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Laboratoire de Mécanique de Lille, Ecole Centrale de Lille

Boulevard Paul Langevin 59655 Villeneuve d’ascq Cédex (France)
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ABSTRACT
An experimental database at a Reynolds number based

on momentum thickness Reθ close to 9800, was obtained
in the Laboratoire de Mécanique de Lille wind tunnel with
stereo-PIV (SPIV) and hot wire anemometry (HWA) (see
Delville et al. (2011)); with a Linear Stochastic Estimation
procedure based on correlations computation, a 3 compo-
nent field is reconstructed at high frequency from stereo-
PIV at 4Hz and hot wire data at 30kHz. This paper de-
scribes the post-processing results of large scale coherent
structures (uniform momentum regions and vortices) ex-
tracted from the reconstructed PIV field. The structures are
characterized (size, intensity and life time), and the results
are discussed with emphasis on the spatio-temporal organi-
zation of the coherent structures and their energetic contri-
bution to the flow.

INTRODUCTION
Recent numerical studies and experiments have re-

vealed the existence of very long meandering structures
consisting of alternance of low and high speed fluid within
the logarithmic and wake regions (Abe et al. (2004), Gana-
pathisubramani et al. (2006a) Hutchins & Marusic (2007a)
and Lee & Sung (2011)). The terms Large Scale Motion
(LSM) and Very Large Scale Motion (VLSM) refer respec-
tively to structures with a streamwise extent of 2− 3δ and
greater than 3δ . Because they play an important role in
the turbulence production across the boundary layer (Gana-
pathisubramani et al. (2003), Ganapathisubramani et al.
(2005a) and Ganapathisubramani et al. (2006b)) and are
thought to be responsible for small scales amplitude mod-
ulation near the wall (Hutchins & Marusic (2007b)) many
authors have investigated them in turbulent wall layers for
various flow configurations (zero pressure gradient turbu-
lent boundary layer Hutchins et al. (2011) and Hambleton
et al. (2006), pipe flows Ganapathisubramani et al. (2006a),
channel flows Monty et al. (2009)). General conclusions
can be drawn from these studies. Firstly, both low and high
speed streaks share similarities in averaged size, Sillero
et al. (2014) have suggested that this is true only for pipe
and turbulent boundary layer flows whereas there is a dis-
crepancy among the two structures in channel flows. Con-
versely, Dennis & Nickels (2011b) found that low speed
streaks within a zero pressure turbulent boundary layer are
slightly longer than high speed ones and their energetic con-
tribution to the Reynolds shear stress u′v′ is more signi-
ficiant. Secondly, the structures streamwise length scales
on δ , increases with the wall normal distance in the log

region and decreases beyond (Ganapathisubramani et al.
(2003) and Ganapathisubramani et al. (2006a)). Their span-
wise width increases monotonically with the wall normal
distance (Lee & Sung (2011)). Together with a detailed
analysis of large scale vortices, a large scale motion model
was provided in Adrian et al. (2000). This model suggests
that hairpin-type vortices are bounding regions of low speed
fluid with ejections between their legs and sweeps outside
( Ganapathisubramani et al. (2003), Ganapathisubramani
et al. (2005b), Ganapathisubramani et al. (2006b)). The
hairpins are mostly inclined at 35−40◦ with the streamwise
direction (Dennis & Nickels (2011a) at 45◦ as suggested
in Ganapathisubramani et al. (2005b), and Ganapathisubra-
mani et al. (2006b). On averaged, they are aligned along
the streamwise direction to form hairpin packets which
move downstream with the same convection velocity. The
packets increase in spanwise scale as they evolve down-
stream. The energetic contribution of the hairpins pack-
ets at Reτ = 1060 was investigated by Ganapathisubramani
et al. (2003). Packets of hairpins within the logarithmic re-
gion were found to contribute to more than 25% of the to-
tal stress −u′v′ even though they occupy less than 4% of
the total area. In addition, Lee & Sung (2011) found that
the VLSMs contribute approximetaly to 45% of the total
Reynolds shear stress included in all patches. It is now ob-
vious that very large scale motions play a crucial role in
the turbulence production, however, their characterization
is not complete. The spatial resolution of the data and the
interrogation window size in PIV set the range of scale that
can be resolved. The first parameter defines the size of the
smallest eddies detected and the last one sets the maximum
size of the eddies, optimizing both of them is difficult and
many studies focus on a particular range of scale ( Herpin
et al. (2013) and Gao et al. (2011) looked particularly at the
small scales). Switching from low and moderate Reynolds
numbers to higher ones, the structures size increases. Stud-
ies at Reynolds Reτ ≈ 1100 revealed that their streamwise
extent is 2δ (Ganapathisubramani et al. (2003) and Hamble-
ton et al. (2006)), futher studies at Mach 2 (Ganapathisubra-
mani et al. (2006a)) and Reτ = 6.6×105 (Hambleton et al.
(2006)) revealed structures which length can go up to 8δ
and 20δ respectively. These long streamwise extents, com-
bined with the three dimensional aspect of the structures and
their meandering behaviour complexify their extraction and
analysis. Thus, new simulations and PIV experiments with
enough spatial resolution and with a large field of view need
to be performed at high Reynolds number to complete the
existing model. It is for this purpose that an experimental
database at high Reynolds number (Reτ = 3610) was built
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Table 1: Main flow properties with δ the boundary
layer thickness, uτ the friction velocity and θ the
momentum thickness. The Reynolds numbers are
Reδ = U∞.δ

ν , Reτ =
Uτ .δ

ν and Reθ = U∞.θ
ν .

Facility U∞(m/s) T(K) δ (m) uτ (m/s) Reδ

LML 5. 288 0.28 0.188 96020

Facility Reθ Reτ

LML 9830 3610

Figure 1: Position of the rake relative to the SPIV
measurement plane, probes on the rake are logarith-
mically distributed in wall-normal direction.

in the frame of the WALLTURB project. Measurements
were made in a zero pressure gradient turbulent boundary
layer over a flat plate using Stereo PIV at 4Hz and Hot
Wires Anemometry at 30kHz. An interesting approach is to
use LSE applied to such data in order to reconstruct a fully
time-resolved field with 3 velocity components. The first
part of the present paper describes briefly the experimen-
tal set-up, then the LSE procedure used for reconstruction
is described and a statistical validation is performed on the
reconstructed field. The last part is dedicated to the char-
acterization of large scale structures extracted from the re-
constructed field: a statistical analysis of relevant quantities
(diameter, life time, intensity, and Reynolds stress) is car-
ried out on coherent structures and conclusions provided.

EXPERIMENTAL SET-UP
The experiment was carried out in the LML wind tun-

nel during a WALLTURB test campaign. A full descrip-
tion of this wind tunned can be found in Carlier & Stanislas
(2005) and the WALLTURB program is described in Stanis-
las et al. (2012).

The present experiment was carried out with a free
stream velocity U∞ = 5 m/s and a Reynolds number based
on momentum thickness Reθ = 9830. A Clauser chart fit
was used to estimate the friction velocity uτ = 0.188 cor-
responding to a Reynolds number based on friction veloc-
ity Reτ = 3610. The hot wire rake (HWR) was positioned
streamwise at x = 18 m from the boundary layer starting
point. This hot wire rake is made of 143 single hot wire
probes grouped in 13 vertical combs along the spanwise di-
rection z with 11 probes on each of them. The probes are

Figure 2: Mean & RMS velocity profiles obtained here
compared with those obtained by Carlier & Stanis-
las (2005) using single hot-wires probes (l+ = 11).
The vertical dashed lines indicate the region of the
boundary layer in wall-normal direction covered in
the present paper, the (×) denote the location of hot-
wire probes along a given comb.

logarithmically distributed as shown in Figure 1. The first
two rows are below the PIV measurement plane and were
not used in the present study. The sensing wires are 0.5 mm
long and 2.5 µm in diameter (l+ = 11.8 and d+ = 0.006
respectively). The acquisition time of the hot wire signal
is 6s, the sampling frequency is 30 KHz and measurements
are repeated over 534 blocks to ensure convergence.

Because hot wire measurements are limited to one
component, a stereo-PIV system described in Delville et al.
(2011) allows measurements at 4 Hz, the resulting velocity
field has 3 components with a spatial resolution of 2 mm in
spanwise and wall normal directions. The laser sheet is par-
allel to the hot wire rake and positioned 1 cm upstream of it
as shown in Figure 1, it covers the entire log region over an
area of 30×30 cm2.

LINEAR STOCHASTIC ESTIMATION
From the hot wire and PIV measurements, the LSE (see

e.g. Guezennec (1989)) is used to reconstruct a fully time-
resolved 3 component velocity field with the same spatial
resolution as the PIV. Given a set of observables located in
space at x′ and in time at t ′, the LSE allows the linear ap-
proximation of the conditional estimate of some quantity at
a position x and time t. In our case, the conditional vari-
ables to reconstruct at high frequency are the three compo-
nents of the velocity u′(t,x) = (u′1,u

′
2,u
′
3)(t,x) in the PIV

y-z plane. The set of observables includes the streamwise
velocity u′1(t

′,x′) measured at the Nh hot-wires probes on
the two dimensional rake whose coordinates are given by
x′ = (x′1, ...,x

′
Nh
). A multitime formulation for the linear

approximation of the velocity component ûi(t,x) is imple-
mented, such as used in Durgesh & Naughton (2010):

ûi(t ′,x) =
Nh

∑
k=1

u′1(t
′+ τ(x′k),x

′
k).ak,i(x) i = 1,2,3

(1)
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(a)

(b)

Figure 3: Low and high momentum regions a) mean
hydraulic diameter histogram and (b) life time his-
togram.

Where ak,i(x) are coefficients relating the conditional field
to the observers, and τ(x′) is the time delay which max-
imises the streamwise correlation between a point x in the
PIV plane and an observer x′. A Ridge regression is used to
solve the linear equation defined by equation (1) in order to
find the best ak,i(x) coefficients to estimate the space-time
resolved velocity field ûi(t ′,x). Note that the same time de-
lay was used here for the streamwise, spanwise and wall
normal velocity components.

STATISTICAL ANALYSIS OF THE VELOCITY
FIELD

In order to characterize the quality of the reconstructed
data, a statistical analysis was performed on the PIV, HWR
and reconstructed data and compared to those of Carlier &
Stanislas (2005).

In a previous analysis of the present PIV and HWR
data, Tutkun et al. (2009) did show that the HWR gener-
ates an obstruction which is maximum in the plane of sym-
metry and affects mostly the mean velocity field. For this
reason, the side rows of the HWR are used here for compar-
ison to minimize the influence of the obstruction. Figure 2
displays profiles of mean U+ and root mean square (RMS)
u+ velocities. For the mean velocity, a good match is ob-
served with Carlier & Stanislas (2005) and the logarithmic
law with κ = 0.41 and C = 4.9. The central row is also plot-
ted to illustrate the blockage effect. Concerning the RMS, a
good match is observed between all rows of the HWR and
the PIV data. A slight underestimation is visible compared
to Carlier & Stanislas (2005). The RMS reconstructed by
LSE at 2.0 KHz displays an underestimation and wavy pat-
terns. Each crest corresponds to a hot wire probe position

(c)

(d)

Figure 4: Low and high momentum regions (a) stream-
wise Reynolds stress contribution compared with the
total stress and (b) Reynolds shear stress contribution
compared with the total stress.

highlighted by the crosses on the top part of the figure. Be-
cause the LSE is based on spatio-temporal correlations be-
tween the hot wire signal and the original PIV field, points
in the PIV domain which are between two hot wire probes
are less correlated and thus lead to lower amplitudes. The
R.M.S of the reconstructed field follows the same trend as
the one obtained by Carlier & Stanislas (2005) but its ampli-
tude is lower denoting a loss of energy. Part of it is also due
to the filtering of the small scales by LSE reconstruction.
Also the PIV plane and the HWA are separated streamwise
by ∆x = 1 cm (∆x+ = 129), therefore the correlation be-
tween the PIV and hot wire measurements reaches values
close to 0.8 and not 1 as might be expected.

The following paragraphs describe only statistical re-
sults obtained on large scale coherent structures extracted
from the reconstructed field. For details regarding the ex-
traction algorithms, the reader is referred to (Dekou (2015))
.

CHARACTERIZATION OF LOW AND HIGH
MOMENTUM REGIONS

Figures 3 (a) and (b) respectively display the histogram
of the mean hydraulic diameter dh/δ of low and high mo-
mentum regions (dashed and plain lines respectively) nor-
malized with the boundary layer thickness δ and the his-
togram of their life time t∗l normalised with the external ve-
locity and the boundary layer thickness. From figure 3 (a),
it is obvious that the mean hydraulic diameter of low and
high momentum regions follow the same trend with a com-
mon peak at d̄h = 0.026δ and a mean value of d̄h = 0.081δ
(vertical lines). In Figure 3 (b), the life time histogram are
similar but the one from low momentum region is slightly
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Figure 5: Number of vortex detected against the wall
normal position.

Figure 6: Histogram of the vortex radius scaled in Kol-
mogorov units with the mean radius plotted in vertical
dashed line. (VP) Positive vortex , (VN) negative vor-
tex and (VPN) both positive and negative vortex.

shifted toward longer times with a shorter peak. This dif-
ference may either be a result of lack of convergence or re-
flects the true physics within the flow. As it was mentionned
in the introduction, studies in the literature do not agree on
this point. Dennis & Nickels (2011b) found that low speed
streaks were slightly shorter than high speed ones and ar-
gued that the hairpins heads strengthen the length of low
speed streaks. Although the scale range is different from
the one in the present study, the observations match well.
More experiments or DNS need to be perfomed to confirm
this.

Figures 4 (a) and (b) display the streamwise and shear
Reynolds stresses contribution from low and high momen-
tum regions (dashed and plain lines respectively) separately,
compared to the total stresses (empty circles). The joined
contribution is also plotted (filled circle). The contributions
from both regions are comparable for both types of stresses.
Globally, the contribution from low and high momentum re-
gions to < u

′
u
′
> is of order of 42% and 24% respectively,

which means that a large part of this Reynolds stress is gen-
erated inside these two types of structures. Remarkably, the
high momentum regions contribution decreases almost lin-
early with wall distance while the low momentum regions
one is nearly constant. For < u

′
v
′
>, the contribution from

low momentum regions is 43% and the one from high mo-
mentum ones is (23%). Again, the two contributions are
comparable close to the wall and the high momentum re-
gions one decreases rapidly with wall distance. The fact
that the energetic contribution from low speed streaks is
more important than the one from high speed ones is not
new and was reported in Dennis & Nickels (2011b) for the
shear stress only. Also, the 23% contribution to the shear

Figure 7: Wall normal evolution of the mean radius
scaled in Kolmogorov units, the hot wire probes po-
sitions are plotted with crosses. (VP) Positive vortex
, (VN) negative vortex and (VPN) both positive and
negative vortex.

Figure 8: Histogram of the vortex vorticity scaled in
Kolmogorov units with the mean vorticity plotted in
vertical dashed line. (VP) Positive vortex , (VN) neg-
ative vortex and (VPN) both positive and negative
vortex.

stress obtained here is close to the 25% obtained by Ganap-
athisubramani et al. (2003) at Reτ = 1060 even though the
scale range is different.

CHARACTERIZATION OF VORTICES
Figure 5 displays the number of vortices against the

wall normal position sampled in 20 intervals. As it was
shown that there is a loss of energy between hot wire
probes positions, these are displayed with red crosses to
see if they affect the number of vortices detected. For
the first sample close to the wall, despite a high concen-
tration of probes in the region, the number of vortices
is low compared to the other regions, this can be justi-
fied by the fact that the the PIV field starts at 4mm from
the wall. Small vortices whose centers are located on the
border (or very closed to it) could not be processed and
are not taken into account in the distribution. A peak
is observed for y/δ in [0.05,0.1] and globally the num-
ber of vortices detected decreases away from the wall.
We can also observe that close to the probes, for example
at y/δ in [0.45,0.55] and [0.7,0.8] the vortices detected are
more numerous than between the probes for example at y/δ
in [0.35,0.45] and y/δ in [0.6,0.7] where a loss of energy
was noted due to LSE filtering. Thus, in these regions the
number of vortices detected should be readjusted towards
higher values and the evolution would provide a smoother
decreasing trend with the wall distance. Figure 6 displays
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Figure 9: Wall normal evolution of the mean vorticity
scaled in Kolmogorov units, the hot wire probes po-
sitions are plotted with crosses. (VP) Positive vortex
, (VN) negative vortex and (VPN) both positive and
negative vortex.

the histogram of the radius scaled in Kolmogorov units.
Globally, small vortices are more numerous than large ones
but at very small radius (below 16.62η) this tendency is re-
versed, a mean value is found at 45η . This value is far
above that of 7− 12η and 5− 6η reported in Herpin et al.
(2013) and in Gao et al. (2011) respectively. It suggests
that larger vortices exist within the turbulent boundary layer.
Figure 7 displays the evolution of the mean radius of vor-
tices scaled in Kolmogorov units with wall distance. The
hot wire probes positions are also displayed. The two peaks
observed at y ≈ 0.33δ and at y ≈ 0.6δ are located in be-
tween the hot wire probes, inside regions where the number
of vortices detected is low compared to the others, notably
the ones with small sizes. This probably comes from the
LSE filtering in between the probes and it suggests that the
values at the two peaks should have lower amplitude. The
deep observed at y≈ 0.45δ is close to a probe position in a
region where the velocity field is less filtered and the num-
ber of vortices detected is important. Thus the radius of 60η
obtained at this position is more likely to be representative
of the real flow. Above y ≈ 0.8δ the number of vortices
detected is low compared to the other regions. The mean
radius obtained in this range should be taken with caution.

Figure 8 displays the histogram of the vorticity scaled
in Kolmogorov units. This histogram presents a log-normal
behaviour like the ones reported in Herpin et al. (2013)
for smaller vortices. A peak is found at 0.009/τk with a
mean vorticity of 0.015/τk which is far below the value of
1.5/τk obtained in Herpin et al. (2013). Figure 9 displays
the evolution of the mean vorticity scaled in Kolmogorov
units against the wall normal position. As for the radius
there is an evident correlation between the oscillation ob-
served on this curve and the hot wire probes positions. The
deeps observed in Figure 9 are located in between the hot
wire probes inside regions where the number of vortices de-
tected is lower, especially the ones with low vorticity. As
mentioned before, these regions are subjected to a LSE fil-
tering, and, therefore, the amplitude of the mean vorticity is
underestimated. The peaks of the mean vorticity are located
close to the hot wire probes positions where the number of
vortices detected is important, thus, the values obtained are
more likely to be representative of the real flow. Above 0.8δ
the number of vortices detected is lower and the values ob-
tained for the mean vorticity should be taken with caution.

CONCLUSION
Time resolved hot wire rake measurements at 30 KHz

were combined with SPIV measurements at 4 Hz to re-
construct via LSE a 3 component velocity field resolved
in space and time. A statistical analysis perfomed on the
outcoming field shows that LSE leads to a loss of energy
affecting most scales but keeping the large scales of inter-
est. Coherent structures extraction reveals that low and high
momentum regions are bordered by counter-rotating vor-
tex pairs. Low momentum regions are found to be slightly
more energetic and longer than the high momentum ones
but on average, their cross sections are nearly equal. It is
also found that the contribution of streaks to the Reynolds
stresses are important, about 42% for low speed and 23%
for high speed. The vortices detected have larger sizes and a
smaller vorticity than the ones commonly reported in the lit-
erature typically 45η and 0.015/τk. The perspective of this
study is to complete the modelization of these large scale
coherent structures. Similar analysis will be performed at a
Reynolds of Reθ = 20000 and for a bump turbulent bound-
ary layer to see respectively the Reynolds and and pressure
gradient effect on the structures. Besides, for each flow con-
figuration their origin and interaction with the small scale
structures near the wall will be carefully examined.
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