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Time-resolved particle image velocimetry (TRPIV) experiments are performed to investigate the coherent structure’s
performance of riblets in a turbulent boundary layer (TBL) at a friction Reynolds number of 185. To visualize the energetic
large-scale coherent structures (CSs) over a smooth surface and riblets, the proper orthogonal decomposition (POD) and
finite-time Lyapunov exponent (FTLE) are used to identify the CSs in the TBL. Spatial-temporal correlation is implemented
to obtain the characters and transport properties of typical CSs in the FTLE fields. The results demonstrate that the generic
flow structures, such as hairpin-like vortices, are also observed in the boundary layer flow over the riblets, consistent with
its smooth counterpart. Low-order POD modes are more sensitive to the riblets in comparison with the high-order ones,
and the wall-normal movement of the most energy-containing structures are suppressed over riblets. The spatial correlation
analysis of the FTLE fields indicates that the evolution process of the hairpin vortex over riblets are inhibited. An apparent
decrease of the convection velocity over riblets is noted, which is believed to reduce the ejection/sweep motions associated
with high shear stress from the viscous sublayer. These reductions exhibit inhibition of momentum transfer among the
structures near the wall in the TBL flows.

Keywords: turbulent boundary layer, riblets, proper orthogonal decomposition, finite-time Lyapunov exponent

PACS: 47.27.De, 47.27.nb, 47.85.1b, 47.85.1d

1. Introduction

Nature is full of examples of structures, materials, and
surfaces that can offer the inspiration for possible commercial
applications. During a period of four billion years evolution,
different kinds of creatures in nature are gradually exhibiting
their functional biological surfaces.I!! By investigating and
understanding the mechanisms of their features, we may be
able to reproduce these biological phenomena on demand.?!
For example, the super-hydrophobic and self-cleaning charac-
ter on the surfaces of a lotus leaf or rice leaves demonstrates
a remarkable effect on drag reduction; 3! birds have developed
streamlined shapes to improve their flying performance;[!! and
the scales covered on the shark skin inspire us potential ways
to reduce the drag in fluid flows. However, among all of the in-
spirations that nature provides us, including active and passive
controls to the turbulent flow,*7! shark-skin-inspired riblets
are one of the few techniques that have been successfully used
both in the laboratory and in the engineering application, to
reduce the skin friction in TBLs.!®! In the 1984 Olympic row-
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ing events, the riblets were used to raise the speed; in the 1987
and 2010 American’s Cup sailing competitions, the hulls of
the USA challengers were fitted with riblets. Both challengers
succeeded, although there is no proof whether riblets have any
real role (so far).[]

Early studies have been able to confirm about 6%—7%
drag reduction, '] up to 9.9% was achieved lately.[-!%13]
Several classes of riblets with easily manufactured shapes
have been investigated by numerous researchers, including tri-
angular, trapezoidal, rectangular, and circular-segment, and
the studies of drag-reduction, as well as heat transfer, were
conducted.!'*! Previous results showed that the best drag re-
duction performance was achieved with longitudinal blade ri-
blets when they were aligned in the flow direction. [10-1]

Vortical structures have gained much attention recently,
because they are identified to play a predominant role in the
spatial organization and energy exchanges, thus providing us
different means to control them. Since initially proposed

[16

by Theodorsen,!!%! the importance of hairpin or horseshoe-

type vortices in the wall-bounded turbulent flows has become
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widely accepted. In the past few decades, numerous exper-
imental and numerical studies on CSs in the TBL have also
been carried out.!!”-18 Robinson summarised the structures he
commonly observed in direct numerical simulations: in the
region very close to the wall, quasi-streamwise vortices are
dominant structures; while in the wake region, arches or horse-
shoe vortices occur frequently, as well as a mixture of these
two kinds of structures in the logarithmic layer (see Fig. 1(a)).
Adrian et al.!"" firstly introduced the hairpin packet model to
the TBL, as shown in Fig. 1(b); they conceived wall-bounded
turbulence as a combination eddy, which was composed of a
hairpin body (head) and two relatively short counter-rotating
quasi-streamwise vortices (legs), with high/low-speed streaks
between the legs in the buffer layer. To date, the entire under-
standing of hairpin-like structures and even controlling them is
still a significant challenge, because the definition of the vortex
remains unambiguous. Very recently, Elsinga et al.?%?!! dis-
cussed the auto-generation events of the hairpins in the TBL
and turbulent channel flows, and found that the hairpin heads
can be located as close as y© = 30.

(a)

Fig. 1. (a) Robinson’s summary of structures found in the direct numer-
ical simulation of wall turbulence; '8 (b) Hairpin-packet paradigm by
Adrian ez al.!1)
Several identification methods have been proposed to
qualitatively describe the characterization of the coher-

rm, [22-24

ent structures, including the wavelet transfo 1 linear

stochastic estimation (LSE),/?>! conditional sampling, 2! and

[27] and

other techniques like the quadrant splitting methods
IQSM.[281 All of these are conditional techniques, encoun-
tering the same problem of the dependence on a conditional
criterion. Therefore, the proper orthogonal decomposition
(POD) method as first introduced to study turbulence by
Lumley,*! and finite-time Lyapunov exponent (FTLE) pre-

sented by Haller*%3!! appear as the most promising alterna-

tives. The POD is the first rigorous theoretical and mathemati-
cally unbiased approach for extracting CSs from the turbulent
flows, and FTLE is based on the trajectory of the particles;
both methods avoid the subjective threshold selection of the
Eulerian criterion.

The particle image velocimetry (PIV) technique can,
nowadays, measure the instantaneous velocity vector fields in
a specific plane or volume of the flows, returning many out-
standing results based on instantaneous and statistical struc-
tural analysis in the turbulent flows.[?"32734 This study is
thereby motivated to investigate the drag reduction mechanism
of riblets in detail using a time-resolved PIV (TRPIV) mea-
surement system. In this paper, POD and FTLE methods are
used to describe the topologies, spatial correlation, and con-
vection velocity of the CSs in the TBLs at a friction Reynolds
number Re; = 185. Several interesting results are found from
the application of FTLE to identify the coherent structures
over smooth and riblets surfaces, and the mechanisms of the
drag-reduction over riblets are studied from a different angle.

2. Experiment setup

The present experiment 1is conducted in the
recirculation-type water tunnel with a cross section of
0.15 mx0.14 mx1.3 m (heightxwidthxlength) at Tianjin
University; a TBL flow is developed along a horizontally
mounted flat acrylic plate at the free-stream velocity U, of
0.19 m/s. Two 1200-mm-long plates are prepared and used in
the test, one at each time. The leading edge is elliptic. One
plate is with smooth surface, while the other one is fabricated
with continuous saw-tooth riblets on its tail parts, with the
crests on the same plane with the upstream smooth wall. A
spanwise zigzag band is placed 150-mm downstream of the
leading edge to trigger the flow to a fully developed TBL. The
physical peak-to-peak spacing of riblets, s, is 1.4 mm (see
Fig. 2).

The working fluid is seeded with polyamide particles with
amean diameter of dj, ~ 10 um and a density of 1.05 gmm~3,
A schematic of the experimental facility is illustrated in Fig. 2.
The particles in the fluid are illuminated by a laser sheet with
a thickness of about 0.8 mm, generated by a double-cavity
Nd:YLF high repetition rate laser which is placed vertically
to the plate. Pairs of single-exposure images are captured on a
CMOS camera with a resolution of 1280 x 1024 pixels fitted
with the zoom lens. The experimental temperature is main-
tained at 17 °C, with the freestream turbulence intensity less
than 0.7%.

During the experiment, three sets of six thousand statis-
tically independent snapshots for the planar velocity fields in
a region of 101 mmx 81 mm (streamwisex wall-normal, x—
y) have been acquired with a sampling frequency of 250 Hz.
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The analysis process of the raw images is as follows: (i) firstly,
the subtraction technique is applied to remove the background
noise, eliminated the reflection of the light from the test plates;
(ii) then, an interrogation window of 32 x 32 pixels with a 75%
overlap rate is used for correlation calculation; and (iii) at last,
range validation and average filter techniques are used to re-

flow

[

move the noise from manufactured velocity fields. This whole
process is performed with the Dantec Dynamics software. The
velocity field has a spatial resolution of 0.643 mm in both x-
and y- directions (~ 6.7 viscous lengths, &,). The velocity
measurement uncertainty of the whole system is estimated to
be less than 1%.26:35.36]

smooth

riblets

/ ’zig-zag band

CMOS
camera

computer

I
hp,=0.252 mm

cross-section

synchronizer

Fig. 2. (color online) Schematic of the experimental set-up and cross-section schematic diagram of the riblets.

3. Results and discussion
3.1. Base flow

Definition of the virtual origin at that wall-normal posi-
tion is necessary for the comparison of results over riblets.
Choi et al.®" defined it as the wall-normal location of an
imaginary smooth surface which has the same friction drag
as the riblets and matches the riblets velocity profile above its
viscous sub-layer. The location herein is taken to be 0.18 s
lower than the riblets tip in y-direction.[1%-13]

The basic parameters of the experimental flow are given
in Table 1, where Reynolds number is based on friction ve-
locity u; and the thickness of the TBL &, and DR repre-
sents the drag reduction rate. The mean velocity profiles
normalized in wall units (WU) are plotted in Fig. 3(a), and
the location in the streamwise direction is at x = 45.02 mm

(x™ = 409 for smooth surface), about 1010 mm from the lead-

ing edge. The drag-reduction rate based on the friction coeffi-
cients herein is around 7.9%, which is higher than the results
of 5.1% in Bechert et al.''>! Note that the space between ri-
blet tips in WU s = s X u; /v = 14, the drag reduction rate
DR = (Tys — Twr)/ Tws X 100% = (p (u2, — u2,))/ puz, x 100%,
where Ty, Twr are the shear stress for the smooth and riblet
surface respectively, and ur, 1, are their friction velocity. Be-
sides, the DNS results at Reg = 300 and 670 over a smooth
surface[*8] are also plotted in Fig. 3(a) to be compared with
the present results at Reg = 387 (Reynolds number Reg is
based on momentum thickness 8 and free-stream velocity Us).
Friction velocity u; is obtained herein using the Clauser chart
method, with the whole calculation process discussed in detail
by Fan and Jiang.!**! Through the error analysis with the mean
velocity distribution in the log-law region (30<y*<180), the
error of u; is within 1% in both cases.

Table 1. Basic parameters and results.

Cases Ue/m-s~! &/mm 6/mm Reg uz/m-s~! Cy/ 1073 DR/%
Smooth 0.191 19.3 2.13 387 0.0101 5.652 -
Riblets 0.193 20.6 2.16 395 0.0097 5212 7.9%

As shown in Fig. 3(a), the buffer layer, log-layer, and
wake region can be distinguished by their characteristic curva-
tures, and an upward shift in the logarithmic region is evident
in the riblets case. This upshift and an increase of the buffer
layer thickness have also been observed in the previous drag-

8,40,41

reduced flow studies.! I The velocity at near-wall area is

much higher than that over the smooth surface, indicating that

the riblets can efficiently reduce the friction drag. Turbulence
intensities and the Reynolds shear stress —(u'v'), normalized
by either u;s (for the smooth surface) or u (for riblets), are
shown in Fig. 3(b). The reduction of all the turbulence statis-
tics is evident in the riblets case, which is consistent with the

[42-44

previous experiment results, 1 especially the streamwise

component and 7.
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Fig. 3. (color online) (a) Mean velocity (u™) profiles normalized by the
wall units in the TBL flows over both surfaces. (b) Turbulence intensities
and Reynolds stress profiles in the TBLs over both surfaces. Upper curve,
Urms /z; lower curve, — (V') /u2; middle curve, vims/u.

3.2. Proper orthogonal decomposition analysis

(291 pioneered the use of POD to extract the struc-

Lumley
tures in turbulent flows. This method utilizes a linear oper-
ation of temporal coefficients and spatial eigenfunctions to
characterize complex unsteady flows. Since its basic func-

tions are dependent on the flow field,*>!

it is more physical
than conditional-averaged vortex criterions mentioned above.
In POD, the fluctuation velocity u’ (x) from PIV data is ap-

proximately linearly expressed as

k
W () =Y ar(t)pe(), (1)
n=1

where a,(t) are temporal coefficients and @, (x) are the spa-
tial eigenfunctions or modes. The orthogonal basis functions
¢ () satisfy#]

| [0 @) (@) 9 ax' = 2(x), @

where C(z,2') = (/(x)u'(x)) is the 2-order space correla-
tion. Itis equivalent to solve the eigenvalue equation discretely

C(z,2') gu(x) = gu (), 3)

where A is the eigenvalue corresponding to the k-rank eigen-
vector.

The POD can extract a complete set of orthogonal modes
by maximizing the energy of modes, and it also gives the
eigenvalues which correspond to the kinetic energy of each
mode, thereby it has been widely used in various turbu-
lent flows to extract the energy-containing structures and

[4748] There are 1000 instantaneous fluctuation velocity

events.
fields used in this paper for POD analysis to reveal the coher-

ent structures over the test plates.
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Fig. 4. POD energy distribution: (a) fractional contribution of each
POD mode to the total energy; (b) cumulative energy distribution.

Figure 4 presents the normalized relative and cumulative
energy of the POD modes for both surfaces; since the rank is
always in decreasing order of contribution to the turbulent ki-
netic energy, the lower POD mode corresponds to the most en-
ergetic structures. The cumulative energy captured in the first
ten modes decreases from 39% for the smooth plate to 32%
over riblets, which indicates that the riblets have a noticeable
effect on the large-scale coherent structures. 4!

After the fluctuation velocity field is decomposed into

various scales of coherent motions, certain energy-containing
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structures in the flow can be obtained.!>*! Figure 5 displays
contours of several most energetic modes over smooth and ri-
blet plates: the Ist, 5th, 10th, and 15th. The results show that
the spatial structures are similar over both surfaces, exhibit-

U |

—0.0006

0 0.0006

200

100

y+

200

100

y+

200

100

y+

200

100

y+

ing an inclined streaky pattern. While the inclination angle
of these structures over riblets is reduced, it signifies that the
wall-normal movement is suppressed, and so is the energy ex-
change.

o |

—0.0006 O 0.0006

Fig. 5. (color online) Contour plot of the eigenmode of the leading-order ith POD mode over test plates. From top to bottom: the Ist,

the 5th, the 10th, and the 15th (left: smooth; right: riblets).

3.3. Finite-time Lyapunov exponent analysis

Previous studies on the vortex identification of the tur-
bulent flows have primarily been the Eulerian methods which
focus on the spatial shapes of the quantities derived from the
instantaneous velocity fields and their gradients. However,
when the transport in dynamical systems is taken into con-
sideration, a Lagrangian method based on the pathline of the
fluid particles is more objective. The Lagrangian criterion
used in the present study is the finite-time Lyapunov exponent
(FTLE) method.3%3! Shadden!>!! gives a precise definition of
the FTLE method, i.e., considering a time-dependent velocity
field u(x,r) defined on D, then a trajectory x (¢;fy, €¢) starting

at (xg,1p) will be the solution of

“4)

X (t510,0) = u (2 (1310, 20) 1),
x (to310, o) = Xo.

If the initial time 7y and the final time ¢ are fixed, as the time
evolves, solutions of Eq. (4) can be defined as a flow map q),’o,
which takes a point in the domain at time #( to its location at
time ¢. To put it simple, the FTLE is a scalar value which char-
acterizes the integrated separation between trajectories of two
neighboring particles advected with the flow.°!! Consider an
arbitrary point € D at time ¢y, and a point very close to x,
which is denoted as y = « + 0« (0), then the perturbation after
a time interval 7 changes to
Sx(o+T) = 63" (y)— 9" ()

fo To

_ 4o (@)

0

6 (1) +0(|5a () ), (5)

where O(||8 (1)||*) comes from the Taylor series expansion
and is too small that it can be ignored here. So the magnitude
of 6x (to+ T) will be

to+T * to+T
|8(7)| = \/ (00 2L 2 50)). 0

where M* denotes the adjoint of M.
According to the mathematical theorem, the maximum

stretching between points x and y will occur when 8x(0) is
aligned with the eigenvector accosiated with Ap.x(A), there-
fore we define

oy () = |;—|1n VAmax (4), 7

where .
A CON A ED

dx dx
is Cauchy—Green deformation tensor.

A

Equation (7) represents the FTLE of ¢ with a finite time
interval T. Note that the FTLE measures the average rather
than instantaneous separation rate of the particle trajectories.
Thus it is more indicative of the actual transport behaviors in
the flow. In the present study, particle trajectories x(¢) are
extracted from the velocity sequence measured by the TR-
PIV, and each particle in space is advected with a fourth-order
Runge—Kutta algorithm to integrate the time-resolved velocity
fields.
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To comparatively study the Lagrangian coherent struc-
tures (LCSs) in the TBL over both surfaces, the first few
POD modes are used to reconstruct the most energy-contained
structures in the flows to determine the evolution of the FTLE
fields; POD serves as the low-pass filter here. In the present
study, the first 311 eigenmodes for the smooth surface and 280
modes for riblets are used to reconstruct the velocity field,
which contributes to approximately 90% of the turbulent ki-
netic energy (TKE). As previously interpreted, the LCSs to be
discussed herein are identified by FTLE method with an inte-
gration time 7' = —4 s. Figure 6 depicts contours of typical
FTLE fields of all available 1000 eigenmodes and the linear
combination of the dominant modes of the velocity field in
both cases. By comparison of Figs. 6(a), 6(c) and 6(b), 6(d),
small scale structures in the flows have been filtered out, but
the large scale structures are almost the same in this certain pe-
riod of time, which means that the POD-based filter level, 90%

FTLE
(a) 1.0 22

2.8 4.0

of the TKE, is justified to be used as the resulting flow field to
extract the LCS information. The vector of the original veloc-
ity field is illustrated in Fig. 7, with the convection velocity
U. of 0.85U, removed. Comparing to Fig. 6(a), the rotating
pattern of the hairpin heads is revealed by FTLE properly.
More specifically, as shown in Figs. 6(b) and 6(d), the
hairpin vortices are captured by the FTLE fields in the re-
constructed flow domains. They nicely delineate an inclined
streaky or hairpin-like vortex pattern, with their upstream por-
tion (legs) attaching with the wall, the downstream portion
(heads) rising in the y direction, and the heads of the hairpins
forming half-closed ring-like structures, all of which show ex-
cellent agreement with Robinson’s summary in Fig. 1(a). Such
pattern is also visualized in the FTLE fields where Green et
al.?) has identified the isolated hairpin vortices in their nu-

merically simulated turbulent channel flows.

250
200

0 200 400 600 800
x+

Fig. 6. (color online) Typical snapshots of the FTLE field distribution in the x—y plane in the TBLs: linear combinations of (a) and (c)
all available modes over smooth surface and riblets, respetively; (b) the first 311 modes for the smooth surface; and (d) the first 280

modes for riblets.

Fig. 7. (color online) Vector of the original velocity at the same
T over smooth surface; the moving speed of the reference frame is
Utrame = 0.85U.

Adrian originally proposed a hairpin-packet paradigm,
suggesting a set of several hairpin vortices organized in co-
herent packets; figure 1(b) depicts all the important elements
involved in the model. Adrian et al.’3! suggested that in the
TBL, hairpins are the most common structures in the log-law
layer; but with the increasing y*, the occurrence becomes less
frequent, while the scales of the structures grow. All these

characters are consistent with the current results, especially

for the case over the smooth surface. However, the hairpin
vortices over riblets are more independent of each other, with
no evident hairpin packets observed. Since the growth of the
packet involves several mechanisms, including self-induction,
auto-generation, and mergers with other packets, it is reason-
able to believe that the riblets have a remarkable effect on the
growing process. The same conclusion has also been obtained
in the DNS study over blade riblets, and it is believed that
the smaller streamwise vortices generated in the riblets inter-
act with and weaken the legs of the hairpin vortices, result-
ing in weaker streak structures and inhibiting the regeneration
process. >4

3.3.1. Space correlation of LCSs

As previously mentioned, the identified LCS in the TBL
presents an inclined streaky pattern which is attached to the

wall in the upstream, with an inclination angle oc. Therefore, o
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is a critical parameter to characterize the spatial organization
of LCSs; it can be calculated from the two-point correlation
analysis of the FTLE fields, which is defined as

RrTLE FTLE (%0, Y0, Ax, Ay)
_ FTLE4 (xo,y0)FTLER (xo 4 Ax, yo 4 Ay)
o OAOB

) ®)

where Ax and Ay are the spatial separations in the x and y di-
rections, respectively, and o and op are the root-mean-square
(r.m.s.) of the FTLE fields.

Figure 8 presents four sets of RFrLE,FrLE(xo, Yo, Ax,Ay)
contours in the x—y plane for the smooth and riblet flows. The
reference points chosen here are consistent in the x direction,
but varying from yar = 20 to 150 in the y direction. In order
to get the same y™ over these two surfaces, the physical lo-
cation is different considering the virtual origin over riblets.
As shown in these figures, the qualitative difference between
RrrLE FTLE Over these two surfaces is small, both elongating
in the x direction and slightly inclined downstream away from
the wall. Such characteristic topology may be identified by
ridges in the RrrLE FrLE field, and « is calculated by the incli-
nation between the ridges of the RprLg prLE field and the wall.
The a over two different plates is similar in magnitude, so the
hairpin vortex over smooth-surface is not fairly changed by the
riblets from a structural point of view. However, the quantita-
tive contrast of the o in both cases reveals some differences at
different regions of the TBLs over these two surfaces. In par-

yT =19.8

smooth a = 10°

T
24 £ 0.97
- 0.96
. oo
> 0.91
0.90
0.88
12 8'%
95 Yyt =176 smooth o = 27.3°
w75
55
95
Y 75

55
—40

—20 0 20

ticular, at y* ~ 20, the streamwise extent of RetLE FTLE field is
reduced due to the presence of riblets. According to the previ-
ous studies,®! the streamwise-elongated character is related
to the streamwise alignment of vortices into larger-scale pack-
ets. That means, the characteristic length scales of these large-
scale structures is appreciably decreased over riblets, which
can be visually observed in Fig. 5 as well.

More specifically, all those RprLE FTLE contours in Fig. 8
show the same pattern at yT < 150 for both surfaces. How-
ever, when y™ > 150, the structures exhibit as a totally differ-
ent character, which is more likely related to the heads of hair-
pin vortex. A plot of & of these LCSs against y™ for both cases
is illustrated in Fig. 9. The values of & over smooth surface
increase gradually with y™ at first, and then present a continu-
ous decline beyond y™ = 100, with the value of « about 32°.
This observation is consistent with the previous results in the
TBL flow of Pan e al.’® The authors reported that the in-
stant LCSs inflected towards the wall at about y* = 100, and
believed this is the position where hairpins transit from neck
to head. Zhou et al.®”) proposed an auto-generated model for
the hairpin evolution, suggesting that once the hairpin vortices
are generated, they lift the quasi-streamwise vortices and cre-
ate new hairpins in the upstream. Therefore, the reduction of
o over riblets at y© > 60 indicates a decrease of the energy
transportation in the log-law layer of the TBL flows over ri-

blets, thereby resulting in the drag reduction over riblets.

smooth o = 17.8°

yt =60

0
y*t =150 smooth

riblets

—40

—20 0 20 40
xt

Fig. 8. (color online) Correlation coefficients of the Lyapunov exponents in the x—y plane for smooth and riblets surface.
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Fig. 9. (color online) Wall-normal distribution of the inclination angles
of LCSs.

3.3.2. Convection velocity of the LCSs

Figure 9 presents a time series of FTLE fields, illustrat-
ing the evolution process of LCSs over the smooth and riblets
surfaces with the time step 8¢ = 0.004 s. The initial time #,
chosen here provides the best insights of the structure evolu-
tion in the flow. As shown in Fig. 10, the formation of a new
hairpin-like structure over the smooth surface can be distinctly
observed from ¢ = fy to t = fy + 10067 in the FTLE fields. At
t = to, the hairpin vortex only appears as inclined streaks; at
t =ty +256¢, the streaks lift up and start to roll up when they
are advected downstream; from ¢ = ¢ty + 500t to t =ty + 750¢,
the process of rolling-up is proceeded, indicating the intense
vorticity concentration at the head of the hairpin vortex. The
whole process is almost completed at # =t + 1005¢. The gen-
eration process of the hairpin vortex is very similar to the phe-

3.4

0 o e =
t = to+756t

= et = —
100 300 500 700 900
T

nomenon described by Zhou ez al. 7! and fairly recently modi-
fied with confirmation by Elsinga et al. 51 Different from its
smooth counterpart, there is no noticeable complete process of
hairpin/hairpin packet generation that arises in the TBL flows
over riblets.

Furthermore, Taylor frozen hypothesis has been widely
used to obtain the convection velocity of CSs in turbulent
flows, which suggests that the spatial patterns of CSs are pass-
ing a fixed point without any essential entail.[°* The classical
Taylor hypothesis simplifies the space-time correlation to the
space correlation via

C(}", T) = C(r - U770>7 (9)

where C is the correlation function normalized by the r.m.s of
velocity fluctuations, r is the space separation, 7 is the time
delay, and U is the local streamwise mean velocity.

The downstream convection velocity of typical LCSs be-
tween two points, A and B, can be calculated by the space-time
correlation of the FTLE fields, which is defined as

R¥TLEFTLE (%0,Y0,AX, T)
_ FTLEA (xo,y0,2)FTLEg (xo + Ax, o, + 7)
- OAOB

, (10)

where o and op denote the r.m.s. values, and 7 is a specific
time delay.

0 t:t0+755t
7 7 p - 7

0
t = to+1006t
v

= 50 £
0 t = to+1250t
150
+ 100
=50 _
0 - — === L
100 300 500 700 900
T

Fig. 10. (color online) Time evolution of a typical FTLE field over a smooth surface (left) and riblets (right), (6t = 0.004 s).

In this case, points A and B are aligned in the stream-
wise direction; while the relative distance between these two
points is Ax = 11.13 mm (Ax] = 107, Ax;” = 102). The

evolution of RprLEFTLE (%0,Y0,Ax,T) as a function of 7+
is shown in Fig. 11(a), where point A and B are located
at xpo =xp = 48.3 mm ()CXS = 462, xzr = 444), y('f = 121;
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XB = X9 +Ax = 59.43 mm (x]'gs =569, xgr = 546), yg = ya“ =
121. The function of RrrLg FrLE Over smooth and riblets sur-
faces exhibits a distinct peak at ¢ = 7, and 7, respectively, and
then drops off. The time delay at this peak is taken as the
characteristic transporting time for the typical LCSs between
points A and B. If the relative distance Ax between these two
points is small enough, the streamwise convection velocity
U can be approximated represented by Ax/t, (or Ax/T).
Figure 11(b) represents their profiles of U, over these two dif-
ferent surfaces against y*, and U, is normalized by U.. The
distribution of U (y*) over smooth plate is in close agreement
with the local mean velocity in the x direction, especially at
y* > 40.15¢1 While the convection velocity of the LCSs over
riblets is, in general, much smaller than that for the smooth
case, this means that the typical LCSs move slower in the
TBL flow due to the presence of riblets. Besides, AT = T, — T,
becomes more evident with the increasing y*. There are two
reasons speculated for this phenomenon. 1) The decreasing
convection velocity over riblets indicates that the hairpin-like
vortices are presumably pinned at near the riblet tips, which is
believed to make the turbulent bursting events less activate at
the near wall region, and this confirms the suggestion proposed
by Bhushan;?! 2) the amount of the LCSs over riblets is re-
duced, and the formation of the hairpin-like vortex is somehow

1.0 T T T T T h
l (a . ~—— smooth |
© (2) f_ —-—-riblets
s  0.8F
<
+o
= 0.6}
=}
B
=
= 04f
[
.
=
o 0.2F
~
ol=
0
150 T T T + N
(b) +
a smooth M
L + /.
120 + riblets +
I —— U over smooth surface ++ A
90 L + -
+
453 -:.
+
60| + e
+
+
+
30 +F AA 4
+ X x&x A
A
0 1 L 1 L 1 L
0.2 0.4 0.6 0.8 1.0
U./U,

Fig. 11. (a) Illustration of spatial-temporal correlation of typical LCS
at xp = 48.3 mm, Ax = 11.13 mm, yg = 121; (b) convection velocities
of the LCSs in TBL flows over both surfaces.

disrupted/hampered, which will be investigated further in the

future. But whichever the reason is, the transport of momen-
tum over riblets is reduced since the convection of hairpins
vortices is critical in turbulence transport properties.

4. Conclusions

Time-resolved velocity fields of turbulent boundary layer
over smooth and riblets are acquired using TRPIV measure-
ment to investigate the mechanism of drag-reduction caused
by riblets. Dominant CSs in the TBL flow over different plates
are identified by POD and FTLE methods, and further study of
the spatial scale and evolution of hairpin vortex gives the con-
clusions below:

(1) The mean velocity profile over the smooth surface
matches very well with the DNS results. The drag-reduction
rate based on the friction coefficients is 7.9%.

(ii) POD results present that riblets have marked effect on
the gross features of large-scale structures in the TBL flows,
and the wall-normal movement of the most energy-containing
structures are suppressed over riblets, thus reducing the mo-
mentum and energy exchange.

(iii) Snapshots of recovered instantaneous velocity real-
ization in the x—y plane nicely delineate the hairpin-like vortex
packets in the TBL flows over both surfaces, indicating that the
hairpin vortex over riblets is not significantly changed from a
structural point of view. Within the dimension of riblets stud-
ied in this paper (s = 14), the vortices are believed to be lifted
from the surface, which reduces the drag over the surface.

(iv) Besides, the inclination angle of LCSs is significantly
increased for the flow over riblets, especially in the buffer
layer, which implies a noticeable decrease of the contact area
between the legs of hairpins and the surface. It thereby results
in the drag-reduction. The evolution process of LCSs over
the smooth surface illustrates the formation of a new hairpin-
like structure, while no noticeably complete auto-generation
process of the hairpin/hairpin packets is observed over riblets.
Through comparison of the convection velocity U, of LCSs,
it is demonstrated that LCSs are advected much slower over
riblets surface than over the smooth surface. Two explana-
tions are speculated for this result, and the hairpin-like vor-
tices are either presumably pinned at near the riblet tips, or
disrupted/hampered by the exist of riblets; the transport of mo-
mentum over riblets is reduced no matter which reason is re-
sponsible in fact.
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