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SUMMARY

This report describes the explosion of a Salvus breathing
apparatus in the Derbyshire County Fire Brigade and an
investigation into the possible causes of this and similar
explosions. ' ~

Since all reported'explosions appear to have occurred
immediately upon opening the main valve of the apparatus, it
is suggested that those which were not due to the failure of
defective Bourdon tubes in the pressure gauges, ars likely to
have been due to the hsat generated by the sudden compression
of oxygen in the high-pressure side of the apparatus. It was .
found that this was sufficient to melt o heat-gsensitive paint
of melting point 232°C, and it was shown that the rate of
compression, and hence the moximum temperature attained, could
be .reduced by fitting o spigot in the centre of the valve
seating, provided that the diameter of the spigot did not
differ from that of the hole by mors than 0.001 in,; seven
so the temperature rise wus sufficient to melt 2 lacquer
which fused at a temperaturs of 176°C.

It is shown that the miterials of the washers in the
high-pressure side of the cpparatus presen: an explosion
hazard and it is recommended that an attempt should be mede
to replace these washoers by ones which are incombustible in’
high pressure oxygen or alternatively by using metal seatings.

Introduction

-

During the past few years seversl explosions have occurred in the
high-pressure side of Solvus breathing cpparatus resulting in damage to the
pressure gauge and often in injury to the usecr.  Some of these explosions
hava undoubtedly been due to mechanical failure of the Bourdon tubes in the
pressure gauges. This danger can be minimised by using a bulkhsad type
of gauge fitted with an efficient pressur¢ release device - a precaution
now being. adopted by-@re brigades,

In other explosions there is evidence of the ignition of combustible
material in the high-pressure side of the epparatus. Sgch an accident at
a Winchester fire station has been described clsewhere(!) and a further
accident in the Derbyshire County Fire Brigade has been investigated.
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Description of accident in the Derbyshire County Fire Brigade

From a report received from the Chief Officer of the Brigade it appears
that shortly before the accident the cylinder was removed ond recharged with
oxygen and the set was reagsembled and tested., At no time during this
operation was the pressure goauge removed from the cylinder, The set was
then used in a demonstroavion. Imnmediately upon copening the main velve an
explosion, accompanied by & white flach, occurred in the pressure gauge
assembly. The wearer's clothing was ignited and burned fiercely in the
stream of esceping oxygen, but he mannged to remove the set and extinguish
the fire with a foam extinguicsher,

The set, which had not been dismantled since the accident, was examined,
1t was found that the Bourden tube in the pressure gauge was intact, but that
solder at the root of the tube hod melted and had been blown out of the joint.
The fibre washer in the pressure gauge union had disgppeared leaving troces of
a fine white deposit (probobly ash) on the metal faces of the union, Any
other ash formed could have been blown out by the escaping oxygen. The
gauge had a plastic front which rcemained intect although it was badly
blackened, A relief valve fitted 2t the back of the case appeared to
have operated and it was probably the issue of flame from this which ignited
the wearer's clothing.

-

Discussion of explesions in Salvus breathing apparatus

A comparison of this accident with others of which full details are
available is given in Table 1. In three cases the explosion was certainly
due to the ignition of combustible material end in two of these cases the
fibre washer was consumzd, In 211 casges the explosion was stated to have
occurred immediately upon opening the moin valve, suggesting that ignition
was due to the heat generated by the sudden resultany compression of the
oxygen in the restricted volume in and leading to the pressure gauge.

The temperature sttained during an odiabatic compression may be
caleulated from the equation

Py 1-¥
T - Ts (PO)
where T, is the initial temperature in oK
T is the final température in O
fvib:is the ratio of the initial and final pressures

§ is the ratio of the specific heats of the gas at
constant pressure and at constant volume,

A compression from 1 to 120 atmospheres with an initial temperature of
15°C results in a theoretical final gas temperature of 860°C. In practice,
owing to the large surface area and the small volume of gas, the heat produced
will be rapidly dissipated so that the maximum temperature attained will
depend on the speed of compression., The design of the main valve is such
that this may be rapid.

A diagram of the cross piece fitted to the oxygen bottle of a Salvus
breathing set, showing the mein valve assembly, is given in Fig: 1. Turning
the hand wheel through quarter of a revolution lifts the valve 0.01 in, off
its seating and in so doing gives an orifice sufficient to allow a rapid rise
in pressure in the small space into which the oxygen flows, unless this.
guarter turn is performed vecy slowly.

2.



There are two methods of reducing the possibility of an explosion:-

(a) The elimination of all potenticlly hazardous material from the
high prussure side of the apparatus, and

(b) The Jntroductlon of some delCc to rsducc the rote of rise of
pressure and hence the muximum temperature attained, on opening the
main valve. : :

Measursment of the temperature attained on opening the main valve

An attempt was made to measure the temperature attained in the high-
pressure side of the apparatus on opening the main valve, using hesat-sensitive
paints which melt at known temperatures. It was found that these paints
dry to a powder having a grain size of the order of 0.001 in., A glass rod
was drawn out to a diameter of approximately 0.01 in. and this was set in
solder in a brass nipple. The end was then drawn out to a filament having
a diameter of approximately 0.001 in. end protruding 0.1 in., from the end of
the nipple. A few grains of paint were picked up on the filament and the
nipple was inserted in an adeptor fitted to the cross-piece of an oxygen
bottle taken from a Salvus breathing cpparatus as shown in Fig. 2. The
paint was subjected to one or more rises of pressure by rapidly opening the
valve af'ter which it was examined undsr the microscope for signs of fusion.
It was found that o paint having o melting point of 2329C fused ccompletely
af'ter one compression but that one huving 2 melting point of 288°C showed
no signs of fusion after ten compressions.

The explosion hozard of scoting materials used in Salvus breathing apparatus

Several washers of the types used in the pressure gauge unions were
obtained from the Derbyshire County Fire Brigade. There were two types,’
one of red and the other of white fibre. An examinction of the ash in the
pressure gouge union of thz appoaratus involved in the accident showed that the
washer must have been one of the white type.

Both typus of washer were found to continue to burn in air 1f pl¢cud on
a wirc gauze and ignited, :

_ A vhite washer was placed in o horizontal, open-ended glass tube with a.

slow strcam of oxygen passing through it. The tube was heated until the
washer burst into flame, when the source of heat was removed. The washer
burned brightly until it was almost consumed; it then exploded and shot out
of the end of the tube.

No s¥plosion resulted when the experiment was repeated using a red
washer, although this also burned brightly.

Unsuccessful attempts were made to ignite both types of washer by passing
2 high-pressure stream of oxygen through both fast and slow leaks 2t a
wash@r—metal interface,

Attcn@ts to ignite small roughened frogments of the washer matcrlzls by
sudden compression of oxygen also proved unsuccessful, :

Mabbs(z) using more elaborante cpparatus to ensure a more nesarly
adiabatic compression has ignited fibre in block form by sudden compression
of oxygen to 2145 1b/sq. in., and in powdercd form by sudden compression of
oxygen to 2070 1b/sq. in.

cuter(3) hes measured the ignition temperature in high pressure oxjgen
of many secting moterials, A few of his results are given in Toble 2.
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TABLE 2

_IGNITION TEMFERATURES OF SEATING MATERIALS

. MEAN IGNITTON TEMRPERATURE
M TERIAL TN OXYGEN AT 100 atmospheres
¢
Grey horn fibre seats ' 236
Red vulcunised fibre (block) 220
Red vuleanised fibre Ehavings) 212
Nylon . . 243 (but one sample
ignited at 160°C)
Teflon )
Polyvinyl aleohol No ignition at
phosphorylated with FCUl3 3500C and 250 atmospheres
1 |

It will be noticed that the ignition temperatures of the first four
substances arc of the smne order as the melting peint of the heat sensitive
paint which fused on opening the valve in the experiment described. carlier,
éiltheough ignition of the washers would not be espected to occur on every
occasion, dependent upon how carefully the valve is opened, the chunce of
ignition always exists egpecially if small seperated or protruding fibres of
- the materiol are presént. - : o

Reduction of the rate of rise of pressure on opening the main valve |

" In order to reduce the rate of rise of pressure on opening the main
volve Messrs. Siebe-Gormon suggested fitting o spigot in the centre of the
valve seating as shown in Fig., 3. This would have the effect of throttling
the initial flow of oxygen, but would not 1mpede the flow when the valve was
fully open,

4 Bxperiments were carried out, in conjunction with the Safety in Mines

' Ruseqrch Establishment at Buxton, to determine the extent to which coreful
openlnw of the valve would reduce the rate of rise of pressure, and to
eXomine the throttling effect of two sizes of splwot one differing in
‘diameter from that of the hole by 0.0005 in. ond the other by 0.0025 in.

The pressure rise wus measured by o piezo-cleciric quartz crystal gauge
which was fitted directly to ths cross-piece of an oxygen bottle on the arm
opposite the valve. The gauge was connected through an impedance-convertor
to a cathode-ray cscillograph fitted with a drum camera. The oscillograph
record, which shows the minimum rote of rise of pressure cbtained by

opening the unmodified valve with extreme care, is reproduced in Fig. 44,
The record of the maximum rate of rise of pressure, obtained by opening

the unmodified valve as rapidly as possible, is given in Fig. 4B, These
figures show that if the VJAVG iz operated very carefully the time taken for
Athe pressure to rise to iis maximum value, normally about 120 atmospheres,
may be as long as 150 milliseconds but that this time can be reduced to

50 milliseconds by a.quicker opening of the valve.



It was found that, when the valve was modified by fitting a 3pigot in the
centre of the seat, the rate of rige, of pressure was less dependent on the
manner of opening the valive., 0301llograph records of the rates of rise of
pressure on qpenlng valves flttbd with the two $izes of spigot are shown in
Figs. 4C and 4D.  .The time -taken for, the pressure to build up was 375 milli-
seconds using the valve fitted with the larger-spigot, but with the smaller
spigot the time was- 175 milliseconds, little befter than could be achieved by
opening the unmodified valve carefully. '

The experlment using heat sensitive paints was repeated using both the
smaller and the largsr spigots. It was found that with the smaller spigot
the paint melting at 232°C £till fused completely on one compression but with
the larger spigot this paint could not be fused and a paint melting at 175¢C
only showed evidence of fusion afteriseveral compressions.

Conclusions and recommendations

In the report on the accident 2t the Winchester Fire Station(1) certain
recommendations were made which, it is considered, should be re-crphasised.
Briefly they are:- :

(1) All possible sources of contamination with oil or grease, including the use
of metal polish and immersion tests in possibly greasy water, should be avoided.

(2) The use of lubricants in gland puckings is undesirgble.

(3) Bulknead-type pressure gauges should be fitted. These should have a
plastic front and a back which will blew off easily.

" {4) Personnel should not look at & presswre gouge vwhile turning on the oxygen.

FProm the investigation describzd in this report it is now possible to
add the further recommendations given below,

It appears that the fitting of a spigot in the centre of the existing
volve seating may reduce the risk of an explosion by throttling the initial
flow of oxygen, but to be effective the spigot must not differ in diameter
from the hole by more than 0,001 in. This may prove to be a very small
clearance to maintain in practice. :

It is considered most undesirable that the high-pressure side of the
apparatus should be fitted with washers which cre capable either of initiating
or increacsing the severity of an explosion. The work of Guter(3) has shown
that “the fitting of nylon washers would be no imorovement. The possibility
of fitting weshers of Teflon or polyvinyl alcohol phosphorylated with POCL
might be 1nvest1%xted However attention is drawn to tge conclusion reac ed
by Mabbs in 1923(2) which Guter reps oted in his report (3

"The investigation has shown that all practicable scat materials for
"oxygen pressure regulators are combustible under conditions which may
"occur occasionally in service. The two inter-dependent causes for
"ignition of the seat are:- ‘o

"l  Heat generated by the sudden compression of oxygen or air
“in the high pressure inlet tube of a regulator, ond

"2 small separated or protruding fibres of the material on the
"surface of the seat exposed to high pressure gas."

"Phe ideal solution for the elimination of this fire and explosion
hazord would be a metul seat."



It is considsred that an attempt should be made to produce a Breathing
apparatus having all-mstol seats in the valves, comnectors, and unions on the
high pressure side, and a tapered needle and seating to the main valve which
would restrain the initiel surge of oxygen con opening the valve.
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L Compardison between

TARLE 1

accidents involving Salvus Breathing Apparatus of which details are available

Fire Forcs

Hampshir:
Fire
Service ‘°

pE g

>from ths compressing firm with
‘ieather washers beneath the
‘blank caps.

joint at root of tube.
Byidenna of great heat.

f
Farviced w1l tested. Pressure
igaugu was Tound $o be out of

) ialignment. Tiion nut was
loosened, gauuge aligned and -
nut tightered.

Ken@ Fire
Brigade
June 1950,

e i et

N T e bt L

;grub screw were guite bright
and clean.

Date and : .
Location Trestmost of apparatus Condition of pressure Condition of pressure gauge Remarks
of before accident | gauge af'ter explosion union after explosion
accident 3
July 1945 {New fibre washer fitted in Bourdon tube fractured. Not ce?tain to be due to
ipressure gauge union. Tnterior of tube covered explosion of Carbonaceous mattern

with black material which Not reported ‘
ion combustion in Oxygen
Wl&“dnd 206% of Carbon.”

January ‘!Cylinder replaced by anewly (Bcurdon tube intact but The union nut for Gyllndgr { .

1947 v (11124 one which had returned isoclder had blown out of iflbre washer and slow leak

Bourdcn tuvke hal burst
Biackening on back of gauge
dial.

Fibre washer had disappeared.
Some blackening on inside of
limb of cross-piece which
connects to gauge.

———rm o —

The throt{ling device fitted to
 Pressure gauge inlet, consgisting
| of a 5/16 in. long screw with a
0.052 in. diameter hole through

| it, was considsred to be
ineffective.

Fauge repliced by a new one.

Bourdon tube fractured.
Signs cf a black deposit
arcund Tracture,

Derby Fire
Brigede

Cylinder removed and re-

charged but gauge was not
removed from cylinder,

Bolder a2l roct of Bourden tube
had meltsd and blown out of
the joint.

ATt e AW BT <

F'ibre washer had disappeared
leaving & white deposit.
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FIG.1. DIAGRAM OF CROSS PIECE FITTED TO OXYGEN CYLINDER.
SHOWING MAIN VALVE ASSEMBLY
(1= TIMES FULL SIZE )
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FIG.2. DIAGRAM SHOWING GLASS FILAMENT
CARRYING GRAINS OF HEAT SENSITIVE
PAINT INSERTED IN ADAPTOR FITTED
TO CROSS PIECE OF OXYGEN BOTTLE
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FIG.3. DIAGRAM OF MODIFIED VALVE SHOWING
SPIGOT FITTED IN CENTRE OF SEATING
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/ (A) Unmoditied valve opened slowly
6 ——
€ (BYUnmodified valve opened rapidly
o ,
2 | |
5 .
4 1450} —
-) _ :
9 C)Valve fitted with larger dia. spigot
m /
I A /—-——-— |
ol _/
|
. / [D)Valve fitted with smaller dia. spigot
- O 50 100 ISC 200 250 300 350

TIME FROM COMMENCEMENT OF OPENING OF VALVE - Milliseconds

FIG.4. OSCILLOGRAPH RECORDS OF PRESSURE RISE






