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Abstract

Model Scale Tunnel Fire Tests
Sprinkler

A literature survey of the use of water spray systems in tunnels is presented together with
arguments and discussion on the use of such systems. A summary of available research
related testing is given as well. It shows that there is a lack of systematic studies dealing
with important parameters such as longitudinal flow, Heat Release Rate (HRR), fire
spread and thermal and toxic environment.

A model scale study (1:23) was carried out in order to improve the basic understanding of
water spray systems in longitudinal tunnel flow. The water spray system consisted
commercial available axial-flow hollow cone nozzles. Tests with both a deluge system
made of 12 nozzles placed directly above the fire source and a water curtain system
consisting of 4 nozzles placed either downstream or upstream the fire source were carried
out. A wood crib pile was used to simulate the fire source, which was designed to
correspond in large scale to a HGV (Heavy Goods Vehicle) fire load. A second wood crib
was used as a target pile and was placed downstream the ignited wood crib. The
parameters varied were the water flow rate and water pressure, the longitudinal
ventilation rate and the arrangement of the nozzle system. Possible fire spread between
wood cribs with a free distance corresponding to 15 m in large scale was investigated.
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Sammanfattning

En litteraturstudie visar att det har funnits ett generellt motstand mot anvdndning av
vattenbaserade sldcksystem i tunnlar trots att de anvinds med stor framgang i vagtunnlar i
Japan. De argument som anvénds mot anvindning av sprinkler i vigtunnlar bygger till
stor del pa forsok som genomfordes 1965 med ett stort bensinbal i en relativt liten tunnel.
Att man har borjat diskutera anvindningen av vattendimma system i tunnlar i dag har i
huvudsak med att gora att det har intraffat stora brandolyckor i vagtunnlar och att
vattenméangden och vattendropparna dr betydligt mindre jamfort med konventionella
sprinklersystem. Det finns ocksd méinga foretag som ser mojligheter att etablera sig pa
marknaden. Runehamar férsoken som genomfordes 2003 dr ocksa en bidragande orsak
till det 6kade intresset for vattenbaserade slacksystem i vagtunnlar.

Litteraturstudien visar att det finns ett antal fullskaliga experiment med sprinkler
genomforda men det finns inga systematiska forsok dar man har undersokt inverkan av
olika grundldggande parametrar sa som lufthastighet, brandstorlek och kritiska
paforingshastigheter som kravs for att forhindra brandspridningen. Darfor genomfordes
forsok 1 modellskala dér dessa parametrar undersoktes.

Modellforsok

Forsoken genomfordes i en tunnel som var i skala 1 mot 23. Fem férsok med
sprinklerdysor diar man undersokte den minsta miangd vatten som behdvdes for att
forhindra brandspridning mellan tvé ”langtradare” (tva traribbstaplar med ett avstand som
motsvarar 15 m i fullskala). Ett deluge system arrangerades med totalt 12 dysor och
lufthastigheten motsvarade 3 m/s. Totala vattenflddet som anvandes var 0.35 I/min (887
/min i fullskala), 0.5 1/min (1268 1/min i fullskala) och 0.67 I/min (1700 1/min i
fullskala). Motsvarande vattentithet i fullskala dr 3.5 mm/min, 5 mm/min och 6.7
mm/min. I forsdket med lagsta vattenflodet kunde man observera att stapeln nedstroms
var lite pdverkad (brind) men branden tog sig aldrig i den. I 6vriga tva fallen med hogre
vattenflode sa var det ingen tvekan att branden inte spreds vidare. Daremot paverkades
temperaturnivaerna tydligt langre nedstroms branden (motsvarande 77 m i fullskala)
beroende pa vattenflodet. | inget av fallen slicktes branden men den kontrollerades olika.

Modelltunneln hade matten 0.4 x 0.2 m hog och 10 m lang (9.2 m x 4.6 m hog och 230 m
lang). Den byggdes i Promatect H skivor med brandhérdad glas pé ena sidan. En
mekanisk flikt mot ena tunnelmynningen anviandes for att styra langsventilationen.






1 Introduction

The large fires that have occurred in many road tunnels in Europe [1, 2] have lead to
renewed discussion about the need for a water spray system in order to prevent further
catastrophic fires in road tunnels. Also, the Runehamar tests [3, 4], which resulted in both
rapid and high Heat Release Rates (HRR) using ordinary hazardous goods, show that
there are good reasons to review many commonly accepted views and attitudes. As a
consequence, new innovative water based technologies are being seriously discussed as a
part of the tunnel safety concepts in many new large infrastructure projects. The use of
water based suppression system is, however, still controversial and source for strong
opinions.

The knowledge about the efficiency of water spray systems in tunnels is still spare. There
is a need for more fundamental research on the efficiency of these types of systems in
tunnels. The effects of longitudinal flow on the cooling efficiency and capability to
prevent fire spread between vehicles are an interesting subject to study. The fire spread
between large vehicles such as Heavy Goods Vehicles (HGV) in the large fires that have
occurred have put focus on the use of water spray systems to prevent fire spread. In the
present study a focus is put on producing a well defined experimental data which can be
used for future modelling work. Similar type of work has been carried out for sprinklers
in ordinary buildings. Among those are the fundamental work of H-C Kung [5, 6] and F.
Tamanini [7] on sprinkler suppression of wood cribs and Rasbash et al. [8] and recently
Heskestad on pool fires [9]. An excellent overview of water spray suppression has been
conducted by Grant et. al. [10] and by Heskestad [11].

The present study starts with a literature survey of different aspects on using water spray
systems in tunnels, followed by a motivation for the experimental work carried out here.
A detailed description of test setup and test results is given. An analysis of the data is
focused on obtaining relative effects of the systems on the situation downstream the fire
source.



2 Literature survey

In the following, a summary of the present knowledge about water spray system is given,
both concerning different arguments for not using water spray systems and also
arguments for using such systems, as well as the an overview of were such systems are
being used and the experience of such systems. A summary of available research related
testing of water spray systems is then given. Finally, a recap is given connecting the
presented knowledge to the aims of the experimental study given in this report.

2.1 Debate on use of water spray systems in tunnels

The debate on using water spray systems in tunnels has been ongoing among experts
since the unfavourable results of the experiment with sprinklers during the Ofenegg
tunnel [12, 13] test series in Switzerland 1965. The main results from the three sprinkler
tests, which consisted of gasoline fires with 6.6 m’ fuel area, 47.5 m* and 95 m?,
respectively and a sprinkler system with water flow rate of 19 I/min m* (19 mm/min, no
foam additives) were [13]:

- The sprinklers were able to extinguish the fire within a short time,

- the visibility was strongly reduced due to turbulence created by the sprinklers and
cooling down of the smoke layer, the smoke layer was effectively cooled down
and de-stratified, so that it covered the whole tunnel,

- the sprinkler water evaporated and hot steam showed scalding effects at all
organic test materials, even at considerable distance from the fire site,

- the steam production pushed the hot smoke quickly in the neighbouring tunnel
sections creating higher temperatures there than without sprinklers,

- in the last test with 95 m” gasoline fuel fire, after fire was extinguished, the
gasoline evaporation continued and the vapours spread along the test tunnel.
After about 20 minutes into the test, an ignition of gasoline vapours initiated by
remaining hot objects in the fire zone, occurred and a deflagration occurred with
air velocities up to 30 m/s inside the tunnel and caused damage to the ventilation
installation.

These listed results, with exception of the first one, give the basis for the argumentation
of not recommend installation of water spray systems in tunnels. These arguments still
show up in the PIARC and NFPA guidelines [14, 15] and during the years further
arguments, not directly based on the Ofenegg tests, have been added to these guidelines.
Such argumentation is that flammable liquids can be carried on the water, spreading the
fire and increasing its size, the efficiency is low for fires inside vehicles, an unintentional
activation of a sprinkler system could initiate traffic accidents and maintenance can be
costly. Further, testing of a fire sprinkler system on a periodic basis to determine its state
of readiness is impractical and costly and the sprinklers are difficult to handle manually.
Other arguments not mentioned in the guidelines are for example that in the Nordic
countries the risk for freezing is often mentioned as a drawback of a water spray system.
An argument for not installing water spray systems that is often mentioned in the debate
is the relatively high investment costs for water spray systems. All these added arguments
are more a results of a discussion among experts rather than conclusive results based on
well defined experiments as those obtained from the Ofenegg tests.



2.2 Installed systems

The number of water spray systems in road tunnels, with exception of Japan (see section
2.3), is very low. No European country currently uses water spray systems on a regular
basis, although there are specific tunnel projects in Europe which plans to install water
mist systems in new road tunnels. There are three tunnels in the Nordic countries (two in
Norway and one in Sweden) where sprinklers have been used for special purposes and
there are three road tunnels in USA which have been equipped with foam sprinkler
systems: the Central Artery North Area (CANA) Route 1 tunnels in Boston, MA and the
1-90 First Hill Mercer Island and Mt. Baker Ridge tunnels in Seattle, WA. The decision to
provide sprinklers in these tunnels was motivated solely by the fact that these tunnels will
be operated to allow the unescorted passage of vehicles carrying hazardous materials as
cargo. In the Sydney Harbour Tunnel in Australia a traditional deluge water sprinkler
system has been installed and in the city of Melbourne two systems have been installed
[16]. One system has also been installed in the Joogryeng tunnel in South Korea [17].
Consequently, due to the adverse results from the Ofenegg tests, and the
recommendations given by e.g. PIARC and NFPA, there are currently not more than
about ten water spray systems installed outside Japan.

2.3 Japanese experience

Japan chose to follow another path than PIARC and NFPA. The first water spray system
in Japanese road tunnel was installed in 1963 [18]. According to PIARCs report there are
82 road tunnels [14] installed with water spray (sprinkler) system. This number is
considerably higher than the number given in a written summary by Yoshikazu OTA
[16], where he says that more than 30 tunnels are installed in Japan with water sprinkler
system since 1970". Nonetheless, in a unique report written by Rob Stroeks for the Road
Administration in the Netherlands (RWS) [18], where the author gives a very good
insight into the Japanese water spray system design and experience, it is stated that the
success rate of the Japanese water spray systems in real accidents is very high. No cases
have been reported of false operation, malfunction or partial function of water spray
systems during actual tunnel fires. Every year water spray system prevents fires from
developing. One tunnel operator (Japan Highway Public Corporation) report that about 10
to 16 fires occurs every year where fire brigade has to intervene and where at least 2 or 3
times the water spray system is activated. Other operator (Metropolitan Expressway
Public Corporation) report that at least in 5 or 6 cases the system has really cooled the fire
heard and fire spread to other vehicles was prevented [18]. The purpose of Stroeks report
was among other things to find out about any adverse effects experienced by the Japanese
authorities and manufacturers. According to the report, there are no problems with
superheated water, nor secondary explosions due to fuel vapours on the road surface. It is
stated in the report that the influence by the water spray system to smoke stratification is
limited to the deluge length (e.g. to 50 to 100 m) [18]. In order to avoid problems during
evacuation, the system is not activated until the operator is certain that people have
evacuated.

In Japan, the water spray systems that are to be installed in a specific tunnel are based on
categorization of the tunnel in question. The category of a tunnel is determined on a case
by case basis, based on the investigation and evaluation of a number of factors. The
principle factors are the length and traffic volume of the tunnel. Water spray systems are
required in tunnels longer than 10 km and in shorter tunnels longer than 3 km with heavy
traffic (24000 vehicle/day and bi-directional tunnels). The spray section is either 25 m or
50 m (two sections may operate, i.e. up to 100 m), the standard water volume is 6
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1/min/m* (mm/min) and the water pressure is 3 — 3.5 bar. The water spray system should
be able to:

— Cool down the fire and its surroundings
— Suppress (control) the fire

— Prevent fire spread

— Support the fire fighting activities

Generally, no foam additives are used (due to cost and cleaning requirements afterward
use). In Japan only one tunnel has the inclusion of a foam additive. The water supply
should be able to support an operation for at least 40 minutes. Regular inspections and
testing of the systems are carried out every year. No notable defects have been
experienced with water spray installations [18].

With the notable exception of Japan, there are no complete guidelines or standards for
water spray extinguishing system in road tunnels presently available. Experience from
Japan, in terms of writing guidelines, designing systems and using fixed water spray
system in road tunnels, is unique in the world.

24 Large scale experiments

In order to test the performance of the Japanese water spray systems, numerous fire tests
in tunnels with liquid fuels (alcohol, methanol, gasoline) in the range of 1 — 8 m* pools,
private cars, buses and trucks (up to 6 ton cargo), have been conducted throughout the
years [18]. During the year’s in-between 1960 — 1985, both model scale tests (2) and
large scale tests (13) in tunnels using water spray systems were carried out [18]. One of
the model scale tests was performed 1961 in scale 1 to 5 and included 13 tests with
various water pressures spray volumes, spray angles and different spray distributions. The
cooling effects and effects on the fire size were investigated [18]. Very limited
information about the test results is available, as the research report is written in Japanese.

The most extensive Japanese large scale test series was the one carried out by the Public
Works Research Institute (P.W.R.1.). They performed two series of large-scale tests [19].
The first test series were carried out in P.W.R.I’s own full-scale test tunnel facility (700
m) and the second test series was carried out on the Chugoku Highway in the Kakeitou
Tunnel (3277 m). The water sprinkler facilities were set so that comparisons could be
made between the presence and absence of sprinkling under the same fire sources and the
same longitudinal flow. Duration of sprinkling was set at about 20 minutes. The area of
sprinkler was that area directly above the fire source. In some tests the sprinkler system
was used downstream from the fire source in order to check the cooling effect of
sprinkling on hot air currents. The amount of water discharge was set at about 6 mm/min
(liters/min/m”) on road surface. In order to review the possibility of fire spread to
following vehicles congested during the fire, an experimental case where carried out by
cars which were arranged longitudinally and transversely.

In year 2001, tests were carried out in the No. 3 Shimizu tunnel in Japan (115 m? cross-
section) using water spray systems on gasoline fuels of 1, 4 and 9 m*, a bus and 3
passenger cars (beside each other) [20-22]. The highest fuel area (9 m”) corresponds to
about 23 MW fire. One of the results of these experiments was to confirm the usefulness
of water spray systems in case of a 23 MW fire (9 m” gasoline) and to prevent fire spread
between cars [18].

Other important large scale tunnel tests using water spray systems are the Memorial
tunnel tests [23] in the USA and the 2™ Benelux tests in the Netherlands [24, 25]. The
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most recent research related large scale tests were carried out in the UPTUN project [26].
There are also some tests that has been carried out which are directly related to specific
tunnel projects. Some, but not all, have been published in the open literature [27, 28].

In the Memorial test series, four tests were conducted with a suspended ceiling installed
inside the tunnel such that the section area was rectangular. Sprinklers were installed at
the ceiling. Arvidson [29] estimated the discharge density to be 3.8 mm/min. The HRR of
the fire was 50 MW in all four tests. Two additional tests were conducted without the
suspended ceiling. During these tests the sprinklers were installed 2.1 m above the floor
level. Arvidson [29] estimated the discharge density to 2.4 mm/min. Two different HRRs
were used, 50 MW and 100 MW, respectively. It was concluded that the effectiveness of
the deluge foam-water sprinkler system was not negatively affected by a longitudinal
ventilation velocity of 4.2 m/s. The fires were extinguished in less than 30 seconds in all
four tests. The time to extinguishment was longer, approximately 2 minutes, when the
nozzles were installed along the wall of the tunnel.

In the 2™ Benelux four tests using water based deluge spray system were carried out. The
fire load consisted of a van and on open/covered truck load with wood pallets/tyres. The
water density was 12.5 mm/min and the system activated at different time depending on
the purpose of the test. In one test the purpose was to see if any steam was produced and
in two tests the visibility reduction was considered. In the last test the efficiency of the
system to cool down a warmed up tanker. It was concluded that an open deluge sprinkler
system reduces the temperature of the smoke/air and of vehicles adjacent to the fire
considerably. The risk of fire spread will therefore be significantly reduced. Smoke
temperatures downstream do not attain the lethal tenability limit and steam production
was insignificant. Visibility, however, will be reduced such that escape routes will
become hard to detect. Without a sprinkler system, fire spread from a small truck might
occur between an adjacent vehicle standing within a radius of 10 m from the fire.

In the UPTUN project, both tests with diesel pool fires ranging from 2 — 24 MWs were
used as well as wood pallets ranging from 17 — 25 MW [26]. Both low pressure systems
and high pressure water mist systems were used where water discharge rate was 1 to 3.5
mm/min for the low pressure system and 0.6 to 2.3 mm/min for the high pressure system.
A total of 75 extinction tests were performed in the test series, which was carried out in a
100 m long tunnel with a cross-section of about 50 m*. The main conclusions were that
the efficiency of both low and high pressure systems was satisfactory. The reduction in
HRR compared to freeburn tests was in the range of 0 to 80 %. The efficiency was
strongly dependent on the fire size, nozzle type, location and the water discharge rates.
The best results were obtained for the large fires (=20 MW). The HRR was then reduced
up to 80 % of its maximum freeburn HRR. A rapid reduction of the temperatures
downstream from the fire was measured after activation and the tenability conditions
downstream the fires were found to be satisfactory. The visibility downstream the fire
was not improved during the first minutes after activation, but visibility was generally
increased as the HRR was reduced. Visibility upstream the fire was improved after
activation of the system.

Tuomisaari [27] presented two large scale tests using water mist system in a tunnel. The
first large scale test program was undertaken in 1999, at Darchem Flare facility in the
UK, where the aim was to develop the design criteria for an on-board HI-FOG water mist
system against fire in a HGV in the Eurotunnel. The conceptual design for the
suppression system, and the setting of performance objective for it, were based on the
geometry of the Eurotunnel HGV carrier wagons and tunnel conditions. In the tests the
test fire loads included dried wooden pallets and European plastic commodity stacked on
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a lorry trailer, and sides covered with combustible tarpaulin. The performance objectives
were the following:

- prevent fire spread to adjacent vehicles
- protect the tunnel and its infrastructure against destructive thermal damage and
- mitigate conditions to extend time available for egress.

The fire was effectively suppressed shortly after activation. The system fulfilled all the
performance objectives [27].

The second test program was carried out in June 2002 in the 100 m long and 50 m” IF test
tunnel in Norway. The primary objective of the test series was to verify the full concept
and observe the systems thermal management capability in a road tunnel fire. For this
purpose the test fire was so designed that it could not be suppressed but it was
continuously burning and generating heat at a constant rate. The whole concept of zones
and curtains was proven effective. A concealed spray fire with the spray hitting hot metal
plates at a close distance provides such a steady fire. After activation the system cooled
the temperatures above the fire from about 350 °C down to 150 °C and from about 100 °C
down to below 50 °C at a distance of 20 m [27].

Guigas and Weatherill [28] presented interesting large scale fire tests with a water mist
system in a longitudinal tunnel flow. The fire load consisted of multiple private cars
simulating a collision situation. Fire spread tests with and without mitigation of the water
mist system was carried. The system was designed to control the fire (0.5 — 1.5 I/min/m’
and 20 — 40 bar pressure) rather than extinguishing it as well as to prevent fire spread
between the cars. Following conclusions related to the water mist system were presented:

- The water mist system stopped the fire propagation by cooling the combustion
gases, reducing the heat fluxes and the HRR

- The visibility downstream the fire was improved with the water mist system but
decreased upstream.

- No significant effects on the toxic gas concentrations downstream the fire were
measured

The study shows that water mist system can prevent a major fire development when
designed properly.
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2.5 Aim of the present study

It is apparent that the aim and background of each test presented earlier was determined
by the specific conditions, background and opinions of those involved in the planning of
the tests. The variation in the water discharge density, nozzle types, fuel type and size,
ventilation conditions and scales make it nearly impossible to draw any general
conclusions about the efficiency of water spray systems and its ability to control or
suppress different fires sources. In most of the tests, very little data on test results are
given. The test programmes are usually very specific and not designed to make any
general modelling work on the efficiency of the systems.

The survey show that there is a need for a well defined test programme focusing on a well
defined and well instrumented experiments measuring the efficiency of a water spray
system. Such data can be used for fundamental modelling work of cooling and
suppression theories for tunnel fires. Any such information is not available. Further, large
scale tests are expensive and it is difficult to carry out any type of advanced parametric
studies to reasonable costs. Therefore, a model study in a reasonable scale is a reasonable
option. In the present study model scale tests are presented showing in a systematic way
the influence of a water spray system on the reduction in HRR, temperatures, gas
concentrations and heat fluxes. This type of work has never been conducted for tunnel
fires.
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3 Theoretical considerations

3.1 Scaling theory

The model tunnel was built in scale 1:23, which means that the length scale, L , of the
tunnel is scaled geometrically according to this ratio. The aim with the study was to
obtain a better understanding of certain phenomena that could be expected in tunnel fires
using water spray system. In order to convert the results to a large scale, a scaling
technique can be used. There are numerous techniques available but the Froude scaling is
the most common. In Table 1 a list of scaling correlations suitable for the study here is
shown.

Table 1 A list of scaling correlations for the model tunnel [9, 30-34].

Type of unit | Scaling model | Eq. number
Gas flow and energy
Heat Release Rate (HRR) , , I 5/2 (D)
‘ 0,=0,| "
0 (kW) e
Velocity u (m/s) I 1/2 2)
up, =u,| -
Volume flow (m’/s) , , I 5/2 3)
M
Time 7 (s) I 172 4)
tF ) " [F]
M
Mass (kg) I 3 (5)
m,=m, | —*
Temperature (K) T.=T, (6)
Water flow
e I 5/2 (7)
Water flow rate g (m’/s) _ ( L j
qw F QW M
Ly,
L ) 12 )
Water density ¢" (I/m” min) _ pr
M
Water pressure differentials L, 9
AP (bar) AP, = AP, T
M
Effective nozzle diameter (mm) L (10)
D.=D, —*
LM
Droplet diameter (mm) I 1/2 (11)
dp = M[LFJ
M

L is the length scale and index M is related to the model scale and index F to full scale
(Ly=1 and Lg=23 in our case).
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In the study we neglect the scaling effects of the thermal inertia of the involved material,
the turbulence intensity and radiation of the gases but we scale the HRR, the time, the
energy content, mass of the fuel, water flow rates, water flow density, droplet diameter
etc. As pointed out by Heskestad [34] it is not possible to scale drop source of a water
spray properly, except in an approximate manner using geometrically similar spray
nozzle. To scale the dynamic interaction of water drops with the convective flow, the
initial water drop trajectories must be conserved from scale to scale, initial drop

velocities, drop diameter and water flux densities must scale with L', According to
Heskestad [9], the thermal radiation effects include attenuation of thermal radiation from
the fire to the surroundings and evaporation of water drops due to absorption of fire
radiation do not scale properly. With in the scope of this study it was not possible to
consider all these aspects. More information about scaling theories can obtained from for
example references [9, 30-34].

In the present study, there was no large scaled sprinkler or water mist nozzles a priori
thought to be a model for the small scale nozzles used. The water flow rate (water
discharge density) was used as the leading choice for the chose of a commercial nozzle.
This means that the pressure and trajectory of the model nozzle used does not necessarily
comply with a commercial available large scale nozzle or sprinkler.

3.2 Determination of HRR

The HRR was determined using two different measuring techniques; by measuring the
fuel weight loss and by measuring the mass flow rate and gas concentrations in an
exhaust duct connected to the tunnel. The main advantage of the weight measuring
technique is the fast response but it was not possible to use the results after the water

spray system is activated. Here it was mainly used to obtain the fuel loss rate, m 4 at

activation. The HRR at activation, O, can be calculated by using the following

equation:

0,=xmsaH, (12)

where H _ is the ‘effective heat of combustion’ or the ‘chemical heat of combustion’

(kJ/kg) [35] measured under a hood calorimeter or with other similar measures. In

general, the fuel mass loss rate, m  , is determined by weight loss. As the ventilation

conditions inside the tunnel are different than in the open, a combustion efficiency
coefficient, ¥ needs to be added to the equation.

When the water spray system has been activated the only way of estimating the HRR is

by measuring the oxygen concentrations [36, 37]. The HRR, Q (kW), is obtained by the

use of the following equation (without correction due to CO production) using oxygen
consumption calorimetry.

Xo,oz(I_Xcoz)_on(l_Xo,coz)
1-X, —Xeo,

0 =14330m (13)
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where X 0.0, is the volume fraction of oxygen in the incoming air (ambient) or 0.2095
and X o,co, 18 the volume fraction of carbon dioxide measured in the incoming air or

X co, =0.00033. X, and X, arethe volume fractions of oxygen and carbon

dioxide at the measuring station downstream of the fire measured by a gas analyser (dry).

If X co, has not been measured equation (13) can be used by assuming X co, =0. This

will simplify equation (13) and usually the error will not be greater that 10 % for most

fuel controlled fires. In the derivation of equation (13) it is assumed that m = p_uA and

that 13100 kJ/kg is released per kg of oxygen consumed. It is also assumed that the
relative humidity (RH) of incoming air is 50%, the ambient temperature is 15°C, CO, in
incoming air is 330 ppm (0.033 %) and the molecular weight of air, M,, is 0.02895

kg/mol and 0.032 kg/mol for oxygen (Moy). Further, p, is the ambient air density, u is

the average longitudinal velocity upstream the fire in m/s and A is the cross-sectional area
of the tunnel in m* at the same location as u is measured.

The total air mass flow rate, m , inside the tunnel (and in the exhaust duct) can be
determined according to the following equation:

m= é’LOPO uA
r (14)

The theoretically determined mass flow correction factor (ratio of mean to maximum
velocity), ¢ , is dependent of the variation of temperature and velocity over the cross-
section of the tunnel, A (or the exhaust duct, see chapter 4). In the calculations of the air
mass flow rate a theoretical value of ¢ =0.817 was used for the tunnel and ¢ =0.87 for
the exhaust duct (with one exception; test 1 where ¢ was put equal to 0.72 due to high

discrepancy of the HRR using equations (12) and (13) at the time of water spray
activation).

The gas velocity was determined with aid of the measured pressure difference, Ap, for
each bi-directional probe [38] and the corresponding gas temperature. The diameter of the

probes, D, used was 16 mm and the probe length, L, was 32 mm. The velocity was
obtained from equation (15):

Y= 1 2ApT
k pa Ta (15)
where k was a calibration coefficient equal to 1.08. The ambient values used in equation
(15) were T, =293 K and p,=1.2 kg/m’.

3.3 Water flow rate

The water flow rate (I/min) for each nozzle can be determined by using the following
equation:

q. = K-/AP (16)
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where K is the K-factor and AP is the water pressure differentials in bar. The total water
flow rate can be determined by multiplying equation (16) with the total number of

nozzles ( N o) used in each test. The water flow rate, ¢, can be scaled according to

" can be scaled

equation (7). The water flow density (water discharge density),q ",
according to equation (8). The water flow density (I/min/m?) or (mm/min) can be

obtained by the following equation:

o qw
q, =" (17)

where A, is the total coverage area (m?) of the water spray nozzle. This can be calculated

by the following equation:

A =5 X5, XN_ 18)
c a b spr

where s, and s, are the equal spacing distances between the nozzles in direction a and b,

respectively and N, is the total number of sprinklers.

spr?

3.4 Work by Kung and Hill

For the present experimental study the work of Kung and Hill [6] on extinction of wood
crib and pallet fires is of great interest. They conducted a series of experiments on
extinguishment of wood crib fires by water applied directly on the top of the crib and
wood pallets. The water was applied on the top by means of a rake consisting of
perforated stainless steel tubes (perforated hole diameter of 0.41 mm and tube outer
diameter of 6.4 mm). They presented interesting nonimensional variables which basically
accounted for variations in preburn percentage, crib height, showing nondimensional fuel
consumption and total water evaporated as functions of nondimensional water flow rate.
More specifically, it was shown that a single empirical correlation, for three types of cribs
with the same stick size, but different crib height (6, 11 and 16 layer cribs, respectively),
was established between the ratio of crib mass consumed during the extinction period
versus the fire-consumable material remaining at the beginning of water application, R ,

and between the ratio of true” water application rate, m... versus the fuel burning rate at

the activation of water application, m../m, , . The mass consumed during extinction
period was the initial fuel mass, M ,, minus the fuel mass consumed before water
application (preburn time), M ,, minus the dry fuel mass saved at the end of the water

application period, M ,or M, =M, —M , — M . The fire-consumable mass left at the

extp

" The true water application rate, 711, , is defined by Kung and Hill as the application rate of water
which strikes the crib. This rate is equal to the total water application rate, #2,,, multiplied by

(1-c), i.e. my,c = m, (1 —c)where c is the fraction of water applied that fell directly through the
shafts of the crib. The value of ¢ has not been given in the paper by Kung and Hill.
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moment when the water application started is the M ;minus M , minus the mass of
ash, M
application. The weight fraction of ash, P, was defined as M

«sn » Which would result from a corresponding freeburn test without water

/ M, and was found to
be 0.061 for the eastern white pine wood cribs used. Thus, fire-consumable mass left at
the moment when the water application started, which also can be interpreted as the
amount of fuel consumed during the extinction period in a freeburn test, can be written as
M =M,(1-P)—M,.Theratio R was found to vary as the -1.55 power of

ash

cons, freeburn

the ratio mw./m, , or

—-1.55

Moy _ g | mu=0)

cons, freeburn Mya
»

R= (19)

where & is a proportionality coefficient varying depending on type of fuel (wood crib or
pallets) and type of ignition procedure. For the wood crib tests & was 0.312 for a centre

ignition of the crib and 0.260 for the 11 layer crib and the entire bottom ignited
simultaneously. For the wood pallet tests this coefficient was 0.150. For a certain fuel
package this correlation show that the amount of fuel consumed during the water
application period (extinction period) will be highly dependent on the preburn time.

Kung and Hill [6] presented also a single linear relationship between the ratio of total
water evaporated (M , ) versus the total mass consumed during extinguishment

(M, —M, —M), and the ratio of the “true” water application rate (.. =m.(1—c))
versus the maximum freeburning rate of the wood crib (#1 s max ) based on the wood crib

tests:

M lhw,c lhw l1-c
=y- =y .( )

exip mf,max m f,max

(20)

where I was experimentally determined; 2.5 for centrally ignited wood cribs and 1.8 for

entire bottom ignited crib. The total water application rate, m ., multiplied by (1-c), i.e.

My =my(1—c), is the fraction of water applied that strikes directly on the wood
cribs. The value of ¢ was not given in the paper by Kung and Hill. Equation (20) can be
rewritten by multiplying both sides of equation (20) with /', / H_ where H  is the heat
of evaporation of water ((4200(100-20) + 2200)=2536 kJ/kg) and H _ is the heat of
combustion for wood (15030 kJ/kg):

E,  0,(-c)
F

extp

21)

Q max, freeburn
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=M, H,.,0,=m.H, and O =My H,. In

the tests performed here, no information about A, was obtained. This makes equation

where £, =M H, ., E, max, freeburn

(21) unfeasible to use in present form.

Equations (19) and (20) calculate a nondimensional fuel consumption and total water
evaporated during a complete test as functions of nondimensional water flow rate. These
correlations may be constrained to information that is not always available after large
scale tunnel fire tests. Momentary measurements of HRR, temperatures, gas
concentrations are usually available during such test but not the amount of fuel or water
vapour consumed during the test.

In order to analysis the data considering such conditions a following hypothesis is

presented. It is reasonable to anticipate that the O obtained during water application

correlates to the water flow rate or Q. o< m. H o< O . A steady state energy

equation for the fuel surface anticipates such correlation. If this correlation is true, we
could use the right hand side of equation (21), and propose the following relationship for
plotting the data:

Ops . 0.0-0) )

Q max, freeburn Q max, freeburn

where we define O /O as the nondimensional HRR ratio and

max, freeburn

0, (1=¢)/ O\ jiceburn @ the nondimensional water flow variable. Further, if this

relationship holds, we would also expect that the ratios of

AT, /AT

max, fieeburn

Xi,max /Xi,max freeburn and qmax/ qmax,freeburn WIH hOld since we know

oc cjmax holds for longitudinal flow in tunnels [39]. Here
=T,)), X, . 18

i,max

that Qo AT. o X

max max i,max

AT is the maximum excess gas temperature (AT = (T,

ax

maximum gas concentration and ¢ is maximum heat flux measured in the longitudinal

flow. When plotting the data, maximum values of corresponding instruments, after the
activation of the water spray system will be applied. The parameter ¢ will be determined
from the experimental data.

3.5 Critical water application rate

Heskestad [11] determined from the data of Kung and Hill, that the critical water

application rate, m .-, i.e. the amount of water needed to extinguish the crib, was 1.9
g/m’s and 2.4 g/m’s for 5 % preburn and 20 % preburn, respectively. This is the amount
of water flow rate per unit exposed fuel surface area ( 4, ) effectively extinguishing the
test object. Values higher than the critical value tend to fasten the time to extinction. In
the overview given by Heskestad, the critical water application rates based on other

investigations as well for wood based fuels varies between 1.3 g/m’s up to 3 g/m’s. This
information will be compared to the experimental data obtained here.
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4 Experimental Setup

A total of 12 tests with nozzles mounted at the ceiling were carried out in a 1:23 scale
model tunnel. The model tunnel had been used for free burn tests with wood cribs and
longitudinal ventilation [39].

Figure 1 A photo of the 1:23 model scale tunnel before it was used for fire tests
with longitudinal ventilation [39]. A fan was attached to the tunnel
entrance and windows were put on one side.

Longitudinal ventilation was established with aid of an electrical axial fan attached to the
entrance of the model tunnel, see Figure 1. The fan it self was 0.95 m long with an inner
diameter of 0.35 m and 0.8 HP motor yielding a maximum capacity of 2000 m’/h (at
1400 rpm and 7.5 mmH,0). The rotation speed, and thereby the capacity, could be
controlled by an electrical device coupled to the motor. In between the fan and the tunnel
entrance a 0.8 m long rectangular plywood box with the dimensions 0.4 wide and 0.3 m
high, was mounted in order to create a uniform flow at the entrance of the tunnel. The
swirls created by the axial fan, was hampered by filling the plywood box with straw
fibres. The nominal longitudinal wind velocities of 0.42 m/s and 0.62 m/s were used.
According to equation (2), the corresponding large scale velocities are 2 m/s and 3 m/s

(<><: Ll/Z).

The tunnel itself was 10 m long, 0.4 m wide and 0.2 m high, see Figure 2. The
corresponding large scale measures (o< L) are 230 m long, 9.2 m wide and 4.6 m high,
respectively. As this tunnel had been used in earlier test series with ceiling height of 0.3
m [39], a false ceiling with the same material as in the other parts of the model scale
tunnel was used to create the 0.2 m height. The false ceiling was a part of the exhaust
ventilation system that was constructed to exhaust the fire gases. The exhaust system
consisted of a steel duct system with diameter of 0.25 m (0.049 m®), see Figure 2 and
Figure 3. The steel duct system was connected to the central ventilation system at SP Fire
Technology in Bords, Sweden. The nominal flow rate in the steel duct was 0.12 m’/s,

which corresponds to 304 m?/s in large scale (o< L.

The model was constructed using non-combustible, 15 mm thick, boards (Promatect H).
The density of the boards was 870 kg/m” the heat capacity was 1.13 kJ/kg K and heat
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conduction was 0.19 kW/m K. The floor, ceiling and one of the vertical walls were built
in Promatect H boards while the front side of the tunnel was covered with a fire resistance
window glaze. The 5 mm thick window glaze (0.6 m wide and 0.35 m high) was mounted

in steel frames which measured 0.67 m by 0.42 m.

steel duct for
2865mm exhaust flow
@ 250 mm:-
4055mm | ‘\ E
8200mm | %
. | i
1 s | S i
— = i 650mm E S
i : : Nr 4 B s 8
P d !!!‘1 M T
ignited target
£ wood crib
J
> L

A schematic drawing of the model tunnel using longitudinal flow. The
fire gases were exhausted through an opening in the ceiling (0.26 m x
0.22 m) which was 8.2 m from the inlet opening (x=0).

Figure 2
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Figure 3 A photo and a schematic drawing of the exhaust ventilation used in
the tests to measure the HRR.

4.1 Fire load

The fire load consisted of wood cribs (pine) as shown in Figure 4. The length of the long
sticks was 0.54 m and the short one 0.12 m. The sticks were squared with a width and
height of 0.015 m. The free distance between each horizontal stick was 0.02 m and the
total exposed fuel surface area of wood crib was estimated to be 0.56 m”. The total weight
of the wood crib ranged from 1.0 kg to 1.16 kg. The variation is because each wood crib

was manufactured by hand.
The height from the tunnel floor and up to the bottom of the wood crib was about 0.05 m.

The total height of the wood crib itself was usually 0.105 m and the free distance from the
top of the wood crib and up to the ceiling was about 0.045 m.



22

sticks 15 x 15 mm

540 mm ‘ 120 mm

|
]
' 1
I £
- 0o 8
4 o v
]
g % v
SR Z

Figure 4  Detailed drawing of the wood crib used as a fire source.

4.2 Instrumentation

Various measurements were conducted during each test. A wood crib was placed on a
weighing platform (W), consisting of a scale attached by four steel rods to a free floating
dried Promatect H board measuring 0.65 m long, 0.35 m wide and 0.12 m thick. The
centre of the wood crib was located 2.865 m from the inlet opening (x=0). In the case
when a target wood crib was used, only the first wood crib was weighted. The free
distance to the target, if used, was 0.65 m, corresponding to 15 m in large scale. The
weighing platform was connected to a data logging system recording the weight loss
every second. The centre of the weighing platform was 2.87 m from the tunnel entrance
and the accuracy of the weighing platform was +/- 0.1 g. The weighing results were only
applied when water spray was not active.

The temperature was measured with welded 0.25 mm type K thermocouples (T). The
location of the thermocouples is shown in Figure 5 and Figure 6. Most of the
thermocouples were placed along the ceiling at a distance of 0.035 m from the ceiling. A
pile of thermocouples was placed 6.22 m (pile A in Figure 5). The pile thermocouples
were placed in the centre of the tunnel and at height 0.024 m, 0.062 m, 0.10 m, 0.138 m
and 0.176 m, respectively, above the floor. These thermocouples are identified as T6-T10
for pile A in Figure 6 and the thermocouples at the ceiling are identified as T1, T3 — T6,
T11 and T12.

A bi-directional [38] probe was placed upstream the fire at the centre of the cross-section
and 1.15 m from the inlet (BD). The pressure difference was measured with a pressure
transducer with a measuring range of +/- 20 Pa.
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Figure 5  The instrument layout and measures during the tests.

At two locations and flush to the floor board, water cooled heat flux meters of type
Schmidt-Boelter (S) were placed to record the total heat flux. The locations were 3.72 m
(Flux 1 or S18 in Figure 6) and 6.22 m (Flux 2 or S19 in Figure 6) from the tunnel
entrance (x=0).

The gas concentration (O3 ) (G) was measured 6.22 m from the entrance (at pile A, at
height 0.176 m (0.88 x tunnel height) by one measuring probe consisting of open copper
tubes (@ 6 mm) and in the exhaust duct. Gas concentrations (O, CO; and CO) (G) were
also measured in the exhaust duct in order to measure the HRR. The oxygen was
measured with an M&C Type PMA 10 (0 — 21 %) and the CO2 (0 - 10%) and CO (0 —3
%) was measured with Siemens Ultramat 22. In Figure 6 the number of and identification
of the probes used is presented.

8470 |
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~T=thermocouple . .
B=bi-directional probe plle thermocouple T velocity 1 thermocouple pile
S=Schmidt-Boelter gage
G=gasanalysis % % )
W=Weightloss H heat flux gage =H gasanlysis

Figure 6  The channel number and identification of all the instruments is shown
in this figure.

The scale (weighting platform) (W), the thermocouples, the pressure transducers, the gas
analysers and flux meters were connected to IMP 5000 KE Solotron loggers. The data
was recorded on a laptop computer at a rate of about one scan per second.
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4.3 Water spray system

The water spray system consisted of two parallel 1600 mm long steel pipes, with an outer
diameter of 12 mm, placed horizontally above the main ceiling of the tunnel. At every
200 mm, a 120 mm long steel pipe with an outer diameter of 12 mm was mounted
vertically through the main ceiling (at height 0.3 m) and the false ceiling (at 0.2 m) where
it was connected to the two parallel steel pipes. In order to make the system flexible, the
system was originally built with possibility to connect 14 water spray nozzles, as shown
in Figure 7 and Figure 8. In the first test series 12 nozzles (deluge A) were used. The tests
carried out with a deluge A system are to be regarded as an active fire control system. In
the second test series 4 nozzles were used (deluge B, Figure 9) either downstream the
ignited wood crib or upstream the ignited wood crib. No direct hit on the ignited wood
crib although there were some observations that the water that did partly hit the wood
cribs. This system can be regarded as a water curtain system used to cool down the fire
gases.

The deluge water spray system consisted of nozzles of the type; Lechler Hollow Cone
Spray 212.085.11.CC.00.0 (Material 11). This nozzle creates a very fine uniform hollow
spray cone. The nozzle passage diameter was 0.25 mm (5.75 mm in large scale,o< L).
The spray diameter of the cone at 7 bar (161 bar in large scale, o< L) water pressure is
140 mm at a distance of 100 mm from the nozzle opening and 220 mm at a distance of
200 mm from the nozzle opening. This means that the total coverage area of each nozzle

x0.22°

at the tunnel floor (or road surface) is = 0,038 m®. The total coverage area at

floor level for 12 nozzles will be 0.038x12 = 0.46 m”. The total coverage area A_ for

12 nozzles according to equation (17) is 0.2x0.2x12 = 0.48 m”, which is nearly the
same.

Table 2 Technical information for the nozzle used in the experiments
Type Nozzle Cone Water Flow rate of k-factor
passage angle pressure one nozzle (equation )
diameter :
AP q,
Lechler mm ° bar 1/min 1/min bar"”
212.085 0.25 80 5 0.04 0.0179
7 0.047 0.0178
10 0.057 0.0180

More information about this nozzle can be obtained from www.lechler.com. In other
tests, the location and the number of the nozzles were changed in accordance to Table 3.

A pressurized water tank (150 1) was used to supply the water to the water spray system.
The flow rate of the system was adjusted in accordance to the condition that the nominal
water density would be about 3.5 mm/min, 5 mm/min and 7 mm/min, respectively, in

large scale (o< L',

The total water flow rates, g, , and water pressures, AP, were not recorded by the laptop

computer. It was manual readings from gages connected to the water spray system as
shown in Figure 7.
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Figure 7 A principal sketch and location of the deluge A water spray system
using 12 nozzles. In the test setup shown here the deluge system was
mounted centrally above the ignited wood crib.
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Figure 8 A bird view schematic sketch of the deluge A water spray system (to
the left) and a cross-sectional view of the tunnel and the flanged steel
plate mounted above the ignited wood crib (to the right). Nozzles are
connected at locations 1-6. In the deluge B system nozzles were either
connected at locations 1 and 2 (upstream) or at 6 and 7
(downstream).

A flanged steel plate (just few millimetres thick) was mounted in the ceiling directly
above the ignited wood cribs, see Figure 8. This was done in order to avoid a direct hit of
the water spray cone onto the wood crib. This would simulate fire conditions where the
fire source is partly hidden by some kind of obstacles or a solid ceiling of an HGV truck.
One test was done without this flanged steel plate in order to explore how much it would
affect the results.

Lechler nozzle 212.085
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Figure 9 A principal sketch and location of the deluge B water spray system
using 4 nozzles at two different locations, upstream the ignited wood
crib and downstream the ignited wood crib. Only 4 nozzles were used
at each time, locations 1 and 2 or locations 6 and 7 (see figure 8).
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5 Test procedure

The wood cribs used in each test were dried over a night in a furnace with 60 °C (<5%
moisture). The ignited wood crib was placed on the weighting platform at a height 50 mm
above floor. A cube of fibreboard measuring 0.03 m, 0.03 m and 0.024 m which was
soaked in heptane (9 mL) and on the weighing platform board at the upstream edge of the
wood crib as indicated in Figure 10. At 2 minutes from starting the logging system, the
ignition cube was ignited. The total number of tests was 13 where 2 tests were freeburn
tests and 11 with either a deluge system A or B. The deluge system was always activated

1 minute after ignition, or 4.8 minutes in large scale (o< L' ). The HRR when the
system activated was in the range of 20 — 30 kW, or 50— 75 MW in large scale (o< r’"? ).

< =s+rltcchler \
nozzle

Longitudinal
wind

Ignition sour
__placed here
C -

Figure 10 A photo from the test setup using a deluge A system with 12 nozzles
connected at locations 1-6.

In Table 3, detailed information on each test carried out is given. The tests were carried
out with the same tunnel width, 0.4 m, and ceiling height, 0.2 m. In most of the tests a

nominal velocity of 0.62 m/s (3 m/s in large scale, o< L'/?) was used whereas in two tests
a nominal velocity of 0.42 m/s (2 m/s in large scale) was used. In most of the tests a wood

crib of about 1 kg was ignited (= 12 tonne in large scale, < L’). At a free distance of 0.65
m (15 m in large scale) on the downstream side a target consisting of wood crib of the
same structure as the ignited one was placed in majority of the tests in order to observe if
there would have been any risk for further fire spread from the ignited wood crib.

In Table 3, rearrangement of the actual test sequence have been done in order facilitate
the reading of the table. Test nr 8 was a freeburn test with no target on the downstream
side. This test will serve as a reference test (freeburn) when comparing the effects of the
water spray system on the measured data. The heat release data for this test was only
obtained with the weighing measurements. The measurements with the exhaust duct
system failed due to technical error in the gas concentration measurements.
Unfortunately, no repeated test was carried out. Test nr 6 was carried out to investigate if
the fire would really spread if not water spray systems were applied. In tests 1 to 5, 12
nozzles (deluge A system) were mounted centrally above the ignited wood crib. The
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water flow density, longitudinal ventilation rate and presence of the steel plate were

varied in these five tests. The nominal flow rates were 0.35 1/min, 0.5 1/min and 0.67

1/min, respectively. Corresponding flow rates in large scale are 888 1/min, 1268 1/min and

1700 I/min (o< " ). The calculated nominal water discharge densities according to

equation (17) are 0.73 mm/min, 1.04 mm/min and 1.4 mm/min, where A4, is equal to 0.48

m’ according to equation (17). This corresponds to the predetermined water densities in

large scale of 3.5 mm/min, 5 mm/min and 6.7 mm/min (o< L' ?), respectively. In test five

the flanged steel plate mounted above the ignited wood crib was removed. The reason

was to investigate how much influence on the results this steel protection might have on
the results.

In tests 7 and 9 - 12, the water spray system consisted of 4 nozzles (deluge B system)

where the nozzles were located in positions 6 and 7 (see Figure 8). The total water flow

rates were 0.17 1/min (or 431 I/min in large scale) and 0.22 1/min (558 1/min),
respectively. This corresponds to a water density of 1.04 mm/mm (5 mm/min) and 1.4
mm/min (6.7 mm/min). The idea with these tests was to investigate how much water

cooling we could expect when the system does not hit directly on the fire source (water
curtain) and to see if the fire would spread between the wood cribs with only 4 nozzles in-
between the wood cribs. Of the tests in this series, a target was used in test 7 and 11. In
tests 9, 10 and 12, 13 no targets were used. The reason why not all tests were carried out

with targets was mainly to obtain measured data which was not influenced by ignited

target.

After tests 1 to 5, the remainings of the ignited wood crib was measured after it had been

dried. In Table 3, M, is the initial fuel mass, M, is the fuel mass consumed before

water application (preburn time), M is the dry fuel mass saved at the end of the water

application period and R = (M, —-M , —M)/(M,(1—P,)—M ,) . The preburn

percentage (M, / M, x100) for the tests carried out here is about 7 — 8 %.

Table 3 Summary of tests carried out with longitudinal ventilation
Flanged Deluge Positions
steel Target system of nozzles
T y pla"[eT at (number of | (see Figure
Test nr a nom oy % Mo Mp M R ceiling nozzles) 8)
°C m/s m/s g g g - - - - -
8 19.2 | 0.62 0.67 1062 | 134 | ~0 1.00 yes no - -
6 216 | 062 | 054 | 1146 | 148 | ~0 - yes yes - -
1 203 | 0.62 | 061 1020 |84 244 | 0.79 | yes yes | A(12) 1-6
2 22.1 | 0.62 0.57 1008 72 | 297 | 0.73 yes yes A (12) 1-6
3 19.6 | 0.62 0.63 1140 90 167 | 091 yes yes A (12) 1-6
4 21.0 | 0.42 0.21 1096 32 190 | 0.88 yes yes A (12) 1-6
5 21.6 | 0.62 0.58 1144 82 196 | 0.87 no yes A (12) 1-6
7 20.8 | 0.62 0.56 1160 | 134 | ~0 - yes yes B#) 6,7
9 19.5 | 0.62 0.63 1022 | NA | NA NA yes no B4 6,7
10 18.1 | 0.62 0.71 1046 | NA | NA NA yes no B4 6,7
11 18.8 | 0.62 0.68 1118 | NA | NA NA yes yes B4) 6,7
12 19.2 | 0.42 0.48 1000 | NA | NA NA yes no B (4) 6,7
13 194 | 0.62 0.69 1092 | NA | NA NA yes no B4 1,2

* average value (8 minutes) of the centreline velocity measured during the test
** eqn (19), assume that Pr =0.061
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In Table 4 the nominal flows (¢, ,,,, ) and water pressure (AP, ) are given. The values

of AP

nom

are based on calculations (equation (16)) using k-factors given in Table 2 and

the nominal water flow rate, ¢, . The values of ¢, and AP are manual readings

from flow and pressure gages. In the case when the sign ~ is shown it means that an
visual reading check was done and not an accurate reading with registration of the exact

value.

Table 4 Summary of information concerning the water spray system.

Number of .
Test nr Uom n(;zfllfrfgat 9 .nom 9 AP, AP 9 vv.nom
m/s I/min I/min bar bar mm/min

8 0.62 0 - - - - -
6 0.62 0 - - - - -
| 0.62 12 0.50 0.51 5.4 5.34 1.04
2 0.62 12 0.67 ~0.66 9.6 ~10 1.40
3 0.62 12 0.35 0.35 2.7 33 0.73
4 0.42 12 0.50 0.50 54 ~6.0 1.04
5 0.62 12 0.50 0.48 54 6.12 1.04
7 0.62 4 0.17 0.17 54 6.02 1.04
9 0.62 4 0.17 ~0.17 5.4 ~6 1.04
10 0.62 4 0.22 ~0.22 9.6 ~10 1.40
11 0.62 4 0.22 ~0.22 9.6 ~10 1.40
12 0.42 4 0.17 0.176 5.4 6.05 1.04
13 0.62 4 0.17 ~0.17 54 ~6 1.04

~ means that an visual reading check was done
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6 Test results

In the following a presentation of the test results is given. All the detailed test results for
each test are given in Appendix.

6.1 Heat release rate

In Figure 11, the freeburn HRR for one wood crib and for two wood cribs, respectively,
are shown. The HRR of the freeburn test with one wood crib (test 8), was not determined
with the exhaust system (oxygen calorimetry). As mentioned earlier this was due to a
technical error in the gas measurements which occurred only in this test. When two wood
cribs (test 6) were used the fire spread from the ignited wood crib to the target. The time
when the fire spread to the second wood crib (the target) was 1.68 min from ignition.

The effective heat of combustion used for determination of HRR using the weighted data
was 15.03 MJ/kg [39]. This value was obtained from a freeburn measurements under a
fire laboratory hood calorimetry of the wood crib used (16.7 MJ/kg) and by assuming a
combustion efficiency of 0.9 inside the tunnel. The weight results are consistent and
reliable when the water spray system is not activated. The HRR based on the oxygen
calorimetry was used in the tests when the water spray system was activated. There were,
however, problems with pressure waves in the ventilation system in some of the tests
(oscillation in the test data presented in Appendix). In those cases an average HRR values
(30 sec average) were used in the analysis. Further, integration of the HRR curves did not
give consistent data on the total heat of combustion if compared to the fuel mass left after

each test. Due to this reason the HRR at activation, O, was determined from the

weighing data, see Table 5.

The water spray system was always activated one minute from ignition. In Figure 12, the
HRR as a function of time is plotted for the freeburn test (test 8) and the tests with the
deluge system A (12 nozzles) centrally located above the ignited wood crib (tests 1, 2 and
3). The nominal water flow rates where 0.35 1/min, 0.5 I/min and 0.67 1/min, respectively.
The nominal longitudinal ventilation rate was 0.62 m/s and the flanged steel plate was
present at the ceiling.
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Hear release rate (kW

Time (min)

—— 1 wood crib === 2 wood cribs

Figure 11 The freeburn HRR for both one wood crib and two wood cribs, i.e.
when the fire has spread to the second wood crib (the target).
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Figure 12 Comparison of the measured HRR for the freeburn test with one wood
crib and three different flow rates of the deluge system A (12 nozzles).
The nominal longitudinal ventilation rate was 0.62 m/s and there was
a flanged steel plate in the ceiling.
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In Table 5, the maximum values of the excess gas temperature readings are presented for
all the tests performed. The location of the temperature readings are related to the

definition of the thermocouple, e.g. AT, ;5 etc. means thermouples T3, T4, TS5, T6 and

T11, respectively. The location can been found in Figure 6. The average temperature

given at pile A, AT, .., is based on the arithmetic average of the excess temperature

readings of thermocouples T6, T7, T8, T9 and T10, respectively. The HRR when the

water spray system was activated, O, is given as well.

Table 5 Test results related to HRR and gas temperature.

Test e 9 v.nom u, Qa % Qmax AT, max,T3 AT, max,74 AT, max,T’5 AT, max,T 6 AT, max,T11 | A Tmax,ang
Unit-> | V/min m/s kW kW °C °C °C °C °C °C
X -> - 115m | 287 m _ 2.87m 3.72m 5.0m 6.22m 7.47 m 6.22 m
8 - 0.62 - 102.2* | 630.5 675.2 460.9 287.5 225.2 228.1
6 - 0.62 - 1542 | 565.5 704.9 787.1 5153 363.3 466.1
1 0.50 | 0.62 | 25.6 | 53.2 4724 401.4 261.1 201.0 151.1 136.4
2 0.67 | 0.62 | 24.0 | 41.8 455.2 148.4 119.7 100.9 86.5 82.5
3 035 | 0.62 | 24.0 | 66.4 531.1 648.5 344.3 258.7 192.8 181.2
4 0.50 | 042 | 16.5 | 274 491.9 189.9 109.7 86.8 109.7 81.3
5 0.50 | 0.62 | 28.6 | 50.9 1004.7 | 304.6 224.5 176.8 135.4 118.0
7 0.17 | 0.62 | 24.0 | 128.1 638.0 695.9 784.2 479.2 335.6 400.3
9 0.17 | 0.62 | 25.6 | 82.5 622.4 567.3 319.1 230.1 187.7 197.6
10 022 | 0.62 | 24.0 | 75.6 634.7 447.3 258.0 199.2 169.5 176.6
11 0.22 | 0.62 | NA 82.7 636.8 492.6 274.4 206.2 167.4 170.0
12 0.17 | 042 | 21.0 | 65.3 649.5 475.6 2433 176.3 140.5 128.1
13 0.17 | 0.62 | 30.1 81.2 609.0 704.3 452.0 293.6 224.7 208.1

* based on weight, H.=15.03 MJ/kg

In chapter 3.4 it was proposed that the nondimensional variables Q ../Q frecburn A0

AT, /A

excess gas temperature (A7, = (T,

T

max, fieeburn

these two variables are given.

ax

—T,)). In Table 6 the experimental values of

could be used for analysing the data. Here AT, is the maximum
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Table 6 Test results related to reduction of the HRR and gas temperatures.

q wonom ﬂ ATmaxT3 ATmaxT4 ATmaxTS ATmaxT6 ATmaxTang

Test (I/min) Qmax,ﬁeebum AT'max T3, freeburn AT'rnalx T4, freeburn AT'max TS5, freeburn AT'rnalx T6, freebu ATmax TavgA, freeburn

nr
x> | 2.87m - 2.87m 3.72m 5.0m 6.22m 6.22 m

8 - 1.00 1.00 1.00 1.00 1.00 1.00

1 0.50 0.52 0.75 0.59 0.57 0.70 0.60

2 0.67 0.41 0.72 0.22 0.26 0.35 0.36

3 0.35 0.65 0.84 0.96 0.75 0.90 0.79

4 0.50 0.27 0.78 0.28 0.24 0.30 0.36

5 0.50 0.50 NA 0.45 0.49 0.61 0.52

9 0.17 0.81 0.99 0.84 0.69 0.80 0.87

10 | 0.22 0.74 1.01 0.66 0.56 0.69 0.77

11 | 0.22 0.81 1.01 0.73 0.60 0.72 0.75

12 | 0.17 0.64 1.03 0.70 0.53 0.61 0.56

13 0.17 0.79 0.97 1.04 0.98 1.02 0.91

NA — Not Available

6.3 Gas concentration

The only gas concentration, X that was measured on the downstream side of the fire

i,max °
source was the oxygen (O, ) concentration. The O,, CO and CO, were measured in the

exhaust duct. The oxygen concentration was measured in all of the tests at the centreline
of the tunnel and at a height 0.176 m above the floor level at x=3.72 m (pile A). In Table
7 the measured oxygen concentration, O, , at maximum HRR (Q__ ) is given in

max

percentage. The maximum depleted oxygen, AO , is the measured concentration

2,max
subtracted with the ambient oxygen concentration of 20.95 %. The ratio of reduced

AO

depleted oxygen to the depleted freeburn oxygen reduction, 2MX__ s given in
2,max freeburn

Table 7 in order to investigate the effects of the water spray system on the gas
concentrations.

6.4 Radiation and fire spread

The heat flux, ¢ e > WAS measured at two different locations, x=3.72 m (flux 1) and

x=6.22 m (flux 2), respectively. The maximum heat flux measured at both locations is
given in Table 8. In order to see the reduction of the heat flux due to the water spray
system, the measured values were normalized to the freeburn tests with one wood crib
(test 8). Observation about if the fire spread to the target is given as well in Table 8. In
tests 1-5, i.e. tests with deluge system A, the fire did not spread in any of the tests. In
some of the tests, ocular documentation was done of the target when the fire did not
spread. This was not systematically done, so there were tests when this was not
documented (ND), as can be seen in Table 8.
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Table 7 The measured oxygen concentration at height 0.176 m above floor
level and 3.72 m from the tunnel entrance (x=6.22 m).
AOZ,max
) AOZ,max reeburn
Test nr qw,nom Uom Qmax 02 AOz,malx !
1/min m/s kW % % -
X > 2.87m 1.15m _ 6.22 m 6.22 m 6.22 m
8 - 0.62 102.2 6.9 14.1 1.00
6 - 0.62 154.2 1.5 19.5
1 0.50 0.62 53.2 13.7 7.2 0.51
2 0.67 0.62 41.8 16.1 4.8 0.34
3 0.35 0.62 66.4 9.0 12.0 0.85
4 0.50 0.42 27.4 15.2 5.7 0.41
5 0.50 0.62 50.9 13.3 7.7 0.55
7 0.17 0.62 128.1 2.9 18.0
9 0.17 0.62 82.5 8.9 12.1 0.86
10 0.22 0.62 75.6 9.9 11.0 0.79
11 0.22 0.62 82.7 9.6 11.4 0.81
12 0.17 0.42 65.3 8.2 12.8 0.91
13 0.17 0.62 81.2 8.4 12.6 0.89
Table 8 Test results of the measured heat flux.
. ) . o 9 g Ocular
- | s G | s ecn| € e e spread to | angetafe the
Test nr Uom Qmax (flux 1) (flux 2) target test
I/min m/s kW | kW' | ewm? - -
X => 2.87m 1.15m - 372m | 622m 372m 6.22 m -
8 - 062 | 1022] 333 3.0 1.00 1.00 - -
6 ; 062 | 1542 | 46.1 13.7 - ] yes Burned out
0.50 0.62 Slighly charred
1 53.2 4.9 1.7 0.15 0.55 no on upstream top
2 0.67 0.62 41.8 5.6 1.2 0.17 0.41 no No charring
0.35 0.62 Extensive
3 66.4 11.6 2.4 0.35 0.80 no charring on top
4 0.50 0.42 27.4 4.6 0.8 0.14 0.26 no ND
5 0.50 0.62 50.9 7.0 2.0 0.21 0.67 no ND
7 0.17 0.62 128.1 14.4 8.9 - - yes Burned out
9 0.17 0.62 82.5 14.8 2.8 0.44 0.93 - -
10 0.22 0.62 75.6 12.7 3.0 0.38 0.99 - -
11 0.22 0.62 82.7 13.1 2.5 0.39 0.84 no ND
12 0.17 0.42 65.3 13.5 1.3 0.41 0.42 - -
13 0.17 0.62 81.2 30.5 3.2 0.91 1.05 - -

ND — Not Documented
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7 Discussion of results

In the following a comparison of the experimental data is carried out and discussed. The
plots presented are mainly based on the data given in Tables 5 — § but also on data
obtained from the paper by Kung and Hill [6]. The results have been divided into two
parts, one with tests carried out with the deluge A system and one with a deluge B
system. The deluge A system consisted of 12 nozzles and was located centrally over the
ignited wood crib. This system can be regarded as an active fire control system. The
deluge B system consists of 4 nozzles and can be regarded as a water curtain system
cooling down the bypassing fire gases.

7.1 Comparison with Kung and Hill data

For the deluge A system a comparison has been made with the results of Kung and Hill
[6]. The results have been plotted in Figure 13 by using the variables in equation (19). As
expected when the parameter c, i.e. the fraction of water applied that fell directly through
the shafts of the crib, is equal to zero (c=0) the present experimental data does not fit very
well. However, if ¢ is chosen as 0.89, we obtain a reasonably good correspondence with
the data from Kung and Hill. It is not a perfect match, as can be observed in Figure 13;
the slope appears to be slightly less, which can be expected due to the difference in the
experimental setup. In Kung and Hills test series the water was applied directly on the
crib top by means of a rake consisting of perforated stainless steel tubes (perforated hole
diameter of 0.41 mm with distances between them of 12.7 mm and 35 mm, respectively)
whereas in the present tests it was applied with means of commercial axial-flow hollow
cone nozzles with diameter of 0.25 mm and a c/c distance of 200 mm and a steel plate to
protect direct hit on the wood cribs. Therefore it is promising that there exists a vague
correlation between the experiments when c is 0.89. The ¢ value was not given in the
paper by Kung and Hill, which make this comparison slightly insecure. The conclusion is
that there appears to be a vague correspondence in the Kung and Hill data and the results
presented here.
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Figure 13 Comparison of the data presented by Kung and Hill and the results
presented in this study (u,,m=0.62 m/s, test 1,2,3 and 5). The value of
¢ has been arbitrarily chosen in order to fit to their data.
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The amount of fuel consumed in the present tests is considerably higher than in Kung and
Hills experiments. This is mainly due to the lower water flow rates chosen. In the present
test series R varies from 0.73 to 0.91 but in Kung and Hills data R varies from 0.037 to
0.647 (when R is equal to one the same amount of fuel from the time of activation, has
been consumed with or without a water spray system).

In the following plots of the nondimensional variables O, ../ O, .« oo

AT . /AT, and Qmax/ (']max’ Jrechurn VETSUS the

max, freeburn °

AO, . /AO

2,max 2,max freeburn

nondimensional water flow variable QW (1-c)/ Q will be presented. The

max, fieeburn

parameter Q) is a measure of the water flow rate of the system since O, =mw H

(n.1w = qwm/ 60 and H = 2534kJ/kg). The parameter Q was obtained from

max, fieeburn

test 8, which is based on weighted fuel loss (Q =msmx H,)using H_=15.03

MlJ/kg.

max, freeburn

7.2 Plot of data using deluge A system

The nondimensional HRR ratio, O /O as a function of the nondimensional

max, freeburn ®

water flow variable Qw (1-c)/ Q

nominal longitudinal flow of 0.62 m/s (3 m/s in large scale) and a steel plate in the ceiling
(tests 1,2 and 3) and assuming ¢=0.89.

is plotted in Figure 14. The data is taken for

max, fieeburn >
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Figure 14 The nondimensional HRR ratio plotted as a function of the
nondimensional water flow variable with longitudinal ventilation rate
of 0.62 m/s and a steel plate in the ceiling.
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Apparently there exists a correlation between the nondimensional HRR ratio
O o’ O masfrceurn @0d the nondimensional water flow variable O, (1-¢)/ O .. soepum

when using water flow rates of 0.35, 0.5 and 0.67 I/min. This correlation tends to be
linear within the range of water flow rates and longitudinal ventilation rate (u, =0.62

m/s) tested. As expected, increasing water flow rate gives more effective reduction of the
maximum HRR, at least within the range of tested water flow rates. The tests do not give
any information of what might occur for lower water flow rates than 0.35 I/min or higher
than 0.67 l/min.

In test 4, the nominal longitudinal ventilation rate, u was assumed to be 0.42 m/s (2

nom?

m/s) and a nominal water flow rate, g of 0.5 I/min. The actual average velocity

measured during the test was only 0.21 m/s, see Table 3. In test 5, the nominal ventilation
rate was 0.62 m/s and nominal water flow rate 0.5 I/min, but the flanged steel plate was
removed from the ceiling. Thus, it is of interest to compare tests 4 and 5 to test 1, which
is comparable to these two tests, and see how these parameters affects the efficiency of
the deluge system. The results are shown in Figure 15. Apparently, the presence of the
flanged steel plate does not have any significant effect on the results. When the
longitudinal ventilation rate is reduced from 0.62 m/s down to 0.21 m/s the reduction of
the nondimensional HRR ratio become much higher. The water spray system becomes
more effective compared when 0.62 m/s were used. The reason for this is probably
related to the effects of the velocity on the HRR. Increased longitudinal ventilation tends
to give higher HRR for similar conditions as given in these tests [39].
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Figure 15 The nondimensional HRR ratio versus the nondimensional water flow
variable in different longitudinal ventilation rates and existence of a
flanged steel plate at the ceiling.



37

1.0 7 A
: | O |
I l +
E 08 T : [ ] :
P T e
2 06 | B
g f | |
Z i | |
< %41 | : v
£ I : : X
S 02 3 3 A
0.0 — — e
0.00 0.01 0.02 0.03 0.04 0.05
(I'C)Qw/Qmax,freeburn
B dTmax,avgA A dTmax, T4 X dTmax, T5 O dTmax, T6 + dTmax, T11

Figure 16 The nondimensional ratio of maximum gas temperatures downstream
the ignited wood plotted as a function of the nondimensional water
flow variable. The gas temperatures used where the average excess
gas temperature of pile A at x=6.22 m, and the maximum excess
ceiling temperatures T4 at x=3.72 m, T5 at x=5.0 m, T6 at x=3.72 m
and T11 at x=7.47 m.

In order to investigate if the relative reduction, compared to corresponding freeburn test,
in the maximum excess gas temperatures, AT, downstream the fire correlate to the

max

total water flow rate of the deluge system, the ratio of AT, . /AT

max, freeburn

was plotted as

a function of the nondimensional water flow variable with longitudinal ventilation flow of
0.62 m/s and a steel plate in the ceiling. The excess temperatures used where the
measured maximum temperatures in the ceiling (T4, TS5, T6 and T11) downstream the
water application area of the water spray system and the average excess temperature

measured at pile A, AT The results are plotted in Figure 16 and show that there

max,avgA *
exists a correlation between the excess gas temperatures in the ceiling and the
nondimensional water flow variable. This means that the gas temperatures measured
downstream the fire are good indicators of the efficiency of the water spray system.

The ceiling temperature (T3) above the fire source is plotted together with the averaged
temperature ratio in Figure 17. As can be seen in Figure 17, the nice linear correlation
that holds for the other temperatures measured does not hold for this temperature. The
correlation indicates that the ceiling temperature above the fire source is not affected in
the same degree as the other temperatures measured further downstream the fire. A
plausible reason is that the thermocouples further downstream (T4 — T11) the fire zone
register a more global effects (gases mixed) than the thermocouple in the ceiling (T3),
which possibly measure local temperature effects.



38

o o =
o o o
| |

ATmax/A Tmax,freeburn
o o
N N
| |

o

o
P
- L

0.00 0. 0.02 0.03 0.04 0.05

(l'c)Qw/Qmax,fre eburn

B dTmax,avgA O dTmax, T3

Figure 17 The ratio of maximum ceiling gas temperature directly above the
ignited wood (T3) to temperatures of corresponding freeburn test as a
function of the nondimensional water flow variable. For comparison
the corresponding average excess temperature values for pile A are

given.
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Figure 18 The ratio of maximum values of parameter P to the corresponding
maximum value of freeburn test as a function of the nondimensional
water flow variable.
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A plot of different parameters, P, was done in similar way as shown in Figure 16, i.e. as

a function of the nondimensional water flow variable O (1=¢)/ Q.. copn - The

AT,...AO and qm. The heat

max ? max * 2,max

parameters representing P in Figure 18 are; Q

flux was taken at same location asA7, , AO,, i.e. at pile A (flux 2).

avg?

There appears to be a very good correlation between the parameters P for the test
situation described in this report. The correlation tends to be linear within the water flow
rate range tested. This indicates that it is possible to use one of these instruments,
especially if HRR measurements are lacking, to measure the efficiency of the water spray
system. This could be of importance to know when doing large scale tests with water
spray systems were the instrumentation is limited. If we assume that the trend of the line
in Figure 18 is linear all the way down to zero, i.e. we extrapolate the trend of the curve,

=0.04. An

we can see it will intersect the x-axis when O (1-c¢)/Q

max, fireeburn

interesting observation is that if we put the numerical values known ( H ,=2536 kJ/kg,

O o fieeburn =102.2 kW and 4, =0.56 m?’) into this equation we obtain
Muyer =Mwel A, =(1—=c)mwe/ A, =0.0028 kg/m® s =2.8 g/m’ s. This number can be

compared to what Heskestad [11] presented as critical water flow rate, m ... This value

varied between 1.3 — 3 g/m’ s for numerous investigations with wood. If this is a

corresponding value, the nominal critical flow rate which would be needed to extinguish
the wood crib used here is; ¢ = M 60=0.0028- A -60 /(1 —¢)=0.86 I/min.
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Figure 19 The ratio R versus the nondimensional water flow variable for tests
with a nominal longitudinal flow of 0.62 m/s and a steel plate in the
ceiling.
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During the test series with longitudinal flow of 0.62 m/s, the wood crib mass after each
test was weighted (M ) in dried conditions. The measured values can be found in Table
3, where the ratio R=(M, —M , - M)/(M,(1-F,)—M ) is plotted as a function of

the nondimensional water flow variable. It is apparent that for the test conditions
represented here that the nondimensional HRR, gas temperature, fuel consumption,
oxygen depletion and heat flux downstream the fire, all correlate to the nondimensional

water flow variable O, (1—-¢)/Q This is valid for locations where the

instruments are not directly hit by the water spray droplets. The parameter ¢ needs to
experimentally determined for each test setup. These results are of great importance for
designing and evaluate large scale tests for water spray systems in tunnels.

max, fieeburn *

7.3 Deluge system B

In the following a similar analysis is carried out for the deluge B system which is a water
curtain system for cooling of the hot fire gases. Tests 9 to 12, were all carried out with the
deluge system downstream the ignited wood crib. The system consisted of 4 nozzles with
the centre of the 4 nozzles about 0.3 m from the downstream edge of the ignited wood
crib. The system was tested with two different nominal flow rates, 0.17 1/min and 0.22
/min (431 1/min and 558 1/min). In test 13, four nozzles were mounted upstream the
ignited wood crib. The main reason was to observe if there would be any cooling effects
of the water curtain on the HRR in nominal longitudinal flow of 0.62 m/s. In test 7 the
fire spread to the target (0.17 1/min), whereas in test 11 (0.22 I/min) it did not. This gives
an indication of the water flow rate needed to prevent the fire spread using water curtains.
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Figure 20 Comparison of the deluge A system (12 nozzles) and the deluge B
system (4 nozzles).

The nondimensional excess temperature ratio versus the nondimensional water flow
variable of 4 nozzles mounted both upstream and downstream of the ignited wood crib, is
shown in Figure 20. The trend is similar here, i.e. the cooling of the relative temperature
tends to follow the same linear dependence as in the tests with 12 nozzles. The cooling
effects appear although to be more efficient, which can be seen if the water flow rate is
plotted together with data with the deluge A system.
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8 Conclusions

The report contains a literature survey of the use of water spray systems in tunnels and an
experimental model scale study of efficiency of such system in a longitudinal tunnel flow.
Arguments for using or not using water spray systems are presented, as well as an
overview of were such systems have been installed and the experience of using such
systems. A summary of available research related testing of water spray systems is given
as well.

Based on the literature study it can be concluded that the adverse results from the
Ofenegg tests had a major impact on the potential use of water spray systems in tunnels in
large parts of the world. None of the adverse effects similar to the one obtained in the
Ofenegg tests, except for the visibility reduction, were observed in any of the other large
scale tests presented. The reduction in visibility is a problem that is universal when
sprinkler systems are used, even in buildings, but it has never been a debated issue. The
controversy about the reduction in visibility can be solved for tunnels by delaying the
activation of the systems or at least until the safety of those who need to evacuate is
secured. There are few technical arguments found in this survey which would not
advocate the use of water spray systems (with or without foam additives) in highly
trafficated road tunnels. The question of investment and maintenance costs of such
systems has not been considered here.

Japan has carried out a systematic and resolute work in order to obtain an optimized water
spray systems that are confident for their needs. Experience from Japan, both in terms of
writing guidelines, designing systems and actually using fixed water spray system in road
tunnels, is unique in the world.

Results from the model scale study presented, show that no fire spread occurred to the
target in the case with nominal water flow rate equal or higher than 0.35 1/min and a
deluge system A (12 nozzles). The target was charred in the tests with 0.35 and 0.5 I/min
but not with 0.67 I/min. The critical water flow rate for extinction using deluge system A
was estimated to be 0.86 I/min or higher. When using water curtains (deluge B system)
the fire spread to the target using 17 I/min but not when using 0.22 1/min.

The tests show that the nondimensional ratio of HRR, excess gas temperature, fuel
consumption, oxygen depletion and heat flux downstream the fire, all correlate well to the

nondimensional water flow variable Qw (1-c¢)/ Q This is valid for locations

max, fieeburn *
where the instruments are not directly hit by the water spray droplets. Further, there
appears to be a vague correspondence in the Kung and Hill [6] data and the results
presented here if the parameter c is put equal to 0.89.
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Appendix Test Results
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Figure A1  Measured energy released of the initial wood crib, gas concentrations, heat
fluxes, air flow and gas temperatures in Test 1.




45

Heat Release Rate (kW) 0,
250 25
200F -
_ —— HRR weight 3
T Sl LV .
= S ——02-0.88 H - pile A
& 100 | HRR 02 CO2 2 10 —— 02 - exhaust
T exhaust 6<
50 T
0 /m e —— 0 : :
0 5 10 15 0 5 10 15
time (min) time (min)
Heat Radiation (kW/m?) C0,-CO
—~ 25
< >
‘e c 204 - — e l
o
3 Flux 1 - IPT —— CO2 - exhaust
f Flux 2 ‘E CO - exhaust
[
2 Fuxs)| | g 107
© o 4
$ . °
O ol =t ‘
0 5 10 15
time (min) time (min)
Velocity air mass flow rate
7.00 0.3
0
B D 0251
LB50F-——--——7——— - ———— =
0.2 4 M A b ﬂ A -
§, 4.00 4 ——upstream % upstream
> 4 R
£ 3001 exhaust g 0.15 —— exhaust
[<] - 4
R o 01 AN A AR S e
1.00 A g 005+ -~—-C "
0.00 ——— 0 T T
0 5 10 15 0 5 10 15
time (min) time (min)
Temperature 0,035 m under the ceiling Temperature x=6,22 m (pile A)
_. 1200 200
$ [
S —T3 § R
Y =
Se0f - —T @ o
s 5 2
@ 600 1 @ T8
g_ T6 g- T9
i ) —m 3 T10
& 200+ — T2 -4
0 0 T T
0 5 10 15 0 5 10 15
time (min) time (min)

Figure A2

Measured energy released of the initial wood crib, gas concentrations, heat

fluxes, air flow and gas temperatures in Test 2 (note: oscillations in the

exhaust ventilation system)..
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Figure A3  Measured energy released of the initial wood crib, gas concentrations, heat
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Figure A4  Measured energy released of the initial wood crib, gas concentrations, heat
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Figure AS

Measured energy released of the initial wood crib, gas concentrations, heat

fluxes, air flow and gas temperatures in Test 5.
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Figure A6  Measured energy released of the initial wood crib, gas concentrations, heat

fluxes, air flow and gas temperatures in Test 6 (freeburn with two wood

cribs).
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Measured energy released of the initial wood crib, gas concentrations, heat
fluxes, air flow and gas temperatures in Test 7 (note: oscillations in the

exhaust ventilation system).




51

Heat Release Rate (kW) 0,
250 25
200 -
s g
& 1501 —HRR weight <
% 100 HRR 02 exhaust| | B _|[=-02-08sH-pieA]
I 3
o
50
0+ 0 T T
0 0 5 10 15
time (min) time (min)
Heat Radiation (kWImz)
E
é Flux 1
= Flux 2
=]
= Flux 3
= ————d
Q
==
time (min)
Velocity air mass flow rate
7.00 __ 03
R e $ 025 |
B 500 -————mmmmmmmm————— = — 1 =
e
£ 4.00 - ——upstream ‘g —— upstream
%- 3.00 4 _ exhaust 3 0.15 4 —— exhaust
g204 - - = O e LT ARRR R T T
> 1.00 4 & 0.05
0.00 i e E : :
0 5 10 15 0 5 10 15
time (min) time (min)
Temperature 0,035 m under the ceiling Temperature x=6,22 m (pile A)
__ 1200 350
$ 1000 1 —T3 O 300 =
S 800 T T 250 —r
® T5 2 200 -
@ 600 3 T8
2 T6 g 150 1 T
g 400 ~ — ™ £ 100 10
G 2009/ —T12 8 50
0 4= ‘ : 0 ‘ ‘
0 5 10 15 0 5 10 15
time (min) time (min)
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Figure A9 Measured energy released of the initial wood crib, gas concentrations, heat

fluxes, air flow and gas temperatures in Test 9.
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Figure A10 Measured energy released of the initial wood crib, gas concentrations, heat

fluxes, air flow and gas temperatures in Test 10.
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Figure A11 Measured energy released of the initial wood crib, gas concentrations, heat
fluxes, air flow and gas temperatures in Test 11.
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Figure A12 Measured energy released of the initial wood crib, gas concentrations, heat

fluxes, air flow and gas temperatures in Test 12.
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Figure A13 Measured energy released of the initial wood crib, gas concentrations, heat
fluxes, air flow and gas temperatures in Test 13.
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