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Abstract The spatial-temporal evolution of coherent struc-
tures (CS) is significant for turbulence control and drag re-
duction. Among the CS, low and high speed streak struc-
tures show typical burst phenomena. The analysis was based
on a time series of three-dimensional and three-component
(3D-3C) velocity fields of the flat plate turbulent boundary
layer (TBL) measured by a Tomographic and Time-resolved
PIV (Tomo TRPIV) system. Using multi-resolution wavelet
transform and conditional sampling method, we extracted
the intrinsic topologies and found that the streak structures
appear in bar-like patterns. Furthermore, we seized locations
and velocity information of transient CS, and then calculated
the propagation velocity of CS based on spatial-temporal
cross-correlation scanning. This laid a foundation for further
studies on relevant dynamics properties.

Keywords Log law region in TBL · Spatial-temporal cross-
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1 Introduction

It is generally accepted that coherent structures (CS) are
multi-scale quasi-ordered fluctuating structures [1–4] in a
spatial-temporal self-organizing mechanism [5, 6]. They
play a key role in turbulent boundary layer (TBL). No matter
in the inner or the outer regions of TBL, there exist CS in the
most intensive mode [7]. The CS in log law region have been
observed in hot wire anemometry (HWA) measurement com-
bined with flow visualization [8] and in two dimensional PIV
(2D-PIV) experiments [9]. Low and high speed streak struc-
tures are basic CS inducing intensive intermittent events like
sweep and ejection [6, 10, 11] (corresponding to the second
and the forth quadrants in the stream-wise and wall-normal
fluctuating velocity phase plane, namely Q2 and Q4), and are
closely linked to the production, maintenance, evolution and
development of hairpin-like eddies and other structures [12].
All of the structures mentioned above have significant im-
pacts on physical characteristics like friction drag, heat trans-
fer rate and so on, and on the mechanism of mass transporta-
tion, momentum exchange and energy cascade in TBL [13].

The Tomo TRPIV is a non-contact, full-field and quan-
titative measurement [14] that inherits the features of 2D-
PIV and TRPIV. It has advantages over flow visualization,
HWA and laser doppler anemometry (LDA). In addition
to the high time-resolution [15], it is more suited to study
the spatial-temporal evolution of CS. At present, there are
mainly Tomo TRPIV experimental studies in TBL that can
gain statistical properties from 3D-3C velocity fields, di-
rectly reflecting evolution of TBL flow by autocorrelation
of velocity vectors and conditional sampling the turbulent
signals based on Q2 or Q4 events [16–18]. Although some
direct numerical simulation work has introduced new meth-
ods and models [19, 20], those Tomo TRPIV experimental
studies on dynamic space-time evolution of CS that takes the
multi-scale nature of turbulence into account are still limited
in number.
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In this paper, based on 3D-3C velocity fields, we used
multi-resolution wavelet decomposition and improved con-
ditional sampling method aiming at burst events [6, 10, 18]
to discuss the statistical properties of coherent structures de-
pendent on the distance from wall. Then we applied the spa-
tial phase average method [17] and extracted the bar-like in-
trinsic topologies of streak structures. Finally, the spatial-
temporal cross-correlation scanning at fluctuating velocity
fields with intrinsic topology as the template helped us seize
the location and velocity information of the transient CS.
This provided a method to calculate the propagation veloc-
ity of CS and laid a foundation for further studies on rele-
vant dynamics properties like deformation. The studies on
statistics properties and dynamic spatial-temporal evolution
of CS, especially the migrating features, would enrich the
Hierarchical Structure Theory, premise the turbulent models
conforming to multi-scale and make the turbulence predic-
tion and control by CS feasible [21, 22].

2 Experimental setup and flow field validation

The experiments were conducted in a water tunnel with the
temperature kept constant. The TBL flow was developing
along a flat acrylic glass plate mounted vertically in the water
tunnel. A spanwise attached zig-zag band on elliptic leading
edge of the plate could accelerate the transition of boundary
layer, meanwhile, nearly zero pressure gradient was achieved
by adjusting flap on trailing edge of the plate. The light was
scattered by polyamide seeding particles with 56µm mean
diameter.

The experimental apparatus set-up is shown in Fig. 1
with the absolute object space coordinate system O1XYZ and
relative coordinate system O2xyz. O1XYZ is located in phys-
ical space with O1 at leading edge of the plate, while O2xyz is
located in 3D particle image space. X & x are in the stream-
wise direction, Y & y are in the spanwise direction, and
Z & z are in the wall-normal direction. Both the coordinate
systems follow the right-hand rule.

The basic statistical properties of the flow field were
firstly tested by the low-repetition rate and high-resolution
two component PIV (2C-PIV), and its spanwise center was
at X = 2 090 mm downstream the leading edge. The flow
field is a fully developed TBL with zero pressure gradient,
which is confirmed by the standard logarithm-law mean ve-
locity profile in Fig. 2. The other results are listed in Ta-
ble 1. In the second step, a high-repetition rate Tomo TR-
PIV system was applied. The measurement system had 5
CMOS cameras posed in the form of Scheimpflug with an-
other CMOS aligned with its optical axis normal to the mean
flow. It reconstructed the 3D particle light intensity distri-
butions by means of the multiplicative algebraic reconstruc-
tion technique (MART) tomographic algorithm specialized
for Tomo PIV [23]. The system contained a volume self-
calibration link which is necessary for improving reconstruc-
tion performance [24] and reducing the ghost particles before
measurement. Then local 3D cross-correlations with an iter-

ative multi-grid volume deformation scheme were adopted to
analyze the particle image. A series of 1 023 instantaneous
3D-3C velocity volumes for approximate 2 s with each time
step of 2 ms increment was obtained, and there were totally
92× 99× 22 (x × y × z) measurement points located every
0.687 mm (dx = dy = dz = 0.687 mm = 15 WU, WU is the
nondimensional wall unit obtained with the friction velocity
uτ and the kinematic viscosity coefficient υ in all directions
in space. More details about experimental equipments, im-
age shoot and process such as the functional parameter of the
laser device and CMOS cameras, the overlap rate and mov-
ing step length of the interrogation volume can be found in
the paper [17].

Fig. 1 Schematic of the experimental set-up

Fig. 2 Profile of the streamwise mean velocity

Table 1 Basic fluid field properties of the TBL

Quantity Value

Free-stream velocity U/(m·s−1) 0.53

Free-stream turbulence level Tl < 0.5%

Boundary-layer thickness δ/mm 38.1

momentum loss thickness θ/mm 4.64

Friction velocity uτ/(m·s−1) 0.021 9

Friction coefficient Cf 0.003 45

Reynolds number Reτ = uτδ/υ 834

Reynolds number Reθ = Uθ/υ 2 460

Taylor spatial micro-scales λ/(WU) ∼ 20–50

Kolmogorov time scales τη/ms ∼ 25–44
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The dimension analysis shows that the Kolmogorov
time scale can be expressed as τη = (ν/ε)1/2, therein ε is
mean dissipation rate of turbulent kinetic energy and ν is
kinematic viscosity coefficient. The scale of τη indicates
that the fluctuating kinetic energy is transformed into ther-
mal energy by the viscous movement. The Taylor spa-
tial micro-scale λ is the length scale of the smallest eddies
identifiable and produced in turbulence. Before acquiring
λ = (− f ′′(0))−1/2 = {r2/[2(1 − f (r))]}1/2, we calculate the
autocorrelation coefficient of longitudinal fluctuating veloc-
ity sequence, f (r) = u′(x + r)u′(x)/u′2(x). According to the
analysis results listed in Table 1 about characteristic length
scale [18], the distance of 15 WU between the nearest two
measuring points is less than the Taylor differential scale
describing the size of the smallest eddies that could be de-
tected. Therefore, the space resolution of our Tomo TRPIV
experiment is refined enough to meet the identification re-
quirements of varying scale coherent structures in log law
region. Since the flow quantity and actuating pressure are
kept constant, the TBL flow is a time stationary process and
the ensemble average value of velocity can be replaced by the
time average value according to the ergodic assumption. The
plate employed by the experiments is wide enough in span-
wise direction, so the velocity fields can be treated as homo-
geneous along streamwise and spanwise directions. Hence,
we can achieve streamwise velocity profile of Tomo TRPIV
by time averaging and spanwise & streamwise spatial aver-
aging. As shown in Fig. 2, this velocity fields are at wall-
normal locations 55 < Z+ < 369 that belong to the log
law region. Although the profile deviates slightly from the
profile obtained by 2C-PIV at Z+ = 55&369 for the rea-
son that the impacts of ghost particles are biggest at the bor-
der of the scattered light intensity Tomo reconstruction vol-
ume [8], the two profiles overlap well in the vast majority
of shot flow field where we would study. Due to the hard-
ware restriction, the dimension of shot flow field should be
chosen appropriately to achieve high-quality Tomo particle
images. However, the setup (323 voxel final interrogation
volume size with 75% overlap and 2 ms time delay) helps
us attain a satisfactory 3D cross-correlation result about the
dynamic evolution of velocity fluctuations in log law region,
which is poor for cases in other regions of TBL. Therefore,
the CS in log law region is chosen as the study object.

3 Experimental data process and analysis

3.1 Spatial scale confirmation

The CS in TBL own multi-scale nature in space-time, and so
far we have grasped more fully understanding of their tempo-
ral multi-scale with high time resolved HWA [25, 26]. Their
spatial multi-scale nature is manifested as turbulent struc-
tures in various sizes located self-similarly in TBL. For 3D-
3C velocity fields in finite physical space, the wavelet analy-
sis owns locality both in physical space and in wave number
space. It is an effective means to confirm the spatial scale of
CS.

In a fast algorithm of the multi-resolution wavelet de-
composition and reconstruction— the Mallat pyramidal al-
gorithm [27, 28], the scaling coefficient vector of Scale n
ccc(n) is filtered by the band-pass filter {HHH0,HHH1} and then
goes through downsampling. Finally, the scaling coeffi-
cient vector and wavelet coefficient vector of Scale n − 1
ccc(n − 1) & ddd(n − 1) are achieved via the flow path shown
in Fig. 3. The bigger the scale index n, the shorter the
corresponding space characteristic length. Meanwhile the
characteristic lengths in two adjacent scales meet the dyadic
relationship. Due to the restriction of gauging point dis-
tribution, the fluctuating velocity signals can be decom-
posed into 6 scales in both streamwise and spanwise direc-
tions. The physical characteristic lengths are respectively
960 WU/480 WU/240 WU/120 WU/60 WU/30 WU, when
the streamwise scale index nx and the spanwise scale in-
dex ny are set to 1/2/3/4/5/6.

Fig. 3 Flow-process diagram of the wavelet decomposition

We choose the Haar filter which is the first-order
Daubechies filter with orthogonality and non-redundancy.
On the other hand, its linear phase property makes the re-
construction simple and feasible. Through the first-order
Daubechies filter

HHH0 = [1/
√

2 1/
√

2], (1)

HHH1 = [1/
√

2 − 1/
√

2], (2)

the streamwise, spanwise and wall-normal fluctuating veloc-
ities u′/v′/w′ are respectively counted as the scaling coeffi-
cients of the first level and are decomposed along streamwise
and spanwise directions in consideration of the statistics ho-
mogeneity in these two directions. In practical terms of the
streamwise wavelet decomposition of a certain fluctuating
velocity component ui(ui = u′/v′/w′), the wavelet coefficient
vector dddui (nx, Y, Z+) and its 2-norm wavelet energy

Eui (nx, Y, Z+) =
∥
∥
∥
∥dddui (nx, Y, Z+)

∥
∥
∥
∥

2

2
(3)

are functions of structure spatial scale nx, spanwise coor-
dinate Y and wall-normal coordinate Z+ scaled with wall
units. Then the final result Eui (nx, Z+) is achieved by spatial-
averaging Eui (nx, Y, Z+) along the spanwise direction. Haar
wavelet energy function turns out virtually to be the sec-
ond order structure function which is coarse-grained with the
concept of local averaging, and characterizes the mean turbu-
lent energy of every turbulent structure at a certain scale [29].
The spanwise wavelet decomposition has similar procedure
and is omitted here.
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The wall-normal distributions of the streamwise, span-
wise and wall-normal turbulent energy Eu/Ev/Ew are shown
in Fig. 4. Ev and Ew are similar and increase slightly with
Z+. Eu is about 4 times of Ev/Ew at Z+ = 70.2 and de-
creases relatively quickly with Z+, so that it is just a little
larger than 2 times of Ev/Ew at Z+ = 323.5. This result indi-
cates that the effect of wall shear stress becomes smaller and
the development of TBL flow shows the trend of isotropy
with increasing z in log law region.

Fig. 4 Distribution of Eu/Ev/Ew along the wall-normal direction

Figure 5 shows the percentage distributions of Eui

(n j=x/y, Z+) at all the 6 scales. In log law region of Z+ =
70.2–323.5, there is a little difference among the scale distri-
butions of the wavelet energy at different wall-normal loca-
tions. Eu′(n j, Z+)/Ev′(n j, Z+)/Ew′(n j, Z+) are concentrated
at Scale nx = 2/3/4 along streamwise direction and at
Scale ny = 3/3/4 along spanwise direction. Considering the
prominent performance of streamwise fluctuating, we con-
firm that the streamwise characteristic length of CS in the
most intensive mode corresponds to Scale 2 (the mean wave-
length of Scale 2 is 480WU), while the spanwise charac-
teristic length corresponding to Scale 3 (240WU) is half of
the former. Based on spatial phase averaging of streamwise
Scale 2 and spanwise Scale 3, we can achieve topologies of
CS that have more fluctuating energy and are more obvious
in the multiscale turbulence system. As Z+ increases, the
CS, whose mean spanwise distance is 100 WU in near wall
region [1], are lifted up, and finally develop into larger coher-
ent structures with mean spanwise distance of 240 WU in log
law region. Besides, the 480 WU mean streamwise length is
in well agreement with the conclusion drawn by Adrian [9]
about CS outside the near wall region.

Fig. 5 a, b, c Percentage distributions of Eu′ (nx, Z+)/Ev′ (nx ,Z+)/Ew′ (nx,Z+); d, e, f Percentage distributions of Eu′ (ny, Z+)/
Ev′ (ny,Z+)/Ew′ (ny,Z+)

3.2 Spatial location detection

Burst process is the main production mechanism of fluctuat-
ing velocity and turbulent Reynolds stress in TBL. It is also
the reason of strong intermittency. Therein, the Q2 events

represent the upcast of low speed fluids that is u′ < 0 &
w′ > 0, while the Q4 events represent the underwashing of
high speed fluids that is u′ > 0 & w′ < 0. The instantaneous
locations of CS can be identified by detecting these two kinds
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of events. The wavelet coefficient keeps correspondence
with local averaged velocity structure function [25, 30]. The
spatial local averaged fluctuating velocity at Scale n

un(τ) = u′(t)t∈[τ−2n−1,τ+2n−1] =
1

2n + 1

τ+2n+1
∑

i=τ−2n−1

u′(i) (4)

is used to take the place of the instantaneous fluid particle
velocity in classical velocity structure function. The local
averaged velocity structure function

δun(τ) = un(τ) − un(τ − 1) (5)

represents the relative velocity of structures rather than fluid
particles and takes the multi-scale property into considera-
tion. δun(τ) > 0 means that the flow structure is stretching
with high speed fluids in the former and low speed fluids in
the latter. On the other hand, δun(τ) < 0 implies that the flow
structure is compressing with low speed fluids in the former
and high speed fluids in the latter.

Based on the above scale analysis (Fig. 5), we choose
the local averaged velocity structure function δu2(τ) involv-
ing 32 streamwise measurement steps to detect burst events.
The indicative function for detection is set as

I(τ) =

⎧

⎪
⎪
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎪
⎪
⎩

−1(Q2), δu2(τ) < 0, δu2(τ + 1) > 0, u2(τ) < 0,

0, otherwise,

1(Q4), δu2(τ) > 0, δu2(τ + 1) < 0, u2(τ) > 0.

(6)

Therein

δu2(τ) = u2(τ) − u2(τ − 1) < 0,

δu2(τ + 1) = u2(τ + 1) − u2(τ) > 0,

u2(τ) < 0

(7)

is the negative minimum value of mean structure velocities
and can represent the center of low speed streak beside Q2
events, and

δu2(τ) = u2(τ) − u2(τ − 1) > 0,

δu2(τ + 1) = u2(τ + 1) − u2(τ) < 0,

u2(τ) > 0

(8)

is the positive maximum value of mean structure velocities
and can represent the center of high speed streak beside Q4
events.

The instantaneous streamwise local averaged results
u2(τ) are shown in Fig. 6. The blue isosurface u2(τ) =
−0.05 m/s represents low speed fluids and the orange isosur-
face u2(τ) = 0.05 m/s represents high speed fluids. High and
low speed fluids are arranged quasi-periodically in spanwise
direction. Their instantaneous spanwise distance is about
250 WU and is very close to the previous result of 240 WU.
The numbers of different wall-normal Q2 and Q4 events at
this moment are listed in Table 2. It is obvious that Q2 events
occur near the wall while Q4 events occur relatively far away
from the wall. This phenomenon indicates that it is low

speed fluids and high speed fluids that respectively dominate
CS near and away from the wall.

Fig. 6 Isosurface contour of the instantaneous local averaged fluc-
tuating velocity u2(τ) in log law region

Table 2 The number N of Q2 and Q4 events detected
instantaneously at different wall-normal locations

z/dz N of N of z/dz N of N of

Q2 events Q4 events Q2 events Q4 events

2 108 60 11 39 58

3 99 53 12 46 73

4 98 39 13 36 82

5 98 44 14 27 94

6 86 41 15 29 90

7 72 49 16 25 71

8 57 52 17 28 66

9 52 57 18 28 72

10 52 52 19 21 75

3.3 Intrinsic topology extraction

By setting the locations of Q2 and Q4 events as the center,
streamwise Scale 2 and spanwise Scale 3 as length scales of
the characteristic space, we have calculated the spatial phase
averaging of fluctuating velocity components in the center
alignment, and extracted the intrinsic space topology as fol-
lows

〈 fff 〉 = 1
N

∑

i∈I
fff i. (9)

In this formula, fff indicates the spatial sequence of u′/v′/w′,
I is the mathematical set of ejection or sweep event locations,
and N is the total number of events involved in space phase
averaging. We have adopted the suggestion of Schröder et
al. [17] that the information of at least 9 layers nearby the
events is necessary in all the three directions, and then have
made calculations by grouping the measuring points in ev-
ery 9 wall-normal layers into one box. Therefore, 3D spa-
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tial phase averages with the box size of 32dx × 16dy × 9dz
and center locations of Z+ = 115/189/264 are conducted,
respectively. The results are shown in Fig. 7 and isosur-
face charts are respectively ue = −0.025 m/s correspond-
ing to ejection and us = 0.035 m/s corresponding to sweep.
Although based on the same detection function, the space
topologies of CS in Figs. 7a–7c are not identical due to the
different wall-normal locations of Q2 events and correspond-
ing streaks, whose situaton is similar to the cases of Figs. 7d–
7f. It is consistent with the results observed in flow visu-
alization experiments by numerous researchers. In velocity
vector diagram of cross section x/dx = 17, the low speed
fluids stretching along streamwise direction are lifted up be-
side the locations of Q2 events, and the high speed ones are
underwashing beside Q4 event locations. The intrinsic space
topologies of CS relative to burst events are rendered as the
bar-like streak structures with some differences no matter
what is the wall-normal location.

Besides the streak structures which own powerful in-

termittent fluctuating velocities as their main features, hair-
pin eddies are the other important kind of CS in log law re-
gion and are displayed by strong vortices. The interaction
between the two typical structures is mainly in a mutual in-
ductance mechanism. In fact, the place where burst events
occur must be a place with large velocity gradient and strong
vorticity. Meanwhile, it must be under the hairpin eddy core
rotating clockwise and between the two intro-rolling legs of
hairpin eddy that streak structures appear. Therefore, the de-
tections of streak structures and hairpin eddies can be based
on the same burst events with a possible but slight phase dif-
ference. According to the observation of Adrian et al. [9],
generalized hairpin eddies may be in various specific topol-
ogy forms, for example, cane, hairpin, horseshoe, Ω-shape
and deformed versions thereof. Compared with the general-
ized hairpin eddies, calculation of spatial phase averaging to
extract characteristic shape is more meaningful for the streak
structure whose individual topology has more similar fea-
tures.

Fig. 7 The spatial topology of streak structures and the velocity fields neighboring the burst events. a, b, c based on Q2 events whose center
is at Z+ = 115/189/264; d, e, f based on Q4 events whose center is at Z+ = 115/189/264

3.4 Spatial-temporal cross-correlation scanning

Although the streak structures are not invariant in space-
time, they demonstrate a tremendous persistence [31] in
their spatial-temporal evolution. When developing down-
stream, the burst events that produce turbulence are atten-
uated quickly, while CS often maintain their integrity for a

time period up to an order of magnitude longer than the ob-
served bursting time. The spatial-temporal cross-correlation
scanning at the fluctuating velocity fields has intrinsic space
topology of streak structures as temple. In practice, we cal-
culate the correlation coefficients between the instantaneous
streak scalar field F in the spatial box containing 33× 17× 9
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(x × y × z) points and the streamwise fluctuating velocity u′
at adjacent moments.

RF,u′ (Δx,Δy;Δt)

=
〈F(x, y, z; t)u′(x + Δx, y + Δy, z; t + Δt)〉

[〈F2(x, y, z; t)〉〈u′2(x + Δx, y + Δy, z; t + Δt)〉]1/2
, (10)

When F = ue, the results are based on Q2 events and when
F = us, they are based on Q4 events. Since the wall-normal
locations of F and u′ are fixed at the same z without Δz, the
cross-correlation coefficient function has only three variables
(Δx,Δy,Δt).

Figure 8 shows the cross-correlation results at Z+ =
189, where Fig. 8a is based on Q2 event at Δt/dt = 0, Fig. 8b
is based on Q4 event at Δt/dt = 0, and Fig. 8c represents the

temporal evolution based on Q2 event. In the phase plane
(Δx,Δy), contour lines of cross-correlation contribute in a
form of bands, and the maximum and minimum values ap-
pear alternately along spanwise direction. The strong cor-
relation areas with relative regular geometrical configuration
(ellipse) represent the instantaneous streak structures that are
most similar with the intrinsic topology. No matter it is Q2
events or Q4 events, the essence of cross-correlation scan-
ning is statistic analysis on the 2nd order associated physical
quantity of velocity, so the positive maximum has a clear
physical meaning of the location where cores of streak struc-
tures are. To estimate roughly, the positive maximum is mov-
ing 40dx downstream within 48dt. The persistence of the
streaks meets the requirement of Taylor frozen hypothesis.

Fig. 8 The spatial-temporal cross-correlation between the intrinsic streak structures F and the stream-wise fluctuating velocity u′ at Z+ =
189. a Based on ejection events F = ue; b Based on sweep events F = us; c The temporal evolution based on eject events F = ue

The streak structure moving downstream can be treated
as a spatial-temporal function f (x, t). Based on the Taylor
frozen hypothesis

f (x, t) = f (x − Uc × t, 0), (11)

Uc in this formula is the propagation velocity of the struc-
tures. Strong correlation areas also exist in the displacement-
time plane (Δx,Δt) as they do in the displacement phase
plane (Δx,Δy). The line connecting the maximum values
is the path line of streak cores, so the slope of this line is
just the propagation velocity of the structures. There are
three mechanisms when one chooses the magnitude of Δt to
calculate the propagation velocity [20]. When Δt is small
enough in the 1st mechanism, according to the definition
of limit, the propagation speed of streak structures can be

achieved. However, the tremendous changing of Uc with in-
creasing Δt demonstrates its dependence on time scale of the
structure. From the experimental viewpoint, the 1st mecha-
nism requires a relatively higher time resolution. If the Δt is
too big, correlation coefficients will be rather small and there
must be a huge difference between definitions of the line con-
necting the maximum values and the path line of streak struc-
tures in the 2nd mechanism. While in the 3rd mechanism, Δt
increases appropriately so that the slope of the path line is al-
most constant corresponding to the locomotory movements
of CS.

From Fig. 9 we can see that the streak structure in log
law region is moving at a steady speed in streamwise di-
rection and the core of this streak is vibrating slightly in
spanwise direction. The cross-correlation coefficients are big
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enough in the range of 0.9–0.93 and conform to Mechanism
3. The comparison results between propagation velocities
and mean stream-wise velocities are shown in Fig. 10. The
propagation velocities of CS in log law region Z+ = 115–
264 are as big as 75.6%–93% of the local mean velocities
or 53%–75% of the incoming stream velocity. Because of
the influence of coming stream, the propagation velocity of
streak structure is increased up to a maintenance level of 75%
inflow velocity with increasing distance from the wall.

Fig. 9 The magnitude and the locations of the maximum cross-
correlation coefficient at Z+ = 189

Fig. 10 The propagation velocities of streak structures and the local
mean streamwise velocities at different wall-normal locations

4 Discussion and conclusion

Newly developed Tomo TRPIV technique facilitates the
study on spatial-temporal evolution of the coherent struc-
tures. For the 3D-3C velocity signals, to extract intrinsic
topology is a pre-request for the study on spatial-temporal
evolution of CS, while location identification and size anal-
ysis of CS are pre-requests for extracting intrinsic topology.

According to the comparative results of multi-
resolution wavelet energy at different scale, in the log law
region of TBL, we have shown that the stream-wise char-
acteristic length is about 480 WU and the span-wise one of
240 WU is larger than the 100 WU of mean interval between
two low speed streaks near wall.

Burst events of ejection and sweep play a significant
role in the production of coherent structures. Based on them,
results of spatial phase averaging indicate that the CS ex-

tracted from physical quantity of fluctuating velocity appear
as the bar-like streaks stretching along streamwise direction.

CS are much more persistent than burst events in the
space-time evolution which coincides with the Taylor frozen
hypothesis. Cross-correlation analysis between fluctuating
velocity and CS reflects the distribution and transport prop-
erty of streak structures. The line connecting the positive
maximum values of correlation coefficients is the path line
of a streak core in the displacement-time plane (Δx,Δt). The
transport velocity of CS increases with Z+ in a range of
75.6%–93% of the local mean velocities in log law region
Z+ = 115–249 of TBL for Rθ = 2 460, and finally up to a
maintenance level of 75% of the inflow velocity.
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16 Schröder, A., Geisler, R., Elsinga, G.E., et al.: Investigation of
a turbulent spot and a tripped turbulent boundary layer flow us-
ing time-resolved tomographic PIV. Exp. Fluids 44, 305–316
(2008)
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