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Fluides, Thermique, Combustion—ENSMA, BP 40109, 86961 Futuroscope
Chasseneuil, France

Received: 16 March 2012/Accepted: 4 January 2013

Abstract. The paper deals with interaction between water mist and hot gases in a
longitudinally ventilated tunnel. The work aims at understanding the interaction of

mist, smoke and ventilation.The study is based on one intermediate tunnel test and
an extensive use of the computational code Fire Dynamics Simulator (FDS, NIST).
The approach consists first of reconstructing the test with the CFD code by defining

the relevant numerical parameters to accurately model the involved water mist sys-
tem. Then, it consists of handling from the local data the complicated flows gener-
ated by the water mist flooding on the one hand and by fire and ventilation on the

other hand. The last stage consists in quantifying each mechanism involved in inter-
action between water mist and hot gases. There are three main results in this study.
Firstly, the CFD code prediction is also evaluated in this configuration, with and
without water mist. Before the mist system activation, the agreement is satisfactory

for gas temperatures and heat flux. After the activation time, the CFD code predicts
well the thermal environment and in particular its stratification. Secondly, water mist
plays a strong thermal role since in the test studied, roughly half of the heat released

by fire is absorbed by water droplets. Thirdly, heat transfer from gaseous phase to
droplets is the main mechanism involved (73%). The remaining heat absorbed by
droplets results from tunnel surface cooling which represents (9%) and radiative

attenuation (18%).
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Nomenclature

Cp Heat capacity (J kg-1 K)

h Heat transfer coefficient (W m-2 K-1)

Lv Latent heat of vaporization (J kg-1)

m Mass (kg)

Q Energy (W)

S Surface area (m2)

T Temperature (K)

t Time (s)

V Volume (m3)

Vc Control volume (m3)

Greek symbols

q Density (kg m-3)

Subscripts

g Gas property

fire Fire property

p Water droplet property

d Tunnel openings property

w Tunnel walls property

List of abbreviations

HRR Heat release rate

1. Introduction

In tunnel fire safety, fires that have occurred for one decade have played a major
role since they have highlighted the potential importance of human and financial
consequences. Therefore, requirements for road tunnels have significantly evolved.
For instance, France can be cited with the Inter-Ministry circular of August 2000
(replaced in March 2006 by circular 2006-20) for national road tunnels and the
European circular of April 2004 for the trans-European road tunnel network.
These requirements have reinforced the strategy in case of fire which aims at
maintaining a free-smoke area near the roadway as long as possible. This strategy
has two main objectives. At first, it promotes the self-evacuation of people. Then,
it aims at improving the operating conditions of fire-fighters. This fire safety man-
agement is ensured by a large sample of systems, including ventilation systems.

In monitoring technological development, authorities and tunnel owners are still
looking for new ways/systems for ensuring a higher safety level. In this context,
Water-based Fixed Fire Fighting Systems (WFFFS) are more and more consid-
ered as a way to improve fire safety in tunnels via controlling (and even some-
times suppressing) fire spread and heat release. In 2008, the world road
association PIARC even expressed the opinion that a fire-fighting system is one of
many system types available to deliver user safety and infrastructure protection [1].
Among these WFFFS, we focus here on ‘‘water mist’’ systems producing the
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smallest droplets and involving the lowest sprayed water quantity [2]. The use of
water mist has grown at a very high rate since the seventies, starting with the need
to find an alternative to the banned halogen-based fire suppressing agents. There
are two main differences between water mist systems and conventional sprinkler
systems which result from breaking water into a cloud of very small droplets.
Firstly, this spraying increases greatly the surface area available for exchanging
heat with surrounding gases. Secondly, it strongly influences droplet momentum.
The time period during which droplets are in suspension in the gaseous phase can
consequently be significantly longer.

1.1. Phenomena Involved in Interaction Between Water Mist and Hot Gases

When water is sprayed in the vicinity of a fire characterized by hot gases and
important thermal radiation, four major mechanisms are identified [3]. Firstly, an
amount of heat is transferred from gases and surfaces to water droplets. Droplets
are also heated and evaporated by this ‘‘heat sink’’ while gases and surfaces are
cooled down. Secondly, the phase change from liquid to vapor induces a high vol-
umetric expansion rate. This phenomenon prevents the mixing between fresh air
and combustible vapor, acting like an inert gas, thus being able to reduce the
intensity of combustion reactions. Thirdly, water droplets interact with thermal
radiation emitted by flames, surrounding solid surfaces and hot gases by absorp-
tion and scattering effects [4, 5]. Thus, this phenomenon can limit the fire propa-
gation (to other vehicles trapped in the tunnel for instance) and even affect the
fuel burning rate by attenuating heat feedback to fuel [6, 7]. Fourthly, water spray
may interact with smoke layer due to gas cooling and momentum exchange. This
interaction may induce a thermal destratification of the environment.

The importance of these four phenomena depends on the fire environment (fire
heat release, ventilation, etc.) and the water mist characteristics (droplet size,
spray pattern, etc.). For instance, very small droplets are rapidly decelerated after
leaving the nozzle. Also, their residence time in the air is longer thus promoting
radiative attenuation and gas cooling but their ability to penetrate the flame zone
is reduced [8], making it difficult to steer them toward a given target. The scientific
literature reports a large number of research campaigns, conducted from the labo-
ratory scale up to real scale such as compartment and tunnel. Among them, one
may cite those focused on one fundamental phenomenon (for instance [9, 10]), on
water mist effect on HRR [11] or even, those studying the problem more globally
(for instance [12, 13]).

1.2. Research on Water Mist in Tunnel Configuration

To date, a few large-scale tests have been conducted in tunnels using a water mist
system like the European campaign UPgrading of existing TUNnels [14] or the
German campaign Safety Of Life In Tunnels [13]. Such real scale tests are very
expensive because a large number of sensors are required to track smoke and hot
gases. That is generally done with thermocouple trees installed at several distances
from the fire location. Large-scale tests are very useful to test water mist in real
conditions, by involving real fire load and fluid flow. However, it could be
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difficult, and even impossible, to draw general conclusions concerning the influ-
ence and the efficiency of such a system [15].

Even if there are still some difficulties in properly scaling the thermal radiation
attenuation by the sprays and the water droplet size (except by using geometri-
cally similar spray nozzles) [16], reduced scale tests could present a great interest,
for instance to accurately study one phenomenon in particular, to carry out a
parametric study or to provide useful correlations. In fact, they are relatively inex-
pensive and easy to conduct and they allow better repeatability [17]. For instance,
Ingason in [18] studied the influence of several parameters such as the water flow
density, the number of nozzles and the longitudinal ventilation rate on the ther-
mal environment and fire spread in a model tunnel (1/23). Following the same
idea, Chen et al. [19] studied in a model tunnel (1/10) the influence of longitudinal
velocity and the interval between mist nozzle and fire source on water mist fire
suppression.

The measurements made on model or real scale experiments can be used as a
basis for numerical research. Computational model can be proposed and experi-
mental base are useful to validate numerical codes for specific scenarios. More-
over, after a preliminary validation, CFD models allow us to simulate many other
situations for which there is no experimental data available by giving at least
orders of magnitude. However, to date, only a few papers involving numerical
modeling of mitigation systems in tunnels have been published [20–22]. Among
them, Trelles and Mawhinney [22] simulated with the Fire Dynamics Simulator
code (FDS code) (version 4) one of the largest fire tests conducted by Marioff
Corporation Oy. involving a high pressure water mist system. By setting the HRR
curve, they obtained a reasonable degree of agreement of computational results
with the conditions measured in the tests. More precisely, whereas the backlayer-
ing disappearance was well predicted, the gaseous phase temperature downstream
of the fire location was overestimated by the computational code. The authors
explained this difference with the moist environment in the test that affects the
temperature measurement.

1.3. Purpose of the Present Study

The present paper deals with the interaction phenomena between water mist and
hot gases in a longitudinally ventilated tunnel. The work aims at understanding
the interactions between water mist, tunnel longitudinal ventilation and hot smoke
flow in one tunnel test. To do this, it makes an extensive use of the Fire Dynam-
ics Simulator code (FDS developed by NIST in cooperation with VTT [23, 24]).
The approach consists first of reconstructing the test. Secondly, it consists of han-
dling from the local data the complicated flows generated by water mist flooding
on the one hand and by fire and ventilation on the other hand. The last stage
consists of quantifying each mechanism involved in interaction between water mist
and hot gases.

The test studied belongs to a campaign carried out in an intermediate tunnel,
the scale ratio with a real tunnel being in the order of one third. The use of such
a reduced scale aims at studying fire phenomena in a more affordable way than
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with real scale experiments and in a more realistic way than with a laboratory
scale. In this campaign, 28 tests were conducted involving three types of fire fuel,
the two longitudinal ventilation regimes (sub-critical and supercritical), and three
water mist system configurations. Among them, the test studied is selected because
it involves a low water flow rate. Consequently, mist activation does not induce
strong fire suppression and associated important gas cooling. It allows us to assess
the CFD code when the mist system is activated, as well as to study the fire envi-
ronment during this time period. Since the scope of the present study concerns the
thermal environment, fire suppression is beyond it. The fire suppression model is
thus deactivated and not studied here. For your information, during the test cam-
paign in the intermediate tunnel, one test was performed in similar conditions but
with a higher number of nozzles (14 nozzles). Fire was suppressed in less than
1 min which is efficient but which does not allow us to study gas cooling properly
[25].

2. Intermediate Tunnel Test

2.1. Tunnel Description, Longitudinal Ventilation and Instrumentation

Themodel tunnel is horizontal andcompletelybelowground. It is 43m longwith a semi-
circular cross section around 4 m2 and a 2 m hydraulic diameter (see Figure 1 for the
cross-sectionalviewofthetunnel).Wallsarecoveredbyfireresistantmortarcementwith
well-knowthermalcharacteristics.Floorismadeofconcrete.

A fan is mounted at the downstream side of the tunnel. It allows us to control
the longitudinal air flow, by extracting a roughly constant gas volume flux. A lon-
gitudinal velocity of around 3.0 m/s is set, corresponding to a supercritical ventila-
tion regime when all the smoke produced by the fire is extracted from one end of
the tunnel [26].

Figure 1. Cross-sectional view of the tunnel.
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In addition to fuel mass, four quantities are measured: gas temperature, gas
velocity, heat flux and gas composition. Sensors are located on four sections
upstream and seven downstream of the fire location (see Figure 2). Instrumenta-
tion is deeply detailed in Ref. [26] with related characteristics and uncertainties.

2.2. Water Mist System

The water mist system installed by a manufacturer is composed of six nozzles
installed on the same row, located on the center line of the tunnel. The nozzles are
located between 4 m upstream and 3.5 m downstream of the fire location, 1.5 m
apart (see Figure 2). All the nozzles are manually activated at the same time, 300
s after ignition. With an operating pressure around 90 bars, the water flow rate
injected at each nozzle is close to 5.5 l/min, corresponding to a total mist dis-
charge rate of around 33 l/min. This mist discharge is rather low compared with
the other tests of the campaign (77.0 l/min) or with standard application (higher
than 689 l/min in Ref. [22]).

Each water mist nozzle in the intermediate tunnel has four lateral and one cen-
tral orifices (see Figure 3). Each spray pattern is conic and ejection angle is evalu-
ated at 20� by Phase Doppler Analysis [27] (PDA, a description of this technique
is given in Ref. [8]). Each orifice diameter is around 0.5 mm. As to the injected
water flow rate, the initial droplet velocity could be estimated at around 60 m/s.
This value is a rough estimate since such small droplets strongly decelerate, even
along a short distance.

2.3. Fire Load

The test is conducted with a fire load produced by a 0.5 m2 heptane pool (1.0 m
long, 0.5 m wide and 0.1 m deep). The test duration corresponds to the heptane
complete burning. This liquid fuel is chosen in order to ensure repeatability
between experiments, and to reduce uncertainties related to estimation of heat
release rate (HRR). HRR is deduced from fuel weight loss monitoring based on
oxygen consumption monitoring [28]. As shown on Figure 4, HRR deduced using
the two methods is almost the same before mist activation. After that, deduced
HRR is clearly different. This is attributed to the water droplets sprayed at the
fire location that may alter the heptane pool weight monitoring.

As mentioned previously, the sprayed water flow rate is low. The main conse-
quence is that HRR reaches a higher value during the mist period (300 s to 600 s)

Figure 2. Position of measurement sections (T gas temperature, V
gas velocity, FM heat flux and Compo:gas composition). Nozzle
locations are represented by sprays. Numbers are distances in m.
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than at the activation time 300 s. HRR evolution is attributed to multiple con-
comitant phenomena. HRR first drops due to potential oxygen depletion and a
first cooling stage for fire load and gas enhanced to the fire. Then it further
increases, potentially due to various effects: turbulence enhancement influencing
combustion processes, or a typical effect already observed in pool fires when the
fuel volume tends to zero, which involves a sharp peak because all the substrate
reaches the boiling point.

3. Tunnel Test Simulation

3.1. Numerical Model Description

The present work makes use of the Fire Dynamics Simulator (FDS, developed by
NIST, USA [23, 24]), which is a 3D CFD model designed to simulate low-speed,
thermally-driven flows. This numerical tool is widely employed in the fire commu-

Figure 3. Nozzle geometrical characteristics.
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nity, generally in order to evaluate fire consequences in buildings. FDS has also
been used to simulate tunnel fires, especially by McGrattan and Hamins [29],
Cochard [30] and Trelles and Mawhinney [22]. The ability of the version used here
(version 5.4) to reconstruct the fire environment without the application of water
mist has been presented in details in [26], on the basis of one test performed within
the one third test gallery used here. The paper [26] shows that agreement between
FDS predictions and temperature measurements is satisfactory at different dis-
tances from the fire. Air flows are also well reproduced in the simulations, the mea-
surement difference staying within the overlapping uncertainty limits.

Concerning spray modeling, FDS uses an Eulerian-Lagrangian approach to
simulate the turbulent transport of evaporating droplets. This means that trajecto-
ries of water droplets are individually tracked. In order to reduce the computa-
tional cost, only a limited number of droplets are tracked. Each droplet in the
calculation is assumed to represent many others of similar size and trajectory. The
droplets tracked have to constitute a representative sample of the entire spray.
The spray characteristics are defined at the injection point by a considerable num-
ber of parameters such as fluid thermal properties, droplet size distribution and
injection features (spray pattern, volumetric flow rate, etc.). In particular, the
droplet size distribution is represented by a probability function that describes the
fraction of the water volume transported by droplets whose dimension is less than
a given diameter. In FDS, the default probability function is a combination of
log-normal and Rosin–Rammler distribution. Droplet trajectories are calculated
by solving the momentum conservation. Heat transfer between the droplets and
the surrounding gas is computed using correlations preserving the equilibrium
with the gaseous phase inside each grid cell. When a particle strikes an obstacle, it
sticks (a new speed and a new direction) until it is evaporated.
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3.2. Input Data Definition

Simulations are carried out with the FDS code (version 5.4). The computational
domain includes the tunnel, the ventilation system at the downstream side (by set-
ting an exhaust volume flow), and a free area at the upstream side. The last area
is simulated in order to better promote the flow turbulence in the tunnel. Con-
cerning the spatial and angular discretizations, cubic grid cells with a 10 cm side
are used (which corresponds to 440,000 cells, a number resulting from a sensitivity
analysis) and the unit sphere is divided into 512 solid angles for the radiative
transfer model. This angular discretization is validated by a parametric study in
laboratory scale tests dedicated to radiative heat transfer [26].

The water spray model is calibrated on the basis of droplet size measurements
performed with PDA technique [27]. In few words, this technique is based on light
scattering interferometry and the Droppler effect. Measurements are made in a
limited volume where two focused laser beams intersect [8]. To calibrate the
Lagrangian particles submodels, PDA analysis has been simulated with FDS code,
by varying the mean diameter at the injection point. The simulated configuration
is one spray injected in a closed room by a nozzle located at a central position of
the room. FDS predictions and experimental measurements are then compared at
five positions along the central axis, from 4 cm to 50 cm from the injection point
(see Figure 5). At each location, comparison deals with Sauter diameter (by defini-
tion the ratio of the volume of a sample of droplets to the surface area of the
same sample).

As shown on Figure 5, the best agreement appears to be obtained with the
spray defined at the injection point with a hybrid law defined by a mean diameter
and a Rosin–Rammler dispersion parameter equal to 40 lm and 2.85 respectively.
Note that as measurements concern only the central spray, it is assumed in the
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present study that sprays produced by the lateral orifices are similar to the central
one.

In addition to water spray modeling, the main input data for the numerical sim-
ulation are the HRR curve, the global combustion reaction and the extraction
volumetric flow rate. As in Ref. [22], the HRR curve is set (see Figure 4). Before
mist activation, the interpolated function is calibrated from experimental heptane
pool weight loss and oxygen consumption monitoring. After mist activation, HRR
is deduced only from experimental oxygen consumption. The effect of water mist
application on the heptane burning rate is represented by the experimental HRR
curve. For this reason, FDS fire suppression model is not activated. Parameters
defining the heptane combustion reaction (such as soot and carbon monoxide
yields) are extracted from the reference [31]. The extracted gas volume flux at the
downstream side is set to get a longitudinal velocity without fire of around 2.9 m/s,
the incoming fresh air through the upstream opening being at ambient tempera-
ture.

3.3. Comparison Between Measurements and Predicted Values

This stage consists of estimating the FDS prediction of the tunnel fire environ-
ment when the mist system is activated, by evaluating the discrepancy between
predicted and measured quantities. Comparison between predictions and measure-
ments is based upon gas temperature and heat flux. The following figures show
local gas temperature and local heat flux on the vertical centerline at several dis-
tances from the fire as predicted by the simulation and as measured in the fire
test.

3.3.1. Before Mist Activation. The longitudinal velocity induces a sub-critical ven-
tilation regime. Before mist activation, no smoke counterflow is expected and all
the smoke would be pushed away to the downstream side inducing a thermally
stratified environment (see Figure 6). However, whereas ventilation velocity is
higher at the initial time than the expected backlayering value, a short smoke
counterflow is observed during the experiment after 100 s. As illustrated by the
upper left subfigure on Figure 6, its thickness does not exceed 40 cm, 3 m
upstream of the fire, and its length is comprised between 5 m and 9 m.

The CFD code does not predict this short backlayering upstream of the fire
location. Downstream, comparison of predicted temperatures with measurements
shows satisfactory general agreement for most of the locations: the slope and the
magnitudes are similar (see Figure 6). The mean discrepancies over the time per-
iod [0;300 s] and over each section located downstream of the fire range between
25% and 31%. The comparison between predicted and measured temperatures
confirms the previous observations reported in [26] for two other tests from the
same campaign. First, agreement is better when the measurement section is away
from the fire and temperature tends to be under-predicted in the flame region (see
Figure 6). Secondly, bigger discrepancies are observed at mid-height in the mixing
zone between the hot smoke layer in the upper part and the fresh air in the lower
part. This area is better predicted by reducing the grid cell size but the corre-
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sponding computational time is very long. The numerical data being considered as
sufficiently close to measurements, the refined grid is not used in the present
study.

Concerning radiative fluxes emitted by flames, gases and tunnel surfaces, they
are measured on two measurement sections equidistant from the fire location (see
Figure 7). The CFD code captures well the discrepancy in values measured
upstream and downstream, induced by the longitudinal ventilation which tilts
flame and plume. Moreover, it predicts well their temporal evolution: they
are almost constant upstream while their evolution follows fire heat changes
downstream. However, whereas the absolute difference between measurements and
predictions is low upstream (below 0.17 kW/m2), heat fluxes are slightly overpre-
dicted by the code downstream of the fire.

3.4. After Mist Activation

Mist system activation induces the disappearance of counter-flow upstream of the
fire (see Figure 8). Downstream of the fire location, the gaseous phase is cooled.
Thus, temperatures decrease and become more uniform over the measurement
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section. For instance, temperatures are around 60�C at 8 m from the fire between
360 s and 400 s. This homogeneity in the gas temperature over each measurement
section highlights a thermal destratification. Then, 2 min after mist system activa-
tion, the environment tends to be stratified again when HRR increases. Gas tem-
peratures are indeed higher in the upper part than in the lower part. For instance,
at 8 m from the fire and at 540 s, temperature is around 160�C close to the roof,
120�C at mid-height and 80�C below a height of 30 cm.

At all locations, temperatures decrease and their evolution after mist activation
is closely reproduced in the simulation, even between 340 s and 480 s when the
gas temperature is almost constant while HRR changes or after, when tempera-
tures increase with HRR around 540 s. Concerning heat fluxes, their decrease at
mist activation and their following evolution are well captured : the mean discrep-
ancy over (300 s; 600 s) at all measurement points is lower than 0.25 kW/m2.

4. Interaction of Water Mist, Tunnel Longitudinal
Ventilation and Hot Smoke Flow

Once the test simulation is achieved, the computational tool is used intensively in
order to improve the understanding of the interaction phenomena between water
mist, tunnel longitudinal ventilation and hot smoke flow. In other words, the
impact of water spray on tunnel air flow and thermal environment is looked into
details. Vice versa, the impact of the ventilated tunnel fire environment on (liquid
and vapor) water transportation and its evaporation is studied.

4.1. Effect of Water Spray on Tunnel Air Flow

Figure 9 presents the temporal evolution of gas flow rates at several distances
from the fire. Before mist activation, at a given time, the gas mass flow rate is
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constant along the longitudinal direction. Mass conservation is also verified (the
mass created at the fire location is relatively low). Concerning the volumetric gas
flow rate, the one predicted downstream is not uniform along the longitudinal
direction due to heat transfer to tunnel walls. The farther from the fire the mea-
surement section is, the lower the gas flow rate is. Moreover, Figure 9 shows the
large difference in volumetric rates between the upstream and the downstream
tunnel parts. Rate is very low upstream in comparison with the downstream val-
ues. Moreover, the rate has the inverse evolution of HRR (decrease followed by a
level-off) upstream whereas it is almost constant downstream. These two differ-
ences are attributed to the way of setting a longitudinal air flow (a constant volu-
metric gas volume flux is extracted at the downstream extremity), gas
displacement also varies upstream with HRR. The large difference in values is
promoted by the supercritical ventilation regime, the gas density being really
higher upstream than downstream.

Mist activation induces a large increase in mass and volumetric flow rates
upstream of the fire due to the strong gas cooling in the downstream part. A large
mass of gas is thus transported from the upstream side to satisfy the boundary
condition at the downstream extremity. Then, mass and volumetric flow rates
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simulated upstream follow the inverse evolution of HRR whereas the volumetric
flow rate is almost constant downstream. Note that after mist activation, the gas
mass flow rate is not uniform anymore along the longitudinal direction, due to
water mist evaporation.

4.2. Effect of Ventilated Tunnel Fire Environment on Water Transportation

Figure 10 presents contours of liquid water concentration on mid-plane 420 s after
ignition i.e. 120 s after mist activation. This figure illustrates the transportation of
the water droplets. Whereas the activated nozzles operate from 4 m upstream to
3.5 m downstream of the fire location, water droplets are transported up to 16 m
downstream. The two-phase flow containing water vapor and smoke also acts as a
radiative shield. It explains the low heat fluxes measured and predicted down-
stream of the fire during mist application while HRR is high (see Figures 4, 7).
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Figure 9. Gas flow rates versus time in mass (left) and in volume
(right) simulated at several distances from the fire.

Figure 10. Contours of liquid water concentration on mid-plane in
the tunnel at 420 s. Triangles indicate nozzle positions.
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4.3. Effect of Water Spray on Thermal Environment

Sprays lead to significantly different longitudinal flow and behavior of the fire
plume. Indeed, fire plume is inclined and elongated in the longitudinal direction
toward the downstream extremity at mist activation. After mist activation, sprays
act as a shield to gas flow due to longitudinal ventilation and fire activity (see
streamlines on Figure 11). The fire plume is also pushed down and strongly
cooled down. Gas temperatures close to the fire are consequently very low in com-
parison with HRR value. For instance, when HRR is around 1300 kW at 420 s,
the simulated temperature is comprised between 30�C and 135�C at 4 m from the
fire and between 30�C and 90�C at 8 m.

Figures 11 and 12 with temperature contours confirm what is supposed above
on the basis of local temperatures. Firstly, mist activation alters thermal stratifica-
tion significantly, and the vertical temperature gradient is also very low. Secondly,
by the end of the simulation, when HRR is high despite the water injection, the

Figure 11. Contours of gas temperature on mid-plane in the tunnel
at mist activation, at 2 min and at 4 min after mist activation.
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environment tends to be thermally stratified and there is an obvious thermal gra-
dient along the vertical axis. The closer the measurement section from the fire is,
the clearer the vertical gradient is. It means that the hot gas in the upper part
tends to get colder (upon contact with tunnel walls and due to the mist thermal
contribution) and to mix with the fresher air in the lower part as it is flowing in
the downstream direction.

5. Quantification of the Phenomena Involved

Section 3 demonstrates a good capability of the FDS code to simulate the test.
Local measurements of gas temperature and heat fluxes highlight the heat contri-
bution of water mist too. Thus, the following section aims at quantifying this con-
tribution and understanding how this heat is absorbed. In a more general way,
this section studies the energy distribution in the whole tunnel.

5.1. Theory

Global energy balance can be computed for the whole tunnel by extracting and
collecting information from FDS calculation. The conservation of energy, drawn
on Figure 13, holds that the fire heat release Qfire:

� heats the gases within the control volume, noted Qgas,
� is transferred to boundaries by radiation and convection, noted Qw,
� is transported through the openings, noted Qd,
� is absorbed by the droplets, noted Qpg.

The contribution to the gas heating is expressed as the time derivative of the gas
enthalpy integrated over the whole domain
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Figure 12. Profiles of air temperature along the vertical center line
of three measurement sections 2 min and 4 min after mist activation.
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Qg ¼
@

@t

Z

domain

qCpTgdV ð1Þ

where dV is the elementary volume of a control volume.
The wall heat exchanges by convection and radiation are evaluated as

Qw ¼
Z

wall

hðTg � TwÞdSþ Qr ð2Þ

where h is a convective heat transfer coefficient evaluated by the default code from
a combination of natural and forced convection correlations, dS is the elementary
wall surface and Qr is the radiative flux received by the wall (incoming flux minus
outcoming flux computed with the default code), Tg is the gas temperature in the
center of the first gas phase cell near the wall and Tw is the wall surface tempera-
ture.

Fluxes at the inlet and outlet are computed as

Qd ¼
Z

outlet

q � u � Cp Tg;outletdS
� �

�
Z

inlet

q � u � Cp T0 dS
� �

ð3Þ

The last one Qpg, can be expressed versus the energy absorbed over the phenom-
ena described in introduction between gaseous and liquid phases

Qpg ¼ Qconv;p þ Qray;p ð4Þ

where Qray,p is the radiative heat absorbed by the droplets. FDS approximates this
term as follows:

Qpg � hp;g � ðTp � TgÞSp ð5Þ

where hp,g is the heat transfer coefficient between droplets at temperature Tp and
the gaseous phase at temperature Tg [23].

Note that the total heat absorbed by the droplets for heating and vaporizing
them, noted Qp, is given by

 c

Figure 13. Global energy balance principle in the intermediate tun-
nel (Qfire for fire heat, Qgas for heat accumulated by heating gas, Qw

for heat loss to surfaces, Qd for heat transported through the open-
ings and Qp for heat absorbed by droplets).
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Qp ¼ Qp;g þ Qray;p þ Qp;w ð6Þ

where Qp,w gives the cooling energy of the solid surface due to droplets.

5.2. Application to Numerical Results

Figure 14a illustrates this energy distribution as a function of time before mist
activation. For comparison, the heat release rate is also shown on this figure.
Besides, energy can be considered as conserved in the control volume in both tests
because the sum of wall loss, opening loss and energy is equal to fire heat. Fig-
ure 14a highlights that nearly the half quantity of fire heat is lost toward tunnel
walls (46%) and the remaining heat is transported by the gases through the open-
ings (52%). This heat distribution which is similar to the one in the test reported
in Ref. [26] illustrates the confined situation of tunnel fires.

Figure 14b illustrates the energy distribution as a function of time after mist
activation. Heat for heating/cooling gases in the control volume is not plotted
since it is very low over this time duration in these tests: it represents -0.5% of
fire heat thus showing a global gas cooling.

Local data seem to indicate in Sect. 3 that water mist plays a thermal role. Fig-
ure 14b confirms this observation which even appears important. Indeed, roughly
the half quantity of fire heat is absorbed by droplets. The remaining quantity goes
to heat tunnel surfaces (24%) or is conveyed by hot gases out of the tunnel
(33%).

5.2.1. Heat Transfer to Surfaces. Figure 15 presents the temporal evolution of
heat loss to solid surfaces by convection and radiation. Before mist activation, it
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Figure 14. The rate of heat loss to surfaces (filled triangle), through
the openings (filled right pointing triangle), accumulated by heating
the gas (filled diamond), absorbed by droplets (filled left pointing tri-
angle) and their sum (filled square) versus time. For comparison, the
heat release rate is also shown (open square).
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shows that heat transfer is mainly radiative: it represents 38% of HRR whereas
the convective heat transfer to surfaces represents 8%. After mist activation, heat
transfer to surfaces remains mainly radiative. However, Figure 15 shows that heat
transfer to surfaces by convection is negative during mist application. Its mean
value is equal to -1.4% over (300 s; 600 s) that is to say heat is mainly trans-
ferred from tunnel walls to gaseous phase.

In order to understand this particularity, the tunnel is divided into three zones in
the longitudinal direction, the upstream and downstream parts being separated by
the fire region. The fire region is defined as the zone where the released heat is
higher than 0 kW. The rate of heat loss to surfaces in these three zones is plotted on
Figure 16. Note that heat transfer in the upstream part is very low since the ventila-
tion regime is supercritical. It appears that before mist activation, heat transfer by
convection is mainly performed in the downstream zone where hot smoke is flowing
along the tunnel roof toward the ventilation system. In the fire region, values are
negative thus showing that tunnel walls are hotter than the gaseous phase since
walls are still absorbing radiation emitted by the fire (see Figure 16b).

In the test studied, gas cooling due to water mist is important from the fire
location up to the downstream extremity and in particular the fire plume is cool-
ing greatly. Thus, heat transfer to walls drops in the downstream part, both by
convection and radiation. At the fire location, despite the fire plume cooling, tun-
nel walls remain hot and in particular hotter than gas till 500 s. Consequently,
heat is still transferred from tunnel walls to the gaseous phase in the fire location.
However, in addition to gas cooling at the fire location, water droplets act as a
radiative shield. Consequently, heat transferred to tunnel walls there by radiation
decreases deeply and thus, tunnel walls are cooled down over the period (300 s to
500 s). Then, after 500 s, HRR increases greatly inducing hotter fire plume and
smoke downstream of the fire (see Figure 8). Consequently, the convective heat
increases in the fire region and in the downstream part until it becomes positive
on the whole.
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Figure 15. Rate of heat loss to surfaces by radiation and convection.
For comparison, the global heat loss is also shown.
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5.2.2. Heat Absorption by Water Mist. The use of the computational code has
allowed us to quantify the heat contribution of water mist. It allows us to get a
better understanding of how this heat is absorbed too. Three phenomena are also
distinguished: radiative attenuation, gas and surface cooling. The ratio of heat
absorbed by each phenomenon with the total heat absorbed by water Qp is plot-
ted on Figure 17. Also, the heat absorbed by droplets mainly comes from the gas-
eous phase (73%). More precisely, 73% of the energy absorbed by water droplets
induces gas cooling. The last 27% of fire heat absorbed by droplets results from
radiative attenuation (18%) and surface cooling (9%).
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6. Conclusion

The present work is an example of use of a CFD code. based on the experimental
conditions like HRR versus time, it focuses on improving the understanding of
the interaction phenomena between water mist and fire in tunnels. For this pur-
pose, the work makes an extensive use of the computational tool FDS developed
by NIST (version 5.4). The approach consists of numerically reconstructing one
fire test conducted in a model tunnel (1:3). The test was carried out with a super-
critical longitudinal ventilation regime which avoids the occurrence of the backlay-
ering phenomenon. Water mist was produced by six nozzles located on both sides
of the fire location. The use of such a reduced scale allows in particular the setting
up of a large number of sensors to characterize the fire environment.

The simulation of the fire tests allows us to assess the accuracy of the CFD tool
in this configuration. The evaluation is based on a comparison of predicted and
measured temperatures and heat flux at several distances from the fire location.
Before the activation of the water mist system, the numerical simulation shows a
satisfactory general agreement for gas temperatures at most locations: the slope and
the magnitudes are similar. Moreover, the simulation confirms the spatial variation
of the agreement already reported in [26]. After the activation of the water mist sys-
tem, the CFD code predicts the large reduction of gas temperatures and heat fluxes
at mist activation similar to that measured and their evolution afterwards.

Extraction and collection of information from FDS computation make it possi-
ble to study the interaction of water mist, tunnel longitudinal ventilation and hot
smoke flow. The water mist system operation strongly affects the tunnel gas flow
due to water vapor production and strong gas cooling. Then, droplets are pre-
dicted to be displaced by the air flow over more than 10 m in the downstream
direction. This water mist in suspension in the gaseous phase acts as a radiative
shield and explains the low measured heat fluxes. Last, CFD code predicts that
the tunnel environment can remain thermally stratified despite mist application.

Furthermore, data post-processing allows us to understand the heat distribution
within the tunnel. Without water mist, it illustrates the confined situation of tun-
nel fires. With water mist, it highlights the strong thermal role played by mist
which represents half of the fire heat. In addition, this data post-processing allows
us to assess the importance of certain mechanisms involved when water is sprayed
in a tunnel fire environment, namely gas and surface cooling or radiative attenua-
tion. It also shows the importance of gas cooling which represents in the test stud-
ied 73% of the total heat absorbed by water droplets. In practice, it means that a
numerical developer must pay attention to modeling this phenomenon.

Finally, the present work raised many questions and remarks. For instance, the
computational study should be extended to more detailed computation in order to
assess the choice of the CFD model and the importance of the tunnel scale ratio
on the quantitative results of the present study. Moreover, in the next campaigns,
other measurements should be investigated in order to appreciate water droplet
displacement (by covering the floor with small pans), the energy distribution (by
installing thermocouples within the walls), and the amount of evaporated water
quantity (by measuring gas humidity downstream of the fire).
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