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a b s t r a c t

Computational Fluid Dynamics (CFD) is increasingly used to predict wind flow and pollutant disper-
sion around buildings. The two most frequently used approaches are solving the Reynolds-averaged
Navier–Stokes (RANS) equations and Large-Eddy Simulation (LES). In the present study, we compare the
convective and turbulent mass fluxes predicted by these two approaches for two configurations of iso-
lated buildings with distinctive features. We use this analysis to clarify the role of these two components
of mass transport on the prediction accuracy of RANS and LES in terms of mean concentration. It is shown
that the proper simulation of the convective fluxes is essential to predict an accurate concentration field.
In addition, appropriate parameterization of the turbulent fluxes is needed with RANS models, while only
the subgrid-scale effects are modeled with LES. Therefore, when the source is located outside of recircula-
tion regions (case 1), both RANS and LES can provide accurate results. When the influence of the building
as dispersion is higher (case 2), RANS models predict erroneous convective fluxes and are largely outperformed by LES
in terms of prediction accuracy of mean concentration. These conclusions suggest that the choice of the
appropriate turbulence model depends on the configuration of the dispersion problem under study. It is
also shown that for both cases LES predicts a counter-gradient mechanism of the streamwise turbulent
mass transport, which is not reproduced by the gradient-diffusion hypothesis that is generally used with
RANS models.
. Introduction

Computational Fluid Dynamics (CFD) is increasingly explored
nd used to predict wind flow and pollutant dispersion around
uildings. Accurate numerical simulation of this complex coupled
rocess requires careful simulation of each of its constituents: (1)
he incoming Atmospheric Boundary Layer (ABL) flow; (2) the tur-
ulent wind flow around the buildings submerged in the ABL; and
3) the transport process of the pollutant by convection and diffu-
ion in the turbulent wind-flow pattern. Because of the turbulent
nd inherently transient nature of the flow around buildings, the
ccuracy of pollutant dispersion simulations is strongly influenced
y the turbulence modeling approach used, which is generally
ither steady Reynolds-averaged Navier–Stokes (RANS) or Large-
ddy Simulation (LES).
In turbulent flows, dispersion can be seen as the combination
f the molecular, convective and turbulent mass transport, where
he first is often negligibly small compared with the two others.
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Several earlier research efforts have compared the performance
of RANS and LES approaches for pollutant dispersion in idealized
urban geometries like street canyons (e.g. [1–4]) and arrays of
buildings (e.g. [5,6]). Other efforts have compared RANS and LES
for isolated buildings (e.g. [7,8]), or in real urban environments
(e.g. [9,10]). Overall, LES appears to be more accurate than RANS
in predicting the mean concentration field because it captures the
unsteady concentration fluctuations. Moreover, this approach pro-
vides the statistics of the concentration field which can be of prime
importance for practical applications.

Most of the aforementioned studies have analyzed the pre-
diction accuracy of CFD by comparing the resulting mean
concentrations on and around building surfaces. Only few of them
have analyzed the performance of RANS and LES by focusing on
the mass transport process itself. Tominaga and Stathopoulos [3]
compared the lateral and vertical turbulent fluxes inside a street
canyon computed with RANS and LES. Yoshie et al. [8] employed
these two approaches to illustrate the horizontal distribution of the
lateral turbulent mass flux around an isolated building with non-

isothermal ABL flow. Rossi et al. [11] compared the performance
of different turbulent flux models for RANS for dispersion around
a cube. Direct Numerical Simulation was also performed for a uni-
form inflow profile and a Reynolds number equal to 5000. To the
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est of our knowledge, only Tominaga and Stathopoulos [7] pro-
ided some information about convective and diffusive fluxes for
he case of dispersion around a building in an ABL flow, but their
tudy focused at only a few locations on the roof.

In this paper, we present a detailed analysis of the transport
rocess of a pollutant in the turbulent wind-flow pattern around

solated buildings. The relative influence of convective and turbu-
ent fluxes in the transport process is analyzed and the role of these
uxes in the prediction accuracy of RANS and LES simulations is
larified. For this purpose, two cases with distinctive features in
erms of the transport process are selected, for which also detailed
ind tunnel experiments are available:

. Dispersion from a stack located immediately downstream of an
isolated rectangular building [12].

. Dispersion from a rooftop vent on an isolated cubical building
[13].

n case 1, the stack is relatively high and discharges the pollutants
utside the building wake, which decreases the influence of the
uilding on the dispersion of the plume. In case 2, the source is

ocated directly on the roof of the building and the pollutant gas
s released with low momentum ratio into the rooftop separation
ubble. Validation of the CFD simulations is performed by com-
aring the numerical results with the wind-tunnel concentration
easurements presented in [12,13]. For case 1, concentration pro-

les along three lines located five building heights downstream of
he building are used whereas for case 2, concentration contours
n the roof and in the wake of the building are used.

Some details about the numerical procedure are given in the
ext section. Then, for each case, the experiment is outlined, the
umerical model is described and the results are presented and
nalyzed.

. Governing equations

.1. RANS and turbulence models

With the RANS approach, the Reynolds-averaging operator is
pplied to the flow equations. Only the averaged quantities are
omputed and the effect of turbulence on the average flow field
symbolized by the Reynolds stresses – is modeled with turbu-

ence models. In this study, four turbulence models will be used
nd compared: the standard k–ε model (SKE) [14], the realiz-
ble k–ε model (RLZ) [15], the renormalization-group (RNG) k–ε
odel [16], and the Reynolds-stress model (RSM) with a linear

ressure–strain model and wall-reflection effects [17,18]. The rel-
vant equations can be found in the references. For brevity, only
he model constants are given here. They are the default values
n Fluent 6.3. For SKE: C� = 0.09; C1ε = 1.44; C2ε = 1.92; �k = 1.0;
ε = 1.3. For RLZ: C1ε = 1.44; C2 = 1.9; �k = 1.0; �ε = 1.2. For RNG:
� = 0.0845; C1ε = 1.42; C2ε = 1.68. For RSM: C� = 0.09; C1ε = 1.44;
2ε = 1.92; C1 = 1.8; C2 = 0.6; C ′

1 = 0.5; C ′
2 = 0.3; �k = 1.0; �ε = 1.3.

.2. LES and subgrid-scale models

With LES, a spatial-filtering operator is applied to the
avier–Stokes equations to separate the smallest scales of motion,
hich have a more universal behavior and can therefore be mod-

led, and the large scales, which are explicitly resolved. The effect
f the smallest scales on the resolved flow field is modeled with a

ubgrid-scale (SGS) model. In this study, the dynamic Smagorin-
ky SGS model [19–21] is used. LES is particularly interesting
hen dealing with mass transport phenomena since this process

s mainly governed by the largest scales of motion.
s Materials 194 (2011) 422–434 423

2.3. Numerical procedure

For the RANS simulations presented here, all the transport equa-
tions (momentum, energy, k, ε and concentration) are discretized
using a second-order upwind scheme. Pressure interpolation is
second order. The SIMPLE algorithm is used for pressure–velocity
coupling. Convergence is assumed to be obtained when the scaled
residuals [22] reach 10−5.

For LES, the filtered momentum equation is discretized with
a bounded central-differencing scheme. A second-order upwind
scheme is used for the energy and concentration equations. Pres-
sure interpolation is second order. Time integration is second-order
implicit. The non-iterative fractional step method [23] is used for
time advancement.

2.4. Wall treatment

In order to properly simulate the approaching ABL flow in the
computational domain, horizontal homogeneity must be achieved,
i.e. the vertical flow profiles that are prescribed at the inlet must be
preserved along the domain before reaching the buildings [24,25].

For RANS simulations with the Fluent 6.3 CFD code, the stan-
dard wall functions [26] are applied to the wall boundaries (ground,
building and stack surfaces). For the ground, the wall functions are
modified for roughness [27], which is specified by an equivalent
sand-grain roughness height ks and a roughness constant Cr. Hori-
zontal inhomogeneity of the ABL can be limited by adapting ks and
Cr to the inlet ABL profiles, following the equation by Blocken et al.
[24]: ks = 9.793z0/Cr, where z0 is the aerodynamic roughness length
of the terrain.

To the authors’ best knowledge, such a relation does not exist
for LES with Fluent. In this case, the centroids of the wall-adjacent
cells are assumed to fall in the logarithmic-law region of the bound-
ary layer [22] and the wall roughness is not taken into account.
The same boundary condition is used for the smooth walls, i.e. the
building and stack surfaces.

In both RANS and LES simulations, the upstream domain length
is kept as short as possible (5H) to limit horizontal inhomogeneity
[24]. A posteriori verification showed that the maximum wall-
normal distance of the first centroid at the wall boundaries was
approximately 100 wall units (z+ = zu*/�, where z is the wall-normal
distance, u* is the friction velocity and � is the kinematic viscosity
of the fluid) for case 1 and 40 for case 2.

2.5. Dispersion modeling

The instantaneous pollutant concentration (c, kg m−3) is treated
as a scalar transported by an advection–diffusion equation (Eule-
rian approach):

∂c

∂t
+ �u · ∇c = −∇ · −→qm + sc (6)

where �u is the velocity vector; sc is a source term; and −→qm is the
mass flux due to molecular diffusion.

Applying the Reynolds decomposition to the variables (x = X + x′

where X = 〈x〉 and x′ are the mean and fluctuating components of x,
respectively) and averaging Eq. (6) yields:

∇ · (
−→
Qm + −→

Qc + −→
Qt) = Sc (7)

In this equation,
−→
Qm is the mean molecular mass flux (kg m−2 s−1),

proportional to the gradient of mean concentration:
Qm,i = −Dm
∂C

∂xi
(8)

where Dm is the molecular mass diffusivity (m2 s−1). In general,
the molecular mass flux is negligible in comparison with the mean
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ig. 1. Case 1. (a) Domain, measurement lines for CFD validation and definition
orresponds to x/H = 5 and z/H = 1.5; V5 corresponds to x/H = 5 and y/H = 0. (b) Grid o

onvective (the adjective “mean” will be omitted in what follows)
nd turbulent mass fluxes, symbolized by

−→
Qc and

−→
Qt , respectively.

he former corresponds to the advection of the mean concentration
y the mean flow; it is defined by:
c,i = UiC (9)

The turbulent mass flux is given by:

t,i = 〈u′
ic

′〉 (10)

ig. 2. Profiles of K along H5-0 (left), H5-1.5 (middle) and V5 (right). (a–c) Influence of S
g–i) LES results.
rameters. Measurement lines: H5-0 corresponds to x/H = 5 and z/H = 0.1; H5-1.5
lding, stack and ground surfaces (total number of cells: 1,450,960).

Neither the velocity nor the concentration fluctuations are
computed by the RANS models so, with this approach, the tur-
bulent flux must be linked to the mean variables. Generally, the
gradient-diffusion hypothesis is adopted, by analogy with molecu-
lar diffusion:
Qt,i,RANS = −Dt
∂C

∂xi
(11)

ct value with RLZ. (d–f) Comparison between the four RANS models with Sct = 0.5.
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Fig. 3. (a–e) Average plume shape obtained with the five turbulen

here Dt is the turbulent mass diffusivity whose value is deduced
rom the computed turbulent viscosity �t and the input value of
he turbulent Schmidt number Sct = �t/Dt. This parameter is known
o have a large influence on the simulation of dispersion, with an
ptimum value that strongly depends on the configuration under
tudy [28,29].

With LES, the effect of the smallest scales of motion on disper-
ion is modeled by the SGS mass flux −−→qSGS that appears in the filtered
ispersion equation:

SGS,i = uic − uic̄ = −DSGS
∂c̄

∂xi
(12)

here the overbar denotes the filtering operation and DSGS is the
GS mass diffusivity computed via the SGS viscosity �SGS and the
GS Schmidt number ScSGS = �SGS/DSGS. Here, ScSGS is computed
ynamically, with a similar procedure as the Smagorinsky coef-
cient Cs [30]. In the LES results presented here, the convective and
urbulent fluxes are computed based on the resolved variables:

c,i,LES = 〈ui〉〈c̄〉 (13)

t,i,LES = 〈ui
′c′〉 + 〈qSGS,i〉 ∼= 〈ui

′c′〉 (14)

The subscript “LES” will be omitted in what follows, as well as

he subscript “RANS” in Eq. (11). The mean SGS mass flux 〈qSGS,i〉 is
eglected in the computation of the turbulent mass flux (Eq. (14)):

n the two cases considered here it is generally one or two orders
f magnitude lower than 〈ui

′c′〉.
dels. (f) Instantaneous plume shape obtained with LES at t* = 312.

All concentrations are expressed in non-dimensional form. The
instantaneous concentration coefficient is defined by:

Kinst = c

C0
(15)

where C0 is the reference concentration (kg m−3) given by:

C0 = Qe

H2Uref
(16)

with Qe the pollutant exhaust rate (kg s−1); H the building height
and Uref the mean wind speed at reference height zref (zref = 1.5H for
case 1; zref = H for case 2). The mean non-dimensional concentration
coefficient K is defined as the average value of Kinst. A reference flux
magnitude Q0 = C0Uref is used to make the convective and turbulent
mass fluxes non-dimensional.

3. Case 1: dispersion from a stack downstream of an
isolated rectangular building

3.1. Description of the experiment

Huber et al. [12] performed detailed experiments of gas
dispersion around a rectangular building model in a wind
tunnel. The building dimensions are H × 2H × H in the longi-

tudinal (x), lateral (y) and vertical (z) directions, respectively,
where H = 0.25 m. An ABL flow is simulated in the wind tun-
nel, with a Reynolds number based on Uref and zref (Re)
equal to 6.0 × 104 and with z0 = 6.5 × 10−4 m at model scale
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ig. 4. Streamwise (left; Qc,x/Q0) and vertical (right; Qc,z/Q0) non-dimensional conve
e and f) RSM; and (g and h) LES. The isolines K = 0.5, 1, 5 are also shown.

1:200). Immediately downstream of the building, a stack of
eight 1.5H and diameter 0.042H is emitting a mixture of
ir and methane with a momentum ratio (M) equal to 1.5.

is defined as the ratio We/Uref where We is the vertical
xhaust velocity. The origin of the coordinate system is shown in
ig. 1a.

Experimental data used to validate the present simulations
re the profiles of K along three lines 5H downstream of the
ource (Fig. 1a): H5-0 and H5-1.5 are horizontal lines located at
round (z/H = 0.1) and stack (z/H = 1.5) level, respectively, and V5
s a vertical line in the mid-plane (y/H = 0). It should be stressed
hat the conclusions drawn here on the performance of each tur-

ulence model hold for this particular location. The results are

ndeed quite different closer to the building (see case 2) or far-
her downstream, where the accurate simulation of the ABL is
rucial.
fluxes in the vertical mid-plane (y/H = 0) obtained with (a and b) RLZ; (c and d) RNG;

3.2. Domain, computational grid and boundary conditions

The domain dimensions follow the COST 732 and AIJ guide-
lines [31,32]: 26H (length) × 14H (width) × 7H (height), based on
the model scale. An upstream length of 5H and a downstream length
of 20H are provided to place the boundaries out of the zone of
influence of the building (Fig. 1a).

RANS and LES computations are performed on the same compu-
tational grid composed of 1,450,960 prismatic cells and constructed
using the surface-grid extrusion procedure [33]. The growth ratio
of adjacent cells does not exceed 1.1. The building height and the
stack circumference are divided into 20 and 64 cells, respectively

(Fig. 1b). A grid-sensitivity analysis showed that grid refinement
did not lead to significant change in the concentration results.

The inlet profiles of Uin, k and ε are based on the wind-tunnel
measurements reported in [12]. At the outlet, zero static pressure is
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ig. 5. Streamwise (left; Qt,x/Q0) and vertical (right; Qt,z/Q0) non-dimensional turbu
e and f) RSM; and (g and h) LES. The isolines K = 0.5, 1, 5 are also shown.

rescribed. At the top and lateral boundaries, a symmetry boundary
ondition is imposed. The bottom boundary as well as the building
nd stack surfaces is defined as no-slip walls; wall treatment is set
s described in Section 2.4. A velocity inlet is defined at the top face
f the stack, with an assumed turbulence intensity of 10% and a
ethane volume fraction of 1%, as in the experiment.
For the LES computations, a time-dependent inlet profile is

enerated by using the vortex method [34] with a number of vor-
ices Nv = 190. As shown by Sergent [34], this parameter has only
ittle influence on the generated velocity fluctuations. Further-

ore, previous CFD simulations of air flow around a cube (not
resented here) have shown that this method is suitable to gen-

rate turbulent fluctuations at the inlet in the case of ABL flow
round a bluff body. The results of the LES computation presented
ere are averaged over a period of 312 non-dimensional time
nits (t* = t × Uref/zref) with a constant non-dimensional time step
uxes in the vertical mid-plane (y/H = 0) obtained with (a and b) RLZ; (c and d) RNG;

�t* = �t × Uref/zref = 0.062. It was verified that the averaging time
is sufficient to obtain statistically steady results by monitoring the
evolution of K with time (moving average).

3.3. Results

The first three graphs of Fig. 2 (Fig. 2a–c) show the influence of
Sct on the concentration values obtained with RLZ 5H downstream
of the building model. For the three measurement lines, RLZ can
predict K-values in close agreement with the experiments when Sct

is set to 0.5. A lower (resp. higher) value of Sct leads to an under-

(resp. over-) estimation of the concentration values along lines H5-
1.5 and V5. The sensitivity to Sct is lower on line H5-0 (Fig. 2a)
because, close to the ground, turbulent mass transport – which is
governed by this parameter – is limited by the presence of the wall.
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Fig. 6. Case 2. (a) Domain and definition of parameters. (b) Gri

The other RANS models have been tested with Sct = 0.5
Fig. 2d–f). For this case, the difference between SKE and RLZ results
s negligible. RSM also provides accurate results, with a slight over-
stimation of K in comparison with the measurements. RNG largely
verestimates the concentration and should be used here with a
ower Sct value. On line H5-0, the computed variables depend more
n the wall treatment than on the turbulence model itself, explain-
ng why the difference between the RANS models is low (Fig. 2d).

The average LES results agree fairly well with the experiment on
he three measurement lines. Fig. 2i shows that, contrary to RANS

odels which compute the local maximum of concentration at the
evel of the stack (z/H = 1.5), LES predicts that the centerline of the
lume is shifted downwards, in agreement with the experiment.
his deviation can also be observed when looking at the average
hape of the plume symbolized by the isosurface K = 1 in Fig. 3. As
lready suggested by the concentration profiles, the plume shape
s rather similar with SKE, RLZ and RSM: it extends horizontally
ownstream without being much disturbed by the presence of the
uilding, whereas the isosurface computed with RNG extends far-

her downstream. Fig. 3f shows the isosurface Kinst = 1 at t* = 312
omputed with LES. At this instant, the plume is largely different
rom its average shape: the region where K exceeds 1 can extend
arther downstream and reach zones close to the ground.

ig. 7. (a) Experimental and (b–f) numerical contours of K on the roof. The arrows indicate
-, Sct = 0.7.
uilding and ground surfaces (total number of cells: 1,480,754).

The non-dimensional convective and turbulent mass fluxes are
depicted in Figs. 4 and 5, respectively. Because of the similarity
between SKE and RLZ results, it has been chosen to show only the
fluxes computed by the latter model for sake of brevity. The emitted
pollutant gas is mainly convected downstream, as shown by the
contours of convective flux in the streamwise direction (Fig. 4a,
c, e and g). In these figures, the blue/dark gray zone downstream
of the building indicates the backflow of the wake recirculation
zone, whose length is largely overestimated by the RANS models in
comparison with LES. However, since only little pollution reaches
this zone, the magnitude of the flux is low and only marginally
influences the final concentration field.

The vertical exhaust velocity from the stack creates a positive
Qc,z around this position (Fig. 4b, d, f and h). Further downstream,
the negative vertical velocity due to flow reattachment transports
the pollutant towards the ground. Fig. 4h shows that with LES, this
downward convective flux occurs closer to the building – due to
the smaller recirculation zone – and is more intense than with the
RANS models. As a consequence, the centerline of the plume is devi-

ated downwards, as already observed in the previous figures and
in agreement to what was measured in the wind tunnel.

In this case, the main difference between the mass fluxes com-
puted by RANS and LES approaches lies in the streamwise turbulent

the wind direction. The influence of Sct is depicted in (c): - - -, Sct = 0.3; —, Sct = 0.5;
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ig. 8. (a) Experimental and (b–f) numerical contours of K in the wake of the buildi
ct is depicted in (c): - - -, Sct = 0.3; —, Sct = 0.5; - -, Sct = 0.7.

ux Qt,x, shown in Fig. 5a, c, e and g. Let us consider the con-
entration level at stack height. Following the gradient-diffusion
ypothesis (Eq. (11)), the decrease of the concentration in the
-direction (∂C/∂x < 0) generates a positive flux, represented in
ed/light gray in Fig. 5a, c and e. Although the evolution of C is
imilar with LES, it is clear that the turbulent mass transport in
his direction does not obey the gradient-diffusion hypothesis: Qt,x

s negative and counters convective effects in the region above
he stack (z/H > 1.5) and it is positive below the stack for x/H > 1
Fig. 5g). It can also be noted that the values of |Qt,x/Q0| computed
y LES are higher than with RANS. However, by comparing the left
olumn of Fig. 4 with the one of Fig. 5 (the same contour levels
re used for both figures), it is clear that the main mechanism of
ass transport in the streamwise direction is convection. Hence,

he deficiencies of the RANS models – and more particularly of the
radient-diffusion hypothesis – in terms of streamwise turbulent
ransport do not significantly affect the final concentration field.

his explains why fairly accurate results can be obtained with these
odels and hypothesis.
The balance between convective and turbulent mass transport

s different in the vertical direction: the comparison of the right
H = 0). x/H = 0.5 corresponds to the leeward facade of the building. The influence of

columns of Fig. 4 and Fig. 5 shows that both mechanisms act with
similar intensity. Turbulent vertical fluxes are even stronger, except
in the near wake of the building and at the plume centerline. The
roles of these mechanisms are different, however: while convection
tends to act on the plume as a “block” (i.e. by moving its centerline),
turbulence tends to “stretch” the plume in the vertical (and lateral)
direction. Indeed, it was already observed in Fig. 2b, for instance,
that if Sct is decreased (i.e. Qt,z is increased), the stretching effect
becomes stronger in the vertical and lateral directions. Both RANS
(Fig. 5b, d and f) and LES (Fig. 5h) models predict a similar trend for
the contours of Qt,z/Q0, which supports the validity of the gradient-
diffusion hypothesis in the vertical direction. This also holds for the
lateral direction (not shown here).

4. Case 2: dispersion from a rooftop vent on an isolated
cubical building
4.1. Description of the experiment

The experiment by Li and Meroney [13] involves a cubic obsta-
cle with height H = 0.05 m placed in the test section of a wind
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Fig. 9. (a–e) Average plume shape obtained with the five turbulen

unnel, with the windward face perpendicular to the ABL flow
Re = 1.1 × 104; z0 = 7.5 × 10−5 m at model scale 1:2000). At the cen-
er of the roof, pure helium is emitted by a circular exhaust with
elatively low velocity (M = 0.19). Concentration contours on the
op face of the cube and in the vertical mid-plane (y/H = 0) down-
tream of the cube are presented here for CFD validation – contrary
o case 1 where line profiles were used.

.2. Domain, computational grid and boundary conditions

The domain is 26H long (5H upstream and 20H downstream
f the cube), 11H wide and 6H high (Fig. 6a) with the origin of the
oordinate system at the center of the cube’s bottom face. The com-
utational grid consists of 1,480,754 cells with 40 segments around
he exhaust circumference (Fig. 6b). The cube was discretized using
5 cells in the horizontal directions and 32 cells in the vertical direc-
ion in order to increase resolution close to the roof where high
oncentration gradients occur. The ratio of two neighboring cell
imensions was kept below 1.1. This grid was selected after a grid-
ensitivity analysis: the accuracy of the results was improved in
omparison with a coarser grid and the use of a finer grid with twice
he total number of cells lead to identical results with the RANS

odels and only a slight change in the LES concentration contours
since this model is by definition grid-dependent. However, we
rgue that this change did not justify the increase in computational
esources required.

The profiles of Uin, k and ε were imposed at the inlet, based on
he experimental data. For LES, perturbations around the average
dels. (f) Instantaneous plume shape obtained with LES at t* = 594.

velocity profile were imposed with the vortex method (Nv = 190).
The other boundary conditions are identical to those in case 1.
The LES results are averaged over t* = 594, with a constant time
step �t* = 0.066. Note that a longer averaging period was required
to get statistically steady results compared to case 1, because the
pollutant source is located in a zone of higher turbulence intensity.

4.3. Results

The measured and computed contours of K on the roof of the
building are shown in Fig. 7. In the experiment, because of the low
momentum ratio of the exhaust, the pollutant gas gets “trapped”
in the rooftop recirculation zone and is transported upstream by
the backflow, as can be seen in Fig. 7a. SKE and RLZ fail to repro-
duce this backward transport: the emitted gas is mainly “blown
away” in the wind direction. RNG and RSM are more accurate and
clearly reproduce the upstream transport of the pollutant (Fig. 7d
and e). Nevertheless, these two models are outperformed by LES
(Fig. 7f) which predicts concentrations in good agreement with
the measurements, although the lateral diffusion is slightly over-
predicted. Similar conclusions about the prediction accuracy of the
different models are made based on the K contours in the wake of
the building (Fig. 8).

The Sct value does not strongly influence the RLZ results on the

roof, as shown in Fig. 7c where the isolines K = 5 and K = 50 are
plotted for Sct = 0.3 and 0.7. As in case 1, the reason is that turbulent
mass transport is limited by the presence of the wall. In the wake of
the building, the influence of this parameter is stronger and similar
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ig. 10. Streamwise (left; Qc,x/Q0) and vertical (right; Qc,z/Q0) non-dimensional con
NG; (e and f) RSM; and (g and h) LES. The isolines K = 1, 5, 50 are also shown.

o the one in case 1 (Fig. 8c): when Sct decreases the plume becomes
horter and stretched in the vertical direction. However, changing
he Sct value cannot compensate for the RANS model deficiencies in
erms of flow-field and the predicted levels of concentration remain
igh with RLZ, as well as with SKE. The use of RNG or RSM enhances
he accuracy of the results but still LES is clearly better (Fig. 8d–f).

The structures of the plumes computed by RNG and RSM are
imilar to the one by LES, yet slightly longer (Fig. 9c–e). SKE and
LZ show a totally different result: only little pollutant reaches the

eading edge of the roof and the zone close to the ground down-
tream of the building is contaminated in the sense that K > 1. This
s not the case with LES although some puffs of pollutant can reach

his zone intermittently (Fig. 9f).

Several numerical simulations of air flow around a bluff body
e.g. [35–37]) have demonstrated the superior performance of LES
ve fluxes in the vertical mid-plane (y/H = 0) obtained with (a and b) RLZ; (c and d)

with respect to RANS in properly simulating several features of such
a flow, including the rooftop and wake recirculation zones. This
difference is verified in the present study: see Fig. 10a, c, e and g,
where these two backflow regions lead to an upstream mass trans-
port (blue/dark gray zones in the contour plots of Qc,x/Q0) while
pollutant is convected downstream in the rest of the domain. The
rooftop recirculation zone is almost nonexistent with RLZ whereas
its size is over-predicted by RNG and RSM compared with LES, with
consequences on the concentration contours as already observed
in Fig. 7. It can also be seen in Fig. 10 that the reattachment length
in the wake is overestimated by the RANS models (due to the
underestimation of k), which partly explains the higher levels of

concentration observed in Fig. 8. Like in case 1, this flow reattach-
ment is responsible for a downward convective mass flux (Fig. 10b,
d, f and h).
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ig. 11. Streamwise (left; Qt,x/Q0) and vertical (right; Qt,z/Q0) non-dimensional turb
e and f) RSM; and (g and h) LES. The isolines K = 1, 5, 50 are also shown.

It must be emphasized that, contrary to case 1, these recir-
ulation regions are colored in dark blue/gray when plotting
he contours of Qc,x/Q0. In other words, these regions are the
lace of intense convective fluxes because they contain higher
ollutant concentrations. This shows the importance of the con-
ribution of the recirculation zones to the overall mass transport
nd the necessity for the turbulence model to simulate them
roperly.

Above the source, downstream of the building, the mean con-
entration decreases along the x-direction. The gradient-diffusion
ypothesis adopted with RANS leads to positive values for Qt,x/Q0,

s can be seen in Fig. 11a, c and e. By contrast, LES predicts a neg-
tive streamwise turbulent mass flux in this zone (blue/dark gray
one in Fig. 11g), in qualitative agreement with the low Reynolds
umber DNS simulations by Rossi et al. [11]. It proves the ability
uxes in the vertical mid-plane (y/H = 0) obtained with (a and b) RLZ; (c and d) RNG;

of the present LES modeling to reproduce this so-called counter-
gradient mechanism that acts in the streamwise direction. This,
together with the smaller reattachment length, contributes to a
shorter plume predicted by LES (Fig. 9e). In the vertical direction,
the turbulent mass flux is predicted by LES with similar trend than
RANS models, i.e. with a gradient-diffusion mechanism (Fig. 11b, d,
f and h).

The observation of the contours of |Qt,i/Qc,i| (not shown here)
shows that for the x-direction the magnitude of the convective flux
is generally one order of magnitude higher than the turbulent flux
(except in the zones of very low streamwise velocity), proving the

dominant role of convection as a mechanism of mass transport
streamwise. In this direction, the turbulent mass transport plays
a secondary role on the prediction accuracy of concentration. By
contrast, convective and turbulent fluxes are of the same order
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f magnitude in the vertical direction. Turbulence even dominates
onvection, except on the centerline of the plume.

. Summary and conclusions

Most previous studies on the prediction accuracy of RANS and
ES have focused on the comparison of the resulting simulated
nd measured mean concentrations, rather than on the transport
rocess itself. In this paper, a detailed analysis of the transport
rocess of a pollutant in the turbulent wind flow patterns around

solated buildings has been presented, for two configurations with
istinctive features in terms of the transport process. Apart from
omparing mean concentrations, the relative influence of convec-
ive and turbulent fluxes in the transport process has been analyzed
nd the role of these fluxes in the prediction accuracy of RANS and
ES has been clarified.

It was shown that LES is able to reproduce the counter-gradient
echanism that governs turbulent mass transfer in – and only in
the streamwise direction. This phenomenon was also pointed

ut by Rossi et al. [11] who performed DNS of dispersion around a
ube with uniform inflow at Re = 5000. They attributed this mecha-
ism to the large-scale structures that emanate from the leading
dge of the cube. In the present study, it was shown that the
ounter-gradient mechanism occurs not only for the cubic build-
ng with rooftop source immerged in a turbulent ABL flow, but
lso when the source is 1.5H high and a priori less affected by
he building-generated turbulence. The very widespread gradient-
iffusion hypothesis is therefore not valid in the x-direction for the
wo cases considered here.

However, this erroneous prediction of the streamwise turbulent
ass flux by the RANS models did not influence significantly the

esults since convection was shown to act as the dominant mech-
nism of mass transport in this direction – contrary to laterally
nd vertically. Hence, if the pollutant source is located outside of
etachment regions or any notable zone of the flow-field that RANS
odels fail to reproduce (case 1), this class of models can predict

airly accurate convective fluxes around the source and, as a result,
fairly accurate concentration field. This requires correct parame-

erization of the turbulent fluxes via the turbulent Schmidt number,
hough.

When the influence of the building on the dispersion process
s higher (case 2), the accuracy of LES is clearly better because this

odel computes more accurate convective fluxes, especially in sep-
ration regions on the roof and in the wake of the building. In such
ases, modifications of Sct will influence the spread of pollutant
redicted by RANS models but cannot compensate for their defi-
iencies in terms of flow-field. The use of LES is recommended in
his situation despite the increase in required computational time
RANS approximately seven times faster than LES for this case).

Further research will focus on configurations where the role
f turbulent mass transport is more important in the streamwise
irection, in order to assess the need of more elaborate models for
urbulent mass fluxes.
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