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INTRODUCTICN

In our laboratory, pressure vessels, mostly cannon tubes, are tested to
determine pressure effects up to burst and fatigue behavior to failure. These
tests are conducted using hydraulic fluid with pressure generated by large
intensifiers. We are currently operating three test units for fatigue and
static testing up to 690 MPa (100,000 psi) and a static-only unit to 1000 MPa
(150,000 psi). Figure la is a schematic of our test units, while Figure 1b is a
view of a test ceil containing one test unit, Each test cell is a 6-m by 6-m
{20-ft by 20-ft) room with a steel face on the operator's side and steel or
masonary walls on the other sides. The cell rcofs are multilayered wooden sec-
tions removable to accommodate the movement of specimens and equipment by crane.
The ‘ront well contains operating controls, a viewing window, and an access
door.

The specimens tested range from 30-mm to 210-mm bore size and weigh up to
1400 Kgs (3000 1bs). Normal operating pressures range from 639 MPa (10 Ksi) to
690 MPa (100 Ksi). Figure 1c shows a large specimen mounted in a mandrel for
testing. The mandrels, custom-made for each specimen, are fabricated from
maraging steel and have a finite 1ife in the order of six to ten specimens.
Figure 1d shows a small specimen mounted in a press for test{ng. A press is
only used for specimeris with moderate end loads to avoid early fatigue failure
of the press tie rods. .

In the thirty years this laboratory has been in constant operation, we have
had accidents, fortunately with only minor injuries to personnel, although with
scme severe damage to equipment., We have learned from each accident and have
engineered safety devices and revised operating procedures to 1imit exposure to

personnel injury and equipment damage. Perhaps the greatest factor in our




safety is the attitude instilled in engineers and technicians to respect the
pressures and forces involved.

To organize the hazards and safeguards inherent to high pressure testing,
tne field can pe divided into four categories: high pressure fluids, fragments,
‘arge components, and material handling. Each of these categories is fairly

unique in its hazards and safeguards.

HIGH PRESSURE FLUIDS

We operate the high pressure end of our hydraulic test systems using fluids
capable of flow up tu the test pressure. Up to 690 MPa (;00,000 psi), synthetic
0ils especially formulated for this pressure are used. Above this pressure, a
water-giycol mix is used. High pressure leaks are c¢ertain to occur and must be
planned for. The specimen failure will always release fluid, but there is even
more frequent leakage from piping and seal failures, for as we fatigue out the
tesf specimens, we are also fatiguing all the other components of the test
system. It must be recognized that fluid at 50 MPa (5000 psi) can be fatal in
the form of a jet and even droplets can penetrate the skin. With fluid
operating up to twenty times this level, this hazardous condition must be appre-
ciated ana not looked upon as a plumbing problem. Figure 2 shows typical piping
failuras which often occur and can be the source of high pressure jets.

The safegquards necessary %or this high pressure fluid problem are a carefui
choice of the operating fluid and the isolation of personnel from leaks.
Choosing the fluid is difficult since most availaple fluids are flammable petro-
leum bases or toxic compounds. Both obviously should be avoided for safety
reasons. We avoid water bases because of the potential environmental effects on

specimens and lubrication problems. Qur test cells provide isolation of person-

nel from the fluids with the access docr containing an electrical interlock
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that turns off all the pumps and dumps pressure upon opéning. Each test cell is
equipped with an exhaust fan to evacuate vapor. One area of risk is the tend-
ency to bypass the door interlock to locate leaks from inside the cell. This
can usually be avoided by first looking for fluid spills and hot spots without
fluid pressure and, if necessary, using low pressure for leak detection. A more
serious fluid pressure problem arises when pressure becomes trapped in a speci-
men.

The trapped pressure condition is caused when the fluid exit path from the
specimen is checked by hydraulic seals breaking up and jamming in the pressure
port or by internai tooling shifting to biock fluid exit. Since both of these
causes result in a check valve action, the entrapped fluid stays at or near
maximum pressure. Ona way of detecting trapped fluid is by the strain reaction
of the specimen. The strain recorder trace remains near the peak of the cycle
and does not return to zero between cycles. A second indication of trapped
pressure is a sudden increase in cyclic rate due to the decreased amount cf
fluid being transferred. Since this trapped fluid is usually at or near full
pressure and the specimen and tooling have experienced some degree of fatigue
damage, the experimenter must approach any pressure release actions with the
same caution as if he were defuzing a bomb. Figure 3 shows the possible causes
of blockage which must be considered in the depressurizing process.

The depressurizing steps must be taken with full appreciation that pressure
can suddenly release at any time with a high pressure fluid jet and flying metal
parts. Further cycling at lower or higher pressures may dislodge the blockage
and should be the first step, followed by waiting overnight with the hope of
slow leakage. Further actions must be taken with maximum shielding and remote

operation. These are removing the pressure pipe and cone seal, probing and




drilling the inlet port, unscrewing the closure retaining nut of a mandrel using
high torque fixtures, and as a last resort, drilling through the specimen wall.
Figure 4a shows the massive fixtures made to unscrew a mandrel nut. With the
trapped pressure, 5400 joules (40,000 ft-1b) of torque were required to move the
nut., Figure 4b shows the arrangement to drill through the specimen wall by
remote operation. In this case we were able to locate the drilled hole so that
with a shift of the closure and seal location, we could subsequently resume test
cycling the specimen., Since our specimens are valuable and scarce at the time
they are tested, axtreme measures are warranted to avoid their destruction in

the depressurizing process.

FRAGMENTS

The hazard category of fragments includes pieces of failing specimens and
various smalil items such as fasteners propelled by stress or fatigue failure.
A1l of our specimens are eventually failed, and there is the expectaticn that
this failure can result in high velocity fragmentation. This has been
experienced when brittie matarials such as titanium, maraging steel, and fila-
ment-wound composizes are tested. Figure 5a shows the fragmentation failure of
a titanium jacket that projected a fragment with enough force to sever a wiring
conduit. Prior experiences with brittle steels showed that the 50-mm (2-in.)
safety glass window and the 12-mm (X%-in.) steel cell wall could be pierced. An
extra steel sheet has been installed behind the control panels and a steel grate
placed behind the windows to avoid fragment penet.:ation. Specimens expected to
fragment are now run with local shielding by metal tubes and/or cable wrappings.
The fragmentation of filament-wound composites, 25 shown in Figure 5, does not

present the impact problem of metal fragments, but does spray the test cell with




fiber particles. Due to the hazard of skin contact with sharp fibers, we also
confine these with local shielding to 1imit the cleanup hazard.

A1l of our specimens are tested using a metal filler bar to minimize the
contained fluid volume, thus limiting the stored energy available for fragmen-
tation. Using a liquid pressure medium rather than gas pressure further reduces

the stored energy. Lowering the stored energy lessens tiie fragmentation hazard.

LARGE COMPONENTS

In our tests of large pressure vessels, which are under high internal
pressure and are carried to failure, the severe problem of massive flying
objects is presented. A typical specimen with its test mandrel can weigh 1400
Kgs (3000 1bs) and fracturing of the mandrel can provide 1500 tons of driving
force. The test mandrels have a finite life and can be expected to last through
six to ten specimens, but material or heat treatment problems can cause failure
in a few cycles. We have experienced several catastrophic mandrel failures
where both the tube and the mandrel flew through the cell roof. Forturit2ly, no
one was injured, but equipment was extensively damaged. Figure 6a shows a
recent mandrel failure. Mandrels are made from maraging steel to allow driiling
of the lung pressure port and finish machining before heat treatment. Although
the nominal fatigue resistance of maraging steel is better than alloy steel, we
have found that it is more notch sensitive to fatigue and drastically degrades
with small constituent variations.

To avoid this safety hazard, first we improved the mandrel engineering by
lessening the stress at the root of threads and section changes and by tight
metallurgical requirements. Secondly, we applied ultrasonic inspection to

detact and measure mandrel cracks, as shown in Figure 6b. This is done by

transmitting the beam end to end and noting signal interruptions caused by crack




surfaces. Scme skills and experience are necessary to differentiate cracks from
the signal return due to threads, section changes, and the pressure port.
Suspected cracks can be verified by magnetic particle surface checks. OCOur crack
measurements have been accurate enough to allow continued operation of cracked
mandrels using fracture mechanics estimates of their remaining life.

A final measure to prevent mandrel and specimen flights is the adoption of
restraints. A mandrel failure at or near the - op would project the mandrel out
of the specimen. To prevent this we incorporated simple shock absorbers (Figure
6c) made from %-inch bolts enclosed in 1-inch copper water tubing. The bolts
are attached to the specimen through the 1ift ring, while the bases of the
copper tubes rest on the mandrel nut. Relative motion of the mandrel to the
tube causes the tubes to c¢ollapse, ahsorbing energy, with the available stroke
tong enough to release the ¢losure seal. If the mandrel fails through its
larger bore section, the action will propel both the mandrel and the tube
upward. To Timit this action, we use a cable restraint (Figure 6d) tying the
specimen to the mandrel base plate. A steel cable is loosely laced between four
'eyes' on both the tube and the base plate with a long overlap of cable ends.
Two cable clamps are used on the cable ends. Upon mandrel faijlure, there is
enough cable slack to separate the closure seal and through cable stretching and
sliding of the clamps, the energy is absorbed. Since using this system, we have
had four mandrels fail at the top and two at the bottom with the restraint
systems fully confining the specimen and mandrel movements. The top failures
compressed the copper tubes, and in one case, stretched the bolts. The bottom
failures stretched the cables to partial failure at the attachment points and
slipped the clamps. By greatly decreasing mandrel failures and incorporating

the restraints, we feel that the mandrel failure safety problem is properly

controlled.




MATERIAL HANDLING

OQur most frequent injury problem has been in handling the large tubular
specimens. These are inherently smooth, round, oil-coated, and heavy. For most
specimens we machine a circumferential groove outboard of the pressure seal at
one end and fit a 1ift ring into the groove. The circumferential groove placed
outside the pressurized zone does not affect the Tatigue behavior of the speci-
men and is used for crane lifts, to anchor the shock absorbers, and by including
index markings, to provide degree locations for specimen inspection. On the
specimens being tested in a press that must be slid into place by hand, we pro-
vide a wide base plate to prevent tipping. Other areas of concern are to avoid
manhandling specimens, as is the normal tendency of an eager worker, and to
diligently detect and scrap damaged 1ifting components such as cables and

eyebolts.

SUMMARY

From our experience in thirty years of hydrostatic testing large specimens,
two factors stand out: (1) injuries have almost exclusively occurred to new
workers who have not yet learned to respect the pressures, forces, and weight
involved, and (2) you must always expect the worst to happen--carelessness
assures that it will. In conclusion, high pressure nydraulic testing requires
careful attention to all four areas of safety hazards: pressurized fluid,

fragmentation, flying components, and material handling.




3

, 4
/1
v
- 7/
[ [ A S, I
‘ T 1@
“ '
| “F cocr--- T le
% ; 4 1 4 % :
' @ , L @]
l i @ -
i ~ i i_ - _.%‘;’ - @
| @
1 * - \ /
| N
|
. NE
L LOW PRESSURE HYORAULIC LAIVE I BN a[A
- - = ../
LOW PRESSURE HICH FPRESSURE CONTROLS
7) Ol RESERVOIR ¢ CONLER @) IISFLACEMENT RAM QD) FRESSURE TRANSDUYCER
D PUMP 3-5 KS/ G #16H PRESSURE HERD () FRECISION HYD. GAUGE
3 CONIROILLED VALVING .8 FLUID REFLENISHMENT Q) CHART RECORDER
- ERVIIR
L CHLINDER m/’ UME < RESERVOIR oy QPERATING CONTROLS
9 DUMP VALVE
5 FISTON < @ CrcLE com7ER
© 7E57T SFECIMEN
SEF FIG A2 © STRAIN GAUGE
Q) S7RIW RECORDER

Figure la. System schematic with intensifier for up to 690 MPa
{100 Ksi) pressure, specimen, piping, and controls.




Figure 1b.

A bl L

Test cell with pressure system
inside cell and exterior controls.




Figure 1c.

Specimen with internal mandrel
supporting closures.
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Figure 2a. Pipe and elbow assembly.

Figure 2b. Elbow fatigue failure.




Figure 2c.
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Pipe fatigue failure.
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Figure 3. Trapped fluid problem: (a) port plugged with
seal material; (b) {iller bar blockage;
(c) mandral bend; {d} sleeve shift.
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Figure 4a.

Figure 4b.

Unscrewing closure support nut with high torque
apparatus (hydraulic drive cylinder is painted
white}.
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Figure ba. Brittle material.

Figure 5b. Composite wrapping.







Figure 6c. Shock absorbers.

Figure 6d. Restraint cables.
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