 17-2 47-0 740 44-0
—120 18-4 44-6 70-0 44-5
—180 22-7 57-6 770 50-0
Nickel: + 15 29-25 424 78-0 89-0
Ni = 997 — 10 31-10 44-4 75-5 ..
Mg = 0-26 — 40 32-0 450 71-5 90-5
Co= 014 -— 80 34-1 434 730 920
Si= 023 —120 36-0 447 77-0 93-0
Fe = 0-10 —180 437 53-2 74-5 985
S = < 0-005
Aluminijum: + 15 4-38 359 00-4 19-0
Si = 0-054 — 10 510 359 90-4 ..
Fe = 0-07 — 40 5-20 39-8 91-8 19-0
— 80 5-30 379 91-5 20-0
—120 6-30 395 90-2 21-0
—180 9-30 43-8 87-0 27-0
Brass 70/30: + 15 22-8 49-4 770 65-5
Cu = 69-56 — 10 237 48-5 77-0 .e
Fe= 010 — 40 24-4 577 770 66-0
Zn = 30-50 — 80 255 59:5 79-0 69-0
—120 273 54-7 775 70-5
—180 32-8 746 73-0 785
Aluminium- + 15 345 260 29-0 24-0
bronze: — 10 344 32-8 300 oo
Cu = 911 — 40 356 348 36-0 24-0
Fe = 0-056 — 80 36-9 309 *30-0 23-5
Mn = 0-44 —120 39-3 324 31-0 21-0
Zn = 1-02 —180 429 285 30-0 20-5
P= 0018
Al= 1731

other hand, is a relatively slow process, and over a certain range of
temperature adsorption increases with increase of temperature; it
is moreover a specific property of certain metal-gas systems and does
not occur at all with gases which have no chemical valencies, as for
example argon. In regard to the effect of gases on metals chemi-
sorption is of importance in that it is the prilude to diffusion and
solution.

Diffusion. There is strong evidence that diffusion is preceded by
the dissociation of adsorbed layers of gas, the atoms penetrating the
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metal lattice and not travelling by way of the boundary surfaces
between the metal crystals. Like chemisorption it is a specific
process and only occurs to an appreciable extent between metals
and gases that have some chemical affinity. Thus, for example,
nitrogen will diffuse readily through iron with which it can form a
nitride but not through copper.

The rate of diffusion (D) depends on temperature in accordance
with the relation D — ge-dT
and is directly proportional to the square root of the pressure at
high pressure.

Smithells and Ransley [9] have shown that the rate of diffusion
may become independent of the pressure if chemical combination
between the gas and metal takes place at the surface, and they quote
as a typical instance the system nickel-oxygen. At 900°C. the
diffusion of oxygen through nickel becomes independent of pressure
at about 0-26 mm. Above this pressure a layer of nickel oxide
becomes visible and increases in thickness owing to the fact that the
rate of passage of oxygen through the oxide layer is greater than
the rate of diffusion through the metal.

Although lattice diffusion is normal for gas-metal systems, there is
evidence that in certain circumstances diffusion may take place
along grain boundaries. This is peculiarly the case at very high
pressures and P. W. Bridgman records that in some of his experi-
ments, hydrogen at a pressure of 9,000 kg./sq. cm. escaped through
the walls of a steel cylinder, 2 inches external diameter and } inch
bore, with explosive violence, although the metal showed no evidence
of fracture or fissuring [10].

Mention may also be made of the diffusion of compound gases.
When pure iron is heated in carbon monoxide at temperatures above
850° C. carbon diffuses into the metal, the rate of diffusion decreasing
as the carbon content of the steel is increased. Similarly, when steel
is heated in ammonia, nitrogen diffuses into the metal; but if the
surface of the steel is oxidized, nitrogen is no longer adsorbed and
diffusion ceases.

Solubility. Under this head is included the absorption of gas by
the metal with the formation of a definite compound and a uniform
distribution of the gas in an atomic state through the metal lattice.

The equilibrium conditions in such a gas-metal system are dependent
4544 D
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on temperature, pressure, and the presence of other phases and are

subject to the phase rule.
In all cases of simple solution the amount of gas absorbed is pro-

portional to the square root of the pressure and increases with increase
of temperature according to the equation
8§ = CG—E"/2kT,

where ¢ is a constant and E, is the heat of solution. When these
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Fi1a. 4. Solubility of hydrogen in metals.

relations are found not to hold, there is usually evidence of the
formation of a third phase.

The most interesting case both from a theoretical and practical
aspect is that of hydrogen. Hydrogen is absorbed by a very large
number of metals forming true solutions or definite hydrides. Metals
in which it goes into solution include: iron, nickel, cobalt, copper,
molybdenum, and aluminium. In these metals solution is a reversible
process, the solubility increasing abruptly at the melting-point.
Solution is usually accompanied by a slight increase in volume, but
there is very little change in the mechanical properties of the metal.
An idea of the extent of the solubility at various temperatures is
given by the curves in Fig. 4.

Metals which form definite hydrides include palladium, thorium,
titanium, vanadium, and the rare earth metals. In the initial stages
of absorption these metals form true solutions, but with large amounts
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of gas combination occurs although the process is still reversible.
Usually absorption takes place very rapidly between 300° and 500°C.,
the lattice structure undergoes a rearrangement and the metal tends
to become less ductile. At higher temperatures the hydrides are
decomposed and gas is given off. The original ductility of the metal
is sometimes, although not always, restored by heating in vacuo.

The data in Table 7 give the absorption of hydrogen by metals
of this class at a number of temperatures.

TABLE 7. Absorptwn of Hydrogen by Metals forming Hydrides [9]

| Absorptwn of H, in c.c. per 100 gm. of metal
i

’l"emp .y °(" Palladmm } Thorwm Titany i V dv
] 12,500 40,300 | 15,000

300 | 330 10,700 40,000 | 6,000
500 | 190 9,100 35,400 | 1,840
700 { 170 8,450 22,000 640
1,000 | [ | 240

155 2,600 6,500

The Effect of Hydrogen on Steel

All steels are acted upon by hydrogen to a greater or less extent;
in the initial stages the gas is absorbed and the metal becomes
embrittled; in the later stages the hydrogen combines chemically
with the carbon in the steel, fissures develop, and there is a loss of
tensile strength and ductility. The rate of decarburization depends
upon the composition and structure of the steel and upon tempera-
ture and pressure. Mild steel, for example, may be attacked at as
low a temperature as 200°C. Mild steel converters have been used
at the Fuel Research Station at Greenwich for the hydrogenation of
coal and a number of failures have occurred due to the decarburiza-
tion and intergranular weakening of the metal by hydrogen [11]; in
one instance, for example, a converter working at 480°C. and a
pressure of 200 atmospheres failed after 700 hours. The hydrogen
content of the steel was in some cases as high as 14 vols. of gas to
1 vol. of metal. The four photomicrographs in Plate 1 show the
effect of the hydrogen in decarburizing the steel and producing inter-
granular cracks.

Low nickel- and the 3-5:1-5 nickel-chromium steels resist attack
rather better than mild steel, but tend to develop fissures when
subject to a hydrogen pressure of 250 atmospheres at about 300° C.
The addition of chromium to a carbon steel increases the resistance
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to attack, and when present to the extent of 6 per cent. the steel may
safely be used at 250 atmospheres and about 450° C.

The chromium-nickel austenitic (stainless) steels absorb large
quantities of hydrogen and suffer loss of ductility but they do not
undergo decarburization by the gas at 250 atmospheres and 450° C.
[12]. One of the most resistant alloys has the composition: chromium
= 12, nickel = 60, and tungsten = 2-5 per cent., and this material
has been used in the construction of catalyst tubes for the Claude
synthesis of ammonia at 1,000 atmospheres and 550° C. with success-
ful results.

The Effect of Hydrogen on Copper and its Alloys

It will be seen from Fig. 4 that the solubility of hydrogen in copper
is not very large but increases considerably at the melting-point.
When copper is heated in hydrogen at 300 atmospheres and 450° C.
for long periods it loses the greater part of its tensile strength, and
monel metal and brass are similarly affected. The data in regard to
these materials, however, is very limited and further work is required
before the conditions under which they may safely be used in contact
with hydrogen at high pressures can be defined.

Nitrogen

Generally speaking, nitrogen is dissolved by and diffuses into
those metals which are known to form nitrides, giving rise to a change
in the lattice structure and causing embrittlement. It produces, in
steel, austenitic and martensitic structures analogous to those pro-
duced by carbon, and the extreme hardness of the nitrides is made
use of industrially to form resistant surfaces by the ‘nitriding’ pro-
cess.

Carbon Monoxide

Very little data is available in regard to the action of this gas upon
steel. It is known that when iron and nickel are heated in vacuo
carbon monoxide is evolved, but there is evidence that it originates
from reaction between dissolved oxides and carbides in the metal.
Carbon monoxide combines chemically with iron, nickel, and
certain other metals forming carbonyls which are usually low-boiling
liquids or vapours. Pressure favours the reaction and in the case
of iron it appears to be catalysed by water vapour. Mild steel
cylinders in which the gas is stored at room temperature and at
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120 atmospheres pressure are found to contain relatively large
quantities of the carbonyl (probably ferro-penta-carbonyl) which
collects in the bottom of the cylinder as a dark-brown liquid. The
gas may be freed from carbonyl by passing it over activated charcoal
or through a heated tube containing refractory material; the decom-
position temperature of ferro-penta-carbonyl at 1 atmosphere being
about 180°C. Alloy steels are also attacked by carbon monoxide,
and for this reason high-pressure plant for handling it is frequently
lined with copper.

Oxygen

By reason of its chemical reactivity oxygen is soluble in most
metals although its solubility is rather difficult to determine, as an
oxide phase appears as soon as saturation is reached. The oxidation
of certain metals occurs to a large extent along the grain boundaries
and may result in fissuring.

The Effect of Mercury on Steel

Mercury at high pressures attacks steel, and numerous cases of
failure attributable to its action are to be found in the literature [13].

Bridgman has found that the maximum pressure of mercury that
steel will support is 6,000 kg./cm.2, the destructive action being
due to a combination of an opening of the pores of the steel by the
mercury and the formation of an amalgam between the mercury and
the clean surface of the steel in the pores. There is no action between
the steel and the mercury unless the pores are opened, and hence,
when the steel is subjected to a uniform pressure on all sides mercury
has no deleterious action on it.
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II

CYLINDERS FOR THE STORAGE AND TRANSPORT OF
‘PERMANENT’ AND ‘LIQUEFIABLE’ GASES

Gas cylinders are so widely used nowadays both in the laboratory
and workshop that some knowledge of their construction, the
methods employed in testing them, and the precautions which should
be observed in their use, is desirable. Every year a number of
accidents happen which are attributable to lack of care in handling
or storing the cylinders and not to any defect in material or con-
struction.

In Great Britain the manufacture and testing of gas cylinders for
trade purposes is based upon the recommendations of the Gas
Cylinders Research Committee of the Department of Scientific and
Industrial Research, which has issued four reports (published by
H.M. Stationery Office), namely:

First Report (1921), Cylinders for Permanent Gases—now out of print.
Summary of Recommendations contained in the First Report (1928).

Second Report (1926), Periodical Heat Treatment of Gas Cylinders,

Third Report (1929), Alloy Steel Light Cylinders.

Fourth Report (1929), Cylinders for Liguefiable Gases.

Specifications based upon these reports have been issued by the British

Standards Institution, as follows:
No. 399—1930: ‘High Carbon’ Steel Cylinders for the Storage and Transport

of the ‘Permanent * Gases.
No. 400—1931: ‘Low Carbon’ Steel Cylinders for the Storage and Transport

of ‘Permanent’ Qases.
No. 401—1931: Steel Cylinders for the Storage and Transport of ‘Liguefiable’

Gases.t
No. 341—1931: Valve Fittings for Compressed Qas Cylinders.
No. 349—1933: Identification Colours for Gas Cylinders.

The materials used in the construction of such cylinders have been
selected chiefly on the basis of their mechanical properties, avail-
ability, ease of manufacture, and cost. For the permanent gases
which are used for medical, aeronautical, and mine rescue work,
weight is also an important factor.

In the First Report of the Committee the question of weight
reduction was fully considered, and it was recommended that a 0-45

1 By liquefiable gases is meant gases which have relatively high critical temperatures,
and which are generally reduced to the liquid phase by the pressures used in charging
them into the cylinders.
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per cent. carbon steel should be permitted as an alternative to the
0-25 per cent. mild steel which had hitherto been almost universally
employed in cylinder construction. By the use of this material it
was possible to raise the permissible working stress from 8 to 10 tons
per sq. inch, and thus to effect a reduction in weight of the order
of 20 per cent. Particulars of the limits of chemical composition and
mechanical properties of this steel are given in the preceding chapter.

In the Third Report an account is given of tests made on a number
of experimental cylinders constructed of duralumin, a 3 per cent.
nickel steel, a nickel-chromium, and a nickel-chromium-molybdenum
steel. Whilst all these steels have properties superior to mild steel
and to the high carbon steel recommended in the First Report, con-
siderable difficulties were experienced in manufacture, particularly
in the ‘necking’ operation. The Report recommends as the result
of numerous tests that in special cases where it is highly important
to have very light, small cylinders a nickel-chromium-molybdenum
steel should be used for the storage and transport of the ‘permanent’
gases. The steel should have the following chemical composition
and mechanical properties:

Chemical Composition:

Nickel . . . 2-6 per cent. Carbon . 0-3 per cent.
Chromium . .06 Silicon . 015 ,,
Molybdenum . 06 Sulphur . 004 ,, (max.)
Manganese . . 06 Phosphorus . 0-03 ,, (max.)
the balance being iron.
Mechanical Properties:

Ultimate tensilo strength . 55 to 65 tons per sq. inch.
Yield stress . . . not less than 45 tons per sq. inch.
Elongation . . . not less than 18 per cent. on 2-in. gauge

length.
A working stress of 25 tons per sq. inch may safely be adopted
with this material thereby effecting a reduction in weight of about
one-third over the low carbon steel.

High Carbon Steel Cylinders for ‘Permanent’ Gases

These cylinders should be either solid drawn or made from seam-
less steel tube, and the ends should not be welded on, nor should
metal be added in the process of closing. The minimum thickness
of wall is calculated from the formula
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where p = maximum working pressure in lb. per 8q. inch,
f = 22,400 lb. per sq. inch,
D = external diameter in inches.

Tensile and impact tests should be carried out on material cut from
one finished cylinder in every batch. In addition one cylinder from
each batch should be subjected to a flattening test and every finished
cylinder should be tested hydraulically to a pressure of 3,000 lb.
per 8q. inch. The permanent stretch shown by the latter test should
not exceed 10 per cent. of the total streteh under the proof pressure.
For a full description of these tests reference should be made to the
First Report.

Steel Cylinders for Liquefiable Gases

The physical properties of the gases coming within this classifica-
tion differ so widely that some subdivision is necessary. The generally
accepted values of the boiling-point, critical temperature, and critical
pressure of the more important amongst them are given in Table 8.

TaBLE 8. Critical Temperature, Critical Pressure, and Boiling-point of
Various Liquefiable Gases

Boiling-point, Critical Critical

760 mm., temperature, pressure,

Gas °C. °C. Atms.
1. Sulphur dioxido . — 10-8 157-2 777
2. Ammonia . . — 335 132-4 111-5
3. Chlorine . — 336 1440 76-1
4. Methyl chloride . — 241 143-1 658
5. Ethyl chloride + 12-5 187-2 52-0
6. Hydrocyanic acid + 261 1835 52-3
7. Phosgene . . + 8-2 (756 mm.) 182-0 56-0
8. Carbon dioxide . — 782 311 73-0
9. Nitrous oxide . .| — 898 365 717
10. Ethylene . . . .| —102-7 97 50-9

It will be seen that Nos. 5, 6, and 7 have boiling-points above 0° C.
and hence are in the liquid state at atmospheric pressure in cold
weather, whilst Nos. 8, 9, and 10 have comparatively low critical
temperatures and may, in exceptional circumstances, be entirely in
the gaseous phase at high pressures.

The principal points which have to be considered in connexion
with the design of cylinders for the liquefiable gases are:

1. The maximum temperature to which the contents are likely
4544 B
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to rise in temperate and tropical climates. An examination of the
extreme shade temperatures in various latitudes indicates that 65° C.
in tropical and 45°C. in temperate climates may be taken as the
maxima likely to be attained under ordinary working conditions.

2. The maximum quantity of gas which may be placed in the
cylinder without any possibility of the internal pressure becoming
excessive at the maximum temperature. This quantity is fixed by
the permissible ‘filling ratio’ which will be defined later.

3. The method of determining the thickness of the cylinder wall
so that it will withstand not only the stresses due to the internal
pressure but also mechanical shocks to which it may be subjected
in handling.

4. The most suitable material for the construction of the cylinders
and valves.

5. The methods of manufacture and testing of cylinders.

Filling Ratios. The filling ratio is defined as the weight in lb. of
gas permitted for each lb. weight of water capacity of the cylinder.
In determining the ratio account must be taken of the thermal
expansion and compressibility of the liquid phase. Liquefied gases
have, in all cases, a high coefficient of thermal expansion, and unless
a sufficient amount of free space is left in filling, it is possible that,
as the result of rise of temperature, the cylinder may subsequently
become completely filled with liquid and dangerous pressures may
develop.

For the sake of convenience in classification the liquefiable gases
are divided into two groups, the one containing those gases having
critical temperatures which are never reached under atmospheric
conditions (Table 8, Nos. 1-7), and the other containing the gases
having critical temperatures within the range of ordinary atmospheric
temperature (Nos. 8-10). The filling ratios recommended for the
gases in the two groups are given in Table 9.

Group 1. Special precautions are necessary in storing hydrocyanic
acid under pressure to prevent polymerization. The pure concen-
trated acid is stable, but decomposes and polymerizes under the
influence of alkali and iron with a considerable evolution of heat.
The effect of the iron may be removed by the addition of 0-1 per cent.
of concentrated sulphuric acid or acetic acid so that the storage of
concentrated hydrocyanic acid (98 per cent. and over) with 0-1 per
cent. of sulphuric or acetic acid in steel containers or tinplate canisters
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TABLE 9. Filling Ratios recommended, Percentage Free Space available,
and Working Pressure in Cylinder at the assumed Maximum

Temperature
Temperate climates, Tropical climates,
45° C. 65° C.
Working Working
Percentage | (gauge) Percentage | (gauge)
Filling | free space | pressure, | Filling | free space | pressure,
Gas ratio at 45° C. |lb.[sq. in.| ratio | at 65°C. |lb.[sq. in.
Group I:
Sulphur dioxide . | 1:25 45 87 1-19 4-5 160
Chlorine . . 125 6-3 174 119 6-0 283
Ammonia . .| 054 54 241 0-51 50 412
Methly chloride . | 0-83 50 130 0-79 46 211
Hydrocyanic acid | 0-60 86 12 0-57 89 32
Ethyl chloride . | 0-82 4-4 29 0-79 4-3 60
Phosgene . .| 125 57 53 1-19 66 95
GQroup I1:
Carbon dioxide . | 075 .. 1,800 0-667 .. 1,800
Nitrous oxide .| 075 .o 1,800 0-667 .. 1,800
Ethylene . .| 0-325 .. 1,800 0-270 - 1,800

may be regarded as being free from danger. Any absorbent material
used must not be alkaline or otherwise basic.

Gases belonging to this group have high critical temperatures, and
there is a very rapid increase of pressure with rise of temperature
when a cylinder becomes full of the liquefied gas. Thus, a cylinder
charged with sulphur dioxide to a filling ratio of 1-31, would become
completely filled with liquid at a temperature of 44:6°C., and the
internal pressure would be 100 lb./sq. inch; on increasing the filling
ratio to 1-:32 the cylinder would be completely filled with liquid at
41-2°C., the pressure being 90 lb./sq. inch, and on allowing the
temperature to rise to 44:-6° C. the pressure would increase to 650
1b./sq. inch.

Group I11. The three gases of this group have low critical tempera-
tures and the internal pressures in cylinders containing them is
relatively high, even at low atmospheric temperatures. The point at
which a cylinder becomes completely filled with liquefied gas is
not sharply defined, even for high filling ratios. Furthermore, the
presence of small percentages of other gases is sufficient to cause
internal pressures which are greatly in excess of those which would
be anticipated on the basis of the behaviour of the pure gas; it has
been found, for example, that in the case of carbon dioxide of purity



28 CYLINDERS FOR STORAGE AND TRANSPORT

96 per cent (the remainder being probably air), the internal pressure
in a cylinder when the filling ratio was 0-75 and the temperature
45°C., was 2,740 1b./sq. inch, or 525 1b./sq. inch greater than would
be given by the pure gas under the same conditions of filling and
temperature.

It is necessary that the filling should be carefully carried out since
a small excess has an appreciable effect on the maximum pressure.
The Gas Cylinders Research Committee therefore recommend that:

(1) The purity of the gases should be

(a) carbon dioxide . not less than 99 per cent.
(b) nitrous oxide . . ’ 97 »
(c) ethylene . . ” 98 9
(2) the capacity of each individual cylinder should be carcfully ascertained,

and
(3) the accuracy of filling by weight, based upon the true capacity, should be
within 1-8 per cent.

Calculation of the Dimensions of Cylinders for Liquefiable
Gases

The containers at present in use for the storage and transport of
liquefiable gases may be divided into two classes, namely: (1)
cylinders of wrought iron or steel (lap-welded or scamless) closed at
one end and fitted with a valve at the other end. The wrought iron
and lap-welded steel cylinders are being replaced by the seamless
steel cylinders, to which alone, therefore, this class may be regarded
as restricted, and (2) containers made up of steel plates welded
together and sometimes mounted to form a wagon tank.

The formulae given below for calculating the thickness of the
cylinder wall are intended to refer fo class (1) but they may also be
used as the basis for the design of the larger containers constructed
of welded steel plates, due allowance being made for man-holes and
the mechanical shocks and ‘surging’ incidental to road and rail
transport.

The formula ¢t = pD/(2f+p) determines the thickness of the wall
of a cylinder in terms of the outside diameter D, the internal pressure
p, and a maximum allowable working stress f in the cylinder wall.
It assumes that the internal pressure is large relative to any external
forces likely to act upon the cylinder in the course of normal handling.
In the case of the permanent gases where the usual working pressure
is 1,800 Ib./sq. inch, this assumption is justified. With the liquefiable
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gases the maximum working pressure is, for the pure gases, the
saturation vapour pressure; and as will be seen from Table 9, it is
usually quite low. A cylinder designed on the basis of the above
formula for any of the gases of Group I would therefore be quite
unsuitable for ordinary storage or transport purposes, and another
method based upon an assumed value for the internal pressure has
to be employed.

The Gas Cylinders Research Committee (Fourth Report) make the
following recommendations:

‘The thickness of the cylinder wall should not be less than the
value of ¢ (in inches) as given by the following formulae:

(@) when the working pressure is 1,500 1b./sq. in. or over,

t = pD[(2f+p); (2.1)
(b) when the working pressure is 500 1b./sq. in. or less,

el e

(c) when the working pressure is between 500 and 1,500 1b./sq. in.,
t = tg-+(t,— t;,)(1000 0~5) , (2.3)

where p = the maximum internal working gauge pressure, lb. per
8q. in. (see Table 9),
D = external diameter in inches,
J=17,9201b./sq. in.,
t, = value of ¢ in formula (2.1), taking p as 1,500 1b./sq. in.,
t; = value of ¢ in formula (2.2), taking p as 500 Ib./sq. in.

The cylinders should be made of a low carbon steel, particulars of
which are given in Chapter I, and alloy steels should not be used.

The Committee also make a number of special recommendations
of which the following may be noted:

1. The water capacity of each individual cylinder should be
carefully ascertained and, by using the appropriate filling ratio, the
true gas capacity determined.

2. The proof pressure applied in the hydraulic stretch test should
be the value of p calculated from the formula p = 2ft/(D—t), with the
appropriate values for D and ¢ and a value for f of 33,600 1b./sq. inch.

3. Care should be taken to ensure that the gas is freed from
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moisture and the accuracy of the charge should be determined by
weighing.

4. Hydrocyanic acid should not be stored in cylinders for more
than six months; it should have a purity of not less than 98 per cent.,
and it should be stabilized to prevent polymerization.

5. The valves of carbon dioxide cylinders may be fitted with a
safety device. In the case of cylinders
for use in the tropics, the device pro-
vided should be a softened copper
safety disk so arranged as to burst
at a jpressure of between 2,600
and 2,850 1b./sq. inch. In temperate
climates the alternative of a spindle
carrying a vulcanite disk to form a
gas-tight joint with the valve seat
may be adopted.

Outlet’s gas RH.

Cylinder Valves
The type of valve commonly fitted
to commercial gas cylinders is illus-
trated in section in Fig. 5. The body
is made of bronze or steel, the spindle
of steel, and the packing of leather.
Particulars of the materials used in
Fig. 5. Gas cylinder valve. the construction of the valve bodies
for various gases, the details of the
screw threads on the outlet, and the dimensions of the spindle end
to accommodate the cylinder key, are given in Tables 10 A and B.
The valves are provided with stems screwing into the cylinders,
1} inches long (4-g in.) for stems of 1 in. diameter, and 1 inch long
(4§ in.) for stems 0-715 in. diameter. The stems are given a taper
of 1 in 8 on the diameter measured at the small end, and are screwed
(right-handed) for the whole of their length. The threads are of
standard Whitworth form (55°) cut at right angles to the taper with
14 T.P.I. measured along the taper. Cylinders and valve stems for
nitrous oxide, sulphur dioxide, ethylene, helium, and neon, and for
small cylinders of other gases may be screwed parallel if desired.
The valves of cylinders exceeding 4 inches in external diameter
should be protected either (a) by means of a stout metal cap or metal

oo [e— 4% (Approz) Above cyfinder neck

1




CYLINDERS FOR STORAGE AND TRANSPORT 31
TABLE 10 A. Details of Cylinder Valvest
1 2 s | 4 5
Gas Material Spindle,
ety S of square
Name Symbol | valve Serew thread of outlet inch
Acetylenet C;H, Bronze | Internal | Left-handed B.S.P. §in., 14 T.P.1. &
Air Bronze | Internal | Right-handed B.8.P. §in., 14 T.P.I. P
Ammonia NH, Steel External | Right-handed B.S.P. }in,, 14 T.P.I.| §
Argon A Bronze | Internal | Right-handed B.S.P. §in., 14 T.P.1, &
Carbon dioxide CO, Bronze | External | Right-handed. Full dia. 0-860, 4 0, ..
~-0:007 BS.W,, 14 T.P.T.
Carbon monoxide cO Bronze | Internal | Left-handed B.S.P. §in., 14 T.P.I. &
Chlorine Cl Steel External | Right-handed B.S.P. 4in., 14 T.P.I.| #
Coal gas Bronze | Internal | Left-handed B.8.P. § in., 14 T.P.1. *
Ethyl chloride (inflam- | C,H,Cl | Steel or | External | Left-handed B.S.P. §in., 14 T.P.I. i
mable and non-inflam- Bronze
mable grades)
Ethylene (large cylinders) | C.H, Bronze | Internal | Left-handed B.S.P. § in., 14 T.P.L. %
Helium (large cylinder) He Bronze | Internal | Right-handed B.8.P. §in., 14 T.P.I, +*
Hydrogen H Bronze | Internal | Left-handed B.8.P. §in., 14 T.P.1. *
Methane CH, Bronze | Internal | Left-handed B.S.P. §in., 14 T.P.1. Pl
Methyl bromide CH,Br | Steel or | External | Right-handed B.S.P. §in, 14 T.P.1L. ]
Bronze
Methyl chloride (inflam- | CH,;Cl | Steelor | External | Left-handed B.S.P. §in , 14 T.P.1. 3
mable and non-inflam- Bronze
mable grades)
Neon (large cylinders) Ne Bronze | Internal | Right-handed B.S.P. §in., 14 T.P.I. &
Nitrogen N Bronze | Internal | Right-handed B.S.P. §in., 14 T.P.L. %
Nitrous oxide N0 Bronze | External | Right-handed B.S.W. # in.,, 20 #
T.P.I.
Oxygen (o] Bronze | Internal | Right-handed B.S P. §in., 14 T.P.I. P
Phosgene COCl; | Steel Fxternal | Right-handed B 8.P. §in., 14 T.P.1. [
Sulphur dioxide 80, Steel or | External | Right-handed B.S.P. $in., 14 T.P.I. | #
bronze

1 Excluding small cylinder and cylinders for special purposes.

TABLE 10 B. Alternative Valves for use with Cylinders of 25 lb. Water

Capacity and undert
1 2 3 | 4 5
Material Spindle,
of square
Gas valve Screw thread of outlet m.
Chlorine Steodl | External | Right-handed BS.P.  in., | ¢
19 T.P.I.
Ethyl chloride (in- | Steel or| External | Left-handed B.S.P. } in., %
flammmable and non- bronze 19 T.P.I.
inflammable grades) .
Methyl bromide Steel or | External | Right-handed B.S.P. } in., &
bronze 19 T.P.I.
Methyl chloride (in- | Steel or | External | Left-handed B.S.P. } in., &
flammable and non- bronze 19 T.P.I1.
inflammable grades)
Phosgene Steel External | Right-handed B.S.P. § in., &
19 T.P.I1.
Sulphur dioxide Steel or | External | Right-handed B.8.P. } in,, %
bronze 19 T.P.I.

1 From British Standards Institution, Specification No. 341—1931.
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casing securely attached to the cylinder body and provided with
adequate vent holes, or (b) by so designing the cylinder that the valve
lies wholly inside an extension of the cylinder body which com-
pletely and suitubly protects it from injury through impact.

Valves should be tested from time to time, and should a leak be
discovered at the seating, the cylinder should be emptied and the
valve seating cleaned and remade if necessary; no attempt should

Fig. 6. Gas Regulator.

A, Outlet connexion. B. Speclal valve seat—proof against
ignition risk; also incorporates patent non-return device.
C. Safety valve—preventing accumulation of pressure inside
body. D. Outlet valve. E. Special reinforced diaphragm.
F. High-pressure gauge indicating contents of cylinder. @. ¥ly-
nut and nipple for inserting regulator in valve socket.
H. Pressure adjusting screw. A cutting regulator is similar,
but an outlet pressure gauge is provided between the outlet
connexion 4 and the safety valve C.

be made to correct a leak by forcing the spindle on to the seating.
A leak at the valve packing will only be evident when the valve is
open, and can usually be remedied by tightening the gland nut.

No oil or grease in any form should be used inside or outside the
valve fitting.

Gas Reducing Valves

In order to obtain a steady supply of gas at atmospheric pressure
from a gas cylinder a reducing valve must be employed. The com-
mercial type supplied by the British Oxygen Co. is shown in section
in Fig. 6.

In this valve high-pressure gas from the cylinder passes through
a fine jet at B into an expansion chamber which is normally closed



PLATE 2

Cylinder U.H. 12. Normahzed at 830 to 850 (". Nommal Thickness 0-26”.
Pressure at. Elastic Limit— 297 Atmospheres. Burstimg Pressure 504 Atmosphores,

Cvlinder U.H. 2. Annealed at 650 (. Nominal Thickness 0 267,
Pressure at Elastic Limit - 221 Atmospheres. Bursting Pressure 446 Atmospheres.

Cylinder U.H. 15, Not Heat Treated. Nomnal Thickness 0 267,
Pressure at Elastic Lumt- 312 Atmospheres. Burstmg Pressure—3574 Atmospheros,

Cyvlmder U.H. 1. Normahzed at 820 to 850" . Nommal Thickness 0-232”,
Pressure at Elastic Linut--252 Atmospheres. Burstmg Pressure— 440 Atmospheroes.

Cylmder U.H. 7. Annealed at 650° C. Nominal Thickness 0-232”,
Pressure at Elastic Limit—236 Atmospheres. Burstmg Pressure— 419 Atmospheres.

Cylinder U.H. 19. Not Heat Treated. Nominal Thickness 0-232”.

Pressure at Elastic Limit— 267 Atmospheres. Bursting Pressure—494 Atmospheres.
The Carbon-Contents of the Steels from which the Cylinders were made ranged
botween 0-374 and 0-506 por cent.

GAS CYLINDERS BURST UNDER HYDRAULIC PRESSURE
(From First Report Gas Cylinders Research Committee, by permission of the
Controller of H.M. Stationery Office.)



CYLINDERS FOR STORAGE AND TRANSPORT 33

by the valve D. The pressure in the expansion chamber is regulated
by means of a spring H, acting upon a reinforced leather diaphragm
E, which forms one side of the expansion chamber. When the
pressure rises above the amount required to give the desired rate of
flow the diaphragm moves outward and a flat plate attached to it
comes in contact with the jet B and cuts off the gas supply. With the
cylinder valve full open the rate of gas flow is adjusted by means of
the valve D. A spring-loaded safety valve at C prevents an accumu-
lation of pressure inside the expansion chamber.

The Markings on Gas Cylinders

Cylinders are usually permanently marked with (a) the makers
and owners identification marks, (b) the date of the last hydraulic
test, (c) a mark indicating the specification to which the cylinder was
constructed, and (d) in the case of cylinders for liquefiable gases, the
internal pressure required for the hydraulic test and the tare and
gross weights. In addition the valve should be marked with the
name or chemical symbol of the gas contained in the cylinder.

Identification Colours of Cylinders

In order to avoid mistakes in identification all cylinders should be
painted according to a distinctive scheme so that the colours are
indicative of their contents. A specification for identification colours
has been published by the British Standards Institution (Specifica-
tion No. 349—1932). It provides for identification colours for the
gases most commonly in use, the underlying principle of the scheme
being that yellow should represent toxic or poisonous gases, and red
or maroon inflammable gases.

In accordance with the specification the cylinders should be
entirely covered with a coat of paint of the colour specified in
Tables 11 and 12. In addition, a distinguishing colour band should
be painted round the neck of each cylinder adjacent to the valve
fitting, wide enough to occupy half the portion of the cylinder
between the junction of the hemispherical and cylindrical portions
and the neck. Particulars of the colours of the bands for different
gases are also given in Tables 11 and 12.

For cylinders for medical purposes, the name or chemical symbol
of the gas should be stencilled or painted on or near the shoulder of
the cylinder. For gases other than those provided for in these tables

e F



34

CYLINDERS FOR STORAGE AND TRANSPORT

TaBLE 11.1 British Standard Identification Colours for Gas Cylinders,
excluding Cylinders for Medical Purposes

Gas @round colour of cylinder Colour of bands
British British
Standard
Colour Colour
Name Symbol Nominal No. Nominal No.
Acetylene C,H, Maroon 41 None
Afr . Grey 30 None ..
Ammonia NH, Black .. Red and Yellow$ |87 and 56
Argon A Blue 3 None .
Carbon dioxide for temperate | CO, Black .. None
use
Carbon dioxide, for tropical | CO, Black ‘White or alumi-
and magne use nium paint
Carbon monoxide co Red 87 Yellow 56
Chlorine Cl Yellow 56 None ..
Chlorine, cylinders fitted with | Cl Yellow 56 Black .
internal dip-pipes
Ethyl chloride, inflammable C;H,Cl | Grey 30 Red 37
Ethyl chloride, non-inflam- | C;H,Cl | Grey 30 None .
mable
Ethylene C,H, Mauve .. Red 87
Ethylene oxide C,H,0 | Mauve .. Red and Yellow} |87 and 56
Freon (dichlordifiuormethane) | CClL,Fy | Parti-coloured: 30 (grey) .. ..
bottom end grey,
neck end mauve
Helium He Medium brown 11 None ..
Hydrocyanic acid . Blue 3 Yellow 56
Hydrogen H Red 37 None .
Methane CH, Red 87 None ..
Methyl bromide CH,Br | Bluo 3 Black .
Methyl chloride, inflammable | CH,Cl | Green 25 Red 87
Methyl chloride, non-inflam-| CH,Cl | Green 25 None .
mable
Neon Ne Medium brown 11 Black
Nitrogen N Dark grey 32 Black
Oxygen (4] Black .. None ..
Phosgene COCl, | Black .. Blue and Yellow} | 3 and 56
Sulphur dioxide 80, Green 25 Yellow 56

+ From British Standards Institution, Specification No. 349—1032.

% The red or blue band should be placed ad,

that and the ground colour of the cylinder.

TABLE 12. British Standard Identification Colours for Gas Cylinders

jacent to the valve fitting and the yellow band between

Jor Medical Purposes
Gas Ground colour of cylinder Colour of bands
British British
Standard Standard
Colour Colour
Name Symbol Nominal No. Nominal No.
Carbon dioxide (for inhalation)| CO, Green with black 26 . e
bottom
Carbon dioxide with internal | CO, Green 26 . .
tube (for snow making)
Ethyl chloride C,HCl | As Table 11 . . ..
Ethylene CyH, | As Table 11 . e ..
Nitrous oxide N,O0 Black .. . ..
Oxygen (o] Black . ‘White .
Oxygen and CO, mixture . Black . Gre::k with white 25
™

The British Standard Colours referred to are contained in the British Standard Schedule of Colours
for Ready-Mixed Palnts (No. 881). ’
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the cylinders should be specially labelled indicating the nature of
the contents.

Periodic Tests and Examination

Every cylinder when ready to be put into service and at intervals
of two years thereafter should be subjected to a hydraulic stretch
test, preferably by the ‘water-jacket’ method. In this method the
cylinder is enclosed in a vessel filled with water and fitted with a
gauge-glass projecting from its upper cover. The changes in volume
of the cylinder on applying and after the removal of the internal
hydraulic pressure are measured by the changes in level of the water
in the gauge-glass. The proof pressure to be applied in the case of
cylinders for the permanent gases is 3,000 1b./sq. inch. For cylinders
for the liquefiable gases the proof pressure should be the value of p
calculated from the formula p = 2ft/(D—t), where f = 33,6001b./sq.
inch. The permanent stretch shown by the test should not exceed
10 per cent. of the temporary stretch under the proof pressure.

The periodical re-heat treatment of carbon steel gas cylinders
which have not been obviously damaged, serves no useful purpose
and is not recommended.

Corrosion and Chemical Action

There is no evidence that cylinders containing any of the gases
referred to in Table 9 suffer from internal corrosion provided the
gases and cylinder are free from moisture. It should be noted,
however, that when compressing gases into a cylinder water may
easily be introduced unless special provision is made for drying the
gas. Moist air and oxygen will oxidize steel, and moist carbon
monoxide at high pressures will readily combine with iron to give
iron carbonyl. There is some evidence that the attack by carbon
monoxide may be local, but as far as the writer is aware no instances
of cylinder failure due to this cause have been reported.

Accidents involving or attributable to Gas Cylinders

The reports of H.M. Inspectors of Explosives contain the details
of numerous accidents in which gas cylinders are involved; and as
many of these are directly attributable to the improper use of
cylinders, some account of the precautions which should be adopted
may be given.

By following the recommendations of the Gas Cylinders Research
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Committee in regard to the marking and colouring of cylinders
and to the design of valves, there is very little danger that a cylinder
containing & combustible gas could be mistaken for one containing
a non-combustible gas. There are many instances, however, in which
oxygen has been mistaken for air with disastrous’consequences, and
the following extract from the 61st Annual Report of H.M. Inspectors
of Explosives (1936), will serve to illustrate the nature of the hazard:

‘The dangers of the use of oil or grease in connexion with oxygen are well
known and every oxygen cylinder has a label on which is written the warning
‘It is dangerous to use oil or grease’. Two accidents have been reported to us
which were due to the use of compressed oxygen by mistake instead of com-
pressed air.

‘The first of these occurred in a factory where an oil-purifying plant is in
use. By mistake a cylinder of oxygen was used instead of compressed air.
As the oil in the plant had previously been heated to a temperature of 500° F.
it is not surprising that an explosion occurred when oxygen was admitted.
Four men were injured.

‘In the second accident fuel-storage tanks were being tested. Again it was
a case of compressed oxygen being used by mistake instead of compressed air.
A workman then entered the tank carrying a lighted candle and there was a
violent “‘combustion’’ and the man was severely burned.’

In this connexion it should be borne in mind that the sudden
introduction of compressed oxygen into a closed system containing
oil or other combustible is always fraught with danger, and a
number of cases have been recorded in which pressure gauges con-
taining traces of oil have been destroyed by explosion when oxygen
was introduced.

Gas cylinders are liable to burst when their internal pressure is
increased beyond a certain amount as the result of (a) external
heating, (b) the exothermic decomposition or polymerization of their
contents (e.g. acetylene, hydrocyanic acid), and (c) the transmission
of a shock wave to the cylinder through the connexion pipe leading
from an enclosed system in which an explosion or detonation has

occurred.

The Nature of Cylinder Bursts

When a steady and gradually increasing hydraulic pressure is
applied to a gas cylinder filled with liquid the stresses in the cylinder
wall increase until the elastic limit of the material is reached; on
further increase of pressure the oylinder becomes permanently
stretched and eventually the walls rupture and allow the liquid to
escape. Failure occurs by shear and the walls are generally split



PLATE 3

CYLINDER BURST DUE TO A GAS EXPLOSION
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open in a longitudinal direction from the end farthest removed from
the valve; fragmentation does not normally take place. The photo-
graphs reproduced in Plate 2 are taken from the First Report of the
Gas Cylinders Research Committee and show the effects of actual
bursts on a number of cylinders tested at the National Physical
Laboratory. Reference to the details given on the plate show that,
for the ordinary type of cylinder, the elastic limit is reached when the
internal pressure is in the neighbourhood of 250 atmospheres and that
a burst is liable to occur when the internal pressure exceeds some 400
atmospheres at room temperature.

A cylinder may also burst as the result of having its wall pierced
by a flying fragment of metal or other hard substance. The National
Physical Laboratory have carried out extensive firing tests in which
light alloy steel cylinders were charged with oxygen to a pressure of
120 atmospheres and armour piercing bullets were fired at them. In
some cases the bullet pierced both walls of the cylinder without
further damage although the cylinder itself was projected a consider-
able distance. In others, the cylinder burst, the walls opened out,
and the shattered metal was thrown a distance of some 40 yards.
No tests were reported on the high carbon steel cylinders, but, in
view of the mechanical properties of the metal, it is not improbable
that in similar circumstances a burst might sometimes occur.

Plate 3 shows the effect of an explosion of a mixture of carbon
monoxide and oxygen which had accidentally been filled into a gas
cylinder to a pressure of about 100 atmospheres. The explosion was
caused by opening the cylinder suddenly to a reducing valve, when
the rise of temperature as the gas was adiabatically compressed into
the valve was sufficient to cause ignition. No fragmentation occurred.

Many instances of cylinder bursts due to fire have been reported
and have frequently resulted in serious damage and loss of life. When
a cylinder is in contact with burning material or is heated by radia-
tion from a fire, the pressure of its contents may rise above the
permissible limit. At the same time, if the temperature exceeds
350°C. or thereabouts, the steel walls of the cylinder will lose
strength and rupture may occur. If the heating should happen to
be local and confined to the upper part of the cylinder, the soldered
joint or the lead capsule at the valve may fuse, releasing the gas
comparatively slowly and thus relieving the stresses in the cylinder
wall. When a burst occurs at full pressure, there is usually a loud
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report or explosion and the suddenly released gas sets up a shock
wave which, travelling outwards at high velocity in all directions,
may cause serious damage to movable objects or light structures
encountered in its path. Furthermore, if the gas is combustible it
may, by diffusion into the atmosphere, form an explosive mixture.
It is evident, therefore, that charged gas cylinders must always be
regarded as a potential source of danger and they should, where
possible, be stored in a fire-proof room or in a separate building.



III

THE STRESSES AND STRAINS IN THE WALLS OF
CYLINDERS SUBJECTED TO INTERNAL AND
EXTERNAL PRESSURES

WHEN an internal and/or an external pressure is applied to a hollow
cylinder, a system of stresses is set up in the walls which gives rise
to temporary or permanent strains according as the stresses are
smaller or greater than those corresponding with the elastic limits
of the material of which the cylinder is constructed. The principal
stresses in question are a radial compressive stress, P, a tensile hoop

Fig. 7. The three principal stresses in the wall of a
cylinder subjected to internal pressure.
stress, 7', and a longitudinal stress, @ (Fig. 7). Both P and 7' vary
with distance from the axis of the cylinder, whilst @, which is usually
small in comparison with the other two, is assumed to act uniformly
over the cross-section of the walls. The stresses P and 7' acting at
right angles to one another produce a shear stress, the maximum
value of which is equal to one-half their algebraic difference and is
set up in a plane at 45° to their directions. We may, therefore, write
Maximum shear stress = 3{T'—(— P)}
= {T+P).
This maximum ghear stress is equivalent to a simple stress, S, of
magnitude (74 P), and it will be shown later that, according to one
criterion, elastic failure of the cylinder may be assumed to occur
when § exceeds the stress at the elastic limit of the material as
determined by the usual tensile test.
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The distribution of the stresses P and 7T in the walls of the cylinder
when the elastic limit of the material is not exceeded is approximately
as shown in Fig. 8. If the internal pressure is progressively increased,
the annular layers of metal will pass in turn through the various
states defined in Fig. 1 (p. 7), i.e. the elastic, slip, yield, and semi-
plastic ranges; and when the pressure is such that the inner layers

——— - — . c— - —a— — w—

Fig. 8. Fig. 9. Fig. 10.
Fig. 8 Variation of stresses in the walls of a cylinder stressed within the elastic
limit.
Fig. 9. Variation of hoop-stresses in the walls of a cylinder stressed beyond the
elastic limit.
Fig. 10. Residual stresses in the walls of a cylinder due to overstressing.

are stressed within the semi-plastic range, the tensile stresses in the
walls will be as shown in Fig. 9, and will give rise to strains tending
to increase the cylinder diameter; permanent strains will be set up
in the semi-plastic and yield zones and, on release of the internal
pressure, will resist the contraction of the outer layers in the elastic
zone. There will therefore be a residual system of stresses in the
walls, the inner layers being in compression and the outer layers in
tension (Fig. 10). From the results given in Table 2 (p. 9) it will be
clear that the original elastic properties of the metal have been
considerably modified by overtension and overcompression, and to
stabilize the cylinder so that it will behave elastically on repeated
applications of pressure up to the original overstressing pressure, a
low-temperature heat treatment will be necessary.

The process by which a cylinder is overstressed and subsequently
rendered elastic is known as ‘auto-frettage’, and the method of
calculating the auto-frettage pressure necessary to give specified
residual stresses in the walls will be described later. It may be
mentioned here, however, that too great a degree of overtension
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tends to destroy those ductile qualities measured by the ‘impact’
test, and for practical purposes 2-5 per cent. strain of the bore layer
under load may be considered as the extreme upper limit for satis-
factory results.

Stresses in a Steel Cylinder subjected to Internal and External
Pressures
The method of calculating the magnitude of the stresses P and T
at any point in the walls of a thick-walled cylinder is as follows:

Let P, = the radial pressure per unit area acting on the inner
wall of the cylinder,
P, = the radial pressure acting on the external wall of
the cylinder,
Ryand Ry, = the internal and external radii of the cylinder,
respectively,
R and (R+4-dR) the internal and external radii of an
elementary cylinder, and
P and P+dP = the radial pressures on the inner and outer
surfaces of the elementary cylinder.

For unit axial length the pressure tending to burst the elementary
cylinder across any diameter is 2PR—2(P4dP)(R+dR), and this
is balanced by a tensile stress 27'd R, so that
2PR—2(P+dP)(R+dR) = 2T dR;
or, neglecting the products of small quantities,
PdR+RdAP+TdR = 0;

and in the limit P+R— +T = o, (3.1)

or, d(RP) 4+ T = 0.

It is now necessary to assume that the strain parallel to the axis
of the cylinder is constant and uniformly distributed so that a plane
cross-section of the cylinder perpendicular to the axis will remain
undistorted on application of pressure, and the longitudinal stress
will be uniformly distributed over the cross-section.

The longitudinal strain egq is given by

¢g = 5(Q+oP—oT),

4544 G
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where E = modulus of elasticity and o = Poisson’s ratio; hence
T — P is constant.
Let T—P = 2a. From (3.1)

d(RP) PdR  RdP _
a0 GETtaR =
ar,
or, PALT = _“Rd',—R’
and since T—P == 2a,
dP apP apP —2dR
2P = — R -——2a. 2 = - R—, ———
2P RdR a (P+a) RdR Pra ®
and, log(P+a) = log, OR2,
where b is a constant of integration. Therefore
Pra=p, P=tia (3.2)
T b
and a= R—z—}-u, (3.3)

where a and b depend upon the radii of the cylinder.

From (3.2) and (3.3) P+T = 1%2; (3.4)
that is, the sum of the radial pressure and the hoop tension at any
point in the cylinder walls varies inversely as the square of the
distance from the axis.

The constants @ and b may be calculated from (3.2) by substituting
known values for P and R.

T%lus Py = R_% —a
and P = 1%{ —a,
from which - Iiv,g?é}%%ﬁf,
and = Ei%ggﬂé@.

From the values of a and b so ascertained the formulae in Table 13
are derived.



STRESSES AND STRAINS IN CYLINDER WALLS 43

TaBLE 13. Disiribution of Stresses in the Walls of a Thick Cylinder
subjected to Internal and/or External Pressure

Value of
radal
pressure
and hoop Cylunder subjected to Cylinder subjected to
tenswon Cylinder gubjected to internal pressure anternal pressure P, external pressure I’
at radwus I and em'rrml Ppressure P alone alone
. - =
P, R’ PR}  RUD,— P,) - | _2n Ry
1t | Tos"pelnmr tom-m To=Pope=gux Tomp
RER? P,-P\ IRi-DR PR R - It Py R' R*—R}
> = - =y » 0700 - P - =2
® I ( "’ n:—RE R:— R} 1 r RY—R: ne lt' R}
RiRY PP\, DI -1 1 PRy Ri+IE 1 R} Rt R}
— 0 - ol Bake, el o - = X -
r ( r “r-r)t TR R I T B’ “m-m
PnRo -Py R} Ry, ~17) . 201, Ity R'-‘-Rn
B Tim g ST e T P e
J— [ PR s R, P R . S
Note:-- TP - T P=-T -1 | =0 The hoop stress isa
i f op, R? compressive stress
! | T=1,- 00
! ! Rt Rj
I . ’l" l
and X
1 To=Tt 1, i

For a cylinder with closed ends there will be a longitudinal stress,
@, due to the load acting on the ends, which may be assumed to be
uniformly distributed over the cross-section of the walls. The total
pressure on the ends is 7 R2F, distributed over an area =(R?— R%).

. _ TRYL, _ LR}
Hence = (mRY) T Ri-RY

For a cylinder with open ends @ = 0.

(3.5)

Strains in a Cylinder subjected to Internal and External
Pressures
When a cube (Fig. 11) is subjected to three principal stresses
P, T, and @, the strains set up in the direction of the stresses are

ep = — 5 (P+oT+00Q),
er = 3 (T+oP—0Q),

and e = %(Q-—aT—}-oP).

The above relations applied to a cylinder with open ends (i.e. @ = 0)
enable the expansion of the cylinder due to an internal pressure to
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be calculated. Thus, for example, the total increase in circumference
at a radius R is given by 2xR X e, and the increase of radius by
R xep. The unit expansion (or strain) of the radius R is therefore

ér OF SR 1
5 =T +eP).
p
Q
: v
H 1
T<—-~-§ ’ +—T
s
|
p

Fig. 11. The strains resulting fromn the action of
throe strosses at right angles 1o one another.

Expressed in terms of the stresses at the bore

SR _ B R} [(1+0)Ri+(1—0) B2 66
R RE —R2 ) .
__ By R: ((1+0)R}+-(1—0o)R?
wnd M ="7% { R—R }
2 — 2
Similarly, 8B, — ZoJo {(l_iq)R§+(1 o) B .
K _Ri___ 2
2F, R, R}
and 3R1 E(R2 Rz) (38)

The strain in a longitudinal direction, 6L/L, is given by
1
eg = —E-(Q-—OT—f—oP),

and since in an open cylinder @ = 0,
3L —o 2P, R}o
-7 "= " mm—ry
It should be noted that 8L/L is a compressive strain.so that the
effect of an internal pressure upon a cylinder with open ends is to

shorten it.
In the case of a cylinder with closed ends, if L is its length and 5L

(3.9)
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the extension in length due to an internal pressure P, then the
strain e, is given by 8L/L. Also

1
eg = 7(@—oT+aD),

[eg
_ %--E-(T—P). (3.10)
Since T'— P is a constant, (3.5) and (3.10) give
§£ F, R} LAV 28, k3
L~ (RR—R)E E* (R3—R3)
F, B}

= - X (1—20). 3.11
E(Ri—Rg)X( o) (3.11)
As Poisson’s ratio for steel is always less than 0-5, 6 L/L will always
be positive.

The Effect of the Stress ¢ on a plane at right angles to the
axis of the Cylinder
The value of the principal stress @ is given by (3.5). It will produce
equal strains in the direction of the radial pressure P and the hoop
tension 7' of magnitude

ol oF, R}

=~F = T BRI (3.12)
Now the strain in the direction of hoop tension in a cylinder with
open ends is given by (3.6), and the resultant strain at any radius
«R will therefore be the algebraic sum of the strain given by (3.6)
and (3.12), that is:

Resultant Strain at R:
3R F, R} {(1+a)R2+(1—~a)R2} oPoR

R~ RE R:—R? E(R:—R3)y
P, B3 ((1+0) R34 (1—20) R ‘
== { R R } (3.13)
Resultant Strain at R:
3R, (14+o)R+(1—20)R2
S s @14
Resultant Strain at R,:
3R, F R} (2—o) (3.15)

BB (®m-Ry
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The expansion 8 R at any radius can be obtained by multiplying
the strain as given by (3.13), (3.14), or (3.15) by the radius.

It is evident from the above that the magnitude of the expansion
of a cylinder due to internal pressure will vary according as it has
open or closed ends; it is assumed, however, that although the effect
of closed ends is to lessen the strains in the hoop tension and radial
compression directions, the stresses in these directions are unaltered

Strains due to the Equivalent Simple Stress §
The hypothetical strain &r/r due to the stress S is given by

o _S_T+P

S (3.16)
whilst the actual strain 8—R = T_;;P.
The value of the hypothetical strains at radii Ry, R. and R, are as
follows: % _L—gi’ _ISL]_Z;“' (3 17)

ro E ERY -

& 8 SR

T B~ ER (31%)

or;, S S, R}

juid s S Bl T 1
and =B~ R (3.19)

The Criterion of Elastic Failure

As the pressure P is progressively increased both T' and @ increase
until at the elastic limit of the cylinder the maximum principal
stress, the maximum shear stress, the maximum strain, and the
strain energy reach certain critical values. Any further increase of
P will then cause elastic failure of the material with resultant
‘permanent set’ or rupture. From the practical point of view it is
necessary to ascertain the relation between the value of P at the
elastic limit, and some property which can conveniently be measured
by the application of a uniaxial stress to a representative test-piece
of the material from which the vessel is made.

Of the various theories put forward to account for elastic failure
only four need be specifically mentioned. According to these theories
failure will occur when either (1) the maximum principal stress equals
the stress at the elastic limit under simple tension, (2) the maximum
strain equals the strain at the elastic limit under simple tension,
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(3) the maximum shear stress reaches a critical value, and (4) the
strain energy per unit volume reaches a critical value.

None of these theories is able adequately to account for all the
facts associated with the complex system of stresses found in
hydraulic plant, but if attention is confined to thick-walled cylinders
the Maximum Shear Stress and the Strain Energy theories are found,
by experiment, to give the most accurate results.

The methods of calculating the principal stresses and strains have
been described and it is now proposed to compare the results of
experiments on cylinder failures with the predictions of theory.

The following diagrammatic representation will be found useful

[1].

Maximum Stress Theory (Fig. 12)

Let P and T be the principal stresses in a two-dimensional stress
system and assume that cach stress may be either compressive or
tensile, the latter being taken as positive.

If the elastic limits of the material in simple tension and com-
pression are F and F’, then according to the Maximum Stress theory
(1) the material will reach its elastic limit when the ordinates of the
point P, T pass outside the area 4 BCD; for most steels F = F'.

P
A PR 8
P+ | P+
- T +
T T-F
q P- p-
.- T-F
Ll RS
D s C
D
Fig. 12. Diagram illustrating Fig. 13. Diagram illustrating
Maximum Stress theory. Maximum Strain theory.

Maximum Strain Theory (Fig. 13)
The strains due to P and 7 are

ep= —5 (P+oT)

and op = %(TJFUP),
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and according to the Maximum Strain theory (2) the elastic limit
will be reached when either of these equals F/E. That is,
P+ol = F, (3.20)
T+4oP =F,
and the ordinates of the point P, T pass out of the parallelogram
ABCD.

Maximum Shear Stress Theory (Fig. 14)

When the principal stresses are of opposite sign the maximum
shear stress is equal to one-half the algebraic difference of P and 7'
and, according to the Maximum Shear Stress theory, the elastic limit
will be passed when P—T or T'— P = F, that is, when the ordinates
of P, T pass outside the area A BCD.

If P and T have the same sign the greatest shearing stress is
1P or 3T, according to which is greater, and the ordinates of £, T'
will pass outside the area BHCOAID when the material passes the
elastic limit. In the case of a cylinder, the planes on which the
maximum shearing stress exists will be parallel to the axis and in-
clined at 45° to the radius at every point.

p —7
.
p X/
B____H NS
N A4S /-
\,
AN A
. o | \
A / \
~//‘ "
D L
Fig. 14. Diagram illustrating Maxi- Fig. 15. Diagram illustrating Strain
mum Shear Stress theory. Energy theory.

The Strain Energy Theory (Fig. 15)

The strain energy per unit volume in a two-dimensional stress
system is 1
2—E(P2+T5-20PT),

and the strain energy at the elastic limit in pure tension is F2/2E.
Hence - P2 T 9:PT = F?,

which is the equation of an ellipse with axes inclined at 45° to the
coordinate axes. If the elastic limit and modulus of elasticity for
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the material is the same in tension and compression this ellipse
marks the boundary at which elastic failure will occur. ’

The slope of the tangent at 7' = 0is o and at P = 0 is 1/o and
hence the ellipse is contained in the parallelogram given by the
Maximum Strain theory.

It may be remarked here that the Strain Energy theory gives a
continuous change in the values of both principal stresses as they
pass through negative and positive values whilst the Maximum Shear
Stress theory indicates that if the magnitude of one of the principal
stresses changes continuously from a small positive to a small
negative value there will be a discontinuity in the value of the other
stress.

If we turn now to the formulae summarized in Table 13 it is possible
to calculate, on the basis of the various theories, the maximum
permissible internal pressure a cylinder, made from a steel having a
known elastic limit, is capable of withstanding. Let the elastic limit
of the material in sinple tension be called #. Then according to:

1. The Maximum Principal Stress Theory the elastic limit of the
cylinder will be reached when T' = F and

F, R}—
2
T ORA {2’ (3.21)
2. The Maximum Strain Theory
By _ 4(Ri— By (3.22)

F- 5R24-3R3,’
where o = 0-25;
3. The Maximum Shear Stress Theory the elastic limit will be
reached when P+7T = F and

F, _ R}—
=% 32 0 (3.23)
4. The Strain Energy Theory. In this case
P TR 20R T, = I
P, — R}
and 3.24
F = R BRIy (3.24)
or, if o = 0-25, b 2ARI—RY) (3.25)

F 4(10R4+6R )*
The results of bursting tests made on thick-walled cylinders have
shown that in the case of brittle materials such as cast iron the

Maximum Principal Stress theory applies within the limits of experi-
4544 H
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mental error, whilst for ductile material such as high tensile steels
the Maximum Shear Stress and the Strain Energy theories hold
more closely. '

Thus reference may be made to an investigation by Cook and
Robertson [2] into the strength of thick hollow cylinders of cast
iron and mild steel and to similar data by Macrae [3] upon cylinders
of high tensile steel, which serve to illustrate the extent of the
agreement between theory and practice.

The tubes employed by Cooke and Robertson were of the form
shown in section in Fig. 16 and, in the case of cast iron, were turned
and bored from a solid casting, whilst those of mild steel were made
from solid shafting 2} in. in diameter, one end being left solid.

Fig. 16. Cylinder employed by Cook and Robertson.

Cast Iron

With this material rupture occurs approximately at the elastic
limit. The data for tubes in which the ratio of the external to
internal diameter varied from 1-30 to 2:96 are summarized in
Table 14.

In the calculated results the tensile strength of the material is that
obtained from specimens cut from the walls of the ruptured cylinder;
the calculated bursting pressure and values of P|F are based upon
the Maximum Principal Stress theory, equation (3.21).

TaABLE 14. Results of Tests on Cast Iron Cylinders. (Cook and

Robertson)
Calculated, Calcu-
External | Internal Tensile Bursting | bursting | Observed| lated
diameter | diameter D, strength (F), | pressure (P) | pressure, P P
Dy, inch | Dy, inch D, 1b.[/sq. in. | Ib./sq. in. |1b.lsq. in. F F
1-133 0-873 1-30 18,600 5,060 4,760 0-272 0-256
1-420 0-923 1-54 24,500 9,620 9,950 0-388 0-406
1-390 0-755 1-83 23,5650 13,000 12,710 0:562 0-540
1.710 | 0-922 1-85 26,900 14,650 14,800 0-540 | 0-550
1-561 0-79