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SCALE INTERACTIONS IN AN URBAN-LIKE BOUNDARY LAYER:

A WIND TUNNEL STUDY
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ABSTRACT

The aim of the present study is to elucidate the
spatio-temporal interactions between the atmo-
spheric boundary layer and the flow developing
in an urban canopy layer. To do so, a full-depth
simulation of a suburban BL above an idealized
canopy model is performed in a wind tunnel. The
dynamics of this flow is investigated in a stream-
wise aligned vertical plane via Stereoscopic Par-
ticle Image Velocimetry (SPIV). Focusing on the
high shear region just downstream of a roughness
element, two flow configurations are identified de-
pending on the angle of the shear layer against
the horizontal axis. This parameter proves to be
a good indicator of the flow dynamics and the
mutual influence between the canopy layer and
the boundary layer flows. The main findings of
the present work are that the top-down interac-
tion between the two flows is confirmed but also
that, thanks to the detection of the vortex clus-
ters shed from the roughness elements, the rough-
ness sublayer is populated by strong vortical struc-
tures which originate from the canopy layer. These
vortices are accompanied with ejection and sweep
events and are found to contaminate the boundary
layer.

1 INTRODUCTION

The study of turbulence in a boundary layer (BL)
over a city is needed to understand the transport
processes of mass, momentum and passive scalar.
These processes are related to the properties of the
mean flow but also to the spatio-temporal dynam-
ics of the flow.
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Existence of universal features, in the inertial
sublayer and the outer region of turbulent BL, has
been suggested by Raupach (1981). Over thirty
years of studies on smooth-wall BL have resulted
in a consensus based on a vortex organization
model in the outer region summarized by Adrian
et al. (2000b). Coherent structures identified in
this model, such as low-speed streaks (or low mo-
mentum region, Tomkins and Adrian 2003), seem
to exist over rough-wall independently of its na-
ture. LES (Kanda et al. 2004, Kanda 2006) studies
over cube arrangements showed that the low speed
streaks are similar to those over a smooth wall.
However, in the roughness sublayer (RSL), tur-
bulence mechanisms depend on the nature of the
roughness elements (Krogstad and Antonia 1999).
Castro et al. (2006) confirmed the influence of the
roughness elements. A two-scale behaviour has
been evidenced: small-scale eddies, less than the
mean height of the obstacles in size, generated by
the separated shear layers and larger-scale struc-
tures from the BL flow indeed leave their imprints
in the two-point correlation of the longitudinal ve-
locity (see Castro et al. 2006). These two types
of organized structures are dominated by sweep
and ejection events (see models from Adrian et al.
2000b and Inagaki 2008) responsible for turbulent
exchanges.

Focusing on the flow dynamics within and over a
staggered cube array, Coceal et al. (2007a) found
from their DNS results that eddies shed off the
vertical edges of the obstacles are rotated by mean
shear. Furthermore, strong canopy-top shear lay-
ers were found to intermittently penetrate into the
canopy layer (CL), impacting upon downstream
obstacles and driving a recirculation in front of the
obstacles. Takimoto et al. (2011) described the ex-
istence of two characteristic modes from the anal-
ysis of the flow over a squared cube array: flushing
and cavity-eddy modes.



In their study of a high Reynolds number BL
over a smooth wall, Hutchins and Marusic (2007)
showed the existence of very large-scale motions
consisting of meandering elongated low- and high-
speed regions. These structures were found to play
a significant role in redistributing small-scale tur-
bulent motions throughout the BL.

Following Townsend’s original idea (Townsend
1956), Inagaki and Kanda (2010) and Castillo
et al. (2011) used a spatial decomposition method
to separate inner and outer layer turbulence and
confirmed the influence of large-scale structures
from the BL. Using the same approach, Perret
and Ruiz (2012) evidenced the presence of very
large-scale motions, meandering in the horizontal
plane, in their wind tunnel simulation of an at-
mospheric BL over a vegetation canopy. Recently,
Inagaki et al. (2012) suggested that the turbulent
organized structures represented by low and high
speed streaks control CL flow events such as flush-
ing and cavity eddies. This relationship confirms
a top-down mechanism (Hunt and Morrison 2000,
Marusic et al. 2010).

Building on these previous results, the present
study attempts to separate the flow developing
above the CL in a large-scale part originating from
the BL and a small-scale part corresponding to the
emerging CL flow. Identification of the canopy-
atmosphere interface is performed by detecting the
axis of the shear layers which develop downstream
of the roughness elements, characterized by the lo-
cation of the maximum of the vertical gradient of
instantaneous longitudinal velocity. Focusing on
the flapping of this shear layer, two distinct flow
configurations are highlighted. Conditional aver-
aged velocity fields obtained for each configuration
are analysed. Furthermore, detection of vortical
structures via the computation of signed swirling
strength maps reveals the presence of vortex clus-
ter emanating from the roughness elements. The
presence of such vortical structures in the RSL
and above, and their relationships with Q2 and
Q4 events are discussed.

2 EXPERIMENTAL SETUP
2.1 Wind-tunnel

Simulation of an urban BL over an idealized
canopy model was performed in the atmospheric
wind tunnel of the Laboratoire de recherche en
Hydrodynamique, Energétique et Environnement
Atmosphérique of Ecole Centrale de Nantes
(LHEEA, Nantes, France). This facility is an

open-circuit suck-down tunnel which has working
section dimensions of 24m long x 2m wide X 2m
high (Fig. 2.1). The ceiling and lateral walls are
transparent allowing optical access of the flow.

2.2  Urban canopy model

Inspired by the Counihan (1969) and Standen
et al. (1972) simulation techniques, a full-depth
simulation is performed using vertical mixing de-
vices (a triangular tapered spires array, designed
following the formulation of Irwin 1981), a non-
castellated barrier normal to the flow and an ideal-
ized urban canopy model. This model is composed
of a 22m long and 2m wide horizontal fetch of stag-
gered wooden 0.05m high (h) cubic roughness el-
ements with an homogeneous plan area density of
25%.

2.3 Stereoscopic PIV setup

In the following, x, y and z denote the longitu-
dinal, the spanwise and the vertical directions,
respectively, and u, v and w, the longitudinal,
transversal and vertical velocities. Measurements
of instantaneous three-component velocity fields
were performed via SPIV.

The flow was seeded just downstream of the con-
traction with glycol/water droplets (typical size
1pm) using a fog generator. With a 18.5m-long
fetch, the test section was fully seeded. A 200mJ
Nd:YAG Dual Power model laser operating at
532nm with a frequency of 5Hz was used to illu-
minate the particles between cubes from below the
test section. The time delay between two images
for PIV processing was set to 500us. 2048 x 2048
pixels compact DANTEC Dynamics FlowSense
4M cameras each equipped with a 105mm Nikon
AF DC-NIKKOR objective lens, were mounted
outside the wind tunnel on each side of the light-
sheet. Measurements of the instantaneous three-
component velocity were performed in a stream-
wise aligned vertical (z, z) plane (see Fig. 2.2).
Parameters of this measurement configuration are
summarized in Table 2.1. The Scheimpflug condi-
tion was satisfied by rotating the image plane with
respect to the lens plane. To ensure this condition,
the cameras were installed on special remote con-
trolled mounts designed to enable the rotation be-
tween the lens and the CCD chip (using the DAN-
TEC Remote Camera Control software). Both
the synchronisation between the laser and the two
cameras and the calculation of the PIV velocity
vector fields were performed using the DANTEC
Dynamics DynamicStudio software. After acquisi-



Figure 2.1: Photograph of the wind tunnel at LHEEA.

Table 2.1: PIV measurement parameters.

Field of Spatial dt  Distance * Angle *

view resolution
(h) (mm) (1s) (m) ()
3.0x4.5 1.72x2.19 500 1.35 48

*: camera / lightsheet

tion, correction of lightsheet non-uniformities and
deleting of static background artefacts were ap-
plied to the image pairs. An adaptive multi-pass
cross-correlation algorithm was used with initial
window size of 128 x 128 pixels and with 32 x 32
final interrogation windows and 50% overlap. Spu-
rious vectors were detected by an automatic val-
idation procedure whereby the SNR of the cor-
relation peak had to exceed a minimum value of
1.2, and the vector amplitude had to be within
a certain range of the local median to be con-
sidered as valid. Once spurious vectors had been
detected, they were replaced by vectors resulting
from a linear interpolation in each direction from
the surrounding 3 x 3 set of vectors. The recon-
struction of the third velocity component is based
on the backprojected apparent in-plane displace-
ments in the object plane for each camera using a
pinhole camera model applied on five calibration
images (for more details, see Adrian and West-
erweel 2010). At last, 4,000 image pairs were
recorded for this configuration.

zth

Figure 2.2: Configuration of measurement.
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Figure 3.1: Vertical profiles of spatial averaged one-point statistics :
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a) longitudinal mean velocity

normalized by U,, b) standard deviations of the two in-plane components u and w normalized by u* and
Reynolds shear stress normalized by u*2. Comparison between present SPTV measurements (line), DNS
from Coceal et al. (2007b) (stars) and two-component PIV measurements from Reynolds and Castro
(2008) (squares) with the same staggered arrangement and plan area density of roughness elements.

Table 3.1: Suburban boundary layer parameters.

d0/h  uw*/U, z9/h d/h Re, = u*hfv
19.5  0.067 0.05 0.75 1260

3 RESULTS

In the following, using the Reynolds decomposi-
tion, the three components of the instantaneous
velocity include a mean part symbolized by < (.) >
and a fluctuation part symbolized by (.)".

3.1 Omne-point statistics of the flow

Features of the simulated BL are determined for
a longitudinal location x = 18.5m from the start
of the roughness fetch and a free stream velocity
U, = 5.5m.s™ 1.

In order to characterize the simulated turbulent
boundary layer, a vertical profile of longitudinal
mean velocity over the entire test section height
was performed via hot wire anemometer, enabling
the estimation of the boundary layer thickness
over smooth wall (0 = 6h) and over the urban

canopy model (0 = 19.5h) (see Table 3.1). By fit-
ting the longitudinal mean velocity measurements
(belonging to the outer region) with a power law
(eqn. 3.1) where d is the zero-plane displacement
height, the nature of the simulated BL is con-
firmed. The value of the exponent « is indeed
found to be @ = 0.24, which is characteristic of a
BL flow developing over a suburban terrain ESDU

(1972) . .
%= (=)

Due to some experimental limitations, the friction
velocity u* is estimated from the Reynolds shear
stress < u/w’ > value in the constant-flux region
of the inertial sublayer (see Fig. 3.1.c) as u* =
vV— < w'w'" >. In the same area, the roughness
length z( is determined by fitting the longitudinal
mean velocity measurements (i.e for 2 < z/h < 3)
with a logarithmic law (eqn. 3.2) using the values
of d and u* previously determined, and the von
Karman constant « = 0.40.

Figure 3.1 shows vertical profiles of the spa-
tially averaged one-point statistics of the flow from

(3.1)

(3.2)



the SPIV measurements above the urban canopy
model compared with results from the DNS of
Coceal et al. (2007b) and the two-component
PIV measurements of a wind tunnel simulation of
Reynolds and Castro (2008) with the same stag-
gered arrangement and plan area density of cubi-
cal obstacles. The present results are found to
be in qualitative agreement with the two refer-
ence cases. As expected, standard deviations of
fluctuation velocities show that the flow is clearly
anisotropic near the CL where the longitudinal
component mainly contributes to the turbulent ki-
netic energy, see Fig. 3.1.b. In the constant-flux
region, the variation with height of the spatially
averaged Reynolds shear stress does not exceed
4.5% (not shown). The upper limit of the RSL
is estimated at z/h = 2 where the spatially av-
eraged Reynolds shear stress quickly increases to-
wards the roughness elements. A quadrant anal-
ysis (see Coceal et al. 2007b) shows dominance of
Q2 and Q4 events throughout the inner region of
the BL including the upper part of the CL. Our
results (not shown here) are consistent with Co-
ceal et al. (2007b): dominance (in number) of Q2
events in the RSL, balance of Q2 and Q4 events
in the lower part of the constant-flux region, and
dominance of Q4 events above z/h = 3. Although
Q4 events are less numerous than Q2 ones at the
canopy top, they contribute more to the Reynolds
shear stress which shows a peak at the level of the
top of the roughness elements (see Fig. 3.1.b).

3.2 Interface flow configurations

Observation of fluctuating velocity fields (see Fig.
3.2 for an example) allows to identify a two-scale
behaviour of the flow as suggested by Castro et
al.  (2006). Above the RSL, large-scale move-
ments and quasi-streamwise elongated coherent
structures are dominant (large white arrow in Fig.
3.2). As described by Castro et al. (2006) and
Coceal et al. (2007a), low-speed flow in the CL is
populated by small-scale vortices generated by the
shear layers emanating from top and lateral faces
of roughness elements. At the interface, the local
in-plane canopy-top shear layer is found to be in-
termittently downward, penetrating into the CL,
and upward, extending in the RSL as shown in Fig.
3.2. Furthermore, this flapping shear layer seems
to be correlated with vortices, independently of
its tilt. In Fig. 3.2, the upward shear layer is
correlated with a clockwise rotating vortex cluster
(black arrows) and Q2 events (small white arrows).
From the observation of numerous fluctuating ve-

0

Figure 3.2: Example of a two-component vector
field of the fluctuating velocity.

locity fields, the shear layer originating from an
obstacle (upstream dark gray cube in figure 3.2)
appears to be a good indicator of the dynamics of
the flow in the RSL and of the interaction between
the CL flow and the BL developing above. A ba-
sic feature of these shear layers is a high value of
the instantaneous velocity gradient du/dz. The
location of the maximum of this velocity gradient
[0u/0z],,,. is thus retained as an indicator of the
shear layer axis, which will serve to identify the
instantaneous interface between the CL flow and
the overlying BL.

The mean tilt angle 6 of [0u/0z%],,,, With the
horizontal plane, for —1.5 < x/h < 0, is esti-
mated for each of the 4,000 instantaneous fields
by fitting a straight line to the detected axis of
the shear layer. Downstream of z/h = 0, due
to the complex dynamics of the shear layer, the
vertical dispersion of [0u/0z],,,, becomes too im-
portant to permit a good fit. This is less frequent
for —1.5 < 2/h < 0 but when it is the case, the
fields are discarded. Figure 3.3 shows the proba-
bility density function (PDF) of §. The PDF of
0 is asymetrical, the majority of tilt angles be-
ing found between —15° and 21°. In the CL, the
multiple interactions between different shear layers
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seem to prevent the canopy-top shear layer from
having a stronger negative tilt. Furthermore, the
height and arrangement of the roughness elements
seem to limit the flapping of the cube-top shear
layer. So, with a 3h-long (distance between the
two in-plane cubes) shear layer and a characteris-
tic maximum tilt angle about 20°, the downstream
extremity of the shear layer reaches the ground
(with a negative angle) or the top of the RSL (with
a positive angle).

Building on these results, two different config-
urations are selected by isolating instantaneous
fields respecting the following conditions :

11° < 0 < 21°
—15° < 0 < =5°

Positive tilt :
Negative tilt :

In both configurations, approximately 300 instan-
taneous velocity fields satisfy the conditions im-
posed on the shear layer tilt angle. Observation
of instantaneous fields corresponding to the oc-
curence of one of these events shows a behaviour of
the velocity components clearly different from the
full ensemble averaged ones. In order to confirm
these observations, a conditional averaged velocity
field analysis of each configuration is performed.

3.3 Conditional averaged velocity fields

One-point statistics are computed for the two con-
figurations and compared with the full ensemble
averaged statistics from all the vector fields. Fig-
ure 3.4 mainly shows the two in-plane compo-
nents of the mean velocity (two first rows) and the
Reynolds shear stress (last row) as function of the
normalized height z/h. The two first rows show
that the conditioned mean flow is clearly marked
by both selected configurations.

As expected, in the case of a positive tilt of
the shear layer axis, the emergence of the low-
speed flow from the CL is favored (Fig. 3.4.b and
e). When 0 > 0, the [0u/0%],,,, region is corre-
lated with a negative < u/w’ > inclined area (blue
patchs in Fig. 3.4.h) which mainly corresponds to
Q2 events (not shown). Above 2.5k, < v/w’ > is
weaker than the full ensemble average (Fig. 3.4.g).
In the RSL, this result suggests that a major part
of the Q2 events are generated from the upward
flapping of the shear layer created downstream of
the roughness elements.

In the case of a negative tilt of the shear layer
axis, the two in-plane components of the main ve-
locity show a fast and large downward movement
(Fig. 3.4.c and f). This phenomenon is more pro-
nounced than the upward movement in the first
condional case and appears to be directly related
to the BL flow developing above. However, the
longitudinal mean velocity shows a lower speed
upstream the downstream cube (light gray cube
in figure 3.4). Statistically, the BL flow does not
penetrate the CL over entire space between the
two in-plane cubes. The CL flow moves statisti-
cally upward the upstream face of the downstream
obstacle. This detail is not consistent with Coceal
et al. (2007a) observations who show an opposite
phenomenon. At last, the negative < u'w’ > area
shown in Fig. 3.4.i (large blue area) mainly corre-
sponds to Q4 events (not shown) except for the
close upstream area of downstream (light gray)
cube.

3.4 Vortex cluster shedding

Focusing on the vortices shed off the top of the
upstream cube, in-plane swirling strength (A.;) is
estimated. Using the two-dimensional form of the
velocity gradient tensor, the A.; is defined as the
imaginary part of the quadratic solution when the
solution is complex (Adrian et al. 2000a). In or-
der to be able to discriminate between counter-
clockwise and clockwise rotating vortices, A, is
multiplied by the sign of the local in-plane vortic-
ity w, (Hutchins et al. 2005) such as :

As = Ao (w?/>
| wy |

Maps of A\g criterion show that vortices shed off
the top of the usptream cube have high negative
As values. The PDF of A4 is computed for all the
4,000 instantaneous fields as a function of height
as shown in Fig. 3.5. Clockwise (A; < 0) and
counter-clockwise (As > 0) rotating vortices both

(3.3)
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Figure 3.4: Comparison of maps of the one-point statistics: the two in-plane components of the mean
velocity, < u > and < w > (first and second rows), and the Reynolds shear stress < v'w’ > (last row),
from full ensemble averages (first column) and conditioned by the two configurations (positive tilt and
negative tilt, respectively second and third columns).
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exist in the whole part of the observed flow, with
more negative \g vortices than positive, in agree-
ment with the mean shear imposed by the BL flow.
While numbers of positive and negative \g vortices
seem constant above the RSL, the negative \¢ vor-
tices tend to be more numerous in the RSL and be-
low, and become the vast majority of the vortical
structures near the canopy top (z/h = 1). Com-
bining observations of fluctuating velocity fields
and maps of A, it appears that strong clockwise
rotating vortices are strongly related to the shear
layer originating from the top of the roughness ele-
ments. These vortices are characterized by a large
value of swirling strength such that A\g can reach
—2 at canopy top level. Thus, in order to extract
only these strong negative vortices, a threshold is
fixed at —1.3. Figures 3.6 and 3.7 show two ex-
amples of this extraction scheme for two different
fluctuating velocity fields. It appears that these
strong clockwise rotating vortices (gray patchs in
Fig. 3.6 and 3.7) shed from the canopy top and
intermittently released toward the RSL by the up-
ward flapping can ”survive” long enough to be con-
vected downstream, in and above the RSL. The
RSL is defined as being the sublayer in which the
BL flow is dynamically influenced by the presence
and length scales of roughness elements. So, one
can expect to find such vortices in this sublayer
while finding them above in the inertial sublayer
is more surprising.

4 CONCLUSION

In the present study, a full-depth simulation of
a suburban boundary layer above an idealized

0

Figure 3.6: Example of application of the extrac-
tion scheme (gray patchs: thresholded negative
As) for an positive tilt shear layer axis.
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canopy model was performed in a wind tunnel. In
order to elucidate the spatio-temporal interactions
between the atmospheric boundary layer and the
urban canopy flows, measurements in a stream-
wise aligned vertical plane of the three components
of the instantaneous velocity were performed via
Stereoscopic PIV.

Existence of a two-scale behaviour of the flow
was confirmed, one of which being characteristic of
the boundary layer flow and the other one of the
canopy layer flow. At the interface between these
two flows, the high shear layer created downstream
of the top of a roughness element was analysed. It
was found that the flapping behaviour of this shear
layer is related to the height and arrangement of
the roughness elements, and influences the rough-
ness sublayer height. The one-point statistics, in
the canopy layer and the roughness sublayer, de-
pend on the flapping tilt angle. A shear layer with
a negative tilt is correlated with a large penetra-
tion of the boundary layer flow from upstream into
the canopy layer confirming the top-down influ-
ence between the two flows. In the opposite case,
with a positive tilt, the shear layer is correlated
with the emergence of the canopy layer flow to-
wards the roughness sublayer. In the two cases,
the shear layer is correlated with the presence of
strong clockwise rotating vortices released by the
canopy top and inducing Q2 and Q4 events. Ex-
istence of numerous Q2 events in the roughness
sublayer is associated to the dissemination of these
vortices via the flapping shear layer. The majority
of Q4 events is associated to the boundary layer
flow dynamics, which explains their large contribu-
tion to the Reynolds shear stress. Nevertheless, re-
sults have shown that the vortices from the canopy
top can populate sublayers above the roughness
sublayer creating numerous local perturbations for
the boundary layer flow.

Future work will extend this analysis to the hor-
izontal planes at the level of both the roughness
and inertial sublayers, in order to investigate the
behaviour of the statistics and the dissemination
of the vortices along the transversal direction.
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