
HIGH PRESSURE AIR CYLINDERS. 

Reservoirs of H.P. air cylinders are used extensively in W.M. 
Service, and it is thought that a brief summary of their history 
and method of manufacture may be of interest. The two most 
important applications for batteries of cylinders are firstly for 
the storage of air for bIowing diving tanks, etc., in submarines, and 
secondly for accumulators or as a reserve for gun air blast in battle- 
ships and cruisers for use in the event of the air compressors bang 
damaged. There are also many occasions, such as during torpedo 
preparation tests when an air supply can be obtained from these 
reservoirs, thus obviating the necessity of running an air compressor. 

History.-As is well known, cylinders are used extensively in 
the commercial world for transporting compressed gases. 

Prior to 1890, commercid cylinders were usually made.either 
of wrought iron or mild steel, but shortly afterwards cylinders 
made of harder (higher carbon) steel were being introduced. In 
1893, a cylinder made from 0 45 per cent. carbon steel burst with 
fatal results at Bradford Railway Station when it was dropped from 
a boy's shoulder. As a result of this accident an agreement was 
reached between the Cylinder Manufacturers and the Railway 
Companies that the upper carbon limit for bottles should be 
Q 25 per cent. 

In 1895 bother serious accident occurred at Fenchurch Street 
Railway Station due to  a cylinder barsting when being transported 
and a Committee was appointed by the Home Secretary to consider 
and report on the use and conveyance of cylinders containing 
compressed gases. 

This Committee endorsed and amplified the terms of the agree- 
ment reached between the Railway Companies and the camp&- 
gas trade, and the principal recornendations made are given in 
Table I. 

These recommendations remained in force until 1921, when 
the report of the Gas Cylinders Rearch M t t e e ,  appointed 
in l918 to reconsider the recommendations of the 1895 Carnmittee, 
was published. 

This Committee consisted of 12 members and contained 
representatives of the Admidty ,  Air Ministry and the Home 
Office. While a complete agreement between the members was 
not reached, the majority report conmed in the use of a higher 
carbon steel for cylinders for the permanent v. 

The principal recommendations of the majority report are 
shown in Table I. 

Attention was drawn in the report to the potential danger of 
the low-temperature anneal recommended by the 1895 Committee. 



It is explain& that if the cylinders have been strained or deformed 
prior to the annealing, there is every possibility of grain growth 
resulting, whilst if the bottle is not strained this annealing is 
unnecmary. The Committee recommended that in cases where 
a heat treatment was considered essentiaI for any reason, the same 
treatment as that applied to  the bottle after manufacture should 
be used. 

Air reservoirs were first introduced into the Service in 1880, 
when automobile torpedoes were fitted in the Admiral Class. 

This type of reservoir consisted of a series of tubes, 6 ft. long 
and 3 in. external diameter, fitted with screwed and sweated 
gunmetal caps very similar to  the charging columns used at the 
present day. They were connected together by short copper piping, 
and were made up in battesies of 25, 50 and 100 tubes. 

In 1901 the working pressure was increased to 2,500 1bs.lin.' 
but the tubular type of reservoir was retained and it was not until. 
1905 that an actual cyhder was obtained for trial. This cylinder 
conformed very closeIy as regards material specification to  the 
recommendations of the I895 Committee, but the working and 
test pressures were increased to  conform with the sewice require- 
ments and the mechanical tests were consequently more severe 
as shown in Table I. 

From this time cylinders of various shapes and sizes, depending 
m the space available have always been employed for air reservoirs. 

In 1912 it was decided to increase the working pressure to 
3,500 Ib~ . / in+~  and a design of cylinder was prepared which was 
first installed in the Que8.n. Elkahclk class s h i p ,  All s~lhseqnent 
ships have been equipped with an air system of this pressure, but 
a working pressure of 2,500 was retained for submarines. In Sub- 
marine " X. 1 " pressure was incresased to  3,000 Ibs. /ima and in 
Obercwa and later classes to 3,500 Ib~ . / in .~  

In 1919 it was proposed to further increase the pressure to 
44,500 lb~ . / in .~  and a cylinder design wzs prepared and an air corn- 
pressor purchased, but the scheme was never adopted. 

Before the post-war ships were constructed the report of the 
Gas Cylinders R m c h  Committee had been published and with 
a view to saving weight the cylinders for the submarine Oberorr, 
W.M. ship Nelson and Rodaey and the 10,000 ton cruisers were 
made of a higher carbon steel of 40 tonsfin.P U.l.S., the specification 
being based on the recommendations of the Committee. (See 
Table I.) 

For the R Class submarines the U.T.S. was further increased 
to  45 tonstin.=, but it was found that practicable commercial pro- 
duction had not yet reached this stage and consequently it was 
decided to  revert to &-ton steel for all subsequent cylinders. 

--The Gas Cylinders Research Permanent Gases h- 
mittee recommend that the maximum stress at the full wor- 



I I 1 l Recommended 

I I permanent 
g s e s .  

As As Latest IPffihd by specified by 
Admiralty for ion. 

Rodxey, &c. Raiabow' 

U.T.S.tonli~.~ .. .. 2 6 3 3  W 2  2&42 40 40 45 40 
Yield tan/in.' . . .. Not specified Not specified Not s p i W  20 22 22 20 
Elongation .. .. 1bpercent.in 30percent.in 30percent . in  14percent.in 18percent.l[ 16percent.lI 18pcrcent.ll 

8 ins. 2 ins. 2 ins. 6 t  ins. 

~ransre& . . - 
Carbon Content . . : :/ 0.15 pr cent. 

Working Pressure . . 1,800 lbs. /in." 
Proof Test Pressure . . 3,360 Ib./in.* 
Strem at Working B tonslin? 

Pressure 
Heat Treatment . . . . - 

- 
0.25 per cent. / 0.25 per cent. 

3 
0 -43-0 -48 
per cent. 

1,800 1bs.lin.a 
3,OM lbs. /in.' 

10 tonsiin.' 

Heat 820-850t 
&l in air 

per cent. per cent. per cent. W 

3,500 3,500 3,500 
5,600 5,600 5,600 
11.5 11 -5  10 

Heat 820-850: Heat 82040: Heat 870-9205 
h1 in a i r  Cwl in air Cool in air 

Re-heat 804.)- 
850,: Cool in 

air 
. - . . . - . . - - .  . -- . - .  . 

Tests remmrnended by 1895 hmmittee to h carried out on one bottle in every batch of 50. 
Tests wornmended by Gas Cylinders Research Committee to be carried out on one bottle in every batch of 100. 
Tests specified by Admiralty to h camed out on rr test ring cut from each cylinder before bottting and heat-treated with the Cylinder. 
* 10 x 5 mm. test piece. 
7 10 X 10 mm. test piece. : Cylinders to remain in furnace only for a sufficient time to ensure a11 parb are at same temperature. 
9 Cylinders to  remain in furnace at thia temperature for not Iess than half an hour and not more than two hours. 
11 Mmwred on a gauge length equal to 4d-  of tat pi-. 



pressure shall not exceed 10 t~ns / in .~when  calculated on the simple 
thin cylinder formulz, but owing to the higher pressures used 
in the Service and the consequent increase in the ratio of wall 
thickness to diameter the thick cylinder formula is invariably 
used. 

The question of weight reduction is always of primary importance 
for W.M. Service. 

It can be shown that the relation f W o: p v is approximately 
true where-- 

f = maximum stress perrnissibIe at working pressure. 
W = weight of the cylinder. 
$ = working pressure. 
P, = volume of cylinder. 

This is shown in Table 11. 
Working pressure times volume of cylinder is a measure of the 

quantity of free air stored, or weight of air in the cylinder and it 
therefore follows that for a given free air capacity the weight of a 
mewoir varies inversely as the maximum permissible stress. 

As the maximum stress is fixed for any given type of material 
the weight of an instanation of cylinders is constant and independent 
of the pressure, but space required can be reduced in proportion to 
the pressure rise. 

The capacity of a battery of cylinders is detennjned by the 
duties for which it is required. For a submarine the capacity is 
dependent on the number of consecutive dives that may be under- 
taken without opportunity to recharge the reservoirs. For a battle- 
ship or cruiser, it is dependent on the gun air blast requirements, 
the reservoir acting as an accumulator, assisting the compressors 
when the demand is large and taking the excess of the compremor 
output when the demand diminishes. 

Material-The cylinder must be designed so that the maximum 
stress produced, i.e., proof tes t  stress is within the elastic limit of 
the material. For plain iron carbon steels the maximum stress 
allowed is about two tonslin.8 I- than the specified yield point. 

It is evident that an important quality required by a rnatedak 
for cylinders is toughness. Cyhders when f d y  charged may, 
during an action, be subject to severe shock and it is essential that 
under these conditions the material will not fragment if hit, but 
tear and remain in one piece, and so lead to  no ser ihs  consequential 
damage. 

The property of toughness is usually measured by a notched 
bar impact test, but without a series of practical triaIs of the 
cylinders to destruction it is no@'pssibIe t o  state what is the critical 
value of toughness which divides the two methods of fracture of a 
cylinder, viz., by fragmenting and by tearing. T ~ t s  to destruction 
of a proportion of each batch of cylinders to ascertain whether they 
fragment is obviously not practicable with large cylinders owing to 



Estimated weight-cylinders at p e n t  under manufacture. 
t Provisional estimate of cylinder manufactured of alloy steel. 

Size of Cylinder. 

Ft. Ins. 
6 4 
5 9 
3 S$ 
5 104 
6 7 
B 0 
B 9. 
7 6 
6 0 
6 o t  

Ins. 
13) 
1% 
13 
79 
711 
174 
9 

1st 

Capacity '" *l.' 
V. 

53 
7.08 
2-74 
1.66 
1-66 
8 
2.7 
3.125 
8.375 
9.2  

Working 
m u r e  

in lbs./in.' 
P. 

fi50 
900 

2,500 
2,500 
3,500 
3,500 
3,500 
3,5W 
3,500 
3,500 

Materid 
SptifrcaOion. 

Ins. 
144 
17 
14% 
S& 
8h  

20 
104 
104 
20 
20 

1J.T.S. 

40 
40 

28-32 
2832 
2832 

40 
40 
40 
45 
56 

Stress at 
Working 

T2y~p 
F. 

5.37 
6-63 
9.0 
9.07 
9.0 
10.3 
10.3 
11 -3 
11.6 
17.5 

Yield. 

20 
20 
- - 
- 
20 
M 
22 
22 
40 

Weight of 
Cylinder 
in cwts. 

W. 

3.5 
5 
4 -3 
2-25 
3.5 

15 
4-8 
5 

13.8 
1 0 ~ 3  

Weight 
per ft.' of 
free air in 

1bs./ftna 

1.5 
1.3 
1 a 0 3  
1-01 
I .M) 
0.88 
U - 8 4  
0.75 
0.77 
0.525 

P V 

200 
190 
I78 
204 
185 
186 
184 
19'3 
1 H3 
IW) 



the cost involved and it is usual therefore to specify that the material 
shall have a degree of toughness which has previousIy been proved 
to be sufficient for the purpose in similar cylinders of similar 
material. 

It is of interest in this connection to note that small oxygen 
flasks for the Air Ministry are tested for fragmentation by per- 
forating a proportion of fully charged cylinders with a rifle bullet. 

During the investigations of the Gas Cylinders Rwearch Com- 
mittee a number of cylinders were carefully examined at the National 
Physical Laboratory. The usual mechanical tests were applied 
and the composition of the material analysed but in addition the 
bottles were given a " rough handling test." This consisted of 
dropping a fully charged flask 30 ft. on t o  a concrete bed. If the 
bottle fragmented under this test the material was considered to  be 
unsuitable. 

As a result of these examinations the Gas Cylinders Research 
Committee drew up a specification for high carbon steel bottles 
which would have sufficient toughness to  withstand " sough 
handling " on sesvice. 

It does not follow that a material which has the specified physicd 
properties will be suitable unless it has the correct composition and 
is properly heat treated and it is most important therefore that 
every requirement of the spdication must be strictly observed. 

As was shown by the Committee's tets, another interesting 
feature brought out is that geometrically similar cylinders of the 
same materid do not behave in the same manner ; a small flask 
possibly failing by fragmentation, while a large one of the same 
material will stand the test. It is thought that the tendency to 
fragmentation may be associated with wall thickness, a ceth in  
minimum thickness being necessary to avoid this tendency. 

When high carbon steeI cylinders were i n t r d u d  in the Service 
the Gas Cylinders Research Committee's specification was closely 
fdowed (see Table I), and further the customary bend test was 
adhered to.  

The heat treatment that had been s m e d  by the Admiralty 
was that after manufacture the cylinders should be heated to a 
temperature of not less than 820" C. and not exceding 85Q0 C. and 
to remain at that temperature only for sufficient time to ensure that 
alt parts were at the same temperature, Before the temperature 
had fallen appreciably the cylinders were to  be removed and allowed 
to coo1 in still air. 

This heat treatment was the one recommended by the Gas 
Cylinders Research Committee, but because cylinders for t he  
Service are considerabIy larger than those used in commerce, and 
the increased mass must affect the heat treatment it was considered 
that an improvement mdd be effected by using a double heat 
treatment. 

Accordingly it was specified in 1931 that cylinders after 



manufacture should be heated to from 900-920" C., for a perid of 
not less than 4 hour and not exceeding 2 hours, withdrawn from 
furnace and allowed to coo1 to a temperature not exceeding W C. 
and then reheated to  from 82&850 and dowed t o  cool in still air. 

The reason for this double heat treatment was that the condition 
of the material before treatment must depend on the amount of work 
done on it during manufacture, which will consequently vary 
throughout t he  cylinder. The first heat treatment is primarily 
to  relieve all forging stresses and therefore a minimum time limit Ts 
specified. The maximum time limit is specified t o  prevent grain 
growth. This treatment should leve  the cylinder free from forging 
stresses but the grain structure will pssibly vary throughout the 
material, and will not be as refined as practicable. The second 
treatment is therefore given to develop a fine and uniform structure. 

The temperature limits s m e d  proved to be too close for 
practical control of such a large mass and were amended to  870- 
920' C. for the first treatment and 800-850" C. for the second. 

In view of the high temperature and the time required for the 
first heat treatment great care must be exercised to prevent scaling 
which would result in reducing the cylinder wall thickness. 'Until 
quite recently the specification provided that the treatment should 
be carried out with the cylinders placed in boxes suitably packed 
so that all air was excluded and the furnace gases prevented from 
coming into contact with the metal. Packing the boxes however, 
does not exclude all the air, h a u s e  the inside of the bottles cannot 
be packed, and consequently there is little gained. The substance 
with which to  pack the boxes also presents a certain amount U£ 

difliculty, ashe are the most practical, but there is always the danger 
that small particles of coal may be present which wil l  carbonise the 
material. 

A was therefore agreed that it was safest not to  pack the boxes. 
The most important condition is that furnace should not 
impinge on the cylinder, and this is complied with by using unpacked 
boxes, 

It was then pointed out by a manufacturing firm that by using 
a +ally adapted furnace it could be arranged so that there was 
no possibility of the hot gases inpingkg an the flask, and as when 
cylinders are in box= they cannot be sightd or their ternperatu~ 
accurately obtained greater control could be exercised if special 
furnaces and no boxes were employed. This was fully app~ ia ted ,  
but because all firms do not possess the necessary furnace it is now 
s e e d  that the heat treatment is to be either canied out in a 
special. furnace or the cylinder is to be placed in a boz  

The test results of cylinders made t o  this s@cation show that 
the treatment is very effective and that no difficulty is e-enced 
in obtaining the s@ed mechanical pmpedies, The results obtained 
and the structure indicated by the test piece fracture are remarhbly 
uniform. 

(3lS)ess)cr c 2 



Mmuh&m.-Two distinct methods of manufacturk are 
employed. 

(a) Not drawn machine finished, 
( b )  Cold drawn finished. 

Cylinders manufactured by both processes are in use in the 
Senrice. It is daimed that a very close grained material is obtained 
with the cold drawn finished cylinders which is more resistant to 
corrosion but the cylinders have not been in use for sufficient time to 
demonstrate if this claim is correct. 

( l )  Hot h w n  Machine EWshed,--A detaild account of this 
process has appeared in No. 12 Issue of these papers. 

(2) Cold Drawn ---The first part of this process is the 
same as previously described, except that the wall thickness is not 
reduced to the same extent by hot drawing. 

After the final hot pass the cylinders are annealed and the wall 
thickness is gauged so that it can be set up in a lathe with the bore 
true. The outside is then rough machined to make it concentric 
with the bore and the closed end is turned to  shape. A careful 
examination is then given for surface defects, and any that are found 
are chipped out. 

The cylinder is then drawn cold over a mandrel, about four passes 
being given. The cylinder is annealed between each pass. 

The cylinder walls are then gauged for thickness, no machining 
being done on them and if correct the test ring is cut and the 
cylinder is ready for bottling, the remaining prmess 'Ibwtg as 
previously described. 

In both methods described the original billet is forged into a 
cylinder, with one end dosed and formed to shape. With the cold 
drawn process, however, the method is sometimes modified by first 
forming a tube. The initial passes are carried out hot and the h a l  
ones cold as before, and after examination and gauging of the walk, 
each end is dosed by the bottling process. This method is ,only 
satisfactory if a fitting is required at each end, but it has the 
advantage that a more rigid examination can be carsied out. 

Fntnre ~opmank-In order to reduce the weight of air 
cylinders it is essential that material that can be more highly stressed 
shall be used. From the experience gained when 45 tonslsq. in. 
plain iron carbon steel was employed it was concluded that the limit 
of U.T.S. for this type of steel for commercial production notwith- 
standing laboratory tests was 40 tens / in.' Increasing the 
carbon content f o increase the U.T.S. would tend to make the metal 
brittle and unreliable, so that it is obvious that further development 
can only be obtained by using alloy steels. 

Such a steel must be capable of being drawn and the heat treat- 
ment must be simple, as it is not practical. with a cylinder to  quench, 
either in oil or water ; all cooling must be done in air. 



In the heat treated condition the steel must also possess the 
valuable property of toughness already stressed. 

Small cylinders for the Air Ministry have been made from n 
nickel chrome molybdenum steel whose trade name is Vibrac. As 
already stated such cylinders are tested by penetrating with a rifle 
bullet, and no failures have yet occurred with this alloy steel under 
such a test. 

It does not follow, however, that large cylinders made from the 
same material wiU behave as satisfactorilly, and this is now under 
investigation. 
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