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SUMMARY

This report summarizes the findings of the investigation inlo the irature and
cause of the fire in RAAF OQrion aircraft A9-300. This aircraft was destroyed by fire
which initiated in the oxygen system as the result of an explosion caused by metal
ignition.
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1. INTRODUCTION

Following a ground fire in Orion aircraft A9-300, ARL was requested to
examine parts of the Flight Station Oxygen System and {if possible) to cstablish the
mode of ignition of the obvious metal/oxygen fire which had occurred within that
system.

This report is based on inspection of the debris from the fire, witness
reports on the events prior to and after the fire, inspection of components from other
RAAF oxygen systems and a search of the chemical literature for basic research data
relevant to this incident.

2. BRIEF DESCRIPTION OF THE EVENTS IN THE FIRE IN QRINN A TRCRAVT
A9-300

In order to carry out maintenance work on the forward RADAR wavcguide
of Orion aircraft A9-300 it was nessassary for RAAF personnel to remove the No.2
oxygen cylinder from the Flight Station Oxygen System which is situated under the
pilot's seat.

The Flight station Oxygen System is shown in a schematic diagram in
Figure 1. Although maintenance manuals required that the system be depressurized to
500psi prior to disconnection of a cylinder, this procedure was not followed in this
case. On unscrewing the self-sealing fitting on the outlet of the No. 2 cylinder, the
hiss of escaping gas (oxygen) was heard by all personnel in the cockpit. This should
normally take only a few seconds as the volume of pipe work, valve blocks, etc. is
small (when all valves are working perfectly). After a few minutes, when the hiss had
not abated as expected, an attempt was made to close the fitting on the neck of the
cylinder. From a later reconstruction of the incident, the RAAF estimated that the
rate of oxygen escape was 50 L/min. When resealing was attempted, a violent
explosion occurred in the vicinity of the high pressure manifold and check valve
assembly. The ensuing fire quickly spread to the rest of the aircraft cabin. A high
pressure oxygen manifold and check valve is shown in Figure 2 and the drawing of the
component parts in Figure 3.

Several minutes after the start of the fire, oxygen cylinder No. 2 (ihe
oxygen contents of which had been isolated from the rest of the system) exited the
aircraft through the port side. This cylinder had overheated and the pressure-vetief
valve built into the cylinder fitti*- ..d then operated. Due to the position of the
relief nozzles, a jet of oxygen wa< '~ .ted onto the cylinder itself, adjacent to the
neck. Under the prevailing conditions . . jet of oxygen, at a temperature high enough
to blow the relief valve, formed an ‘'oxygen lance' which rapidly cut through the
cylinder. The remaining oxygen pressure was sufficient to cause the cylinder to be
propelled through the side wall of the aircraft.

After the fire, the pressure manifold, which had not been exposed to the
full heat of the subsequent cabin fire, was found almost intact (Figure 4), apart from a
severely burnt filler manifold (Figures 5,6,&7).

Other damage to the flight station oxygen system included mechanical
damage to the pressure-reducing valve and severing of the aluminum tubing which
connected the pressure manifold and the check valve assembly to the pressure-
reducing valve. The latter defect involved metal failure due to overpressurisation of
the tubing (estimated at 5400 psi) as the contained oxygen was heated close to the
melting point of the aluminjum alloy. As this typc of damage was considered to have




occurred subsequent to the critical ignition event, no detailed analysis was
considered necessary.

3. DEFECTS FOUND IN A9-300

Inspection of the pressure manifuld and check valve assembly indicated a
number of non-standard conditions.

3.1 Defective Brass Screw

Inspection of the poppet valve from No. 3 inlet poppet chamber (Figure 8),
showed that the head of the brass screw (Figure 3, dctail A, item 5), which holds the
poppet seal (item 7) in place, was missing, A cross-section of the screw was examined
(Figure 9a) to determine whether the missing head was due to fire damage or another
mechanism. This revealed that dezincification corrosion had occurred. Dezincification
is the localized corrosion of brasses which leaves a spongy, structurally weakened
mass of the more noble element, copper, partially bonded in place at the site of the
corrosion to the corrosion products (in this case mainly zinc oxide). This form of
corrosion is promoted by water with a high oxygen content. Some of the remaining
copper had oxidized and was concentrated near the surface of the corroded material.
The net result of this form of corrosion was that sound metal was slowly changed to a
brittle, porous mass of copper. The corrosion extended to the base of the screw (Figure
10) indicating that it had occurred prior to the fire.

The top surface of the screw is shown enlarged in Figure 11. The rough
surface is consistent with an advanced state of oxidation/corrosion. The adjacent
aluminium poppet valve seal retaining washer (Figure 3, detail A, item 6) had
received only superficial damage (Figure 8) during the fire, with no evidence of

washer melting (i.e. the temperature was below approximately 6509C). The brass
screw has also received only very minor fire damage and the silicone rubber seal was
still complete, although distorted by the heat and gas flow. The location of the damage
to these various parts suggests that, if the head had been damaged principally by the
initial fire, the screw head would have been left concave rather than convex, due to
protection afforded by the surrounding material. Concave damage had occurred to the
brass screw in the No. | poppet from A9-300 and was clearly the result of the fire.

The evidence (of corrosion on the lower part of the screw, and only
superficial fire damage to the poppet valve assembly) suggests that the head of the
brass screw had corroded away prior to the fire.

The function of the poppet valve screw is to hold the silicone rubber
scaling washer in place with the aid of an aluminium alloy washer. Loss of the screw
head would not necessarily have prevented the poppet valve from functioning
correctly, although it would increase the probability of its incorrect function.

Comparative examination of the brass poppet valve screws (5 in detail A of
Figure 3) using metallographic techniques indicated that the corroded screw was
manufactured from a leaded, free-machining brass, while screws from other poppet
valves in this, and other outlet manifold assemblies cxamined, did not contain
similarly high levels of lead. It appears that the corroded screw was not a standard .
component of the Flight Station Oxygen System.

3.2 Poppet Valve Seal

Inspection of the poppet valve seat from No.3 chamber showed evidence of
score marks on the aluminium alloy face (Figure 12). These score marks were present
prior 1o the fire and would have allowed a slow gas leakage under the silicone rubber
washer (Figure 13). In combination with the defective brass screw the score marks
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ensured that the poppet valve would not function properly, i.e. it would not prevent
reverse gas flow in the manifold.

3.3 Evidence for Sonic Flow

Estimates provided by the RAAF indicated that the approximate oxygen
leak rate of the oxygen system, when the self-sealing No. 2 cylinder neck fitting was
allowed to vent the No. 2 supply line and filler manifold, was 50 L/min. Assuming the
following conditions: oxygen flow 50 L/min; temperature 20°9C, system pressure 1800
psi, then the effective diameter of the leak was 0.25Smm. This value is consistent with
the observed deformation of the No. 3 poppet valve washer (Figure 13).

The conditions described are consistent with choked flow through the
orifice formed by the defective poppet valve. Flow through the orifice was sonic and
possibly supersonic as it expanded into the filler manifold. Any particulate
contamination entrained in the gas would have had imparted to it considerable kinetic
cnergy. Sonic flow conditions would have prevailed for any downstream pressure of
900 psi or less given an upstream pressure of 1800 psi. On the atiempted
reconnection of the No. 2 oxygen cylinder, sonic flow conditions would have prevailed
until the downstream pressure reached 900 psi.

3.4 Corrosion Product Contamination

The missing screw head of the No 3 poppet valve, and the corrosion found,
strongly suggests that particulate contamination from this source would have been
sprcad throughout the oxygen system. The contaminants could have included brass
metal, copper metal, zinc oxide and copper oxide dusts.

These cor:aminants could have been entrained in the sonic flow discussed
in the previous section.

3.5 Charging Fitting Filter

The brass filter within the charging valve assembiy (Figure 1) was not
adequately designed and was loose within its housing. Inspection of the basec of the
filter revealed fretting of the base of the sintered brass filter element. This form of
wear is the result of small relative movement between solid surfaces in contact under
pressure. Apart from failing to trap particles effectively the [ilter clement itself
would have contributed to th: contamination of the system by being a source of
metallic particles.

4. DEFECTS OBSERVED IN OTHER ORION AIRCRAFT

In the course of RAAF investigations, and as a result of ARL observations,
components of other Orion aircraft were submitted to ARL for investigation.

4.1 Filters

Filters from a number of Orion aircraft were examined. These were laken
from the charging valve assemblies, and all showed signs of fretting, indicating that
the clement was not sealing properly and had oscillated during charging of the oxygen
system. This movement had led to damage of the filter body, removal of material from
the filter clement and an impcrfect seal between the filter body and the filter
clement. As a result the filters were incapable of cffectively removing particles and




contributed to metal particle contamination. In addition, the size of the pores of the
filters varied between aircraft. Some examples of these filters are shown in Figures 14

& 15.
4.2 Corrosion
A number of pressure manifnlds were cxamined and showed ecvidence of .
corrosion (Figure 16). For this corrosion to have taken place moisture must have been
present.

In aircraft A9-756, extensive rust deposition was found in the stainless
stee]l tube which connects the pressure manifold to the charging valve. Figure 17
shows the end of the stainless sicel pipe where it fils into a union. The extent of the
tust deposits is illustrated in Figure 18 wherc the same tube has been cut midway
along its length. The rust in this instance resulted from a poor pickling procedurce
after fabiication of the part (of local manufacture). This heavy rust deposit led to a
fine layer of rust being deposited over the internal walls of the pressure manifold
(see Figure 19 and section 4.4).

Another source of rust was the steel cylinders used for ground transport
and storage. In the various oxygen systems, there were no filters that were fine cnough
to remove dusts of this type (particle sizes of 1 micron and less).

[t was concluded that rust probably formed a component of particulate
contamination in all aircraft and was most probably present in aircraft A9-300 at the
time of the fire.

4.3 Manufacturing Techniques

Poor quality control in the manufacture of a pressure manifold 1s shown in
Fignre 20, In machining the block to accommodate the stainless steel connectors,
aluminium burrs were left protruding from tne tops of threads; these burrs were
anodised. Such burrs have surface-to-volume ratios which are much higher than that
of the pressure manifold block itself. The surface-to-volume ratio is one of the
critical parameters controlling meuwal ignition. While the aluminium burr of Figure 20
has a lower surface-to-volume raiio than other metal particles discussed carlier,
these aluminium alloy burrs would provide a mecans by which particulate ignition
could progress to metal block combustion. A comparison could be made with the
setting of a wood fire where the progression, match-twig-stick-log, is a familiar
scquence. In an oxygen system the sequence would be metal particle, metal burr,
screw thread section, metal block.

4.4 An Example of Metal Ignition
As an aid to the investigation of this fire a pressure manifold of aircraft

AY-756 was inspected and revealed a non-catastrophic cxample of metal ignition. The
position of the ignition was located just before the central noppet valve on the inlet

side of the pressure manifold (Figure 1). The manifold was scctioned to cnable .
detailed photographs to be taken; the two halves of the section are shown in Figures
19&21.

A number of points arc of interest. In Figure 21 a molten liquid drop has .

rolled around the internal passage. Apart from the ignition site, the anodiscd surface
has not been damaged. Figure 19 shows the extension further into the tube, of the roll
path ol the liquid drop in Figure 21. In addition, liquid has dropped off the ridge
above and splattered. Again, the anodised surface has not been damaged. In the central
arca ol the ignition, the anodised coating has been bhreached and the aluminium block
pitted (note where part of one frozen droplet has broken off revealing the undamaged
anodised film, Figure 19),
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5. ANALYSIS OF THE IGNITION IN AS$-756

Analysis of the fro.en drops taken from the quenched ignition 1n A9-756,
by the use of Energy Dispersive X-Ray analysis (EDX), showed them to be mainly iron
and chromium with some aluminium (most probably the oxides). No nickel was
present. This analysis indicates that a metal particle with a high chromium content
was involved. The absence of nickel indicates that it was not an austenitic stainless
steel as used in the fittings and stainless steel pipework in the Orion Flight Station
Oxygen System.

The melting point of an aluminium oxide film (in the case of the high
pressure manifold, a film produced by chromic acid anodising) is 2040°C, while the
melting point of one of the iron oxides likely to be present (FeO) is 1420°C and
chromium oxide (CrpO3j) is 24359C. The latter would ‘dissolve' in the lower meliing
point iron oxide.

The contamination of this manifold with rust was noted earlier (scction
4.2). The rust can be seen in Figure 19 as a fine red/brown dust. The danger posed by
rust contamination with aluminium components in liquid oxygen and high pressure
gaseous oxygen systems is widely recognised [Reference 1], but is not completely
understood. On a macro-scale, the reaction of powdered aluminium and ferric oxide
('rust,’” which in this context refers to the oxide rather than a hydrated form of the
oxide which is commonly referred to by this term) is known as the thermite recaction
(equation 1). It is often used as an incendiary device in weapons [Reference. 2].

Fe,04 + 2Al — AlyO4 + 2Fe ()
iron oxide aluminium aluminium oxide iron

The reaction is initiated at temperatures of 650-800°C [Reference 4].
Typical methods of ignition include use of a burning magnesium ribbon or a slow
burning explosive such as barium nitrate (BaNOj), itself ignited by a primer. The
heat of reaction is -849 kJ mole-1 of FeyO4 [Reference 3], the negative sign indicating

that heat is evolved during the reaction.
The adiabatic reaction temperature (i.e. assuming no heat loss) of the

thermite reaction is limited by the boiling point of iron at 2870°9C. Due to heat loss by
radiation and conduction, the actual temperature will be slightly less but will still be

above the melting point of aluminium oxide (2040°C) which forms a molten slag.
The molten iron liberated by the thermite reaction is itself capable of
combustion in an oxygen atmosphere [Reference 5].

2Fe + (3/2)0, — Fey03 (2)
iron oxygen ferric oxide

The heat of reaction, -825 kJ mole-! of FeoO13, is comparable with the

thermite reaction. While the adiabatic combustion temperature is 28779C, actual
temperatures lie closer to 2400°C, recorded for the thermic lance [Reference 5], duc to
high radiative heat losses. The ignition temperature lies around 1400°C, much lower

than the ignition temperature of aluminium (approx. 2000°C). Note that the ignition
temperatures of both iron and aluminium are controlled by the melling point of their
respective  oxides.




If equations (1) and (2) are added together and common ten cancelled
then:

2Al1 + 3/20, — Al03 (3)
aluminium oxygen aluminium oxide

In other words, in the ignition of aluminium the thermite reaction can act
as an intermediate step. Whereas aluminium is difficult to ignite directly, due to the
high ignition temperature of 2000°C, the thermite reaction route provides a lower
temperature of initiation (650-800°C).

At the micro-scale the question arises, how is the thermite reaction
initiated, given the 650-800°C ignition tempcrature and the greater scope for reaction
quenching due to heat dissipation? Thiessen c¢i al [Reference 4} de.nonstrated that when
iron oxide (FepOq) particles bombard an aluminium plate at sonic velocities (the plate
being kept in a vacuum) then:

(a) some of the FepO3 (non magnetic) is converted to FezOy
(magnetic) and elemental iron;

(b) the surface of the aluminium is pitted;
(c) light emission is observed, associated with particle impact.

To accelerate the ferric oxide, a choked nozzle was employed with argon as the carrier
gas. Since argon is an inert gas, the chemical reactions that took place were between the
aluminium plate and the impacting particles. It was considered that the reactions were
due not to kinetic heating but to tribomechanically induced reactions.

In a second secries of experiments Heinicke and Harenz [Reference 6]
showed that metal fires could be initiated by grinding metals and ferric oxide in a baii
mill, pressurized with oxygen. The lag between the start of the grinding and initiation
of the metal combustion was variable. Fires werc obtained with both iron and
aluminium. The reaction mechanism is not yect understood in detail. As fires can be
initiated by sand plus rust in iron pipework carrying oxygen gas at modest gas
velocities (50ms-!, Reference 6), it mayv well be the reactivity of Fep O3 which is the

important factor.

In the case of aircraft A9-756, the cvidence suggests that a metal particle
(chromium or chromium-rich iron) impacted on an anodised aluminivm surface coated
with rust. The hard AlpO4 coating on the aluminium surfacc may have served as a
cuosidtvre “70 eand with ¢~ mode of igrition being related to that involved in the
ignition of iron pipecwork by impacting particles of rust and sand rather than to the
thermite reaction. i.e. the abrasive action of the aluminium oxide surface had heated
the metallic particle to ignition.

This latter mechanism is attractive, since:

(a) iton has » lower thermal conductivity than aluminium;

(5 metal particles are more ecasily ignited than block metal (the
thermal conductivity of aluminium would have been the factor
which quenched the ignition).

[f this latter mechanism is the correct one, climination of metal particles
(which tend tc be larger) would be more cost-cffective than attempting to ecliminate
totally the finer metal oxide dusts.

No information is available on other metal oxides such as those of copper
(CuO, Cup0) or ziuc (ZnO). On a macro-scale, copper oxide reacts with aluminium cven

morc vigorously than iron oxide, while zinc oxide is unreactive. However, zinc oxide




and aluminium  will react in a thermite reaction when chloninated hydrocarbons are
present, the combination being the basic formulation for screenine-smoke [Reference
21, The corresponding  fluorine compounds would be expected to be effective
substitutes for the chiorinated compounds.

Possible modes. or combination of modes, by which the observed pnition
i A9-736 was quenched include:

(@) depletion of  oxygen  supnly  (check  wvalves  oporating
cffectively);

(hy rapid heat conduction by the aluminium alloy block guenching
the temperature of reaction below 20000C;

i

(¢)  surperheating of the molten aluminium:- o characternsiie of
aluminium combustion iy the tendency for the metal to bhost
explosively, lifting the reaction vone away from the mew! face

and thus quenching the reaction [Reference 7).

The last mode could possibly account for molten material rothing around
the inrernal wall of the filler manifold.

6. FIRE IN A9-300

From ecye-witness testimony to the Couwrt of Inguiry 1t was established tha
ignition of the fire in aircraft A9-300 occurred within the pressure manifold check
valve assembly of the Flight Station Oxygen System. The 0 details of the damage to
the aircraft are to be found in the Court of Inquiry proccedings. This report as Iied
to damage to the Flight Station Oxygen System.

While the fire started in the pressare manifold check valve assemb'yo this
unit, being located towards the stde of the wreraft, was shielded from the later
destructive  effects of the fire. The part is composed of three manifold blocks holied
together and scaled by siticone rubber "O7 rings. (Figures 2 & 3. The ventral mamitold
has  three  separate  chambers leading w0 the three storage  covhinders; the outle:
manifold teading 1o the pressure reducing  regulators recervad  only superficn
damuage. The filler manifold was extensively damaged.

The damage 1o the filler manifold s shown in Figare S.6.& 7. 1o ol
approximately 15g of metal was consumed. I all the metal actuaily burnt fassumimy o
was pure aluminium, since only 2 xmadl percentage consisted  of allowving clements.
then 465kJ of heat would be released.

Part of the metal block s shown m cross-secnon in Fraeres 22 & 11 Nowe
the differences hetween the interior and exterior surfaces of the block. In Frgure 22
the  oross-section has been  etched 1o reveal the metallurgical  structure ot the
aluminium  alloy block. This shows the severely heat-affected arcas as bemg a very
narrow  band  of re-sohdified  aluminium, indicating  that melimg of  the hlock
occurred immediately in front of the advancing combustuon sone. This andicates g
favtomaving combustion zone (and hence @ high rate of heat releaser relative 1o the
rate at which heat was bemg conducted nno b metsd block Thus, Mow-out’ of the
black did not occur by melting of the block due to heat conducted away vron the
combustion sone, but as a result of ‘torching’ (hurming away of the alumimum unti
the combustion sone broke through to the caterior).

The maximum nme for blow-out of the block, from the ~ustwined igmton,

can be estimated by asruming faifure due to mettng. The heat flux across o segment of

1 . . )
Blow-out is defined here as the pomnt when the wall of the metal block s burn
away atlowing oxygen and combustion products to enter the aircraft cabin,




From Table 1 and the wall thicknesses at the point of fire, the ostimaed
range  for  blow-out was between 75-300 mulliseconds. The  short time spas: s
supported by the superficial damage to the No.o 2 poppet valve chamber (Figure 7).
Roo-tion products and surplus oxygen would have been carried through poppet valve
chamber No. 2 unul blow-out occurred (notice in Figure 7 the rectangular patch where
the chamber wall 1s undamaged, as 1t was protected by the poppe. valve). The greate:
damage to poppet valve chamber No.o 1 oindicates that inis chamber  was pressurnsed
with oxyger (not necessarily  full supply pressured until the collapse of the poppot
valve al'oved the escaping oxygen (o contribute to the combustron of the wlurioam
blod! d hurn i wayv through the side wall (Figure 5).

The antensity ot the radiant energy being emitted from the fire ansade e

mantfold would have caused the fire 1o burn towards the Noo 3 poppet valve lgioe
}
.

The hmuted fire damage o the Noo 3 poppet valve (Frgures X & T3 suppors che

concept of o short duration tuce i the aluminiunm block.

Other features of the spread of the fire within the blook wore prenond,
controlted by the distmbution of thermal gradients set up wathin the alummo . A
quatitatve description of the control, by thermual gradicntss of  the direction o

comibustion an meta! blocks has been given by Hirano et al [Reference @

6.1 Jgnition of Fire in A9-300
The following defects were present in the aircralt's Flight Station
Oxvgen Svstem:

(a) sonic gas velocities due to a faulty poppet valve:

i corrosion  products, including brass dust, zine oxide. copper und
copper oxides, from corrosion of a brassy screw due o comact win

maoirsture:

e probable  contamination  with metal  particles Giron, chromiue:,

prassy and rust oas omferred from oanspection of other wiroratt

1) possible presence  of  alummuum bhures el alicr compoenens

nanulacture

W contnhuiion By igalilc maleriaiy and prredases Lo fhe tvnniien cann
he o chiminated, the observation of ppmition due (o0 pariicie mmpact on tast o o
AV-T36 and the eh o was vciooties hnown too be present cno AS 360 eoeet i

thermte reachion oy the most probable mode of oo,

Susta ned  comhustion s dependent oon o coniinaons onv g s

AR othe case o A9O0 by ahe defecnive poppet svaive Tne andiiny poppen s

CNOC N was prehahiv o miager coninhutor to e neniiien precess bosades o
continacd wappTy o oxyvper too mariaen combastions Blecdmig the oavpeen .
Sressares AT 3000 down e SEE Py prooe to the Qe el aeseonrey et e
crone the Noo 2 oxveen cnoender wonhd ot necessaniiy Bave provented e n e e
metal Biock,s as the condibens faveneaho to e o centd cn T e e et s
o entrannmient of stglienany or show moviig partioies, et

Sucvessul apmnon depends on the ot sate of eneney teiouse

comhustton, exvecding the rate of cnergy disapaiion by oconmduction. radiatien e

comvectton. For glumamuam weh s Begh therme! condaonnviiv s the sgetos sog e
to sustamed  combustion must ocour overy raprdivg owattin o Bollow s hieen ot

allov, or guenching will occur as noarcralt. A9 TS0 (Fpare 1950 Thus the estrmincd
hlow-out tme for the prossure mamfold  prves anoopproviniaie Dgure for the el

pme from the amnation of nemon too the Dreball observed by the mamtenance crow
N

T

Fhas stronghy amphicates the attempted rescating of the No
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cvhinder fitting (to halt the flow of oxygen leaking through the No. 3 poppet valve) as a
factor which assisted the ignition process. Although ignition may have occurred
during the conditions that prevailed immediately prior to the attempt at resealing the
No. 2 oxvgen cylinder, this operation would have disturbed flow patterns, assisting
cnirainment of stattonary or slow moving particles into the high velocity gas stream.
I is debatable whether the cylinder should have been left isolated and the rest of the .
svatem aliowed o bleed off.
The actual site of ignition of the fire cannot be ascertained with
nftdence. However, given the short duration of the fire before blow-out occurred, the -
of thermal gradients on the direction of fire spread in metal blocks, Reference
9, ard the geometry of the block, radial propagauon of the fire from the point of
ipmion could be eapected. These considerations and observation of the aciual damage

ohserved in the block, lead 1o the ignition site lying in the connecling passage
hetween the Noo 1oand No. 2 poppet valve chambers or the intersection of that passage
with the passage leading to the No.o 2 poppet valve chamber and facing towards the No.

Y opoppet valve (Figure 1 & 6).

7. CONTAMINATION AND DEFECTS IN OXYGEN SYSTEMS

Oxyeen svstems are used under o variety of condions. Frequent charging
and discharging will lead 1o the gradual accumulation of contaminants. It would not be
Shvaocddly feasible to keep an oxygen system which is in continuous use entirely free
U cenamination: any altlempts o do so would not be cost-effective. However, as seen

A©L-300,  the

Ohvieasty G ba

presence  of  contaminants can have  catastrophic  conscquences.
ance must be struck n requirements for the cleanhiness of oxygen
SaNIems,

While it is uenerally recognised that oxygen systems should be kept clean,
muantenance procedures do not reflect a detailed understanding of the contaminants w
he avorded [Reference 104, .

The suggested ignition in A9-300 involved metal particles and oxide
particles Crust). Oxide particles tend to be fine dust, while metal particles may be
targer. When mobile, larger particles will have greater kinetic energy and arc .
therefore more  likely to activate ignition. It is suggested that more effective filters
for particles be employed, possibly down to the range of 1-10 microns.

Gross contamination by oxide dusts should be avoided but filtering to
climinate these completely may  not be practical. Regular inspection for possible
sources of oxide dusts should be mandatory n, for example, steel cylinders used for
re-supply. Stainless steel lines should be carefully inspected (and passivated) before
astatlation in aircraft oxygen systems, 1o avoid rust contamination due to  poor
mickhing procedures ete.. during component {abrication,

In oxvgen systems, a defect in isolatton may not pose a sertous hazard.
However, when a number of defects of different origin occur 1n combination, then the
risk of fire may be greatly cnhanced (the hazard posed by a combination of defects can
e far greater than the summatien of the andividoual nisks). For oinstance, propagauon
ot the observed gnmition, reported inosection 4.4, would have been enhanced if 1t had

. Had the burr been
wocated wathin the root of a screw thread then there would have been a greater

occurred adracent o the metal burr discussed o osection 4.3

prohabihity o the mera) block dgmiting. Any other defective condition present which

ures the contmued avaslability of  oxvgen 1o propagate the combustion, would
ner compound the hazard level,

In recognising that 1 s not practical o climinate completely oxide dusts
and o the himer mietal particles, great care should be taken to ensure that other sources
of wvstem defeets and contamination are munimuised. Thus replacement parts should be
carefully inspected  prior 1o anstallation to ensure they are ot defective and do
comply with the manufacturer’s and/or RAAF specifications. Where a replacement
part ahitfers from the part 1o be replaced the change should be questioned. Colour

Canges o O mmps provide  a good  example; these are usually red  (sihoone

10
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elaste.ner)  Black 'O rings, usually signifying that the elastomer is 'Neoprene',
should not be accepted as Meoprene 1s noy satisfactory for use in acrospace oxygen
systems  [Reference 12 By strict qualitv cortro! at all levels, the compounding effect
on hazard b vels of cwiltple system defects can be minimised.

8. MAINTENANCE PROCEDURES

The fire in Ornion A9-300 brings into question the appropriateness of an
‘on-condition’ mainienance philosophy. Through the accumulation of contaminants the
risk of ignition in an oxvger system ceuld be quite high long before an operationa:
malfunction occusred to warrant maintenance ander ‘on condition’ procedures. It ois
highly probable  hat an operational nmaltunction in  conjuncuon  withn system
cocamination would enhance the risk of ignition. Theretore, use of ¢ ‘on-condition’
mamtenance philosophy may lead to a cteanon where fire is the first indication tha
maintenance action is warranted. Clearly there o~ a need for a regular inspection of
arreraft  oxygen  systems  for the lesel of  paruculate  contamination, materid!
degradation and corrosion. The period between inspections must be  established by
expericnee, though the frequency of oxygen system recharging should be taken 1o
account. In the case of componenis made [rom elastomers (eg. 'O riags) the
cnvironmental temperature regime is also imporfant.

It is concluded tnat the hich pressure axygen supply svstems for Orion
aircralt, poth onboard and off, contained a range of deficiencies. It was ounly a
question of time before a catastrophic event such as the firc in A9-300 occurred.

9. METALS FOR OXYGEN SERVICE

With the cxception of gold (and to sume extent silver, nicke! and copper),
metals in common use in high pressure oxygen systems are thermodynamically
unstable. The chemical s'.bility of oxygen systems is dependent on kinetic control,
ensuring that the rute of chemical reaction is negligible. Any variat »n which allows
chemical reaction via an alternative, lower energy, pathway will destabilize the
system. The situation s not dissimilar to that of high explosives and mono-
propellants  which depend on thew thermodynamic instabilitv for their function.
Provided high explosives are handled correctly they arc ‘safe’. However the risk of a
malfunction (ic. accidental exposure to shock wave) is finite and often significant. A
similar risk situation applics to high pressure gascous oxygen systems.

The chorce of metal for use in high pressure oxygen eguipment is 4
compromis¢  between  safety, lightness, strength, corrosion  resistance and  other
factors. No metal is uniquely svited to oxygen service and thus the choice of metal
must he based or the particular application [Reference 111

The fire in A9-300 calls into guestion the wisdom of using aluminium
alloys. However, steel svstems  can be sensitive (o rust and  sand  contananasis
iReference 6f0 Once a fire starts in an aircraft oxygen systen it probably matters
tittle whether the combustion temperature s 24009C (steel) or 36009C  caluminmium,.
Most of the polvmers ete. in the furnishings and fitings of an awrcraft can be agnited
helow  10009C, in air.

Alumimium 75 possibly  safer than  stainless  steel, due to the higher
ignition  temperature (20009C vs 14009C; see secuon 4.4), provided the circumstances
under which the ignitton temperature of alumanium may be lowered are understood
and avorded. Where the risk of contamination 1s high alumimium should be avoided.
The totality of an oxygen system and s usage pattern needs careful  consideration
when choosing materials. Each system is a sceparate case. Bar graphs of the relative
resistance to ignition (a function of ignition temperature and the squarc rouvls of
thermal  co. ductivity, density and specific hcat), potential fire severity for cqual
weigat (combustion energy/kg), potential fire severity for equal volume {(combustion

11




cncrgy/m3), and the potential fire severity range for equal strength (a function of
combustion cnergy, density and allowable working stress) are given in Figure 24,
taken from Reference 11.

Most work on metals in oxygen has involved the effects of variation of
temperature and  pressure, especially in relation to exposure of fresh metal surfaces
due to fractie, The role of metal particle-metal oxide mmpact on metal ignition has
only been considered for the case of rust with aluminium. Further research on other
metal-metal oxide combinations  such as the copper oxides and chromium oxides
which could prove hazardous in high pressure oxygen systems is required.

10. CONCLUSIONS

The high pressure oxygen supply system for Orion aircraft, both on boeard
and off, contained a range of deficiencies. It was only a question of ume before a
catastrophic event such as the fire in A9-300 occurred. The most probable cause of
ignition for the fire in A9-300 was a thermite rcaction invelving aluminium, wia or
without, either (or both) iron oxide and copper oxide. Energy for the initiaion of the
reaction probably came from metal particle impact associated with hign gas veloaties
present in the oxygen system at the time (due to a defective poppet valve). That the
metal fire started at the time when an atiempt was made to close the venting line to the
No. 2 Oxygen cylinder may not have been coincidental.

The role of oxides other than ferric oxide (in the form of rust) and otho
metals in the ignition of aluminium metal in the presence of oxygen ix pooriy
understood. The dearth of information on the ignition of metals in the presence of
contaminants  draws attention to the nced for fundamental rescarch nothis arca. The
goal of such research should be to:

(a) provide a rational basis for oxygen system cleaning  und
maintenance procedures; and

(b) improve the safety characteristics of the oxygen equipment.
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FIGURE 2. HIGH PRESSURE MANIFOLD AND CHECK VALVE ASSEMBLY.
THE LARGE ARROW SHOWS HOW THE ASSEMBLY IS
FOSITIONED IN THE AIRCRAFT.

SCALE: 1 APPROX.




NIPPLE
sar
PACKING SEAL
UPPER 800Y
SCREW
POPPET RETAINER
POPPET SEAL
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9 INNER BOQY
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. Il HELICAL INSERT
@ orIAIL A 12 LOWER BODY
POPPET ASSIMBLY 1} LOCKWIRE, MS20995¢20
(8 MACES) 14 WASHER
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EN
3. AN EXPLODED VIEW OF THE HIGH PRESSURE OXYG
FIGURE MANIFOLD AND CHECK VALVE ASSEMBLY.

NOT TO SCALE




FIGURE 4 HIGH PRESSURE MANIFOLD AND CHECK VALVE ASSEMBLY
(ARROWED) AS FOUND "IN SITU" AFTER THE FIREIN A9-300

SCALE: 1/10 APPROX.

et




FIGURE 5. VIEW OF THE BURNT FILLER BLOCK SECTION OF THE HIGH
PRESSURE MANIFOLD AND CHECK VALVE ASSEMBLY
(AIRCRAFT A9-300). A WHITE SPOT NEAR THE TOP LEFT
HAND CORNER (ARROW) MARKS WHERE THE FIRE
PENETRATED THE REAR FACE (FRONT I"AZL OF FIC!IRE 2)

MAGNIFICATION: 1.5 APPROX.

e




FIGURE 6  VIEW OF THE BURNT FILLER BLOCK SECTION OF THE HIGH
PRESSURE MANIFOLD AND CHECK VALVE ASSEMBLY
(AIRCRAFT AS9-300) FROM UNDERNF ATH (SEE FIGURE 2).
NOTE THE REMNANT OF THE SCREW THREAD ON THE LEFT
(LONG ARROW) INDICATING THAT THE STAINLESS STEEL
FITTING FELL OUT TOWARDS THE END OF THE EVENT THE
ENLARGEMENT OF THE PASSAGE TO POPPET VALVE
CHAMBERS (1) AND (2} IS EVIDENT

MAGNIHCATION 1 5 APPROX

M



FIGURE 7. VIEW OF THE BURNT FILLER BLOCK SECTION OF THE HIGH
PRESSURE MANIFOLD AND CHECK VALVE ASSEMBLY
(AIRCRAFT A9-300), FROM THE TOP, LOOKING DOWN INTO
THE CHECK VALVE CHAMBERS (No. 11S ON THE LEFT). NOTE
UNDAMAGED PATCHES ON WALL OF No. 2 CHAMBER
(ARROWS) WHERE IT WAS PROTECTED BY THE FLUTES OF
THE POPPET (ITEM 8, DETAIL A, FIGURE 3).

MAGNIFICATION: 1.5 APPROX.




FIGURE 8 POPPET VALVE FROM No 3 INLET CHAMBER NOTE LIMITED
FIRE DAMAGE AND ABSENCE OF SCREW HEAD (ITEM b
DETAR A FIGURE 3)

MAGNIFICATION 6 APPROX

-——————_




FIGURE 9a SECTION THROUGH BRASS SCREW OF POPPET VALVE
FROM No. 3 CHAMBER (FIGURE 3, DETAIL A, ITEM 5)
SHOWING THE EXTENT OF DAMAGE TO THE
COUNTERSUNK HEAD (THE ORIGINAL SHAPE IS
OUTLINED) AN AREA OF THE CORRODED THREAD
(ARROWED) IS SHOWN IN FIGURE 9b

MAGNIFHICATION 40 APPROX

L e




FIGURE 9b. AN ENLARGEMENT OF THE AREA ARROWED IN FIGURE 9a
SHOWING THE EXTENT OF THE DEZINCIFICATION IN THE
THREADS. THE GREY AREAS WHICH APPEAR TO
PENETRATE THE MATRIX ARE ZINC OXIDE. AN EXAMPLE
OF AN AREA OF PRECIPITATED COPPER IS ARROWED.

MAGNIFICATION: 200

B




FIGURE 10 SECTION THROUGH BRASS SCREVV OF POPPET VALVE
FROM No. 3 CHAMBER (FIGURE 3, DETAIL A ITEM 5). NOTE
THE CORROSION (EXAMPLES ARROWED) ALONG THE
FDGES OF THE SCREW THREAD AND THE BASE OF THE
SCREW AS A RESULT OF DEZINCIFICATION

MAGNIFICATION: 60




FIGURE 11. SECTION THROUGH THE BRASS HEAD OF POPPET VALVE
FROM No. 3 CHAMBER (FIGURE 3, DETAIL A, ITEM 5). THE
ROUGH NATURE OF THE SURFACE, WHICH IS COPPER RICH
DUE TO SELECTIVE LEACHING, IS CONSISTENT WITH AN
ADVANCED STATE OF CORROSION/OXIDATION.

MAGNIFICATION: 200




FIGURE 12. POPPET VALVE FROM No. 3 CHAMBER (FIGURE 3, DETAIL A,
ITEM 5) WITH POPPET SEAL, SEAL RETAINER, AND SCREW
REMOVED. NOTE LIGHT AREA (LONG ARROW) WHERE
POPPET SEAL WAS NOT BONDED TO THE ALUMINIUM
BODY AND THE NUMEROUS SCRATCH MARKS. (SHORT
THICK SCRATCH ON RHS (CURVED ARROW) IS POST FIRE
DAMAGE )

MAGNIFICATION: 7 APPROX.

ﬁ-——--——————-‘




FIGURE 13 POPPET VALVE FROM No. 3 CHAMBER (FIGURE 3, DETAIL A,
ITEM 5) SHOWING DEFORMATION AND LIFTING OF THE
POPPET VALVE SEAL SOME OF THE SCRATCH MARKS
REFERRED TO IN FIGURE 12 ARE VISIBLE TO THE RIGHT

(ARROW)
MAGNIFICATION: 12 APPROX

R




FIGURE 14 A COURSE FILTER FROM AIRCRAFT A9 755 NOTE
FRETTING AROUND THE EDGE (ARROWED)

MAGNIFICATION: 9 APPROX

Py 1 SOFIE FILTER EROM AIRCRATT AY 760 NOTE FRET TING
AROUND THIE FDGE c AERONYE DY
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FIGURE 16. CORROSION ON THE WALL OF THE INLET POPPET VALVE
CHAMBER OF A HIGH PRESSURE MANIFOLD AND CHECK
VALVE ASSEMBLY (NOT FROM AIRCRAFT A9-300).

MAGNIFICATION- 10 APPROX.

1—-———“




FIGURE 17. RUST ON THE INTERNAL WALL OF A STAINLESS STEEL PIPE
FROM AIRCRAFT A9-756. THE PIPE CONNECTED THE
MANIFOLD CHECK VALVE TO THE CHARGING VALVE
(FIGURE 1).

MAGNIFICATION: 10 APPROX.




FIGURE 18 A SECTION THROUGH THE CENTRE OF THE STAINLESS
STEEL PIPE SHOWN IN FIGURE 17 SHOWING THE EXTENT
OF THE RUST DFPOSIT

MAGNIFICATION 10 APPROX

u




FIGURE 19 AN EXAMPLE OF IGNITION WITHIN THE INLET MANIFOLD
OF A HIGH PRESSURE MANIFOLD AND CHECK VALVE
ASSEMBLY (TAKEN FROM AIRCRAFT A9-756) NOTE
WHERE A BEAD OF FROZEN LIQUID HAS BROKEN OFF
(ARROW) TO REVEAL THE UNDAMAGED SURFACE
UNDERNEATH. THE BROWN POWDER IS RUST.

MAGNIFICATION: 9 APPROX

—




FIGURE 20 THE FILLER BLOCK, OF THE MANIFOLD CHECK VALVE
ASSEMBLY, TAKEN FROM AIRCRAFT AY-756 SHOWING A
MACHINED SCREW THREAD. THE BRIGHT SURFACE
TOWARDS THE TOP OF THE FIGURE IS WHERE A
STAINLESS STEEL FITTING HAS BEEN REMOVED TO
FACILITATE INSPECTION. NOTICE THE BURR OF ANODISED
METAL (ARROW) LEFT ON THE ANODISED SCREW
THREAD METAL BURRS SUCH AS THIS, DUE TO MORE
FAVOURABLE SURFACE TO VOLUME RATIO CAN BE
IGNITED MORE READILY THAN THE METAL BLOCK. THE
LOCATION OF THE METAL BURRS WITHIN A SCREW
THREAD (RATHER THAN ON A FLAT SURFACE) WOULD
FURTHER ENHANCE THE PROBABILITY OF IGNITING THF
MAIN BLOCK OF ALUMINIUM

MAGNIFICATION 8 APPROX

R ==




FIGURE 21. THE OTHER HALF OF THE SECTIONED INLET MANIFOLD
SHOWN IN FIGURE 19, SHOWING THE PATH (ARROWED)
TAKEN BY A BEAD OF MOLTEN MATERIAL. THE PASSAGE
AT THE TOP OF THE FIGURE LEADS TO THE No. 2 POPPET
VALVE CHAMBER. THE CENTRAL PASSAGE LEADS TO THE
'FILLER NIPPLE" (FIGURE 3).

MAGNIFICATION: 9 APPROX.




FIGURE 22. SECTION THROUGH THE FIRE DAMAGED BLOCK (A9-300)
SHOWING THE COMBUSTION ZONE AREA (AREA C). THE
HORIZONTAL LINE JUST ABOVE THE FIRE ZONE MARKS
THE LIMIT OF RESOLIDIFIED ALUMINIUM ALLOY (ARROW).
THE SHALLOW DEPTH OF THIS ZONE EMPHASISES THAT
THE RATE OF COMBUSTION EXCEEDED THE RATE OF HEAT
TRANSFER INTO THE INTERIOR OF THE BI.OCK.

MAGNIFICATION: 670

u




FIGURE 23. SECTION THROUGH THE FIRE-DAMAGED BLOCK (A9-300)
SHOWING THE EXTERIOR FACE (TOP OF FIGURE). NOTE
THE RELATIVELY UNDAMAGED SURFACE.

MAGNIFICATION: 570

A
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