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ABSTRACT

The dynamics of the turbulent boundary layer develop-
ing over a cube array is analysed using stereoscopic PIV
measurements performed in an atmospheric wind tunnel.
The longitudinal component « of the velocity is analysed via
the snapshot POD. It is first demonstrated that the first POD
mode of u corresponds to large-scale elongated coherent
structures of low- or high-speed which are non-negligible
contributors to the shear-stress and the turbulent kinetic en-
ergy. Their relationship with the smaller scales of the flow is
investigated via the computation of one- or two-point third
order statistics and is shown to be of non-linear nature.

INTRODUCTION

During the past few years, very-large-scale motions
(VLSMs) in turbulent boundary layers over smooth-walls
have received renewed attention from the research commu-
nity. Both numerical and experimental studies have high-
lighted their influence on the near-wall turbulence and their
contribution to the kinetic energy and Reynolds shear-stress
in different type of wall-bounded flows such as pipe flows
(Monty et al., 2007), channel flows (del Alamo & Jimenez,
2003), laboratory boundary layers (Marusic & Hutchins,
2008) and atmospheric boundary layers (Guala et al., 2011).
Common features of the VLSMs found in wall-bounded
flows are that they consist in elongated low- and high-speed
regions (Hutchins & Marusic, 2007), the length of which
scales with outer-length variable (8) and can reach sev-
eral times & (Guala et al., 2011), they populate the log
and outer layer, they are animated by a meandering mo-
tion in the horizontal plane (Hutchins & Marusic, 2007) and
interact with near-wall turbulence through an amplitude-
modulation mechanism (Mathis et al., 2009). The finding
of this last characteristics relies on the clear spectral sepa-
ration between large-scale motions and the near-wall turbu-
lence found in high Reynolds number flows (Guala et al.,
2011; Mathis et al., 2009).

At the same time, attention has been devoted to the
structure of boundary layer flows developing over rough
walls, at laboratory scales (see Jimenez 2004 for a review)
or in the framework of atmospheric flows over urban or veg-
etation canopies (Finnigan et al., 2009; Inagaki & Kanda,
2010; Takimoto et al., 2011), demonstrating similarities be-
tween flows over smooth and rough wall. In particular, the
presence of streaky patterns of low- and high-speed regions,
of ejection and sweep motions associated to the hairpin
model and the organization of hairpin vortices in packets
have been evidenced. Recently, Inagaki & Kanda (2010)
showed the presence in the atmospheric flow developing
over an array of cubes of very-large-scale elongated low-
speed regions, with some sub-structures included in these
streaks. These structures, educed by filtering in the span-
wise direction the time-series from a spanwise array of 15
sonic anemometers, share some common features with the
above mentionned VLSMs evidenced in smooth wall flows
and support the observations of Drobinski ez al. (2004) re-
vealing streaky structures within the atmospheric surface
layer. In their study of the atmospheric turbulence over a
cubical array arranged in a square pattern, Takimoto et al.
(2011) showed the intermittent presence of large-scale up-
ward motions across the whole vertical cross-section of the
gap between two cubes correlated with the presence of low-
speed streaks in the boundary layer. The same correlation
between the boundary layer and flow penetrations and ejec-
tions inside and from the canopy has been found by Perret
& Savory (2013) in their wind tunnel study of the flow over
a street canyon model. From their particle image velocime-
try (PIV) measurements performed over a cube array, Rivet
et al. (2012) evidenced the presence of vortex clusters in-
termittently shed off the roughness elements and convected
in the boundary layer. They also showed that the dynam-
ics of the associated shear-layers developing from the top
of the obstacles is correlated with the occurence of low-
and high-speed events in the log-region. The results ob-
tained in flows over rough-walls suggest that, in spite of
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Figure 1. Experimental setup.

the strong disturbance of the flow at the wall, VLSMs ex-
ist and interact with the canopy flow in a similar manner
as in smooth wall boundary layers. However, in configura-
tions representative of flows over urban canopies, it is likely
that the clear spectral separation between large-scale mo-
tions and the near-wall turbulence found in high Reynolds
number canonical boundary layers may not exist, the ob-
stacles generating structures of scales much larger than the
typical length-scales observed in near-smooth-wall turbu-
lence. As pointed by Takimoto ez al. (2011), the knowledge
of the connections between the canopy flow and organized
structures in the boundary layer is currently very limited.

The aim of the present study is first to show the pres-
ence of large-scale structures in a turbulent boundary layer
developing over a cubical roughness array and, secondly,
to investigate their dynamical link with the canopy flow.
Moreover, in such a flow, two challenges arise: (1) perform-
ing reliable measurements of time-series of the velocity via
multi-component hot-wire measurements can turn out to be
difficult due to the high local turbulent intensities and the
highly three-dimensional character of the flow close to the
canopy top; (2) the spectral separation between the near-
wall turbulence and the energetic scales in the logarithmic
region found in smooth-wall turbulent flows is not expected
to exist in the present case. Thus, in order to circumvent
these two issues and following the approach developed by
Perret & Savory (2013), stereoscopic PIV measurements
are performed and analysed via the use of the proper orthog-
onal decomposition (POD) to extract the large-scale coher-
ent structures of the flow and study their non-linear interac-
tions with the smaller scales.

EXPERIMENTAL DETAILS

In this section, a description of the experimental appa-
ratus and procedures and a presentation of the characteritics
of the generated boundary layer are provided. In the fol-
lowing, x, y and z denote the longitudinal, spanwise and
vertical directions, respectively (figure 1), and u, v, w the
longitudinal, spanwise and vertical velocity components,
respectively. Using the Reynolds decomposition, each in-
stantaneous quantity u can be decomposed as u = {u) + u’
where (1) denotes the ensemble average (equivalent to a
time-average) of u and #’ its fluctuating part. The double
average over time and the longitudinal direction of u is de-
noted ((u)).

Experimental setup
Experiments were conducted in the atmospheric
boundary layer wind tunnel of the Laboratoire de recherche
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Figure 2. Configuration of measurement. The dotted line
shows the location of the PIV measurement plane in (a) the
x —z plane and (b) the y — z plane.

en Hydrodynamique, Energétique et Environnement At-
mosphérique of Ecole Centrale de Nantes (LHEEA,
Nantes, France), which has working section dimensions of
24 x 2 x 2 m. A simulation of a suburban-type atmo-
spheric boundary layer developing over an idealized canopy
model was achieved by using three vertical, tapered spires
of height of 800 mm and width of 134 mm at their base, a
200 mm high solid fence across the working section located
0.75 m downstream of the inlet, followed by a 22 m fetch of
staggered cube roughness elements with a plan area density
of 25%. The cube height was 7 = 50 mm. The measure-
ments were performed with a free stream velocity, U,, of
5.8 msfl, at a longitudinal location of 19.5 m after the end
of the contraction. Characteristics of the generated bound-
ary layer are described in detail in the following section.
Three-component PIV measurements were conducted
in a vertical plane aligned with the main flow, in the cen-
ter of the test-section (figure 1). Details of the exact loca-
tion of the measurement plane are shown in figure 2. Two
2048x2048 pixels 12 bits camera equipped with 105 mm
objective lenses were employed in a stereoscopic configu-
ration. The Scheimpflug condition was satisfied by rotat-
ing the image plane with respect to the lens plane via the
use of dedicated remote-controlled mounts. The final spa-
tial resolution is 1.72 mm and 2.20 mm in the longitudi-
nal and vertical directions, respectively. A 200 mJ Nd-Yag
laser, located under the wind tunnel floor was used to illu-
minate the region of interest through a glass-window. The
time-delay between two images for PIV processing was set
to dt =500 um. The flow was seeded with glycol/water
droplets (typical size 1 um) using a fog generator. Both
the synchronisation between the laser and the cameras and
the calculation of the PIV velocity vector fields were per-
formed using the DANTEC FlowDynamics software. A set
of N =4000 velocity fields was recorded with a sampling
frequency of 5 Hz to enable the computation of the main
flow statistics and investigate its large-scale organization.
A FFT-based 2D-PIV algorithm with sub-pixel refine-
ment was employed. Iterative cross-correlation analysis
was performed with an initial window size of 128 x 128 pix-
els and with 3232 final interrogation windows, using an
overlap of 50%. Spurious vectors were detected by an auto-
matic validation procedure whereby the SNR of the corre-
lation peak had to exceed a minimum value, and the vector
amplitude had to be within a certain range of the local me-
dian to be considered as valid. Once spurious vectors had
been detected, they were replaced by vectors resulting from
a linear interpolation in each direction from the surround-
ing 3x3 set of vectors. A pinhole model was employed to
reconstruct the three-component vector fields from the two-
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Table 1. Characteristics of the boundary layer.
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Figure 3. Vertical evolution of (a) the mean veloc-
ity components ((u;(z))) and (b) the Reynolds stresses
((ui(z)u;(2))) across the measurement domain (one in ev-

ery eight point shown).

component vector fields from each cameras.

Boundary layer characteristics

Statistics of the three components of the velocity com-
puted from the PIV velocity fields obtained by ensemble
averaging the data both in time and in the horizontal direc-
tion x are presented in figure 3. These measurements were
completed by preliminary hot-wire measurements to obtain
the main characteristics of the boundary layer flow in the
test-section (table 1). It must be noted here that, in the ab-
sence of instrumentation to measure the actual drag force
of the flow on the wall, the friction velocity u* has been
estimated from the value of {(u'w’)) in the region where it
shows a constant value. Figure 3(a), shows the vertical evo-
lution of the components of the mean velocity. As expected,
((u(z))) shows an inflexion point at the canopy top and neg-
ative values below, resulting from the effect of the obsta-
cles. Except inside the canopy, the two other components
are close to zero. The profiles of the standard deviation of
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the three velocity components (figure 3b) reveal the strong
anisotropy of the flow and the non-negligible contribution
of the spanwise component v to the total kinetic energy. It
must be noted here that, as pointed out in the introduction,
the present flow is characterized by high local turbulent in-
tensities ((1}(z)?))'/2/{(u(z))), the maximum of which is
obtained at z/h = 2 and reaches almost 50% and 30% for the
longitudinal and vertical or transversal components, respec-
tively. It is noticeable that the flow shows a well-defined
constant shear-stress region that extends from z = 2h to at
least z = 5h.

POD ANALYSIS

In this section, the POD, employed here to decompose
the fluctuations of the longitudinal velocity u’ into a small-
scale and a large-scale component, is briefly presented. The
focus is then on the characteristics and the contribution to
the main statistics of the flow of the most energetic mode.

Proper orthognal decomposition

Lumley (1967) first proposed the POD technique to
identify the coherent structures in turbulent flows. It con-
sists in extracting from the flow the structure ¢ (X) with
the largest mean-square projection onto the velocity field
u(X,#). This maximization problem leads to the solving of
the integral problem of eigenvalues:

"Xy

1

J, Ra(X.X) 0} (X)X =21 g,

where () corresponds to the n-th eigenvalue and repre-
sents the amount of energy contained in the mode (])(”) (X).
R;j is the two-point space correlation tensor over the domain

Rij(val) = <”i(X7l) u_i(let)>> 2

where ( . ) is the ensemble average operator. The fluctuating
field can be projected onto the POD basis composed of the

eigenfunctions ¢i<") (X):

=Y a" @) ¢ (X). 3)

n=1

The projection coefficients are computed as:
a0 = [ w(X.r) 0" (X)ax @
and are uncorrelated in time:
(@ (1) a™ (1)) =28, 5)

In the present work, the data being well-resolved in
space but with a limited number of time samples, the
snapshot POD proposed by Sirovich (1987) has been em-
ployed to analyse the longitudinal velocity component u
only. Moreover, the spatial domain considered here is the
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Figure 4. Energy contribution of POD eigenvalues A0
(a) and first three spatial POD modes q),EI), ¢'52) and ¢,§3>
(b, c and d, respectively).

x —z plane. Consequently, the spatial eigenvectors are func-

tion of two variables: (1),5") (x,z). The fluctuations of the lon-
gitudinal velocity component u are then decomposed into
u' = uj + u where uy = u’ —uj is the small-scale compo-
nent of u' and u} is the large-scale component is defined
as:

=Y a0 (x,2), ©)

where Npop is the number of POD modes retained to define
the large-scales component.

POD results

The characteristics of the first POD modes of the lon-
gitudinal velocity are analysed here in order to assess their
large-scale character. The energetic convergence of the
POD decomposition of #’ is shown in figure 4(a). The first
mode contains 50% of the kinetic energy associated to u’
and the energy content of the first ten modes represents 80%
of the total energy. The first mode corresponds to the oc-
curence of high- or low-speed events in the flow spanning
the whole region z > 1.5k (figure 4b). Higher-order modes
correspond to events of smaller wavelength in the vertical
direction (figure 4c and d).

Given the small dimension of the measurement area in
the longitudinal direction, the extent of the coherent struc-
tures extracted by the POD is analysed by investigating the
temporal correlation of the temporal POD modes a(")(r).
As shown in figure 5(a), the limited acquisition frequency
(5 Hz) of the low-rate PIV system used in the present study
proves to be enough to capture the imprint on the tempo-
ral correlation left by the large-scale structures of the flow.
Only the first POD mode is found to leave a strong im-
print in the temporal correlation which typical length scale
can be estimated by fitting an exponential decaying func-
tion of the form k.e(~*/%) to the correlation function. For

RWD

0.8 Ry (1) ——
Ruu(7,2)

0.6

0.4

) 2/

0.2

0 50 100 150 200 250
T7U./h TU./h

Figure 5. Temporal correlation coefficient of (a) a(") (t)
for n =1, 2, 3 and 20 and (b) of the longitudinal velocity at
20 heights for 0.6 < z/h < 5 (black solid lines) and a(!)(r)
(symbols).
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Figure 6. Contribution to the Reynolds stresses as a func-
tion of the number Nppp of POD modes retained in the
reconstruction of the longitudinal velocity component (o :
Jj=1,A:j=3, open symbols: z/h = 4.7, filled symbols:
z/h=12).

a (1), I, = 1.28 or 24h, confirming that ¢u ( Z) corre-
sponds to large-scale coherent structures of the flow devel-
oping above the canopy. Higher-order modes show no cor-
relation with wavelength large enough to be measured via
the use of the low-rate PIV system. Figure 5(b) shows the
correlation coefficient of the longitudinal velocity ¥’ com-
puted from the PIV measurements at different height above
the canopy. It can be noticed that the higher above the
canopy the longer the time-correlation but also that the in-
tegral time scale of the large-scale part i is larger than that
of the complete velocity component #’. The contribution
of u} to (u'?) and (u'w') as a function of the number of
POD modes Npgp included in the large-scale component is
presented in figure 6. When considering a point in the up-
per region of the flow (z/h = 4.7), the largest contributor
is the first POD mode, which contributes for 56% to (')
and 70% to (u'w'), whereas closer to the canopy (z/h = 1.2)
the second mode is the first contributor with 30% and 25%,
respectively, while ¢,£1) contributes for only 23% and 15%,
respectively.

Thus, the first POD mode (p,ﬁl)(x,z) is a large contrib-
utor to the shear stress and corresponds to the presence of
elongated low- and high-momentum regions (figures 4b and
5) already observed in flows over urban canopies (Castro
et al., 2006; Coceal et al., 2007).
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Figure 7. (a) Scale-decomposed skewness of the longitu-
dinal velocity (all terms normalized by (u ’2>3/ 2. (b) Third-
order moments 3<uLu ), 3(ujv'?) and 3(ujw') (all terms

normalized by ((u/?)!/?(u ’2>)) x/h = 0 for both plots.

SCALE INTERACTIONS

Given the characteristics of the first POD mode of
the longitudinal velocity presented above, the large-scale
component of the velocity is here defined as uj (x,z,1) =

am(t)@gl) (x,z), the small-scale part being defined as
ug(x,z,t) = ' (x,z,1) — uy (x,2,¢). The third moment of the
longitudinal velocity component can thus be written as:

(W) = (i) + 3(ufuls) + 3upu) + (). (D

Mathis et al. (2011) used the same type of decomposition
in their study of a flat plate turbulent boundary layer and
showed that the cross-term 3 (i u?) is directly linked to the
existence of a mechanism of amplitude modulation of the
near-wall turbulence by the larger scales. Similarly, when
using only the first POD mode to describe the larger scales
of the flow, Perret & Savory (2013) pointed out that (1] u$)
bears the footprint of triadic interactions through which
POD modes exchange energy (Couplet et al., 2003). Even
if the term (u’Lufgz) does not allow precise quantification of
the magnitude and the direction of the mean energy trans-
fers, its non-zero value demonstrates the existence of non-
linear interactions between scales. The contribution of the
large-scale component to the skewness of the longitudinal
velocity component is shown in figure 7(a). The skewness
of the large-scale part (u}‘3 ) is found to be almost zero in the
entire domain. The skewness of the small-scale part (u ’3)
is a non-negligible contributor to the total skewness in the
roughness sub-layer (i.e z/h < 3). It is noticeable that the
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as a function of the number Nppp of POD modes retained
in uj, for z(ug) /h = 1.2 and (open symbols) z(uz)/h = 4.7
and (filled symbols) z(u)/h = 1.2 (x/h = 0 for both plots).

evolution of this term with the height is very similar to the
evolution of the skewness of the longitudinal velocity across
a mixing layer in which positive values are found on the
low-speed region and negative values on the high-speed side
of the shear-layer. The terms (u;uZ) and (u?ul), repre-
senting non-linear interactions between the large and small-
scales are also found to contribute largely to the skewness
of both velocity components. The importance of these two
terms indicates that the large- and small-scales are phase-
coupled through a mechanism that could be an amplitude-
modulation mechanism as found by Mathis ez al. (2009) in
smooth-wall boundary layers. Contrary to what these au-
thors found, the cross-term 3 (u’LZ u) is a non-negligible con-
tributor to the total skewness (for z/h > 1.5), which can be
viewed as the footprint of a feedback mechanism from the
small-scales toward the large-scales. In addition, it must
be noted that when the interaction between u; and the ver-
tical or the transversal components w or v, respectively, is

considered (figure 7b), the profiles of 3(u’Lu’2> j=2or

3, are qualitatively similar to that of 3(u}u/Z). Even if the
scales of w and v involved in these cross-terms remain to
be identified, it suggests that, in the roughness sub-layer,
the low- and high-speed structures of largest scales interact
with structures involving the three components of the veloc-
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ity through the same type of non-linear mechanisms.

The two-point third-order moment shown in figure
8(a), which corresponds to the contribution of the term
3(uju2) to the skewness when z(ur) = z(us), shows that
there exists a strong non-linear coupling between the small-
scale flow close to the canopy and the large-scale part span-
ning the log-region above, and drops to small values when
small-scales are located above z/h ~ 2. This particular dis-
tribution is due to the fact that only one mode is taken into

account in u} but also to the shape of the spatial mode q),ﬁ”
which represents the contribution of large-scale events oc-
curing above the canopy, resulting in the fact that the large-
scale components at different height are in phase. Fig-
ure 8(b) shows the evolution of the non-dimensional two-
point third-order moment 3(u] (z(ur.))u? (z(us))) as a func-
tion of the number of POD modes used to define u’L, when
uy and u§ are extracted at z/h = 4.7 and 1.2, respectively.
The same quantity estimated when u; and u’S are both ex-
tracted at z/h = 1.2 is also shown for comparison. It can
be seen that the values of this pseudo correlation coefficient
between the large-scales and the small-scales drop rapidly
with increasing Nppp. It can be concluded that mainly the
first most energetic POD modes are involved in the scale
interaction mechanism found in the present analysis.

CONCLUSIONS

An analysis of the interactions between the large-scale
coherent structures of a boundary layer flow developing
over a cube array and the flow close to the canopy top
has been presented. POD has been used to decompose the
longitudinal velocity fluctuations into a set of orthogonal
modes. Even if based on energy ranking, this decomposi-
tion proved to be able to separate events of different spatial
scales. It has been found that the first POD mode repre-
sents large-scale coherent structures which corresponds to
elongated low and high momentum regions in the bound-
ary layer and are major contributors to the kinetic turbu-
lent energy and the shear stress. As POD modes are non-
correlated with zero time-lag, interactions between modes
are expected to be non-linear (or triadic interactions). In
the present study, the link between the first POD mode and
the remaining of the flow has been therefore investigated
through the computation of one and two-point third-order
statistics, in the same manner as the scale-decomposed
skewness employed by Mathis ez al. (2011). The large-scale

low- and high-speed regions represented by q)le) were found
to interact with the flow component represented by the other
POD modes.This non-linear interaction mechanism has also
been found to leave its imprint on the two other velocity
components.

Finally, it must be noted here that the non-linear scale
interaction found in the present flow shares some strong
similarities with the recently evidenced amplitude mecha-
nism found in smooth-wall high Reynolds number bound-
ary layers but also show differences. The main differences
may reside in the nature of the small-scales (coherent struc-
tures shed off the obstacles and associated shear-layers in
the present case, turbulence associated to the near-wall cy-
cle in the case of smooth wall flows) and the possible ex-
istence of a feedback mechanism between the small- and
the large-scales in the present case. This last point, which
has been inferred from the non-negligible level of the term
3<u’LZug> remains to be confirmed and will be the subject of
future investigations.
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