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Scalar mixing from concentrated sources in
urban-like roughness

By R. Rossi† AND G. Iaccarino

1. Motivation and objectives

The prediction of scalar mixing in urban areas at the neighborhood/street-scale re-
mains a challenging issue owing to the presence of obstacles that lead to very complex
flow features (Britter & Hanna 2003). The flow complexity is such to make it impossible
to apply Gaussian models in the near-field, where the scalar plume is tipically confined
within the canopy (Belcher 2005). The use of refined computational models, such as LES
and RANS, is thus required.

The present study is motivated by the need of a coherent framework for the evaluation
of computational models for short-range dispersion in urban environments (Rossi & Iac-
carino 2009b). To this end, we selected the case of the scalar release from a concentrated
source located within a staggered array of wall-mounted cubical obstacles of random
height. In this research brief we present a DNS study of the flow setup that is used out
to obtain a characterization of the mixing process in the presence of discrete roughness
as well as to provide a reliable and comprehensive database for models evaluation and
improvement (Rossi 2010).

2. Flow and numerical setup

A three-dimensional view of the geometrical model is shown in Fig. 1 along with a
sketch of the flow setup and boundary conditions employed in the computations. The
height of the obstacles is given by a normal distribution with standard deviation 0.3hm,
where hm is the mean height of the array. The array is also characterized by a packing-
density λp = NAp/At of 25%, where Ap = h2

m is the obstacles area, N is the number
of obstacles and At the area of the computational domain. Note that the staggered
arrangement is realized along the x-axis of the reference frame and the obstacles are
aligned along the y-axis.

The flow is assumed incompressible and the scalar approximated to a passive tracer.
The flow governing equations thus read as follows:
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Figure 1. Sketch of flow setup and boundary conditions for the present study.

case Lx × Ly × Lz ∆+
w ∆+

1 ∆+

2 ∆+

3 ∆+

4 z1/hm z2/hm z3/hm cell count

1-MOD 8hm × 8hm × 16hm 1.5 3 6 12 24 0.125 2.5 4 8M

4-MOD 16hm × 16hm × 16hm 1.5 3 6 12 24 0.125 2.5 4 32M

Table 1. Summary of numerical test cases.

where D is the scalar diffusivity and qs is the scalar source per unit-volume. In order
to examine the effect of different flow angles on the horizontal plane x− y on the mixing
process downstream of the source, three different flow alignments are considered in the
present study: α = 0◦, 45◦ and 90◦. The desired flow aligment with respect to the cube
array is achieved by projecting the constant pressure gradient driving the flow ρΠi on the
x and y components of the momentum equation according to the specified flow angle. The
magnitude of the pressure gradient is computed from the following integral force-balance

|ρΠ| =
ρu2

∗

Lz
, (2.4)

where u∗ is the friction velocity given by the total shear stress at the wall (i.e. including
the form drag). In order to match the experimental setup of Cheng & Castro (2002),
the friction Reynolds number Re∗ = u∗hm/ν adopted in the computations is 391. The
pressure gradient is set then according to Eq. (2.4), where Lz specifies the height of the
computational domain. For each case the flow is assumed periodic across the boundaries
and a symmetry condition is applied on top of the computational domain. The resulting
maximum mean velocity Ue on top of the domain is found to change slightly with the
flow angle, leading to a bulk Reynolds number Reb = Uehm/ν in the range 7500− 8000.

The scalar is emitted from a volumetric source located in front of the tallest obstacle
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(xs/hm = 3.5, ys/hm = 3.5) and elevated from the ground (zs/hm = 0.2). The source
term qs in the scalar transport Eq. (2.3) is applied to a group of cells whose centroids
lie within the sphere r/hm ≤ 0.05 centered at the source location, which leads to an
equivalent length-scale of the source based on the actual volume of the cell cluster ∆Vs

of Ds/hm ≈ 0.15, where Ds = (6∆Vs/π)1/3. Fig. 1 also shows an iso-surface of scalar
concentration for the case α = 45◦, illustrating the complex structure of the scalar
plume obtained in the present study. The coefficients of the discretized scalar transport
equation have been modified at the periodic boundaries to provide a convective-type
outflow condition for the scalar field. In regions where the flow is recirculating next
to the boundaries of the computational domain, the backflow scalar concentration is
assumed to be zero. Note the molecular Schmidt number is limited to Sc = 1 in order to
avoid a further increase in grid resolution requirements owing to the Batchelor length-
scale (Warhaft 2000).

The computational grid consists of a body-fitted hexahedral mesh using several levels
of refinement from the upper end of the domain toward the cube array. The size of the
computational domain and a summary of the grid resolution employed for the present
study are reported in Table 1. Note that the grid spacing is given in wall units based on the
friction velocity u∗ and the elements size is uniform along the three spatial directions.
Two different test cases have been generated and simulated. The first case (1-MOD)
consists of a single module (16 obstacles) of the periodic array and adopts the same
background grid resolution (∆1) employed by Coceal et al. (2006) for a DNS study of
the flow over a regular cube array. However, because the scalar source is located close
to the ground, the wall grid-resolution (∆w) is further increased in our computations.
On the other hand, for the same reason the grid is coarsened moving away from the
canopy (∆2–∆4) to reduce the total cell count. A larger computational domain (4-MOD)
consisting of four periodic modules (64 obstacles) is also considered in order to examine
the mixing process at greater distances from the source.

The flow and scalar governing equations are solved using unstructured co-located finite-
volume schemes with second-order accuracy in time and space. A symmetric energy-
conserving central interpolation (Mahesh et al. 2004) is employed for the convective term
of the momentum equation, whereas a bounded upwind-biased interpolation based on the
slope-limiter proposed by Barth & Jespersen (1989) is employed for the scalar transport
equation. In both cases, diffusive fluxes are reconstructed by a central-difference scheme.
Further details about the numerical scheme can be found in Rossi (2009).

The time-step size employed for the 1-MOD case is 6.53× 10−4tu∗/hm. The sampling
of turbulence statistics is initiated after 130 tu∗/hm and statistical samples for the mean
field have been collected over a time interval of 390 tu∗/hm. The same time-step size
adopted in the 1-MOD case is also employed for the 4-MOD case, but the transient time
and the sampling period for the mean field are limited to 65 tu∗/hm and 130 tu∗/hm

in the case of the larger domain. We stress that the comparison of mean concentration
profiles in the overlapping region of the two computational domains shows a reasonable
agreement between the 1-MOD case and the 4-MOD case in the α = 0◦ and α = 90◦

configurations, whereas larger differences are found in the α = 45◦ setup.

3. Results and discussion

In this section the flow and the scalar field computed for the three different flow angles
are examined through the insepction of the instantenous turbulent field and computed
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Figure 2. Structure of the flow within the canopy: left panels, vortical structures identified by
the λ2 criterion; right panels, oil-flow visualization at the base of the canopy, the labels on the
right panels indicate the relative height of the elements h/hm. The colormap shows the distance
from the ground.

flow statistics. Note that flow field results obtained from the 1-MOD case only are pre-
sented and particular focus is directed to the region which encompass the tallest obstacle,
in front of which the scalar source is located. In the case of the scalar field the 1-MOD
case is considered to examine the structure of the scalar plume, whereas mean concentra-
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tion profiles are extracted from the larger computational domain employed in the 4-MOD
case.

3.1. Structure of the flow within the canopy

The dispersion of scalars for flow over discrete roughness is affected not only by the in-
tensity of turbulent mixing but also controlled by the local structure of the flow, which
is responsible for the so-called topological diffusion (Belcher 2005). Flow visualizations
performed by MacDonald et al. (1998) in a water tunnel clearly show the effect of flow
patterns on dye dispersing through an array of obstacles at various flow angles. In Fig. 2
we therefore examine the flow structure induced by the random cube array by means
of vortex identification based on the λ2 method of Jeong & Hussain (1995) and oil-flow
visualization of the mean velocity field at the base of the canopy.

When the flow moves in the counter-staggered direction (α = 0◦), a persistent horse-
shoe vortex (A) in front of the tallest obstacle can be noticed. At the time-instant depicted
in the figure (left panel), one leg of the vortex is forming. As it extends to the side of
the obstacle, the leg is entrained and raised by the interaction with the vorticity shed
by the side edges of the body (B). As it will be shown later, this particular flow pattern
has a significant impact on the initial spread of the scalar plume. The footprint of the
horseshoe vortex in the oil-flow visualization is clearly identified by the nodal point in
front of the obstacle (G) and by the strong-shear layer generated from the same point
and breaking-up into two saddle-points in front of the obstacles (H), which are placed
immediately downstream.

The skewed-flow configuration (α = 45◦) is characterized by the roll-up of vorticity
shed from the leading edges of the obstacle (C). This leads to the periodic release of
large scale structures (D) inducing strong secondary motions (Bradshaw 1987) in the
cross-stream direction. Although these structures are vertically displaced by the height
of the obstacle, they are found to considerably enhance the penetration of the scalar
plume from the canopy into the flow aloft. The horseshoe vortex does not appear in the
instantenous field, but is clearly present in the oil-flow visualization. The flow pattern
is similar to the previous case, although it is interesting to note that the nodal point
(I) does not align with the flow direction because of the geometrical asymmetry in the
surrounding obstacles. An additional saddle point (L) also appears in the wake of the
obstacle. Furthermore, in this case the shear-layer originating from the nodal point leads
to the formation of two large recirculating regions behind the obstacle, which are not
found in the perpendicular flow configuration.

In the case where the flow is parallel to the direction of the staggered arrangement
(α = 90◦), the formation of packets of streamwise elongated structures (E) highlights the
channeled nature of the flow moving within the long canyons that are formed in the gap
between the obstacles. This also leads to enhanced shedding of vorticity from the sides
of the obstacle (F) due to the higher speed of the flow within the canyons. The nodal
point (M) shows how the flow is still able to penetrate into the narrow gap in front of
the tallest obstacle where the source is located, while the saddle points (N) are pushed
inward by the high-speed flow moving in the canyons as seen in the counter-staggered
case.

3.2. Flow field validation

Before discussing the concentration field, the present DNS is validated by comparing the
flow field statistics computed for the 1-MOD case at α = 0◦ with the measurements re-
ported by Cheng & Castro (2002). Note that in the wind tunnel testing a boundary-layer
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Figure 3. Spatially averaged profiles of flow-field statistics: left panel, mean streamwise veloc-
ity; central panel, R.M.S. of streamwise velocity fluctuations; right panel, Reynolds stress. —
1-MOD, # Cheng & Castro (2002).

flow with thickness to roughness height ratio δ/hm = 13.6 was simulated. The profiles
are extracted from a regular grid with uniform spacing hm between the vertical lines
corresponding to measurement locations.

The horizontally-averaged profiles above the canopy shown in Fig. 3 are found in rea-
sonable agreement with experiments in the lower part of the surface layer. Nonetheless,
the overpredicted turbulence intensity at z/hm ≥ 4 also indicates inadequate grid reso-
lution in this region, which might be responsible for the poor agreement with measured
mean velocity in the region z/hm ≥ 8. However, it is also worth stressing that the outer-
region of the velocity profile is affected by the different boundary conditions adopted in
our computations (channel flow) and in the experiments (boundary-layer flow).

The horizontally-averaged streamwise velocity profile over discrete roughness consists
of a roughness sublayer (RS) and an inertial sublayer (IS). The roughness sublayer is the
region dynamically influenced by the length-scales imposed by the roughnes elements
(Raupach et al. 1991), whereas it is common practice to define the inertial sublayer as
the region where the spatial variability of the flow on the horizontal plane decays and
the flow becomes a function of the vertical displacement only. As the flow homogeneity
is restored, it is possible to describe the velocity profile by means of a log-law of the
following type:
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Figure 4. Log-law fit in the inertial range of the streamwise velocity profile, — 1-MOD, #

Cheng & Castro (2002).

u(z) =
u∗

κ
ln

(

z − d

z0

)

, (3.1)

which in the case of atmospheric boundary layers is only valid under neutral stability
conditions. The roughness length z0 accounts for the velocity defect induced by the
additional drag force exerted by the roughness elements on the fluid, whereas the zero-
plane displacement d defines a new origin of the vertical axis which is needed to account
for the finite displacement of the entire flow induced by the discrete roughness. The log-
law fit to the 1-MOD case, shown in Fig. 4, yields z0 = 0.64 and d = 13. These value
compare well with the experimental results, considering the uncertainty reported in the
measurements (z0 = 0.56 ÷ 0.7, d = 11.9 ÷ 13.6).

The vertical profiles of turbulence statistics in the neighborhood of the source location
are presented in Figs. 5 and 6. The location of each profile on the grid is labelled as (i.j),
where i and j denote the position in the streamwise and spanwise direction, respectively.
Note that the location of the tallest building corresponds to the position (5.3) on the grid.
As suggested by the spatially averaged profiles, the standard grid resolution is adequate
to capture most of turbulent fluctuations in the region immediately above the canopy.
Although measurements within the canopy are not available from the experiments, this
indicates that the present grid resolution can be successfully employed to predict the
scalar mixing from a source located close to the ground, provided that the scalar plume
does not penetrate far into the inertial sublayer.

3.3. Structure of the scalar plume

The structure of the instantaneous scalar plume is examined in Fig. 7 after a time-
interval tu∗/hm = 180 from the initial release in the 1-MOD setup. The figure shows an
iso-surface of the concentration coefficient K = c Ueh

2

m/Qs, where Qs = qs∆Vs is the



312 R. Rossi and G. Iaccarino

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

0 1 2 3
0

2

4

6

8

Figure 5. Vertical profiles of streamwise velocity fluctuations R.M.S. in the neighborhood of
the source location: — 1-MOD, # Cheng & Castro (2002), - - - mean obstacles height.

scalar emission rate.
The plume developing downstream of the source in the counter-staggered flow setup is

clearly dominated by the horseshoe vortex located in front of the obstacle by the height
at which the scalar is released. The scalar is first advected in the spanwise direction (A)
and then downstream where the plume impinges on the next obstacle. This process leads
to a rapid growth of the plume width (B), which is not found in the parallel flow setup.

The initial transport of the scalar in the skewed-flow setup is also affected by the
presence of the horseshoe vortex at the source location (C). However, as the scalar is
entrained in the obstacle wake a significant vertical transport occurs (D), which leads to
largely exceed the vertical extent of the plume at the same downstream location in the
counter-staggered flow case. As anticipated by the analysis of the instantaneous flow field,
this is a consequence of secondary motions induced by the large-scale structures released
on top of the obstacle. The analysis of the mean secondary flow on a cross sectional
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Figure 6. Vertical profiles of Reynolds shear stress in the neighborhood of the source location:
for legend see Fig. 5.

plane behind the obstacle, not reported here for the sake of brevity, reveals that cross
flow intensity for the α = 45◦ case is the highest as compared with the counter-staggered
and the parallel flow setup.

The parallel flow setup shows an interesting feature at the particular time-instant
reported in Fig. 7, where the plume is initially advected vertically by a fluid column
induced by the wake of the obstacle (E). As the plume is entrained in the wake the
vertical transport becomes more effective compared with in the counter-staggered flow
setup (F), leading to a vertical extent of the plume that is similar to the skewed-flow
configuration.

3.4. Spatial development of the mean concentration field

The computed mean concentration profiles from the case 4-MOD are examined in order
to elucidate the picture given by the qualitative inspection of the scalar plume and to
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Figure 7. Iso-surfaces of concentration coefficient K = 0.25 at tu∗/hm = 180, × denotes the
source location, the colormap shows the distance from the ground.

better quantify the effect of the flow angle on the plume dispersion.
The spanwise profiles of mean concentration at two streamwise locations downstream

of the source are considered first. Because the scalar plume undergoes significant drifting
from the original release at large distances from the source, the plume centerline is
computed by the first order moment of the concentration distribution

ηc =

∫ γ

0
ηK(η)dη

∫ γ

0
K(η)dη

, (3.2)

where η defines the spanwise direction in the reference frame of the mean flow and γ is
the curve length. Similarly, the width of the scalar plume is defined by the second-order
central moment of the concentration distribution in the spanwise direction

ση =

∫ γ

0
(η − ηc)

2K(η)dη
∫ γ

0
K(η)dη

, (3.3)

The spanwise profiles of mean concentration are shown in Fig. 8, where ∆s denotes
the linear distance from the source location. A Gaussian-fit to computed profiles is also
given in the figure

K(η) = Km exp[−(η − ηc)
2/2σ2

η], (3.4)

where Km denotes the local maximum concentration coefficient of each profile.
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ση ∆ση

∆s/hm α = 0◦ α = 45◦ α = 90◦ α = 0◦ α = 45◦ α = 90◦

4 0.0185 0.022 0.0125 - - -

12 0.0229 0.025 0.01717 +23% +13% +37%

Table 2. Lateral spread of the scalar plume.

The spanwise distribution in the counter-staggered flow setup clearly shows the effect
of topological dispersion occurring in this case. The profiles in the near and far-fields
show regions of quasi-uniform concentration corresponding to the position of obstacles
located immediately downstream of the cross-sectional plane. A steep change in the
mean concentration occurs between these regions, leading to a signficant departure from
the Gaussian profile even at great distances from the source. The spanwise extent of
the scalar plume, reported for all three flow alignments in Table 2, is increased when
compared with the parallel flow case but is lower than in the skewed-flow configuration.
The flow channeling developing in the parallel flow case yields a profile in the far-field
that almost collapses on the Gaussian-fit. This picture is in agreement with measurements
reported by Garbero et al. (2010) for dispersion over a group of obstacles at different
packing-densities. From the wind tunnel testing it was shown that spanwise profiles of
mean concentration exhibit Gaussian behavior when the density ratio does not exceed
λp = 59%, a value that is far higher then the present setup. A significant departure from
the Gaussian profile can also be noted in the skewed-flow case. Here a larger width of
the scalar plume can be observed in comparison to both the counter-staggered and the
parallel flow setups.

The vertical profiles of mean concentration at the centerline of the plume, shown in
Fig. 8, provide an insight on the penetration of the scalar field into the roughness sublayer.
The parallel flow configuration shows the highest spread in the vertical direction. This
is very likely connected to the initial entrainment of the plume in the obstacle wake.
It is also interesting to note how the maximum concentration coefficient in the far-field
of parallel-flow profiles is of the same order as that observed in the counter-staggered
setup, which indicate that the higher spread is not just a result of the diffusion of higher
concentrations from the core of the plume. Similar arguments can be applied at the
skewed-flow setup, which is characterized by the lowest concentration levels both in the
near and the far-fields.

4. Summary and future work

In this research brief we presented direct numerical simulations of the scalar release
from a concentrated source located within a staggered-array of cubical obstacles with
random height. The preliminary results reported here show that our DNS setup provides
a reasonable agreement close to the canopy with available measurements of the velocity
field from wind tunnel testing of the same flow setup. However, the grid resolution em-
ployed outside the roughness sublayer does not provide enough resolution to capture all
turbulent scales. Although this should not affect the present results within the canopy,
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Figure 8. Profiles of mean concentration coefficient downstream of the source: left panels,
spanwise profiles at the ground level, — 4-MOD, - - - Gaussian-fit; right panels, vertical profiles
at the plume centerline ηc, — 4-MOD, - - - mean obstacles height. From top to bottom, α = 0◦,
45◦ and 90◦.

which shows that the scalar plume released close to the ground does not penetrate far
into the flow aloft, we cannot speculate on the impact of this shortcoming on turbulent
dispersion in the far-field. A grid refinement study has been undertaken to address this
issue.

The qualitative inspection of the instantaneous scalar concentration revealed a sig-
nificant impact of the flow alignment on the scalar plume structure in the near-field,
resulting in non-Gaussian behaviour of spanwise mean concentration distributions in the
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case of the counter-staggered and the skewed-flow configurations, even at large displace-
ments from the source. The role of topological dispersion therefore appears to be the
dominant effect in the present flow setup. This will be clarified by the analysis of mean
concentration budgets based on the available turbulent scalar flux statistics, which will
be attempted as a next step of the present study.
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