UNIVERSITY OF LEEDS

This is a repository copy of Effects of fire-fighting on a fully developed compartment fire:
temperatures and emissions.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/83285/

Version: Accepted Version

Article:

Alarifi, A, Dave, J, Phylaktou, HN et al. (2 more authors) (2014) Effects of fire-fighting on a
fully developed compartment fire: temperatures and emissions. Fire Safety Journal, 68. 71
- 80. ISSN 0379-7112

https://doi.org/10.1016/j.firesaf.2014.05.014

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Cite as: A. A. Alarifi, J. Dave, H. NPhylaktou, O. A. Aljumaiah and G. EAndrews (2014)Effects offire-
fighting on a fully developed compartmenfire: temperatures & emissions Fire Safety Journal (2014,;68:
71-80), http://dx.doi.@g/10.1016/j.firesaf.2014.05.014.

Effects of Fire-Fighting on a Fully Developed Compartment Fire:
Temperatures and Emissions

Abdulaziz A. Alariff*, Jim Davé, Herodotos N. PhylaktduOmar A. Aljumaiaf’, Gordon E. Andrews

2Energy Research Institute, University of Leeds, Leeds LS2 9JT, UK
®States of Jersey FRS, PO Box 509, Rouge Bouillon, St Helier, Jerde§TPE UK

* Corresponding author  Emadk.Alarifi06 @leeds.ac.uk
Telephone: +44 (0) 113 343 2498

ABSTRACT

This study evaluates the effects and consequences of fire-figigtérgtions on the main characteristica of
fully-developed compartment fire. It also presents data and evaluatioa cdnditions to which fire-fighters
are exposed. A typical room enclosure was used with ventilation theooghidor to the front access door. The
fire load was wooden pallets. Flashover was reached and the fire became fullpeiévetore the
involvement of the fire-fighting team. The progression of theffgkters through the corridor and the main-
room suppression attack - in particular the effect of short, medium agaveer pulses on either the hot gas
layer or the fire seat - was charted against the compartment temperatures, heattekase/gen levels and
toxic species concentrations. The fire fighting team was exposed to extreméaosnbitat fluxes in excess of
35 kwi/nf and temperatures of the order of 280even at crouching level. The fire equivalence ratio showed
rich burning with high toxic emissions in particular of CO andwinbhydrocarbons very early in the fire
history and a stabilisation of the equivalence ratio at about 1.8. Thafitan§ operations made the

combustion temporarily richer and the emissions even higher.
KEYWORDS: Compartment fires; Fire-fighting; Fire temperatures; Fire toxi€ityl scale fire

1. INTRODUCTION

1.1 Conditions in the fire compartment at the time of initiation of attack by Fire and Resue
Service

Often the assessment of the effectiveness of fire-fighting tacticdrusaghing is based on subjective reports
and global outcomes which do not facilitate the refinement and improveﬁmmmtacticsEIl]. This work was
carried out with a well characterised fire, full compartment temperature irsttation and toxic gas analysis
so that the conditions in the fire during fire fighting operations coelldgtermined. The aim was to improve the
training of fire fighters by providing quantitative information on dfiectiveness of fire fighting procedures.
The size of the fire, and the conditions inside the compartment at theftamsen of fire-fighting operations

(first application of water) by the Fire and Rescue Service (FRS) is impartahefsafety of the fire-fighting
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team, in determining the resources required (man-power and equipthefie-fighting techniques to be

employed and the effectiveness of such techniques.

UK fire statistic] show that, for example in 2008 - in fires whar alarm was present, operated and raised
the alarm - 61% of all dwelling fires were discovered in less than 5 milkies.in fires where an alarm was
absent or failed 51% of fires were discovered in less than 5 milratethe purposes of this illustration we will
use time from ignition to FRS call of 2 minutasthis is not the controlling time in terms for determining the

size of the fire at the time of first application of water.

Fire Rescue Service (FRS) response times to reportable fires were showaasdrxy about 18% (from 5.5 to
6.5 minutes) for the period 1996 to 2006 for all English FﬁSsA recent American (NIST) stuﬂ4] reporting
on 60 laboratory and residential fire ground experiments desigripahtaify the effects of various fire
department deployment configurations on a residential type fire was partly evandbterdbasis of a response
time (defined as above) of 5.5 minutes for fast and 7.5 minotestofw response. No data could be found (from
the immediately available UK statistics) on the time to set up/deploy and applyteveterfire but NISTEr]
reported measurements of this time to be 4 minutes for a 5-pge@rand 6 minutes for a 2-person crew
Taking the alarm time as 2 minutes, response time 6.5 minutes andtseé b 5 minutes, the total time from

ignition to water application is 13.5 minutes.

It can be shown with fire engineering calculati [5] thasfiypical room (4x4x3 i) with a standard door
(1x2nf) fully open that a%fast growing fire is likely to reach flashover conditions in 3 tidutes whilst a

slow growth fire will take about 14 minutes to reach flashover. These smrgespond with a heat release rate
(HRR) of 2 MW and a hot layer temperature of 630 The post-flashover fire would then settle at a maximum

HRR, controlled by the ventilation of around 4 MW, with compartmenptratures ove900°C.

Assuming that at the time of raising the alarm the fire is a small flammgafiropposed to a smouldering or
incipient fire) and given the times discussed above for the FRS responsedithe aet up time, then it is clear
that it is likely that fire-fighters will be faced with a sizable fire and severg@adment conditions either about
to flashover or having flagittover. It is also possible that the fire-fighters creating access togh@dm may

increase the oxygen availability which could result in potential backdraft carglitio

These conditions are very dangerous for the attacking fire-fightingitegamms of the composition of the
atmospheric gases and of fire temperature (600 to APOEurthermore, these temperatures will be associated

with high heat fluxes. For flashover to ocdtis generally accepted that heat fluxes of the oofl@0 kwi/nf



are required at floor level, but these increase dramatically for post flashesﬁ]. Babrauskals [9]

concluded that a heat flux of 150 kW/mould represent the environment in a post-flashover room firiée wh
Lawson reported NIST experiments with measured heat fluxes as high as\Wwt kn the post-flashover

phase.

The level of thermal radiation required to produce a given level of damagmimonly defined in thermal dose

units:
Thermal Dose, TD =*-t 1)
Where, | is the incident thermal flux (kW#rand t is time (s). (1 Thermal Dose Unit (TDU) = 1 (kWi s)

Rew derived an LD50 criterion for thermal radiation, where LD50 denotes a dose at whichii@ée h
fatalities are expected. He proposed 2000 TDU as the equivalent LD50 for incident tiagliatgdn onshore.
For the better clothed/covereffshore workers O’Sullivan and Jagger reporedthat in the interest of
setting a guiding figure the 100% fatality level is estimated at 3500 TDU. HowEY0% fatality may occur at
slightly lower doses. At 3500 TDU, un-piloted ignition of clothing will oc¢hus even 100% clothed
individuals will not survive. At this level of thermal dose, self-extinguishmeanlikely due to injury from

heat transmitted through the clothing.

The limit of 3500 TDU coincides with the calculated values from Chang If.o[r significant damage to
fire-fighters PPE, and consequent large coverag& degree burns. Chang et al tested different types/makes of
fire-fighter clothing under engulfment conditions. He states that the irtdiéanflux was 84 kW/fmbut he

does not list the exposure time. He refers to the standard test requiremeidisdoby 1SO DIS 1350. The

standard provides for exposures for engulfment times of 2 to 10 secAsduming that Chang used the longest

time this would correspond to a maximum thermal dose of 3679 TDU.

Figure 1 shows the calculated thermal doses for the range of heat fluxes lizelgrnoountered in
compartment fire for exposure times of 1, 3, 5 and.Ihese are compared with the 100% fatality limit for
offshore workers, which also approximately coincides with the thernsal litnit shown to result in significant
heat damage of fire-fighting PPE, as discussed above. It is clear that-ftaplaver fires with incident heat
fluxes of the order of 150 kW/nare likely to result in severe injury even for fully protected fire tégh for

short exposures of the order of even a few seconds.
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Fig. 1. Thermal dose as a function of incident flux and exposure gintkin the shaded area the thermal dose
estimated to havieeen experienced by the fire fighters in this test in their first atteipPQ s exposure).

DCLG reports the findings from a series of tests by the Fire Expetangnit in which they arranged for a
fire-fighter to carry specially designed instrumentation whilst takingipdire training exercises. The findings
are summariseih Fig. 2. With regard to tolerated conditions they regabthat in tests at ambient temperature,
10 kWi/nf was tolerated for 1 minute but damage was sustained to equipment and ttitsensowould not be
acceptable operationally. The repulentifies as “critical conditions” temperature >235 °C and thermal flux

>10 kW/m?. This environment could be life threatening and they note that-figieer would not be expected
to operate in these conditions. However, in a rapidly changing environneefigfiters may encounter
conditions which are much more severe than the above and we will shamdeathese conditions exit timing
is extremely critical for survival and it is important for fire-fighter@ppreciate thidt should be noted that the
temperature and heat flux conditions shown in Fig. 2 refer to thossuredzon the body of the fire-fighter and

NOT to the compartment conditions.
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Fig. 2. Fire-fighters exposure conditions in standard BA kit witppsed time Iimitslﬂ. Conditions estimated
to be faced by fire-fighters in this test, are presented by the highligread

Compartment fires about to flashover or after flashover are likely to gegeratigions in all parts of the
compartment that exceed of the lower limits of “Critical conditions” and are life-threatening to the fire-fighters.
Most residential fires by the time of first attack by the FRS are likely to have retdesed critical conditions
within the fire compartment but the FRS may still need to control (if not sagpthe fire, in order to carry out
search and rescue operations and to prevent escalation to neighbourimgduiltierefore, the fire-fighting
team progressing towards the fire compartment and the fire seat, must #ad the environment conditions
around the team and directly ahead are reduced to tolerable levels wiittintkidy can operate. Similarly
when retreating, because of the inability to control the fire growth, flashmcomes imminent and the
retreating team must control the hazard arising from the increasintigy bases flowing above the retreat
route. The main method for achieving and maintaining control is throeghater application tactics, which are
explained below.

1.2  Water application tactics during fire-fighting

In most scenarios for fighters to get within range for direct attack@fire seat they must first deal with the

hot gases overhegdld-18|. The three dimensional (3-D) fire fighting tactics can be summarized as a

combination of

e Short pulses (typical 1 s duration) with the hose nozzle pointing &iothgas layer at a forward 45
angle, using medium spray cone angle dfdivering fine water droplets and mist (fog) into the hot

gas layer,



e When possible, longer pulses (2-5 seconds) of solid stream wadttarge droplets (3Gpray cone

angle) directly onto the fire seat.

At its boiling point, water vapoisesinto steam expands/00times and extracts about 2.6 MJ/kg water from
the ceiling gas energy. Thus the action of the water is to cool and expej geiies. The intention of relatively
short bursts of water delivery is to keep the amount of water thagésat a minimum as this reduces steam
production which influences visibility and the displacement of air bysteam and it also reduces the danger of
hot steam engulfment of the fire-fighters.

1.3  Objectives
In this work we quantify, for the first time, the thermal andd@nvironments in fire compartments that can be
generated around the fire-fighting team and the response of tliierenent to the fire-fighting tactics. This
could be used to improve the crew safety and fire-fighting tactiesdétailed data gathered are also useful in
fire investigation and in fire model validation.
2. METHODOLOGY

2.1  The building

The tests were carried out in abandoned bungalows about to be demolishiedngddews were constructed in
the 1960’s and were of traditional build, 100nm brick wall outside and00mm concrete block work inside

with 50mm cavity between the two layers. The bungalow caubista small hallway with kitchen and
bathroom off of this, two small cupboards and a single main Iroogn, as shown in Fig. 3. The ceilings in the
burn room (living room) were double lined with 12.5 mm plastar). The back wall to the living room was
also double lined. This effectively gave the room one hour fire proteatidralso ensured that any air for the

fire was only coming from the door.
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view of the general layout.



2.2  Fire Load

The fire load was wood pallets which were stacked on top of one arf@timetotal) with a total weight of 143
kg; the pallets measured 1.22 m x 1.22 m x 0.140 m and locatée corner opposite the door see Figt®
stack was ignited using a small metal tray (2@ square) with 400 ml of methanol to the centre of the fuel
mass. Another wooden pallet stack (intended to be identical to the first one) taitth weight of 144 kg was
positioned on the opposite corner, to assess the pyrolysis effect béteden stacks, this did not ignite in the
fire. The British Standards guidan suggests that the average fuel load in dwellisd80 MJ/n?, which
for this compartment is 786 kg of wood, so that the fire is lighdyéal. The front door was the main
ventilation path and it will be shown that the fire was ventilation controlledasatté relatively low fire loading
was not a major factor in the fire development.

2.3 Instrumentation
The pallet fire was supported on an insulated platform, supported on a lloddhedest compartmentas
instrumented with thermocouple arrays located as shown in Fig. 3. Toxic gasesampled through a multi-
hole sampling probe across the ceiling which extracted a mean ceilingwae.sBhis gas sample was
transported through heated sampling lines, pumps and filters to a r@dfRednd then the sample was cooled
and the water extracted and then analysed for oxygen using a paracaigalgser (Servomex Series 1400)
and for CO and Cg@using NDIR analysis (Hartmann and Braun). The fire developnmehtiee fire fighting
activity were recorded by video and still photography. The fire wasatldo become fully developed to reach

steady burning before the involvement of the fire-fighting team was initiated

Temperatures within the fire compartment were monitored using 23<typineral insulated exposed junction,
1.5mm bead, 613 stainless steel sheathed thermocotipéethermocouple temperature readings are used to
represent the surrounding gas temperature when in fact they are theatenesesf the metal thermocouple
junctions themselves which are different to the actual gas temperatheemain heat transfer mechanisms are
convective heat exchange between the gas and the thermocouple beadatine hedit exchange between the
bead and the surrounding environment (which is usually taklea tioe enclosure walls). In the hot gas layer the
thermocouple tends to lose heat by radiation while it gains heat by radiatiendald layer. Accurate

evaluation of the errors requires full knowledge of local convective heatdramsfficients, temperatures of

the bead and of the surrounding surfaces and gases, their respaissigites (as well as the temperature

dependence of these emissivities ). Evaluation of such errorsefottgenot a routine task.



Based on the work and it is possible to get an approximation of the error for the range of
conditions in the present tests. For upper layer temperatures of 90R;1006r layer temperatures of 500-
600K and wall temperatures assumed below 600K, the absolute error alayppeneasurement was 10-15%
and of the order of 5% at the lower layer but increases significarlly if/alls are taken to be at higher
temperatures. However, the assumption of a clear gas volume (non-panticipatiia) on which [21] & [22]
are based in not really valid in typical compartment fires as the flame ak@ smould have a high soot content

and thus would be involved in radiation exchange with the thermocouples.

In more realistic full scale sooty (polyurethane and furniture) firas showed that the reading from a bare
thermocouple could be more than 100 K higher than the gas tempevatained from the suction pyrometer
during the flaming fire stage and more than 200 K higher dthiadlashover stage. For a clean burning
propane burner flame at steady-state the radiation error was negligibléhot tigper level near the ceiling.
However, the thermocouple significantly overestimated the gas temperaimdyhan 80 K in the cool lower

level near the floor because of the radiation effects.

The thermocouples were divided into; central vertical (geEhermocouples), sidewall vertical tree (8
Thermocouples) and a ceiling array on a diagonal axis (5 Thermocouplesitionatbdthree other ceiling
thermocouples; inside the room before the door, in the corridor closedodhand closer to the exit door in
the corridor. The approximate positioning of the vertical thermocoupleaneeseiling thermocouples is shown

in Fig. 3(b) The ceiling thermocouple tips were 155mm below the ceiling.

Four 80 kg, NovaTech, F256 DFSOKN compression load cells were used ataheers of the fire platform,
which was a steel frame covered with two layers of plaster boardhich the fire load was placedplio 320

kg of fuel could be supported and the mass loss monitored to a corobiped resolution of 10g and maximum
non linearity error at around 40 g. The load cells were protectedhigkehigh temperature resistance Morgan

ceramic fibre ‘super-wool’ blanket. All four load cells survived the extreme fire conditions.

For toxic species measurements a heated TEMET GASMEDD@RSeries portable FTIR was used. The
sample cell volume was 0.22 L and the multi-pass fixed path leragt2wn. Tie resolution was 2 ppm per
species with an accuracy of 2% of the measurement range. It haafatedeated sample line, filter and pump
and the FTIR sample cell was also heated to 180 °C so that all analysisavhstomet basis and no acidic
gases were lost by condensatittrwas calibrated, by the manufacturers, to detect more than 50 combustion

product species simultaneously.



Measurements from all instrumentation were fed into the data logger at a samatinf 1 reading every 5

seconds.

A CE Flash EA2000 combustion based elemental analyser was used to detezrelaengmtal composition of
the wood from which the stoichiometric A/F by mass was determined as 5.ficeTglebal A/F by mass was

determined from the ceiling gas sample by carbon balance m% and from this the global fire

equivalence ratio was determined.

2.4  Fire-fighting approach
Water application in the fire-fighting phase was performgthb attending FRS personnel using real fire-
fighting tactics; hot layer gas cooling was carried out to make safe entthéntompartment then when the
team reached the ideal position direct attack on the fire was conducteda gsing approximately 30°
alternating to 60° as needed with a droplet size of 30 um. Key fire compartmdittore (ceiling and lower
compartment temperatures, oxygen levels and toxicity levels) were continuausitored and communicated
to the fire ground incident commander, fire-fighting and supportrBura-line layflat 38mm low pressure
hose was used with internal diameter 38 mm, 15 m length (2 lengtesused), giving a flow &40L/min at 7
bar. Tests on the flow rate meter gave 1 L/s with a short pulse 30/6Q°Ldsdvith a long pulse.
3. RESULTS AND DISCUSSION

3.1 Mass Loss and Heat Release Rate

The mass of the pallet-stack as a function of time is shown itFighich also shows the onset of flashover
(discussed in section 3.4) and the start of fire-fighting activities. dpmately 50 kg of wood was consumed in

the duration of the test, 60% of which was lost before the start of thiggfiteng operations.

The elemental analysis of the wood gave the formula qfs@ s, in a dry ash free basis (daf) and from this
the stoichiometric A/F by mass was determined as 5.0.The net calorific valuef(¢)material was 15.4

MJ/kg , based theoretical oxygen consumption requirements [16]
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Fig. 4. Mass change with time and associated HRR based on the maatelogdso shown is an adjusted
HRR, based on inefficiency of combustion as derived from the unbyginbdarbons and CO measurements.

The heat release rate (HRR) based on the mass loss rate and the Calorific Valietlff€Wood is shown in
Fig. 4 This evaluation of the HRR effectively assumes complete combustion anc: refedisthe available
energy. Carbon monoxide, unburnt hydrocarbons (Total HydrooarbHC) and soot are all evidence of
incomplete combustion and therefore unreleased energy, which is queattifieel combustion inefficiency.
Soot yields need to be >1% to be significant, but were not determined in the predewhich based the
combustion inefficiency on the CO and THC using procedures conmtba automotive emissions a [
Aljumaiah et aI. showed that THQvere particularly important in correctly evaluating the HRRinder-
ventilated wood crib fires. The combustion efficiency deteriorated as the compavenélation increased and
was as low as 50% for the highest ventilation rate (all fires were under-ventilated a]llh[e flame seen
outside the compartment in real fires is the combustion of the unburidC@nd hydrogen released in the rich
burning fires, it is also the source of backdraft when air is admittedghropening a door to a fire burning

with low combustion efficiency.
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In the present full scale work only CO and THC yields, presented in Figw@(e)taken into account in

correcting the HRR shown in Fig. 4, using E[

Inefficiency= (Ycox CC\ZC:;) + (YTHCX 23:‘:1) )
The combustion inefficiency is shown in Fig. 5 to grow relatieglickly to over 20% and to stabilize between
20 and 30% for the test duratidrigure 5 clearly demonstrates the large contribution of the THC to the
combustion inefficiency. These combustion inefficiencies are similar to thosd by Aljumaiah et aﬁ for
ventilation controlled pine wood crib fires. On the onset of the fire-fighdperations the combustion
inefficiency was increased to a peak of 35% for a short period after tbeadrfise-fighting, as the fire fighters
blocked the entrainment of air into the fire from the air feed corridare@hre fire fighters were out of the
corridor and in the room this air blockage ceased and the combustificiénel fell back to near 20%.

The HRR corrected for the combustion inefficiency in Fig. 4 reachd@/lin about 140 s which, on the basis
of a £ fire, would give a growth rate of about 0.05 k¥/Ehis is the fire growth ratef a “fast’ fire and is

similar to the measurement of Alpert & W for stacks of wood pallets of different heights, burning in the

open. The corrected maximum HRR per unit area in the present tests whandsalf the corresponding value

for the open testﬁ demonstrating the effects of ventilation control and combustion ineffigien

12
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Fig. 6. Temperatures at different heights from floor level in the fire room as meehby the vertical
thermocouple tree on the sidewall of the compartment

3.2 Temperatures

Figure 6 shows the fire temperatures as a function of time, fromeahadhouples at different heights on the
sidewall tree. After 100 s there was a rapid rise in temperature for all the toeqpres above 1.5 m, indicating
the fast descent of the hot layklot layer temperatures were fairly uniform with height from the starteof th
combustion with maximum temperatures between 650 and 730 °C aftersthteof flashover. Figure 6 also
shows that the lower level (below 1.2 m) temperatures were high at@¥e€4and these would have generated

a hazardous convective heat environment for the fire-fightevsn if in the crouching position

The central vertical-thermocouple-tree recordaimilar range of temperatures from the bottom to the top of
the compartment. However the temperature vér§cadients were more uniform for the central tree as shown in
Figure 7(a). This was due to the position of this tree in thegfdtie main flows in and out of the compartment

which resulted in more mixing of the layers.
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Fig. 7. Temperatures and Oxygen levels (a) Vertical temperature variation at®)5bp €eiling temperatures

in the vicinity of the fire and average hot layer temperatures (top 3 themplesdrom each vertical tree plus

thermocouples T1, T2, T3 at ceiling level), average cold layer temperbaitent 3 thermocouples from each
vertical tree), average room temperature (average of all thermocouples on teetivad trees).

Figure 7(b) shows that the temperature of the ceiling thermocdtpleearest to the burning stack plume
reacteda maximum of 780C. For most of the “steady” burning period this temperature was 680to 730°C,
which is comparable to the top sidewall and central tree temperatures, simgjarwas produced in other full
scale experimental fir. This indicates a fairly uniform temperature across the room neaething plane.
In contrast, the temperature of the upper layer in the corridor (simokg. 8) was significantly lower than the
room temperature, indicating a higher degree of mixing of the exitihgdses with the incoming cold air.

3.3 Oxygen Levels
The oxygen concentration, measured across the ceiling layer usitentra@ sampling line, as shown in Fig.
7(b). There was a very rapid reductionoxygen at the time of the fast temperature rise and the fast fire growth
rate, between 80 and 120 s from ignition. After this time thg@exyevels dropped below 5% reaching zero at
260s. This shows that the fire became ventilation controlled and this was@atiech by the hot layer
temperatures levelling off

3.4  Onset of flashover
The most commonly accepted definition of flashagéitransition to a state of total surface involvement in a
fire of combustible materials within an enclosure” . In the present test this definition would have
corresponded with the ignition of the second stack. There was no didganae of this happening, although
there was charring at the top of the stack. The fire-fighters reportedehatittre no flames on top of the
second stack when they entered the compartrikentever, there was an overall reduction of the weight of the
stack by 5.1 kg (3.88 of the overall stack weight) or in terms of the top pallet on its own, #s foss was

1.45 kg or 12.% of the original massThus the top pallet average pyrolysis rate @ds/m’s over the300s
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(from 100 to 400 s). This was sufficiently high to supporitign under normal oxygen concentrations and
therefore this would be evidence of sufficient heat to cause ignitioe settond stack. The top of the stack was
immersed in the hot layer which had low oxygen to support cori’ohuﬁlelichatsio showed that for noen
flame-retarded plywood the critical mass flux for ignition (at high heat fluxes) was rfagsadabout 3 to 7

g/nfs as oxygen was reduced from 21 to 15%. Therefore at oxygen concenénatlerbelow 15%, pyrolysis
mass fluxes higher than 7 ¢fsnwould be needed for ignition to occur

Other phenomena associated with onset of flashover include

o Upper layer between 500600°C [6] 7] — in this test the average upper layer temperature reached 500

°C at aroundl55 s

o Heatflux of 20 kwW/m? at floor leve| [f'8] — this was not measured in the present tests. Calculation of

—

the heat flux at floor level from the hot layer at 1.2 m above floor I&asled on visual evidence) and
at temperature of 50UC and using view factors between finite parallel plﬁ &nd an emissivity of
0.8 gives a value of 13 kW/nat floor level. This would appear lower than expected but it does not
account for radiation from the fuel package and the flames througibane it, which can be shown
to contribute an additional 4 to 10 kWAt floor targets depending on the distance from the flame
this part of the calculation was performed using view factors betwerpemqdicular finite rectangles
, to represent the vertical flame and a target on the floor, a flame tempefd206£C and a

calculated flame emissivity of 0.5.

On this basis it was considered that the most likely timing of the onset of flasapgarentilation controlled
burning occurred at 155 s from ignition.

3.5 Fire-fighting and the Thermal Environment
Fire-fighting was initiated when it was deemed that the fire had reached steaithg bbate, which was at 320
asshown in Fig. 8. The progress into the access corridor anddm, of a group of 3 fire-fighters (with one
charged water lineyas tracked from the video recordings and the length of hose fedhiatenclosure and is
shown in Fig. 8 by the star symbols. The bar lines in Fig. 8 aradamaiion of the spray pattern, timing and
duration of water spray discharge by the advancing team. The sh®ihbicate a short water pulse towards the

ceiling while the longer bars indicate longer pulses directed onto the firaselgcussed in Sect.2

On entering the corridor the fire-fighting team adopted the crouchikge®ling positiontrying to keep below
the outflowing smoke layer, whilst directing a series of short wateeptowards the corridor ceiling and then

the compartment ceiling ahead of them. The spray had an immediaterefiedticing the smoke layer
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temperature as shown in Fig. 8 from the temperatures in the ceiling tagam.be seen that the water pulses
were more effective in dropping the temperature in the corridablbyt100 degrees, but the temperature drop

achieved by the spray in main fire compartment was much smaller.
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Fig. 8 Ceiling temperatures along the corridor and into the fire room.
On entering the fire compartment the fire fighters tried to manoeuvre aittbpdhemselves in the near right
hand corner of the room close to the door. This would have allowtdded! men to be inside the room during
fire extinguishment. However, for the few seconds that it took the leaddjust his position he stopped
pulsing water and this, in combination with the prevailing conditiondteskin the team experiencing
unbearable heat levels and an immediate retreat was ordered, accompanied lyadelopglse directly to the

seat of fire. Fron the fire room entry to room exit there was only a 20 s interval.

The team retreated all the way to the outside regrouped and re-entered the icomigltiately starting with a
direct pulse towards the fire and then 3 short pulses as they peditiemselves in the entrance just inside the
room. Figure 7(b) the average lower layer temperature of the gasassling the crouching fire-fighters was
in the range of 242 to 26C. This is above the 23% limit and therefore in the critical range, as defined by

DCLG and shown in Fig. 2

To define the locus of the thermal conditions experienced we alsedteedetermine the likely heat flux at the
fire-fighter level within the fire compartment, both from the hot layedt the flames, using view factors and

flame and hot layer temperatures and emissivities as described in @liﬁlrﬂé%résulted in estimates of heat
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fluxes ranging from 15 to 36 kW/hyfor vertical and horizontal body parts at varying heights from the, fa
depicted in Fig. 2. This heat flux is well above the 10 kMimit delineating the extreme from the critical

conditions|[L5].

In terms of the thermal dose received by the fire fighters it was estimateditimat the first 15 seconds in the
compartment they received 1800 TDUs which built up to around 2400 TDug dibe next 5 seconds of

retreat timeThis is marked on Fig..IThe calculation shows that they would have exceeded the threshold limit
of damage to their protective equipment (PPE) if they delayed their ekt bgconds more. This congruent

with the very fast build-up of physical discomfort that the firdwiggs reported on debrief. They also reported
experiencing hot temperatures on their knees where their clothing wasessegagainst the skin. This again

agrees with the high ambient temperatures measured at low level.

The very short time to unbearable conditions experienced by the teararagstimate of 30 s to PPE thermal
damage levels, demonstrates and quantifies the very short time avaitdley forotected fire-fighters to move
to a safer location in an escalating or fully developed fire.

3.6  Fire-fighting and the Toxic Environment
Measurements of toxic compound concentrations escaping from the fire tmeyainto a common corridor is
important in evaluating the risk to the rest of the building occupantmatebigning appropriate dilution and
purging ventilation rates. Usually such systems are evaluated using CFDingpdet] the usual input is the

mass yield of the toxic species per unit mass of fuel burnt. Most reeasots of such yields are based on well

ventilated fires and there is need for more yield data in under-ventilatecitomept fireq 26“3335 .
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Fig. 9. Combustion toxic products in line with equivalence ratio andifjreing activities. (a) Toxic products
concentrations in volume basis [v/v]. (b) Combustion toxic yields and Tewarson’s yield prediction .

The combustion Equivalence Ratio (ER) was calculated as a function of tinie sirownin Fig. 9 The ER

plot shows that the fire started burning rich after 50 s and reached a vakar 4.8 and steadied off at this
value, indicating that the fire reachagentilation controlled steady state earlier than our estimated timing for
flashover. On entry of the fire-fighters in the corridor there wasthdr increase of ER due to the physical
blockage to the incoming fresh air path by the bodies of the fire Gite@vcombustion became even richer at the
initial application of water, this effect was due to the incréasiee combustion inefficiency, as shown in Fig. 5.

After the second fire attack the ER dropped as the fire was brought unttet.con

Figure 9(a) also shows the variation of the concentrations of the main tisxi€ambon monoxide and THC
showed similar behaviour with a rapid increase aftes #@ching steady high levels during the steady state
period of the fire. Acrolein and formaldehyde showed a reduction @eodrations during the steady state
phaseThis occurred at the same time as the oxygen was reduced to its mininuenandlflashover occurred.
Aldehydes form at low temperatures in the presence of hydrocarbongyayeh. Comparison with the oxygen

levels in Fig. 7(b) aldehydes peaked at about’@and 10% oxygen, at the start and end of the fire. It is the
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peak early in the fire which is of most concern as this occurfigsieever and would tend to impair escape

from the fire.

The relative toxicity of each species is usually determined by the ratio to apagigretandard concentration
with known effects to huma. There is considerable debate and development in thi &pr the
purposes of this work the species concentrations were compared to the2AHGinin values which are
particularly relevant to impairment of escape in fifgsEGL-2 is the airborne concentration of a substance
above which the general population could experience an impaired ability to escape” . This limit is marked
onFig. 9(a) as a straight line and it is shown to have been exceededstarfriiee duration of the fire. The
concentrations of the different species at specific key times of the fireyhastolisted in Table 1 where the
ratios to AEGL-2omin are also showrThese ratios are effectively the dilution levels required for any ventilation
system to bring the concentration of the individual species belowitivaldimit being considered. It can be
seen that for CO this dilution level is of the order of 200 whilsttrolein the dilution required is of the order
of several hundred rising to about 3000 during fire-fighting opermtibnese dilution levels are for the

individual species and a combined requirement needs to be worked oua psowgdure like the N-Gas model

26

|39‘|40 .

Table 1. Measured toxic species concentrations and yields at important stages efdiecfiopment extracted

from Fig. 9.
Start of Fire-Fighting | During fire-fighting, Peak
Flashover (at 155s) Steady state (at 258@) (at 3205) of most gases (at 358)
ER=1.82 ER=1.87 ER=1.86 ER=2.14
. Conc. a| Yield || Conc. a| Yield | Conc. a| Yield | Conc. a| Yield
Species [VAV%] R-AEGL [g/a] | [vivos] R-AEGL [o/g] |[vivoe] R-AEGL /gl | vivee] R-AEGL [9/g]
CcoO 6.98 166 0.250| 7.44 177 0.261| 7.65 182 0.269| 10.22 243 0.327
Formaldehyde 0.19 137 0.007 | 0.13 91 0.005| 0.14 99 0.005| 0.35 253 0.012
Acrolein 0.01 136 0.000| 0.02 409 0.001| 0.02 432 0.001|f 0.13 2977 0.008
THe 2.33 0.048| 2.60 0.052| 2.02 0.041| 3.10 0.057
(CH,4 equivalent)

2 R-AEGL=Ratio to AEGL-2 10min

Mechanical ventilation systems for corridors are typically designed to §¢irhes dilution of the combustion
products seeping out to the corridor through leakage paths. The ventilatinghput is usually doubled during
fire fighter operations, i.e. prior to opening the door to the firepawtment, mainly in an attempt to mitigate the
much larger volume of combustion products coming into the corridocaf be seen from the above discussion
these ventilation rates would be inadequate if applied to the test under discusstbis emlicates an area

where more research is needed.
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In designing suitable ventilation systems computational fluid dynamftsase (such as FDS) are usually used

and an important input in these models are the species yields such as sdot MusOmeasurements of such

yields have been performed under well ventilated conditions (such as th€8&lorieneter)|#1-44] and these

are not suitable for compartments fires due to the effect of inadequate ventilati@msem®missions. A number

of researcheri?_5||ﬁ||3?r35 42][45-48] have in recent years repedtoxic species yields under variable

ventilation conditions that show much higher yields than measured uadareintilation conditions

The main toxic species yields in the present experiment are given in lﬂigT@Warso empirically
correlated the main species emissions to the equivalence ratio for differentifsigeedictions for CO and
THC yields from wood combustion for the equivalence Eitiche present experiment, are also shown in Fig.
9(b). The Tewarson THC predictions show remarkable agreement witheBenpmeasurements. The CO
predicted yields however fall short (about half) of those measured, suggbsti a refinement to the model is
needed.

4. CONCLUSIONS

This report evaluates the effects and consequences of standard firggfagerations on the main fire
characteristics in fully-developed, compartment fires. It also presents dataadadtion of the conditions to
which fire-fighters are exposed. A typical room enclosure was used avitHation through a corridor to the
front access door. The fire load was wooden pallets. Flashover was reacliegl finecbecame fully developed
before the involvement of the fire-fighting team. The progresieofire-fighters through the corridor and the
main-room was monitored and the effect of short, medium and long pudsers on either the hot gas layer or
the fire seat (3-D fire-fighting) - was determined in termghref compartment temperature, heat release rates,

oxygen levels and toxic species concentrations. The effect of the fitingighcticswas clearly shown.

The fire fighting team was exposed to extreme conditions, heat fluxesdrseof 35 kW/hand temperatures
of the order of 256C even at crouching level. This is in line with the extreme discomfpereéenced by the
fire fighting team and forced the abandonment of the first attempesmeat from the compartment, within 80
of exposure. Calculations show that had they persevered for ahOtbehey would have received thermal
doses in excess of 3500 TDUSs, sufficient to cause damage to their PBHEeffibnstrates and quantifies the
very short time available for fully protected fire-fighters to move to erda€ation in an escalating or fully

developed fire.
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The fire equivalence ratio showed rich burning with high toxic emissiarparticular of CO and unburnt
hydrocarbons, very early in the fire history and a stabilisatidheoéquivalence ratio at about 1.8 until the fire

fighting operations started which made the combustion temporarily acltethe emissions even higher.

The high levels of toxic yields measured in this work, would requirefgigntly higher dilution levels of the
fire gases leaking into common corridors and escape routes, than curradtigegk by building ventilation

systems.

This research demonstrates that with appropriate planning and suitable insationéarget fire conditions and
environments can be generated and fire-fighting tactics can be odlgtjiuantitatively) monitored and

assessed. For the first time the effects of fire fighting operatiotesximemissions are reported.

5. ACKNOWLEDGEMENTS
The authors thank: Mr Mark James (Chief Fire Officer of State of Jers8yfBRpermission to conduct the

tests and facilitating resources for the set-up and safe conduct of th#ltdsts K Gallichan (Housing Chief)
who postponed the demolition of the bungalows to allow time foprtbger preparation of the tests, all four
watches who helped convert the rooms and who provided fire cover inthetime, Mr LezBallingall (Fire
Service Maintenance technician), Mr Andy Reed of Normans Builders Merchargupplied all the material
free of charge, Mr Bob Boreham the Leeds University technician reifg@fior the transport and set up of all

the instrumentation and the Saudi Ministry of Higher Education for sponsoring Abdulaziz and Omar’s PhDs.

6. REFERENCES

[1] Svensson S, A study of tactical patterns during fire fighting opesgtieire Safety Journal 2002;37: 693-

[2] DCLG. Fire Statistics UK 2008. In. Fire Statistics UK 2008. London, Depattfoe@ommunities and
Local Government, 2008.

[3] DCLG. Review of Fire and Rescue Service response times. In. Review ahHiiRescue Service response
times. London, Department for Communities and Local Government, 2009

[4] Averill JD, Moore-Merrell L, Barowy A, Santos R, Peacock R, Notaii&# Wissoker D. Report on
Residential Fireground Field Experiments. In: Robinson B editor. Rep&teésidential Fireground Field
Experiments. National Institute of Standards and Technology, 2010.

[5] BS 7974. Application of fire safety engineering principles todibsign of buildings— Code of practice. In.
Application of fire safety engineering principles to the design of buildirgSode of practice. London, British
Standards Institution, 2001.

[6] Walton WD, Thomas PH. Estimating Temperatures in Compartment Fires. In: miNkheditor.
Estimating Temperatures in Compartment Fires. Quincy, Mass. & BethesddJafidnal Fire Protection
Association & Society of Fire Protection Engineers, 2002.

[7] Karlsson B, Quintiere JG, Enclosure fire dynamics, CRC Press, Boca, Ratd2000.

[8] Drysdale D, An introduction to fire dynamics, 2nd ed., Wil@lijchester ; New York, 1999.

[9] Babrauskas V. Specimen heat fluxes for bench-scale heat release irage ltefEranks CA editor.
Specimen heat fluxes for bench-scale heat release rate testing. Oxfglechck Interscience Communications
Ltd., 1993, pp. 57A4.

[10] Lawson JR. Fire Fighter's Protective Clothing and Thermal Enwvieoits of Structural Fire Fighting. In.
Fire Fighter's Protective Clothing and Thermal Environments of Structurdfiginéng. NIST, 1996.

21



[11] Rew PJ. LD50 Equivalent for the Effects of Thermal Radiatioll@emans. In. LD50 Equivalent for the
Effects of Thermal Radiation on Humans. Suffolk, Health and Safetguive (HSE) Books, 1997.

[12] O’Sullivan S, Jagger S. Human Vulnerability to Thermal Radiation Offshore. In. Human Vulnerability to
Thermal Radiation Offshore. Buxton, Health & Safety Laboratory, 2004.

[13] Chang YC, Lin YW, Lin GH, Jou GT, The Study of Flame EngelfitnProtection of Firefighter's Clothing,
Hawa Kang Journal of textile, 2007.

[14] BS ISO 13506. Protective clothing against heat and flame. Test methodnfolet® garments. Prediction
of burn injury using an instrumented manikin. In. Protective oigthgainst heat and flame. Test method for
complete garments. Prediction of burn injury using an instrumenrdedikim. London, Bristish Standards
Institution, 2008.

[15] DCLG. Measurements of the Firefighting Environment. In. Measurenoéithe Firefighting Environment.
Department for Communities and Local Government, 1994,

[16] Liu Z, Kashef, A., Lougheed,G.D. and Benichou, N. RevidWee Dimensional Water Fog Techniques
For Firefighting. In. Review Of Three Dimensional Water Fog Techsifioe Firefighting. Ottawa, Canada,
Institute for Research in Construction, 2002.

[17] Scheffey JP, Siegmann CW, Toomey TA. 1994 Attack Teank$#op: Phase Il - Full-Scale Offensive
Fog Attack Tests. In. 1994 Attack Team Workshop: Phase Il - Full-Scalesivéefog Attack Tests.
Washington, Naval Research Laboratory, 1997.

[18] Grimwood P. New Wave 3-D Water Fog Tactics: a Response to Direct Atthadcates. In. New Wave 3-
D Water Fog Tactics: a Response to Direct Attack Advocates. 2000.

[19] BS EN 1991-1-2. Eurocode 1: Actions on structurePart 1-2: General actiors Actions on structures
exposed to fire. In. Eurocode 1: Actions on structureBart 1-2: General actions- Actions on structures
exposed to fire. London, Bristish Standards Institution, 2002.

[20] Blevins LG. Behavior of bare and aspirated thermocouples in comparineantri. Behavior of bare and
aspirated thermocouples in compartment fires. Albuquerque, New Mexico, USH,d@ 1517.

[21] Pitts WM, Braun E, Peacock RD, Mitler HE, Johnson E, Reneké&BR&ins LG, Temperature
uncertainties for bare-bead and aspirated thermocouple measuremiatenrmifonments, ASTM Special
Technical Publication, 2003;1427:15%-

[22] Mingchun Luo, Effects of Radiation on Temperature Measuremerfine &nvironment, Journal of Fire
Sciences 1997;15: 443t.

[23] Chan SH, An Exhaust Emissions based Air-Fuel Ratio Calculation For In@ondbustion Engines,
Proceedings of the Institution of Mechanical Engineers, Part D: JodrAatmmobile Engineering, 1996;210:
27380.

[24] Channiwala SA, Parikh PP, A unified correlation for estimating HIfisotid, liquid and gaseous fuels,
Fuel, 2002;81: 10583.

[25] Li H, Andrews G, Daham B, Bell M, Tate J, Ropkins K. Impact@ffic Conditions and Road Geometry
on Real World Urban Emissions Using a Sl Car. In. Impact of Tr@ffieditions and Road Geometry on Real
World Urban Emissions Using a Sl Car. Detroit, 2007.

[26] Aljlumaiah O, Andrews GE, Mustafa BG, Al-qattan H, Shah V, RitglaHN. Air Starved Wood Crib
Compartment Fire Heat Release and Toxic Gas Yields. In: Grant CE, Pagni PJ edit8tarveid Wood Crib
Compartment Fire Heat Release and Toxic Gas Yields. Maryland, USA, IAFSS, 2011.

[27] Aljumaiah O, Phylaktou HN, Andrews GE, Heath |, Ledger J.9Bhg Flames in a Low Ventilation
Compartment with Kerosene Pool Fires. In: Capote J, Alvear D editors. Ghelstings in a Low Ventilation
Compartment with Kerosene Pool Fires. Santander, Spain, University De Ca@bdiapp. 103t4.

[28] Alpert RL, Ward EJ, Evaluation of unsprinklered fire hazards, Fafety Journal 1984;7: 1243.

[29] Wang Y, Zalok E, Hadjisophocleous G, An Experimental Study ofk@rvovement in Multi-Storey
Buildings, Fire Technology 2011;47: 1141-69.

[30] BS EN ISO13943. Fire safety Vocabulary (ISO 13943:2008). In. Fire safetyVocabulary (ISO
13943:2008). London, British Standard Institution, 2010.

[31] Delichatsios MA, Piloted ignition times, critical heat fluxes and mass#bss at reduced oxygen
atmospheres, Fire Safety Journal 2005;40: 197-212.

[32] Ehlert JR, Smith TF, View factors for perpendicular and parallel rectargatas, Journal of
Thermophysics and Heat Transfer 1993;7: I83-

22



[33] Aljumaiah O, Andrews GE, Abdullahi A, Mustafa B, Phylaktou Abod Crib Fires under High
Temperature Low Oxygen Conditions. In: Bradley D, Makhviladze G, Molkeditbrs. Wood Crib Fires
under High Temperature Low Oxygen Conditions. Leeds, Research fubBsrvices, 2010.

[34] Aljumaiah O, Andrews GE, Alshammari, Burell, Cox, Phylaktou Hibixic Emissions from Folded Cotton
Towel Fires in a Low Ventilation Compartment. In: Bradley D, Makhviladze G, dolk editors. Toxic
Emissions from Folded Cotton Towel Fires in a Low Ventilation Compartrheeds, Research Publishing
Services, 2010.

[35] Aljumaiah O, Andrews GE, Algahtani, Husain B, Singh P, Phylakihl. Air Starved Acrylic Curtain Fire
Toxic Gases using an FTIR. In: Bradley D, Makhviladze G, Molkov V editorsStairved Acrylic Curtain Fire
Toxic Gases using an FTIR. Leeds, Research Publishing Services, 2010.

[36] Tewarson A. Generations of Heat and Chemical Compounds in lRir&Nenno PJ editor. Generations
of Heat and Chemical Compounds in Fires. Quincy, Mass. & BethesdalNitébnal Fire Protection
Association, 2002.

[37] Purser DA. Toxicity Assessment of Combustion Products. In: Diblén editor. Toxicity Assessment of
Combustion Products. Quincy, Mass. & Bethesda, Md., National Fire ProtectsociAtion & Society of Fire
Protection Engineers, 2002.

[38] National Research Council, Acute Exposure Guideline Levels for Selected&irBbemicals: Volume 1,
The National Academies Press, 2000.

[39] Levin BC, Paabo M, Schiller SB, Standard reference material for calibrdtibe oup furnace smoke
toxicity method for assessing the acute inhalation toxicity of combustamucts, Journal of Research of the
National Institute of Standards and Technology, 1991;96.5541-

[40] Purser D, Validation of additive models for lethal toxicity of fire effiumixtures, Polymer Degradation
and Stability 2012;97: 255@1.

[41] ShiL, Chew MYL, Experimental study of carbon monoxidevioods under spontaneous ignition
condition, Fuel, 2012;102: 70B5.

[42] Babrauskas V, The generation of CO in bench-scale fire tests an@dietipn for real-scale fires, Fire
and Materials 1995;19: 205-13.

[43] Bustamante Valencia L, Rogaume T, Guillaume E, Rein G, TdterAnalysis of principal gas products
during combustion of polyether polyurethane foam at different irradiemeés, Fire Safety Journal 2009;44:
93340.

[44] Luche J, Rogaume T, Richard F, Guillaume E, Characterization of theroparties and analysis of
combustion behavior of PMMA in a cone calorimeter, Fire Safety JouddAl,26: 45161.

[45] Purser JA, Purser DA, Stec AA, Moffatt C, Hull TR, Su JZ, Bifld/, Blomqvist P, Repeatability and
reproducibility of the ISO/TS 19700 steady state tube furnace, Fire Safetallp0ii3;55: 2234.

[46] Andersson B, Markert F, Holmstedt G, Combustion products gendnategtero-organic fuels on four
different fire test scales, Fire Safety Journal 2005;40: 439-65.

[47] Hull TR, Lebek K, Paul KT. Correlation of toxic product yields frarhe furnace tests and large scale
fires. In. Correlation of toxic product yields from tube furnace tests agd aale fires. Beijing; China, IAFSS,
2005, pp. 10590.

[48] Stec AA, Rhodes J, Smoke and hydrocarbon yields fromefieeded polymer nanocomposites, Polymer
Degradation and Stability 2011;96: 29660.

23



