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Abstract

This report investigates the gagoling effects of compressed air foam (CAF). A literature review has

been made on the subject and on related issues in order to gather information. Two experimental series
were conducted, the first to evaluate the-gaaling properties of CAF compared to water. The other
onewasconductedo investigate how the recommended tactic, with application from a safe distance,
would affect the teperature and thereby the ndedtraditional gascooling. Theresults from thdirst
experiments showhat CAF has a gasooling effect but is less effective than water. The second series

of experiments indicate that the suitable tactics may limit the need for traditiorai gjasy.

However, the data is limited and further reseandhe area is required.
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Summary

Compressed Air Foam Systems (CAMavebeen used in different areas of firefightsigce the
1930s. However they havet gained much popularity untitorerecently.Over te last twenty years,
these systemisavegrown in popularity and food a more widespread usage among fire rescue
services worldwide.

The research conducted up to this point has mainly been focused on the extinguishing effects as well

as the protective aspects of CAF. Tiesults from these reports showed BAfF is more effective

than water in both these aspects; however some concern is expressed as to whether CAFS can be used
in structuralfires and their ability to cool hot gasesciompartment fires.

This report aims to evaluate the gamling properties of CAFS through two series of experiments.

The first set of experiments conducted in this report only looked at thmoghisg properties of CAF

and water, to enable comparisomey took place in a neflammable environment where hot gases

are subjected to both a high pressure water mist system and a One Seven® Compressed Air Foam
System. A heptane pool fire produced the hot gases and temperatures were continuously measured
throudhout the entire compartment.

These experiments show that CAF does in fact have-aagding effect when applied to the hot

surfaces of the compartment. However they also showed that CAF is less effective than water when it
comes to the cooling of hot gasd he comparison took into account the amount of water applied in
each room, whether it was applied as CAF or as water mist. Through a statistical analysis the
difference in effect was found to be significant.

The first set of experiments did not takeoiaiccount that CAF is not supposed to be used in this
specific manner, but rather to be applied in the room of the fire from a safe diSlaedore,

another set of experiments was carriedrmate to determine whether this recommended tactic would
lower the gas temperature enough to limit the need focgakng.

The second set of experiments was conducted in a two story building constructed of wood. Thus the
materials within the fire compartment were fibrous and flammable. Two experiments weretednduc

in almost identical compartments, one with water and one with CAFS. @tiestased for

extinguishing werappropriate for the different extinguishing agents, i&ewwas applied from

inside the compartment and CAas initially applied from the dside.

The results of these experiments suggest that with a suitable tactic CAFS might be able to control this
type of fire from a safe distance and ensure that the need foogtsg is limited. However with only

two experiments conducted there is nmb@gh data to ensure that this statement is correct. Further
research in this area is needed to evaluate whether a different tactic might be stdfieidante the

need of traditional gasooling

In the latter experiments obsations were made that ilvatethat less water is left within the
compartment after extinguishment and thaigretion was harder to achieve when CAF was used.
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Sammanfattning

Tryckluftsgenererat skumller Compressed Air Foam System (CAFS) har anvants inom olika
brandbekampmnigsomraden sedan 198flet, men det ar forst pa senare tid som de har blivit mer

populara. Under de senaste tjugo aren har dessa system blivit alltmer efterfragade och anvands idag av
raddningstjanster varlden over.

Forskningen som bedrivits kring desgatem har framforallt inriktat sig pa slackeffekten och de

skyddande egenskaper som finns hos CAF, till exempel dess stralningsdampande egenskaper.
Resultaten fran de har rapporterna faststaller att CAF &r effektivare inom bada dessa omraden. Dock sa
uttrycks en skepsis till hur systemet klarar av brand i byggnader och da framférallt brandgaskylning.

Den har rapporten syftar till att utvardera de brandgaskylande egenskaperna hos CAF, genom att
genomfora tva experimentserier. Den forsta experimentseriegeoomforts undersoker enbart den
brandgaskylande effekten, hos bade vatten och CAF, for att mojliggéra en jamforelse. Dessa forsok
genomfordes i ett obrannbart utrymme déar heta brandgaser kyldes med dels ett
hogtrycksvattensl| 2 c koshet One S8evegn® Comprdssed Air Fbam gggregatc k 0 )
Ett heptanbal utgjorde branden i utrymmet och temperaturen mattes kontinuerligt under forsoken.

De har forsdken visar att CAF har en brandgaskylande effekt nar det appliceras pa de varma ytorna i
utrymmet.De visar dock att CAF inte ar lika effektivt som vatten nar det galler att kyla brandgaser.
Jamfdrelsen tog hansyn till hur mycket vatten som tillférts i varje rum i utrymmet, oavsett om det
tillférdes i form av CAF eller som vattendroppar. Genom en siskianalys faststélldes att skillnaden

i effektivitet ar signifikant.

De forsta experimenten tar ingen hansyn till att CAF inte ar avsett att anvandas pa detta satt, da det
snarare bor appliceras i brandrummet fran ett sakert avstand innan vidare angnsleenan i

byggnaden. Darfér genomfordes en andra testserie, for att avgéra om den korrekta angreppstaktiken
sénker temperaturen i brandgaserna nog for att minska behovet av invandig brandgaskylning.

Den andra forsoksserien genomfordes i ett tvavaniagsis. Dar brandrummen var konstruerade av
fibrosa, brannbara material. Tva experiment genomfordes, i tva nastan identiska utrymmen, ett med
vatten och ett med CAFS. Taktiken som anvandes vid de bada slackningarna ar den foreslagna for
respektive system dvmed vattnet anvandes en invandig slackinsats och med CAFS paverkades
brandrummet forst genom utvandig slackning och sedan genom invandig slackning.

Resultaten fran de har forsdken indikerar att en korrekt angreppstaktik med CAFS kan anvandas for att
kontrollera den har typen av brand fran ett sakert avstand och sanka temperaturen till en niva dar
ytterligare brandgaskylning inte ar nédvandig. Dock s& genomfordes enbart tva forsok i denna serie
vilket innebar att mangden data inte &r tillracklig forfastsla nagra definitiva resultat. Mer forskning

kravs darfér inom det har omradet for att sakerstalla nagon slutsats.

| den sista forsoksserien observerades att mindre vatten Iag kvar pa golvet i brandrummet efter det att
slackningen genomforts samt aterantandning var svarare nar CAFS anvants.
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1 Introduction

Compressed Air Foam Systems (CARSa fire extinguishing system which generates foEne.

system combines a standard water puntp an air compressor and adds compressed air to the foam
solution. The result is a more stable foam that providespossibilitiesfor firefighting purposes.
CAFShavebeen around for a long time, first mainlgedfor wildland fire controlandas fixedpipe

systemsn Hangars and similar buildingBhe last decadesnaller, portable CABystems are

growing more and more popular among fire rescue services worldwide. The increase in popularity is a
combination of extensive research, showing good resulisstableuser friendlyCAF-systems

becoming available on the market.

Thepreviouslyconductedesearch focuses mainly on the extinguishing and protective features of
CAF. Providing results that clearly state that CAF is much more efficient in thesd¢raeagater and
severabf theother extinguishing agents tested. None of the literature found by the authors of this
report investigates the gasoling effects of CAF, even though some of the reports actually state that
it is not as efficient as a watguray and should not be used to cool hot gases.

This report tries to quantify the gasoling effects of CAF and offer a comparison to the effectiveness
of a watemist system by conducting several experimelmtsaddition, an experimental study
comparing @QFS and water mist systems in real firefighting applications is conduttthuld be of
interest to determine how effective CAF really is in order to make appropriataénfeethed

decisions on whether to use CAFS or another extinguisyisigmdepenéhg on the situation and

nature of the fire. Hopefully this report can help make these types of decisions easier.

1.1 Intention

The intent of this report is to investigate the-gasling effect, and thereby the fire inhibitory and
extinguishing effects whenAT- is applied to the hot surfaces of a compartment. The effects are
investigated for both the compartment containing the fire and an adjoining compartment.

1.2 Objective
The main objective of this report is to describe and quathtéygascooling effects of @F. An
additionalobjective is to evaluate how CAFS isad in a realistic firefightingnvironment.

1.3 Questions at issue
The main questions to be answered in this report are:

How doesCAFSwork?

What are the differences between CAFS and nozzle aspiratae@ foa
What are the differences between CAFS and water?

How can CAFS be used for structural firefighting?

How does CAF fiiect the fire and théot gaseproduce@

=A =8 =8 =8 =9

1.4 Method

To investigate the gaooling effects of CAF several experiments are conducted. In @udiithese
experiments a literature review is performed to enable better understanding about CAF and its
propertiesAlso, ashort series of experimentsasnducted to evaluate the existing firefighting
technique for both CAFS and high pressure watet syistems.
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1.5 Limitations

A number of limitationsveremade throughouhe processso itcouldproceedDue to the objective,
no direct extinguishing attempts were mauéne first series of experimentsthe fire did not
extinguishduring the experimenitatage it was allowed to burn out by itself.

Variations in CAFsystems constructdsy different manufacture were not taken into account since
the CAFRsystems were provided Ibiye same manufacturer
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2 Background

The first step to the foam systems usmthy was taken by an EnglishmaamedJohnson in 1877. He
invented foam generated by a chemical reaction between two agueous soluRoissian named
Laurent then introduced the foam1904(Boyd & di Marzo, 1996)(Persson, 2005 his typewas
commonly used until the miti95G when the technique to produnechanical foam had its break
through(Boyd & di Marzo, 1996)In 1949, NFPA published a standard regardingimgtigents;
NFPA 18, Standard on Wetting Agents, which exists even t(Riengson, 2005)

The two Dane&. Schréder and Avan Deurs developed a foam pump system in 1929. This system

produced mechanical generated foam withaarf@ump similar to a compressdhe patent rights

were purchased by the Swedi sh c ol8938andygooferatom s ka Sk
beganin the 1948 with the American Company Walter Kiddehichpurchased the patent rights for

the American maet.

The production continued and the products were developed further, Svenska Skum delivered ten
firefighting trucks equipped with the foam system to the Swedish Air Force in(P@88son, 2005)
The British Navy experimentiewith compressed air foams in the 1930°s and the U.S. Nawgein la
194Gs (Persson, 2005 Taylor, 1997) In the 1958, a larger AiCrash Tender was developed by
Svenska Skum and the unit was soaldibout 50 coms, mostly to Airports arourteurope Due to the
difficulties with the control technology along with the introduction of the film forming foams, CAFS
suffered a regresn the 196@ (Persson, 2005)

Cummins Imustries togethawith Texas Forest Servigegained interegor CAFS in the 197§, the
purpose was to protect bulldozers used for fighting wildfined but it was soon fourithat CAFS
were alsceffective for fire suppression affide protection in wildandfires (Persson, 2005he Texas
Forest Service developed a water expansion system called Texas Snowclobsetia foaming
agent mixed witl8 to 9 percenfoam concentratélaylor, 1997)

During the 1988 CAFSbecame st abl i shed as a weapon for Wildl ar
Class A foam developed by George Cowan and Eddie Cundsawmy in GBeesion, 2005 he

progress of CAFS for structural firefigng started ilNorth America in the early 198Gand spread to

Europe and Australia later that decade. Early pioneer countries in Europe were Germany and Great

Britain (Persson, 2005)

Water is traditionally the most used @giuishing agent even for structural firefighting. Firefighte
advance towards the firghile cooling the bt smokegases at the ceiling. €one shaped stream of
water droplets enables a largairface of contact witthe hot gases which resultsnoreefficient
cooling.When the firefighters have progressed towards the fire, wgatesed for cooling the fire
which stops the pyrolysidVater can also be used for covering surfaces for fire proteciioe to the
low adhesion properties a lot of the waggmply runs &f. This combined wh the ofterlarge volume
flows can result in water damage, sometimes larger than the damage caused by the #t itself.
normal use, only some of the watewaporized andhe excesswvatersimply runs of(Sardqvist, 2006)
causingwater damage

During the last years, a discussion has started in Sweden regarding the exisessiwater and how
resultingwater damages can be reducEde fact that CAFS uses water more efficiently milegna

viable option for the Swedish rescue services; therefore it is important to investigate all aspects of the
extinguishing agent.
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3 Literature review
Reviewed literature has been gathered wlih purposef providinga summary of research in the
areas maetly regarding CAFS ability to worksaa fire extinguishinggent for interior firefighting.

In the work of establishg a testing procedure to evaluate the relevant properties of fire exposure
protection foams, Tafreshi amis colleaguegTafreshi, et al., 1998pund that foams with high
expansion ratio will have a lower thermal expans@n the other hanfbam with low expansion ratio
does not stick well to vertical surfaces because it flewsriuch. They also found thfstam generated
with high-pressure air consists simaller sized bubbles

More recenexperiments made by Tafreshi and di MafEafreshi & di Marzo, 1999 imed to

compare the thermal behavior of bottmpressed ainams(CAF) and gels used as fire protection
agents. The experiment regarding foam resulted in that the used foam, a 3 %djaseeifoam with
expansion ratio 20 and foam thickness 0.1 m, gave a good protection against radiatiamderlying
surface temperatusistainedhe ambient temperature for about half the transient period of the foam
(i.e. the temperatursustainecambient temperature for half the protection time, before the temperature
began to rise)The experiment lasted for about 15 minutes and taertmvered surface asexposed

to a radiant heat flux of 18 kW/m

Severakonclusionsvere made i study that aimed to develop a maoepredictthe behavior of
fire-protection foam subjected to heat radiati®imce the tested foams hgood insulatig properties,

the unarlying surface temperatudid not exceed.00 °C until most of the foammadvaporized. The
reasons werthe good insulatingroperties of foam and that the absorhedt waglissipated through

the vaporization of water. They also carded that foam sticks well to vertical surfaces. Tested foams
were generated byaistombuilt compressed air foam system dratl expansion ratios between 12.8
and 32.8 and were exposed to radiant heat fluxes up to 18%®yd & di Marzo, 1996)

Otherlaboratoryexperiments with similar objectives haveen performed and they conady@mong
other things, that CABpplied to a combustible exterior siding reduced the likelihood of ignition and
flame spreadMadrzykowski, et al., 1997The experiments compared water, foam solution and CAF
and the results showed that CAF exceeded water and foam solut®abitity to penetrate into
materials in most cases. The time to ignition was extenddtdanaterials due to the mass retention
of water. However the foam covered materials mass retention effectiveness was greatéh tioambo
solution and waterThe increased retentivity of foam soluti@sulted in a longer ignitiemhibition

time whenCAF was usedFoam also has good adhesion to surfaces and is more effective as a fire
protection agent than wat@vladrzykowski & Stroup, 1998)

Crampton and KinfCrampton & Kim, 2009performed sveral fultscale compartment fire tests to
evaluate and compare the capability of manually applied CAF, hose stream with water and hose
stream with watefoam solution as a fire suppression tool. The test compartment had a gypstim
interior and was 3&?° with a small adjacent corridor. The fire load consisted of fibrous material with
a total hat release rate &6 MW. Suppression started 120 s after flash andrat the same time
windows were opened to simulate window breakage. Temperature datpveitbrsuppression agent
consumption ere recorded. The results showed that the average room temperature dropped much
quicker with CAF and also that the fireagcontrolled much quicker with CAF. Compared to the hose
stream with water or foaswater solutim, CAF wasclearly the most effective fire suppression agent.

Anotherstudy carried ouby Crampton and Kim aimed to investigate the implementation of CAF in
fixed piping systems. The conclusion whst CAF works well but itvas better at extinguishirige
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pool fires than the crib fires due to thartly concealed firen the cribs. However, the foam eventually
drained and soakedtmthe cribs and extinguished the fires. The main point is that CAF works well in
fixed piping systems and is recommendedreaa with limited water suppfCrampton & Kim,

2000)

To evalate the cooling effects of CAR structural firefighting and determine advantages and
disadvantages of the systeminsley(Tinsley, 20@) performed a literature review supplemented with

live tests. Woodnframe single story houses were used and thectuddisted of Class-fnaterials.
Temperatures were measured with thermocouples with 15 seconds intervals. His conclusions were that
CAFSincreased the suppression capability and was effective in reducing the interior temperature in
structural firesThe literature review includes a chapter with advantages and disadvantages of CAFS.
As many othes, he states that CAFS reduces the amouneetied water and foam concentrate

requiredand due to the lightdluid; CAF can be pumped twice as high as water under the same
pressureThe main disadvantagese that compressed air enhasithe hose reaction if the hose

ruptures. CAFS can also add exexpense to a vehicle and require extra training for the staff.

FolkessorandMillbourn performedtests with CAFS in their bachelor thefism Lund University

One of theirconclusions wathat CAF, compared to other extinguishing agdmdd better sdace

cooling but wasot as efficient in cooling the hot gaseous phase. CAF also gave a better protection
against ragnition (Folkesson & Millbourn, 2008)

In 2010, an experimental study was performed to assess the gas caphbgities of CAFS. Two
experimental setips were used, one for fuebntrolled compartment fires and one for ventilation
controlledcompartment firesTwo connected standard steel shipping containers were used for the
fuel-controlled fire and one fahe ventilationcontrolled fire Fibrous Class Anaterials wereised

and CAFS was compared to a traditional water mist suppression agent. The study also investigated
whether or noCAF, due to the extra supply of air bounded in the foam could cause a &fcktle
results showed that CAF was supetimthe water mist in the fuedontrolled experiment, the flames
extinguished almost completely and the firefighters could advance further into the comparhisent
was lecause the untenable situation with teadly reduced visibility and increased temperature did
not occur. On the other hand, little difference was observed between the two agents suppression
efficiency. Experimeral results also indicatithat the extra airupplied within the CAF did not
contibute to a backdrafzhang, et al., 2011)

Taylor has studied whether or ribe efficacy, effectiveness and safetyfioéfighters, whooperate

underlimited personnetonditions could increase by equipping them with CAR®l &lass A foam.

He found that CAFS i ncr eas e datthdhsamedimeedudedthes uppr es s
stress and wearinesstufse lineoperators CAFS arealso effective for suppression of structural fires

from the outdie, theyconsere waterandtogether withClass A foam may create logrm cost

savings and reduced property damdge the other hanit is concluded thaCAFS requires more

training, it creates a slippery surfame the floorandthe foam concentratouldirritate skin, eyesand

upper respiratoryract It can also be corrosive to some metaisl can corrode apparatus, paint and

finish (Taylor, 1997)

Persson conducted aeliiture review for the Swedistatibnal Testing and Rearch Institute ir2005
(Persson, 2005)t aimed to summarize knowledge and experience on the use of Class A foams,
including CAFS. The main conclusions wehat Class A foam gives a clear increase in efficiency
compared to regular water anld@aimproves re-ignition properties. CAfprovides agood protection
against heat radiation and reduces the amount of excess watdrstiiteive whitefoamcoveralso
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creates a good visualization of the protectionability when foam is used for prevére protection of
surfaces. Different areas of application for different types of foams are concerned superficially, foams
with higher expansion ratio (dry foams) are suédbr indirect applicatiorandgive good protection
against heat radiatioDry foamcanalsobe used t@over piles of smoldering materitfter fire knock

down tocreate a long lasting cover whistogs air entrainment and drain into hot areadditional

foam can then be applied to areas where the foam layer has dimiieheats wih lower expansion

ratio (wet foams) on the other haadksuitable for structural firefighting.

An article in Fire Chief strengthemnaistbBitentcly@dry
foamsaresuitable for pretreatment of exposed surfacesenlidt foans arepreferred for deepgeated
fires and direct attack€arringer, 2009)

Paul Grimwood wrote an article at Firetactics.q@nmwood, 2008where he reports on different

research pros. The conclusionis this articleare more or less tteame ag many of the earlier

reports CAF is a more efficient fire suppression agent than plain water, it covers surfaces better than

water and the foampenetrateto the covered materiatore asily thanplainwater. The strength of

CAFS is in the urshielded posflashover fires involving opeplan areas. However, the weakness is

s hi el -flashduer fies. Eor instance if the fire is at the end of a long hallway with large

amounts ofunburt s moke gases, it is not p-etean ble to fAco

Two field-test reports have been studied. The figgort waswritten by Bosbn Fire Department who
retrofitted one of their engines with CAHRSwas thertested in suburbamegironments for one year.
The purpose was to evaluate the effectiveness and suitability of CAFS as a firefighting agent in an
urban environment. They concluded that CAFS and Class A foams are extremely effective for interior
firefighting and reducthe time until the fire is undecontrol at the same time reducingdudng the
amount of wateneededo control and extinguish the fire. They also found that the fire suppression
effectivenessvasat least equivalent tihat ofthe water stream. The tinie adieve knock down was
about the same as for water but with CAFS, about half the flow rate was used. The problems they
experienced were mostlgchnical issuedue to the retrofitting of the engine. A fdinefighters
experienced problems with skin irritati® due to the foam concentréldne Boston Fire Department,
1994)

The other fieldtest is a similar project from Australia conducted by Queensland Fire and Rescue
Service. Theg installeda combined CAF and higphressure watenist system in two pumpegesd

evaluated therfor 12 months. Excegbr sometechnicalproblems with the system, mainly with the
combined nozzles, some advantages and disadvantages were found. For instanceseGédsSwvater

and extendimited waer sugplies; CAF has better @netration into the fuel aruktter ability to provide

a long lasting protective barrier than water. On the other hand CAF does not directly cool accumulated
smoke gases and due to the need of a different approach, additionaf) iaieiquied for operators.

Finally, it was stressed that there is no universal firefighting tool and that advantages and
disadvantages should be considered for every sy®aiffel, 2010)
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3.1 Summary
The main points from thétérature review are listed below:

T

CAF adheres wello vertical surfaces, howeviyams generated withddow expansion ratio
contain too much water and thereffimv too easilyto adhere.

CAF shields the underlying surfaces from radiant heat flux vetyand much better than
water.

The likelihood for reignition of afoamcoveredsurface is reduced in comparison to an un
protected surface.

CAF exceeds water in magsstention effectiveness and the ignitimmibitedperiod is also
longerfor CAFS than ér water

CAF-systemaare effective for suppression of interior structural faedsome results indicate
thatthe mainstrengtls arepostflashover fires or fuetontrolled fires.

CAFS weakness is shielded glashover fires.

The indoor environment fdirefightersis improved whera CAFS is used for suppression,
this due to the improved visibility that occurs comparedtien water is used

CAF and Class A foagare superioto plain water as a fire suppression agent and penetrate
materials more easily

Dry foamshould be usedf fire protection and wet foafor fire suppression.

CAFS reduces the total amount of water neededtsrébyextends limited water supplies.
The main disadvantages with CAE&ncerngetrofitted vehicleinstallations othe exra
expense to vehicles.

Thehandling of the foam concentratan be a problem and cause skin, eyes and upper
respiratory tract irritations as well as skiarmatitis

The foam can be a problemtiforms a slippery surface dhe groundr when it covershe
floor.

The CAFS hose lines are easier to operate which desttbaseeariness of the firefighters.
CAFS can be pumped twice as high as water under the same pressure.
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4 Theory

The following chaptedescribesvhat foam is and how it can be generaté@ldogives araccountof
the extinguishing mechanisms of foam.

4.1 Foam

Foam is one of the most common fire suppression agents when plain water is ins(Sendqvist,
2006) Depending on type of foam detergent, foam cansee tor various types of fires in fibrous
materials (Class A fires) or liquid pool fires (Class B fires).

Foam is a combination of water, air (most commonly, also carbon dioxide or smoke gases can be
used) and foam detergent. The Class A detergent costaifastants that are botteophilic and
hydrophilic whichreduces the water’s surface tension. The surfactants have similarities with
hydrocarbon compounds and improve the ability to wet and penetrate charred porous materials that
occur in Class A firesA Class A foam can also be used for liquid pool fires with-polar fuelssuch

as oils. The principle akduced surface tension is showrfigure 1 below.

el L e

P\A\N \N‘ATER. i"—OAr\;i So(u‘r\o

Figure 1. The principle of achieving reduce d surface tension of water by adding a foam detergent (Persson, 2005) .
With permission from D. Colletti

The Class B detergent contains substances with oleophobic properties and has been adapted to prevent
fuel pick-up from liquid petroleum pool firefPersson, 2005)

Film forming foams can be used for npalar liquid fuel fires, when the foam is drained, it proci.ece
thin layer of water on top of the fuel. The water floats out amd ot form dops and sink to the
bottom due to the low surface tension. The foam then floats on top of the water. The filfnit &an
damaged, to some extent repair itself due to the constant drainage from the foam.

Polar fuels such as alcohols ddissolve tte film from a film forming foam whiclis thereby
destroyed. Alcohol rediant film forming foams contaisubstances #t react with the fuel and foren
gel below the foam. The chcal reactioronly continuedn the foam front which means that if the
gel undetthe foam is damaged, it is necessary with further application to maintain protection
(Sardgvist, 2006)Figure2 and3 showthe function ofoath film forming foam and alcohoksistant
film forming foam
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Aqueous film
Flammable liquid

Figure 2. Drainage of film forming foam has established an aqueous film on top of the flammable liquid
With permission from S. Sardqvist  (Sardqvist, 2006)

Aqueous film®
Flammable liquid

Figure 3. Alcohol resistant foam floats on top of the gel which prevents foam degradation caused by the burning liquid
With permission from S. Sardqvist ~ (Sardgvist, 2006)

The foamfactor or expansion ratio describes the quote between the expanded foam and the liquid.
Threemain types of foam are defined; low expansion foams prdeitig operation rangenedium
expansion foams consist small bubbles of good quality and high expandoams are very dry with
low water cotent. Generally, a high expansifwam provides a more efficient extinguishing effect
and a lower rate of application is needBdrsson, 20055ardqvist, 2006 The different types of
foams are summarizeéd tablel. Asshown in the table, low expansibams aralivided into wet,
fluid and stiffor dry foams and these are very often generated by-8§AkmsData for medium and
high expansion foams haveén deleted in the 2011 editidrhe opinionis that foam types with
expansion rates exceeding 50:1 have not been evaluated and ttzaefiredpably of ittle operational
effectivenesg§NFPA, 2011) Data from earlier editions are presented due to the knowlefdge for
medium and high expanded foamsSweden

10
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Table 1. Different types of foams and their characteristics. Revised from NFPA 1145, table 4.3.2 (NFPA, 2006) (NFPA,
2011)
Foam Type
Low Expansion Medium Expansion High Expansion
. Stiff or
i Wet Fluid
Expansion Dry 20-200 200-1000
1-5 5-10 10-20
. Watery shaving Dry or stiff Dry foam, medium to Very dry foam,
ComeEmey e, Sy lather, sloppy lather large bubbles large bubbles
Non-aspirating, irati Large screened  High-expansion
Generator aspirating, Asgar\;a:tg 9 CAFS g g P
CAFS foam tubes generator
Y Direct or indirect attack Exposure protection,
E _ : : Fill voids
Usage Penetration ) XpOsUreé — planketing, fill voids,
Overhaul ! z protection, and spaces
blanketing overhaul

4.2 Foam generation

The amount of foam detergent required varies dependant on whether lagsaA@r Class B fire

and, on which type of foam generation system is UsadClass A fires, a common percentage of

foam concentrates range from 0.1 % to 1.0 % while 3.0 % is often recommended for Class B fires. For
fires in polar fuels, up to 6 % mixgnof alcohol resistant foam concentrate can be req(@&diqvist,

2006) Studied literature and product specifications shows that&§Afems generally uses less

amount of fam concentrate, normally 686 %, up to 1.0 %, foboth Class Aand Class B fire
applicationgPersson, 2005§Zhang, et al., 2011§Nordic Fire & Rescue Service, 2012)

Foam concentrate can be mixed with water byous types of pumps and injectors. Mechanical

pumps use the water flow to control the foanusoh proportion, electronipumps are controlled by a
computer and the foam concentrate proportion is independent of the water flow. The mixing can also
be reglated by an injector using the venturi principle to control the mixing. Mixing with an injector is
flow controlled.

Most nozzle aspirated foam systems (NAFS) use some kind of mechanical pump or injectors for
mixing while compressed air foam systems (CAES) electronically controlled mixing. Many of the
mechanical pumps construction dot allow the operator to shutfahe water flow, this results in an
incorrect mixing ratio of foam concentrate and water.

To produce expanded foam from foam solutionnai&d to be mixed with the solution. The technique
of the mixing process is the most obvidlifference between NAFS and CAFS.

4.2.1 Nozzle Aspirated Foam Systems (NAFS)

Due to the construain of the nozzle, air is abte entrain in the nozzle. The solutiomdethe entrained

air then pasthrough a fine mesh where expanded foam is prodwesfigure 4. The generated foam
type (medium or low expanded) depends on the construction of the nozzle. A low expansion nozzle
allows less aird be entrained than a medium expansion foam nozzle.

11
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Figure 4. The principle of a medium expansion foam nozzle . With permission from S. Sardqvist  (Sardqvist, 2006)

The NAFRsystems are flow dependenea though the lovexpansion nozzles are notfasv

dependent as the medium expansion nozzles. The systems are highly sensitive to hose line kinks or if
the nozzle is unintentionally covered &n object that prevents air frdming entrained. This change

the foam solution and aiatio, whichchanges the foam expansion rafibe operatorange for nozzle
aspirated medium expansion foam$ is10 m(Sardqvist, 2006)The NAFS equipment is cheap and
requires almost no extreatning for the operator&arringer, 2009)

4.2.2 Compressed Air Foam Systems (CAFS)

CAF-systems do not use tsametechniqueasaspirated nozzles. Instead, the air is supplied from a
compressor or bottles with compressed air. ddhdition of the air takes places before the hosedlimte

the hose line often serves as the mixing chamber. The foam solution is homogeneously mixed and gets
a more consistent structure due to the rough interior hose (@argnger, 2009) Since air is already

mixed into the unexpanded foam, friction loss is reduced when forced through the h{Bmlaks,

2012) The mixing process is not fledepement which makes a narontinuousapplication pssible.

Recommended nozzles are smelotine nozzles or open ball valvg&rdqvist, 2006)If ordinary fog
nozzles are used, the foam structure erupts and the foam expansion ratio changes which creates a
wetter foam. It is als recommended to use a nozzle with the same diameter as the hose line and that
the hose line is rigiPersson, 2005)

The foam generated by CAFS is generated at higher system pressure than NAFS and shisaesult
larger anount of smaller bubble@ afreshi, et al., 1998Foam consisting of small bubbles is more
stable than foam consisting of large bubl§&&rdqgvist, 2006thereforeit adheres better to vertical
surfaces(Tafreshi, et al., 1998Ftablefoamdegradeslower The compressor also adds energy to the
foam which extends the operator raifgjaylor, 1997)

4.3 Extinguishing mechanisms

The theory behinéxtinguishing fires is well documented. Extinguishment of a fire is achieved when
combustion is interrupted. Combustion can be simplified as a chemical reaction where flammable
gases react with oxygen to form carbon dioxide, water and energy. Energagedefrom the

combustion process in the form of haatl emitted lightin order for the combustion to continue, the
heat release rate must be enough to heat the combustible material while suffering from losses due to
factors such as radiation from tharfle and incomplete combusti(®érdqvist, 2006)

When the heat losses become greater than the heat released, the combustion stops and thus the fire is
extinguishedthis effect is thermal and the most common reason for finegexshmentA few select
extinguishing agents also affect the free radicals, which are produced as an intermediate step in the
combustion process; this effect is chemical and referred to as inhit8todqvist, 2006)

12
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When @me form of extinguishing agent is applied to a fire, the energy losses increase as the agent is
heated; if enough of the agent is applied the fire is extinguished. Two main forms of extinguishing
mechanisms are used, surface cooling and gas phase inter8cirface cooling is intended to lower

the temperature of the oxidizing material, decreasing the rate of pyrolysis and thus decreasing the
supply of flammable gases. When the extinguishing agent is heated within the flame, the gaseous
phase of the comistion is affected and the reaction rate is decre¢&@dlqvist, 2006)

4.3.1 Extinguishing mechanisms of CAFS

Compressed air foam is essentially a mix of water and air, with the addition of a foamin hgent.
main extinguishing aant of CAFis water therefore it is important to understand how water performs
as an extinguishing agent and how the bubble structure of the foam impacts this perf¢fiagoce
1997)

Water alone is a good extinguishing agdue to its high thermal inertia and heat of vaporization,

which enables it to efficiently absorb heat. The high surface tension of water however causes some
unwanted effects when absorbing heat from the surroundings. The surface tension causes water to
form relatively large droplets that tend to roll off surfaces. Larger droplets cause the total water surface
in contact with the hot surroundings to decrease, thus limiting its efficiency. The surface tension also
limits the penetration of water into difnt materials and substan¢@&aylor, 1997)

Many different approaches exist to make water a more efficient extinguishing agent, several of them
focus on increasing the contact area with the hot surroundings; mainly by pigpdo@ller droplets,

by increasing water pressure and altethnozzleswhich disperse¢he water Adding some form of

agent to increase the penetrating capabilitiedsiscommon.

To achieve an optimal effiarey the water droplets must be very smabize different reports state
that theoptimal dameteris reach between 2501000 pm. The problem with droplets this small is that
they tend to vaporize in the fire pluraed never reach the fire its€faylor, 1997)

WhenCAF is produced using al&s A foam, the surface tension is lowered, thus negating the droplet
build-up and increasing the penetrating ability. The low surface tension of the water allows air bubbles
to form within the foam, separated by very thin laydre/ater. This bubble strtre is an important

part ofextinguishing mechanisms of CAFaylor, 1997)

CAF consiss of a large number of small bubbles, these néignnange from 300G 1200pm and the

bubbles may vary in siagithin the same foarirafreshi, et al., 1998When the foam is subjected to

heat, the air within the bubbles expands, causing the bubbles to pop. When a bubble pops the water is
fractioned into extremely small particles that eated and vaporize almost instantly. This

mechanism also allows the foam to transport water close to the fire source without it vaporizing on its
way there, but still retains small and effective droplets. Another advantage that the foam structure
holdsover plain water is that it is able &aolhereo vertical surfaces, staying in place and releasing
moisture as the foam diminish@aylor, 1997) (Tafreshi, et al., 1998fMadrzykowski & Stroup,

1998)

In addition to providing efficient cooling, due to the properties mentioned above, CAF has a number
of favorable qualities. It serves as a good insulator from both radiation and convection, due to the
mixture of air andvaterwithin thebubbles and its reflecting and scattering prope(fiefreshi, et al.,
1998) The thermal diffusivity ogir, CAF and water are displayed belowable 2 A materialwith

large thermal diffusivity obtains temperature rises faster in the material than materials with low
thermal diffusivity. The thermal diffusivity of CAF is higher than water but on the other hand it

13
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adheres better to surfaces with a thicker laybisis beneficial when a surface needs fire exposure
protection but also when a hot surface is covered to prévienin releasingheat to its environment.

It is also documented to prevent the release of flammable vapors and even interrupting the chemical
chain reactiorthrough inhibition(Taylor, 1997)

Table 2. Thermal diffusivity of air, CAF and Water

Thermal diffusivity [n/s]
Air (Drysdale, 1998) 2.2*10°

CAF (Tafreshi, et al., 1998) 5%10°7
Water* (Kodur & Harmathy, 2002) 1.45*10"

! See Appendix B for the complete calculation.
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5 Firefighting systems used in the experiments

Different types of systems were used in the experimentssy¢mso perform the etual tests and
high pressure water mist systeror the conducted comparisofhe operatingechniques differ
between the systems and are also briefly described.

5.1 CAFS
Two different CAFsystems wre used, one for the experiments at Revinge and one for the
experiments in Skdvde.

5.1.1 CAFS used at Revinge

The CAFS used in thRevingeexperiments was a One Se@esystem provided by Nordic Fire &
Rescue Service (NFRS). The model OS100 T is a mobile solution, in this case installed on a
trailer as shown ifigure>5.

Figure 5. One Seven® CAFS C1-100 T mounted on a trailer

A centrifugal pump generates a maximum water flow of 570 I/min at 8 bar pressure and the air

compressor supplies the system with a maximurfiav of 2100 I/min at 8 bar pressure. However,

the system only uses ethird of the air flow. This model has the capability to provide CAF from a

1.50 outlet with a theoretical water flow of 140
froman additional outlet. The CAFS wunit can provic
mixture ratio 1:5.5 (waterfoamoncentrate: air) respectively Adry
theoretical expansion rataf the foamat 1 bar pressure rangeerfr 6.5 to 15. The mixing ratio of

foam concentrate can be adjusted depending on which type of foam concentrate (Class A or Class B)

is being used.

The flow provided by the system was measured prior to the experiments using calibration equipment.
The resuls from the measurements are presentéahile3. The measured flows are lower than the
theoretical partly due to the difference in water flow but mainly due to friction losses in the hose line.

15
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Table 3. Results from provided flo w measurements of the CAFS

Theoretical value Measured value

Air, pressure [bar] 8 7.835

Water flow, dry foam [I/min] 60 54

Water flow, wet foam [I/min] 140 132

Air flow, dry foam [I/min] 720 570 (approximately)
Air flow, wet foam [I/min] 770 700 (approximately)
Expanded dry foam [I/min] 710 624

Expanded wet foam [I/min] 910 832

A 38 mm (1.50) rigid hos e-boleinozae wasrused, déguibe6.Mheet i on  wi
hose line wasompktelyextendedo its full length of50 m at all timeClass A foam with the

concentration 0.3 % was used in the experiments. Thesyafems operated from a panel and the

change from dry to wet foam é&hieved by pushing button. The mixing of air, wer and foam

concentrate are default settings which ensures a correcEigixe 7 shows the operator panel and the

reel for hose line storage.

Figure 6. The One Seven ® nozzle used in the experiments.
The attached lip was not used

16
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one seven

Figure 7. Control panel for the One Seven® CAF-system mounted with the hose line reel

The system builds upressuravhen the nozzle is closethis causes an extflow spikewhen the

nozzle is opergtagain andhe operator gains extra range. The enhanced ¢lowd be used for long

range application but from short distance, the foam is smashed to the surface and the foam structure
erupts. The steady state flow is smooth antbat without recoilFigure81 11 showboth the spike

and the steady state flow forydand wet CAFAs noticed in the figures, the differences in operational
range between dry and wet CAF are small even though the wet CAfa$lud which facilitates a

quicke application rate per area.

17
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Figure 8. Flow spike with dry CAF

Figure 9. Steady flow with dry CAF

18
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Figure 10. Flow spike with wet CAF

Figure 11. Steady flow with wet CAF

The generated foam ghown infigure 127 13 and axan beseen the foam attagseasieron rough
surfaces than osmooth surfaces such as nielry foam also attaches better than wet foam.
However, both types of foam attach better than water which jusbfiiDry CAF generates a thicker
layer of foam than wet CAF.
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Figure 12. CAF during coating. Dry foam to the left ~ and wet foam to the right

Figure 13. Wet CAF on both a rough and a smooth surface
a couple of minutes after coating

20



Investigation on the gas -cooling effects of CAFS |

5.1.2 CAFS used in Skovde

For the fullscaleexperiments in Skdvde, also a One S&egstem provided by Nordic Er&

Rescue Service wased. This system, an OS-Q@00 BR was mounteth a Ford550 Super Dutys

shown infigureld. ltcanpr¢/ i de bot h wet and dry i@thdfroftandm t wo 1
one in the rearTheOS C1200BR is verysimilarto the previous described system and the only main
differences are the number of CAdlatlets and that the Ford mounted system has a flow measuring

device installed. The system was adjusted to provide 122 I/min of watatderto beassimilar as

possibleto the system used at Revingée control panel and the flow measuring device are shown in

figure 15 below.The flow is presented itable4 below and is based on the measured wéder &nd

the mixture ratio of water and air (1:5.5 for wet foam). Class A foam with a concentration of 0.3 %

was usedn this experiment as well ggevious;also the same type of nozzle was udeglife6). To

be able to rach thdfire from the vehicle 10hhoseof38m ( 1. 50) di amet er was r
rubber lined textile hoses were connected between the pump and the ordinary 50 m rigid hose.

Figure 14. One Seven ® CAFS OS C1-200 BR mounted in a Ford 550 Super Duty

Figure 15. Control panel for the One Seven® CAF-system mounted with the hose line reel
The flow measuring device in stand  -by to the right

Table 4. Flow of the CAFS OS C1 -200S

Flow [I/min]
Water flow, wet foam 122

Expanded wet foam 793
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5.2 High pressure water mist system
Two different high pressure water nmsyistems were used, one for the experiments at Revinge and one
for the experiments in Skovde.

5.2.1 High pressure water mist system used  at Revinge

For the two water experiments, a high pressure water mist system was used. This system operates with
38 bars pressure at the pump, the pressure at the nozzle is reduced to approximately 18 bars due to
friction losses. The system produces watest and the flow from the nozzle was measured to 107

[/min.

The hose | ine diameter is 18 mm (3/40) and the
completely extended duririge experimentdzigure16 shows the syem and the nozzle.

Figure 16. High pressure water mist system mounted in the truck and the nozzle. Note the design of the tip which ,
combined with the high water pressure , generates the water mist

Water isnot a compressible fid so when the nozzle is clostte pressure does not build Wipstead a
relief valve is openednd the flow from the nozzle is almost constdihis does not cause that extra
flow spike that CAFS obtain armbmpared to the CAF flow spike the range ofratiag is

significantly shorterThe effectiverange is about the same for the water mist system and the CAFS
when it has obtained a steady flow.

The spray pttern is similar to a traditional nozzle generatirfine atomized watanist; this can be
seeninfigure17. Thenozzleusedis not a commercial product but it is installed on one of the fire
trucksatSwedi sh Ci vi l Contingencies Agencyodsand MSB) t
is therefor usedin these experimés
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Figure 17. Flow and spray pattern of the high pressure water mist system

5.2.2 High pressure water mist system used in Skdvde

The high pressure water mist system used in Skdvde is similar to the one used at Revinge. It operates
with a pump pressure of #@rsand the pressure at the nozzle was measuredhar@Ihe hose line

is 80 m |l ong and the di amet er wasmeds&edorh03(/Bid 4 0)
and is shown ifiigure 18 togethe with the pressure gauge.

Also, like the other system this does not create the flow spike that is obtained with CAFS and the
spray patterns are similar to each other.

Figure 18. The high pres sure water mist system mounted o  n th e truck. The picture to the right shows the nozzle and
the pressure gauge device . Photo: Par Hagbohm
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5.3 Firefighting tactics

When operating the two extinguishing systems, different tactic and techaiguesjuired. The more
powerful CAFstream enables anger range which allows application from a safer distdnc#er
away from the fire.

The commonly used tactic when using CAFS is to start the application of CAF from a distance as far
away from the fire as possible, often through a window when figktingtural fires. The ceiling is

coated from the outside and if there are several windows, application through numerous of them are
preferred. The firefighters then proceed indoors to extinguish the fire. On their way towards the fire
compartment, the fifighters coat the ceiling and walls to prevent ignition and therebyesibeir

route of retreat.

Due to the shorter range of the water stream when extinguishing fires in traditional meaning by gas
cooling with an atomized water stream, external exisigng is seldom an alternative. The
firefightersinsteadenter the compartment and cool the hot gases on their way towards the fire
compartment to be able to extinguish the fire.
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6 Gas-cooling e xperiments
Thefollowing chaptempresentbjectivessetupand details regarding the conducted experimexits
Revinge

6.1 Experimental objectives

Thefirst set ofexperiments conducted in this report intetmlsompare the gasooling effects of
compressed air foato those ofvater. Several experiments were condutteginsure repeatable

results and to form a good base for analylli® overall objective for the experiments is to study the
temperature change in a hot gas layer when CAF is applied to the hot surfaces of the compartment.
The CAF is applied both as wetdm and dry foam in an attempt to quantify thegasing effects;

finally these results are comparedhe effects of water.

6.2 Experimental setup

The testing compart meenercisdbusldingd i(sb rtalmed °svan i cnaglslheuds eft f
Swedish Giil Contin g e n ¢ i e s (MBR) amioggroundsn Revingeoutside Lund The Afir e
exercisebuildng i s a three story building with three co
floor structure of the building consists of prefabricated con@iates and the walls acenstructed

using15 cm thickleca blockscoveredby afire resistant finiston the inside T h eexefcibei r e

buildingd i s sfigurewQtbelawn

1, Y R

Figure 19. The "fire exerc ise building " at MSBs training grounds in Revinge
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The testing compartmeitt located on the second floor atwhsists of three rooms joined together by
door openings. The cqmartment is connected to the stall by a singé door. During the
experiments &ldoorsand windowdeading to the outsglwereclosed except for the door to the
stairwell. The door on thiérst floor of the stairwell waslso openproviding the solénflow of air.

In the experiments a heptane fire was lit in the middle room afdimpartmet. The poodiameter
was 0.8m and a loading cell was placed below. @atas poured into the poi smooth out the
bottom. For every expenent, 20 | of heptane was uké heheat releaseate wascalculated to
approximately MW, see AppendiB for complete calculationgfter extinguistment the pool was
re-ignitedbefore the next experiment so that thdieaheptane burnt oub ensure thagvery
experimenstarted with exatt 20 | of heptaneThe sition of the heptane pors shown infigure 22.
SeveraltypeK thermocouples wenglaced in all three roonas well asn the stairwell Four
thermocouple trees (TCTs) waused, with four thermocouples inaketree. Three thermocouples
wereplaced in the stairwelltalifferent heights, but with the same positioningegard to the inner
walls. Therefore this is also considered a TCT in the following figures. Single thermocouples were
placed in the first and middle rooms of the fire compartment; two directly betoeetling and two
on the walls.

The thermocouples placed on the walkse held in place by a heat resistant seafagie 20) and

serval as a way to determine when the extinguishing agastoeen applied. When these whatdoy

either CAF or water a distinct drop in temperature marks the beginning of the application in the room.
Theexactplacement of the thermocouples and measurements of the compartment are $hopwa in

217 23 below.The height of each individual thermocoupl@issentedhn table5.

Figure 20. Thermocouple attached to the wall by a heat resistant sealant

(cm)

Room height: 240

120x200
Stairwell height: 1200

I 90x195

120x200

Figure 21. Compartmen t with measurements, view from above
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(cm)

S - Heptane fire placement
X - Thermocouple tree

o - Single thermocouple

Figure 22. Placement of the thermocouples  and the heptane pool inside the compartment, view from above

RRES - Heptane fire placement
X - Thermocouple (part of a TCT)

o - Single thermocouple

X2d X3d

X2c X3c

X2b X3b

X2a X3a

Figure 23. "Fire exercise building" with thermocouple  placement , view from the side
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Table 5. Height above 2nd floor for each individual thermocouple

Thermocouple§) Height above 2nd floor [cm

X1l4a 25

X1-4b 95

X1-4c 165
X1-4d 195
X5a 100
X5b 410
X5¢c 720
ol 210
02 240
03 240
o4 210

The experiments were also recorddth aninfrared camera to provide thermal images of the
experiments and the application

6.2.1 Experimental conditions

The experiments were conductied three days during ongeekin late Augustthe wegherthese
days shifted as shown fable 3although the temperature was around@®n all threedays. The
winds were weak, from dead calm to almost no wind at all.

Table 6. Weather during the experiments

Day Weather

1 Sunny
2 Fog in the morning, sunny in the afterno
3 Rainy

After every conducted experiment, doors and windows were opened and the building was ventilated
by a positive pressure ventilator (Pfan). The wallmounted thermocouples in the fire compartment
recorced temperatures around 90 after an experiment. The ventilation was allowed to proceed until
the temperature had dropped to aboutC@Qthis took about one hour. Overnigihe temperature

dropped to approximate$0 °C.
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6.3 Experimental procedure

In eat of the experiments tempéuees within the compartment wenecorded for at least one minute
prior to ignition. When the heptane fire whisthe time of ignition was recorded. The fire waltowed

to burn for seven minutes without interaction.

At sevenminutes after the ignition a firefighter, positioned in the stairnagibliedthe extinguishing
agent of choice through tlimor for a predetermined period of timeanging from I 5 secondsHe
then proceedetb enter the first room and applidte etinguishing agent through the second doorway
into the middle roomThe route of attack is shown figure 24 below.

B - Heptane fire placement

@ - Position of firefighter

mm mm - Aftack route

Figure 24. Positioning and movement of the firefighter in the compartment

The applicabn method differs etween water and CAF. The CAF wasplied to the hot surfaces of

the compartment, in these experiments mainly to the ceiling and opposinfjavatisure a steady

flow of foam, the CAFS nozzle was opened and foamallas/ed to flow freely down the stairwell

for a few seonds. Once the pressure spike was negated and a steady flow was reached, the firefighter
beganto applythe foam. During the movement inside tieempartment, the nozzle remained open but
wasaimed towards the floor.

Thewaterspray nozzlen the other handoes not need to be operiacdvancetherefore the
application couldtart at onceThe waterwasapplied with a sweeping motion, intended to cover a
large volume of hot gases within the compartmatiter tharcoveing the hot surfacs, since this is
the traditional gasooling technique Noneof the extinguishing agents weaiamedtowards the
heptane fire that weanot supposed to be affed directly. The firefighter vginstructed to start the
application by hittig the thermocouples placed on the opposing walls, to enable atdistiding
when the application veastarted.

When the application of the extinguishing aj@as completed, the firefighter staginside the
compartment to visually observe the effeatd the temperatures werecorded for another seven
minutes.Furthermore the firefighter afying the extinguishing agent waccompanied by a second
firefighter who was equipped with an infreed camera to document the experiments.

Table7 shows in which order and on whatydthe experiments were performeddalsothe type and
amount of extinguishing ageansed The application time washosen on estimatisof how long
would be reasonable, just enough to have an impact bgonsttort that it would be difficult to apply
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the predetermined application time. The application time varies with the extinguishing agent but the
application times were chosen to obtain as similar amounts of asaprssible.

Table 7. Overview of the experiments and  extinguishing agent used

Extinguishing Application time No. of coated Amount of water used for
agent [s] rooms extinguishing [l]

Experiment Day

2 1 Wet foam 2 2 44+44

4 1 Wet foam 4 2 8.8 +8.8

6 Wet foam 2 44+44

8 2 Dry foam 5 2 45+45

10 2 Dry foam 5 1 0+45

12 3 Water 1 2 18+18
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7 Results from the gas -cooling experiments

Results and observations from each ofghecoolingexperiments are listed below, together with
selecedgraphs and footage. A summary of all the experiments is given at the end of this chapter. All
of the data olatined from the experiments is presented in its entirefyppendix A.

7.1 Individual experiments

Some of the results are consistent throughout the entire series of experiments, the thermocouple trees
X1 and X5 show virtually no effect from the applicatioregfinguishing agents and are therefore not
included in the detailed analysis in this chapter. All the fire scenarios eventually become under
ventilated. This canéobserved in the temperatiime graphs provided in the following chapter,

however differenes in temperature do exist between the different experiments, hence the curves are
displayed for every single experiment.

To quantify the fluctuations in temperature during the experiments, graphs are included to show the

rate of change in temperatureaafinction of time. The rate of change in temperature shows the

increase or decrease rate between the different measuring points, since the measuring device records

the temperature every second this gives an approximated first derivative of the terepienataurve

withdXdl second. The AApplication startso marker wi
the thermocouples placed on the walls is hit by foam or water, therefore this time is not necessarily the
exactstartingtime of application.

Since the application @xtinguishing agent is performed by a person and not by a constructed rig,
some difference in application time and the covered surface is to be expected. Therefore thermal
images from the experiments are added to describe these differences and preitiete a b

understanding of the variabléghe dark areas in the images are cooler than the lighter areas, this
thereforeindicates where the extinguishing agent has hit the ceiling and walls and cooled the surfaces.
Due to a failure with the loading cell, natd could be recorded.
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7.1.1 Experiment 1. Wet foam, 2 second s application in both rooms.
The temperature as a function of time within the entire compartment is shéiguarg25 below.

600 Xla X1b Xl1c X1d X2a X2b
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Figure 25. Temperatu re as a function of time for all thermocouples in experiment 1

The maximum tempenate within the compartment peakatlabout 500C around 200 seconds after
ignition. After this peak th maximum temperature stabilizacbund 450 500°C for the remainder
of the experimenthis wa due to the under ventilated conditions of the cotmpart. The maximum
temperature weameasured from the X2d tineocouple of the X2 TCT, which wdocated closest to
the fire.

Application of the wet foam started approximaty 420 sscondsafter ignition.This showin figure
25above as the temperature drops in certain measuring points around this time. The measurements
from X2 shovedthat thefire in this experiment remainédrgely unaffected by thapplication of wet

foam within the compartment, since no significant fluctuatiorierimperature near the ficecurred

The gascooling effect of the wet foam was shown in TCT X3 and R#etemperature as a function
of time for these thermocouples,asll as the rate of change in temperatureshavn infigure 261
29 below.
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Figure 26. Temperature as a function of time for X4, experiment 1
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Figure 27. Rate of change in temperature for X4, experiment 1
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Figure 28. Temperature as a function of time for X3, experiment 1
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Figure 29. Rate of change in temperature for X3, experiment 1
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As figures 26 and27 indicate, the temperature changes in the first room of the compdrnivhere the
TCT X4 is placed wer quite small. The largedecrease in temperature occurieX4c where the
temperature droppeatkarly 15 °C at a rate of almo&t °C/s, whereas the other measg points of
this TCT remainedhrgely unaffected throughout the application offibeem. The effects of the foam
were much more distinct in the rooof the fire where the X3 TCT walacedFigures 28 and29
showthat the application hagbod effect on the thermocouple X3d closest éod#iling. The
temperature droppdaly 150 °C with a maximum drop rate @fughly-50 °C/s, while X3¢ shovwgka
more modest drop in temperature of about 30 °C with a maximum rate of +i€ary/s. The exact
temperature differences and maximum rates of change in temperature are stada8ibelow.

Table 8. Temperature difference and maximum rate of change in temperature, experiment 1

TC Temp. Difference [°C] Time [s] Max. rate of change in temperature [°C

X4d -8.3 14.8 -1.5
X4c -14.6 6 -2.8
X4b 54 7.3 2.2
X4a 4.9 3 2.6
X3d -162.2 4.5 -51.6
X3c -21.6 3.1 -8.2
X3b 61.5 10.5 8.6
X3a 11.6 4.6 2.0

The foam was applied for 2 seconds in both rooms. In the secondt was applied to the ceiling
and the wall in direct vicinity of the TCT. The foam applied to the wall is shown as the danker gre
areas within the red ellipse figure 30 below; the TCT is illustrated as a black dotted line.

Figure 30. Thermal image showing the foam applied to the wall of room 2,
experiment 1
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7.1.2 Experiment 2: We t foam, 2 second s application in both rooms.
The temperature as a function of time within the entire compartment is shéiguarg31 below.
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Figure 31. Temperature as a function of time for all thermoco  uples in experiment 2

The maximum tempenate within the compartment peakatlalmost75°C around 200 seconds after
ignition. After this pak the maximum temperature dropped finctuatal between 300 400°C for

the renainder of the experiment, this sdue to the under ventilated conditions of the cotnpent.
The maximum temperature waneasured from the X2d timeocouple of the X2 TCT, which wsa
located closest to the fire.

Application of the wet foam started approximately 450esondsafter ignition. This shows ifigure

31 above as the temperature drops quite significantly around this time. The measurements from X2
showedthat the fire in this experiment wanffected by the application of wet foam within the second
room;at the time of application the tempena close to the fire increassttadily for 40 secongs
indicating that the fire gainestrength. During this period of time the foam appliethtowalls and

ceiling vaporizednore rapidly, causing a large decreamstemperature inside tha@gre compartment

and the fire wa almost extiguished. However the fire gained strength once again; vapohie bt
remaining foam and causadother dropn temperature before the fire svallowed to grow, once

again stabiliing at around 350 400°C.

The gascooling effect of the wet foam, without the effect on the fire, is shown in TCT X3 and X4.
The temperature as a function of time for these thermocouples, as well as the rate of change in
temperaturgis shown infigure 327 35below.
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Figure 32. Temperature as a function of time for X4, experiment 2
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Figure 33. Rate of change in temperature as a function of time for X 4, experiment 2
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Figure 34. Temperature as a function of time for X3, experiment 2
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Figure 35. Rate of change in temperature as a function of time, experiment 2

As figures 32 and33indicate, the temperature droppaaticeably in the upper part of the first room,
while the temperature actually increasadhe lower pag. The decrease in temperatures\gaite

similar for both X4c andd, where théempeature droppedoughly 20 °C. As for the increase in
temperature in the lower parts, it walightly lower closer to the floor. The exact temperature changes
are shown inable9 below.
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The effects of the foam we larger in the rom of the fire where the X3 TCT is placédgures 34 and
35 show that the application héettereffecton the thermocouple X3c tharBd. The temperature in
X3c droppedalmost 100 °C with a maximum droate of bughly-60 °C/s, while X3d dropped
roughly 50 °C witha maximum drop ratef nearly-15 °C/s. As in the first room the temperature
increasedn the lower part of the room, the exact temperature differences and maximum rates of
change in temperataiare shown itable9 below.

Table 9. Temperature difference and maximum rate of change in temperature, experiment 2

TC Temp. Difference [°C] Time [s] Max. rate of change in temperature [°C

X4d -26.8 6.6 -6.6
X4c -18.3 6.6 -4.2
X4b 16.8 54 5.3
X4a 6.6 2.6 2.6
X3d -55.6 8.3 -13.8
X3c -94.4 4.0 -59.2
X3b 38.2 6.4 9.8
X3a 6 3.7 2.0

By examining the thermal images from the experiment it was found that foam was applied for 3
seconds in théirst room and 4 seconds in the second; both to the ceiling and the wall in direct vicinity
of the TCT. The foam applied to the ceiling and walls in the second room is shown as the black areas
in figure 36 below; the TCT is illusated as a black dotted line.

Figure 36. Thermal image showing the foam covered surfaces behind the
TCT X3, experiment 2
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7.1.3 Experiment 3: Wet foam, 4 second s application in both rooms.
The temperature as a function of time wittlie entire compartment is shownfigure 37 below.
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Figure 37. Temperature as a function of time for all thermocouples in experiment 3

The maximum tempenate within the compartment peakatabout 550C almost 200 seconds after
ignition. After this peak the maximum temperature @gextto fluctuate between 300400°C until
thestart of the application, this walue to the under ventilated conditions of the compartment. The
maximumtemperature wameasted from the X2d thermocouple of the X2 TCT.

Application of the wet foam startegbproximately 80 sscondsafter ignition. This shows ifigure 37
above as the temperature drops significantly around this time. The measurenmeix2 low tlat

the fire in this experiment vgaaffected quite heavily by the application of wet foam within the second
room; at the time of application the temperaturselm the fire immediately dropped, indicating that
the fire wa affected ath weakend. When the fire startegkowing again the foam appliedtiee walls

and ceiling vaporizedhore rapidly, causing a large decrease in temperature insidetittee e
compartment and the fire waompletely extinguished.

The gascooling effectof the wet foanwas shown in TCT X3 and X4. However the immediate effect
on the fire shows in X3, causing problems to distinguish between thmgkisg effects and the effect
of the decreased intensity of the fire. The temperature as a function of time for theseahete®; as
well as the rate of change in temperature is shoviguimes 387 41 below.
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Figure 38. Temperature as a function of time for X4, experiment 3
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Figure 39. Rate of change in temperature as a function of time for X4, experiment 3
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Figure 40. Temperature as a function of time for X3, experiment 3
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Figure 41. Rate of change in temperature as a  function of time for X3, experiment 3

As figures 38 and39 indicate, the temperature droppeaticeablyin the three thermocouples B4 c

andi din the first room, while the temperatuenmainecconstanin X4a. The decrease in temperature
was quite similar for both X4c ati d, where the temperature droppedghly 20 °C. As for the

decease in temperature in X4b, it s\ almost instant drop of about 40 °C, whiclswaost likely

caused by a small amouritfoam hitting the thermocouple. The exact temperature changes are shown
in table10 below.
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The effects of the foam look different in the fire rodfigures 40 and41 shows that theapplication

initially decreasedhe temperaturenithe two top thermocouples ¥&ndi c. Roughly eight seconds

later the rate of decrease in f@gnature significantly increased and X3bsvedso greatly affected. This
indicates that the initial effegtas the gagooling effect othe foam, and that the latter effectava

caused by the fire decreasing in strength and eventually being extinguished. Therefore only the initial
effect is taken into account in the following analysis. The exact temperéferertes and maximum

rates of change in temperature are shownalite 10 below.

Table 10. Temperature difference and maximum rate of change in temperature, experiment 3

TC Temp. Difference [°C] Time [s] Max. rate of change in temperature [°C

X4d -19.7 8.0 -4.6
X4c -25.4 8.0 -4.4
X4b -41.0 2.7 -20.6
X4a - - -
X3d -23.2 8.3 -8.0
X3c -22.6 4.0 -8.8
X3b - - -
X3a 4.5 5.5 1.8

By examining the thermal images from the experiment it wasifthet foam was applied for 4

seconds in the first room and 7 seconds in the second. The images also reveal that some of the foam
applied inthe first room actually bounced of the doorframe, which catsetbam to spread out and
mostly hit the opposing all. Figure42 below shows the stream of foam (black) bounciffgre

doorframe before entering the first room.

Figure 42. Shows the stream of foam (black) bouncing o ff the doorframe
in experiment 3

In the second room, foam wapplied both to the ceiling and the wall in direct vicinity of the TCT.
The foam in the second room is shown as the dark grey/black af@as@®3 below; the TCT is
illustrated as a black dotted line
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Figure 43. Thermal image showing the foam applied to the ceiling and
walls of the second room in experiment 3
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7.1.4 Experiment 4. Wet foam, 4 second s application in both rooms.
The temperature as a function of time within thererdompartment is shown figure 44 below.
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Figure 44. Temperature as a function of time for all thermocouples in experiment 4

The maximum tempenate within the compartment peakatlalmost 600C neary 200 seconds after
ignition. After this pak the maximum temperature dropplxivn to between 350400°C by thestart

of the application, this veadue to the under ventilated conditions of the compartment. The maximum
temperature wameasured from the X2hermocouple of the X2 TCT.

Application of the wet foam started approximately 450esondsafter ignition. Thiscan be seem
figure44 above as the temperature drops significantly around this time. The measurements from X2
show that the fire in this experiment wanly slightly affected by the application in the second room;
at the time of application the tempenat close to the fire only droppé@ °C, indicating that the fire

was not significantly weakened. However a mdiginct peak in temperature followgdausing the

foam to vaporizetaan increased rate. The rapid vaporizatiofoafn causethe temperature in the

entire fire room to drop, vekening the fire. This process sveepeated omcmore, but this time the

fire was extinguished.

The gascooling effect of the foam is shown in TCT X3 and X4. The temperature as a function of time
for these thermocouples, as well as the rate of change in temperature is sfigunesds - 48
below.
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Figure 45. Temperature as a function of time for X4, experiment 4
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Figure 46. Rate of change in temperature as a function of time for X4, experiment 4
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Figure 47. Temperature as a function of time for X3, experiment 4
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Figure 48. Rate of change in temperature as a function of time for X3, experiment 4

As figures 45 and46 indicate there wa a slow and steady decrease in temperature in thspwo
thermocouples, both droppealighly 20 °C at similar rates. In th&o lower thermocouples there sva
no significant change in temperature. The exact temperature changes are siatweri irbelow.

The effects of the foam webigger in the fire room-igures 47 and48 showthat the application
decreasethe temperature significantly the two top thermocouples3¥ andi c.
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The X3d thermocouple showedgreater drop in temperature th&8c; hence the cooling effect wa
larger in the upper part of the room. The two lower thermocouples initiallyestennincrease in
temperature. HoweverahX3b thermocouple dropgdsignificantly in temperature after a few seconds.
Since tlis drop in temperature coincided with the diogX3c andi d, andno decrease in temperature
was showrtlose to the fire, this is interpreted as part of theogading effect. Therefore only thdrop

in temperature is displayed together with the exact temperature differences and maximum rates of
change in temperature iable11 below.

Table 11. Temperature difference and maximum rate of change in temperature, experiment 4

TC Temp. Difference [°C] Time [s] Max. rate of change in temperature [°C

X4d -17.2 13.7 -2.6
X4c -21.7 13.7 -3.7
X4b = = =
X4a - - -
X3d -78.5 6.8 -20.3
X3c -35.2 6.8 -7.0
X3b -27.3 5.3 -8.5
X3a 111 7.0 3.0

By examining the thermal images from the experiment it was found that foam was applied for 4
seconds in the first room and 5 seconds in thers® In the second room, foamsiapplied both to
the ceiling and the wall in direct vicinity of the TCT. Therfom the second room is shown as the
dark grey areas ifigure49 below; the TCT is illustrated as a black dotted line.

Figure 49. Thermal image showing the foam applied to the walls
of the second room in experiment 4
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7.1.5 Experiment 5: Wet foam, 4 second application in one room.
The temperature as a function of time within the entire compartment is shéiguargb0 below.
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Figure 50. Temperature as a fu nction of time for all the thermocouples in experiment 5

The maximum tempenate within the compartment peakatlalmost 600C about 190 seconds after
ignition. After this pak the maximum temperature droppeductuate between 350400°C until
theapplication started, this véadue to the under ventilated conditions of the cotmpert. The
maximum temperature waneasured from the X2d thermocouple of the X2 TCT.

Application of the wet foam started approximately 450esondsafter ignition. This showi figure
50above as the temperature droppaghificantly around this time. The measurements from X2 show
that the fire in this experiment waffected by the application in the second room; at the time of
application the teperature close to the fire dropp88 °C, indicating that the fire wasightly
weakened. However a more dist peak in temperatufellowed about 10 seconds after the
applicationwhich caugdthe foam to vaporize at an increased rate.r@pa vaporizabn of foam
causedhe temperature in the entire fire room to drop, and the fire to be extinguished.

Thegascooling effect of the foam vgamainly shown in TCT X3 Hta slight drop in temperature wa
also shown in X4. The temperature as a function of tonéhese thermocouples, as well as the rate of
change in temperature is showrfigures 531 54 below.
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Figure 51. Temperature as a function of time for X4, experiment 5
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Figure 52. Rate of change in temperature as a function of time for X4, experiment 5
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Figure 53. Temperature as a function of time for X3, experiment 5
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Figure 54. Rate of change int emperature as a function of time for X3, experiment 5

Figure51 and52 show a slight gasooling effect in the first room of the cgartment. The
temperature drop vgsslow butclear. The fire wa not sigificantly weakened by the application in the
second room, this is thought to be due to the application of fogrmwlite hot gas layer. X4b showed
a larger drop roughly 2€econds before the applicationsastarted; this is most likely due to the GAF
noz4e being openetbefore the firefighter proceeddarough the first room. The exact temperature
differences and maximum rates of chaage showrin temperature itable12 below.
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As figures 53 and54 show; the application caused a significant decréasemperature ithe three

top thermocouples X3dc ardib. The X3c andld thermocouples drgedto approximately the
same temperature. The X3b thermoceupitially recordedan increase in temperature thatsva
followed by a significant drop a few seconds later. Sinisedifop in temperature coincidedth the
drops in X3c andld, and ofy a small drop in temperature waecorded close to the fire, this is
interpreted as part tfie gascooling effect. Therefore only the drop in temperature is displayed
together with the exact temperature differences and maximum rates of change in tempeegdilare in
12 below.

Table 12. Temperatur e difference and maximum rate of change in temperature, experiment 5

TC Temp. Difference [°C] Time [s] Max. rate of change in temperature [°C

X4d -8.9 26.3 -0.8
X4c -10.4 19.5 -1.8
X4b 8.5 16.9 1.4
X4da - - -
X3d -44.1 6.5 -10.3
X3c -37.4 6.5 -8.1
X3b -22.0 5.2 -7.0
X3a 5.0 5.6 2.7

By examining the thermal images from the experiment it was found that foam was applied for 5
seconds in the second room. The foam was applied both to the ceiling and the wall in direct vicinity of
the TCT. Tke foam in the second room is shown as the dark grey/black afé@sr@bs below; the

TCT is illustrated as a black dotted line.

Figure 55. Thermal image showing the foam applied to the walls of the
second room in experiment 5
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7.1.6 Experiment 6: Wet foam, 2 second s application in both rooms.
The temperature as a function of time within the entire compartment is shéiguargb6 below.
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Figure 56. Temperature as a function of time for all thermocouples in experiment 6

The maximum tempenate within the compartment peak@dt above 500C about 190 seconds after
ignition. After this pak the maximum temperature dropplrivn to fluctuate between 30B50°C
until the application started, this walue to the under ventilated conditions of the cotnpeant. The
maximum temperature waneasured from the X2d thermocouple of the X2 TCT.

Application of the wet foam started approximately 420esondsafter igntion. Thiscan be seeim

figure 56 above as the temperature drops significantly around this time. The measurements from X2
show that the fire in this experiment waffected somewhat by the application in the second room; at
thetime of application the teperature close to the fire dropp2@°C, indicating that the fire vga

slightly weakened. However a more dist peak in temperature followexhly 5 seconds after the
application, causing the foam to vaporize at an asxzd rat. The rapid vaporization éam cause

the temperature in the entire fire room to drop, and the fireofpid intensity. This process wa

repeated another two times before thevies extinguished, thus causing the three temperature spikes
seen irfigure 56 after the application starts.

The gascooling effect of the foam is mainly shown in the X3 and X4 TCT. The temperature as a
function of time for these thermocouples, as well as the rate of change in temperature is shown in
figures5771 60 below.
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Figure 57. Temperature as a function of time for X4, experiment 6
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Figure 58. Rate of change in temperature as a function of t

ime for X4, experiment 6
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Figure 59. Temperature as a function of time for X3, experiment 6
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Figure 60. Rate of change in temperature as a function of time for X3, experiment 6

Figure57 and58 show a distinct drop in temperature in the upper parts of the first room. The
temperature in the thermocouple X4hhsest to the ceiling, decreasatth faster rate than X4c.
Furthermore the temperature droptte X4c thermocouple vgsslightly delayed compared to X4d.
The two lower thermocouples both reced@n increase in temperatureght after the application
started The exact temperature differences and maximum rates of change in tem@esasir@wnin
table13 below.
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As figures 59 and60 show; the application causedsignificant decrease in temperature in the two top
thermocouples X3d aricc. The temperature recorded by thecX8ermocaople droppeadnore than

the temperature in X3d and at a significantly higher rate. The X3&katietrmocouples recoedan
increase in temperature. The exact temperature differences and maximum rates of change in
temperaturere shownn table13 below.

Table 13. Temperature difference and maximum rate of change in temperature, experiment 6

TC Temp. Difference [°C] Time [s] Max. rate of change in temperature [°C

Xad -29,9 3,9 -11,7
X4c -13,7 10,6 -2,6
X4b 7,4 5,3 2
X4da 59 1,3 4.4
X3d -26,6 53 -8,4
X3¢ -61,8 1,2 -51,5
X3b 26,5 6,48 3,3
X3a 15,7 2,64 3,4

By examining the thermal images from the experiment it was found that foam was applied for 2
seconds in the first room antireost 3 seconds in the secamdm Nearly half of the applafoam in
the first room bouncedff the doorframe before hitting the opposing wall. This is showigine 42
from experiment 3. The foam was applied both to thengedind the wall in direct vicinity of the
TCT. The foam in the second room is shown asupiperdark grey areas ifigure 61 below, the lower
dark areas are ndmeated areas of the walhe TCT is illustrated as black dotted line.

Figure 61. Thermal image showing the foam applied to the walls of the
second room in experiment 6
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7.1.7 Experiment 7: Wet foam, 4 second application in the second room.
The temperature as a function of time witthe entire compartment is showrfigure 62 below.
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Figure 62. Temperature as a function of time for all thermocouples in experiment 7

The maximum tempenate within the compartment peakabund 550C about 18 seconds after
ignition. After this pak the maximum temperature droppedluctuateat around 300C until the
application startedhis was due to the under ventilated conditions of the compart. The maximum
temperature weameasured frorthe X2d thermocouple of the X2 TCT.

Application of the wet foam started approximatelyt30 sscondsafter ignition. This is shown in

figure 62 above as the temperature drops significantly in some thermocouples around thifigme. T
measurements from X2 showattthe fire in this experiment waffected somewhat by the application
in the second room; at the time of application thepenaiture close to the fire stayaldhost constant

for nearly 7 seconds and then dropgethe 30°C, indicating that the fire waslightly weakened.
However a peak in temperatui@lowed about 30 secorsdafter the application which causbe foam

to vaporize at an incread rate. The rapid vaporizationfohmcausedhe temperature in the entire
fire room to drop, and the fire taap in intensity. This process waepeated anoth three times

before the fire waextinguished, thus causing the four temperature spikes seguret2 following

the application.

Thegascoolingeffect of the foamd mainly shown in the X3 TCT, however X4 is also of interest in
this experiment. The temperature as a function of time for these thermocouples, as well as the rate of
change in temperature is showrfigures 63 - 66 below.
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Figure 63. Temperature as a function of time for X4, experiment 7
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Figure 64. Rate of change in temperature as a function of time for X4, experiment 7
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Figure 65. Temperature as a function of time for X3, experiment 7
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Figure 66. Rate of change in temperature for X3, experiment 7

Figures 63 and64 show no sigificant gascooling effect in the first room of the compartment. X4b
shows a larger drop roughly $@conds before the applicationsasiarted; this is most likely due to
the CAFRnozzle being opendakfore the firefighter proceedéaough the first roonSince there is no
significant effect, these values are not presentéabie 14 below.

59



| Results from the gas-cooling experiments

As figures 65 and66 show, the application caused significant decréasemperature ithe three top
thermocouples X@,7c andi b. The X3c thermocouple droppfd more in temperature compared to

X3d. The X3 thermocouple initially recordeah increase in temperature thatssfallowed by a

significant drop a fevgeconds later. Since this gravas almost linear and reduces the temperature by
nearly 60°C in a matter of seconds, it might be the result of a direct hit to the thermocouple. The exact
temperature differences and maximum rates of change in temperature are predahtetldielow.

Table 14. Temperature difference and maximum rate of change in temperature, experiment 7

TC Temp. Difference [°C] Time [s] Max. rate of change in temperature [°C

X3d -104.3 9.2 -25.6
X3c -40.1 10.5 -6.4
X3b -60.2 1.4 -43.7
X3a 20.7 5.3 9.1

By examining the thermal images from the experiment it was found that foam was apphied for
seconds in the fire room. The foam was applied both to the ceiling and the wall in direct vicinity of the
TCT. The f@am in the second room is shown as the dark grey/black arbBgsrm67 below; the TCT

is illustrated as a black dotted line.

Figure 67. Thermal image showing the foam applied to the walls of the
secon d room in experiment 7
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7.1.8 Experiment 8: Dry foam, 5 seconds application in both rooms.

The temperature as a function of time within the entire compartment is shéiguargB80 below.
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Figure 68. Temperatu re as a function of time for all thermocouples in experiment 8

The temperature within the compartment reached its maximum arouri@ 2®ut 150 seconds after
ignition. After this peak the maximum temperature dropped gradually to arouri€ 20Qil the

application started, this was due to the under ventilated conditions of the compartment. The maximum
temperatures were measured from the X2d point of the X2 TCT, which was located closest to the fire.

Application of the dry foam started approximately 480ands after ignition. This is shownfigure

68 above, indicated mostly by the X2d airddthermocouplegom X2 TCT and TC 01 and?oaround

this time. The measurements from X2 show that the fire entered a new period of gtewth af
application and peaked at nearly 375 °C. This period was bigger than earlier periods. No obvious
correlations between the application and theagading effects were noticed. The foam applied to the
walls and ceiling vaporized and caused a large dserm temperature inside the entire compartment.
The temperature dropped about 160 °C in 70 seconds. Adasage of the fire after about®5

seconds vaporized the remaining foam and the fire was completely extinguished. The vapafzati
foam was idicated by TC 03 anddowvhich showed a clear temperature increase at the same time as
the secondo last period respectively the last period of fire growth lasted.

The gascooling effect of the dry foam was shown in TCT X3 and X4. The temperature agiarfunc
of time for these thermocouples, as well as the rate of change in temperature is Stguvesi@9 i
72 below.

61



| Results from the gas-cooling experiments

250 e X4 a
X4b

e X4.C

200 v X4d

5) = /
5
©
(]
Q.
£ 100
()
-
50 \ - —
0

400 410 420 430 440 450 460 470 480 490 500
Time [s]

Figure 69. Temperature as a function of time for X4, experim  ent 8
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Figure 70. Rate of change in temperature as a function of time for X4, experiment 8
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Figure 71. Temperature as a function of time for X3, experiment 8
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Figure 72. Rate of change in temperature as a function of time for X3, experiment 8

As TC X4d and c infigure69 and70 show, the temperature decreased abolit2%°C in the upper

layer in the first room. X4b was probghiit with foam, which caused the fast decrease in
temperatureFigures 71 and72 show the temperature changes in the fire room. Some foam possibly

hit the thermocouple X3d. The temperature rise for X&s imterrupted by a short decrease in
temperature. X3b showed that the temperature closer to the floor started to decrease but an increasing
temperature soon replaced it. At about the same time as the application started, the fire began to grow
in strengthagain. A gasooling effect from the application of dry foam could be reduced or
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eliminated due to the growing fire. The exact temperature changes are shakle 15 below, any
equalizing effects caused by the increased fitenisity aranottakeninto consideration

Table 15. Temperature difference and maximum rate of change in temperature, experiment 8

TC Temp. Difference [°C] Time [s] Max. rate of change in temperature [°C

X4d -13.49 12.12 -1.11
X4c -23.74 7.98 -2.97
X4b -26.65 5.22 -5.11
X4a - - -
X3d -53.13 6.84 -7.77
X3c -11.51 4.14 -2.78
X3b -10.95 4.14 -2.64
X3a = = =

By examining the thermal images from the experiment it was found that dry foam was applied for
about 6 seconds both rooms; both to the ceiling and the wall in direct vicinity of the TCT. The foam
applied to the wall and the ceiling in the second room is shown as the black diga®in3 below,

the TCT is illustrated as a black dattline.

Figure 73. Thermal image showing the dry foam covered surfaces behind
the TCT X3, experiment 8
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7.1.9 Experiment 9: Dry foam, 5 seconds application in both rooms.
The temperature as a function of time within the entire commgat is shown ifiigure 80 below.
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Figure 74. Temperature as a function of time for all thermocouples in experiment 9

The temperature within the compartment reached its maximum arouri@ 2®ut 156G 200

seconds after ignition. After this peak the maximum temperature dropped gradually to fluctuate
between 250 350°C until the application started, this was due to the under ventilated conditions of
the compartment. The maximum temperatures were nmeghfom the X2d point of the X2 TCT,

which was located closest to the fire.

Application of the dry foam started approximately 440 seconds after ignition. This is shiigurén

74 above, indicated mostly by the TC 02 an8 aound this time. The measurements from X2 showed

that the fire entered a new period of growth when application started and this period was bigger than
earlier periods. This peak reached almost 400 °C and the raise was about 150 °C in 25 seconds. No
obvious caorelations between the application and thegading effects were noticed. The foam

applied to the walls and ceiling vaporized and caused a large decrease in temperature inside the entire
compartment and the fire was completely extinguished. The vafionizd foam during the last fire
growthperiod can be identified by TGando4. The temperature exceeded 100 °C during the last

period indicating that the foam was vaporized.

The gascooling effect of the dry foam was shown in X3 TCT and X4. The terhperas a function
of time for these thermocouples, as well as the rate of change in temperature is Stguvesinb i
78 below.
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Figure 75. Temperature as a function of time  for X4, experiment 9
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Figure 76. Rate of change in temperature as a function of time for X4, experiment 9
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Figure 77. Temperature as a function of time for X3, experiment 9
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Figure 78. Rate of change in temperature as a function of time for X3, experiment 9

As figures 75 and76 showthere was a clear drop in temperaturei 1% °C in the upper layer in the

first room. However,he fire decreased in intensity at the same time, shotigure 75. There was

also a temperature increase of about@@loser to the floor in X3b. The temperature then decreased
when the fire was extinguisheigures 76 and77 show the temperature changes in the fire room. The
temperature variations of X3d were possibly strongeome extent after the application. The first
temperature rise after application was interrufpgd short decrease in temperature. Also the rise of
temperature in X3c was interrupted atdgnated for a short while. Consideringhe increased fire
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intensity, this rise was probably caused by theaganding effect from the foam and is presented in
table16. The temperature drop of X3b was probably caused by a direct hit of foam. The exact
temperature changes are showtainle16 below.

Table 16. Temperature difference and m aximum rate of change in temperature, experiment 9

TC Temp. Difference [°C] Time [s] Max. rate of change in temperature [°C

X4d -11.30 7.92 -1.43
X4c -15.11 10.56 -1.43
X4b 28.55 10.56 2.70
X4a - - -
X3d -5.25 1.38 -3.80
X3c 0.52 5.34 0.10
X3b 18.83 3.96 4,76
X3a 6.34 5.34 1.19

By examining the thermal images from the experiment it was found that dry foam was applied for
about 5 seconds in the first room and for about 7 seconds in the second room; both the ceiling and the
wall in directvicinity of the TCT werehit. The foam applied to the wall and the ceiling in the second
room is shown as the black areasigure 79 below, the TCT is illustrated as a black dotted line.

Figure 79. Thermal image showing the dry foam covered surfaces behind
the TCT X3, experiment 9
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7.1.10 Experiment 10: Dry foam, 5 seconds application in the second room.

The temperature as a function of time within the entire compartment is shéiguargB80 below.
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Figure 80. Temperature as a function of time for all thermocouples in experiment 10

The temperature within the compartment reached its maximum arouri@ 2i®ut 170 seconds after
ignition. After this peak thenaximum temperature dropped gradually to approximately’GQantil

the application started, thigasdue to the under ventilated conditions of the compartment. The
maximum temperatures were measured from the X2d point of the X2 TCT, which was locatsd clos
to the fire.

Application of the dry foam started approximately 440 seconds after ignition. This is shiigurén

80 above, indicated mostly by the TC 02 an8l aound this time. The measurements from X2 show

that the fire ontinued to fluctuate around 30G within the second room after application. No

obvious correlations between the application and thegakng effects were noticed since the fire
hadalready begun to diminish before the application, causing a tempelaunaring by itself. The
application rather stopped the diminishing fire intensity and flattened the temperature rate of change.
The foam applied to the walls and ceiling vaporized and caused a large decrease in temperature inside
the entire compartmenhd the fire was completely extinguished.

The gascooling effect of the dry foam was shown in X3 TCT and X4. The temperature as a function
of time for these thermocouples, as well as the rate of change in temperature is shguwe&i 1
84 below.
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Figure 81. Temperature as a function of time for X4, experiment 10
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Figure 82. Rate of change in temperature as a function of time for X4, experiment 10
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20
_ 10 7 A
£ |
$ o
5 ]
8 .10 !
2 ———dY/dX X3a
=
g -20 ——— dY/dX X3b
£
Gé) -30 dY/dX X3c
© ——
£ 50 dY/dX X3d
S - — = Application starts
2 -50
©
@
-60 i’
-70
400 420 440 460 480 500 520 540 560 580 600
Time [s]

Figure 84. Rate of change in temperature as a function of time for X3, experiment 10

As shown infigures 81 and82, the changes in temperatwere smalin the first room wherhe

application started in the fire rooigures 83 and84 show the effects of the dry foam application in

the fre room. The temperature in the two top thermocouples X3d @ddcreased after a short delay.

The massive temperature drop for X3d, 180n 6 seconds could be due to a direct hit of foam on the
thermocouple. However, the temperature exceed$@@@all times whichindicates that just a small
amount of foam hit the thermocouple and evaporgteckly. A direct hit of foam could also be the

cause for the distinct drop of X3a. Notable is the delayed temperature increase of X3b that lasted until
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the firewas extinguished. The exact temperature differences and maximum rates of change in
temperature are showntable17 below.

Table 17. Temperature difference and maximum rate of change in temperature, exper iment 10
TC Temp. Difference [°C] Time [s] Max. rate of change in temperature [°C
X4d -7.51 16.44 -0.46
X4c -9.40 16.50 -0.57
X4b - = -
X4a - - -
X3d -154.76 6.24 -24.80
X3c -35.75 12.54 -2.85
X3b 7.84 2.46 3.19
X3a -25.54 6.24 -4.09

By examining the thermal images from the experiment it was found that dry foam was applied for
about 7 seconds in the fire room; both the ceiling and the nvdiféct vicinity of the TCT werdit.

The foam applied to the wall and the ceiling is shown edblick areas ifigure 85 below, the TCT is
illustrated as a black dotted line.

Figure 85. Thermal image showing the dry foam covered surfaces behind
the TCT X3, experiment 10
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7.1.11 Experiment 11: Water, 2 second application in both rooms.
The temperature as a function of time within the entire compartment is shéiguaraB86 below.
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Figure 86. Temperature as a function of time for all thermocouples in e xperiment 11

The temperature within the compartment peaked at aboutbatbund 200 seconds after ignition.
After this peak the maximum temperature dropped gradually t6GaMtil the application started,

this due to the under ventilated conditionsh&f compartment. The maximum temperatures were
measured from the X2d point of the X2 TCT, which was located closest to the fire.

The application started approximately 400 seconds after ignition. This is shtigureB86 above a
the temperature dropped significantly around this time. The measurements from X2 show that the fire
was extinguished immediately.

The gascooling effect of water was shown in TCT X3 and X4. The extinguishing impact on the fire
was also reflected in X3aasing problems to evaluate only the-gasling effect separate from the
decreased fire intensity. The temperatures close to the floor in TCT X2 and X4 increased when
application started. The temperature as a function of time for these thermocouplels aadtve rate

of change in temperature is showrfigures 8771 90 below.
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Figure 87. Temperature as a function of time for X4, experiment 11
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Figure 88. Rate of change in temperature as a function of time for X4, experiment 11
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Figure 89. Temperature as a function of time for X3, experiment 11
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Figure 90. Rate of change in temperature as a function of  time for X3, experiment 11

As shown infigures 87 and88, the temperature dropped in the two thermocouples X4damdthe

first room A short temperature rigellowed but thereaftethe temperaturerdpped steadilyntil the

fire was extinguishedl'he temperature closest to the floor in X4a increased initially mdmained

guite constant before the general knock down, only showing a short decrease in temperature. The
decreased temperature was gsitailar for both X4c andd, where the temperature dropped roughly

50 °C. The temperature closest to the floor in X4a increased about 25 °C in 10 seconds. It is possible
that the fast temperature decrease in the fire room preseritgdra89 was over estimated due to a
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direct hit of water on the TCT. The temperatures in the fire room dropped directly after application.

The exact temperature changes are shovabiie18 below.

Table 18. Temperature difference and maximum rate of change in temperature, experiment 11

TC Temp. Difference [°C] Time [s]

Max. rate of change in temperature [°C

X4d
X4c
X4b
Xda

X3d
X3c
X3b
X3a

-49.90 6.24
-39.60 6.30
-3.70 1.00
17.20 8.88

-140.50 4.00
-140.60 2.70
-76.50 2.70
-7.80 2.70

-8.00
-6.29
-3.70

1.94

-35.13
-52.07
-28.33

-2.89

By examining the thermal images from the experiment it was found that water was applied for about 2

seconds in both rooms; both to the ceiling and tHeiwdirect vicinity of the TCT. The water applied
to the wall and the ceiling in the second room is shown as the black afigpse36 below, the TCT
is illustrated as a black dotted line.

Figure 91. Thermal image showing the water covered surfaces behind
the TCT X3, experiment 11
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7.1.12 Experiment 12: Water, 1 second application in both rooms.
The temperature as a function of time within the entire compartment is shéiguarg®©2 below.
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Figure 92. Temperature as a function of time for all thermocouples in experiment 12

The maximum temperature within the compartment peaked at abo®@C%00und 180 seconds after
ignition. After this peak the maximutamperature dropped to fluctuatearound 350C until the

application started, this was due to the under ventilated conditions of the compartment. The maximum
temperatures were measured from the X2d point of the X2 TCT, which was located closesteo the f

Application of water started at approximately@5Seconds after ignition. This is showrfigure 92

above as the temperature started to drop significantly around this time. The measurement from X2
showed that the fire waavily affected right after an increase of about@5then the fire

extinguished almost immediately.

The gascooling effect of water was shown by TCT X3 and X4. The extinguishing impact on the fire
was also reflected in X3 causing problems to evalualietbe gascooling effect separate from the
decreased fire intensity. The temperature as a function of time for these thermocouples, as well as the
rate of change in temperature is showfignres 937 96 below.
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Figure 94. Rate of change in temperature as a function of time for X4, experiment 12
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Figure 95. Temperature as a function of time for X3, experiment 12
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Figure 96. Rate of change in temperature as a function of time for X3, experiment 12

As figures 93 and94 indicate, the teerature dropped noticeably in the two thermocouples X4d and

i c in the first room, while the temperatures closest to the floor in X4ataadher increased or
remained constant. The decrease in temperature was quite similar for both Xdi¢ahdre the
temperature dropped roughly 40 °C. As for the increased temperature in X4a, a temperature rise of
about 25 °C in 10 secondscured The exact temperature changes are showabie19 below.
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The effects of water looked differeintthe fire roomFigures 95and96 showthat the application

initially decreased the temperature in the two top thermocouples X3dcamte temperature started

to decrease even before the indicattwat application in the fire roorhadstarted. Just a few seconds

after application the temperature significantly increased in the lower parts of the compartment and

both X3b and a were also greatly affected. As showrigure 96 the temperature increase was about

10°C per second. The exact temperature differences and maximum rates of change in temperature are
shown intable19 below.

Table 19. Temperature difference and maximum r ate of change in temperature, experiment 12

TC Temp. Difference [°C] Time [s] Max. rate of change in temperature [°C

X4d -42.50 5.16 -8.24
X4c -37.80 5.16 -7.33
X4b 0.00 1.00 0.00
X4a 24.20 6.54 3.70
X3d -49.50 3.90 -12.69
X3c -44.40 3.90 -11.38
X3b 35.70 6.54 5.46
X3a 37.78 7.86 4.81

By examining the thermal images from the experiment it was found that water was applied for 1
second in both rooms; both the ceiling and the wall in direct vicinity of the TCT were hit. The water
applied tathe wall in the second room is shown as the black ardéguire 36 below, also some of the
covered area in the roof is seen in the upper edge of the figure; the TCT is illustrated as a black dotted
line.

Figure 97. Thermal image showing the water covered surfaces behind
the TCT X3, experiment 12
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7.2 Summary of experimental results

The temperature within the entire compartment was similar in most of the conducted experiments. In
general the maximum temgagure peaked around 50 0 0 e C & BOO setonds &ftér ignition.

The fire then became under ventilated and the maximum temperature dropped to somewhere between
2501350 eC, where it stabilized untimaximime applica
temperature was recorded by the X2d thermocouple, located 45 cm from the ceiling, closest to the fire
source. The temperature was consistently lower in the first room of the compartment, generally

stabilizing between 1502 00 e C i n stohtreeroompper part

The exception in these results being the first experiment conducted. In experiment 1 the temperature in
the second room peaked just above 500 eC, a | owe
stabilized at a higher temperature intboioms. The effect of insufficient ventilation was not as

evident in this experiment.

The fire was extinguished in all but two of the experiments, experiments 1 and 2. These results show
that wet and dry CAF as well as water managed to extinguish theefyardless of which application
time was used and without any direct application to the fire or fuel.

Several observations were made by the firefighters responsible for applying the extinguishing agent
inside the compartment. First of all the foam agblio the ceiling of the compartment vaporized

within a few seconds of the application. Foam that was applied to the walls vaporized at a significantly
slower rate. When comparing wet and dry foam, the observation was made that wet foam formed a
thinner mae uniform layer on the hot surface, whereas the dry foam would form a thicker non

uniform layer with peaks of thick foam and areas with only a thin layer. The wet foam also seemed to
stick to the surfaces to a higher extent than the dry foam. Other atigesvmade concluded that the
visibility inside the compartment improved the most after the second application of wet foam
compared to dry foam and water

In all the experiments where the fire was not extinguished directly following the applicati@n in th
second room, the same tendeneippearthe foam applied to the ceiling vaporized quickly causing

the fire to drop in intensity, when the fire later recovered the temperatures closest to the fire peaked at
a higher level than before the application.sTjpeak in temperature caused the remaining foam on the
walls to vaporize at an increasing rate and once again affect the fire. This caused a number of
temperature spikes following the application, eventually extinguishing the fire. The only exceptions
wereexperiment 1 and 2, where the fire was not extinguished.

The data recorded from the experiments show that thextiteuples placed on the wallg, and @,

drop in temperature in the same way in all the experiments using foam. The temperature drops linear

to around 30 e C uponthathemmacouple beinghit byshe foathetdnsperature

then rose to almost 100 eC for as | ong as the th
longer covered the thermocouple it reached the suriegmemperature within a few seconds.

All experiments with dry foam were quite similar to each other. The maximum temperatures were
given by the X2d thermocoupla TCT X2 but also from the TCs 6104 varying for the different
experiments.

When applicatia of dry foamstarted in the first room in experime® and 9, the temperature was to
some extent lowered. However, the temperature began to increase again shortly thereafter and there
were no obvious correlations between the application and theogéisg effects. In experiment 10
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there was no application of foam in the figdm, no gasooling effects wereecorded in this room
due to the application in the fire room.

The temperatures in X3d aiid in the fire room were either reduced or stagnated fmriod of about

571 10 seconds before the temperature increased again. The largest temperature drop for X3d was
about 53 °C in 7 seconds, in experiment 8. For X3c it was about 35 °C in 13 seconds, in experiment
10. Drops in temperature due to suspedieett hits of foam are excluded.

As figures 68 and 74 show; the application ofiry foam in experiment 8 and 9 did not weakenfite
On the contrary, the firgrew significantly in strength directly fowing the application. This was not
seen in experiment 10 or any of the experimasisgwet foam or water.

The two experiments with water show strong similariteesach otherThe application clearly
decreasethe temperatures in both the first ghdsecond room. The temperature drop followed
immediately after the application started in thee2ond experiment and was just slightly deldyed
second of application.

The gasphase interaction is clear which is shown especially in experiment 12 thbetesecond
application causes complete extinguishment of theTine temperatures recorded I#/ioo4 at the
compartment boundaries recovered much faster than in the foam experintiectzmplete
extinguishing As shown irfigure92 the recovery in temperaturess fast an@éccurredconcurrently
with the degradation of the fire intensityhich indicates that just a small amount of water hit the
thermocouples and evaporated in the early dpbage.

An increase in temperatuctoser to the floor in both rooms at the same time as application proceeded
could also be seen in both experiments 11 and 12. The tempeisgurethe first room was 1525

°C in 57 10 seconds and in the fire room about 35 °C in 7 seconds, suspieettdits of the
thermocouples are excluded.

The infrared camera, carried by the second firefighter, tieeldcument the experiments gave the
exact time of application in all of the experiments. The exact application times together with the
intended aplication times and the total amount of water applied in each room are shtatatei?0
below.
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Table 20. The exact application times and amount of water applied in each experiment

-cooling effects of CAFS

o £ = s=  %E $E
= £ E 8 < 8 o E e E =
Q X -2 = g = g © c o c
£ = O Qo Q5 €0 o
2 . 5 3% ss 58 i Bl
5 8 59 EZ2T ¢ E ¢ E s EgJT
1 1 Wet foam 2 2 2 44 44
2 1 Wet foam 2 3 4 6.6 8.8
3 1 Wetfoam 4 4* 7 8.8* 154
4 1 Wetfoam 4 4 5 8.8 11
5 1 Wetfoam 4 0 5 0 11
6 2 Wet foam 2 2% 3 4 4% 6.6
7 2 Wet foam 4 0 5 0 11
8 2 Dryfoam 5 6 7 54 6.3
9 2 Dryfoam 5 5 7 45 6.3
10 2 Dryfoam 5 0 5 0 45
11 3 Water 2 2 2 36 36
12 3 Water 1 1 1 1.8 1.8

*Some of the applied foam bounced of the doorpost before entering the first rodigised2

When comparig the gasooling effect of wet and dr@ AF to that of water, all the differences in
temperatureacorded in the experiments, displayedainle8 1 19in the previoushaptemwere

divided by thevolumeof water that was applied inside the room. This gives an estimation of the

change in temperatureused by each liter of water applied inside each room.

To enable comparison based on all the collected degtarithmetic mean value for the X3 and X4
TCTs was calculated. Since the experiments only provide a handful of valuietfence in
effectiveness was tested using a fuarametric statistical modélhevalues used and thesultsfrom
the statistical test ashown intables217 23 below,thecompletecalculations are presented in
Appendix B

Table 21. The temperature difference in the X3 and X4 TCTs per liter of water applied in each experiment

Temperature difference per liter of water applied [°C

X4d
X4c
X4b
X4a

X3d
X3c
X3b
X3a

-36.9
-4.9
14.0

2.6

o~ ™
o o
oo
41 -2.2
-2.8 -2.9
25 -47
1.0 N/A
-6.3 -1.5

-10.7 -1.5
4.3 N/A
0.7 0.3

To)
o
L

N/A
N/A
N/A
N/A

-4.0
-3.4
-2.0

0.5

©
S
x
Ll
-6.8
-3.1
1.7
1.3

-4.0
-9.4
4.0
2.4

~
o)
Ll

N/A
N/A
N/A
N/A

-9.5
-3.6
-5.5

1.9

(o))
o
L

-2.5
-3.4

6.3
N/A

-0.8
0.6
3.0
1.0

)% Exp. 10

N/A
N/A
N/A

-34.4
-7.9
1.7
-5.7

Exp. 11

-13.9
-11.0

4.8

-39.0
-39.1
-21.3

-2.2

Exp. 12

-23.6
-21.0
N/A
13.4

-27.5
-24.7
19.8
21.0
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Table 22. The mean change in temperature per liter of water applied, disregarding some measurements

Mean change in temperatur
Thermocouple Wet foam Dry foam Water
X4d -3,39 -2,50 -18,74
X4c -2,91 -3,88 -16,00
X4b 1,36 0,70 -0,51
X4da 0,69 0,00 9,11
X3d -5,41 -4,63 -33,26
X3c -4,33 -3,04 -31,86
X3b 1,77 1,00 -0,71
X3a 1,33 0,50 9,41

Table 23. Results of statistical analysis

one tailed two tailed one tailed

Null hypothesis p-value p-value p-value < 0.05

X3c (CAF) = X3c (water) 0.028 0.056 Yes
X3c (CAF) = X3c (water)* 0.036 0.071 Yes
X3d (CAF) = X3d (water) 0.056 0.111 No

X3d (CAF) = X3d (water)* 0.036 0.071 Yes
X3c+d (CAF) = X3c+d (water) 0.001 0.003 Yes

X3c+d (CAF) = X3c+d (water)* 0.001 0.001 Yes
X4c (CAF) = X4c (water) 0.048 0.095 Yes
X4d (CAF) = X4d (water) 0.048 0.0% Yes
X4c+d (CAF) = X4c+d (water) 0.001 0.002 Yes

* Tests disregarding the measurements caused by direct hits of CARbkeB 5

In the cases where the one tailedgue is less than 0.05, the effectivenebswater is significantly higher. Since
this is the case in eight out of nine of these tests, the conclusion is that wet CAF is less effective in cooling the
hot gases thahigh-pressurevatermist
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8 Discussion , gas-cooling experiments
The following chagr contains a discussiongarding the resultconclusions and potential sources of
error for the gascooling experiments.

8.1 Results

Thefirst set ofexperiments conducted in this report show that CAF in fact has@ghsg effect

when applied to hot swates within a smoke gas layer, though the results indicate that this effect is
lower than that of water. The reviewed literature states that CAF is a durable extinguishing agent and
very efficient in both fire suppression and protection, but should naddxwith the purpose of

cooling hot smoke gas¢&rimwood, 2008)

The gascooling effect of CAF differs from that of water, as these experiments show, in effectiveness
but also in regard to where the cooling actually takesepM/hen water is used to cool hot gases, a
coneshaped stream with smaller size droplets is used to cover a large volume of gases. The small
droplet size allows the water to efficiently vaporize within the hot gases and the droplets that are not
vaporizedn the gases hit surrounding surfaces where they either vaporize on impact or roll off the
surface.

This causes two effects that can be seen in these experiments, first of alt¢belgaseffect is

instant. The temperature in the upper parts of thgeaotment is significantly reduced immediately
following the start of thapplication;seefigures 89 and95. The other observation made in the
experiments is that some of the water did not vaporizemitte gases and therefore hit the hot

surfaces. The fast vaporization both in the gases and from the hot surfaces led to a vapor expansion
within the compartment, which also reduced the visibility. The expansion of vapor in the upper parts
of the compartmat pushedot gases towards the floor whilgd to an increase in temperature in the
lower parts of the room. The temperature increase in the lower parts was delayed from the application
and can also be seenfigure 89 and95. Several reports from the studied literature describe the same
effects(Persson, 2005§Zhang, et al., 2011)

With CAF on the other hand the main gamling effect does ndake place while the foam is

traveling through the hot gases, but rather when the foam has been applied to the hot surfaces of the
compartment i.e. through indirect cooling. This depends on the fact that CAF is applied through a
straightbore nozzle ancherefore in a closed stream; this preserves the important kstbidéure of

the foam but also limits the contact area with the surrounding gasesiegates some of the early
vaporization that is seen in the water experiments and therefore no vagisierpvas observed in

any of the CAF experiments.

Once the foam is applied to a hot surface the vaporization becomes more effective, both due to the
heatingeffectfrom the contact with a hot surface and from the much larger contact area with the hot
gase. However the vaporization is likely not the only-gasling effect of CAF. Since it covers a hot
surface for an extended period of time it blocks the radiant heat from the surface to the gases and also
effectively cools the surface. The radiation blockeffects of CAF are well documented and have

been studied in several repofBoyd & di Marzo, 1996)(Tafreshi, et al., 1998fTafreshi & di

Marzo, 1999)

These menbned effects were seen in the experiments using CAF since titegasy was delayed

by a few secondsfterthe application but also because of its slower, longer lasting rate of temperature
change compared to water. The surface cooling was also sientirermal footage from the

experiments, where a wall would have a lower surface temperature for several minutes after the foam
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had vaporized. However in these experiments the intensity of the fire often decreased significantly
which might have affectedh¢ time until the surface temperature rose.

Surface cooling also took place in the experiments where water was used. However the effects were
smaller and lasted for shorter periods of time. Since water is the main cooling component of CAF the
differencesik in the foam structure. Since CAF adheres better to the hot surfaces of the compartment
and forms a thicker layer than water, the effects are greatly increased. This can be seen in the
temperature readings of the thermocouples placed on the compartatientnainly o1 and o4.

When water covered these thermocouples a significant linear drop in temperature occurred. This was
followed by arapidincrease back to the surroundilegnperatureseefigures 89 and95. When the
thermocouples were covered by CAF the initial drofemperaturevas the same but the effects lasted
longer. In most CAF experiments the temperature dropped linearly to around 30 °C, followed by an
increase in temperature to just belo®TC. The temperature then stabilized for as long as the foam
covered the thermocouple before increasing to reach the surrounding temperature once the foam layer
had deteriorated, séigure48. This effect is also described byl and di Marzavho state that since

water evaporates at 10Q, the underlying surface temperature will not exceed this value until the

foam is goné€Boyd & di Marzo, 1996)

Another beneficiabffect of CAF, though not recoed in these experiments due the structural
materials within the compartment, is that it also prevents pyrolysis gases from leaving the covered
material thus preventing itrom involvement in the fire, if it is flammabl@ersson2005) (Raffel,

2010) (Taylor, 1997) (The Boston Fire Department, 1994)

The effects of CAF described above were largely seen for bottamedry CAF, however sae

differences were identified. The biggest difference occurred when dry CAF was applied to the room of
the fire, in experiments 8 and 9. The application within the fire room caused the intensity of the fire to
increase significantly in both of these expwmts, thus causing the gas temperature in the upper parts

of the compartment to just slightly decrease or even increase. This might be caused by of a number of
reasons.

First of all the application causes a stirring effect within the compartment thédgsdhe under

ventilated fire with more oxygen. This combined with the fact that dry CAF contains more air and less
water than wet CAlEouldbe the reason. The extra supply of oxygen seems to have a greater effect on
the fire than the vaporizing watehus mostly negating the gaeoling effects of the dry foam in these
experiments. The addition of oxygen to the compartment might be a combination of both the stirring
effect and the oxygen introduced within the CAF. Some research on the topic of oxygdeagr

within the CAF has been conducted by Zhang et.al. Where the effects of wetnGkFunder

ventilated fire werénvestigatedZhang, et al., 2011¢hang tested if wet CAF applied to an under
ventilated fire could caudsack draft but found that it did not have any effect.

In addition to these effects, observations made during the experiments show that dry CAF did not
adhere as well as wet CAF to the hot surfaces of the compartment. This is probably due to the lower
watea content of the dry CAFestrictingits ability to cool the hot surface enough to efficiently stick to

it. Though further research needs to be conducted in order to make a definitive statement, the results
stated above indicate that dry CAF is not suédbt this kind of application in structural fires.
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8.2 Method

The fire was extinguished in all experiments except for two, experiments 1 and 2, without any
extinguishing agent being applied directly to the fire. This was probably due to the under ventilated
conditions in the compartment weakening the fire and causing it to be very vulnerable to the cooling
effects. This effect was neither expected before the experiments nor desired.

The reason for closing all the ventilation openings was to create regeatallitions inside the
compartment by limiting the effects of external factors such as wind and outdoor temperature. This
caused problems in some of the experiments where the fire was significantly weakened or
extinguished following the application. Theoplem in these experiments lies in determining whether
the drop in temperature was a result ofgasling, by the extinguishing agent, or by a decrease in fire
intensity. How the data was interpreted in each experiment is explained in the results bbajfter
more experiments were to be made a more robust well ventilated fire would be desirable.

The experiments were conducted in a rather large compartment and with human interaction through
the manual application of the extinguishing agents. This caoses problems in repeatability and
consistency. Even though the temperature within the compartment varied between the different
experiments, they all more or less show the same peak in temperature aadaedale temperatug

level before the applician was started. Considering the relatively large size of the compartment and
variation in external factors the repeatability for these experiments is considered to be adequate.

Some variations were caused by the manual application of extinguishing Hygens to expected
however since it is impossible for any human to perform the exact same application of extinguishing
agent throughout all the experiments. These variations within the experiments were minimized by
letting a highly competent instructirom MSB perform the application in all experiments.

Furthermore the differences in application times and surfaces covered within the compartment are
displayed and accounted for in the results chapter.
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9 Full-scale experiments
The following chapter presés objectives, setup and details regarding the conduuatkedcale
experiments in Skévde.

9.1 Experimental objectives

Theexperimentsn Skoévde aimedo compare CAF and water in a more realistic environment. Due to
the type of the house, only one experimaith each fire exhguishing agent could hgerformed The
overallobjective for the experiments w0 study the temperature change in a hot gas layer when
CAF is used as itvould be used in a real situatiothe CAF wa appliedas we foam in an attemgb
investigatehe gascooling effects; finally these results are compared with the effects of water.

9.2 Experimental setup

The full-scaleexperiments wereonducted in an older two stowooden house, shown figure 98

below. The famework was constructed of timber and isolated with sawdust. The experiments were
conducted on the second flaairthe building in two almost identical compartments. They were joined
together by a room with a staircase leading to the ground floor. Tise ptan is shown ifigures 99

T 101

Figure 98. View of the house for the full -scale experiments . Photo: Par Hagbohm
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Figure 99. Ground floor of the house, view from above

Figure 100. Second floor of the house, view from above indicating the relevant rooms
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