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The effects of directional riblets surfaces on the turbulent/non-turbulent (T/NT) interface in turbulent boundary layers are
experimentally investigated using two-dimensional time-resolved particle image velocimetry (PIV). The velocity field of
streamwise—wall-normal plane for the smooth surface, converging and diverging riblets surfaces are measured. The interface is
detected using the criterion of local kinetic energy. The statistical properties of interface height and conditional averaged velocity
for different surfaces are analyzed. It is shown that, the converging and diverging riblets surfaces have little effect on the fractal
dimension of the T/NT interface, but they cause the intermittency profile deviate from error function and the probability
distribution of interface height deviate from Gaussian function. To be specific, the distribution of interface height for the
converging riblets surface shows a positive skewness while it shows a negative skewness for the diverging riblets surface.
Moreover, the conditional averaged streamwise velocity and spanwise vorticity across the interface are analyzed, and it is found
that their self-similarities are preserved for different surfaces when normalized with respective friction velocity. The correlation

analysis reveals that near-wall streamwise velocity fluctuation and interface height show a negative correlation.
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1 Introduction

Turbulent/non-turbulent (T/NT) interface is the boundary
between turbulent flow and irrotational flow. The T/NT in-
terface exists in many kinds of flow fields such as turbulent
patches in atmosphere, combustion flame front, impinging
jets, turbulent wake, turbulent boundary layers, etc. The in-
vestigation of T/NT interface mainly focuses on the geo-
metrical and dynamical properties.

The geometrical properties of the T/NT interface mainly
contain intermittency profile, probability distribution of in-
terface height, fractal-like properties of the interface, etc.
Early work with hot-wire data, one cannot get the informa-
tion of interface height from velocity signals of only several
measurement points. They can only give the intermittency
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profile along the wall-normal direction through velocity
fluctuation. Corrsin and Kisteler [1] pointed out that the
cumulative distribution of interface height is equivalent to
the intermittency distribution, such that one can take the
derivative of intermittency to get the distribution of interface
height from hot-wire signal. With the development of direct
numerical simulations and flow field measurement technol-
ogies, it is possible to obtain the instant geometric shape of
T/NT interface. Mistry et al. [2] obtained the distribution of
T/NT interface position of an axisymmetric jet using particle
image velocimetry (PIV) and planar laser-induced fluores-
cence (PLIF). They found that the radial position of T/NT
interface at different streamwise location shows self-simi-
larity when normalized by the local jet half-width. Similar to
axisymmetric jet flow, the distribution of T/NT interface
position in axisymmetric turbulent wake also shows self-
similarity when normalized by wake width (Zhou and Vas-
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silicos [3]). In the investigation of turbulent boundary layer,
Borrell and Jiménez [4] pointed out that the distribution of
interface height is related to the threshold chosen in interface
detection. The mean position of interface decreases with the
increase of threshold. Corrsin and Kistler [1] found that the
thickness of intermittency zone is in the order of boundary-
layer thickness, they also suggested that there is a viscous
diffusion region and the thickness of which was estimated to
be the order of Kolmogorov scale. The multiscale char-
acteristic motivates the investigation of fractal-like proper-
ties of the T/NT interface (Sreenivasan et al. [5]). de Silva et
al. [6] studied the fractal dimension of T/NT interface in
turbulent boundary layer at high Reynolds numbers (Re=
7900, 14500). They found that the fractal dimension is in-
dependent of Reynolds number. Besides, the threshold and
the coarse graining process have little effect on fractal di-
mension.

The investigation on dynamical properties is based on the
conditional averaged flow field across the interface. Corrsin
and Kistler [1] proposed a hypothesis that there is a step
change in velocity across the T/NT interface. In later work,
the velocity jump is observed in wake flow, turbulent jet,
turbulent boundary layer, etc. [7-9]. Corresponding to ve-
locity jump there is a spanwise vorticity peak near the T/NT
interface. Bisset et al. [7] investigated the far wake behind a
thin flat plate using direct numerical simulations. They found
that the velocity jump and spanwise vorticity peak appear
around the interface within 0.1 of wake width. Westerweel et
al. [10] found that the velocity jump in axisymmetric jet flow
is about 9% of the center-line velocity. In the investigation of
turbulent boundary layer, Chauhan et al. [11] found that the
velocity jump with the value close to friction velocity ap-
pears at all Reynold number investigated.

There are many literatures investigating the T/NT interface
at different Reynold numbers, but the effects of near-wall
characteristics on the T/NT interface are not considered.
Riblets surfaces, as a typical non-smooth wall, having ability
to reduce the skin-friction drag, have received vast attention
since 1980s [12—15]. Experimental (Bechert et al. [16]) and
numerical (Martin and Bhushan [17]) studies have found that
riblets surfaces can achieve skin friction reduction up to 10%
with optimal normalized parameters (riblets spacing s =15
—20, height-to-spacing ratio A/s=0.5—0.7). There are two
main explanations for drag reduction mechanism. The first
explanation is that streamwise-aligned riblets reduce span-
wise turbulent momentum transfer near the surface leading
to a skin-friction reduction (Bechert et al. [16]). The other
explanation is that when the spacing is appropriate, the rib-
lets can achieve drag reduction by lifting the streamwise
vortices away from the surface (Choi et al. [18]). Most of the
literatures on riblets surfaces have been focused on the
streamwise-aligned riblets. There are seldom literatures on
other kind of arrangement (such as converging and diverging
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pattern (abbreviated as C-D pattern hereafter)). Koeltzsch et
al. [19] investigated the effect of C-D riblets pattern in a fully
developed turbulent pipe flow. The result shows that the tiny
surface modification significantly influenced the mean ve-
locity field. Nugroho et al. [20] investigated the C-D riblets
pattern in turbulent boundary layer using hot-wire mea-
surements. They found that converging and diverging riblets
surfaces lead to a significant change in streamwise velocity,
fluctuation intensity and boundary layer thickness. They also
indicated that the riblets yaw angle, normalized riblets height
and development length over the C-D riblets surfaces are the
main parameters. Kevin et al. [21] investigated the velocity
field in cross-stream plan using sterecoscopic PIV and found
that over the converging regions, there is a positive vertical
flow, while over the diverging regions there is a negative
vertical flow. The secondary flow induced by C-D riblets
causes the differences in mean velocity and velocity fluc-
tuation intensity, which will also affect the engulfment pro-
cess. Cui et al. [22] investigated the population of prograde
vortices and its contribution to the mean shear on converging
and diverging riblets surfaces. They found that the diverging
riblets surface reduces the population of prograde vortices
which contribute significantly to the mean shear such that the
diverging riblets surface can reduce the skin-friction drag.
All these studies on both streamwise-aligned riblets and C-D
riblets pattern surfaces have mainly focused on the friction
velocity, flow structure near the wall, velocity and fluctua-
tion intensity. But whether the near-wall characteristics will
affect the properties of T/NT interface, the connection be-
tween skin-friction drag and the interface properties are not
investigated.

The main purpose of present study is to reveal the effects
of riblets surfaces on the properties of T/NT interface. The
structure of this paper is organized as follows: The experi-
mental setups and the geometry parameters of the models are
introduced in Sect. 2. The basic flow fields of smooth sur-
face, converging and diverging riblets surfaces are briefly
presented in Sect. 3.1. Sect. 3.2 introduces the interface de-
tection method used in this investigation and the overall
characteristics of the T/NT interface. Sects. 3.3 and 3.4
compare the differences in statistical properties and condi-
tional averaged velocity field among smooth surface, con-
verging and diverging riblets surfaces. Sect. 3.5 analyzes the
correlation between near wall streamwise velocity fluctua-
tion and interface height. A summary of main conclusions is
presented in Sect. 4.

2 Experimental setups
Experiments were conducted in a low-speed recirculation

water channel with a test section of 700 mmx600 mmx3000
mm (heightxwidthxlength). The free-stream velocity was set


SEC3.1
SEC3.2
SEC3.3
SEC3.4

216 Wu D, et al.

at U,=194 mm s”', with the corresponding free-stream tur-
bulence intensity 7u<0.6%. The three models are smooth
surface, converging and diverging riblets surfaces flat plates.
The size of models is 20 mmx600 mmx2400 mm (thick-
nessxwidthxlength). The flat plate with a 10:1 slant leading
edge was horizontally positioned on the bottom of the water
channel. A tripping wire with the diameter of 3 mm was used
to accelerate transition. The measurement station was
1850 mm downstream the tripping wire. The measurement
plane was 300 mm from the sidewall of the channel, far
enough to be free from the effect of sidewall whose boundary
layer thickness is less than 30 mm. A schematic of conver-
ging riblets surface flat plate is given in Figure 1(a). A de-
finition of several important parameters is also given in
Figure 1(a). The riblets yaw angle is defined as the angle
between extension cord of the riblets on the right side and the
flow direction. The riblets yaw angle of converging riblets
surface is a=15°, while the diverging riblets surface is a=
—15°. A detailed view of the riblets cross-section is given in
Figure 1(b). The riblets spacing s=1.932 mm, height 4=1.5
mm and tip angle f=60° are fixed for both converging and
diverging riblets surfaces. A 0.2 mm flat exists in the riblets
trough due to chamfered tip of the CNC cutter. The aim of
our study is to investigate the effects of converging and di-
verging riblets surfaces on properties of T/NT interface. The
small flat has not much influence on our investigation here.
In the following, the streamwise, wall-normal, and spanwise
are represented by x, y, z respectively, and u, v and w re-
present the corresponding velocity component. The subscript
“c” donates quantities of the conditional average. The sub-
script “i” donates quantities at the interface.

The flow field in the middle plane of side view (x, y) was
measured by the 2-D time-resolved PIV system. The flow
field was illuminated by a high-frequency double-pulsed
laser (Beamtech Vlite-Hi-30k) with output energy of 30 mJ/
pulse and highest frequency of 3 kHz. The tracing particles
were hollow glass beads with median diameter of 10 pm and
density of 1.05 g cm . A high-speed CMOS camera with a
spatial resolution of 2048x2048 pixels in together with a
90 mm lens were used to capture the particle images. The
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sampling frequency in the experiments was 500 Hz. The
field of view (FOV) was 98 mmx98 mm (2.16x2.16 for
smooth surface boundary layer) corresponding to the mag-
nification of 0.045 mm pixil. For each case, 5 repetitions of
continuous PIV sampling were made with 5456 frames
captured each time. Corresponding to a total ensemble of
more than 27000 snapshots for each case, large enough for
the convergence of statistics. The multi-pass iterative Lucas-
Kanade (MILK) algorithm (Champagnat et al. [23]; Pan et al.
[24]) was applied to calculate the velocity vector fields. The
interrogation window for the final pass was 32 pixelx
32 pixel with an overlap of 75%.

3 Results and analysis

3.1 Velocity measurements

The details of experimental cases and basic flow fields can
be found in Cui et al. [22]. We will only briefly discuss here.
For the smooth flat plate, the friction velocity can be ob-
tained with Clauser fitting method. For the converging and
diverging riblets surfaces, owing to the offset of origin, the
Clauser fit method cannot be used directly. Nugroho et al.
[20] used a modified Clauser technique to estimate friction
velocity.

u+:%1n)7++B—Au+, (1)

where y is defined as the wall-normal distance from the crest
of riblets (y) plus the offset due to roughness (3,), Au" is a
positive number for drag increasing surfaces, and a negative
number for drag reduction surfaces. By performing differ-
ential on both sides of eq. (1) we can get

Au _u, 1

Ay Kk yty 2)

The offset due to roughness (y,) and friction velocity (u,) of
converging and diverging riblets surfaces fitted by eq. (2) are
presented in Figure 2. The characteristic boundary layer
parameters are listed in Table 1. The velocity field of smooth
surface shows good agreement with Clauser fit which means
the flow in the FOV is fully turbulent. For converging riblets

60°
1.932 mm \Q/

0.2 mm-He

Cross section

Figure 1 Sketch of experimental model and definition of the coordinates (Cui et al. [22]). (a) Schematic drawing of the converging riblets surface flat plate;
(b) sketch of riblets cross-section. The riblets in (a) are enlarged in scale for clarity.
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25 experiments, the threshold of smooth surface was set to be

ky,=0.2. For the converging and diverging riblets surfaces, we

20t | cannot find a threshold k;, which can meet both conditions.

Since the free-stream turbulence intensity and velocity field

calculation algorithm of riblets surfaces are the same with

i ] smooth surface. The threshold of smooth surface with the
2 same free-stream velocity was used.

10} , e Smooth An example of instantaneous interface over smooth sur-

e -8~ Convergence face.ls given in Figure 3. The backgr.oul.ld contours represent

st ’/’ . - b~ Divergence ) the instantaneous streamwise velocity in company with the

P ---utEy T/NT interface gives in black lines. The T/NT interface of a

R — w'=1/Kn(y" )+ B three-dimensional turbulent boundary layer should be a two-

o0 0 10 00 dimensional surface. The interface we detected from the two-

y

Figure 2 (Color online) Profiles of the ensemble-averaged streamwise
velocity (Cui et al. [22]). Symbols show the smooth surface (0); converging

riblets surface (O); diverging riblets surface (>). Solid lines give the
Clauser fit.

surface, Au is positive (Au'= 5.67) and the friction velocity
u, is bigger than smooth surface. Meanwhile, the turbulent
boundary layer thickness is increased. As for diverging rib-
lets surface, the roughness function Au’ is negtive (Au'=
—3.03) and the friction velocity u, is smaller than smooth
surface. For the diverging riblets surface, the turbulent
boundary layer thickness is reduced. The difference in
roughness function suggests that the wall drag is increased
over converging riblets surface and decreased over diverging
riblets surface.

3.2 Detection of T/NT interface

The T/NT interface is detected using a kinetic energy (KE)
criterion proposed by Chauhan et al. [25]. The local kinetic
energy is defined as

-~ 1 1
k=100x57 >

© m,n=—1

(U~ U+ 3)

Above the interface, in the non-turbulent region, § would
be a very small value. Below which,  would increase with
the normal distance from the interface. Such that ; forms a
good indicator in the detection of T/NT interface. The de-
termination of threshold ., has also been given by Chauhan
et al. [25]. The threshold should meet both conditions: the
distribution of intermittency agrees with an error function,
the mean position of interface (Y;) and standard deviation (o;)
satisfy Y;+30;~0 (J is the boundary layer thickness). In our

dimensional velocity field is the intersecting line of the two-
dimensional surface and the streamwise—wall-normal
plane. In our FOV, the interface height varies significantly
along the streamwise direction, forms bugles and valleys.
Meanwhile, there are small-scale wrinkles at the interface.
These large-scale and small-scale structures lead to multiple
interface height at several streamwise locations. The inter-
face convects downstream, meanwhile the interaction be-
tween the potential flow and turbulent flow at the interface
will result in deformation of the interface.

3.3 Detection of T/NT interface

In the FOV, the small riblets (4/6~0.03) have caused a sig-
nificant difference in boundary layer thickness and near wall
flow structure. Such as the boundary layer thickness of
converging riblets surfaces is thickened by 40% and the
friction velocity is enlarged (Table 1). In this section, the
effect of riblets surfaces on statistical properties of T/NT
interface will be studied.

The instantaneous T/NT interface height can be caught by

evaluating the isoline of local kinetic energy k = k,,. Since

the streamwise distance is small (about 2J) and the turbulent
boundary layer is fully developed, the mean velocity profile
can be assumed the same in our FOV. For better statistical
convergence, the interface height at different streamwise
locations are all considered. The probability density function
(p.d.f.) of interface height for smooth surface, converging
and diverging riblets surfaces are shown in Figure 4. For
smooth surface, except for the deviation of very few points,
the p.d.f. agrees well with Gaussian function. The mean in-
terface height is ¥;=0.679 and the standard deviation is o;
=0.136. The T/NT interface of smooth surface located in the

Table 1 Summary of the characteristic boundary layer parameters (Cui et al. 2017)

Case U, (mm/s) [ u, (mm/s) 0 (mm) s h Re, Rey
Smooth 194.3 0 9.3 46.3 - - 483 892
Convergence 194.6 15° 12.2 66.1 26.3 20.4 903 1242

Divergence 194.2 —-15° 8.6 45.4 18.5 14.4 422 739
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Figure 3 Streamwise velocity field (background contours) in comparison
with T/NT interface (black lines).

range of 0.3—1.00 (corresponding to 0.37—1.27d49). The mean
interface height and standard deviation agree well with
previous data listed in Table 2. For better comparison, the
normalization with 0 and dgy are both given. The Reynolds
number in present experiment is smaller than previous work
(as seen in Table 2). The agreement expands the range in
which the distribution of interface height is independent of
Reynold number. For converging riblets surface, the mean
interface height is ¥;=0.63 (Figure 4(b)), much smaller than
smooth surface; meanwhile the standard deviation is
0=0.146 (Figure 4(b)), slightly larger than smooth surface.
More importantly, the distribution of interface height for
converging riblets surface deviates from Gaussian function,
it shows a significant positive skewness of Skew;=0.66,
which makes the peak of p.d.f smaller than the mean inter-
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face height. As for diverging riblets surface, the mean in-
terface height is ¥;=0.580, also much smaller than smooth
surface, while the standard deviation is similar (6;=0.130).
The distribution deviates from Gaussian function as well and
shows a slight negative skewness of Skew;=—0.10, which
makes the peak of p.d.f slightly larger than the mean inter-
face height. The mean common flow up over converging
riblets surface (Kevin et al. [21]) will lift the instantaneous
interface, result in the positive long tail in distribution of
interface height. While the mean common flow down over
diverging riblets surface will diminish the interface, results
in a negative skewness.

The method to get the turbulent and non-turbulent region
has been introduced in Sect. 2.2. Binarizing the velocity
matrix by assigning the turbulent region to be 1, and the non-
turbulent region to be 0. The intermittency profile can be
calculated by taking ensemble average of the binarized ma-
trix at different wall-normal position. It is shown in Figure 5
that the intermittency profile of smooth surface does agree
well with error function, which confirms the statistical
properties we got before. As for converging and diverging
riblets surfaces, the intermittency profiles deviate from error
function, which are in accordance with deviation from
Gaussian function of interface height. The physical wall-
normal height for the converging riblets surface with inter-
mittency y=0.5 is larger than smooth surface, while which is
smaller for the diverging riblets surface. However, when
normalized with respective boundary layer thickness, wall-
normal positions with y=0.5 of both converging and diver-
ging riblets surfaces are smaller than smooth surface, which
are caused by the significantly thickened boundary layer

(@) (b) ", © i
3.0 : = Smooth 3.0 - . o 1.0 - . b
y=0675 : ot ¥ 0_%3;34‘ . > ¥=0.585 L
25 oly)=0.136 2.5 {;(:'), ,D & > 5[ oly)=0.135 P
—~ 20 = 20 ew> o 20 Skew<0 = i *
= Skew=0 2 o4 L
= 15 15 o 15 . >
k=] ° H
= 1.0 1.0 ° . 1.0 N .
05 0.5 N : % 0.5 i :
0 H 0 cc‘:\cccmf’dJj i %tbftm 0 R : -
0 02 04 06 08 10 12 0 02 04 06 08 10 12 0 02 04 06 08 10 12
s o o

Figure 4 The probability density function of interface height. Symbols show the (a) smooth surface (0); (b) converging riblets surface (O); (c) diverging

riblets surface (>). Dashed line represents the mean interface height.

Table 2 Comparison of mean interface height and standard deviation

Case Re, Yi/o 0i/0 Yi/0o9 0i/dg9

Corrsin and Kistler [1] <2000 - - 0.80 0.16

Eisma et al. [26] 2053 - - 0.90 0.18
Chauhan et al. [10] 2700-22000 0.67 0.11-0.13 - -
Chauhan et al. [25] 14500 0.67 0.11 - -

Present work (smooth) 483 0.67 0.13 0.82 0.16
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Figure 5 (Color online) Intermittency profile. (a) Normalized by smooth surface boundary layer thickness; (b) normalized by respective boundary layer
thickness. Symbols show the smooth surface (0); converging riblets surface (O); diverging riblets surface (). Solid lines give the error function. Dashed lines

give y=0.5 and the corresponding height.

thickness for the converging riblets surface and slightly
thinned for the diverging riblets surface. It should be noted
that since the intermittency profiles deviate from error
function, the position with y=0.5 is no longer the mean po-
sition of interface height, it only represents the wall-normal
position of flow with equal possibility at turbulent and non-
turbulent state.

The fractal characteristics in turbulence were first sug-
gested by Mandelbrot [27] who pointed out that the turbulent
eddies may have fractal characteristic at high Reynolds
number. Sreenivasan et al. [28] was the first one who found
fractal characteristics in T/NT interface. The fractal dimen-
sion is related to the complexity of the interface. The en-
trainment per unit area is similar in all turbulent flows
(Townsend [29]), fractal dimension will represent the en-
trainment rate in different turbulent flow. The box-counting
algorism proposed by Prasad and Sreenivasan [30] is used
here to calculate the fractal dimension of T/NT interface:
divide the two-dimensional field into square boxes of a
certain size (b/0), the minimum number of boxes N(b) nee-
ded to contain all the instantaneous interface is recorded. The
process is repeated at each frame for a sequence of box size.
In an appropriate range, the average value of box size b/6 and
box number N will satisfy No(b/6) °, in which D is the
fractal dimension. When plotted in log-log coordinate, b/
and N will be linear-like and the slop will be fractal di-
mension D. Figure 6 shows the fractal dimensions of smooth
surface, converging and diverging riblets surfaces. The range
we used for linear fit is given in Figure 6 by dashed lines. For
all three surfaces, the fractal dimension kept the same at D =
—1.22 corresponding to D; = 2.22 in three-dimension ac-
cording to the co-dimension rule proposed by Mandelbrot et
al. [31]. de Silva et al. [6] experimentally obtain the fractal
dimension D; =2.3 in turbulent boundary layer at Reynold
number Re,=14500. The fractal dimension obtained here is
relatively smaller, which may be owing to the low Reynolds
number here. The large scale and small scale is not suffi-
ciently separated.

10° . . :
. . 2 Smooth
o9 : : O Convergence
] 1 1
! ! > Divergence
W Slope=-1.22 | — Slope=-1.22
102} . 4
1 :
: :
z : i
1 1
| : T
10°F ! , 3
1 1
1 1
1 1
1 1
1 1
1 1 [ 3
i i
100F ! , [ o w4
102 1017 100

rlé

Figure 6 (Color online) The fractal dimension of different surfaces.
Symbols show the smooth surface (0); converging riblets surface (O);
diverging riblets surface (). Dashed lines represent the range used for
linear fit.

3.4 Conditional averaged velocity

The statistical properties of interface height have been ana-
lyzed in Sect. 2.3. The change of distribution of interface
height will influence the flow field near the interface. In this
section, the conditional averaged velocity profiles of differ-
ent surfaces are analyzed. For every streamwise position at
each frame, new coordinates are built by putting the origin at
interface position, while the coordinate direction is kept the
same. The velocity vectors in the vicinity of interface can be
collected in a new matrix. Then an ensemble average is made
to generate the conditional averaged velocity fields. As seen
in Figure 3, at some streamwise position the interface has
multiple values. Only the lowest one is considered to make
sure that the flow is fully turbulent below the interface
(Chauhan et al. [25]).

Figure 7 shows the conditional averaged streamwise ve-
locity profiles of different surfaces. Above the interface in
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' Table 3 Comparison of velocity jump and vorticity peak
0.15 -=- Smooth
—&- Convergence Case Du/U,, Du/u, 0,/0 (dug//?}})m‘“ (duc(;;iiz Imax
0.10F —+- Divergence bl i
Smooth 4.0% 0.83 0.034 1.16 24.2
0.05 Convergence  5.0% 0.80 0.033 1.49 23.9
% 0 - i Divergence 3.5% 0.80 0.033 1.08 24.5
, A e
= AT
_005- i w27 Du . . ..
) y»é;’ﬁﬂ’ Cal are listed in Table 3. Even though the conditional averaged
0.10 ,,,v‘;afa,a@@f velocity profile is different, the velocity jump keeps the same
e » . . . . .
o s when normalized by respective friction velocity. Whereas if
_0.15 Fy"’ H{';,z" normalized by free-stream velocity, the velocity jump for the
P o 1 L . . .
Yy o0 15 0 05 0 conyergmg rlb}ets §urfa.ce is larger than smooth surface,
(u-U)u. while for the diverging riblets surface is smaller.

Figure 7 (Color online) Conditional averaged streamwise velocity with
respect to the wall-normal distance from the interface. Symbols show the
smooth surface ([); converging riblets surface (O); diverging riblets sur-
face (). Dot dash line represents the new x-coordinate. Dashed lines re-
present the linear fit of conditional velocity profile on both sides of the
interface.

the non-turbulent region, the velocity gradient is very small,
while below the interface in the turbulent region, the velocity
gradient is relatively larger. A velocity jump appears in the
vicinity of the interface for all three profiles, which corre-
spond to a peak in velocity gradient. Chauhan et al. [11] have
shown the conditional averaged velocity profiles at different
Reynolds numbers. The conditional mean streamwise velo-
city at the interface is similar to each other, while the dif-
ference exists in the region of —0.01<(y—y,)/0<0.05. The
riblets surfaces, however, caused the difference in stream-
wise velocity in the whole wall-normal position around the
interface. We calculated the velocity jump of all three sur-
faces using the method proposed by Chauhan et al. [25]: the
distance between intersection points, formed by the new x-
coordinate with linear fit of conditional velocity profiles on
both sides (Du, shown in Figure 7). The velocity jump of
smooth surface, converging and diverging riblets surfaces

-=-Smooth
-e-Convergence
-+-Divergence

10 15

wzdll

The thickness where the velocity jump occurs can be de-
fined as
5 = Du,

@ (duc/dy) °
where Du, is the velocity jump, (du/dy)..x is the maximum
velocity gradient. The velocity jump occurs in turbulent
sublayer, which is much thicker than viscous superlayer
(Watanabe et al. [32]). So the thickness defined above can be
regarded as an approximate thickness of T/NT interface. The
interface thickness is independent of near-wall character-
istics (as seen in Table 3).

The conditional averaged spanwise vorticity is plotted in
Figure 8. Dashed lines represent the T/NT interface region.
Above the interface, the spanwise vorticity is close to zero,
which means the flow is basically irrotational. Below the
interface, the spanwise vorticity is approximately a finite
number. In the region of J,, the spanwise vorticity reaches a
peak. The maximum value of spanwise vorticity is listed in
Table 3. When normalized with U_/d, the spanwise vorticity
shows great difference. For the converging riblets surface,
the maximum value is much larger than smooth surface,
while for the diverging riblets surface is smaller. The dif-
ference in spanwise vorticity peak is in accordance with the
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Figure 8 (Color online) Conditional averaged spanwise vorticity with respect to the wall-normal distance from the interface. Symbols show the smooth
surface (O0); converging riblets surface (O); diverging riblets surface (). The dashed lines represent the thickness of interface. (a) Spanwise vorticity

normalized with U./d; (b) spanwise vorticity normalized with /6.
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velocity jump for different surfaces. Whereas, if normalized
with u,/d, the value agrees well with each other for different
surfaces (Figure 8(b)).

The consistency in velocity jump and vorticity peak nor-
malized with friction velocity for three surfaces inspired us
that the fiction velocity can be estimated by a new method:
The accurate estimate of friction velocity on riblets surfaces
is difficult for two reasons. The uncertainty of origin and the
wall reflection caused by riblets. For smooth surface, with
more satisfied velocity models and slighter wall reflection,
the friction velocity can be estimated much better. Such that
the friction velocity for converging and diverging riblets
surfaces can be calculated based on the consistency in ve-
locity jump and vorticity peak with smooth surface at the
same free-stream velocity. Friction velocity estimated with
data in intermittency region is free from wall reflection and
other near wall errors. The present experiments for different
surfaces were conducted at a single free-stream velocity, the
results are welcomed to be confirmed with more data at
different free-stream velocities.

3.5 Correlation analysis

Near wall streamwise velocity fluctuation intensity and flow
structures are significantly changed over converging and
diverging riblets surfaces (Cui et al. [22]). A correlation
analysis between interface height and velocity fluctuation (at
inner peak of streamwise velocity fluctuation intensity) is
conducted to reveal the mechanism of the effect of surface
shapes on properties of T/NT interface. The interface height
signal and streamwise velocity fluctuation signal at wall-
normal position y+z15 (inner peak) over smooth surface are
shown in Figure 9. The original signals are divided into
large-scale and small-scale components by an FFT based on
decomposition method with a cutoff length scale 4,=d. It can
be seen from Figure 9 that the large-scale components of
streamwise velocity fluctuation and interface height shows a
negative correlation, while the small-scale components
seems to be irrelevant to each other. It should be noted that to
make both signals distinct, the large-scale and small-scale
components of streamwise velocity fluctuation are moved to
the —y direction with Ay=0.4. To further illustrate the cor-
relation, the correlation coefficient between large-scale/
small-scale components of streamwise velocity fluctuation
and interface height (Ry Vi R”s'yks) at different cutoff wa-
velength are calculated. In Figure 10, the horizontal axis is
the cutoff length scale, while the vertical coordinate is the
correlation coefficient at this wavelength. Since the corre-
lation coefficient between large-scale/small-scale compo-
nent of streamwise velocity fluctuation and small-scale/
large-scale component of interface height (Ru;y.¢, Rugy,) is
close to 0 for all cutoff length scales, they were not shown in
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Figure 9 Near wall streamwise velocity fluctuation intensity signal (red
line) and interface height signal (blue line). The interface signal is nor-
malized with mean interface height Y;, streamwise velocity fluctuation is
normalized with free-stream velocity U,,. (a) Large-scale components; (b)
small-scale components.

Figure 10. When the cutoff wavelength is located between
0.020—10, the correlation coefficient of small-scale compo-
nent Rugy.g is close to 0, which indicates that the small-scale
components are random fluctuation of velocity and interface
height. The large-scale components of streamwise velocity
fluctuation and interface height show a significant negative
correlation with coefficient Ry;y, ~—0.2, which indicates
that the interface is above the mean position when negative
near wall velocity fluctuation occurs, while the interface is
below the mean position when positive near wall velocity
fluctuation occurs. The correlation analysis between inter-
face height and velocity fluctuation at inner peak over con-
verging and diverging riblets surfaces are also conducted.
The correlation coefficients of large scale components are
similar to smooth surface, which are also negative with the
value close to Ruyy, =—0.2. The negative correlation illus-
trates that the surface shapes not only affect the near wall
flow, but exist up to the edge of turbulent boundary layers.

4 Conclusions

The properties of T/NT interface over smooth surface, con-
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Figure 10 Correlation coefficient between large-scale/small-scale com-
ponents of near wall streamwise velocity fluctuation and interface height of

smooth surface. Red line represents coefficient Ru; Y, blue line represents
1

coefficient Ru Vg
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verging and diverging riblets surfaces were calculated with
2-D time-resolved PIV data. The effects of surface shapes on
statistical properties and conditional averaged velocity were
analyzed. The main conclusions are as follows.

(1) The surface shapes show a significant effect on the
statistical properties of the T/NT interface. The distributions
of interface height deviate from Gaussian function for con-
verging and diverging riblets surfaces. The mean interface
height is smaller than that of smooth surface for converging
riblets surface with a significant positive skewness, while it
is smaller with a slight negative skewness for diverging
riblets surface. Despite the significant difference in large-
scale characteristic wavelength the near-wall characteristics
show little influence on the fractal dimension of T/NT in-
terface.

(2) Velocity jump and vorticity peak are observed near the
interface for all three surfaces. When normalized with re-
spective friction velocity, the velocity jump and vorticity
peak are in consistent with each other, which indicates a new
method to estimate the friction velocity on riblets surfaces.

(3) Near-wall streamwise velocity fluctuation and interface
height show a negative correlation. The interface is above the
mean position when negative near wall velocity fluctuation
occurs, while the interface is below the mean position when
positive near wall velocity fluctuation occurs. The influence
of surface shapes extends to the edge of turbulent boundary
layers.
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