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HIGH PRESSURE CHAMBER DESIaN

This report in the result of a need to provide high strength
chambers for use in hypervelocity launchers. The calculations
presented indicate the large advantages that can be gained by
using a segmented construction for a high pressure cylindrical
chamber.
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INTRODUCTION

The pressure capability of relatively large size (one of
internal diameter greater than one inch) cylindrical vesseli has
been limited to values of about two hundred thousand pounds per
square inch. Where pressures higher than these have been obtained,
either very small sized vessels were involved or the pressures
were transient. Numerous Investigators have conceived of chambers
which were capable of containing pressures as high as 500,000 psi,
but, in general, these are of elaborate design, do not lend them-
selves for use in large sizes, and are not adaptable to many
important applications.

The purpose of this report is to describe a cylindrical
segmented high pressure chamber, which appears to be practical in
large size, and which theoretically appears to have pressure
capabilities as high as one million psi.

TICHNICAL DISCUSSION

A cylindrical monobloc vessel is limited in its elastic
pressure containment capability by two basic facts.

a. The strength of the material, from which the vessel is
constructed, is limited, and

b. The cylindrical geometry Is such that high nonuniform
stresses of both tension (hoop or tangential stress) and compression
(radial stress) are induced at the bore by internal pressurization.
The combined stress condition causes yielding at the bore.

These facts are illustrated by the equation (for example,
see ref. I or 2) that relates the yield pressure to the yield
strength of the material and the wall ratio of the cylinder:

2Yw -1)
Pyield 2

where Pyield is the Internal pressure which would Just initiate
yielding at the inner bore of the cylinder. Thus, a monobloc
cylinder with an Infinite wall ratio, ., would only have an
elastic pressure capability of Yo/V - 0.577 Y0 . Since the
yield strengths of high strength steels, at least In large

m
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sections, are limited to about 200,000 psi, the maximum pressure
that can be maintained without yielding is approximately
115,000 psi.

An examination of the stress distribution in a cylinder just
as it reaches the yield condition indicates that even though the
bore stresses are high, the stresses progressively decrease
through the wall and at the outer surface reach relatively low
values. Furthermore, the application of an external pressure to
a cylinder will induce a negative (i.e., compressive) hoop stress
at the bore. This neg&tive hoop stress can reach quite high
values for comparatively low pressures externally applied. This
suggests that the chamber should be constructed of two or more
concentric cylinders in which the outer cylinder (Jacket) is
shrunk onto the inner cylinder (liner). This is a conventional
technique that is used to increase the elastic operating pressure
range of a vessel. The shrink-fit generates an interference
pressure between the liner and jacket which creates negative hoop
stresses (compression) at the bore of the liner and positive hoop
stresses (tension) at the bore of the jacket. When internal
pressure is subsequently applied to the bore of the liner, it
does not create a positive hoop stress until a pressure high enough
to overcome the negative hoop stress of the shrink-fit construction
is reached. Even though the jacket in this situation initially
has a positive hoop stress, the nonuniformity of the stress caused
by the internal pressure is such that, under proper design
conditions, the combined stress at the bore of the Jacket will
remain below the yield condition.

The shrink-fit construction does have limitations. The
major one is that there in a limit to the negative stress that can
be induced in the bore of the liner; namely, when the stress
condition at the bore of the liner reaches the yield point in
compression. Thus the maximum attainable elastic pressure capa-
bility for a shrink-fit construction Is twice the value given by
equation (1). This maximum value can only be realized by using a
large number of concentric cylinders shrunk together, or by using
a smaller number of cylinders, each having a large wall ratio.

The principle of the shrink-fit is to create initially
compressive hoop stresses at the bore of the cylinder. Such
compressive hoop stresses can also be created by utilizing the
process of "autofrettage" during chamber manufacture. In this
process the cylinder Is subjected to a sufficiently high value of
internal pressure to cause yielding &hrough al4 or part, of the
cylinder wall. After the pressure Is released, there exist
residual stresses in the cylinder wall. The Inner bore is left

2
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with a residual compressive hoop stress. Hence, because of this
stress, the autofrettaged cylinder is, as was the case for the
shrink-fit, capable of operating elastically at a higher internal
pressure.

Equation (1) gives the pressure at which yielding commences
in a cylinder. However, due to the nonuniformity of the stresses,
pressures greater than the yield pressure are required to cause
yielding to continue through the wall of the tube. In fact,
there is a unique relationship (ref. 1) between the internal
pressure and the diameter to which yielding has progressed.

- + ln n) (2)

Yielding will have occurred throughout the wall when n - w
so that

2Yp -2lnw (3)

b J3

where P, is the pressure required to yield the cylinder through
the entire wall. Equations (2) and (3) are derived on the assump-
tion that the chamber material has a perfectly elastic-perfectly
plastic stress-strain curve. Equation (3) is usually used to
estimate the burst pressure of a monobloc cylinder. The actual
burst pressure would be somewhat higher due to work hardening
effects in actual materials.

If a monobloc cylinder is pressurized during manufacture
(i.e., autofrettaged) to values greater than that given by
equation (1) but no more than that given by equation (3), upon
pressure release, it will be found that residual compressive
astreases exiat at the bore so that a situation similar to that of
the shrink-fit construction occurs. Again, however, there are
limitations. If the residual stresses become high enough, yielding
in compression will occur at the bore. This is called reverse
yielding (ref. 3). If it is desired to have'an elastic pressure
capability, the autofrettage pressure must be limited to values
Just below the pressure that will cause reverse yielding. For
wall ratios lesr than 2.22, a cylinder can be pressurized to the
value given by equation (3) without having reverse yielding occur
when the pressure is released. For wall ratios peater than 2.22
the Putofrettage pressure is limited to twice the value Siven by
equation (1) if reverse yielding Is to be prevented. Within these
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lsmts then the autofrettage prescure represents the operating
preosAre capability of a cylinder. A sumx -v for the situations
i1soaased previouslytof the calculated maximum Internal pressures
that may be used In a cylinder which Is operating elastically, is
given below t

Blastic Operation

Monobloc-non-autofret taged

Y (S2_1)

Puax --2 (1)

Monobloc-autofret taged

2Y In w
pw 2 w E L2.22 (la)

,.3

2Y (2_-1)
pmax /3 -2 - - -"2.22 (lb)

Shrinrk-fit 2 21)

P 0 - (3)

If elastic operation Is not required end reverse yielding
can be tolerated, then the maximum pressure capability for all
wall ratios is given by equation (3). Figure 1 shows graphically
the results that have been presented thus far. Here the Internal
presrure divided by the yield strength of the material (p/Yo) is
plotted as a function of the wall ratio.

Much of the work in high pressure technology has been done
by P. W. Bridipar, (ref. 4). A schematic of his high pressure
ap,, ratus for tensile testing of materials under hydrostatilc
pressure up to 450,000 psi is shown In figure 2. The pressure
chamber is 0.5 inch in bore diameter and of the order of 4 inches
long. The exterior of the pressure vessel is given a conical
shape and Is surrounded by heavy supporting rings with the same
angle as the cone. The cylinder Is mounted, as shown, between
two opposed hyd.'aulic presses. Internal pressure Is produced by
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1.5

FULLY PLASTIC MONOBLOC CYLINDER
' "EQ (3)

\REVERSE YIELDING WILL OCCUR FOR

P•'Yo IN THE SHADED REGION

1.0 ELASTIC OPERATION MONOBLOC

AUTOfRETTAGED CYLINDER (ALSO

LIMIT FOR SHRINK -FIT CONSTRUCTION)
EQ (0b)

0

3.5 INITIAL YIELDING Of
MONOSLOC CYLINDER
EQ. (1)

0 1 1 1 .... .

1 2 3 4 5 6

WALL RATIO w

Fig. 1. P/To vs Wall Ratio

the upper press, with a piston 3.5 Inches In diameter which
pushes a suitably packed piston of Carboloy of 0.5-inch diameter
into the bore of the chamber. The lower press, with a piston
6 inches in diameter, simultaneously with the production of
internal pressure, pushes the entire pressure vessel into the
supporting rings, thus generating, by the ection of the cone, an
external pressure on the vessel whIch increases proportionally
with the increase of internal pressure. The two presses may be
coupled together so as to exert pressures automatically in the
correct ratio.

Reference (5) describes various vessel designs which have
been developed to Increase the restricted pressure range available

5
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HYDRAULIC PRESS

CARBOLOY PISTON

eUi
= Jo

. U •- SUPPORTING RINGS

PRESSURE VESSEL

I L

Lrz4 j HYDRAULIC PRESS _

FIG. 2 B,.IDGMAN HIGH PRESSURE TEST APPARATUS
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STATIC PRESS

/A

* I

SECTION A-A

FIG. 3 POULTER DESIGN FOR HIGH PRESSURE CHAMBER

to investigators. Poulter (rer. 6) deacribes a chamber similar to
that nhown in figure 3. It consists of a thin Inner elastic liner
which In itself Is not strong enough to carr'y ever. a small portion
of tte bursting forces generate-: by internal pressure. The
bursting forces In this device are contained by a segented ring
which, in turn, is supported by an Integral shell. The streuses
in the outer shell are lower than they would be in an integralshell construction immediately surrounding the sealing liner. If

the segmented pieces are made of a material that can withstand

high compressive stress on its inner surfaces, then the chamber
can handle substantially higher internal pressures than the
conventional cylinder.

This report analyzes the chamber originally suggested by
Pou~ter and indicates the optimum wall ratios for the various
components. In addition, it is shown that for wall ratios > 3.5
the segmented chamber with an autofrettaged outer Jacket is
stronger than the maximwin pressure capability of a monobloc
cylinder as given by equation (3). 7L

_ _ _ _ _ _
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ds

Sd o _ o
_ds d

ELASTIC INNER LINER WITH NEGLIGIBLE WALL RATIO

ANALYSIS OF SEWIMTED CHAMBER

Case 1. Non-autofrettaged Jacket

When internal pressure, Pi, Is applied, a pressure, P, is
developed between the segments and Jacket

pi di - pdg

d p
ds wo

This pressure must be contained by the Jacket whict begins to

yield when

Y [(d /d )1"3p 0. a 0 I

Htenee

y (W 2 -V 2)0
PI " p ,, p p (5)

8
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For a given value of wo the Jacket and segments should have
certain limensions to provide maximum preset.ee oapability. These
dimensions can be determined by differentiating equation (5) with
respect to we and setting the result equal to zero.

"dp1  ' L(i a2 -_w2 )+(w5-•a5  - 0

dws 01a a

2 2

w -
0o 3w3  -0

W
W a o -2(6)

With this value of w. substituted into equation (5) the
maximum internal pressure that can be contained by the vessel is
obtained.2

max Wo

-wYo

- .222 woYo (7)

A plot of thI, result is shown in figure 4. Comparison with
figure 1 shows the chamber Is considerably stronger, In large
wall ratios, than the monobloc non-autofrettaged or autofrettaged
cylinder. At values of wo less than the /1 the use of the seg-
mented cylinder is less strong than the monobloc construction.

Case 2. Autofrettaged Jacket

The preceding analysis was based upon the use of a Jacket
which is non-autofrettaged. Substantially higher pressure can be
contained If the Jacket is autofrettaged.

if the Jacket wall ratio is less than 2.22 the maximum auto-
frettage pressure is, as given earlier,

9
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1.0

/ ~NON-AUTOFRETTAGE D JACKET

0.5 w - ELASTIC OPERATION EQ (7)

MINIMUM w FOR OPTIMUM
USE OF SEGMENTED CHAMBER
WITH NON-AUTOFRETTAGED JACKET

MONOBLOC CYLINDERw 1-5ý E Q Q1

0I I I1
12 3 4 5 6

WALL RATIO wo

Fig. 4. p/Yo va Wall Ratio (Segmented Chamber Nlon-autofrettaged Jacket)

2.5

2.0 -

SEGMENTED CHAMBER
AUTOF RETTAGE D JACKET

1.5 >' 2.22 - ELASTIC OPERA-1.5 -- TION EQ (B)

1.0 - MINIMUM
w FOR OPTIMUM

CHAMBER WITH AUTO-
FRETTAGE D JACKET

0.5 MONOSLOC CYLINDER
ws?.2 EQ (3)

0

1 2 3 4 5 6

WALL RATIO wo

Fig. 5. p/To vI Wall Ratio (Sapented Chamber Autofrettaged Jacket)
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p - Y0  n w w5 < 2.22

For a wall ratio greater than 2.22 the maximum autofrettage
pressure for elastic operation is

2Y(o 2-1)
p Ia >.. 2.22

2

When an autofrettaged Jacket Is used with the segmented chamber
construction, the optimum Jacket wall ratio is 2.22.

d S
- -2 - 2.22

d a i

To autofrettage a cylinder wi this wall ratio requires a pressure

p -0.92 Yo

Since

p = -0.92 Yo
w0

The Internal pressure capability is

Pi - 0.92 Yoes

0.92 Y.,. O 0 2
2.22

0.415 "o (8)
Yo

A plot of this equation is shown In figure 5. As can be seen,
the elastic pressure capability of a segpented chamber with an

11
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autofrettaged Jacket is higher than that of any of the other
systems considered and, In fact, exceeds the burst strength of a
monobloc cylinder for wall ratios greater than about 3.5.

SUNMARY OF CALCULATIONS

Monobloc Cylinder

a. Elastic-non-autofrettaged

p/o 2 "(

b. Ilastic-autofrettaged

P/Y 0 ni -in wo <2.22 (is)

2( 2-1i)P/'/o V 0 t -- 2.22 (lb)
/3" ,*

c. Plastic-reverse yielding (burst strength)

p/-Y- 0 In fo a 2.22 (3)

Segmented Cylinder

a. Elastic-non-autofrettaged Jacket

P O - •.22 2 "o so - (7)

b. Ilastle-outofrettaged Jacket

p/lo - .415 *so o !. 2.22 •8)

12
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2.5

2.0~E -- ( 8)(

1.50

1.0 - EQ (Ib)
• •'EQ ('7)

0.5 1

12 3 4 5 6
WALL RATIO 6o

Fig. 6. Summary Plot p/Yo vs Wall Ratio

Figure 6 shows a graphical summary of these equations. See
Appendix A for a discussion of the nonelastic operation of a
segmented chamber.

LIMITATIONS TO THE SEGMENTED CHA1WER DRSIcD

In order to obtain super-pressures with the seamented chamber,
It is necessary to use seipents having very high compressive
strengths or to maizntain a compressive pre-load in the segments
during the application of interral pressure. The latter approach
appears limited by the same limitations that are encountered in
the shrink-fit construction. Thus, the success of high pressure
containment ultimately appears to rest on the use of high
compressive strength segments. Several materials suggest them-
selves, e.g., Carboloy, the traditional material used in high
pressure technology, and glass. Bridgman achieved compression
strengths of 1.5x10 psi In Carboloy and the compressive strengths
of glass are estimated to be greater than 106 psi (ref. 4).

13
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Within the compressive limits of the segments, It Is theoret-
Ically possible to construct chambers of relatively large size
capable of extremely high pressures. Figure 7 shqws such a
chamber which, it is anticipated, will contain 100 psi elastically.
This design utilizes a moderate shrink-fit between the outer
Jacket and segmented pieces to provide some precompression of the
segments. Development work is currently being conducted at the
Naval Ordnance Laboratory on a chamber of these dimensions. A
complete analysis of the strains developed in this chamber during
pressure application for various pre-load conditions is being
made. Based on the ideal discussed above, this chamber has been
designed to withstand 100 psi internal pressure. It is thought
that it may be scaled to larger dimensions practically and
economically.
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APFUDIX A

If elastic operation of the cylinder Is not required, then
It should be possible to use a Jacket which undergoes reverse
yielding. The optim•u diameter ratio for this case is established
as followas

The equation that governs the performance of the Jacket In
equation (3)

d w
P/,o .mLn-2. .in_ (3)

Slnoo
4p p

.- U .Z_- n -A (9)
a o 13 a I

Ij

we

kbatitutI tMUr back Into (9) gives

A-i

I
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p w a (e)

w.--

- 0.424 mo

The galm In going to a nonelastic rever'se yielded Jacket is
extremely small. When one considers the pressure requirements
to autofrettage during manufacture, it would seem far more
disirable to always design for elastic operation (equation (8))
where tiae autofrettage pressure for the Jacket in

p 0.92 Yo.

A-2
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