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Abstract

An acoustic emission (AE) system, designed to perform pressure tests on steel airline oxygen

cylinders, has been developed and tested. This system is similar in operation to the previously

developed Halon Bottle AE Tester.  The Halon tester source location algorithm was modified to

locate events on the surface of cylinders with hemispherical end caps instead of on spheres.  The

proof load on the cylinder in this system is applied by gas pressurization instead of heating a

hermetically sealed container as was done in the Halon System.  A prototype of the AE Oxygen

Cylinder Tester was built and used to test a random set of 72, 115 cubic-foot (3.26 m
3
) steel oxy-

gen cylinders in a commercial oxygen bottle test facility.  The bottles belonged to Federal Ex-

press (FedEx) and had been sent to the facility for their scheduled triennial hydrostatic tests.

This testing program indicated that the cylinder test system works well and has adequate sensi-

tivity to detect growing flaws in the cylinders.  However, in contrast to Halon bottle tests, there

was absolutely no indications of flaw growth in any of the cylinders at pressures up to 30 %

above their normal fill pressure.  The results suggest that the required 3-year cycle for pressure

testing these bottles is excessive and that there is no reason to arbitrarily limit their service life to

24 years.

1. Introduction

Commercial airliners carry steel cylinders containing pressurized oxygen gas.  This gas is

used for emergency respiration of the passengers and crew in the event in the failure of the cabin

pressurization at high altitudes.  Many modern airliners have substituted short-term sources of

chemically produced oxygen for the passengers but all carry oxygen cylinders for the crew.

United States Department of Transportation regulations required an inspection of the pressure

boundary of these cylinders every three years.  The only currently accepted test is the hydrostatic

test, where the cylinder is pressurized with water to twice its working pressure.  The volumetric

expansion of the bottle is measured and the bottle is then depressurized and the volume measured

again.  Any increase in bottle volume in the second zero pressure measurement over the first is

attributed to inelastic expansion.  Too high a value of inelastic expansion will result the cylinder

failing the test.

Practically, steel airline oxygen cylinders are removed from service for several reasons.

These are: obvious physical damage to the cylinder or its threaded connection for the valve, vis-

ual determination of excessive corrosion, inside or outside the bottle, and exceeding an arbitrary

life span, currently set at 24 years.  Failure of the hydrostatic test is extremely rare.  Most appar-

ent failures due to excess inelastic expansion have been determined to have been caused by op-

erator errors during the test.  The author has anecdotal knowledge of one cylinder, which blew up

during pressurization.  The failure of the hydrostatic test to find defective cylinders is not sur-

prising.  The test was designed over sixty years ago specifically to detect cylinders, which had

experienced significant wall thinning due to excess corrosion.  Better process control by the
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manufacturers and better maintenance procedures by the airlines eliminated this problem many

years ago.

This development program started with the goal of testing oxygen cylinders in situ in the air-

plane by over-pressurizing the cylinders with breathing oxygen. Real-time AE monitoring was to

be performed during the pressurization. Three problems arose.  First, to pressurize the cylinders

in the plane with breathing oxygen requires a portable oxygen supply and oxygen booster pump.

Second, access to the valve on the mounted oxygen bottles was sometimes difficult and the dis-

tribution plumbing in multiple bottle installations was not always easy to work with.  Finally,

there was little enthusiasm for introducing 15.9 to 18.6 MPa* oxygen gas into an airplane. Too

many materials become highly flammable when subjected to pure oxygen at these pressures.  A

revised program was designed to test the system and develop failure criteria by testing a set of

200 oxygen cylinders in an airline bottle shop.  This program was not implemented, partly from a

misunderstanding over the requirements of the test procedure but primarily because of an in-

creasing workload in the bottle shop.  An agreement was finally reached with a commercial

testing facility to test with AE cylinders sent to them by FedEx for their routine triennial inspec-

tion in return for an extra fee for each cylinder involved.  In reaching this agreement, the deci-

sion was made to pressurize with nitrogen gas instead of oxygen since the bottles were received

empty by the facility.  This paper will cover the development of the AE oxygen cylinder test

system and the testing of 72 oxygen cylinders just before they were subjected to a hydrostatic

test.  The testing program was ended when the AE system developed electronic problems. The

test results from both this set of bottles and a dozen preliminary experiments did not find a single

locatable AE event at pressures exceeding the 12.8-MPa fill pressure in any of the 84 bottles.

(* 1000 psi gas pressure = 6.9 MPa)

2. System Design

The oxygen cylinder test system is based upon the previously developed AE Halon Bottle

Test System [1]. The Halon bottle system uses a six-channel Physical Acoustics Corporation

(PAC) Mistras system to monitor the spherical Halon bottles.  This monitoring is performed as

their internal gas pressure is raised by heating them to 62.8°C.  The system locates AE sources

using a nonlinear least-squares solution of an over-determined set of analytic equations in a

spherical coordinate system.  As each source is located, it is checked to determine whether it is a

member of a cluster of AE events and each cluster, as it develops, is checked for its rate of

growth as a function of temperature (pressure).  There were three necessary changes to adapt this

system for use with oxygen cylinders.  First, the location algorithm had to be changed to calcu-

late the shortest distance between any two points on a cylinder with spherical end caps.  Second,

a gas handling system had to be substituted for the industrial oven.  Third, a new fixture to posi-

tion and hold the sensors on the cylinder had to be designed.  The whole system is shown in Fig.

1.

3. Location Program

The calculation of the shortest path length between any two points on a cylinder with spheri-

cal end caps is not a trivial problem.  The coordinate system that was decided upon is a modified

spherical coordinate system where each point is specified by the angles theta and phi and a radial

vector and is constrained to lie either on the surface of the cylinder or on one of the hemispheri-

cal end caps.  The cylinder surface is defined by the radius (cylinder and hemispheres), and the

length of the cylindrical portion of the surface.  The approach taken is to divide the path into up
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Fig. 1 Oxygen cylinder test system.

to a maximum of three separate pieces:  the section on the top hemisphere, the section on the cy-

lindrical surface and the section on the bottom hemisphere.  The minimum distance on each sur-

face is easily calculated.  These paths are great circles on the hemispherical surfaces and a

straight line on the unrolled cylindrical surface.  The ends of the lines are joined at the junction

of spherical and cylindrical surfaces.  The shortest distance on the surface is defined when the

phi derivatives of the great circles on the hemispheres and the spiral line on the cylinder are

equal at the points of intersection.  The resulting equation to be solved for the points of intersec-

tion is analytically complex (involving both the angle and trigonometric functions of the angle),

so a numerical routine was written to solve for the coordinates of such points of intersection.

The distances calculated between two specified points on the surface are then used by the same

nonlinear least-squares fitting routine used in the Halon Bottle tester. The same clustering routine

used in the Halon Bottle tester is also used to determine the severity of the located emission.

Extensive testing with lead breaks on the surface of oxygen cylinders showed that the location

and clustering programs worked well and that the actual deformation of the end caps of the oxy-

gen cylinders from perfect hemispheres had only minor effects on the location accuracy.  While

the calculation of the source location can involve a very large number of steps, the program ran

sufficiently fast on a 160-MHz computer to keep up with moderate data rates.  With the increases

in CPU speeds during the last few years, computation speed is no longer a problem for this type

of program.

4. Gas Handling System

The proof load for the oxygen cylinders is provided by pressurized gas instead of the heating

of a sealed sphere, used in the Halon Bottle system.  The original intention was to pressurize the
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cylinders using aviation-grade oxygen so that the cylinders would neither have to be emptied nor

cleaned.  This would still be a possibility if the system were installed in a hanger where cylinders

were removed from the planes.  However, the results of this series of tests along with extensive

conversations with bottle shop personnel indicate that the major problem with oxygen cylinders

is wear on the valve parts and not deterioration of the cylinder itself.  Therefore if the valve is to

be inspected, the bottle must be emptied and a cheaper and safer pressurizing medium than oxy-

gen gas can be used.

The system was designed to use pressurized gas, originally introduced into the cylinder

through the valve.  The use of the standard valve for the cylinders presents some problems due to

its incorporation of two sintered metal filters.  These filters give some resistance to high gas

flows.  However, the main problem with these sintered filters is that they are acoustic noise gen-

erators during high gas flows.  Thus, the fill rate had to be relatively slow to keep the noise level

down.  Even when using a valve without filters, there is a large amount of acoustic noise during

the initial pressurization to about 3.5 MPa for pressurization rates between 0.7-1 MPa/min.  This

flow noise proved useful as an additional verification that all sensors were working satisfactorily

during the test and did not produce locatable events.

The gas handling system, shown in Fig. 2, consists of a needle valve to control the input flow

rate, two solenoid valves, a check valve to prevent cylinder gas from flowing into the gas source,

and a pressure gauge.  The needle valve is used to control the pressurization rate.  One solenoid

valve controls the input gas and the other is a dump valve which both reduces the pressure at the

end of the test and acts as a safety valve to rapidly reduce the pressure in the cylinder if the sys-

tem should detect a growing flaw in the cylinder.  The computer constantly monitors the gas

pressure and controls both solenoid valves.  The dump solenoid valve can also be operated

manually.

Fig. 2  Gas control system.

If the standard oxygen cylinder valve is used, the pressure gauge is separated from the cylin-

der itself by the two sintered filters when the valve is open.  The actual pressure drop across the

entire valve assembly when gas is flowing at the desired rate is less than 35 kPa, and this drop

moves toward zero as the pressure inside the cylinder approaches the test pressure.  The use of

dry nitrogen gas as the pressure medium allows the use of a valve without the sintered filters and

removes any detectable pressure drop across the valve assembly.
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5. Sensor Fixture

The sensor fixture both positions the sensors on the oxygen cylinder and holds them in

spring-loaded contact with the cylinder.  Many possible sensor configurations were tried.  The

configuration which gave the best results with the non-linear least squares location program con-

sisted of two rows of sensors around the circumference of the cylinder portion just adjacent to

the cylinder-hemisphere junction.  The sensors are spaced at 120° intervals.  Studies showed

slightly better location when both rows had the same phi angles instead of one row displaced by

60° from the other.  Using the same phi positions for both rows made for a much simpler port-

able fixture so this lay out was used in the fixture, shown in Fig. 3.  The PAC Nano-30 sensors

are contained in magnetic hold-downs, which are mounted on about 260° arcs of spring steel.

Fig. 3  Sensor mounting fixture.

Fig. 4 Sensor holder.

The arcs are attached to a stainless steel bar at the correct spacing for the cylinders under test

(this design requires a different fixture for each size of oxygen cylinder.  It was dictated by the

original requirement for the capability of testing the cylinders while mounted in the aircraft).

The six PAC 110-5015 preamplifiers are mounted on the end of the stainless bar.  They have a

gain of 40 dB and a band pass of 250 to 500 kHz.  The 300-kHz center frequency of the sensor-

preamplifier combination was designed to be relatively insensitive to the gas flow noise.

The magnetic sensor hold-downs are diagramed in Fig. 4.  The magnet has a diameter and

height of 22.2 mm with a holding force of 40 N.  This was a compromise between relatively easy

handling of the fixture and sufficient force to have a strong spring for adequate coupling.  A

holding force of 90 N would have been more satisfactory from a coupling point of view.  How-

ever, trying to change position of the fixture or detach all six magnets at once would have been

quite difficult. A nylon sleeve glued inside the magnet and a compression spring inside the

sleeve completed the assembly.  The sensor is slipped inside the nylon sleeve, compressing the
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spring and a retaining clip placed under the coaxial cable.  The hard rubber disk glued onto the

sensor is about one mm thick and aids in the acoustic coupling to the cylinder.  A thin film of

silicone grease is also used as the spring and magnet are not strong enough to insure effective dry

coupling.

6. Autosensor Test

A successful AE test is a negative test. One looks for the absence of AE in a good test speci-

men.  For an automatic AE test, it is essential that the system is known to be working.  In this

program, the first step after the operator starts the test is to perform an Auto Sensor Test (AST).

The program will not start the pressurization until this test is passed.  The AST test consists of

each sensor being excited with twenty sequential electrical pulses.  These pulses generate strong

acoustic signals in the specimen, which are detected by each of the other sensors. The detected

signals have their AE parameters at each detecting sensor averaged over the twenty pulses.  The

oxygen bottle test program uses only the signal peak amplitude, which is measured in decibels,

to determine whether the AST test is passed.  The averaged peak amplitudes received by all the

sensors from each pulsed sensor are themselves averaged (six sensors times five transmitted sig-

nals equal 30) and then the five signals received by each individual sensor are averaged.  To pass

the AST test, the average from each individual sensor has to be within ±4 dB of the overall aver-

age. This states that the average sensor peak amplitude has to be within ±60 % of the overall av-

erage.  This is a fairly stringent requirement when differing path lengths, coupling efficiencies

and minor variations in sensor calibrations are considered.  The Mistras system has a dynamic

range of over 80 dB and many AE tests show signal strength variations of over 60 dB.  Extensive

testing with pencil-lead breaks on the surface of these cylinders have shown that the location ac-

curacy with a system, which passes this AST test, will locate the signal source with an accuracy

of about ±4 mm.

7. Total AE System

A block diagram of the system is shown in Fig. 5.  The AE system is a standard six-channel

PAC Mistras system.  The computer and three Mistras cards are mounted in an industrial case.

An Iomega pressure readout feeds the computer and electric signals from a Mistras card operate

two solid state relays which control the solenoid valves.  In accordance with the original design

specifications, the relays, Mistras cards and pressure readout are connected to the solenoid

valves, preamplifiers and pressure gauge through a 15-m umbilical cord.  This cord consists of

six UG-316 coaxial cables and wiring to carry the 115V ac to the solenoids as well as the excita-

tion and output voltages of the pressure gauge.  If the system had been used inside an aircraft, a

15-m flexible pressure hose would also have been included in this umbilical cord.  The preampli-

fiers are powered by the Mistras cards through the signal coaxial cables.

8. Pressurization System:

Arrangements were made with AV-OX Co. in Louisville KY to operate the Oxygen Bottle

Tester on one hundred 115 cubic-foot oxygen cylinders owned by FedEx, which were sent to

AV-OX for their normal triennial hydrostatic test.  The cylinders are delivered to the company

empty so there was no compelling reason to use oxygen as the pressurizing medium.  Therefore

dry nitrogen gas was used instead.  This decreased the cost of the tests and increased their safety.

A booster pump and containment cage was installed at AV-OX.  The booster pump allowed the

use of most of the gas in the commercial nitrogen cylinders. A valve without sintered
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Fig. 5  A block diagram of the test system.

filters was installed in each cylinder under test and the pressurized gas fed in through it.  This

valve was fully open during the testing.  All gas flow adjustments were made with the needle

valve in the gas control fixture.  This needle valve proved more sensitive than anticipated so

once set, it was left alone.  At the end of the test, the cylinder was bled down to atmospheric

pressure. No attempt was made to recycle the nitrogen gas.  Gas pressure was monitored by a

Heise gauge on the supply line and the pressure gauge in the gas handling fixture.  In operation,

the supply pressure was set to 17.9 MPa to insure a steady pressurization rate.

9. System Operation

The duties of the test operator were to install the nitrogen valve in the test cylinder, place the

cylinder in the safety cage and connect the gas line from the gas handling fixture.  The sensor

fixture was then placed on the cylinder and all sensors checked to insure that they were properly

seated.  To produce the best coupling of the sensor to the cylinder, a light coating of silicone

grease was applied to the rubber disk on the sensor face.  This would not have been necessary

with stronger magnets and coupling springs. Finally the operator enters the cylinder serial num-

ber into the computer on the table shown in Fig. 6.  The entries in italics were the only informa-

tion entered by the operator.

After checking to make sure the pressurization system is working and all the valves are in the

correct position, the operator starts the computer program.  The first operation is the AST test.  If

it is not passed, the computer asks the operator to check the sensors and try again.  It should be
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noted that an AST test failure will be caused by any type of operational failure in the system as

well as by poor acoustic coupling of the sensors.  Once the AST test is passed, the computer

opens the solenoid fill valve.

1 Airline Federal Express

2 Part Number ABC-01234

3 Cylinder Size E – 115 ft 
3

4 Final Pressure (psi) 1600

5 Cylinder Serial # 09333

6 Hold Pressure (psi) 2400

7 Hold Time (sec) 120

8 FAA Center QX3D80SL

9 Test Facility AV-OX

Fig. 6  Computer entry table.

During the pressurization, the initial gas flow produces a large amount of low amplitude AE.

This flow-produced emission usually falls below the detectable threshold of 30 dB by the time

the internal pressure of the cylinder reaches 2.8 MPa. This creates a moderately large data file

but has the advantage of showing that AE system was actually working during the fill.  Once

started, the system is constantly searching for locatable emission sources.  However despite

many hundreds of detected emissions during the initial fill stage in each of the tested cylinders,

the arrival sequences of gas-flow-produced AE signals have never produced a located emission

source.

The AE test continues until the internal pressure of the cylinder reaches 16.56 MPa (2400

psi).  Then the computer closes the fill valve.  AE monitoring is continued for another two min-

utes.  The program then evaluates the entire test and decides whether the cylinder has passed or

failed the test.  The operator is asked to print out the report and the program then opens the dump

valve until the internal pressure falls below the normal operating pressure of 12.8 MPa (1850

psi).  At this point, the test is over and the operator can either manually open the dump valve to

drain the remaining gas or shut the cylinder valve, disconnect the cylinder from the sensor and

gas control fixtures remove it from the protective cage and drain the remaining gas from the

cylinder in another location.

Fig. 7 First and second pressurization of a corroded cylinder. Located AE events vs. pressure.
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10. Experimental Results

Seventy-one FedEx cylinders were tested as they arrived at AV-OX for their triennial hydro-

static tests.  One cylinder from another airline, which had been mistreated (probably exposed to

salt water) during the removal and shipping process, was added to this test set.  This cylinder had

visually identifiable corrosion spots on the inside surface and was scheduled to be returned to the

cylinder manufacturer to have its inside surface reworked.  It was the closest thing to a bad cyl-

inder, which was available for testing.  The prototype system was operated primarily by one em-

ployee of AV-OX.  The testing was on a sporadic basis, being carried out whenever FedEx cyl-

inders arrived for their scheduled hydrostatic test. The only cylinder, which was deliberately se-

lected for testing, was the corroded one.

Fig. 8 Locations of AE sources on the corroded Fig. 9 Peak amplitude distribution of

 cylinder. First pressurization. located AE at the first hit sensor.

At the beginning of the pressurization all of the cylinders produced low-level AE.  This emis-

sion decreased in amplitude to below the 30 dB threshold below 4.2 MPa.  All sensors were ex-

cited by this flow noise. However these randomly occurring signals never generated a sensor hit

sequence with delta times which would locate on the surface of the cylinder.  Two bottles

showed a small gas leak in the piping connection to the valve at ~16 MPa.  Again no locatable

emission was produced by these leakage signals.  Very few AE hits were seen above the pres-

sures where the flow noise ended.

The final result of this testing was that none of the FedEx bottles produced any locatable

emission at any pressure.  During set up of the system, several pencil-lead breaks were done at

the cylinders at 16.6 MPa (2400 psi) and all were located by the system.  The results for the cor-

roded cylinder were quite different.  Locatable emission started occurring at 1.5 MPa (220 psi).

The arbitrary safety limit written into the program was reached at 3.3 MPa (470 psi) and the pro-

gram terminated the test automatically.  In order to determine how badly the corrosion affected

this cylinder, the pressure was released and the test was restarted.  Locatable emission returned at

4.5 MPa (620 psi) and continued at a lower level until the last locatable emission occurred near 7
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MPa.  This cylinder was then quiet up to the maximum pressure of 16.6 MPa (2400 psi).  Figure

7 shows the located emissions plotted against pressure for the first and second pressurization of

this cylinder.  Figure 8 shows the location of emission sources on one view of the cylinder.  Vis-

ual observation of the interior of the cylinder had shown most of the corrosion to be near the top,

in agreement with Fig. 8.

11. Discussion:

The locatable emission in the test of the corroded cylinder is attributable to corrosion parti-

cles fracturing or flaking off as the metal wall of the cylinder elastically expanded with increas-

ing pressure.  Once all of the particles which could be affected by the expansion of the cylinder

had been affected, emission ceased.  It is apparent that the corroded spots had no measurable ef-

fect on the strength of the cylinder.  The test of this cylinder is important as it demonstrated that

system is capable of detecting and locating AE produced by a cylinder.  Figure 9 shows the dis-

tribution of peak amplitudes of the first hit sensor for these located events.  The large majority

have peak amplitudes which lie between 32 and 40 dB.  It should be noted that 40 dB corre-

sponds to peak amplitude out of the sensor of 100 V.  Therefore the system is locating well on

signals with peak amplitudes between 30 and 100 V.  For a comparison, a pencil-lead break on

one of these bottles generates a signal with a peak amplitude of approximately 70 dB or 3000

V.

It is assumed that these cylinders are normally filled to a pressure of 12.8 MPa at 21°C.  It is

further assumed that these bottles will not exceed a temperature of 43.5°C in normal usage.  The

test pressure of 16.6 MPa is then 21% greater than the 13.7 MPa, which one of these bottles

might reach at 43.5°C.  It can be concluded from these tests that there was no microscopic crack

initiation or growth in these cylinders at a pressure of 20% above the maximum pressure that the

cylinder could have experienced in normal operation.

During the preliminary experiments on the development of the AE Oxygen Cylinder Tester,

7 cylinders, which had been retired from service because they had exceeded the DOT mandated

life span of 24 years, were hydrostatically pressurized to 18.6 MPa.  No emission was seen

which could be attributed to the cylinder itself.  One cylinder then had a depression etched in its

side approximately 6.4 mm wide by 51 mm long by 2.5 mm deep.  This cylinder was hydrostati-

cally pressurized to 26.2 MPa. Again, no emission was detected from the cylinder.  These pre-

liminary tests support the conclusion that no evidence of any flaw growth was seen in these cyl-

inders as well as the conclusion that these cylinders are quite conservatively designed.

12. Conclusions

1. The AE Oxygen Cylinder Tester will detect and locate AE signals from flaw growth in

airline steel oxygen cylinders.  The level of detection appears more than adequate to de-

tect flaw growth long before there is any danger of rupture.  A reproof test by an AE

tester would give a greater margin of safety than a hydrostatic test.

2: The original premise of having the cylinders tested in situ in the airplane is impractical

and probably not cost effective.
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3. There was no indication at all of detectable flaws in any of the cylinders tested.  Normal

handling procedures in the airline industry appear adequate to prevent damage to these

cylinders.

4. The three year inspection cycle for these cylinders does not appear necessary.  Visual in-

spection of the cylinders when the valve is serviced should be more than sufficient to in-

sure safety of the cylinders.

5. The arbitrary 24 year service life for these cylinders does not appear justified.  A well

maintained cylinder should have an indefinite life span.
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