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IN TUNNEL FIRE MODELS
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ABSTRACT

In order to optimize the emergency ventilation tsgées put into operation during a tunnel fire,edtdr
knowledge of the temperature field and the flowdfigenerated by a tunnel fire is required. Testeeha
been conducted in a model tunnel at ETH for twéedgint ventilation regimes indicating strong change
in the temperature field. An objective of the prdseork is to describe a new experimental technique
allowing the measurement of both a two-dimensiothperature and velocity field. Preliminary
experimental results showing the feasibility obthew technique are shown.

Keywords: Fire simulation, hot jet in confined cros s-flow, temperature measurements, InfraRed
Thermography.

INTRODUCTION

In the past years several catastrophic tunnel fimeslving vehicles have occurred. Examples are the
accidents in the Mont-Blanc tunnel (1999) and thodtitard tunnel (2001). Although the number of tunne
kilometers is relatively small, an accident invalyi a fire in a tunnel has much more dramatic
consequences than those which occur along the ropels. Indeed in case of fire, owing to the corfine
geometry of the tunnel, the temperature can easiteed 1000 °C and the dispersion of smoke gases
increases the asphyxia risk. Many studies have beeducted on this very complex phenomenon, since
it involves combustion with chemical kinetics ataid dynamics with complex turbulent structures.eOn
important issue in fire safety is the longitudinahtilation that should allow to control, in evenitfire,
the smoke dispersion. For this subject it is vampartant to introduce the concept of ‘critical \ition
velocity’, defined as the minimum air velocity réepd to suppress the smoke spreading against the
longitudinal ventilation flow during tunnel firek1 experimental investigations on emergency vetiite
systems, Vauquelin (2005) used a parametric appré@acevaluate the critical velocity for different
channel dimensions and for different buoyant sairééu and Bakar (2000) carried out experiments both
to determine the critical velocity for differentosis sectional geometries and to measure the tetapera
and the velocity in the tunnel. Lee and Ryou (208dijformed experiments to study the effects of the
aspect ratio of a tunnel cross section on thecatitrelocity. Analytical models have been developgd
Danziger and Kennedy (1982) and Kunsch (2002) sduewe the critical velocity. In particular thetéat
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predicts the existence of an asymptotic value efdtitical velocity for high heat release ratese Effect

of the longitudinal ventilation on the burning ratetunnel fires was studied by Yang et al. (20853 by
Roh et al. (2008) while Atkinson and Wu (1996) perfed experiments for various tunnel slopes. Many
numerical studies on tunnel fires are presentetthanliterature. Brandeis and Bergmann (1983) adrrie
out two-dimensional simulations of fires in tunn&lgh forced ventilation under different ventilatio
regimes. Fletcher et al. (1994) studied the effetthe ventilation velocity and heat release @it¢he
fire. Ballesteros-Tajadura et al. (2006) put sgeeraphasis on the study of the influence of thenélin
slope on the smoke behavior. The maximum smokeedeaiyre under the ceiling of a tunnel was studied
experimentally and numerically by Hu et al. (20@8iile temperature and velocity data were acquined b
Rusch et al. (2008) in order to have well definemlrmary conditions for CFD simulations and
experimental data for their validation. Recentlyeav simplified model for the simulation of firesrioad
tunnels with longitudinal ventilation has been mepd by Migoya et al. (2009).

Emergency ventilation strategies put into operatlaring a tunnel fire can be improved on the basis
of a better understanding of the corresponding ¢exnflow phenomena. The experimental facility at
ETHZ was designed to attain this objective by ptaisimodeling. Alternative tools, such as commercial
software packages (e.g. CFX or FDS, especiallygdesi for fires) provide a good insight in most lué t
fire scenarios, but their limitations become apptr@ the prediction of entrainment and dilution
involving turbulence modeling in a stratified emnment. Hence an experimental investigation of the
stratification related to the temperature field vpasformed. In addition, by means of 3D-reconstamct
of the temperature field, a better understandinthefthermal behavior of the flow generated byramél
fire, consisting of the buoyancy driven flow in tfiee plume interacting with active tunnel ventidat,
should be attained. A further objective of the prigsswork is to describe the basic physical prirespl
which govern a new experimental technique that shallow a two-dimensional measurement of both
the temperature and the main velocity. Prelimirexgerimental tests will be presented to demonsthate
feasibility of this new technique.

EXPERIMENTAL APPARATUS

The tunnel, sketched in Fig. 1, is mounted on anéranade of aluminum profiles. This design
facilitates tilting of the complete tunnel to intece streamwise buoyancy effects. The square cross
section of the tunnel has a height of 0.8m. Thensé&ike consists of a nozzle, with a contractiommty
one direction and an area ratio of 1.75. Upstrefthenozzle three fabric screens and one screeie ma
of stainless steel cause enough pressure lossnip daoming disturbances from the laboratory. The
ceiling and the side walls consist of insulatingtenal, because the hot air propagates under titiagce
due to buoyancy. The floor is made of glass plates$ allows optical access for LDA or PIV. The glass
plates are 0.95m long, 6mm thick and are sepamatéw downstream direction by aluminum 5mm wide
spaces which in turn can be replaced by a spelzitd pontaining ports for the thermocouple travegsi
rake. At the location of the hot air source thefles made of a 0.95m long plate consisting of Ity
material able to sustain the high temperatures. Aidteair source is realized by an electric heatieickv
allows to heat up the supplied air from the ambtentperature to about 500 °C. In order to smoogh th
velocity profiles downstream of the heater, twoelayof fine stainless steel screen are insertatidn
heater exit plane. A diffuser with an opening angfiel degrees is mounted downstream of the screens,
followed by a pipe with an inner diameter of 0.2Bwth the diffuser and the pipe are insulated with t
layers of 30mm thick stone wool mats. The extracfen drives the cross-flow and is connected to the
tunnel by a 0.5m long nozzle. This nozzle provitdhestransition of the square cross section to itteaillar
one with a diameter of 0.6m. A 40mm thick honeyconith a pitch of 5mm is mounted between the
nozzle and the fan in order to prevent the fornmatib an upstream vortex generated by the fan. Three
PID controllers are employed to assure the rep#isyadnd stable operation of the experiments. Tirst



PID controller uses the analog signal of a veloaitgmometer, located immediately after the turmlet i
nozzle, to control the motor of the extraction f&he second PID unit controls the blower which diegp
the electric heater with air. It receives the inpiginal from a volumetric flow rate sensor and leete
cold supply air volume constant. The third PID colir reads its signal from a K-type thermocouple
which is placed downstream of the electric heatel maintains the jet temperature constant durieg th

operation.
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Fig. 1. Experimental set-up

TEMPERATURE MEASUREMENTS
In this section the applied measurement techniquehte temperature is described and subsequently

the experimental results will be discussed.

Experimental procedure
The dimensionless numbers which govern the thetmd-flynamics behavior of the flow in the

tunnel are the heat release ra(@é and the Richardson numbBr. The heat release rate is given by the

following relations:

§=— ®
P+C,T:D"y gD
Q:mnjcp(Thj _Ta) 2)
and the Richardson number is defined by the folhowatio:
Ri =41 3)
ancf

wherep is the densityl the temperaturel) the hot jet diametelC, the specific heat of the aig, the
acceleration of gravitylp the density rise above ambieHtthe tunnel height,mthe mass flow rate and
U the velocity. The subscripa® refers to ambient conditiongf” to the cross-flow andHj” to the hot jet.



The choice on*, which characterizes the fire plume from the eegegpoint of view, is very

important to simulate realistic fire conditionsdéed, as discussed by Heskestad (2002), its vaisela
small enough to allow physical modeling of the bamgy-driven pool fire regime. The cross-flow
velocity, occurring in the&Ri number which characterizes stratification, is mapdrtant parameter to be
chosen carefully in the experiments. When the eflosg velocity is too small, backlayering occurss.i
the hot-air plume can propagate upstream in oppdsiection to the fresh air current. Backlayenmay
obstruct partially the cross section with the vasloanemometer used for the control of the extoactan.
This partial blockage would lead to an acceleratbthe cold air flow and the velocity anemometer i
the control loop would trigger a reduction of thess flow velocity. As a consequence, enhanced
backlayering would lead to global instability ofettunnel. However, when the cross-flow velocityas
large, entrainment of cold air into the hot jet Webreduce the stratification below a relevant level

The coordinate system adopted to localize the uarinvestigated cross-sections downstream of the
hot jet is shown in Fig. 1. The locations and test tconditions are also summarized in Tab. 1. The
temperature measurements were conducted using NiTgpe-K thermocouples whose signals are
acquired and amplified with a custom-built multiohal amplifier and are then logged with a A/D
converter on a data acquisition board on a complitehe generic tunnel cross section the tempegatu
distributions are measured by means of rake whachoontain up to 15 probes but, in order to avoid a
excessive blockage, only eight or seven probepgentively are traversed at the same time. The grobe
are equally spaced at 5cm in the span-wise direetnal the step size in vertical direction is chasebe
2.5cm. The first and the last port of the rakelzoth placed at a distance of 5cm from the two sidis.

The measurement position of the thermocouples sideethe ceiling is 1.25cm. At each vertical stati
the temperatures are recorded with a sampling o&té,=50Hz over 3 minutes. In the different
investigated tunnel cross sections, the mean teanperdistributions are evaluated interpolatingocent
square grid (31x31), the mean temperatures beirasmed on the 15x31 acquisition points. The mean
temperature distributions, acquired in the varioogestigated sections of the tunnel, have been
normalized by means di, defined by relation (4). The maps of the mean @mtizad temperaturel(Ty)
have been used to perform a 3D-reconstruction eftémperature field in the test region of the tlinne
which should provide a better insight into the dldhermal behavior along the tunnel axis. In a# th
figures shown in the next subsection, the centahefcircular exit section of the hot jet is lochiat
x/D=0, y/D=0.5 andzD=0 and the cross-flow direction corresponds toxthgis.

My Ty + manhj

T =—
m, +m,

(4)

Table 1. Test conditions and investigated planes

Investigated sections

*

Ri Q
From To Pitch

4.75 0.95 | x/D=0.625 | x/D=6.875 1.2
10.3 0.95 | x/D=0.625 | x/D=6.875 1.2

Results

Fig. 2 reports, for the tunnel volume explored dgrthe investigations, both the i$6F, surfaces
relative to the value of/T, =1.37 and the slicgyD=0.2 for the two tested Richardson numbers. Itéd w
known from the literature that the unbounded jetrioss-flow is characterized, downstream of the exi



section of the jet, by a counter-rotating vortek p@VP) with its axis along the cross-flow diremti (Fric
and Roshko (1994)). For both tested Richardson ewsnht is possible to observe fofT,=1.37 two
separated is@fT, surfaces which are associated with the CVP cibedel
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Fig. 2. Dimensionless temperature distribution aty  /D=0.2 and iso-T/T , surface for
T/Ty=1.37: a) Ri=4.75; b) Ri=10.3.

For the lowerRi (Fig. 2a), i.e. for the higher cross-flow velogitycan be noted that the cross-flow
exhibits a better capability to wrap the CVP beedh® shear stresses on the boundaries betweamnahe
counter-rotating vortices and the cross-flow areariatense. The high kinetic energy contained i th
cross-flow promotes a better cooling of the two dmtinter-rotating vortices. In addition, the buogan
effects of the hot jet become clearly visible. Tisiqighlighted by the fact that, for 0.6288<3.125, in
proximity of the ceiling the measured temperataeslower than the ones measured, in the samenegio
for Ri=10.3 (Fig. 2b). When the cross-flow velocity islueed, the buoyancy effects become stronger.
Indeed, from thel/T, distribution relative toy/D=0.2 andRi=10.3 (Fig. 2b), it is possible to see in
proximity of the ceiling (0%/D<1.875) both a significant increase of the tempeeatind an upstream
movement of the is@fT, curves. This can be explained by a lower cross-flate and hence a higher



temperature of the two hot counter-rotating vosiceaching the ceiling and splitting in both direas,
upstream and downstream. The upstream movemehedlaw at the ceiling, known as backlayering, is
absent in the case &i=4.75 (Fig. 2a). In fact at the inlet of the tesgion close to the ceiling, the
measured temperatures appear to be very low. #ftersectiorx/D=3.125, Fig. 2 shows, for both the
tested Richardson numbers, a stratification oftémeperature, but the one with a stronger tempeaxatur
gradient is that foRi=10.3 (Fig. 2b).

From Fig. 3, reporting the isB, surfaces for the value d¥T,=1.02 for the two tested Richardson
numbers, it is possible to see in case of a highess-flow velocity (Fig. 3a) that the 36T, surface
shows a peak betweetdD=2 andx/D=4, while the isoF/T, surface related to the lower cross-flow
velocity (Fig. 3b) is rather flat. This differenehavior could be explained by the fact that a highss
flow velocity produces a strong depression immedijaafter the hot jet that together with the ratati
direction of the CVP should promote secondary ffmlds responsible for the upwards movement of the
cooler air close to the floor of the tunnel.
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Fig. 3. Iso-T/T, surface for T/T ,=1.02: a) Ri=4.75; b) Ri=10.3

HEATED GRID TECHNIQUE

Although thermocouple measurements are quite asguilzey are very time consuming, especially
when a high spatial resolution is required. In ortte overcome this drawback, a new experimental



technique is being developed. This technique alldesperform, in the tunnel cross-sections, a
two-dimensional measurement of both the temperatndethe main velocity. It requires the insertiotoi

the flow field of a very high porosity grid (therssr), normal to the main flow direction, whictfasmed

by a thin electrically conductive wire having a lhigmissivity. The sensor surface temperatures are
measured by means of an InfraRed (IR) camera.

Governing equations: fluid temperature measurements

The energy balance for an annular element of a leoligd cylinder [>>r) with internal heat
generation (Fig. 4) is provided by eq. 5. In thise& the heat is generated as the result of therturr
passage in the wire of the sensor (Joule effect).
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Fig. 4. Circular cylinder with internal heat genera  tion
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If the solid cylinder is immersed in a fluid at entperaturel; the boundary conditions require that the
heat conduction from the cylinder equals the rathe convection and radiation at the surface:

—k?j—-: =he(T,-T,): T(r=r)=T,

r=ry

whereh, andy are, respectively, the heat transfer coefficient the temperature at the specified surface
r=ro. By using the boundary conditions above it is fldesto obtain the temperature distribution in the

wire cross section:
O.f hyr, )
T(r)-T, =—22:2+—=20/1~| — : 6
(r)-T, an, k{ (%H (6)

The ratio % represents the Biot numbdsi) which provides the relative importance of the diactive

thermal resistanceR, =r,/k and the convective resistangZ]/Flc. If the Biot number approaches



zero, the solid can be considered isothermal irsfition normal to longitudinal axis of the wiredahe
temperature change is principally at the fluid-@¢afiterface. If the material and the diameter &f wire
forming the sensor are such as to assure, forahsidered flow field, 8i significantly smaller than one
eg. 6 can be rewritten

e =h(T-T,). )

The heat transfer coefficier’lz is the sum of tlvective i) and radiative i) heat transfer
coefficients:

he =(h +h). 8)

Substituting eq. 8 into eq. 7 and imposifig=T,,, leads to

qG_Zrozhc(Tnh - T )+hr(TrTh -T; ) 9)

oe(T? -T2
h, :%mﬁ%}. (10)
mh f

The temperaturd ., is the ambient temperature in case of not confiit@ds, while for the confined
ones Tay is the bulk temperatur&, (eq. 4). Taking into account the expressiorhofeq. 10), eq. 9
becomes

with

= (T, =T, )+ 08( T T (11

In absence of heat generatiog%0) eq. 11, by imposingl’ =T ., can be written
0=h(T—T;)+0&(Tr ~ Ty ) (12)

Subtracting eq. 11 from 12 it is possible to eveduhe convective heat transfer coefficiéptby the
following equation:

1 Oslo 4 4
= —oe\T T, 13
h, (Tmh—T,m)[ oo - oe(T, - (13)
The sensor temperature distributions obtained byRhcamera relative to the heated cage@, T=T)

and to the un-heated casg=0, T=T,,) allow to evaluate by means of eq. 13 the convedieat transfer
coefficient distribution If;) that, substituted in the eq. 11 or 12, furnisiies fluid temperature

distributionsTs;.

2 Eqg. 7 can be equally obtained by performing arrazenergy balance:

Oe(717L) = he(27m,L (T =T, )



Governing equations: fluid velocity measurements

The *hot grid technique” allows to evaluate both the local convective heamsfer coefficienh, and
the local fluid temperaturd;. From the knowledge of; and h. it is possible to evaluate the local
distribution of the Nusselt numbblu defined as

Nu = %, (14)

where d is the diameter of the wire andis the thermal conductivity of air estimated ag thim
temperaturdy, expressed by the following relation:

T.+T
Tfilm =_m 'f .

2
The local distribution of the Nusselt number carubed to evaluate, by means of King’s law (eq.1®,

corresponding local distribution of the ReynoldsninerRe yielding the local velocity perpendicular to
the wire.

(15)

Nu=a+bRe" (16)
with
re=Vd (17)
%

where the kinematic viscosityis evaluated at the film temperature (eq. 15). ddwstants, b andm are
determined by means of a calibration procedure sike of brevity this procedure is not describethe
present work.

Experimental procedurefor the temperature measurements

In this section the new experimental procedure igedeasure the fluid temperature is described. As
a preliminary test case it was decided to measisiag a singleCu-Ni wire of 0.5mm diameter, the fluid
temperature profile of a free hot jet (Fig. 5). Thstance between the circular exit sectidgngcm) of the
hot source and the wire was 40cm. The single wsiteeated up by using an electronic power supplg. Th
wire temperatures, used to evaluate the fluid teaipee, are measured using an InfraRed cameraawith
mid-range infrared FPA (Focal Plane Array) InSbseen3 — fum) of 320x240 pixels. A 50mm lens is
used during the test at a distance of about 1.3firsistep of this procedure requires a calibratihich
is described in the next subsection.
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Fig. 5. Heated grid technique: layout of the prelim  inary test case

Calibration

The objective of the calibration is to acquire mifgt of curves which furnishes the Digital Levell(p
distribution along the wire for different heatirgvéls, i.e. for different wire temperatures (Fiy. feor a
fixed heating level the wire temperature is measupg using a RTD and a screen is positioned
immediately under the heated wire in order to lithie cooling effects associated with the natural
convection. The DL distribution is obtained perfomg) for each column of the thermal image (Fig., 7a)
the average of the maximum DL given by the pixelkssed by the heated wire and of the two DLs of the
vertical neighbours (Fig. 7b). The distance betw#enwire and the IR camera is such that the wire
diameter covers only partially the pixel surface, &ach pixel will provide a signal that is related¢he
mean temperature between the background and tleeteninperature. For this reason, the background
thermal image has been subtracted from each warentl image relative to the different heating leyel
with the aim to isolate the pixel signal portios@sated with the heated wire.
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Fig. 6. Calibration curves
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a) b)

Fig. 7. Calibration: a) Thermal image of the wire;  b) Scheme for the evaluation of the DL
profile.

Fluid temperature measurements

To measure the fluid temperature profile it is msegy to acquire the DL distributions for two
different heating levels of the wire immersed itite flow field (Fig. 8a). The DL profiles reportedFig.
8a can be converted in temperatures by using thayfaf curves (Fig. 6) acquired during the caliiiwa.
The wire temperature profiles relative to the tveatng levels were used to evaluate the convebeat
transfer coefficient distributionis. (eq. 13) and by using eq. 11 or 12 the fluid terapge profile (Fig.
8b).

[l
oy

DL T(T)

:
|
u\

B & &
)

4
R
A

T
3

N\
e

ﬁ
S
N
N
)

200 Iy h V. Y J/ \
150 / / \ g . f/ \\
5 36
100 " B / \__
Y1 \ i
: ~ 32
0 T T T
0 50 100 150 200 250 300 30
a) b) © 100 200 300
pix PIX

Fig. 8. Fluid temperature measurement: a) wire DL d istributions for two different heating
levels (Q=0W and Q=3W); b) Fluid temperature profil e.

CONCLUSIONS

Measurements of the mean temperature field inréiffiecross sections of a model tunnel in case of a
fire have been carried out by using a rake of tleouples. These measurements were used to perform a
3D reconstruction of the temperature field whidowaéd to highlight significant differences betweébe
two tested ventilation regimes characterized byeddht temperature stratifications, as expressed by
different Richardson numbers.
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First experimental results related to a novel fltechperature measurement with the “Heated Grid
Technique” are promising. Further investigatiorss iquired both to define and to improve the aayura
of this new experimental technique, especially atggarding its potential for simultaneous tempegatu
and velocity measurements.
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