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I NTRCDUCTI CN

Contenporary industrial facilities and residences contain a rapidly grow ng
inventory of synthetic nmaterials. Because conbustion products fromthese
materi al s and other inherently toxic substances can present a serious threat
to fire fighters who nust respond to structural fires, it is nore inportant
than ever that fire fighters be provided with respiratory protective devices
that can withstand the severe environnental conditions they m ght encounter.

For some tine we have been concerned that self-contained breathing apparatus
(SCBA night not operate properly when subjected to adverse environnental
conditions. This concern has been elevated by reports of fire fighters being
overcome of killed while wearing SCBA  Tests required by the National
Institute for Crcupational Safety and Health (NIOSH), the respirator testing
and certification agency in the United States, do little to dispel this
concern because they do not cover many conditions a fire fighter may
encounter.

Law ence Livermore National Laboratory (LLNL) is operated by the University of
California under a prime contract with the US Department of Energy (DOE).
Because of its size and the nature of its work, the laboratory has a 40-member
fire departnent that is sometines called to fight fires that could involve
highly toxic or radioactive naterials. As the dangers of inhalation injury
and health to LLNL fire fighters are particularly acute, the Laboratory wants
to provide themw th the best possible protection., Thus, the Safety Science
Goup in the Hazards Control Department at LLNL began a programto test

vari ous SCBA under potential fire and emergency conditions.

Fromthe start, our investigation has been hanpered by the small nunber of
witten reports on the nagnitude of environmental factors such as heat, cold,
water, and foamat a fire scene. Wen reports do exist, they generally
conflict. Witten reports on the death or injury rate of fire fighters while
wearing SCBA are alnost nonexistent. V¢ centered our studies on eval uating
exi sting equi prent so SCBA could be selected fromdevices that offer the best
protection against conditions that could exist during a fire at the
Laboratory. As a literature search revealed very little information on such
eval uati ons, we devel oped test parameters and criteria to evaluate various
makes and nodels of SCBA  Although our investigations are not yet conplete,
we have cone to several definite conclusions: the value of reporting a SCBA
mal function can be measured in terns of hunan life; and any condition that
adversely affects the operation of an SCBA or causes it to mal function shoul d
be studi ed.

This work was performed under the auspices of the US Department of Energy by
Law ence Livernore Laboratory under contract No. W-7405-ENG-48.

TEST PARAMETERS AND EQU PMENT

Selection of our test paraneters was difficult because, unfortunately, a
standard fire has yet to be defined. Therefore, we selected parameters from
what informati on was available and began testing. Qur rationale for selecting
the test criteria is given in other reports, as are the details of the

i ndi vi dual tests2s3¢4+ |n this paper, We are reporting a sumrary of the
overall program Space does not permt details of any one test.
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The tests which we have conducted to date are:
A Tenperature Extrenes
1. SOBA operation at 38, 52°, 65°, 79°, and 93°C
2. S(BA operation at 250°C for 3 mi nutes.
3. SMBA operation at -32° and -40°C
4, SCBA operation when thernally shocked from -32° to 93°C

5. Effects of exposing SCBA facepieces to 93°C air temperatures,
followed by light inpact.

6. Effects of storing SCBA for 24 hours at -32°C

7. Subjective tests of SCBA after exposure of 30 minutes to 79°C
and 93°c.

8. Hame test of SCBA facepieces (1050°C for 10 seconds total
time).

9. Flame test of closed-circuit oxygen rebreathing SCBA
B. Effects of A Stream of Water on SCBA (perations

C Effects of Fire Extingui shing Foam on SCBA (peration

Qur objectives for the tests are to find out if the SCBA 1) conpletely fails
to operate during the test, 2) nmalfunctions during the test, 3) has any
conponent parts danaged because of the test, or 4) the facepi ece pressure goes
negative with positive pressure units during the course of the test.

For nmost of the tests, the SCOBA was breathed with a breathi ng machine?,
(Figure 1) set at a noderate to heavy work rate of 52 liters per mnute (1
pm). The exhaled air was hum dified to simulate human respiration. S nce
nost of the SCBA use in the United States is now required to be of the
positive pressure (pressure denmand) type because of the nmuch greater
protection it affords the user as conpared to negative pressure (denand)
units®, we neasured facepi ece pressure continuously with a calibrated
pressure transducer and nonitored it on a strip chart recorder. W were
interested to see if the facepi ece pressure was significantly changed under
environnental stresses; particularly if positive pressure units went negative
i nside the facepi ece when tenperature extrenes were encountered.

Tenperature extremes were achi eved through the use of an environmental chanber
(Figure 2) with a range of -40° to 93°C  Special equi prnent for performng
certain of the tests was purchased or constructed as necessary.
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W th the exception of the units used in the closed-circuit oxygen rebreathing
apparatus flame test, nmost of the SCBA used in the test programwere of the
open circuit, conpressed air type. Mst were positive pressure units.
al though we did test three nodels of denand SCBA

The makes and nodel of SCBA tested were:

A Positive Pressure

1. Scott 6000
ad style facepiece
New styl e facepiece

2. Scott 9000
ad style facepiece
New styl e facepiece
3. Scott 4.5
4. MBA 401
5. Survivair
Neopr ene facepiece

Silicone facepiece

6. Survivair Mk |
Silicone facepiece

7. d obe Cuardsman

8. Robertshaw
B. Negati ve Pressure

1. Scott 4.5

2. dobe Cuardsman

3. Bi omarine Biopak 45 (closed circuit)
C Cosed Circuit Units (Flame Test Only)

1. MSA Chenox

2. Draeger BG-174A

3. Bionarine Biopak 60

TEST RESULTS
Following is a summary of the test results. Some have been reported in detail

el sewhere, others will be reported in detail in future University of
California LLNL reports.
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A Tenperature Extremes
1. SBA (peration at 38°, 52°, 65°, 799, and 93°C

In sone makes of SCBA, as the air tenperature increased, the inhalation
pressures in the facepi ece decreased while the exhal ati on pressures

increased. Some positive pressure units actually went negative on inhalation,
at the higher tenperatures. No units failed to operate at even the hi ghest
tenperature of 93°C.

The negative presures that showed up in the facepi eces of pressure-denand
units tested at a noderate to heavy work rate are disturbing because they
indicate these units are not providing the protection they were assuned to
provide. The facepi ece | eakage studies done at the Los Alanos Scientific
Laboratory,’ which showed a 10,000-plus protection factor for

pressure-demand units, were conducted on nmen who were standing still and
nmoving their heads slightly (a lowwork rate) . A the noderate to heavy work
rate, which we used and which is much nore realistic for a fire fighter, some
presure—demand units showed negative facepiece pressures at anbient
tenperatures. At higher air tenperatures, nmany units showed nore negative
presures or went frompositive to negative. This would be the worst possible
time for such an occurrence as the fire fighter would be breathing at a
noderately heavy to heavy rate while fighting a fire and would nost likely
encount er the hi ghest concentrations of toxic naterials when closest to the
fire. A the sane tinme, the high heat woul d cause increased negative pressure
in the facepi ece of a pressure-demand unit and increased | eakage into the

f acepi ece.

The low air pressure bell alarns on all units operated well and at the proper
time while the units were exposed to even the highest tenperature. Alowair
pressure whistle alarmon one nodel, however, becane very weak and was barely
audi bl e on the pressure denand units and undetectabl e on the denmand unit; as
the tenperature increased.

2. SBA (peration at 250°C for Three M nutes

Snce fire fighters could be exposed to very high tenperatures for a short
period of tinme (e.g, attenpting a rescue or if a flash-back occurs), we
wanted to performa test which would indicate whether the SCBA woul d continue
to operate under such a condition. W chose the National Fire Prevention and
Control Administration standard8 for testi ng fire fighters' hel nets as our
criteria, reasoning that the SCBA should offer equal protection to the
helnmet. Wsing this standard which requires no deformati on of the hel met when
exposed to 250°C for three mnutes, we constructed the test apparatus shown
in Figure 3 to provide the necessary tenperature. For safety reasons, the
SCBA conpressed air cylinder was not exposed to the high tenperatures. ly
the facepi ece, breathing hose, and regul ator were subjected to the heat. The
br eat hi ng nmachi ne was used to operate the SCBA during the test.

e of the head harness straps broke on two of the eight nodels tested and
alnost all nodels exhibited sone nelting of plastic exhalation val ve covers.
Facepi ece pressures went frompositive to negative in the sane nodel s as
occurred in the 93°C tests, as mght be expected. Mbst inportant, however,
was the fact that none of the eight nodels tested failed to operate during the



5. Effects of Exposing SCBA Facepieces to 93°C Air Temperatures, Followed
by Light Inpact.

V¢ exposed five of each nodel of SCBA facepiece to 93° air tenperature for

10 minutes and then hit the side of each facepiece lightly on the edge of the
environnental chanber to sinmulate a fire fighter accidently bunping his

facepi ece whil e working.

Wth one model, the exposure alone caused all five facepiece lenses to flatten
and separate fromthe facepiece retaining frane, Figure 4. On another model,
two of the five facepiece |enses separated fromthe retaining frane when one
or two of the plastic clips holding the lens to the franme popped off, Figure
5. The manufacturer, in this case, had a plastic-ring |lens holder avail abl e
which then corrected the problemwi th their unit. On yet a third nodel, a
strap retaining button broke on two of the five facepi eces tested.

6. Effects of Storing SCBA for 24 Hours at -32°C

In this test, we stored the SCBA for 24 hours at -32°C exanmined the units
for defects, then had an experienced SCBA user don the apparatus to determ ne
facepiece fit and to see if the units were still operational, Figure 6.

Wth one nodel, the air cylinders were conpletely enpty, the exhal ation val ve
di aphragns were collapsed and frozen, the regulator val ves were frozen shut,
and the facepiece lenses shattered if the facepiece was accidently dropped,
Figure 7. Problens with other nodels included various types of air |eaks,
hard to operate control valves, rigid breathing tubes, and inflexible rubber
facepieces (only silicone facepiece retained their flexibility). For this
particular test, we also tried to operate a five-mnute escape SCBA  The
breathing tube to the hood pronptly broke (Figure 8 when we tried to activate
the unit after cold storage.

After the visual inspection, each unit was donned by an experienced SCBA user
to deternine facepiece fit. The test subject experienced noticeable throat
and chest disconfort while breathing the chilled, dry compresed air. As a
result, wearing tine was limted to three to four mnutes. This disconfort
made it difficult to assess what the test subjects described as a sensation of
restricted airflow and increased exhal ati on resistance. The col d,
instrumented tests confirmed that airflow was indeed, restricted.

7. Subj ective Tests of SOBA After Exposure of 30 Mnutes to 79° and 93°C

VW stored two units of each nodel in the environmental chanber for 30 mnutes
at 79° and later at 93° and then an experienced SCBA user wore each unit.

W wanted to determ ne subjectively what problens mi ght be encountered that
woul d not be as apparent with the instrumented tests with the breathing

machine.

In general, the test subjects observed that black-colored facepieces,
particularly those that had the greatest nass (and accordingly retained the
nost heat), were the nost unconfortable on cotact with the face. Li ght er
weight and lighter colored (blue and yellow) silicone facepiece did not give
this inpression. Al the facepieces were nore flexible at these high
tenperatures and appeared to fit with less tension in the head harness.
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A 65°CG the facepiece on one nodel no longer fit firmly because the
silicone headbands softened and slipped through the retaining buckles on the
facepiece. This was since corrected by the manufacturer. The neoprene and
Hycar rubber head harness naterials did not exhibit any noticeabl e softening
or slippage.

The breathing regulators on all the SCBA tested becane increasingly noisy at
hi gher tenperatures and interfered with the user's ability to communi cate. Ve
believe this noise (a sort of honking) resulted fromthe softeni ng and
stretching of the breathing di aphragmhoused in the regulator, the noisiest
regul ators being those with silicone breathing di aphragns.

The breat hing tubes (nost of whi ch were nade of rubber conpounds) of all
devi ces tested softened and stretched considerably at 65 and 95°c,
suggesting the airflow characteristics of the air-supply regul ator could be
reduced in volune. Such a reduction in airflowwould increase the user's

i nhal ation resistance and possibly cause |eaking around the facepiece. This
observation was substantiated with the instrumented tests and breat hi ng
machine.

8. Hane Test of SCBA Facepi ece (1050°C for 10 seconds total time).

For the flanme test of S(BA facepieces, we followed the procedures used by Vést
Gernany and described in the Drager Reviewd. The test consist of two
exposures of the facepiece to six propane burners for a duration of five
seconds per exposure. The Wst Gernman standard requires tightness tests of
the nmask to the netal dummy head before and after each five second exposure.
W did not performthe tightness tests because we did not have a netal dumy
head at the time, so our test results were only considered positive if no
portion of the mask continued to burn with its own flame after the nask had
been swung out of the range of the flanes.

The pl astic exhal ati on val ve covers caught on fire and continued to burn after
renmoval of the facepiece fromthe flanes on three of the eight nodel s tested.
In each case, as a result of this test, the nmanufacturer agreed to try to find
a nonflammabl e material for these val ve covers.

9. Flame Test of (dosed-drcuit Oxygen Rebreating SCBA

For the past year in the U.S., the question has been debated of whether
closed-circuit oxygen rebreathing apparatus, particularly of the positive
pressure type, was safe for fire fighting use. S nce closed-circuit oxygen
self-contained breathing appartus is the only type available with a rated use
greater than 30 nminutes, it may be needed for fire fighting in high rise

bui | di ngs, mnes, tunnels and bel ow decks on large ships. However, since they
may inpose an increased hazard to the fire fighters in the event of a poor
facepiece fit or other inadvertant oxygen leak that could result in high
oxygen concentrations on the exterior of the mask, we ran sone tests to try to
determ ne the extent of that hazard.

VW chose as our test parameters, a flane of 1000° to 1500°C for two and
four second exposures of the facepiece both without and with an oxygen | eak
around the facepiece to face seal. Qur test apparatus, Figure 9, consisted of:
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a. A natural gas jet burner array, consisting of eight (8 gas jets spaced
approximately five (5 inches apart. Ignition of the gas jets was by a
renotely operated electric spark.

b. Awunistrut franme on which was hung a firefighter's turnout coat, and the
breat hi ng apparatus front or back pack. On top of the frane was a
silicone dumry human head which wore a 100% wool watch cap, the breathing
appar atus facepiece, and a firefighter's hel net.

c. A breathing machine, located outside of the fire test cell, was connected
to the dummy head to '"breathe'" the apparatus at a rate of 40 liters per
mnute. All oil in the breathing machi ne was nonorgani c and oxygen

conpatible. Flane arresters were installed in both hoses connecting the
breat hi ng nachine to the dumy head. An inline humdifier kept the
facepi ece air as humd as possible.

Qur test parameters were chosen as duplicates of a "flash-back'" condition at a
fire scene, the worst condition in which a fire fighter m ght survive. )
Details of this rationale and the test reults are given in our test report. O

A summary of the test results are given in Table |I. The Chenox is a

chem cal | y-generated oxygen unit, negative pressure type, the BG174A has a
conpr essed oxygen source, and is also a negative pressure unit, while the

Bi opak 60 uses conpresed oxygen, but has a positive pressure in the facepiece
at a breathing rate of 40 1pm The "Bioshield" on the Biopak 60 refers to a
fire resistance hood placed over the user's head to prevent flane from
contacting the wearer, particularly in case of a poor facepiece to face fit
and an oxygen |eak around flammable nmaterials (e.g., human hair).

We have recommended to our fire department, as a result of this test series
that:

a. The flane tests which were conducted on the three nakes of closed-circuit
oxygen SCBA did not discredit oxygen for fire fighting use when used only
with the proper closed-circuit apparatus.

b. Firefighters using closed-circuit breathing apparatus, whether dermand or
positive-pressure type, should keep exposed hair to a m ni mum

c. Each fire fighter should be fit with the facepi ece and those not getting a
tight facepiece-to—-face seal with a particul ar make of facepiece should
not be permtted to use it.



TABLE 1
Fl ane Test Result

Sunmary

NO FACEPI ECE LEAK

FACEPI ECE LEAK

UNI T DAMAGE OBSERVED
2 Sec. Flane 4 Sec. Flame
Exposur e Exposure

Left breathing hose and
speaking di aphragm cover
continued to burn after
test.

1. MSA Chenox . None observed

Pl astic catches on head
harness =and w per knobs
showed some nelting.
Tarry substance appeared
on breathing hoses.

2. Drager BG-174A None observed

3. Biomarine

Bi opak 60 _ .
a) Wth Bioshield Sli ght s{inge observed on
lense covering Bioshield
and breat hing hoses

None observed

b) Wt hout None observed

Lower right head harness
strap nelted and broke

DAMAGE  OBSERVED

2 Sec. Flame

Exposure

None observed

None obéerved

None observed

Fl ame observed
at point of
induced. | eak,
but went out
after test.

Wat ch cap and
right ear burned
Lower right head
harness strap
burned hal f - way
through.

4 Sec. Flame
Exposur e

Br eat hi ng hoses and
speaki ng di aphragm cover
continued to burn after

test. Left breathing hose
burned through in several
places.

Pl astic catches on head
harness and wi per knobs
partially melted. Tarry
substance on breat hing
hose. Slight char on
retainer frame.

| ens

Sonme bubbling on Iens cover.
Sone slight singe as on no
facepiece leak test. Flane
observed where hoses entered
Bi oshi el d, but went out after
test, no damage found inside
Bi oshi el d.

Wat ch cap continued to burn
after test. Lower right head
harness strap burned half-way
through. Ri ght ear singed.

£l



18

d. Conponent parts of closed-circuit breathing apparatus should be tested
for ease of ignition. Conponents which do not neet this test should be:

1. Replaced with non-flammable wpaterials or
2. Covered with a non-flammable material.
B. Effects of a Streamof Water on SCBA Qperation

Since fire fighters work in highly mi st environments, being subjected to
ruptured water pipes or being accidently or purposely sprayed with a fire
hose, we exami ned the SCBA operation when under a stream of water. W used
a shower head with relatively high water pressure fer the test, Figure 10.
Al'l units tested operated satisfactorily except one positive-pressure nodel
which went very negative in the facepiece, although it continued to operate

C. Effects of Fire Extinguishing Foamon SCBA Operation

Since fire fighters occasionally enter roowms or buildings filled with high
expansi on foam we conducted tests on operating SCBA while conpletely
surrounded with high expansion, detergent-type foam A two cubic foot
lucite box as shown in Figure 11, was built in which to performthe tests
The units were operated, as before, with the breathing machine. While al

ei ght nodels tested were positive pressure units and continued to operate
for the length of the Lest (about 20 minutes), four of the models went from
positive pressure in the facepiece during inhalation to negative pressure
Two of the nodels went very negative, to the extent that breathing would be
difficult for anyone wearing that partlcular faceplece

The cause of the facepieces going negative was the location of pressure
equalizing openings in the regulator cover, situated such that foam could be
drawn into the regulator. An example is shown in Figure 12, The foam, once
inside the regul ator cover, caused an adhesive effect between the top of the
di aphragm and the inside of the regulator cover. On the four nodels tested
which remained pasitive throuyghout the test, the pressure equalizipg
openings in the regulator cover were protected either by the housing or by

t he harness straps.

CONCLUSI ONS

W have described several tests that we have conducted at the Lawrence
Livermore National Laboratory to help us determne the effectiveness of

sel f-cont ai ned breathing apparatus operating under some of the stresses
inposed on it at a fire scene. W also believe that tests should be devised
to neasure effects of fire decompositien products and chemicals, either

t hrough gradual corrosion or by inmmediate SCBA failure such as one reported
in the Western Fire Journal, ' * which stated, in describing an incident

where four Anchorage, Alaska fire fighters were injured, "A1l airpacks used
inthe rescue failed, or partially failed, due to deterioration of

di aphragnms and seals fromthe JP-4 fumes."
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Mechani cal stress tests are al so needed, because fire fighter SCBA are
subjected to vibration stress fromapparatus novi ng over rough roads and
rough handling at the scene of a fire or energency. A unit nade inoperable
because of loosened fittings will not be of any use at the fire scene. This
type of equi pnent failure appears to occur nore frequently with
closed-circuit SCBA than with open circuit apparatus, based on the
conpl ai nts we have heard.

Radi ant heat tests are also needed. W and others have done sone |imted
studies on the effects of radi ant heat on SCBA straps?. The straps appear
to be the nost susceptible to radi ant heat damage and the prelimnary
results vary fromlittle danage to conplete nelting and breakt hrough of the
strappi ng material, Figure 13.

Finally, SCBA should be tested with a conbination of many of the factors we
have described. Possibly, some of these factors react synergistically and,
since many of these paraneters occur sinmultaneously at a fire, we should
known what the net effects are

Al though our tests are or will be directed toward the needs of our own fire
fighters, we believe such tests at LLNL and el sewhere are essential to
under st andi ng how SCBA operate at a fire scene. VW wll use infornation
gained fromthese tests to select equiprment that offers our fire fighters
maxi mum pr ot ect on agai nst the hazards they m ght encounter. It is our hope
that fire service training programs will include this information and, nost
inmportant of all, that SOBA manufacturers will use it to upgrade their

desi gns.

NOTI CE

This report was prepared as an account of work sponsored by
the United States Government. Neither the United States nor
the United States Department of Energy, nor any of their
enpl oyees, nor any of their contractors, subcontractors, or
thei r enpl oyee, nmakes any warranty, express or inplied, or
assunes any legal liability or responsibility for the
accuracy, conpleteness or useful ness of any information
appar atus, product or process disclosed, or represents that
its use would not infringe privatel y-owled rights.

Ref erence to a conpany or product name does not inply
approval or reconmmendati on of the product by the University
of California or the US Department of Energy to the
exclusion of others that nmay be suitable.
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<" BREATHING SIMULATOR

motor

Figure 1. LLNL breathing machine.

Figure 2. Environmental chamber
used for temperature extreme tests.



Figure 3. Drawing of apparatus
used to test SCBA at 250 degrees
Centigrade for three minutes.

Figure 4. One model of facepiece
after 10 minutes exposure to 93 degrees
Centigrade. Note flattened lens which
has pulled away from retaining ring.



Figure 5. After exposure to 93 degrees
Centigrade and then lightly bumping, a plastic
clip snapped off, causing the lens to separate

from the facepiece.
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Figure 6. Checking operation
of SCBA which had been stored at
-32 degrees Centigrade for 24 hours.



Figure 7. The lenses of these
facepieces shattered when bumped
after being stored at -32 degrees
Fahrenheit for 24 hours.

Figure 8. A 5-minute escape unit after
being stored at -32 degrees Centigrade for
24 hours and then activated. Note break between
breathing tube adapter and plastic hood.



Figure 9. Flame test of a
closed-circuit oxygen
rebreathing SCBA.

Figure 10. Testing the
effects of a stream of
water on SCBA operation.



Figure 11. Testing the operation
of an SCBA when surrounded by fire
extinguishing foam.

Figure 12. Foam drawn inside the
regulator of this positive pressure
SCBA caused the unit to become negative
in the facepiece.



Figure 13. Effects of radiant
heat flux of 1.25 w/cm?
for three minutes on four makes
of strapping material.



