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a  b  s  t  r  a  c  t

The  dispersion  of  buoyancy  driven  smoke  soot  and  carbon  monoxide  (CO)  gas,  which  was  ejected  out  from
side building  into  an  urban  street  canyon  with  aspect  ratio of  1  was  investigated  by  large  eddy  simulation
(LES)  under  a perpendicular  wind  flow.  Strong  buoyancy  effect,  which  has  not  been  revealed  before,  on
such pollution  dispersion  in the  street  canyon  was  studied.  The  buoyancy  release  rate  was  5  MW.  The
wind  speed  concerned  ranged  from  1  to  7.5 m/s.  The  characteristics  of  flow  pattern,  distribution  of  smoke
soot  and  temperature,  CO  concentration  were  revealed  by  the  LES  simulation.  Dimensionless  Froude
eywords:
treet canyon
arge eddy simulation
ombustion pollutant
uilding fire explosion
ritical re-entrainment velocity
roude number

number  (Fr)  was  firstly  introduced  here  to characterize  the  pollutant  dispersion  with  buoyancy  effect
counteracting  the  wind.  It was  found  that  the  flow  pattern  can be  well  categorized  into  three  regimes.  A
regular  characteristic  large  vortex  was  shown  for  the  CO  concentration  contour  when  the  wind  velocity
was higher  than  the  critical  re-entrainment  value.  A new  formula  was  theoretically  developed  to  show
quantitatively  that  the  critical  re-entrainment  wind  velocities,  uc, for  buoyancy  source  at  different  floors,
were  proportional  to  −1/3  power  of the  characteristic  height.  LES  simulation  results  agreed  well  with
theoretical  analysis.  The  critical  Froude  number  was  found  to  be constant  of 0.7.
. Introduction

With the fast development of the urban society, more and
ore high and ultra high-rise buildings have been constructed

ne after another in the metropolises. These high and ultra high-
ise buildings are usually built along the two sides of the roads or
usiness streets. They compose so-called “urban street canyon” as
efined by Vardoulakis et al. [1] as “a street with buildings lined up
ontinuously along both sides”. Street canyon is an important ele-
ent in modern cities. Now, it is an important concern of the risk

ssessment for accidents involving accidental hazardous materials
eleases, especially pollutant gases, in urban areas. These pollutions
ill pose a great hazard to both human health and the environ-
ental safety with the aid of the wind. So, in recent years, many

tudies have been carried out on pollutant dispersion in and above

he urban street canyons.

Previous studies e.g., [2–15] had provided valuable contribu-
ions to the reveal of the flow patterns and behaviors, as well as
heir influence on the dispersion of pollutants in a street canyon.
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Such flow behaviors and dispersion characteristics included wakes,
stagnating zones, recirculation vortex under a wind flow with the
obstruction of a street canyon. The pollutants considered in these
previous studies, both solid soot and gaseous species, included that
released from the industry, the vehicle engine and the acciden-
tal spills of hazardous materials. However, no matter what kind of
contamination sources were concerned, the buoyancy effect was
rarely considered in above studies. Although several researchers
[16–20] have investigated buoyancy effects on flow and pollutant
dispersion in street canyons, those works deal with the scenario
of ground or building wall heating by sunlight. For example, the
flow characteristics within street canyons had been investigated
by Kim and Baik [16,17] with bottom or roof heating, and by Pan-
skus et al. [18] and Richards et al. [19] with building wall heating.
Dimitrova et al. [20] had studied the thermal effects on the wind
field characteristics within the urban environment. The tempera-
ture difference between the street bottom/building wall and the
ambient air considered in these works were all less than 50 ◦C.

However, in the real world, fire combustion or explosion, as a
strong self-standing buoyancy source with pollutant products, also

exists and can yield large amount of harmful smoke soot and toxic
gases, such as carbon monoxide (CO). These pollutants will also
lead to adverse impacts on the urban air quality and inhabitants
health [21,22]. Such accidents include the fire explosion of an oil
tank, the spontaneous ignition fire of a vehicle, or a big building

dx.doi.org/10.1016/j.jhazmat.2010.12.063
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Nomenclature

Cp specific heat capacity (J kg−1 K−1)
Fr Froude number
g Acceleration of gravity (m/s2)
Q̇ Convective heat flow rate at the window (kW)
r0 Equivalent radius of the heat source (m)
Ta Ambient temperature (K)
u Wind velocity (m/s)
Z Characteristic height (m)
�TZ Mean temperature rise at location Z in the central

axis (K)
� Dimensionless temperature

Greek symbols
�Z Local density of the hot gases current (kg/m3)

Subscripts
a ambient
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Z at characteristic height of Z

re, in which the temperature difference between the buoyancy
ource and the ambient air will up to 500 ◦C or more to contribute

 strong thermal effect. The current research of buoyancy effect on
he transportation of these hazardous materials in urban elements
s still very few. Complex interaction between the wind flow and
he buoyant pollutant flow will come forth, along with the existence
f a building obstacle. A recent study by Hu et al. [23] had investi-
ated the flow pattern in urban street canyon in presence of strong
uoyant contamination sources at the street floor center. A particu-

ar phenomenon was discovered that the initially buoyancy-driven
ising pollutants would be re-entrained back and accumulated in
he street canyon when the wind velocity is beyond a certain crit-
cal level. The concept of “critical re-entrainment wind velocity”

as thus brought forward based on the phenomenon observed.
his critical re-entrainment wind velocity, as an important param-
ter to be concerned, was found to increase asymptotically with
he heat/buoyancy release rate of the contamination source.

However, there is another more realistic scenario, in which the
re or explosion, as a strong buoyancy source, is occurred in the
uilding with dangerous smoke soot and gases ejected out from
he broken building window, such as those in 911 catastrophe of

orld Trade Center collapse caused by the fire explosion and in
any other high-rise building fires, into the urban street canyon.
nder such a scenario, a spill gas plume is formed and attached

o the external building wall, which differs definitely from a freely
tanding plume at the street floor center as shown in Fig. 1. For
uch a spill gas plume, the fresh air entrainment from the wall side
s restrained. The entrainment mass flux of fresh air into the plume
s much lower, thus the decrease of plume gas temperature and
he dilution of pollutant concentration with height is slower, than
hat of a freely standing buoyant pollution plume. The transporta-
ion of the buoyancy should be also definitely different. Previous
tudy by Hu et al. [24] in a road tunnel had shown that the tempera-
ure distribution and the critical longitudinal ventilation velocity to
rrest the upwind buoyant gas dispersion with fire near the tunnel
all was different from that with fire at the tunnel center. For such

 scenario with buoyancy-driven pollutants ejected out from the

ide building into the street canyon, one more parameter is coming
orth when considering the critical re-entrainment wind velocity.
hat is the height from the floor where the buoyant contamina-
ion source is located to the top of the street canyon, as the fire or
xplosion can occur at different building floor levels. The pollution
Fig. 1. Gas plumes for buoyant contamination source at street ground center and in
the building of an urban street canyon.

plume temperature at the top of the street canyon should be higher
with stronger buoyancy when the fire or explosion is occurred at
higher floor levels. The critical re-entrainment wind velocity should
be different from that with fire at the street floor center and needs
to be further investigated.

In order to have an in-depth understanding of the flow pat-
tern and pollutant dispersion in street canyon, three major research
methods have been applied in the literatures: field measurements
e.g., [2–5], physical modeling including wind tunnel experiments
e.g., [6–9,18,19] and water tank experiments e.g., [10,11],  and
numerical simulations e.g., [12–17,20,23]. As the best method, field
measurement is capable of getting the most realistic data, but also

requires a lot of manpower and equipments at the same time.
Although the physical modeling experiment is an available choice,
such experimental researches on the flow pattern of street canyon
coupled with a buoyancy source is still in its early stage and very
few with a strong buoyancy effect. The knowledge to carry out such
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hysical modeling experiments is still lacking. Numerical simula-
ion method is capable of making a good alternative for physical

odeling. So far, large numbers of computational fluid dynam-
cs (CFD) software have been developed. The most distinguishing
eature of any CFD model is its treatment of turbulence. Three
inds of CFD turbulent models are popularly used: direct numer-
cal simulation (DNS), Reynolds-averaged Navier–Stokes (RANS)

 − ε turbulence model and large eddy simulation (LES). DNS
olves directly the Navier–Stokes equations without any turbu-
ence model. The smallest dissipative scale, which is known as
olmogorov scale, is resolved. So it can describe turbulence accu-
ately. But DNS needs too many computer resources. On the other
and, RANS k − ε turbulence model separates the flow variables

nto mean component and the fluctuating component (the so-
alled Reynolds decomposition). It does not solve the instantaneous
avier–Stokes equations. RANS k − ε turbulence model is used to

olve the time-averaged equations. It is clear that there is a fatal
isadvantage in the RANS k − ε turbulence model that it cannot
redict the unsteadiness and intermittency of the turbulence flow
ccurately. So it is not very suitable to simulate the transient flow
haracters in and above the street canyon. As the compromise of the
ormer two models, LES computes directly the large-scale eddies,
nd the sub-grid scale dissipative processes are simulated using
ub-grid models (SGM). Most of all, LES can predict the unsteadi-
ess and intermittency of the turbulence structure, which is the
ost important feature of a strong buoyancy-driven flow. In the

uidelines described by Tominaga et al. [25] for practical appli-
ations of CFD to simulate pedestrian wind environment around
uildings, which is proposed by the Working Group of the Archi-
ectural Institute of Japan (AIJ) as a good guide for important points
hen using RANS models, it is also deemed to be desirable to use a

arge eddy simulation (LES) model in order to obtain more accurate
esults. Therefore, large eddy simulation (LES) is chosen as the tool
f this study to simulate the flow behavior and pollutant dispersion
ith buoyancy effect in and above the street canyon.

So in this article, the dispersion of buoyant pollutant smoke
oot and gas ejected from a side building into a street canyon
nder a perpendicular wind flow is investigated by LES. The effect
f the standing floor level of the buoyancy source is considered.
ne of the most important objectives of this study is to find out

he relationship between the critical re-entrainment wind veloc-
ty and the characteristic height from the fire floor to the top
f the street canyon. In LES simulations, the numerical method
nd model configurations are described. Pollutant dispersion flow
attern are investigated under different wind flow velocities. The
moke temperature and CO concentration distribution are com-
uted. Theoretical analysis is then also carried out by introducing
imensionless parameter in turbulent buoyant flow dynamics the-
ry, to consider the competition of buoyancy force of the ejected
ot contamination flow with the inertial force of the wind flow
t the top of the street canyon, and its effect on the dispersion of
hese hazardous products with strong buoyancy. Based on the LES
imulations and theoretical analysis, the smoke soot field and flow
attern, as well as the temperature and CO concentration distribu-
ion in and above the street canyon are revealed. The theoretical
educed equation on variation law of the critical re-entrainment
elocity with the characteristic height is finally compared with the
ES simulation results.

. Numerical method and model configuration
.1. Numerical CFD methodology

Fire dynamics simulator (FDS) [26,27],  as a computational fluid
ynamics model for buoyancy-driven fluid flow, is used to inves-
igate the dispersion characteristics for such a scenario. FDS is
aterials 192 (2011) 940– 948

developed by National Institute of Standards and Technology (NIST)
in co-operation with VTT Technical Research Centre of Finland, and
others in the fire-safety community, as now a popular CFD tool
in fire related researches, as well as used to simulate the concen-
tration and flow distribution in urban street canyons (e.g., [28]).
FDS solves the basic conservation of mass, momentum and energy
equations for a thermally expandable, multi-component mixture
of ideal gases [26,27]. A description of the model, many validation
examples, and a bibliography of related articles and reports may
be found on the web at http://fire.nist.gov/fds/. The core algorithm
is an explicit predictor–corrector scheme, second order accurate in
space and time [26,27]. It contains large eddy simulation (LES) and
direct numerical simulation (DNS). In this study, LES is used to per-
form the calculation. The governing equations for LES simulation
are as follows [27]:

Conservation of mass and transport for individual gaseous
species, Y�:

∂

∂t
(�Y�) + ∇ · �Y� �u = ∇ · �D�∇Y� + ṁ′′′

� + ṁ′′′
b,� (1)

where Y� is the mass fraction of the individual gaseous species, ṁ′′′
b,�

is the production rate of species � by evaporating droplets/particles
and ṁ′′′

� is the mass production rate of species � per unit volume.
Conservation of momentum:

∂

∂t
(��u) + ∇ · ��u�u + ∇p = �g + �fb + ∇ · �ij (2)

Transport of sensible enthalpy, hs:

∂

∂t
(�hs) + ∇ · �hs �u = Dp

Dt
+ q̇′′′ − q̇′′′

b − ∇ · �̇q′′ + ε (3)

LES computes directly the large-scale eddies, and the sub-grid
scale dissipative process is modeled using sub-grid models (SGM).
The SMG  and the choice of related parameters in SMG  of FDS model
were described in detail in the former study [23].

The convergence criteria in FDS model is not based on
residue judgement, as used in many other CFD models, espe-
cially those based on RANS turbulence model. In FDS, the
Courant–Friedrichs–Lewy (CFL) criterion [29,30] is used along with
a self-varying time step [27] for justifying the computational con-
vergence. The physical meaning of such a convergence criteria is
that when computing a wave crossing a discrete grid, the time step
must be less than the time for the wave to travel adjacent grid
points. This criterion is more important for large-scale calculations
where convective transport dominates the diffusive one. In FDS, the
estimated velocities are tested at each time step to ensure that the
following CFL criterion is satisfied [27]:

ıt · max

(∣∣uijk

∣∣
ıx

,

∣∣vijk

∣∣
ıy

,

∣∣wijk

∣∣
ız

)
< 1 (4)

During the calculation, the time step is varying and constrained by
the convective and diffusive transport speeds to ensure that the
CFL condition is satisfied at each time step [27]. The initial time
step is set automatically in FDS by the size of a grid cell divided
by the characteristic velocity of the flow. The default value of the
initial time step is 5(ıxıyız)1/3/

√
gH, where �x, �y, and �z are the

dimensions of the smallest grid cell, H is the height of the compu-
tational domain, and g is the acceleration due to gravity [27]. The
time step will eventually get to be a quasi-steady value when the
flow field reaches a quasi-steady state.
2.2. Physical model setup

The size of street canyon model used in this simulation was the
same as the one used by Baker et al. [15] and Hu et al. [23], as
shown in Fig. 2. A domain of 24 m wide, 40 m long and 40 m high

http://fire.nist.gov/fds/
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cal model had been validated [23] to be capable of well capture the
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Fig. 2. Model configuration of the street canyon.

as built. Two buildings of 3 m wide, 40 m long and 18 m high were
et at both sides of the domain to create an idealised street canyon
f 18 m wide and 18 m high with an aspect ratio (W/H) of 1. In this
imulation, a buoyancy source room (3 m × 6 m × 3 m)  was  also set

n the windward building besides the street canyon. The buoyancy
elease rate of the source was 5 MW.  The buoyancy source positions
ere considered at different floors, where the height of each storey
as 3 m.  Fig. 2(a) shows the case that the buoyant contamination

able 1
ummary of simulation cases.

Floor level Wind velocity

1st floor 1 2 2.5 2.6 2.7 2.8 2
2nd  floor 1 2 2.5 2.8 2.9 3 3
3rd  floor 1 2 2.5 3 3.3 3.4 3
4th  floor 1 2 2.5 3 3.3 3.5 3
5th  floor 1 3 4 4.1 4.2 4.3 4
aterials 192 (2011) 940– 948 943

source room is in the first floor. The buoyancy source room had a
window of 2 m wide and 2 m high, which was  in the middle of the
wall facing street canyon. These windows at different floors were
closed during the simulation, except for that of the buoyancy source
room.

The wind flow was  set to be perpendicular to the axis of the
street canyon with different levels of velocities. Flow pattern and
pollutant dispersion characteristics in and above the street canyon
were investigated. The critical re-entrainment wind velocity was
then found based on these characteristics. A uniform horizontal
inlet flow was set to blow into the left side of the simulation domain,
whose top and other three sides were all naturally opened [27] with
no initial velocity boundary condition specified. The Reynolds num-
ber of the inlet flow, defined by Re = uH/� where � is the dynamic
viscosity of air, was about ranged in 1.2–9 × 106 with wind veloc-
ity of 1–7.5 m/s. It was proved in literature [28], that for street
canyon with W/H = 1, the FDS still predicted the measurements of
flow velocity field in the wind tunnel experiments in good agree-
ment with a uniform inflow boundary condition with no turbulence
intensity specified. It was also concluded [31] that the turbulence
level inside the canyon is not very sensitive to the external tur-
bulence condition for such square canyon in the skimming flow
regime, since the shear layer at the interface acts as a filter for
the incoming turbulent structures. The wind velocity used for the
simulations are summarized in Table 1. When the wind velocity is
approaching the critical re-entrainment velocity, the incremental
resolution of the wind velocity concerned in the simulation cases is
controlled to be 0.1 m/s, which constrained the uncertainty of the
critical re-entrainment wind velocity quantified by these simula-
tions to be less than 0.1 m/s.

In LES simulation, the grid size is an important factor to be
considered, which should be fine enough to include the turbu-
lence scales associated with the largest eddy motions which can
be described accurate enough by the SGM. Balance has to be con-
sidered for the gird size and the computation ability. Smaller gird
size gives more detailed flow information but needs more compu-
tation resource. However, the basis of large eddy simulation is that
accuracy increases as the numerical mesh is refined. Baker et al. [15]
used, in his LES simulations for a street canyon with same configu-
ration here, the grid size in the x- and y-direction of 0.3 m and 1.0 m,
respectively. In the z-direction, the grid size was set to be 0.3 m in
the street canyon and increased to be a maximum dimension of
5 m above the canyon. A smaller uniform gird system as that in the
former study [23] was used here, which was uniform of 0.25 m in
the three spatial directions. The cell number was  96 × 160 × 160 in
the x-, y- and z-direction respectively (total 2,457,600 cells).

Since there is still no such wind tunnel experimental data avail-
able for the scenario of this article with a strong buoyancy source,
validation of the numerical model predictions had been consid-
ered separately from three aspects, the flow velocity field, the
gas dispersion characteristics and the plume parameters under a
wind condition. For the flow velocity field prediction, the numeri-
flow dynamic characteristics within the street canyon. The wind
tunnel experiment by Salizzoni et al. [31] was used to compare
with FDS predictions with a uniform inlet wind flow boundary con-
dition. The street canyon model in the wind tunnel experiment was

.9 3 3.4 4 4.5 5 / /

.1 3.2 3.3 4.5 5 5.5 / /

.5 3.6 3.7 4 4.5 5 5.5 /

.7 3.8 3.9 4 4.1 5 5.5 5.8

.4 4.7 5 5.5 6 6.5 7 7.5
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Fig. 3. Time step and CFL convergence of the simulation.

.06 m wide and 0.06 m high, with a horizontal constant external
ind flow of 6.8 m/s. The comparison of experimental data and FDS
redictions, for the profiles of the mean horizontal velocity U as

 function of height z at the mid-length of the canyon, and of the
ean vertical velocity W as a function of x at the canyon mid-height
ere in good agreement [23]. More detailed information about the
umerical scheme, the model setup and the validation can be found

n the former report [23]. For the prediction of CO dispersion, the
ield of the contamination, including the smoke soot and CO species
as computed automatically by the sub-combustion model pro-

ided in FDS based on mixture fraction [23]. The FDS model had
lso been validated by full scale experiments [32] to be able to well
redict the yield of CO species and their transportation by ther-
ally driven flow with strong buoyancy. Chang [28] reported that

he FDS LES agreed much better with the wind tunnel experimen-
al results than those from FLUENT RANS k − ε model in predicting
he concentration and flow distribution in urban street canyons.
or the prediction of buoyant plume parameters, validation work
f FDS LES predictions for the development of large fire plume
nder the force of horizontal cross wind flow had also been for-
erly conducted by Hu et al. [33,34]. It was shown that the plume

emperatures predicted by FDS LES were in good agreement with
ull scale experimental data in a real road tunnel.

A typical time-evolution of the time step and the corresponding
aximum CFL number for the LES simulation in this article is shown

n Fig. 3. The sudden drop of the time step value takes place when
he fire starts. The strong buoyancy provided by the fire source will
nhance the turbulence of the flow, thus it needs smaller time step
o resolve it. It is shown that the CFL criteria successfully achieves
uring the simulation.

. Theoretical analysis

The flow characteristics as well as the transportation of pol-
utants under such a scenario should be determined by the
ompetition of buoyancy effect of the hot gases and the inertial
ffect of the wind flow. The buoyancy effect trends to promote the
azardous pollutant to rise and be exhausted from the top of the
treet canyon. At the same time, the inertial effect of the horizon-
al wind counteracts the buoyancy effect and tends to push the
ollution plume to tilt at the top of the street canyon and force it
ome back to the street canyon. A dimensionless parameter, the

ocal Froude number (Fr), which represents the ratio of the buoy-
ncy force to the inertial force in the theory of turbulent buoyant
ow dynamics, is introduced here to characterize the competition
f the buoyant pollution plume flow ejected from the building with
he inertial wind flow at the top of the street canyon. The Froude
aterials 192 (2011) 940– 948

number is defined as [35]

Fr = u√
(	TZ/Ta)gZ

(5)

where u is the wind velocity, �TZ is the temperature differences
between the gas flow and the ambient temperature, Ta is the
ambient temperature, g is the acceleration of gravity and Z is the
characteristic height, which is taken here as the height from the
window to the top of the street canyon.

When the critical re-entrainment phenomenon occurs, the com-
petition of the buoyancy force with the inertial force should achieve
a balance and the Froude number should reach a certain constant
critical value according to the flow dynamics theory. This indicates

uc ∝ (	TZZ)1/2 (6)

Yokoi [36] had correlated the dimensionless temperature of
a window spill thermal plume based on experimental data and
dimensional analysis. The dimensionless temperature � was
defined as [36]

� = 	TZr5/3
0

3
√

Q̇ 2Ta/Cp
2�Z

2g
(7)

where r0 is the equivalent radius of the heat source, Q̇ is the con-
vective buoyancy flow rate at the window, �Z is the local density of
the hot gases current and is usually taken as the value of the ambi-
ent air based on Boussinesq approximation for the buoyant plume.
For the spill thermal plume away from the window exit at a height
Z, the correlation of Yokoi [36] indicates

� ∝
(

r0

Z

)5/3
(8)

Substituting Eq. (7) into Eq. (8),  being Ta, Cp, Q̇ constants, it gives:

	TZ ∝ Z−5/3 (9)

And further substituting Eq. (9) into Eq. (6),  it finally achieves

uc ∝ Z−1/3 (10)

So, it is found that the critical re-entrainment wind velocity should
be proportional to −1/3 power of the characteristic height.

4. Results and discussion

4.1. Smoke soot field and flow pattern

When there is a fire contamination source in the room, the hot
dangerous smoke soot and gases will fill the room and then spill out
from the window into the street canyon. The smoke soot fields for
the case of fire contamination source positioned at the first floor are
shown in Fig. 4, as well as to indicate the flow pattern under differ-
ent wind velocities. It is worth mentioning that in the former work
[23] dealing with a buoyancy source positioned at the center of the
street canyon floor, four distinct regimes were identified to cate-
gorize the plume dispersion pattern characteristics under different
levels of wind velocities. Under those situations, due to the wind-
driven large vortex formed within the street canyon, the plume was
found to curve along a circular route and finally be re-entrained
back into the street canyon when the wind velocity was beyond a
critical value [23]. However, when the plume was ejected from the

adjacent building as the situation here, it was shown that the over-
all development of the flow can be characterized as a spill plume
attaching to the wall before reaching the top of building, then along
with an afterward tilted free plume being pushed downstream by
the horizontal wind.
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Fig. 4. Smoke soot field and flow 

When the wind velocity was relative small, for example, below
.8 m/s  in Fig. 4, the smoke spilled out of the burning room and
hen rose straight along the windward building of street canyon.

hen the smoke reached the top of street canyon, it was  blown to
he leeward building of street canyon by the wind, but still not
ouching the building in the leeward direction. When the wind
elocity increased to be moderate, for example, between 2.8 m/s
nd 3.7 m/s  in Fig. 4, the tilt angle of the plume above the top the
uilding in the windward direction started to become considerably

arger. At the same time, the lower edge of the contamination plume
bove the street canyon reached the leeward building. The critical
e-entrainment velocity was determined based on the observa-
ion of the smoke flow behavior along the wall of the leeward
uilding. With the increase in the wind velocity, the smoke plume
nally begins to impinge on the wall of the leeward building.
owever, when the wind velocity is not high enough, the down-
ard attaching-wall flow along the leeward building, which is

ounteracting the buoyancy of itself, cannot reach the floor level.
he critical re-entrainment velocity was quantified as the wind
elocity under which the downward attaching-wall smoke flow

nally reaches the floor of the street canyon and then begins to
o horizontally along the floor to the windward building. When
he wind velocity exceeded this critical re-entrainment velocity,
ere as 2.8 m/s, the smoke soot was re-entrained into the street
anyon. What was worse, the smoke was driven to the ground level
n under different wind velocities.

and accumulated in the street canyon. It was really a very terri-
ble situation because the visibility in atmosphere would be rather
low, putting the vehicles and pedestrians in danger. And finally,
when the wind velocity reached high levels, for example, larger
than 3.7 m/s  in Fig. 4, the smoke in the ground level in the lee-
ward direction started to extend to the windward part of the street
canyon. The entire street canyon was full of dangerous smoke. So,
once the wind velocity exceeded the critical re-entrainment veloc-
ity, the smoke was  re-entrained back into street canyon and the
vehicles and pedestrians would be in great danger. The critical
re-entrainment velocity should be studied as an important param-
eter.

4.2. Temperature and CO concentration contours

The temperature above ambient is the source contribution to the
buoyancy force. The temperature contours in and above the street
canyon for buoyancy sources positioned at different floors with
wind velocity of 1 m/s are shown in Fig. 5. The temperature was
shown to become lower and lower when rising up. At the bottom

of the plume, the temperature was  high. Considering the buoyant
contamination source at different floors, it was shown that when
the fire or explosion occurred at higher floors, the gas tempera-
ture the top of the street canyon was higher. So, it was indicated
that higher wind velocity was needed to re-entrain the pollutant
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ig. 5. Temperature contour with buoyant contamination source at different floors
u  = 1 m/s).

as back into the street canyon when the buoyancy source was
ositioned at higher floors.

Fig. 6 presents the CO concentration contours in and above the

treet canyon under different wind velocities. It was shown that the
O concentration distribution for the pollutant plume was  similar
o that of the temperature, which became lower and lower with
eight. And it was obvious that the CO concentration in the plume
egion was higher than that at the other part of the street canyon. In
Fig. 6. CO concentration contours under different wind velocities.

addition, from Fig. 6, it was found that with the increase in the wind
velocity, the CO distribution in the plume region remained basically
unchanged, which indicated that the influence of the wind velocity
on the CO concentration in the plume region was  negligible.

Fig. 6(a) shows the CO concentration contours with wind veloc-
ity of 1 m/s. It was  found that when the wind velocity was  relative
small, the CO concentration contour shape outside the plume
regime was very irregular and the CO concentration value there
was  very low. This was because the weak wind cannot effectively
counteract and scatter the buoyant plume. When the critical re-
entrainment wind velocity, 2.8 m/s, was reached, the concentration
of CO outside the plume regime was becoming much greater. This
was  explained by the entrainment of the hot smoke and gas back
into the canyon. A characteristic large vortex was shown for the CO
concentration contour shape. However, for wind velocity of 5 m/s,
the large vortex became more obvious and regular. The concentra-
tion of CO outside the plume region showed a higher level than
the other two  cases. It can be explained by the fact that with the
increase in wind velocity, more and more smoke was re-entrained
back into the street canyon.

4.3. Correlating critical re-entrainment velocity with

characteristic height

As the ratio of inertial forces to buoyancy force, Froude number
is a very important parameter. The Froude number values of the
plume when reaching the top of the street canyon under different
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Fig. 7. Variation of Froude numbers with wind velocities for buoyant contamination
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Fig. 8. Critical re-entrainment wind velocity vs. characteristic height.

ind velocities are presented in Fig. 7. It was shown that with the
ncrease in the wind velocity, the Froude number became higher.
hey had a good positively linear relationship, as in accordance with
q. (5).  The Froude number was larger when the buoyancy source
as positioned at lower floors, as the corresponding pollution tem-
erature at the top of the street canyon was lower. However, when
he critical re-entrainment wind velocity was achieved, the Froude
umber values were all shown to be near to 0.7, regardless of floor
eight of the source room, as marked by red colour in Fig. 7. (For

nterpretation of the references to colour in this figure, the reader
s referred to the web version of this article.) This finding was of
reat significance, which meant that the ratio of inertial force of the
ind flow to the buoyancy force of the pollution plume flow was

 constant value when the critical re-entrainment phenomenon
as coming forth. When the Froude number exceeded this criti-

al re-entrainment Froude number, the dangerous gas would be
e-entrained back into street canyon.

Fig. 8 correlates the critical re-entrainment wind velocity
gainst the characteristic height based on the LES simulation
esults. It was shown that their relationship can be well approached
y a power law function of y = axb. The correlation coefficient was

.9631. Correlating result for the power index of Z was −0.351,
hich was very close to the theoretical value of −1/3. The LES

imulation result agreed well with the theoretical analysis.
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5.  Conclusion

The buoyancy effect on the dispersion characteristics of smoke
soot and CO gas ejected from the adjacent building into an urban
street canyon under a perpendicular wind flow was investigated
by fire dynamics simulator (FDS), large eddy simulation (LES). The-
oretical analysis was also performed to consider the relationship
between the critical re-entrainment wind velocity and the charac-
teristic height. Results showed that the flow pattern in and above
the street canyon can be characterized as a spill plume attaching
to the wall before reaching the top of building and afterward a
tilted free plume being pushed downstream by the horizontal wind.
The CO dispersion and the consequent concentration pattern in the
plume region within the street canyon are slightly sensitive to the
wind velocity. On the other hand, results have shown that the dis-
persion is strongly affected by the wind velocity in other regions
inside the street canyon. A regular characteristic large vortex was
shown for the CO concentration contour shape when the wind
velocity was  higher than the critical re-entrainment value. The val-
ues of Froude number at the top of the street canyon were found
to vary proportionally with the wind velocity. The critical Froude
number corresponding to the critical re-entrainment phenomenon
was  found to be a constant value of 0.7. The critical re-entrainment
wind velocities, uc, for buoyant contamination source at different
floors of the building, was proportional to −1/3 power of the char-
acteristic height from the fire floor to the top of the street canyon.
LES simulation result agreed well with the theoretical analysis.
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