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The present experimental work focuses on a new model for space–time correlation and the scale-dependencies of
convection velocity and sweep velocity in turbulent boundary layer over a flat wall. A turbulent boundary layer flow at
Reθ = 2460 is measured by tomographic particle image velocimetry (tomographic PIV). It is demonstrated that arch, cane,
and hairpin vortices are dominant in the logarithmic layer. Hairpins and hairpin packets are responsible for the elongated
low-momentum zones observed in the instantaneous flow field. The conditionally-averaged coherent structures systemically
illustrate the key roles of hairpin vortice in the turbulence dynamic events, such as ejection and sweep events and energy
transport. The space–time correlations of instantaneous streamwise fluctuation velocity are calculated and confirm the
new elliptic model for the space–time correlation instead of Taylor hypothesis. The convection velocities derived from
the space–time correlation and conditionally-averaged method both suggest the scaling with the local mean velocity in the
logarithmic layer. Convection velocity result based on Fourier decomposition (FD) shows stronger scale- dependency in
the spanwise direction than in streamwise direction. Compared with FD, the proper orthogonal decomposition (POD) has a
distinct distribution of convection velocity for the large- and small-scales which are separated in light of their contributions
of turbulent kinetic energy.

Keywords: turbulent boundary layer, tomographic particle image velocimetry, space–time correlation, elliptic
model
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1. Introduction
In the past several decades, coherent structure[1] has

come out as a breakthrough in the field of turbulence. It
brought the organization into turbulence, which had been pre-
viously regarded as a pure random fluid motion. Turbulent
boundary layer flow over a flat plate with zero pressure gra-
dient is a canonical wall-bounded turbulent flow and com-
posed of a broad range of temporal and spatial scales of
coherent structures. The most recognized coherent struc-
ture in turbulent boundary layer flow is the low-speed streak
in near wall region, which was first observed by Kline et
al.[2] Subsequent investigations like Brooke and Hanratty,[3]

Jeong et al.[4] and Schoppa and Hussain[5] confirmed that
quasi-streamwise vortices are responsible for the production
of these streaks and self-sustaining of turbulence in near wall
region. In the outer layer, hairpin vortices are of the domi-
nant coherent structure. The strongest experimental support
for the existence of hairpin vortices in the outer layer is given
by Head and Bandyopadhyay.[6] In the past three decades,
particle image velocimetry (PIV) has had a rapid and ex-
plosive development.[7–9] Adrian et al.[10] and Tomkins and
Adrian[11] summarized the most recognized signatures of hair-

pin vortices and hairpin packets using PIV. Zhou et al.[12] sim-
ulated the production process of hairpin packet through a sin-
gle strong hairpin vortex. Coherent structures distributed in
the different layers play a major role in the spatial organiza-
tion of momentum and energy exchange[13–17] and are con-
nected to the significant dynamic events, such as ejection and
sweep events, called Q2 and Q4 events.[18]

The correlation of velocities at two time and two spa-
tial points, i.e. space–time correlation, is a fundamental de-
scription of space–time fluctuations in turbulence. However, it
is always a huge challenge to simultaneously acquire precise
space–time correlation both in the spatial and temporal scales.
Researchers hope to find a connection between the space–
time correlation and space correlation and further express the
space–time correlation in terms of space correlation. The most
famous expression is the ‘Taylor frozen hypothesis’[19] which
assumes that flow structures do not change significantly within
certain time limits whiling moving downstream in a turbulent
flow. Taylor hypothesis relates the space–time correlation to
the space correlation via

C(r,τ) =C(r−Uτ,0), (1)
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where C is the correlation coefficient normalized by the root
mean square (rms) of the velocity fluctuation, r is the space
separation, τ is the time delay, and U is the local longitudinal
mean velocity. Taylor hypothesis has other limits such as high
turbulence intensity, viscous effect, and the mean shear.[20] In
a word, Taylor hypothesis is a crude first-order approxima-
tion for the space–time correlation. Turbulent research method
such as aeroacoustics, large eddy simulation (LES), etc. are
highly dependent on the accuracy of space–time correlation,
and will benefit greatly from the advancement of space–time
correlation. He and Zhang,[21] Zhao and He,[22] and Guo et
al.[23] first proposed a new model for the space–time corre-
lation. They related the space–time correlation to the space
correlation via

C(r,τ) =C(
√
(r−Ucτ)2 +(V τ)2,0), (2)

where Uc is the convection velocity and V is the sweep veloc-
ity. Equation (2) indicates that the iso-correlation lines follow
the following equation:

(r−Ucτ)2 +(V τ)2 = r2
E, (3)

which implies an elliptic shape for every iso-correlation con-
tour. The new model for the space–time correlation is called
‘elliptic model’. Besides numerical verification,[21,22] Zhou et
al.[24] experimentally verified the elliptic model in a turbulent
Rayleigh–Bénard convection. As a commonest flow, the va-
lidity of the elliptic model in turbulent boundary layer is one
of our work’s goals.

The convection of coherent structures plays a crucial role
in their evolutions because during the convection, they experi-
ence topological changes and interactions with each other. In
Taylor hypothesis, the convection velocity is assumed to be in-
dependent of scale. It is valid only for a few turbulent flows
and in most of other turbulent flows, especially wall-bounded
turbulence into which the shear brings a variety of scales,
the postulate of convection velocity will lead to enormous er-
rors. Kim and Hussain[25] found that the convection velocity
presents a spanwise-scale dependency instead of streamwise-
scale in a stimulated turbulent channel flow. Krogstad et al.[26]

experimentally presented similar results that coherent motions
of the order of boundary layer thickness convect at the local
mean velocity. Del Alamo and Jiménez[27] achieved a more
detailed numerical work about scale influence on the convec-
tion velocity and proposed a complicated semi-empirical for-
mula. In a novel investigation of convection, Elsinga et al.[28]

tracked coherent structures one by one in a turbulent boundary
layer flow instead of deduction from correlations.

The present work is experimentally accomplished in tur-
bulent boundary layer flow with three-dimensional (3D) to-
mographic PIV. The first goal of the present work is to verify

the elliptic model in the nonhomogeneous flow. The second
goal is to investigate the scale-dependency of dominant pa-
rameters in the elliptic model, i.e., the convection velocity and
the sweep velocity. The scale separation of coherent motions
in the flow is implemented through FD and POD from which
the distinct behaviors of scales are brought out.

2. Experimental parameters
The experiment was conducted in the water tunnel of

the Laboratory for Aero and Hydrodynamics at TU Delft.
The turbulent boundary layer data were obtained using tomo-
graphic PIV[11,12] and presented by Schröder et al.[15] to study
the coherent structures in the turbulent boundary layer. The
schematic diagram of experiment configuration is shown in
Fig. 1. The basic properties of TBL are listed in Table 1. More
experimental details can be found in Ref. [15]. The fundamen-
tal velocity profile and Reynolds stress profiles were shown in
Fig. 2 of their paper, which are not shown here for brevity.

flow
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laser-illustrated
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x

y

Fig. 1. (color online) Setup of experimental measurement.

Table 1. Basic properties of turbulent boundary layer over a flat wall.

Ue 0.53 m/s

δ 38.1 mm

uτ 0.022 m/s

Inner length scale (Wall Unit)
ν

uτ

0.0467 mm

Reθ =Ueθ/ν 2460

Reτ = uτ δ/ν 800

Increments of vectors in x-, y-, and z directions 0.6872 mm (14.7 WU)

3. Turbulent boundary layer
3.1. Coherent structure in instantaneous flow field

Coherent structure in turbulent boundary layer is gener-
ally related to vortical structure which is critical in flow dy-
namic model for wall-bounded turbulence. In the present work
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the vortical structures are distinguished by swirling strength
criterion,[11,12,29,30] which suggests that when ∇v has a pair of
complex conjugate eigenvalues (λcr± iλci), the local flow is
a swirling motion and λci is a measure of the local swirling
rate inside the vortex, i.e., the time period for completing one
revolution, 2π/λci. The detected vortical structures in the flow
are shown in Fig. 2(a). All three coordinates are normalized
by boundary layer thickness δ , corresponding to the length
ranges of 1.32δ , 1.76δ , 0.29δ in streamwise, spanwise, and
wall-normal direction respectively. In the plot red surfaces de-
note the identified vortical structures which have a λci value
of above 19 while blue surfaces denote the low-speed zones
smaller than 0.9Ue. Symbol ‘A’ refers to arch vortices, symbol
‘C’ refers to cane vortices. In the instantaneous turbulent flow
field the arch and cane vortices are prevalent in the logarithmic
layer, which is consistent with the previous observation.[1,31]

Two hairpins in a hairpin packet are specifically marked by
symbol ‘H1’ (upstream) and ‘H2’ (downstream), and beneath
their heads and between their legs are the induced low-speed
zones. Hairpin H1 is 0.2δ wide, and inclines 58◦ with respect
to the streamwise direction, while hairpin H2 is 0.4δ wide and
inclines 74◦. The two hairpins align roughly in the stream-
wise direction. It is noted that hairpin H2 does not have a
perfect symmetric shape. In Zhou et al.’s simulation,[12] it is
demonstrated that asymmetric hairpins have stronger growth
than symmetric hairpins.

1.0

-1.0

0.5

0.30

0.05

-0.5
-0.75

-0.75 -0.25 0.25 0.75

-0.25

0.25
0

stagnation point

0.35
0.25
0.15
0.05

x/δ

x/δ

y
/
δ

y
/
δ

z/δ

uniform-momentum zone

H1 H2
14Ο

14Ο

sgn(ωz)λci

0

-19

(a)

(b)

Fig. 2. (color online) (a) Instantaneous 3D turbulent flow field. Red
surfaces denote vertical structures identified by λci criterion, and the
threshold value for visualization is 19. Blue surfaces denote the low
speed zones u < 0.9Ue in the flow. The letter ‘A’ denotes the arch vor-
tices, ‘C’ represents the cane vortices, ‘H1’ refers to the lower hairpin
in a hairpin packet, and ‘H2’ denotes the higher hairpin. (b) Instanta-
neous flow field in the streamwise-wall normal plane. The gray contour
indicates λci value. The blue dashed line refers to the zero streamwise
fluctuation velocity. The black solid line indicates the inclination angle
of the envelope of hairpins.

The side view of the hairpin packet in Fig. 2(a), indi-
cated by the solid black frame and green letters ‘Plane I’, is

shown in Fig. 2(b) for a closer observation. The contour is
the λci value multiplied by the sign of the spanwise vortic-
ity ωz, i.e., sgn(ωz) · λci. After subtracting 0.8Ue, the heads
of hairpins show the patterns of swirling motion. As hairpins
travel downstream, their cross sections become larger but their
vorticities are weaker due to the vorticity conservation law.
This can be seen from the comparison between the swirling
strengths of the hairpin heads. These two hairpins align in the
streamwise direction separating about 0.5δ and their continu-
ous induction creates a long-extended correlated uniform low-
momentum zone denoted by the blue dashed line in Fig. 2(b).
The envelope of heads of the hairpins creates an inclination of
14◦ with respect to the streamwise direction, marked by the
black solid line in Fig. 2(b). The inclination angle is in a range
of 9◦–15◦ reported by Adrian et al.[10] The upstream hairpin
induces the high-speed motion over its head which sweeps
downwards and downstream and meets the upward ejection
motion induced by the downstream hairpin, resulting in a can-
celation between the two different induced motions. The in-
fluences of the low-speed and high-speed fluid create an iden-
tifiable shear layer. Within the shear layer there exists a point
called ‘stagnation point’ at which the two opposite inductions
nearly cancel each other. Beside these kinetic descriptions, the
following conditionally-averaged analyses reveal the dynamic
role in turbulent boundary layer.

3.2. Conditionally-averaged coherent structure

Figure 3(a) shows the conditionally-averaged coherent
structure in the streamwise-wall normal plane. The detec-
tion event is λci < −10λ̄ci and λci is the local minimum at
y+ = 203. λci is multiplied by the sign of the spanwise vortic-
ity so as to distinguish the direction of swirling motions and
λ̄ci is the mean absolute value of λci. The combined con-
ditions result in the extraction of strong swirling motion in
the spanwise detection. The velocity vector pattern is con-
sistent with the side-view signatures of hairpins proposed by
Tomkins and Adrian.[11] A spanwise swirling motion located
at the detected point represents the hairpin head. The ejected
fluid moves upstream and meets with the sweep fluid which
moves downstream. A shear layer pointed in Fig. 3(a) forms
along the interface of the impact between the decelerated and
accelerated fluids. The inclination angle of the shear layer is
52◦, which is smaller than the instantaneous inclination angle
like in Fig. 2(a) but represents the mean inclination angle of
hairpins. The inclination of hairpins is important for the pro-
duction of energy-containing events. The ejection event, the
sweep event,[32,33] and the impact between them is crucial to
the transport of the turbulent energy,[34,35] furthermore to the
production and self-sustaining of turbulence.
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Fig. 3. (color online) (a) Conditionally-averaged structure in the streamwise-wall normal plane. The shear layer (‘SL’) is indicated by the red dashed
line. ‘SP’ refers to the stagnation point. (b) Conditionally-averaged structure in the streamwise-spanwise plane with k2 = 0.8. The red solid line indicates
the spanwise separation of the cores of the swirling motions. (c) Conditionally-averaged structure in the streamwise-spanwise plane with k2 = 0.75. (d)
Spanwise scale of the pair of swirling motions versus y+. (e) Conditionally-averaged structure in the wall normal-spanwise plane.

The conditionally-averaged coherent structures in the
streamwise-spanwise plane are shown in Figs. 3(b)–3(d). The
detection event takes place when u < k2Ue and u is local mini-
mum. The condition captures coherent structures which make
the strong back-induction.[36] A low-momentum zone around
the detected point is flanked by a pair of swirling motions.
Figures 3(b) and 3(c) display the results with different values
of threshold value k2, 0.8 and 0.75 respectively at y+ = 203.
The larger value of k2 means that more samples are included,
meanwhile the smaller value of k2 means that comparatively
strong back-induction samples are included. It is indicated
that the stronger back-induction is connected to the more ma-
ture or larger legs of hairpins which have larger diameter and
area of induction. The streamwise and spanwise ranges of
low-momentum zones both increase under larger swirling mo-
tions. The separation between the swirling cores is defined as
the spanwise scale “L+

z ”. In ‘attached eddy hypothesis’,[37] the
scale of hairpins should be proportional to the wall-normal dis-

tance from the wall. Figure 3(d) confirms the scaling relation-
ship or growth rate of hairpins. The linearly fitted growth rate
is 0.74 in the present case and close to 0.9 given by Tomkins
and Adrian.[11]

The conditional-averaged structure in the wall-normal-
spanwise plane is shown in Fig. 3(e). The detected event is
the event that takes place when v > 0 and v is local maximum.
The simple detection condition reveals the most probable co-
herent structure that is responsible for the upward wall-normal
motion. The result presents a region of upward motion flanked
by a pair of anti-symmetric swirling motions.

By virtue of 3D PIV, we can comprehensively extract the
characteristics of the coherent structures from different views
and thus understand their role in the dynamic of turbulence,
for example, they are responsible not only for the ejection and
sweep events but also for the turbulent energy transport, such
as the streamwise turbulent energy is delivered to the wall-
normal and spanwise ones.
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4. Space time correlation
Correlations[24,25,38,39] are always useful tools for analyz-

ing the coherent structures because they provide statistical in-
formation about the micro- and macro-scales. In the present
paper the space–time correlation is defined as

C(r,τ;y) =
u′(x,y,z, t)u′(x+ r,y,z, t + τ)

u′rms(x)u′rms(x+ r)
, (4)

where u′ is the streamwise fluctuation velocity, u′rms is the
rms of the streamwise fluctuation velocity. In Eq. (4), the
ensemble is implemented in streamwise, spanwise direction,
and time. Figures 4(a) and 4(b) show the surface and con-
tour of the space–time correlation at y+ = 56.8. τ+ is the
normalized time delay and r+ is the normalized space sepa-
ration. The correlation coefficient C is in a range from 0.5
to 0.9 in steps of 0.05. From Fig. 4, it is obvious that the
correlation function has an elliptic shape which is predicted in
the elliptic model. There are two recognizable characteristics
for these elliptic iso-correlation curves: One is that the entire
iso-correlation curves share a uniform preferred orientation
whose slope is mainly determined by the convection velocity
Uc, and the other is that each of all the iso-correlation curves
has a constant aspect ratio which can be derived from the Kol-
mogorov similar hypothesis. In Taylor hypothesis when the
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Fig. 4. (a) Surface and (b) contour of the space–time correlation at
y+ = 56.8.

space separation becomes large, the correlations remain un-
changed. Such a behavior violates the principle that correla-
tions should decay with increasing the separation. Instead the
elliptic model correctly captures the de-correlation process in
the flow. More detailed results of space–time correlations and
validations of the elliptic model can be found in our paper.[40]

5. Convection of coherent structures
5.1. Convection velocity from space time correlation and

conditional-averaged results

The convection of coherent structures in turbulent flow is
an important phenomenon and issue for turbulence. Several
schemes[41–44] have been proposed to define the convection
velocity. We determine the convection velocity Uc based on

∂ rE

∂ r

∣∣∣∣
τ

= 0 and r∗ =Ucτ, (5)

where r∗ maximizes the correlation coefficient C for a given
τ . The convection velocity Uc is estimated by linearly fitting
the slope of r∗(τ), referring to as ‘linear fit Uc’. The estimated
convection velocity is plotted by solid black squares in Fig. 5.
The solid line in the plot represents the mean velocity. Another
convection velocity calculated by the conditional-averaged
method is presented by empty diamonds. The method first ex-
tracts vortices whose λci exceeds 8λ̄ci and is a local maximum,
and then averages the streamwise velocity of the detected vor-
tices. The convection velocity changes from 0.68Ue to 0.85Ue,
which accords with the range of Adrian et al.’s results.[10] In
their work, the old larger hairpin packets move at 0.8Ue–0.9Ue,
occupying higher location meanwhile the young smaller hair-
pin packets move at 0.6Ue–0.7Ue occupying lower location. It
is found that the convection motions gradually reach the mean
velocity away from the wall, which is similar to the tendency
shown in Pan et al.’s work.[45] Alamo and Jiménez[27] pro-
posed an approximate formula in which the convection veloc-
ity is regarded as the average of the mean velocity profile with

300 350 400 450 500
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200

150

100

50
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U
Uc- linear fit
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Fig. 5. Distributions of the convection velocity Uc along the wall-
normal direction.
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a weight function. Because the conditional-averaged convec-
tion velocity is calculated based on the real swirling motions
in the flow, it has more realistic significance than the convec-
tion velocity calculated from the correlation. The detection
condition collects strong swirling motions but excludes some
coherent motions like low-momentum zones.

5.2. Fourier decomposition results

Taylor hypothesis assumes that the convection velocity is
independent of scale and simply equal to the local mean ve-
locity. But in reality the large- and small-scale coherent mo-
tions have complicated interactions and move at different ve-
locities. For determining the convection velocities of different
scales of coherent motions, the fluctuation velocity fields are
decomposed by fast Fourier transform (FFT) in the streamwise
and spanwise direction respectively. Every individual Fourier
mode is reconstructed into a flow field from which the space–
time correlation is calculated. Then a convection velocity for
each scale is estimated based on Eq. (5). Figure 6 shows the
relationships between the convection velocity and the Fourier
modes in the streamwise and spanwise direction respectively
at y+ = 56.8, 130, and 203. It is demonstrated that the convec-
tion velocity has marginal dependence on the streamwise scale
across the logarithmic layer. Despite the jitter induced by the
limited resolution and measurement uncertainty, the convec-
tion velocities of different streamwise scales are around their
own constant values which are regarded as the mean values
and indicated by three lines in the plot. Although the convec-
tion velocities of the first 7 modes are larger than those of the
latter 5 modes, the dependence on streamwise scale is weak in
a certain streamwise wavenumber range. The mean convec-
tion velocities at 3 heights are in accordance with the results
in previous section. The present results are consistent with the
numerical results obtained by Kim and Hussain,[25] but be-
tween them exists a slight difference, i.e., what they derived
is the convection velocities of the equispaced band of stream-
wise wavenumber while what is calculated in the present paper
is individual streamwise wavenumber.

Figure 6(b) displays the curves of convection velocity as
a function of spanwise scale. Contrary to the streamwise scale,
the convection velocity has a dramatic decrease with increas-
ing the spanwise scale at y+ = 56.8, but away from the wall the
prominent dependence on the spanwise scale vanishes. The
dependence on the spanwise scales is also observed in Kim’s
channel flow. In their channel flow, the convection velocity did
not change with the spanwise wavenumber beyond y+ = 50.
Because the present flow has a larger Re than their limited Re,
the wall-normal location where the flow is not sensitive to the
spanwise scale lifts up. From the different behaviors of the de-
pendence on the streamwise and spanwise scale it follows that
the turbulent boundary layer is a complicated anisotropic flow
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Fig. 6. Convection velocities with respect to the (a) streamwise
wavenumber and (b) spanwise wavenumber at y+ = 56.8, 130, and 203.

5.3. Proper orthogonal decomposition results

Due to the mathematic property of the Fourier basis func-
tions, Fourier decomposition (FD) has some inevitable limits
like forced periodicity on the velocity signal and fixed basis
functions. A new method called ‘proper orthogonal decom-
position (POD)’[46,47] is introduced into the analysis of turbu-
lence. The POD is more physical because its basis functions
are dependent on the flow field. In POD the fluctuation veloc-
ity field is approximately linearly expressed as

u′(𝑥) = ∑
k

ak(t)ϕk(𝑥), (6)

where ϕk(𝑥) is the k-rank basis function, ak(t) is the corre-
sponding k-rank time coefficient. The orthogonal basis func-
tions {ϕ(𝑥)} satisfy[46,47]∫

Ω

〈u′(𝑥)u′(𝑥′)〉ϕ(x′)dx′ = λϕ(x), (7)

where C(𝑥,𝑥′) = 〈u′(𝑥)u′(𝑥′)〉 is the 2-order space correla-
tion. It is equally to solve the eigenvalue equation discretely

C(𝑥,𝑥′)ϕk(x) = λkϕk(x), (8)

λk is the eigenvalue corresponding to the k-rank eigenvec-
tor and indicates the relative turbulent kinetic energy of the
k-order POD mode. The primary advantage of POD is that
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it searches the optimal basis functions in energy-containing
sense and thereby becomes powerful enough to analyze the
kinetic and dynamic events in turbulence. POD has been suc-
cessfully employed to extract the coherent structures in various
turbulent flows.[48–52]

In the present case 308 snapshots of fluctuation velocity
field are utilized for POD analysis. Figure 7(a) presents the
POD spectra at y+ = 56.8, 130, and 203. POD spectra contain
information about turbulent eddies in a similar way to Fourier
spectral analysis. While in FD the velocity field is regarded
as the superstition of waves, the POD modes are closer to
the properties of turbulent eddies. Because the rank of POD
modes is based on the contribution to the turbulent kinetic en-
ergy, the 1st POD mode always has the most energy values that
are 23.4%, 36.3%, and 35.5% respectively at y+ = 56.8, 130,
and 203. The large-scale coherent motion becomes more sig-
nificant while the small-scale coherent motion has a decreas-
ing contribution with increasing the height. It is consistent
with the observation that the scales of coherent motions in-
crease when moving away from the wall, in the instantaneous
and conditionally-averaged flow field. At two higher locations,
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Fig. 7. (a) Spectra and (b) cumulative energy contributions of POD
mode at y+ = 56.8, 130, and 203.

the spectra of POD almost overlap with each other, especially
at small scales. It implies the existence of the similarity in the
outer layer. Liu et al.[52] compared their POD spectra of chan-
nel flow with those of a boundary flow presented by Lu and
Smith[53] and found a good correlation between them. This
suggests that outer layer similarity exists at least in two types
of wall-bounded turbulences. Figure 7(b) shows the cumula-
tive energy contribution of POD modes to the total turbulent
kinetic energy, and it is expressed as η = ∑

k
1 λi/∑

n
1 λ j. It is

obvious that at higher location less POD modes are needed to
reach the same energy level as at lower location. The numbers
of POD modes at different turbulent kinetic energy levels are
listed in Table 2.

Table 2. Numbers of POD modes for different values of η .

η /% y+ = 56.8 y+ = 130 y+ = 203

60% 7 3 3

65% 8 4 4

70% 10 6 6

75% 13 8 8

80% 18 10 10

85% 25 14 13

90% 38 22 19

95% 74 36 33

After decomposing the fluctuation velocity field into var-
ious scales of coherent motions, it is convenient to project
the fluctuation velocity field onto POD modes. Authors use
the first few low-order POD modes to reconstruct the large-
scale velocity field which is equal to a low-pass filtered field.
The velocity field composed of the residual high-order POD
modes is regarded as the small-scale velocity field. These re-
constructions involve some subjectiveness because it is hard
to determine an unambiguous boundary to separate the large
and small scales. Here the reconstructions of velocity fields
are mainly based on η values in a range from 0.55 to 0.95.
For brevity, the present work only shows two of the recon-
structed velocity fields in the streamwise-spanwise plane at
y+ = 56.8 with η = 0.65 and 0.8. For the clarity of the vi-
sualization, only the local reconstructed velocity fields are
displayed in Figs. 8(a)–8(c). The contours indicate the mag-
nitudes of streamwise fluctuation velocities. The flow is from
bottom to the top as indicated by the arrow. The reconstructed
flow field in Fig. 8(a) has a low-speed zone between 0.2δ and
0.6δ in the spanwise direction. The dominant low-speed zone
exceeds the streamwise range of the plot-1.25δ . It is noticed
that even the velocity field has 65% of turbulent kinetic en-
ergy, there exist some important vortices pointed by circles
and flanked by the low-momentum zones. A swirling motion
at z≈ 0.4δ is between two large swirling motions. Two back-
induced regions among the three vortices merge into a wide
low-momentum zone. In Fig. 8(b) the additional small-scale
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Fig. 8. (color online) Reconstructed velocity field with (a) η = 0.65,
(b) η = 0.8, and (c) the original velocity field at y+ = 56.8.

POD modes bring more fluctuations into the velocity field and
three new swirling motions marked by squares appear. The
new vortices align roughly in the spanwise direction at the
downstream end of the low-momentum zone. The opposite
induction effects appearing on their sides in the spanwise di-
rection lead to the phenomenon that the high and low-speed

zones are alternately distributed in the spanwise direction. The
low-speed zone splits into several branches under the com-
bined influence of multi-vortices. Besides the manipulation on
the low-momentum zones, it is said that these coherent struc-
tures are responsible for the transport between the different
components of turbulent kinetic energy, like those in the back-
induction region just in the upstream of the merging region and
the region in the middle of the downstream low-momentum
zone where the streamwise component of energy turns into the
spanwsie component. In Fig. 8(c), i.e., in the original velocity
field, the fluctuation is too intensive to distinguish coherent in-
teraction from the velocity field. The boundaries of low-speed
zones are no longer smooth but the large-scale vortices identi-
fied before are still visible.

Although the marked vortices in Figs. 8(a)–8(c) are not
the total swirling motions, they are good examples for demon-
strating the significant events of dynamics. Plus, these sce-
narios confirm the model proposed by Elsinga[54] that large-
scale structures, like vortices in Fig. 8(a), create and regulate
the low-momentum zones and small-scale structures, like new
vortices in Fig. 8(b), occur and evolve within or beside the
low-momentum zones created by large-scale structures. POD
method separates different scales of coherent motions and re-
veals the hierarchical relationships of various scales in turbu-
lence dynamics.

After reconstructing the velocity fields of the large and
small scales, their space–time correlations are calculated in
terms of Eq. (4) and shown in Figs. 9(a) and 9(b). Both
the space–time correlations of large- and small-scale veloc-
ity fields maintain the elliptic shape which implies that the
elliptic model for the space–time correlation is still valid in
the scale-separated reconstructed velocity fields. By contrast,
the space–time correlations in two velocity fields have dis-
tinct characteristics. As expected from the previous large-scale
instantaneous velocity fields which are mostly composed of
large-scale uniform low-speed zones and accompanying vor-
tices, the correlation of large-scale velocity field has a high
correlated level. Meanwhile, the correlation of small-scale ve-
locity field decays very fast from the center of correlation. The
reconstructed small-scale velocity fields (not presented here)
are filled with irregular distributed fluctuations and small-scale
vortices. These vortices do not last in space nor in time and
have poor correlativity. That they do not appear in the large-
scale reconstructed velocity field implies that they do not play
a critical role in the dynamical events of turbulence energy.
It is noticed that on the sides of the positive correlation there
are two negative correlation regions in the small-scale veloc-
ity field. It is explained that in the reconstructed small-scale
velocity field the upstream motions and downstream motions
alternately occur in the streamwise direction, which leads to
the negative correlation in the plot.
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Fig. 9. Surfaces (left column) and contours (right column) of the space–time correlation in (a) large-scale velocity field and (b) small-scale velocity field at
y+ = 56.8.

Another parameter in the elliptic model is the sweep ve-
locity V which follows

∂ rE

∂τ

∣∣∣∣
r
= 0 and τ

∗ =
Uc

U2
c +V 2 r, (9)

where τ∗ maximizes the correlation coefficient C for a given
r. The results calculated from the large- and small-scale ve-
locity fields are shown in Fig. 10(a). The solid symbols rep-
resent the large-scale velocity fields and the empty symbols
denote the small-scale velocity fields. Squares refer to the
convection velocity, and diamonds mean the sweep velocity.
One solid line is added for indicating the convection veloc-
ity obtained from the original fluctuation velocity field. The
dashed line represents the sweep velocity from the original
fluctuation field. The relationship of convection velocity with
scale and the relationship of sweep velocity with scale based
on POD are distinctly different from the results obtained ac-
cording to FD. The convection velocity of large-scale velocity
field increases with the increase of energy ratio possessed by
the field. It is surprising that the convection velocity of small-
scale velocity field is roughly constant and higher than that of
large-scale velocity field. The convection velocity of original
velocity field is located in between the two velocities and is

closer to that of small-scale velocity field. Due to the back-
induction forced by vortices, the low-momentum zones which
are dominant in large-scale velocity fields do not move fast.
Combining with the conditionally-averaged convection veloc-
ity result of swirling motions in Subsection 4.1, it is speculated
that the present result of large-scale velocity field mainly re-
veals the convection process of low-momentum zones. With
the different convection velocities of large and small scales,
it is explained that the missing swirling motions in the con-
ditional detection in Subsection 4.1, which mainly exist in
the small-scale velocity field, are responsible for the deficit
of the conditionally-averaged convection velocity. In turbu-
lence, small-scale eddies are carried by large-scale eddies, and
during downstream movement the small-scale eddies experi-
ence intensive distortion under the influence of the large-scale
eddies, decay fast and lead to a poor correlation level. In sum-
mary, the convection velocity of the original velocity field, i.e.,
the full-scale fluctuation velocity field is actually a mixture of
the slow-moving large-scale and fast-moving small-scale co-
herent motions. The results of convection velocity based on
POD method reveal a different scale-dependence from based
on FD.
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Fig. 10. (a) Convection velocity and sweep velocity of large- and
small-scale velocity fields, and original fluctuation velocity field; (b)
the streamwise correlation and (c) the spanwise correlation and corre-
sponding osculating parabolas of large-scale velocity field.

It is found that with the η of large-scale velocity field in-
creasing, the sweep velocity decreases. Meanwhile the sweep
velocity of small-scale velocity field changes slightly. In He

et al.’s theoretical analysis,[22] they concluded that the sweep
velocity is associated with the mean shear S, the Taylor micro-
scale λ , and the level of the fluctuation υ0. All three statisti-
cal quantities are quadratically proportional to the sweep ve-
locity. In the present work, although the turbulent boundary
layer is more complicated than the homogeneous shear flow
in their work, the relationships of factors with sweep veloc-
ity are valid. The mean shears of those reconstructed large-
scale velocity fields are not expected to differ from each other
very much. And with higher η , the turbulent kinetic energy
increases, which leads to the increase of sweep velocity, but
conversely, the decrease of sweep velocity. So it is specu-
lated that the Taylor microscale plays a key role in sweep ve-
locity. To try to understand the variation of sweep velocity
with scale, we present the streamwise and spanwise correla-
tions from η = 0.55 to 0.95, respectively in Figs. 10(b) and
10(c). In Ref. [55], the Taylor microscale is associated with
the spatial correlation as

C = 1− 1
2

( r
λ

)2
+ · · · , (10)

where λ is the Taylor microscale. After determining the os-
culating parabola of the spatial correlation, the intercept of the
osculating parabola on the abscissa will be

√
2λ . The obtained

osculating parabolas are plotted in Figs. 10(b) and 10(c) as
lines marked with no symbols. It is seen that from η = 0.55
to 0.95, the streamwise correlations decline and reach the cor-
related level of the original fluctuation velocity field, and the
intercepts of the corresponding osculating parabolas become
smaller. The spanwise correlations and Taylor microscale have
the same tendency but are not so prominent as the streamwise
ones. The reduction of the Taylor microscale with POD scale
increasing is consistent with the reduction of sweep velocity
with POD scale increasing. As for the influence of the Taylor
microscale in small-scale velocity field, the spatial correlation
decays fast and the reduction of the Taylor microscale is not
so dominant as in large-scale velocity field, with which the
constant distribution of sweep velocity can be explained.

6. Conclusions
A full-component velocity field of turbulent boundary

layer is acquired using tomographic PIV to investigate the el-
liptic model for space–time correlation. Dominant coherent
structures such as hairpin vortices, hairpin packets, and elon-
gated low-momentum zones are visualized and their roles in
the dynamics of turbulence are emphasized. The new elliptic
model is validated through space–time correlations of the flow
and is successful in the advancement of Taylor frozen hypoth-
esis. Further investigation of parameters in the model gives the
conclusions below.

(i) The convection velocity is scaled with the local mean
velocity in the logarithmic layer of turbulent flow.
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(ii) Stronger dependency on spanwise-scale is shown than
on streamwise-scale for the convection velocity in near-wall
region. It is explained that large-scale motions are more possi-
ble to relate with coherent structures away from the wall which
move faster.

(iii) Through POD extractions of the energy-containing
coherent motions in the flow, it is demonstrated that large-scale
coherent structures induce the low-momentum zones where
small-scale coherent structures reside.

(iv) Different distributions of the convection velocities of
different scales are revealed from FD and POD analyses. It is
seen that the large POD scale of coherent motion mainly rep-
resents the low-momentum zone, whilst the small POD scale
represents low-correlated individual vortice. It is indicated
that the sweep velocity is strongly associated with the fluc-
tuation scale in the flow.
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