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In this paper, we report on the outer-layer self-similarity of the turbulent boundary layer
(TBL) from the perspectives of the turbulent/non-turbulent (T/NT) interface. We receive
support from the experimental database of the TBL. The database is measured with particle
image velocimetry (PIV) at low to moderate Reynolds number range (Re, = 389-1000).
The T/NT interface is detected by the local turbulent kinetic energy method. The in-
termittency in the outer layer is considered in the velocity decomposition. From our
interface perspective, the exponential self-similarity from the mean streamwise velocity is
discovered in the outer region. This indicates the consistency of turbulence characteristics
in the turbulent region. The outer-layer self-similarity exists above the logarithmic region
and below the region linked to the T/NT interface. Based on the two-point correlation, the
consistency of the structural spatial characteristics is revealed. Interface-based turbulent
fluctuations suggest that the wall-normal scale of the outer-layer structure not only relates
to the height from the wall but also needs to consider the distance to the interface.
The energy superposition effect of the outer-layer structure is modeled by the structural
spatial characteristics. According to the energy superposition effect, for different interface
conditions, the structural-based reconsidered turbulent kinetic energy in the outer region
is consistent under the interface-based self-similar frame. The proposed interface-based
perspective emphasizes that study in the outer intermittent region should not unilaterally
consider the wall reference frame. At the same time, the turbulence characteristics in the
intermittent region is self-similar from this interface-based reference framework.

DOI: 10.1103/PhysRevFluids.9.034607

I. INTRODUCTION

The physical mechanism of the turbulent boundary layer (TBL) with multiscale interaction and
stratified features is a field that still needs to be worked on. Since the development of experimental
techniques [1-4] and computational resources [5—7], the understanding of the TBL has gradually
improved.

The TBL is a typical shear flow phenomenon and therefore has stratified characteristics along
the wall-normal direction. In the near-wall region, the viscous effect plays an important role [8§-10],
resulting in the viscous sublayer and the buffer layer (y*© < 30) [11]. The superscript + represents
the inner scale v/u, dimensionless method, where v is the kinematic viscosity, and u, is the
friction velocity. In the logarithmic region (30v/u, <y < 0.15899) [11], both viscous and inertial
forces are important. Here, 899 is the nominal thickness of the boundary layer, which is defined
by 99% of the free-stream velocity u. In the logarithmic region, the hairpin vortex structure is
widely distributed [3,12]. The hierarchical hairpin packet conceptual model [3] incorporates the
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viscous-based shear process as well as the inertia-based Townsend’s attached eddy hypothesis
[13-15]. The fully turbulent region is the key preoccupation of previous turbulence research. In
the wake region, the inertial force becomes the dominant term [16]. The undulation of large-scale
structures in the wake region leads to the outer-layer intermittency, which connects with the
interaction between the turbulent components and non-turbulent components [2,17].

The outer-layer intermittency results from the interaction between the TBL (turbulent com-
ponents) and the external unrotated flow (non-turbulent components). The concept of the
turbulent/non-turbulent (T/NT) interface [1] is introduced to separate the turbulent and non-
turbulent components. In the T/NT interface, the conditional mean profiles of the velocity,
enstrophy, etc., exhibit a jump [18]. The physical quantity characterizing the intermittency is the
intermittency factor (y) [17,19] which describes the fraction of turbulent components. For the TBL,
the distribution of the intermittency factor shows that the outer-layer intermittent region ranges from
0.4899 to 1.2899 [17,20]. The intermittency factor in the logarithmic region is y — 1, and the T/NT
interface hardly ever reaches this region [15,21]. This indicates that the outer-layer intermittency has
little effect on the full turbulent logarithmic region [22,23]. In the logarithmic region, the streamwise
scale of the superstructure [24-26] is much larger than the turbulent bulges [17,27]. The bursting of
the turbulent bulges leads to the outer-layer intermittency; that means y < 1. The turbulent bulges
maintain the Reynolds stresses in the wake region and lead to the growth of the TBL [17]. The
turbulent bulges come from the hairpin vortex packets extending to the edge of the boundary layer
[3,28]. At the same time, the turbulent fluctuations or turbulent kinetic energy (TKE) are transported
toward the edge of the TBL.

Compared with the traditional wall perspective, the interface-based perspective allows the re-
searcher to make an observation. From the interface perspective, the high interface corresponds
to the low-speed structure statistically, while the low interface is the opposite and forms the non-
turbulent valley [22]. The high- and low-speed large-scale structures are observed as quasiperiodic
arrangements in the streamwise direction [29]. This kind of phenomenon stems from the turbulent
bulges formed as the byproduct of those hairpin vortex packets intermittently entering the wake
region [28,30]. They leave corresponding traces on the spatial modes of the proper orthogonal
decomposition as well as on the two-point correlation function [15,29]. The geometric features of
the T/NT interface, such as interface height and inclination angle, are correlated with the outer-layer
structures in the wake region. Lee et al. [27] suggested that the large-scale structure has a modulating
effect on the T/NT interface shape. The high-speed structure leads to the wedge deformation of
the T/NT interface. This effect causes the angles of the interface to show anticorrelation with the
internal shear layer. The low-speed structure correlates with the wave peak of the T/NT interface.
The characteristic length of the T/NT interface fluctuations is comparable with the boundary layer
thickness [21] and the characteristic scale of large-scale turbulent bulges [17]. This suggests the
obvious correlation between the outer-layer structures and the characterization of the local interface.
However, interface-based conditional statistics are performed only in rough interval divisions.
The outer-layer structure characteristics based on the interface perspective are only stated in the
framework of the dichotomy between high and low interface. More systematic elaboration is still
lacking.

The scaling and dynamics of the T/NT interface are revealed under the T/NT interface frame
[31-35]. The interface has fractal characteristics, and the fractal dimension is ~2.3-2.4 [32], which
indicates that the T/NT interface shows the multiscale characteristic. The continuous interfacial
layer is composed of the viscous superlayer [1] and the turbulent sublayer [34,36]. For the TBL, the
thickness of the T/NT interface is 0.5-0.7 times the Taylor microscale [33,34]. The coherent vortices
near the T/NT interface are preferentially aligned with the tangent to the T/NT interface [31].
The radii of these coherent vortices are on the order of the Taylor microscale [31]. The dynamics
in the vicinity of the interface, such as the entrainment motion [21], has relatively independent
mechanisms respecting the entire outer region. This suggests that coherent structures close to the
interface have a relatively small scale. Associated with the conclusions from the wall perspective,
the scale of the outer-layer structure increases with height from the wall [37], reaches a maximum,
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FIG. 1. (a) Schematic of experiments. (b) Mean streamwise velocity profiles. (c) Mean second-order
statistic profiles. The direct numerical simulation (DNS) data are reported by Schlatter and Orlii [41].

and finally decreases as it approaches the edge of TBL. The two-point correlation of turbulent
fluctuations has confirmed this trend [23,38]. This kind of spatial characteristic is to some extent
independent of interface height conditions [23]. Whether there are more consistent outer-layer
self-similar features based on the interface perspective needs further investigation.

There are few studies to explore the consistency of turbulence characteristics and turbulence
structure in the wake region based on the T/NT interface perspective. The main work in this paper
is to investigate the outer-layer self-similarity from the T/NT interface perspective. The first section
gives the introduction. Section II describes the particle image velocimetry (PIV) experiment and
the basic parameters. Section III is the results and discussion: Sec. IIT A discusses the detection of
the T/NT interface and its statistical characteristics; Sec. III B introduces the interface-based triple
velocity decomposition; Sec. III C reveals the outer-layer self-similarity of the raw velocity profile;
Sec. III D discusses the outer-layer self-similarity of the spatial characteristics; and Sec. IIIE gives
the outer-layer self-similarity of TKE based on the energy superposition effect. Section IV is the
conclusion.
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TABLE I. The basic parameters of experiments.

Uy Uoso 899 8 Sampling frequency Field of view, x x y Spatial resolution
Case Re; (m/s) (m/s) (m) (m) (Hz) (8% of PIV (8,
1 1000 0.019 0.467 0.048 0.058 800 7.4x1.2 0.019%x0.019
2 813 0.016 0.374 0.048 0.060 600 7.4x1.2 0.019%0.019
3 699 0.011 0.268 0.052 0.068 400 6.9x1.1 0.017x0.017
4 3890 0.006 0.137 0.054 0.069 200 6.6x1.1 0.017x0.017

II. EXPERIMENTAL SETUP

The experimental setup and database used in this paper have been reported in our previous
work [39,40]. For integrity, the introduction of the experiments is still carefully described in this
section. The experimental subject is the TBL at a low to moderate Reynolds number range. The PIV
technique was used to measure the TBL. The experiments were conducted in the water tunnel at
Tianjin University, the size of the working section of which is 4.2 m (length) x0.6 m (width) x0.7 m
(height). The free-stream turbulent intensity of the water tunnel was < 0.8%. The TBL is generated
on an acrylic flat plate with dimensions of 4.0 m (length) x0.6 m (width) x0.02 m (thickness).
The leading edge of the plate is elliptical (major axis : minor axis = 10 : 1) to ensure the flow entry
above the plate. To avoid the influence of the boundary layer created by the water tunnel wall,
the plate was placed 0.1 m away from the bottom wall. The 3-mm-diameter trip wire was placed
0.11 m downstream of the leading edge of the plate to induce the boundary layer transition. The
experimental scheme is shown in Fig. 1(a). The DANTEC polyamide seeding particles (PSP-20)
were used to display the motion of the flow. The average diameter of the tracer particles is 20 um,
and its density is 1.05 g/cm?. The tracer particles were illuminated by the laser sheet with a
thickness of 1 mm. The laser sheet was generated by a Litron LDY-304 high-speed laser with a
pulse energy of 30 mJ.

The experiments used four high-speed complementary metal-oxide semiconductor cameras
(1280x 800 pixel?), which were stitched together to form a large field of view and measured the
TBL from the streamwise-wall-normal slice. The synchronized measurements of four cameras were
ensured by a synchronizer. The size of the large field of view is 0.36x0.06 m?. The sampling
frequencies of the PIV are 800, 600, 400, and 200 Hz for the four different cases. Hence, the
dimensionless time intervals between adjacent frames (At* = Aru?/v) are 0.50, 0.46, 0.34, and
0.20. The friction Reynolds numbers (Re,; = Sgou,/v) for cases 1-4 are 1000, 813, 699, and
389, respectively. The v is the kinematic viscosity of water, u, is the friction velocity, and &g is
the thickness of the TBL (defined by 99% free-stream velocity us). The basic parameters of the
experiments are given in Table I. The amount of particle images for a single acquisition limited
by the camera memory is 8216 frames. Six acquisitions were completed to ensure sufficient data,
and 8216 x6 frames of particle images (8215x6 frame velocity fields) were obtained. To verify the
accuracy of the PIV data, the statistical results of the experimental data are compared with direct
numerical simulation (DNS) data reported by Schlatter and Orlii [41]. As shown in Figs. 1(b) and
1(c), the one-point statistics of experimental data are in good conformity compared with that of the
DNS data.

III. RESULT AND DISCUSSION
A. T/NT interface

The T/NT interface is a conceptual interface that describes the spatial boundary between
the turbulent and non-turbulent components [1]. The turbulent flow shows significantly different
physical characteristics than the flow in the non-turbulent region. Therefore, the detection of the
T/NT interface must be based on the physical quantities (such as velocity and vorticity) which are
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FIG. 2. Instantaneous snapshot of the turbulent/non-turbulent (T/NT) interface: T/NT interface (black solid
line), mean interface height (red dashed line), and definition of interface height (dark gray solid line with double
arrow).

significantly different on both sides of the T/NT interface [33,34,36]. The T/NT interface detection
methods reported previously include (i) vorticity or vorticity-based method [27,34,36,42—48];
(i) velocity and velocity-based method [30,49-51]; (iii) passive scalar [51-53]; (iv) TKE
[20,21,38,54,55]; and (v) other methods [56-59]. For different flows, such as TBL, jet, mixing
layer, etc., interface detection encounters different difficulties [51]. For example, for the TBL, the
background noise is greater than the background of the jet. The database from the experimental
measurement or numerical simulation should also be considered [57]. Compared with the DNS, the
inevitable background noise of the water tunnel makes it difficult to detect the continuous interface
based on the vorticity method [51,57]. In addition, the PIV algorithm relies on the query window,
which leads to the inability to accurately resolve a small velocity gradient [51]. For the PIV database
of TBLs, the vorticity-based interface detection methods are difficult to pursue. In this paper, the
focus is on the self-similarity behavior in the outer layer from the T/NT interface perspective. It is
important to capture the continuous high and low T/NT interface in the outer intermittent region. The
entrainment motion near the T/NT interface is not the subject of discussion. Accurate detection of
the complex features (such as the viscous nibbling motion) of the T/NT interface is not required. The
T/NT interface is judged to be high or low by comparing with its mean value, and this expression will
be used in subsequent sections. The T/NT interface detection is based on the local TKE (L-TKE)
which was proposed by Chauhan et al. [21]. The L-TKE is shown below:

1

~ 100 - ~
k= % m;][(um,n - uoo)z + (vm,n)2]~ (1)

Compared with the flow in the non-turbulent region, the velocity is smaller than the free-stream
velocity 1., which means that £ is larger in the turbulent region. Hence, the T/NT interface can be
found based on the k according to a suitable threshold k. To obtain kg, it is necessary to consider
that the distribution of the intermittent factor (y) in the outer region is Gaussian distribution [1]. The
instantaneous height (Y;) of the T/NT interface also follows this distribution. In three-dimensional
physical space, the interface is distorted and multivalued due to the entrainment motion [18]. The
instantaneous interface height is defined as the lower envelope of the T/NT interface [21]. In the L-
TKE method, a suitable threshold &, should satisfy two criteria. The firstis that E(Y;) + 30 (Y;) &~ 6,
where E (Y;) is the expectation, and o (Y;) is the standard deviation of ¥;. This is because the turbulent
region cannot extend beyond the TBL. Second, the distribution of ¥; should be consistent with the
Gaussian distribution, and it should also be consistent with the distribution of the intermittent factor
y. Here, § is the true boundary layer thickness which is obtained based on the composite velocity
profile [60]. Also, é includes the entire outer-layer intermittent region, so it is larger than 899, which
is defined based on 0.99u.

According to these two criteria, the thresholds of k for cases 1-4 are obtained as ky; = 0.157,
k> = 0.082, kyp3 = 0.111, and kypy = 0.100, respectively. The instantaneous snapshot of the T/NT
interface is shown in Fig. 2. The solid black line is the slice of the T/NT interface in the streamwise-
wall-normal plane. The region above the T/NT interface is the non-turbulent region with a smaller
k, while the counterpart below the T/NT interface is the turbulent region with a relatively larger

034607-5



CHEN, TANG, FAN, AND JIANG

TABLE II. The statistics of the T/NT interface height.

Case Re, £ 2 ) B o)
Corrsin and Kistler [1] <2000 - - 0.20 0.80 0.16
Semin et al. [61] 600 - - 0.15 0.60 0.09
Chauhan et al. [21] 2700-22000 0.64-0.67 0.11-0.13 0.16-0.2 - -

Chauhan et al. [21] 14500 0.67 0.11 0.167 - -

Eisma et al. [62] 2053 - - 0.20 0.90 0.18
Wu et al. [20] 483 0.67 0.13 0.19 0.82 0.16
This paper (Case 1) 1000 0.67 0.11 0.164 0.80 0.14
This paper (Case 2) 813 0.67 0.11 0.171 0.82 0.14
This paper (Case 3) 699 0.67 0.11 0.168 0.87 0.15
This paper (Case 4) 389 0.67 0.13 0.200 0.85 0.17

k. The T/NT interface has an obvious waviness around its mean value (red dashed line in Fig. 2),
showing the intermittency of the outer region of the TBL. The local instantaneous interface height
is indicated by the dark gray solid line with double arrow in Fig. 2.

The statistics of the T/NT interface are given in Table II, and the corresponding results from
previous literature are also given for comparison. The expectation of the T/NT interface is 0.67§, and
the standard deviation is 0.116-0.134 for all four cases. Figure 3 displays the statistical distribution
characteristics of the T/NT interface. As shown in Fig. 3(a), the probability density function of
the T/NT interface height is close to the Gaussian distribution for all four cases. The cumulative
distribution function of the T/NT interface height corresponds to the distribution of the intermittency
factor (). This indicates that the T/NT interface detected by the L-TKE detection method can reflect
the intermittency in the outer region of the TBL.

B. Interface-based triple velocity decomposition

The traditional velocity decomposition technique (Reynolds decomposition) is to decompose
the raw velocity into its ensemble mean and its fluctuations [63]. For studies not interested in
outer region intermittency, Reynolds decomposition is available in the fully turbulent region, but
it causes turbulent fluctuations to be overestimated in the outer-layer intermittent region [38].
Thus, the Reynolds decomposition fluctuations would induce misleading results. For example, in

(a) (b) Normal Disributi

W Standard Normal Disribution 28, ~ N R?’IZQQ' I’WII {l;z}n(y 5
A Re=389:  p.dfi(Y,/5) ® Reiager TN
% Re=699:  p.df(Y,/5) EQ%— A Re=699: l-cdf(Y,/5)
= . Re=813:  p.df(Y,/3) Q ~ Q Re=699: vy
5-“ Re=1000: pdf(¥,/3) 4 S oF g 26,:22: l-c.d/(Y,/8)

A d e=813: vy
= o < o Re=1000: l-cdf(Y,/5)
s :ngb‘_ (0.67,0.5) o Re=1000: y
Z ’ i
= ]
= RN :
Y Y :
Y N !
ST et i
Q L L Ll L L L L
-6 -2 2 4 0.2 0.4 0.6 0.8 1 1.2 1.4
(-E(Y))/o(Y) o

FIG. 3. Statistical distribution characteristics of the turbulent/non-turbulent (T/NT) interface. (a) Probabil-
ity density function of the T/NT interface height. (b) Cumulative distribution function of the T/NT interface
height and the distribution of intermittent factor. Gaussian distribution (black solid line). Case 1: Red circles,
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FIG. 4. Velocity decomposition displayed in a snapshot. Left column: Raw velocity; middle column: triple
velocity decomposition; and right column: Reynolds decomposition for comparison.

the intermittent region, the correlation of turbulent fluctuations can be extended to a larger extent
in the flow field [38]. Researchers considered this in a previous study [64]. It was not until the
development of hot-wire technology that it became possible to use conditional averaging based
on intermittency [17,65]. For the special problem, introducing a triple decomposition of the raw
velocity to highlight the local turbulent structure is a possible technique [66]. When intermittency is
included, the transition of the signal between turbulent and non-turbulent states must be considered
[22,27,38]. Thus, it is important to decompose the raw velocity based on the T/NT interface. The
triple decomposition was introduced in our previous work [23]. The triple decomposition method
is to decompose the raw velocity into the ensemble average (i), the interface-based conditional
average (it), and the fluctuation (). It can be written as

u(x,y, 1) = i(x,y) + a(y, Y;) + u'(x, y, 1), ()

v(x,y,t) = 0(x,y) + 9y, ¥;) + v'(x, 3, 1), 3)

where it is only related to the spatial location (x, y), i is only related to the T/NT interface height
Y; and the wall-normal coordinate y, and ¢ is the time. The result of decomposition is shown in
Fig. 4, and the Reynolds decomposition result is also displayed for comparison. The left column
is the raw velocity, where the T/NT interface is distributed in the intermittent region. The middle
column is the triple velocity decomposition. Here, i has a significant difference in the outer region
for different interface heights. For the high interface, i is negative below the T/NT interface, and
it is positive around the low interface, especially in the non-turbulent region. Near the wall, i is
close to zero, which means that the influence of intermittency is not obvious at here. The turbulent
fluctuations are significantly different than the Reynolds decomposition fluctuations in the right
column. The Reynolds decomposition fluctuations are not negligible in the non-turbulent region
when the T/NT interface is low, and in the turbulent bulge, the negative fluctuations are exaggerated.
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FIG. 5. Conditional raw velocity profile based on different interface height for the Case 1 (Re, = 1000).
The line color from black to yellow corresponds to the low- to high-interface condition. (a) Dimensionless
based on the boundary layer thickness 6. (b) Dimensionless based on the turbulent/non-turbulent (T/NT)
interface height ¥;. The range of the T/NT interface height is 0.335 < ¥; < 1.008.

Both are effectively avoided in triple decomposition fluctuations. The following discussion is based
on the triple decomposition fluctuations.

C. Interface-based velocity self-similarity

Interface-based conditional statistics reveal to the distribution of physical statistics in the outer-
layer intermittent region from the T/NT interface perspective. As the database has sufficient samples,
the convergence of the conditional mean raw velocity is guaranteed at all interface heights. The
validation of the convergence is discussed in detail in the Appendix.

The conditional mean streamwise raw velocity is shown in Fig. 5. The color of the solid line from
black to yellow represents the different T/NT interface heights from low to high interface. According
to the analysis in Sec. III A, the range of interface heights is 0.335 < Y; < 1.008. The dimensionless
approach in Fig. 5(a) is based on the overall boundary layer thickness § introduced in Sec. IIT A. In
the logarithmic region and below, the conditional mean velocity profiles are insensitive to interface
height conditions. This reveals that the fluctuation of the T/NT interface does not have a significant
effect on the logarithmic region and the region below it. The viscous effect cannot be ignored here
[8—10]. In the outer region, the difference in the conditional raw velocity profile becomes gradually
more apparent. Then the interface-based entrainment motion is in the near interface region. It is
relatively independent of the main part of the wake region in terms of physical mechanism. The
viscosity is also non-negligible near the interface [18,21]. In this paper, we focus on the region
between the two above where the inertial force is dominant [16]. For the low-interface condition,
the raw velocity reaches the free-stream velocity u, at a lower wall-normal height, indicating a
stronger shear effect. The opposite result is observed for the high-interface condition. This is due
to the statistical results that the low interface corresponds to the high-speed structure, while on
the contrary, the low-speed structures are below the high interface [23,27]. As shown in Fig. 5(a),
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FIG. 6. Exponential wall-normal coordinate self-similarity relation fy,. The line color corresponds to the
turbulent/non-turbulent (T/NT) interface height.

it is worth considering that the shape of the conditional raw velocity profile shows a clear self-
similarity in the turbulent region. If this assumption exists, the self-similarity relationship could
be expressed as (u)|y, = F[fy,(y)] for the different interface conditions. First, the T/NT interface
height condition is the primary consideration. In Fig. 5(b), the dimensionless method based on the
T/NT interface height is used. The interface-based dimensionless method allows the wall and the
T/NT interface position to be standardized as 0 and 1. The conditional statistics for regions near the
interface are consistent. This phenomenon proves the relative independence of the region near the
interface. However, there are significant differences between the high- and low-interface conditions
in the outer region far enough away from the interface. This suggests that the self-similarity of the
raw velocity profile is different along the wall-normal direction for different interface conditions. It
is not a crude linear extension and compression based on the local T/NT interface height. Therefore,
the self-similarity of the streamwise velocity profile should not only consider the T/NT interface
height but should also be the function of the wall-normal coordinates. The exponential wall-normal
coordinate self-similarity relation fy, based on the transformation factor is given in Eqs. (4)—(6). In
Eq. (4), ¥ is the wall-normal coordinate transformed by the self-similarity relation:

Y = fu) = Texply (). 4)
Yi—y
UY,-()’) = Y—TﬂYi, (5)
i — Yiog
(2 "
=g 5)

The transformation factor ny,(y) introduced in Eq. (5) is the function of the wall-normal co-
ordinate y. The construction of ny,(y) is based on the T/NT interface height and the wall-normal
variation. Firstly, the left-hand-side fractional formula in Eq. (5) expresses the ratio of the distance
from the wall-normal position to the interface ¥; — y and the distance from the upper boundary
of the logarithmic region to the interface ¥; — yioe. The upper boundary of the logarithmic region
is defined as 0.15899 [11], that is, yjog = 0.15899. The ratio considers the wall-normal variation of
the self-similarity. Then the right-hand-side vy, gives the adjustment factor. The definition of vy,
is given in Eq. (6). Here, Yy, is related to how much the interface height is offset from its mean
value. The mean value of the interface height is 25/3 obtained in Sec. IIIA [E (Y;) = 0.675]. This is
because, as shown in Fig. 5(b), the difference in the raw velocity profile is obvious as the interface
height departs further from its mean value. The exponential self-similarity relation fy, is given in
Fig. 6.

As shown in Fig. 7, the distribution of the raw velocity profile is shown in the frame of y’, and
the corresponding results in the y/Y; coordinate are given for comparison. It shows good agreement
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FIG. 7. Conditional raw velocity profile in the frame of y’ and y/Y; based on different interface heights.
The line color corresponds to the turbulent/non-turbulent (T/NT) interface height.

for all interface conditions. This indicates that the raw velocity profiles exhibit the exponential
self-similarity in the outer region according to the T/NT interface coordinate. For cases 3 and 4,
due to the limitation of the wall-normal size of the field of view, few overheight interfaces are not
captured. Therefore, they are not shown in Fig. 7. Only the captured T/NT interface is discussed in
this paper.

In Fig. 5(a), the velocity profile shows an inflection point close to the T/NT interface position.
The appearance of inflection points indicates strong shear near the interface and non-negligible
viscosity. The region on the right side of the inflection point is the near interface region. In the
region close to the T/NT interface, some coherent vortices can be observed [23]. The velocity
gradient increases because the coherent vortex is preferentially aligned with the interface [31].
Figures 7(e)-7(h) also reveal that the results in this region do not respond to the differences of local
interface height, which suggests that the region close to the interface is also somewhat unaffected by
the interface condition. The scale from the inflection point to the T/NT interface is defined to express
the scale of the region influenced by the T/NT interface. As shown in Fig. 8(a), the red double arrows
indicate the near-interface region. The distribution of this scale for the different T/NT interface con-
ditions is displayed in Fig. 8(b). The scale is generally consistent for different interface conditions,
and its mean is 0.098. To ensure the reliability of the results, the positions of the inflection points
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FIG. 8. (a) Definition of the scale of the region affected by the interface. The interface height for the
representative velocity profiles is §/2, 26/3, 58/6. The red circles point out the location of the inflection
points. (b) Scale of the region affected by the interface. Case 1: Red circles ®; Case 2: blue diamonds 4
Case 3: brown deltas A; and Case 4: bright gray squares

are given when the T/NT interface height is {[E(Y;) — 20 (Y;)]/8, [E(Y;) + 20 (Y;)]/6}. The results
are aimed at separating the region dominated by the interface in the subsequent parts.

D. Interface-based spatial characteristics self-similarity

This part is set up to discuss the self-similarity of the spatial features of the outer-layer structure
from the T/NT interface perspective. The two-point correlation function is used to display the spatial
characteristics of the outer-layer structure, which is shown in Fig. 9. The two-point correlation
function is expressed as

(1], Goris e Ju |, (s + A, 3))

Sy (o) PR (o + A5 ) )

The turbulent fluctuations are based on the triple velocity decomposition in Sec. III B. The
contours represent the region with correlation coefficients >0.5. In Fig. 9(a), the slices show the con-
tours of the correlation coefficients for a certain interface height condition. The slices are arranged
in the direction of the interface height Y;/5. The two-point correlation preserves the original spatial
framework of the flow field and gives the results at the corresponding reference height according
to the exponential self-similarity relation. The spatial characteristics of the outer-layer structures

)

Ru’u/ |y’.(Ax, Y, yref) =
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FIG. 9. (a) Two-point correlation of turbulent fluctuations for different interface conditions. (b) Cross-
section of two-point correlation results (Ax/8 = 0). The reference height y, ; is based on the exponential self-
similarity relation. (c) Corresponding results normalized by the local interface heights. The dark gray dashed
line is the range {[E(Y;) — 20 (Y)1/3, [E(Y;) + 20 (¥)1/8).

are self-similar at the corresponding reference heights. At lower reference heights (y.; = 0.2),
the elliptic contours of the two-point correlation function show an inclined tendency due to the
shear effect within the TBL. For the middle two reference heights, the wall-normal scale of the
contour is larger than the reference heights close to the wall as well as close to the interface.
The inclined characteristics of the elliptical contours decrease which indicates the reduction of
shear. At reference heights close to the interface, the range of contours is smaller than the middle
two which suggests a decreasing trend of the wall-normal scale. Figure 9(b) is the corresponding
cross-section (Ax/§ = 0) of Fig. 9(a). For the convergence, only results with interface heights in the
range {[E(Y;) — 20 (Y;)]/6, [E(Y;) + 20 (Y;)]/6} are discussed. It is demonstrated in the Appendix
that turbulent-fluctuation-based statistics are convergent in this range. The dark gray dashed lines
indicate the range of reliable results. For different interface conditions, the wall-normal scale of
the contours is well preserved at the corresponding reference height. The wall-normal scale of the
contours Sy, is defined as the wall-normal scale of the elliptic correlation coefficient contours which
is equal to 0.5 at Ax = 0. This reveals good agreement in the wall-normal scale of the structures for
a certain reference height. In Fig. 9(c), the reference heights are normalized by the local interface
heights. Compared with Fig. 9(b), the results in Fig. 9(c) are a linear correspondence. It fails to
establish the nonlinear relationship according to the streamwise raw velocity in Sec. III C.

Figure 10 shows the distribution of the wall-normal scale at different reference heights. The
interface-based velocity decomposition eliminates the amplification of turbulent fluctuations in the
outer-layer region of the traditional Reynolds decomposition. The wall-normal scale increases along
the wall-normal direction and reaches its maximum, then decreases as it approaches the T/NT
interface. This trend is consistent with previously reported research. According to Townsend’s [67]
attached eddy hypothesis, the scale of the structure increases with the height from the wall in the
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FIG. 10. The wall-normal scale of the outer-layer structure according to the correlation coefficient >0.5.
The line color corresponds to the reference height. The black solid line represents the fitted curve S, /4.

logarithmic region. As the height from the wall increases, the number of detached eddies begin
to increase, and the outer-layer intermittency begins to appear. The scale of the turbulent structure
gradually deviates and loses the scaling based on the attached eddy model [68] above the logarithmic
region [67]. Before reaching its maximum, the scale of the structure continues to increase as its
height from the wall increases in the wake region [37]. Near the interface, the characteristic scale of
the structure is on the order of the Taylor microscale [31]. Kwon et al. [38] discussed the difference
in the two-point correlation between different decomposition methods. The two-point correlation of
Reynolds fluctuations shows the outer-layer structural spatial characteristics in the outer intermittent
region are overestimated [38]. Previous literature demonstrates the justification of the present results
and provides the explanation from the structural perspective. This motivates that the wall-normal
scale of the outer-layer structure is not only related to the height from the wall but also related to the
distance from the T/NT interface. Figure 10(a) shows the results in the self-similarity framework,
Fig. 10(b) shows the results normalized by the local interface height, and Fig. 10(c) shows the results
normalized by the boundary layer thickness. As Figs. 10(a) and 10(b), S, shows self-similarity under
different interface height conditions. Compared with the violent linear stretching in Fig. 10(b), the
results under the self-similar framework are more consistent on the near-wall side. On the side
close to the interface, the results of linear stretching are better. Despite the differences, they all
reveal the self-similar wall-normal scale distribution trend for different interface conditions. The
quadratic functions S,/8 = a1y'(1—y') + by and Sy/8 = a,y/Yi(1—y/Y;) + b, are used to fit this
variation trend. The quadratic functions are only used here to model the trend of the wall-normal
scale. The fitted quadratic curve is shown as the solid black line in Fig. 10. The coefficients for cases
1-4 are consistent. The coefficient a is 0.70 £ 0.02 and b is 0.07 £ 0.01. The difference between the
fitted coefficients in the two frameworks is small. This further emphasizes the self-similarity of the
spatial characteristics of the outer-layer structures at the low to moderate Reynolds number range.
The logarithmic region and below and the near-interface region identified in Sec. IIIC are not the
regions in which the viscosity can be ignored. Therefore, the inertial dominated range is indicated
by the dark gray dashed lines in Fig. 10. The self-similar spatial characteristics of the outer-layer
structures play a role in the subsequent discussion.
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FIG. 11. (a) Turbulent kinetic energy (TKE) profile for different interface conditions. (b) TKE profile
removing the logarithmic region and below and the region influenced by the turbulent/non-turbulent (T/NT)
interface. The line color corresponds to the T/NT interface height.

E. Interface-based turbulent Kinetic energy self-similarity

In this part, the baton of Secs. III C and IIID is picked up. The self-similarity of TKE based
on the T/NT interface is investigated. The TKE is defined as tke = W? 4+ v?) /2, where ' and
v are the interface-based turbulent fluctuations introduced in Sec. III B. The distribution of TKE
along the wall-normal direction based on the different dimensionless methods is given in Fig. 11.
The Gaussian distribution of the T/NT interface leads to the non-convergent curve of TKE at
extreme interface conditions. Hence, the interface-based conditional statistics are displayed in
{[E(Y;) —20(Y)]/8, [E(Y;) + 20(Y;)]/6}. The convergence validation of the experimental data is
discussed in the Appendix. In Fig. 11(a), the normalized method is based on the thickness of
the TBL. There is little difference for the TKE in the logarithmic region and below. This once
again verifies that the turbulence characteristics near the wall are not obviously connected to the
T/NT interface. In the wake region, the conditional mean TKE begins to respond to interface-based
conditional statistics. The TKE is maintained in the wall-normal direction for the low-interface
conditions compared with that for the high-interface conditions. This indicates that the TKE is
higher in the turbulent region if the interface height is lower, but it calculates both turbulent
and non-turbulent components. Figure 11(b) shows interface-based dimensionless methods which
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defines the wall position as 0 and the interface position as 1. It reveals the correspondence of
turbulent characteristics throughout the turbulent region. The above energy distribution features
are shown more clearly, but this approach is a kind of violent linear stretching of wall-normal
coordinate y. In Fig. 11(c), the distribution of the TKE is given under the nonlinear self-similarity
framework in which the conditional mean velocity is self-similar. The high-energy characteristics
of the low-interface conditions still exist. This means that the self-similarity of TKE needs further
consideration.

The static pressure of the turbulent bulge is greater than the background pressure when the
interface is higher, and conversely, the interface is lower when the static pressure in the turbulent
region is lower than the background pressure [22]. It is hypothesized that this phenomenon arises
due to the spatially limited turbulent region and the superposition effect of turbulent structures in the
outer-layer intermittent region. The hairpin vortex packets in the logarithmic region enter the wake
region and form turbulent lumps with a superimposed structural arrangement as the vortex packet
structure evolves. This interface-based energy superposition effect should be more pronounced
above the logarithmic region. The effect is more obvious as the distance from the upper boundary
of the logarithmic region increases. At the same time, the energy superposition effect should fade
away approaching the T/NT interface. Based on the ideas in Sec. III C, the logarithmic region and
below and the region close to the interface are not part of the current discussion. Because of that,
they will not be considered.

The energy superposition effect leads to the reconsideration of TKE. The TKE at the correspond-
ing reference height should involve the corresponding wall-normal range which is defined by the
two-point correlation. Hidden behind the energy superposition effect, the energy of the outer-layer
structures at the corresponding heights is self-similar for different interface conditions. According
to Sec. IIID, the local overlaps are defined. The number of local overlaps Ny, is the count of the
overlaps of two-point correlation contours which is > 0.5. It characterizes the superposition degree
of the two-point correlation function of the turbulent fluctuations at the current reference height.
Then the reconsideration of the TKE at a certain reference height should involve the correlated
wall-normal range defined by the two-point correlation function. Based on the energy superimposed
concept, the reconsidered TKE can be written as

Z (tke)ly, (s")

(tke") |y, () = - expl&y, ()], ®)
O ACY
, Vri€iog
=% 9
&) S,0N)/Y, )
Y= yODIYO") = yiogl
L . (10)

In Eq. (8), the structural overlap is used to express the energy superposition effect. The condi-
tional mean profile of the TKE, (tke)|y, is divided by the local overlap Ny, at the corresponding
position. Then the divided energy is accumulated in the range defined by two-point correlation
Q,ly,. Here, Q,|y, is the wall-normal range in which the two-point correlation coefficient is >0.5
at Ax = 0. Secondly, the superposition effect of the TKE should consider its local interface height.
The distances to the upper boundary of the logarithmic region and the interface should also be
considered. These result in the energy superposition coefficient &y,(y'), given in Eq. (9). In Eq. (9),
Yy, defined in Eq. (6) is to express the deviation of the interface height from its mean value. The
low interface leads to the superposition effect (yy, < 0), but for the high-interface condition, the
superposition effect is weaker (1y, > 0). The denominator S,(y)/Y; is the structural scale of the
current reference height. Here, elf;’g is to introduce the distances from the current reference height

034607-15



CHEN, TANG, FAN, AND JIANG

(a) Re=1000 Y, /5 NN (b) Re=1000 v, /5 NN (C) Re=1000 Y,/5 NN (d) Re=1000 v, /5 N
. Q‘A 0.33 0.44 0.55 0.66 0.77 0.88 0.99 8 Qb 0.33 0.44 0.55 0.66 0.77 0.88 0.99 —y o, 0.33 0.44 0.55 0.66 0.77 0.88 0.99 LB L\ 0.33 0.44 0.55 0.66 0.77 0.88 0.99
=S | =8 BN SN
& & = = &8 = 3§
Y : A S Y : Y ;
* N NN * Q v O H
v o = Oy NN E=ENN
§ 02 04, 06 08 v 0 02 04, 06 08 ? 0.2 0.31//)/0.6 0.8 v 0.2 0.4y/yo.6 0.8
; ;

Re=813 Y,/5 NN Re=813 Y,/5 NN Re=813 Y,/5 N Re=813 Y, /3
o~ B qx. 0.33 0.44 0.55 0.66 0.77 0.88 0.99 8 Qb 0.33 0.44 0.55 0.66 0.77 0.88 0.99 o B o, 0.33 0.44 0.5 0.66 0.77 0.88 0.99 B8 L- 0.33 0.44 0.55 0.66 0.77 0.88 0.99
S 5O =S SN
AL . PN e = = & =
. 2 S R LN
Ay \ N N Y \ Y ‘%
* N H NI * N v O H
SIS fJ0 S\ AU SV S S S T\ ) SPGNS S SV SN SN = Qg
§ 02 04, 06 08 v 0 02 04, 06 08 ? 0.2 0.31)/)/0.6 0.8 v 0.2 O'fV/YO'G 0.8

; ;

Re=699 Y,/5 N Re=699 Y,/5 NN Re=699 Y,/5 N Re=699 Y,/3
o 8 “L. 0.33 0.44 0.55 0.66 0.77 0.88 0.99 w8 Qb 0.33 0.44 0.55 0.66 0.77 0.88 0.99 — o, 0.33 0.44 0.55 0.66 0.77 0.88 0.99 a8 A,. 0.33 0.44 0.55 0.66 0.77 0.88 0.99
s. “'qu« = Q'l\xr _ < Q'zv < Q'zu _
RN EESIRN) -y B RSN -
AT —— Y — ;S K A S
* Q H NN * N v O H
v O ROt 0 Okt 1] = Qg
= 02 04, 06 08 v 0 02 04, 06 08 = 02 04,,06 08 v 02 04,,06 08
v il v VY, VY,

Re=389 Y,/5 NN Re =389 Y,/5 NN Re=389 Y,/5 N Re=389 Y,/3
~ 8 QAA 0.33 0,44 0.55 0.66 0.77 0.88 0.99 — Qb 0.33 0.44 0.55 0.66 0.77 0.88 0.99 8 & 0.33 0.44 0.55 0.66 0.77 0.88 0.99 w8 A,. 0.44 0.55 0.66 0.77 0.88 0.99
s._ NN N = O = Q'zv
= i - =S EERN
A “@’ = A Q@ A Q@*
* N v O v O
v Oy = Oy = Qg
= 02 04, 06 08 v 0 02 04,,06 08 v 02 04,,06 08
v i WY, WY,

FIG. 12. (a) and (b) (tke*)|y, and (tke)|y, under self-similarity framework for cases 1—4. (c) and (d) Corre-
sponding results under y/Y; framework for comparing. The line color corresponds to the turbulent/non-turbulent
(T/NT) interface height.

to the interface and the upper boundary of the logarithmic region. The definition of elfjg is given in
Eq. (10).

As shown in the Fig. 12, the reconsidered TKE, (tke*)|y, has been displayed under the y’
[Fig. 12(a)] and y/Y; [Fig. 12(c)] frameworks for the four cases. The same algorithm is used for
the results of the local interface height dimensionless framework. The original conditional statistics
of TKE, (tke)|y,, are also presented in Figs. 12(b) and 12(d) for comparison. The logarithmic
region and below, as well as the region close to the interface, are excluded from the discussion.
Therefore, these two regions are not presented here. Compared with (tke)|y,, the differences in TKE
based on the interface height conditions are dismissed in the Figs. 12(a) and 12(c). In these two
kinds of frameworks, the reconsidered TKE based on the energy superposition effect presents a
consistent distribution. The consistency of the results under the self-similarity framework is better.
This suggests that the self-similarity framework better reveals the self-similar behavior of TKE.
It verifies the energy superposition effect based on the spatial structural characterization from the
experimental database.

IV. CONCLUSIONS

From the perspective of the T/NT interface, the outer-layer self-similarity in turbulent character-
istics is investigated from three aspects: the raw velocity, the spatial configuration characteristics of
the structures, and TKE based on the energy superposition effect.

The database underpinning the results is the TBL experimental data obtained by PIV at the low to
moderate Reynolds number range. The large field of view stitched by four cameras makes this paper
possible. The main idea in this paper is to reveal the outer-layer self-similarity from the perspective
based on the T/NT interface. The L-TKE criterion is used to detect the T/NT interface. The statistical
characteristics of the T/NT interface height are investigated at low to moderate Reynolds number
range (Re; = 389-1000). The normal fluctuation of the interface in the intermittent region results
in the normal distribution of the interface height. The intermittency in the outer region prompts the
consideration of velocity decomposition methods according to the fluctuation of the T/NT interface.
The triple velocity decomposition with the middle interface-based components i(y, ¥;) and (y, Y;)
is introduced. The turbulent fluctuations introduced by the interface-based velocity decomposition
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ensure that the statistical results are not misguided by the traditional Reynolds decomposition in the
intermittent region.

The interface-based conditional raw streamwise velocity profiles are studied. The velocity
profiles have similar distributions under different interface conditions in the traditional wall configu-
ration. The T/NT interface perspective provides an observation position to further investigate similar
characteristics in the outer region. The results normalized by the boundary layer thickness show no
differences under different interface conditions in the logarithmic region and below. Normalized
by the local interface height, it is also found that the region close to the interface is not subject
to interface conditions. The self-similarity relation y’ = fy.(y) is given based on the exponential
configuration, which emphasizes that the self-similarity relates to the wall-normal coordinates and
the local interface height. This self-similarity relationship specifies the statistical association of the
outer region features normalized according to the interface. The relationship is applicable in the
low to moderate Reynolds number range (Re; = 389-1000). In this paper, we pay attention to the
self-similarity in the region which is above the logarithmic region and does not include the region
affected by the T/NT interface. The definition of the region relying on the interface is according to
the inflection point of the raw velocity profile. The mean scale of the region dominated by the T/NT
interface is 0.096.

The self-similar spatial distribution trend of the outer-layer structures is investigated. The results
show similar spatial correlation contours at the corresponding wall-normal reference heights. The
spatial two-point correlation emphasizes the spatial coherence of the turbulent fluctuations and
reflects the spatial features of turbulent structures. The structural scale in the outer layer is measured
with the criteria that the correlation coefficient is > 0.5. From the y’ and y/Y; frameworks, the
structural scales at the corresponding reference heights exhibit good consistency for different
interface height conditions. As the structures away from the wall, the wall-normal scale increases.
Then the scale reaches its maximum. It decreases as it approaches the T/NT interface. This pattern
of structural scale distribution is consistent with the knowledge gained so far on the wall frame vs
the interface frame. The wall-normal scale variation of the outer-layer structure is fitted using the
quadratic function. In the current Reynolds number range, the coefficient a is 0.70 & 0.02 and b is
0.07 £0.01.

The conditional statistics of the TKE show a monotonically decreasing trend as the interface
height increases. For the low-interface conditions, the TKE is higher than that for the high-interface
conditions in the outer region. The static pressure in the turbulent region for the low-interface
condition is lower than that in the non-turbulent region [22]. This leads to the interface height
being lower than its mean value and the structure-based superposition effects of TKE. The energy
superposition effect is specified with the reference to the spatial characteristics of the outer region
structure. The effect is introduced in the region that is above the logarithmic region and far away
enough from the interface. According to the energy superposition effect, the TKE is reconsidered.
First, low interfaces imply stronger superposition effects, while high interfaces lead to the reduction
of the energy superposition. Second, the effect is more obvious as it moves away from the wall and
is diminished as it approaches the T/NT interface. The results reveal that the reconsidered TKE of
the structure is self-similar at the corresponding reference height. The consistent distribution of the
reconsidered TKE is observed for results based on both the self-similarity framework as well as
the local interface height framework. It should be emphasized that the self-similarity framework
better reveals the self-similar behavior of the TKE. The structure-based energy self-similarity
augments the structural connotations of interface-based self-similarity properties of the outer-layer
intermittent region.
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FIG. 13. The sample number for different interface locations.

APPENDIX: CONVERGENCE

The interface-based conditional statistics are accurate to spatial resolution of PIV. Therefore, it
is necessary to consider the convergence of the database.

The total number of samples at all interface heights for the four cases is given in Fig. 13. The
smallest number of samples is the lowest interface position of Case 3 (5859 samples), while all the
sample numbers of other interface positions are ~10* or more. The maximum sample number is
>10°. In the range {[E(Y;) — 20 (Y;)]/8, [E(Y;) + 20 (Y;)]/6}, the sample numbers are all > 10°.
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FIG. 14. Verification of convergence of conditional mean raw velocity. Blue line: The lowest interface
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FIG. 15. Verification of convergence of conditional mean turbulent kinetic energy. Blue line: The lowest
interface location. Red line: The highest interface location. Green line: The mean interface location. The frame
number of conditional statistics: 9858, 16430, 29 574, and 42 718 frames, respectively. The dashed lines are
the partial sample results, and the solid lines are the total sample results.

Figures 14 and 15 illustrate the convergence of the conditional mean raw streamwise velocity
and TKE for different interface locations. Figures 14 and 15 show the four cases in the vertical
column. The number of samples participating in the statistics gradually increases in the horizontal
row direction. Figure 14 shows the results for all interface conditions captured in the field of
view. Figure 15 shows the results only in the range of {[E(Y;) — 20 (Y;)]1/8, [E(Y;) + 20 (Y;)]/6}.
The lowest (blue line) and highest (red line) interface locations, as well as the mean interface
location (green line), are selected for reference. The lowest and highest interface locations are
the most difficult to converge because of the Gaussian distribution of the interface. Convergence
validation is performed by increasing the number of statistical samples. The control group is the
whole sample (49 290 frames). The dashed lines are the partial sample results, and the solid lines are
the total sample results. When the number of statistical frames reaches 42 718 frames, the results are
consistent in the control group for the four cases. This means that the convergence of the conditional
statistics can be guaranteed.
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