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The present invention relates to vessels for storing 
?uid under pressure, and, more particularly, to an im 
proved method of making such vessels. 

Pressure vessels are used extensively for storing ?uid 
adapted to be utilized to provide auxiliary power or for 
other purposes on aircrafts, rockets, missiles and other 
airborne devices. In such applications of use, it is de 
sirable to store a maximum of pressure ?uid in a vessel 
occupying a minimum of space which requires that the 
?uid be stored under high pressure. The trend has been 
to store ?uids at higher and higher pressures over the 
years wherefore today it is not unusual to store the 
?uid at pressures as high as 3,500 p.s.i. or even higher. 
In view of the fact that weight is a penalty in all air 
borne applications, there has been a constant struggle to 
produce vessels having maximum strength and minimum 
weight for a particular high service pressure. 

In the past, pressure vessels have been fabricated 
which comprised an inner steel shell and a winding of 
piano wire on the shell. This winding permitted the 
use of a somewhat thinner and lighter shell to produce 
a vessel of slightly less weight for 'a ‘given service pressure. 
The primary advantage of such vessels has been that the 
wire winding prevents shattering of the steel shell when 
struck by gun?re. 

Also, pressure vessels have been fabricated which com 
prised a thin gas tight inner shell or liner and an outer 
shell of considerable strength and wall thickness com 
posed of a resin impregnated ?berglass winding. Such 
vessels are relatively light in weight and are non-shatter 
able. However, such vessels cannot be tested without de 
struction thereof to locate ?aws and imperfections which 
would render the vessels unsafe in service. 
More recently, it has been proposed to improve the 

structural strength of steel shells by pre-stressing the same. 
Such prestressing has been attempted either by Winding 
high tensile strength ?laments on steel shells or by 
internally pressurizing beyond the yield point steel shells 
having a non-tensioned winding thereon and then releas 
ing the pressure. However, neither method has been satis— 
factory. The winding tension method is limited to rela 
tively low values of prestress in the winding; and the 
yield pressure method is limited by the ductility of the 
steel because a high degree of strain hardening would re 
sult which would considerably lower the ductility of 
the steel. 

In accordance with the present invention, it has been 
discovered that cetrain features of the winding tension and 
yield pressure methods can be combined and utilized 
under controlled conditions to produce safe and uni 
form vessels having a high strength for weight ratio and 
having a greater cycle life than those produced by either 
of these pre-stressing methods alone or by any of the 
other methods heretofore employed in producing non 
wound metallic pressure vessels, the vessels being of com 
parable strength to weight. 

Accordingly, an object of the present invention is to 
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provide a method of making high strength, low weight 
pressure vessels in a simple, practical and economical 
manner. 

Another object is to provide a method of producing 
such vessels which is particularly adapted for use in 
connection with vessels of generally cylindrical shape. 
A further object is to provide such a method which is 

adapted for use in connection with a wide variety of high 
strength, ductile metals or metallic alloys and high ten 
sile strength continuous ?laments. 
Other and further objects of the invention will be ob 

vious upon an understanding of the illustrative embodi 
ment about to be described, or will be indicated in the 
appended claims, and various advantages not referred to 
herein will occur to one skilled in the art upon employ 
ment of the invention in practice. 

In the drawing, the single ?gure is a fragmentary ele 
vational view, partly in section, of a cylindrical pressure 
vessel in accordance with the present invention. 

Referring now to the drawing in details, there is shown 
a pressure vessel which comprises a shell 10 formed of 
high strength, ductile metal having a cylindrical side 
wall 11 ‘and having hemispherical end walls 12 one of 
which is provided with an opening 14 for introducing 
and discharging ?uid under pressure; and a hoop Winding 
15 of a plurality of layers of resin coated high tensile 
strength continuous ?laments wound under tension on a 
section of the cylindrical wall. 
The method utilized to produce the pressure vessel 

genearlly comprises applying the hoop winding 15 at 
a tension to partially pre-stress the cylindrical wall sec 
tion, ‘curing the resin to provide a permanent ?lament 
resin laminate on the wall 11, and subjecting the interior 
of the shell 10 to ?uid pressure at a value and for a dura 
tion to expand the shell and cause the yield strength to 
approach the tensile strength of the metal providing the 
cylindrical section to further pre-stress the cylindrical 
wall. 
More speci?cally, the shell 10 is constructed of steel 

and has a substantially uniform wall thickness, and the 
winding is composed of ?berglass and epoxy resin. The 
layers of the winding are ‘applied with decreasing tension 
from the ?rst to the last layer. The weight of the cylindri 
cal wall section covered by the winding is between about 
three and about ?ve times the weight of the laminate on 
the wall section. The ?uid pressure to which the interior 
of the shell is subjected is at a value between about half 
way between the test pressure and burst pressure and a 
value closely approaching the burst pressure. This 
pressure is applied to the shell for a duration of between 
about one minute and about two minutes. 
As a speci?c example of practicing present invention, 

eight nominal 520 cubic inch cylindrical shells, Nos. 1, 2, 
3, 4, 5, 6, 7 and 8 were constructed of SAE 4130 steel (a 
ductile, high strength chrom-moly steel which maintains 
its properties —65° F. and +l60° F.), ‘and were heat 
treated to provide the same with 152,500 p.s.i. ultimate 
tensile strength. These shells had a substantially uniform 
wall thickness of about 0.100 inch, an overall length L 
of about ‘19.12 inches, a diameter D of about 6.78 inches, 
and a cylindrical wall section CS to be covered by the 
winding 15 having a length of about 12.2 inches. These 
shells had -a weight of about 12.9 pounds with the cylin 
drical wall section having a Weight of about 7.3 pounds. 

Shell No. 1 was provided with a winding composed of 
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twenty-seven ends of ?ber glass wound in seven layers 
of about 141 turns per layer laid down neatly without gaps. 
The winding is applied with a decreasing tension schedule. 
For example, the ?rst layer may be applied under twenty 
?ve to twenty-seven pounds of tension and the seventh 
or last layer may be applied under nineteen to twenty 
two pounds of tension. After the ?rst or second layer, 
the tension may be reduced for each layer or each other 
layer. The following tension schedule was employed: 

Pounds 
First layer __________________________________ __ 27 

Second layer ________________________________ __ 27 

Third layer _________________________________ __ 23 

Fourth layer ________________________________ __ 23 

Fifth layer __________________________________ __ 19 

Sixth layer __________________________________ -_ l9 

Seventh layer _______________________________ __ 19 

The ?berglass was coated with su?icient epoxy resin so 
that the cured laminate had a content of about 85% by 
weight of glass and about 15% by weight of resin, and 
the laminate had a weight of about 1.2 pound (weight of 
steel to laminate at CS, about 6 to 1) and a thickness of 
0.067 inch. The laminate was cured for two hours at 
185° F. and then for six hours at 250° F. 

Such a laminate has an ultimate tensile strength of 
about 220,000 p.s.i. The ?berglass by being tensioned 
during the winding thereof in the foregoing described 
manner created about 22,100 p.s.i. tensile stress in the 
laminate which is e?ective to pre-strain the cylindrical 
wall section CS of the shell about 0.005 inch per inch to 
provide a compressive pre-stress therein of about 14,800 
p.s.i. 

After the laminate was applied and cured, a ?uid pres 
sure of about 6,900 p.s.i. was produced by hydraulic ?uid 
and was maintained in the interior of the shell for about 
one minute and then was released. 
The remaining permanent set in the steel was found to 

be 5,235 micro inches per inch which imparted a tensile 
pre-stress of 38,200 p.s.i. in the laminate and this 
pre-stress in turn imparted a compressive pre-stress 
of 25,600 p.s.i. in the steel. The total compressive pre 
stress by the use of combined winding tension and yield 
pressure methods in the foregoing shell was about 40,400 
p.s.i. The combined tensile pre-stress in the laminate 
was 60,300 p.s.i. In an instrumented burst test, the 
0.2% offset yield pressure of this vessel occurred at 7,400 
p.s.i., and the vessel burst at 8,460. 
The customary hydrostatic proof test to which pres 

sure vessels are subjected was not required because the 
shell was already subjected to a pressure of 6,900 p.s.i. 
for one minute during the pre-stressing thereof whereby 
the observations made at that time provided the necessary 
proof test data. 

Vessels made in accordance with the foregoing pro 
cedure fully met the following operating requirements: 
Service pressure _______________ __ 3,600 p.s.i. 

Test pressure __________________ _. 6,000 p.s.i. 

‘Burst pressure (minimum) _______ __ 8,000 p.s.i. 
Operating temperature __________ __ —65° F. to 160° F. 
Cycle life (minimum) __________ __ 10,000 cycles from 

0 to 3,600 p.s.i. 
Shell No. 2 was provided with a winding 15 which 

was applied at a very low tension, and was subjected 
to internal ?uid pressure like Shell No. 1. 

Shell No. 3 was provided with a winding 15 identical 
to that of Shell No. 1, but was not subjected to any 
internal ?uid pressure. 

Shell No. 4 was provided with a winding 15 identical 
to that of Shell No. 2, but was not subjected to any internal 
?uid pressure. 

Shell No. 5 was not provided with a winding 15 to 
pre-stress the same, but was pre-strained to approxi 
mately the same permanent set as Shell No. 1 by sub 
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4. 
jecting it to an internal ?uid pressure of about 4,600 
p.s.i. for one minute and then releasing the same. 

Shell No. 5 was not provided with a winding 15 to 
subjected to any internal ?uid pressure. 
The effects of winding and/or yield pressure pre 

stressing and the lack of either were investigated by 
means of strain gauge instrumented tests. The results 
of these tests are given in the following table: 

TABLE I 

Winding Yield Pre-strain, Total 0.2% oil‘ 
Shell pre-stress, pressure ln/lnXlO-? prestress, set yield 
N o. p.s.i. pre-stress, p.s.i. pressure 

p.s.i. 

25, 600 5,235 40, 400 7, 350 
25, 600 5, 235 20, 660 G, 800 

0 0 14, 800 0, 500 
0 0 4, 060 5, 900 

__________ _- 6,250 __-_________ 4, 000 

_- __________ __ 4, 700 

In addition, a longitudinal tensile specimen was cut 
from Shell No. 7 which was practically identical to Shell 
No. 1 prior to the burst test, and a similar specimen was 
cut from Shell N0. 8 which was practically identical to 
Shell No. 4 prior to the burst test. The mechanical 
properties of these tensile specimens are given in the fol 
lowing table: 

Table II 

Percent 
Shell No. Proportional 0.2% yield, U.T.S.1 strain at 

limit, p.s.i. p.s.i. U.T.S.,l 
percent 

7 ___________ __ 108, 500 140, 400 159, 000 4. 5 
8 ___________ __ 99, 500 136, 800 152, 500 5. 2 

1 Ultimate tensile strength. 
The following conclusion can be drawn: 
( 1) Pre-straining increases the yield pressure of con 

ventional cylindrical vessels as well as comparable tensile 
specimens. 

(2) Pre-stressing increases the yield pressure of a com 
posite cylindrical vessel. 

(3) A cylindrical vessel which is pre-stressed by an 
initial pressurization beyond the yield point will have a 
higher yield pressure due to the effect of the pre-stress and 
due to the effect of strain-hardening. 

(4) Due to the increase in yield pressure a cylinder 
which has been pre-stressed by the aforementioned meth 
ods will have a better fatigue life when cycled than an 
equivalent cylinder of equal weight and volume which 
has not been pre-stressed. 

While the present invention has been described in con 
nection with ?ber glass wound chrome-moly steel shells, 
it has been established that shells formed of other metals 
or metallic alloys and wound with other continuous ?la 
ments can be similarly bene?ted by the instant pre-stress 
ing method. For example, the shells may be formed of 
stainless steel, aluminum alloys, titanium alloys or other 
non-ferrous alloys; and the ?laments may be formed of 
ultra-high strength music wire or stainless steel wire. 
The materials, the number of turns and the winding ten 
sion preferably are selected to produce a pressure vessel 
having a high strength-to-weight ratio. 
From the foregoing description, it will be seen that the 

present invention provides a simple, practical and eco 
nomical method for producing pressure vessels having a; 
high strength-to-weight ratio. 

It will be understood that the details and examples here 
inbefore set forth are illustrative only and that the in 
vention as broadly described and claimed is in no way‘ 
limited thereby. 

I claim: 
1. The method of fabricating vessels for storing ?uid 

Under pressure Which method comprises applying a: hoop 
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winding under su?icient tension a plurality of layers of 
resin coated high tensile strength continuous ?laments 
on a cylindrical wall section of a shell formed of high 
sterngth, ductile metal to establish a preceptable pre 
stress in the cylindrical wall section, the shell having 
end walls one of which is provided with an opening for 
introducing and discharging ?uid under pressure; cur 
ing the resin to provide a permanent ?lament resin lami 
nate on the cylindrical Wall section; and thereafter sub 
jecting the interior of the shell to ?uid pressure at a 
value and for a suf?cient duration of time to expand the 
shell and cause the yield strength to approach the ulti 
mate tensile strength of the metal providing the cylindrical 
section to thereby establish a further perceptable pre-stress 
in the cylindrical wall section. 

2. The method according to claim 1, wherein the ten 
sion at which the layers of resin coated ?laments are 
Wound decreases substantially from the ?rst layer to the 
last layer. 
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3. The method according to claim 1, wherein the ?uid 

pressure to which the interior of the shell is subjected is at 
a value between the test pressure and the burst pressure 
of the vessel. 
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