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Abstract: A fire accident in an urban environment can result in injuries or death, as well as envi-
ronmental and property damages. The ‘street canyon’, which is defined as an urban street with tall
buildings on both sides, is an important geometric element covering an urban area. The interaction
of wind with the street canyon can create complicated flow patterns and areas of large pollutant
concentrations. This study focuses on the airflow characteristics and pollutant dispersion following a
pool fire accident involving methane in an urban street canyon. Large eddy simulations (LES) are
performed using the FireFoam solver with the PISO algorithm for the pressure correction equation
and a simplified one-step combustion model. Flow and fire characteristics, such as, flame height,
heat transfer, combustion chemistry and pollutant dispersion are computed and used to define
the toxic areas inside the street canyon and subsequently identify the various risk zones, based on
temperature, vertical velocity and CO, mass fraction fields. This study shows that a methane pool
fire is transformed into a jet fire, which is influenced by the wind velocity and the heat transfer rate
between the wind and the pool fire. The temperatures inside the street canyon create very dangerous
and fatal conditions for pedestrians and rescue crews, whereas on the roof of the buildings the range
of temperatures encountered cannot be lethal.
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1. Introduction

The basic geometry of an urban environment that of a street canyon, which forms
the basis for most existing modern cities. Street canyons are formed by tall or narrow
buildings on both sides of a street. Inside a street canyon exist complex flow patterns which
have important implications for air quality and human health. For these reasons, several
studies have been carried out in the last three decades, studying airflow and pollutant
dispersion characteristics. Experiments under stable conditions are conducted both in water
and wind tunnels [1-4]. The airflow and pollutant dispersion characteristics inside a real-
scale street canyon have been also studied in several field experiments and outdoor scale
models [5-7]. Although an extended amount of literature exists for pollutant dispersion
inside and around a street canyon, only a small amount of it focuses on the study of toxic
pollutant dispersion inside and around a street canyon for fire accidents [8-11].

The air velocity profile approaching a street canyon influences the airflow structure
inside the canyon and in its leeward region. Increasing the velocity of the approaching
flow leads to a vortex structure inside the street canyon, which helps passive pollutants
to escape the canyon. The interaction of the free-stream flow and the vortex inside the
canyon creates a zone of high-kinetic-energy and significant turbulent production. Through
this zone, a large percentage of the pollutants escapes and the rest recirculate in the street
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canyon. Although toxic pollutants are produced in a pool fire, the strong buoyancy forces
that are created prevent them from being assumed as passive scalars. Due to these buoyant
forces, fire spreads quickly, releasing toxic pollutants at high temperatures, changing the
air flow structure, and affecting the effective viscosity.

The objective of the present study is to identify the airflow structure in a street canyon,
which is also influenced by buoyancy forces and the dispersion of toxic pollutants from a
pool fire. This study simulates the breakage of an underground natural gas pipe, which
creates a pool of liquid methane which quickly transforms into a gas phase. In addition,
analytical tools are used to determine if accuracy in chemistry and of the flow field can give
more accurate results for the physics of the flow inside in a street canyon. The free velocity
of wind profile approaching the street canyon laterally will be used as a parameter to
identify the effect of meteorological conditions. The geometry studied is that of a full-scale
street canyon with a W/H aspect ratio of 1, and airflow and turbulent phenomena are
computed using the LES (large eddy simulation) method. The dispersion of toxic pollutants
will be modeled considering their thermodynamic state, and the influence of diffusion from
the temperature field.

2. Methodology
2.1. Fluid Dynamics

The airflow behavior of a pool fire accident is studied using an open-source compu-
tational fluid dynamics (CFD) software package, OpenFOAM 4.1. This package provides
a comprehensive set of solvers and tools for simulating and analyzing fluid flows and
related phenomena and it is widely used for a range of applications, including aerody-
namics, automotive design, chemical engineering, and environmental modeling. In order
to simulate the fundamental equations of fluid dynamics, heat transfer, and combustion,
including the behavior of a fire and its interaction with the surrounding environment a
solver of OpenFOAM, called FireFoam, is used. This solver can define various aspects of
fires, including flame spreading, heat release, smoke generation, and combustion products.

A simple fast chemistry reaction model for computing the heat released from the
reactions occurring in a fire accident is combined with Navier-Stokes and energy equations,
accounting for the buoyancy forces. The governing equations for the LES simulation are
as follows:

Continuity equation:

op =y
Momentum equation:
9 =
§(pﬁ) +v-ﬁﬁ+w =08+ fo + V-1, )

where T;; is the stress tensor
Transport and mass for individual species:
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Y, is the mass fraction of the individual species, r'nZ' , 1s the production rate of species a

via evaporation, and 71, is the mass rate production per unit volume.
Transport of sensible enthalpy:
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hs is the sensible enthalpy and ¢ is the dissipation rate per unit volume.
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2.2. Physical Model Set Up

Street canyon geometry (as indicated in Figures 1-3) consists of buildings measuring
18 m in height (H) on both sides of the street with a width (W) equivalent to one building’s
height (H), resulting in a street-width-to-building-height aspect ratio of one (W/H = 1).
According to this, flow is considered as wind-driven skimming flow.

3 3

0
xH

(a) (b) (c)

Figure 1. Temperature field in the street canyon for (a) 1 m/s (b) 2 m/s and (c) 3 m/s free-stream
wind velocities.

(a) (b) (c)

Figure 2. Vertical velocity component in the street canyon for free-stream wind velocities of (a) 1 m/s,
(b)2m/s and (c¢) 3m/s.

To determine the impact of skimming flows on the dispersion of toxic pollutants,
three different atmospheric-boundary-layer velocity profiles are studied. A methane fire
source of a constant heat release rate (HRR) in the middle of the canopy is employed. The
skimming flow pattern can be described as a single and strong recirculation region, which
is influenced by the inlet atmospheric-boundary-layer profile.
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Figure 3. CO; mass production in the street canyon for free-stream wind velocities of (a) 1 m/s,
(b)2m/sand (c) 3m/s.

2.3. Computational Domain

The computational domain is 23 H x 6 H x 11 H and the mesh consists of 900,018
hexahedral cells with appropriate grading around the buildings. In the x direction, a
distance of 5 H exists in front of the first building, of 15 H downstream of the second
building, and of 5.5 H left and right of the x axis. This domain is large enough to adequately
produce all the flow characteristics.

2.4. Boundary Conditions

At the inlet of the computational domain, an atmospheric velocity profile is applied.
For the upper and downstream boundaries of the computational domain, the hydrostatic
flux pressure is used to avoid errors in pressure due to the large buoyancy effects, a
calculated Von-Neumann boundary condition. The pool fire source inside the street canyon
is defined as a steady inlet methane mass fraction. The area of the fire source is four square
meters (4 m?), resulting in a net-volume methane fraction of 60 kg/h.

Inlet velocity profile:

u="u., ©)
20

where z is the friction height and U is the free-stream velocity. The first part of the above
equation is described as the form of the atmospheric boundary layer.

Because of the fire source assumption for a constant methane flowrate of 60 kg/h, the
resulting vertical component of velocity is 0.0041 m/s.

The three different cases studied are for the free-stream wind velocities of (a)
U = 1 m/s, (b) U = 2 m/s and (c) U = 3 m/s. The methane volume fraction
source remains constant for all cases and with a constant aspect ratio of the street canyon.

3. Results

Three cases corresponding to three different inlet atmospheric-boundary-layer velocity
profiles are simulated. The maximum simulation time for all cases studied is 50 s, which
is good enough for the temperature field to be stabilized. The dominating factor is due
to buoyancy forces. In all the cases, the temperature and velocity fields converge toward
stationary state. Attention is given to the fields of temperature, vertical velocity and CO,.

Figure 1 shows the temperature fields for the three cases. It is clear that the methane
pool fire is transformed quickly into a jet fire. This is due to the thermodynamic properties
of methane fuel and its products, as the methane which is coming out from a broken pipe in
a liquid state is transformed into a gas state extremely quickly. As the free-stream velocity
increases, the heat transfer rate from the fire plume increases, which results in a reduction
in plume height. At the level of the pool, the temperature for all the three cases is constant,
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at a maximum temperature of approximately 1000 °C as a result of chemical reactions. At
both sides of the street canyon, the temperature varies between 25 °C at the surface of the
building and 100 °C at the outer boundary of the plume, as shown in the figure. This range
of high temperatures inside the street canyon, from this effect alone, creates unbearable
conditions for pedestrians and rescue crews at the time of an accident. On the roofs of the
buildings, the temperature varies between 25 °C at their surface and 91 °C for the first case,
68 °C for the second case and 46 °C for the third case at a height of 2 m above them. From
the above, it can be concluded that only in the third case are the conditions bearable for the
crew and pedestrians.

As shown from the vertical velocity contours in Figure 2, a pool fire leads to a jet fire in
all the three cases. In all three cases, the flow, temperature and concentration fields reached
stationary conditions at approximately 34 s, which implies that the 50 s running time
is adequate.

The interaction of the wind field’s velocity and the fire plume depends on the ratio of
the inertial forces of the wind and the buoyant forces of the plume. The level of the buoyant
forces is also affected by the rate of heat transfer from the plume to the wind. In the first
case, also due to a small rate of heat transfer, the buoyant forces of the plume dominate
the inertial forces of the wind up to higher heights as in the other two cases. Based on this
reasoning, the maximum vertical extent of the fire plume is approximately 5.5 H for the
first case, 4.5 H for the second case and 3.5 H for the third case. Thus, for a lower wind
velocity, the inertial force is lower and the buoyant force is larger, because of the small heat
transfer, making the fire plume penetrate the wind at higher levels and the toxic pollutants
escape in the atmosphere to the advantage of the pedestrians and the rescue team.

The vertical velocity contours, in Figure 2, also indicate the zero-vertical velocity
contour line, the horizontal part of which acts as a dividing streamline between the wind
flow and the two vortices that are formed on the left and right sides of the fire plume.
Streamline plots, not presented here, show the vortices. These vortices are formed from the
interaction of the wind and the plume. The aforementioned dividing streamline is placed
at a lower height, the higher the wind velocity is.

CO, mass production due to fire, in Figure 3, is given for all three cases. Although CO,
is not toxic as a chemical, it can be fatal if the concentration is high. In all cases, the mass
concentration of CO; outside of the plume is quite low (1%). The higher concentrations
exist within the plume and are carried by the plume to the higher levels of the atmosphere,
due to the high temperature of the reaction and the resulting strong buoyant forces. Based
on this, the CO, concentration is not as dangerous to the pedestrians and rescue workers as
are the high temperatures.

4. Conclusions

Airflow characteristics and pollutant dispersion following a pool fire accident involv-
ing methane in an urban street canyon, using large eddy simulations (LES), are determined
using the FireFoam solver. The important flow and fire characteristics of this study, based
on the temperature, the vertical velocity component and the CO, mass fraction fields, are
the following:

e  The methane pool fire is transformed quickly into a jet fire, making the accident more
severe.

e  As the free stream velocity increases, the heat transfer rate from the fire plume in-
creases, which results in a reduction in the buoyant forces of the plume and conse-
quently its penetration into the wind field, leading the toxic pollutants to escape into
the atmosphere.

e  There is a dividing streamline separating the wind flow and two vortices that are
formed on the left and right sides of the fire plume.

e  The high temperatures inside the street canyon create very dangerous and fatal con-
ditions for pedestrians and rescue crews at the time of the accident. On the roof of
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the buildings, the range of temperatures encountered are not lethal for the latter two
cases studied.

e  The higher concentrations exist within the plume and are carried by the plume to the
higher levels of the atmosphere, so they do not lead to life-threatening conditions.

e  The best-case scenario for this problem is that of the second case studied.
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