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Abstract The characteristics of turbulent boundary layer over streamwise aligned drag reducing

riblet surface under zero-pressure gradient are investigated using particle image velocimetry. The

formation and distribution of large-scale coherent structures and their effect on momentum parti-

tion are analyzed using two-point correlation and probability density function. Compared with

smooth surface, the streamwise riblets reduce the friction velocity and Reynolds stress in the turbu-

lent boundary layer, indicating the drag reduction effect. Strong correlation has been found between

the occurrence of hairpin vortices and the momentum distribution. The number and streamwise

length scale of hairpin vortices decrease over streamwise riblet surface. The correlation between

number of uniform momentum zones and Reynolds number remains the same as smooth surface.
� 2019 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The existence of multi-scale, randomly distributed coherent
structures is well-known in the studies of the dynamic behavior

of turbulent boundary layer. Hairpin vortex packets are the
dominant coherent structures developing in the turbulent
boundary layer.1–6 The hairpin vortices are widely distributed
along the streamwise direction, inducing strong ejection (Q2)

and sweep (Q4) events and high-level shear stress (�hu’v’i).7
Robinson8 reviewed that vortex structures of various forms

are widely distributed in the outer region. Adrian et al.1

pointed out that hairpin-shaped vortices occur in streamwise-
aligned packets which propagate with small velocity dispersion

in the outer region. Furthermore, Adrian2 concluded that the
hairpins are most common in the logarithmic layer and
become less frequent with wall-normal height, occasionally

penetrating across the entire turbulent boundary layer. Fur-
thermore, Lee and Li9 applied hydrogen bubble visualization
and two-dimensional hot film measurement to investigate the

soliton-like coherent structures and hairpin vortices, indicating
that these coherent structures are dominant in almost all
dynamic processes in both the early and later stages of
boundary-layer transitions as well as in a turbulent boundary

layer. By using two-dimensional Particle Image Velocimetry
(PIV), Natrajan et al.10 suggested that the three-dimensional
hairpin vortices appear as pairs of counter-rotating spanwise

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cja.2019.04.023&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
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vortices in the streamwise-wall-normal cross-section. The
clockwise and counterclockwise rotating spanwise vortices
(also referred to as prograde and retrograde spanwise vortices

respectively) correspond to the head and neck portion of the
hairpins. In the vicinity of the prograde vortices, much stron-
ger activities of the ejection and sweep motions were observed

in the experiment. Natrajan et al.10 found that although the
shear stress close to the core of prograde vortices is compara-
bly small (5% – 10%), the induced ejection and sweep events

contribute significantly to the shear stress in the boundary
layer, taking up 30% of the total mean shear.

The hairpin vortex structure can accelerate momentum
transportation, thus modifying the momentum distribution

in turbulent boundary layer. Instantaneous velocity field can
be divided into several zones according to the Probability Den-
sity Function (PDF) of the streamwise velocity. Each zone has

relative uniform streamwise momentum, referred to as Uni-
form Momentum Zone (UMZ). A steep velocity gradient
appears across the edges of UMZ.1 Adrian et al.1 studied the

instantaneous velocity field of turbulent boundary layer and
found that the formation and distribution of UMZs are closely
related to the occurrence of hairpin vortices. They pointed out

that the UMZ edges pass through the core of hairpin vortex
head. de Silva et al.11,12 compared the distribution and statis-
tical properties of UMZ for the smooth surface turbulent
boundary layers at different Reynolds numbers. They found

that with the increase of Reynolds number, the average num-

ber of UMZs (N
�
UMZ) gradually increases, holding a logarith-

mic relation between the former parameters. Wu and

Christensen13 studied the spatial distribution of spanwise
vortices at different Reynolds numbers and showed that the
number of spanwise vortices in the turbulent boundary layer
increases with increasing Reynolds number. Furthermore, de

Silva et al.11 analyzed the synthetic instantaneous velocity
fields that satisfy the attached eddy model proposed by Perry
and Marusic,14 and in this model the ‘‘attached eddy” means

a set of geometrically similar eddies consisting of a range of
length scales with individual scales proportional to the distance
at which the eddy is located from the wall. The comparison

between the UMZ distribution obtained from Attached Eddy
Model (AEM) and results obtained from the PIV measurement
yields good agreement,11 which further proved that the coher-

ent structures are responsible for the distribution of UMZ in
turbulent boundary layer.

Previous studies mainly focus on the dynamic behavior and
momentum distribution of turbulent boundary layer over

smooth surface. However, it is not clear whether surface type
will affect the coherent structure and the UMZ characteristics.
The surface texture, including riblets, dimples and roughness,

has been actively investigated since 1980s due to their viscous
drag reduction effect.15–17 Wang et al.18 investigated the statis-
tical properties and coherent structures of turbulent boundary

layer developed over riblet surface with hydrogen bubble flow
visualization and Laser Doppler Velocimetry (LDV). They
pointed out that the thickness of viscous sublayer and buffer

layer increase over streamwise riblet surface compared with
turbulent boundary layer over smooth surface, indicating the
drag reduction effect. Bechert et al.16 conducted extensive
investigations on blade-shaped and trapezoidal-groove riblets,

and showed the latter as a compromise between optimal
drag-reduction performance and practical fabrication and
maintenance. They proposed that with a spanwise spacing
s+ of 15–20 and height to span ratio (h/s) of 0.5–0.8, the
streamwise riblets can lead to the maximum drag reduction

of 10%.16,19 The drag reduction is proportional to the riblet
size within a range of s+ and h+.16 However, further size
increase leads to the breakdown of proportionality, and even

drag increase.20 A recent study on the drag-reduction of the
riblets performed by Garcı́a-Mayoral and Jiménez21 showed
that the breakdown of the proportionality can be better

characterized by the riblet cross-section area instead of riblet
spacing, and it is associated with the appearance of quasi-two-
dimensional spanwise vortices in buffer layer. They proposed
a simplified stability model to approximately account for the

drag-reduction change with the riblet cross-section area.
Two main mechanisms have been proposed to explain the

physical mechanism behind the drag reduction effect of riblet

surfaces. One suggests that the riblets suppress the momentum
transport along spanwise direction, thus reducing the spanwise
component of velocity fluctuations.22 The other claims that the

riblets with certain spanwise spacing have a ‘lift-up’ effect on
streamwise vortices, which reduces the momentum transport
along the wall-normal direction in the near wall region.23

Besides, Bacher and Smith24 proposed the second vortex group
mechanism by considering the interaction of the counter-
rotating longitudinal vortices with small vortices created by
them near the riblets peak, arguing that the secondary vortices

would weaken the longitudinal vortices as well as retain the
low-speed fluid within the riblets.

To further understand the drag reduction mechanism over

directional riblet surface, Nugroho et al.25 analyzed the effect
of convergent and divergent riblets pattern on turbulent
boundary layers using hot-wire anemometry. Results showed

that the riblets introduce spanwise modification to the bound-
ary layer, redistributing the large-scale coherent structures.
The pre-multiplied energy spectra suggested that the energy

magnitude of the coherent structures increases over convergent
riblets while decreases over divergent riblets, indicating an evi-
dent directional influence. Compared to the streamwise riblets,
the drag-reduction effect of the inclined riblets can be weak-

ened by the increase of the yaw angle.26 However, the spatial
temporal distribution of the large-scale coherent structures
cannot be directly obtained from the pointwise measurement.

More detailed diagnostic techniques are needed.
The present study uses particle image velocimetry to inves-

tigate the effect of streamwise riblet surface on the distribution

of coherent structures in turbulent boundary layer. The distri-
bution of uniform momentum zone is discussed and compared
with smooth surface boundary layer, yielding the correlation
between coherent structures and momentum distribution.

The experimental setup and facilities are detailed in Section 2.
The time-averaged and instantaneous properties of the turbu-
lent boundary layer over both smooth and riblet surfaces are

discussed in Section 3. The effect of streamwise riblet surface
on the distribution of coherent structures and the relation with
uniform momentum zones are analyzed. The Reynolds num-

ber influence on momentum distribution is further addressed.

2. Experimental setup test facilities

The experiment was performed in the closed-loop low-speed
water tunnel of Beihang University (BUAA), with a test
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section of 3000 mm � 600 mm � 600 mm (length � width �
height). The freestream velocity U1 of the flow is 192 mm/s,
with a turbulence level controlled below 1%.

A flat plate was mounted on the bottom wall of the water
tunnel. The length, span and thickness of the plat are
2400 mm, 600 mm and 10 mm respectively. The front end of

the flat plate has a sloping surface with length-to-height ratio
of 8:1, which was used to avoid leading edge separation.
Two types of plate surfaces, including smooth and streamwise

riblet surface, were compared in this experiment. The experi-
mental setup is shown in Fig. 1(a). The riblet has a
trapezoidal-shaped cross-section with a height (h) of 1.5 mm,
a spanwise spacing (s) of 1.932 mm and a vertex angle of

60�, as shown in Fig. 1(b). The non-dimensional spacing s+

and height h+ of the riblet are 16.3 and 12.6, within the range
of maximum drag reduction.16 The bottom plateau of 0.2 mm

is observed due to limited machining precision. In order to
obtain fully developed turbulent boundary layer before the
measurement domain, cylindrical tripwires of 3 mm height

were placed at the leading edge of the plate to trip early tran-
sition for both smooth and riblet surface (x = 0). The mea-
surement domain starts from 1800 mm downstream of the

tripwire location where the turbulent boundary layer has been
fully developed. The measurement Field Of View (FOV) is
95 mm � 95 mm. The boundary layer thickness of the tunnel
side wall at the center location of the FOV is less than

35 mm, which is almost one order magnitude smaller than
the half-width (300 mm) of the tunnel, and therefore the side
wall effect on the flow can be neglected. The coordinate axes
Fig. 1 Schematic diagram of experimental setup and riblet

surface.
x, y and z are designated as streamwise, wall-normal and span-
wise direction, respectively. The corresponding velocities are
represented by u, v and w. The origin of the coordinate system

locates at the start of the measurement domain in streamwise
direction and the smooth wall location in wall-normal direc-
tion, as shown in Fig. 1.

Two-dimensional particle image velocimetry (2D-PIV) was
used in the experiment to measure the instantaneous velocity
field in the symmetric plane of the plates. The measurement

plane (x-y plane) was illuminated by a Vlite-Hi-30 K solid-
state laser (32 mJ/pulse, 527 nm wavelength, 3 kHz maximum
frequency) with a laser thickness of approximately 1 mm.
The laser sheet was placed at the peak of trapezoidal-shaped

riblet. The fluid was seeded with hollow glass tracer particles
with mean diameter of 10 lm and density of 1.05 g/cm3. The
particle images were recorded by a high-speed CMOS camera

(2048 pixels � 2048 pixels, 21.7 pixel/mm) with an objective of
90 mm. Table 1 gives an overview of the parameters for the
PIV measurement. The sampling frequency of the camera is

300 Hz. The particle displacement in the freestream is about
12 pixels. The particles have an image size of two or three pix-
els, which avoids the peak locking problem.27 The velocity field

is calculated using Multi-pass Iterative Lucas-Kanade (MILK)
algorithm.28 The final interrogation window is 32 pixels � 32
pixels, with an overlap of 75%. The resultant vector pitch is
0.37 mm. 5456 single particle images were recorded in every

sampling period. For each surface condition, five periods
were tested. The total sampling time was more than 1.5 min,
ensuring statistical convergence.

3. Results and discussion

3.1. Statistical analysis of turbulent boundary layer

For the turbulent boundary layer over smooth plate, the fric-

tion velocity (us) can be obtained by the linear fit to the loga-
rithmic region in mean velocity profile.29 Due to the
uncertainty of the wall position caused by the riblet surface,

a modification to the logarithmic equation is applied:

uþ ¼ 1

j
ln ŷþ þ Bþ Duþ ð1Þ

where j and B are the log-law constants, ŷ is defined as the
wall-normal distance from the vertex of the riblets plus the
roughness offset (ŷ ¼ yþ yv) and Duþ is the velocity offset of

the logarithmic profile caused by the riblets. Differentiating
Eq. (1) by y yields
Table 1 Parameters for PIV measurement.

Parameter Symbol Value

Field of view FOV 95 mm � 95 mm

Digital image

resolution

R 21.7 pixel/mm

Acquisition frequency f 300 Hz

Number of frames N 27280

Objective O 90 mm

Interrogation window M 32 pixels � 32 pixels, 75%

overlap

Vector pitch P 0.37 mm
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Du
Dy

¼ us
j
� 1

yþ ym
ð2Þ

where the friction velocity (us) and roughness offset (yv) can
be estimated by modified Clauser equation. The time-averaged
velocity profiles along smooth and riblet surface are shown in

Fig. 2. Compared with the smooth surface, a significant
upward shift of the logarithmic region is observed for the riblet
surface. This is in agreement with the experimental result of

Choi,30 Bechert et al.16 and Wang et al.18 The detailed bound-
ary layer properties are summarized in Table 2, where U1 and
us are free stream velocity and wall friction velocity, Cf is the
wall friction coefficient, d is the boundary layer thickness,

Res is the Reynolds number, and H is the shape factor. The
boundary layer thickness over the riblet surface is similar to
that of the smooth surface. The smaller friction velocity at

the riblet surface indicates a skin friction reduction effect.
The effect of riblet surface on velocity fluctuations is also ana-
lyzed with non-dimensional root mean square of the stream-

wise velocity (uþrms), as shown in Fig. 2(b). Good agreement

is found between the smooth surface measurement and the
Fig. 2 Velocity and velocity fluctuation profiles over smooth and

riblet surfaces.

Table 2 Turbulent boundary layer properties over smooth and rib

Parameter U1 (mm/s) us (mm/s) Cf (10
3)

Smooth 192.3 9.3 4.67

Riblet 192.2 8.9 4.29
analytical model proposed by Marusic and Kunkel.31 Over rib-
let surface, the velocity fluctuations decrease in the near wall
region (y+ < 60), reaching comparable level with smooth sur-

face when moving away from the wall. As a result, the effect of
riblet surface on velocity fluctuations mainly focuses on the
viscous sublayer and buffer layer.

It has been found that the irregular rough surfaces will
influence the shear stress within a turbulent boundary layer.32

Cui et al.33 and Wu et al.34 studied the effect of convergent and

divergent riblets on turbulent boundary layer and found that
the two directional riblet surfaces have opposite effects on
Reynolds shear stress. The convergent riblets cause an
increased shear stress, while the divergent type leads to shear

stress reduction. In the present experiment, the Reynolds shear

stress (�<u’v’>) normalized by U2
1 over the streamwise riblet

surface is also compared with that of smooth surface, as shown

in Fig. 3. The shear stress over both surfaces reaches the max-
imum very close to the wall, followed by a rapid decrease when
moving upward. Compared to the smooth surface, the Rey-

nolds shear stress of the riblet surface is significantly reduced.
When using y+ as the wall-normal coordinate, Fig. 3 shows
that the Reynolds shear stress of riblet surface is smaller than

the smooth surface over the entire boundary layer. The change
of the shear stress relates to the change of skin friction, which
further reveals the drag reduction effect of the streamwise

riblet surface.

3.2. Vortex structure

3.2.1. Vortex identification method

In order to detect spanwise vortices in the turbulent boundary
layer over smooth and riblet surface, Galilean decomposition

and swirling strength criterion are applied and compared by
Cui et al.33 The instantaneous vector field after Galilean
decomposition is shown in Fig. 4(a). Fig. 4(b) shows the pro-

grade and retrograde vortices (colored blue and red) in bound-
ary layer. The convective velocity Uc of the spanwise vortices
let surface.

d (mm) s+ h+ Res H

59.6 510 1.34

59.0 16.3 12.6 490 1.32

Fig. 3 Reynolds shear stress over smooth and riblet surfaces.



Fig. 4 Cross-sections of vortex structures.

Fig. 5 Number of prograde vortices along wall-normal

direction.
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0.87U1 is subtracted from the velocity field. The large-scale
vortex structures (A–G) can be clearly identified.

The swirling strength is calculated as follows:

Kci ¼ kci
xz

xzj j ð3Þ

where xz denotes the vorticity, kci and Kci are swirling strength
and swirling strength normalized by the vorticity. The rotating
direction is determined by the sign of the local spanwise vortic-
ity, as shown in Fig. 4(b). Compared to Galilean decomposi-

tion, vortices with different convection velocities can be
easily recognized. As a result, swirling strength is used as the
main vortex identification method in the following analysis.

According to the analysis of Zhou et al.,35 Natrajan et al.10

and Lee and Choi,36 the prograde and retrograde vortices cor-
respond to the head and neck portion of the hairpin vortices.

Instead of good spanwise symmetry, the hairpin vortices usu-
ally appear as ‘cane’ shape, and therefore the spanwise vortices
do not appear in pairs in single cross-plane. In the present
experiment, the prograde vortices are more populated and

have higher vorticity than retrograde ones, as shown in
Fig. 4(b). Strong ejection (Q2) and sweep (Q4) events are
induced in the upstream (bottom) and downstream (top) of

prograde vortices (see Fig. 4(a) C, E), leading to the formation
of strong shear layer in the vicinity, which agrees with the anal-
ysis of Adrian,2 Kang et al.37 and Kim et al.38 The former stud-

ies proposed that the skin friction is mostly contributed by the
hairpin vortices. In the following analysis, the distribution of
the hairpin vortex structures is represented by the spanwise

prograde vortices, referred to as hairpin head. The effect of
streamwise riblet surface on the distribution of hairpin heads
and drag reduction will be further discussed.

3.2.2. Distribution of prograde vortices

In order to understand the effect of streamwise riblet surface
on the distribution of prograde vortices, it is essential to accu-
rately detect the vortex structures. Two major parameters have
to be considered, namely the critical swirling strength (Kci) and
the vortex size. Following Wu and Christensen13 and Cui
et al.,33 the vortex structure is considered when Kci(x,y) is

smaller than �1.5Krms
ci ðyÞ. Furthermore, each vortex needs to

have the spatial distribution larger than 5 vector grids in both

streamwise and wall-normal directions. The inner scale is lar-
ger than 20y*, where y* = m/us, similar to the threshold used
by Wu and Christensen.13

The number of prograde vortices over both smooth and rib-

let surfaces along wall-normal direction is shown in Fig. 5.
Pp(y) is the number of prograde vortices at different wall-
normal positions. The wall-normal positions of the vortices

are decided by the vortex core. The wall-normal axis is non-
dimensionalized by boundary layer thickness and in wall unit,
as shown in Fig. 5(a), (b) respectively. The number of prograde

vortices increases steeply when moving from the wall until y/
d= 0.12 (y+ = 60), followed by a slight decrease when fur-
ther developing towards Turbulent/Non-Turbulent Interface
(TNTI). The location of the largest number of vortices corre-

sponds to the logarithmic region. Similar scenario on hairpin
vortex distribution inside turbulent boundary layer was also
observed by Adrian.2 Over the entire boundary layer, the num-

ber of prograde vortices is smaller over riblet surface than that
of smooth surface. The difference is more evident when using
y+ as the wall-normal height, indicating the impact of surface

type on the vortex structures.33 As surface skin friction highly
relates to the hairpin vortices in the boundary layer,38 the
decrease number of hairpins yields lower friction velocity

and skin friction, further proving the drag reduction effect of
the streamwise riblet surface.
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3.2.3. Two-point correlation

In turbulent boundary layer, it has been suggested that the

dominant coherent structure is the multi-scale hairpin vortex
packets.2 As discussed in Section 3.2.2, the streamwise riblet
surface influences the number of hairpin vortices in turbulent

boundary layer. The distribution of the hairpin vortices can
be further characterized using two-point velocity fluctuation
correlation, as the streamwise extent of the correlation coeffi-

cient relates to the distribution of hairpin packets at a certain
height inside the boundary layer.39 The quantitative analysis of
the coherent structures is performed using two-point correla-
tion as

qij xr; y; yrefð Þ ¼
u0i x; yref; tð Þu0j xþ xr; y; tð Þ

D E

k u0i x; yref; tð Þ kk u0j xþ xr; y; tð Þ k ð4Þ

where yref is the reference wall-normal location, xr is the dis-
tance between two correlated points, and �h i and k � k represent
the inner product and 2-norm of a matrix respectively.

The cross-plane contours of two-point velocity fluctuation

correlation coefficient quu for smooth and streamwise riblet
surface boundary layer are shown in Fig. 6, rx is the distance
between the correlated points and ds is the boundary layer

thickness of smooth surface. The reference wall-normal loca-
tion is 0.2d, which is close to the location of the largest number
of hairpin vortices. The correlation coefficient quu has an incli-

nation angle of 10.5� over both surfaces, close to the result by
Christensen and Adrian.40 Wu and Christensen32 found that
the distribution of the two-point correlation coefficient is sim-
Fig. 6 Contour of two-point correlation coefficient quu of

streamwise velocity fluctuation.
ilar for smooth and rough surfaces. Similar pattern of quu is
also found between smooth and riblet surface. The streamwise
extent of quu for the riblet surface is smaller than smooth sur-

face type.
Quantitative characterization of the streamwise extent (Lx)

of quu is performed. According to Christensen and Wu,41 the

streamwise extent (Lx) at yref = 0.2 is defined as two times
the streamwise distance between the correlation level of 0.5
and the correlation peak, shown as Lx = 2rx|quu = 0.5 in

Fig. 7. Lx is 12% smaller over riblet surface than smooth sur-
face. Marusic39 found that the number and distribution of
hairpin vortices have a positive correlation with Lx. As a
result, the smaller Lx over riblet surface agrees with the

decreased number of prograde vortices (hairpin heads) esti-
mated in Section 3.2.2. Similarly, Cui et al.33 also found that
for the riblet surface type of convergent and divergent direc-

tion, the number of prograde vortices increases with the
increase of the streamwise extent, in accordance with present
result. The variation of Lx along wall-normal direction is pro-

vided in Fig. 8. The increase of wall-normal distance from the
wall leads to the growth of Lx until y/d= 0.3, reaching a pla-
teau further upward.

3.3. Effect of streamwise riblet surface on uniform momentum

zones

3.3.1. UMZ detection and characterization

de Silva et al.11 made a statistical analysis of the instantaneous
velocity field measured by two-dimensional PIV using the

probability density function. The characteristics of the
momentum zone of turbulent boundary layer at different
Reynolds numbers were obtained. The peak value of PDF

for streamwise velocity is defined as the modal velocity. The
Fig. 7 Streamwise variation of quu.

Fig. 8 Wall-normal variation of quu.



Fig. 9 PDF of instantaneous streamwise velocity u.

Fig. 10 x-y contour of streamwise velocity and streamwise velocity gradient.
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boundary velocity of a UMZ is defined as the average of two
neighboring modal velocities. The boundary between the
region of maximum momentum and the non-turbulence region

is known as TNTI. The TNTI is determined based on kinetic
energy of 0.2 as used by Chauhan et al.42 de Silva et al.11 com-
pared the PDF of the streamwise velocity within different

streamwise range (from 0.2d to 2d) and found that the influ-
ence of domain length on the UMZ edge is negligible. There-
fore, the steamwise velocity field within TNTI over the entire
streamwise measurement range is considered in present work.

From the previous analysis, the riblet surface influences the
distribution of time-averaged velocity and velocity fluctua-
tions.18,25 It is still questionable if the overall distribution of
the uniform momentum zones will be changed.

The PDF of instantaneous streamwise velocity over both
smooth and streamwise riblet surface is shown in Fig. 9. The
modal velocity of every UMZ is highlighted by hollow circle

(�). The UMZ edges between adjacent zones are shown by
dash lines. The corresponding instantaneous streamwise veloc-
ity fields are shown in Fig. 10(a) and (b), superimposed by the
UMZ edges (black lines). Evident streamwise velocity varia-

tion can be found between different UMZs. Large streamwise



Fig. 11 Kci field and UMZ edges.

Fig. 12 Change of UMZ with Reynolds number. Experimental

data12 with Res = 14500( ), 8000( ), 2800( ), 1200( ); DNS

data43 with Res = 2500( ), 1600( ); Present data for smooth( )

and riblet surface( ).

Table 3 Average number of UMZ at different Res.

Res 490 510 1200 1600

N
�
UMZ

2.51 2.59 3.33 3.49
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velocity gradient along wall-normal direction dU/dy occurs at
the UMZ edges, as shown in Fig. 10(c) and (d), indicating the
prevalence of prograde vortices. de Silva et al.11 proposed that

the formation of UMZ is closely related to the evolution and
induction effect of hairpin vortex packets in the turbulent
boundary layer. The large velocity gradient at the UMZ edge

corresponds to the large spanwise vorticity, where hairpin vor-
tices develop from. Adrian et al.1 found that the UMZ edges
pass through the core of hairpin heads, indicating the connec-

tion between UMZ and the distribution of coherent structures
in the turbulent boundary layer, which can also be shown in
Fig. 11.

3.3.2. Effect of Reynolds number on UMZ

In the turbulent boundary layer, the number and scale of the
coherent structures are significantly influenced by Reynolds

number. As the distribution of UMZ is related to the hairpin
vortex packets, the change of the Reynolds number will also
influence the UMZ edge location and UMZ characteristics.
de Silva et al.11 studied the variation of the number of UMZ

over the smooth surface turbulent boundary layer from med-
ium to high Reynolds numbers. They pointed out that as the
Reynolds number increases, the number of UMZ (NUMZ)

gradually increases. The average number of UMZ (N
�
UMZ) fol-

lows a logarithmic relationship with Reynolds number. The
PDF of the number of UMZs at different Res is analyzed, as

shown in Fig. 12(a). The experimental results over smooth sur-
face at medium to high Res (Res = 1400, 2800, 8000, 14500) of
de Silva et al.11 are compared, and the numerical results of Sil-
lero et al.43 at Res = 1600 and 2500 are also included. In

smooth surface boundary layer, the PDF of the number of
UMZs shifts to the right with the increase of Reynolds num-
ber, indicating a positive correlation. The average number of

UMZs of both smooth and riblet surface at different Reynolds

numbers are summarized in Table 3. The change of N
�
UMZwith

Res is plotted in Fig. 12(b). Linear least-square fit is performed
and shown as the black-dash line, yielding a logarithmic corre-

lation. By further extending the linear fit to the lower Res range
(see the thick line), both smooth and riblet surface conditions
of the current experiment fall on the linear fitting. It is conjec-

tured that the number of UMZ is proportional to ln(Res), irre-
spective of the surface type.

4. Conclusions

In this paper, the effect of streamwise riblet surface on the
development of turbulent boundary layer is investigated by

the two-dimensional particle image velocimetry. Comparison
has been made with smooth surface type, focusing on the influ-
ence of the streamwise riblet surface on turbulent statistics and

coherent structures inside turbulent boundary layer. The
results are as follows:
2500 2800 8000 14500

3.83 3.93 4.59 5.20
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1) Compared to the smooth surface, the buffler layer and

logarithmic region of time-averaged velocity profile over
the streamwie riblet surface show an evident upward
shift, along with a slight decrease of the level of turbu-

lent fluctuations. The upward shift of the buffer layer
results in the smaller shear stress over streamwise riblet
surface and therefore the drag would be reduced.

2) For both surfaces, the number of prograde vortices

increases steeply whenmoving from the wall until the log-
arithmic region, followed by a slight decrease when fur-
ther developing towards turbulent/non-turbulent

interface. Compared to smooth surface, the amount of
prograde vortices is smaller over the streamwise riblet sur-
face. The correspondence decrease of streamwise length

scale of the two-point correlation coefficient indicates
the reduction of the streamwise scale of the coherent
structure. The reduced number of hairpin vortices also
modifies themomentumpartition in the turbulent bound-

ary layer, yielding fewer UMZs. The number of UMZ
holds a logarithmic relationship with Reynolds number
over smooth surface. The relation is still valid over

streamwise riblet surface at lower Reynolds number.
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