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Based on a set of experimental databases of turbulent boundary layers obtained from particle image velocimetry in the
streamwise-wall-normal plane at friction-velocity-based Reynolds number Re; = 612, the influence of uniform momentum
zones (UMZs) on the skin-friction drag is investigated. The skin-friction drag is measured by the single-pixel ensemble
correlation method. The results show that the velocity fields with the number of UMZs larger than the mean value have
a relatively low skin-friction drag, while the velocity fields with the number of UMZs less than the mean value have a
relatively high skin-friction drag. By analyzing the statistical characteristics of UMZs, the dynamic correlation between the
UMZs and skin-friction drag is explored. The velocity fields with a low number of UMZs present a sweep event. These
sweep motions intensify the small-scale Reynolds shear stress in the near-wall region by modulation effects. The enhance-
ment of small-scale Reynolds shear stress is the direct reason for the high skin-friction drag. Increasing the proportion of
velocity fields with high UMZs amount may be a direction to reduce the skin-friction drag within the TBL.

Keywords: turbulent boundary layers, uniform momentum zones, skin-friction drag

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

1. Introduction

Coherent structures in turbulent boundary layers (TBLs)
have been the focus of research for five decades. In recent
years, the discovery of uniform momentum zones (UMZs) fur-
ther enhances the community’s understanding of the coher-
ent structures within the TBL. UMZ is a large and irregular
flow region, in which the fluid has relatively uniform stream-
wise momentum. The streamwise length of UMZs is approx-
imately 38 (6 denotes the thickness of the boundary layer),
so the UMZs were thought of as a type of large-scale mo-
tions (LSMs).[!! In the velocity field obtained from particle
image velocimetry (PIV), UMZs can lead the probability den-
sity function (PDF) of the streamwise velocity to appear local
peaks. Adrian et al.!”! defined these local peaks as the modal
velocities to characterize approximately identical streamwise
velocity of UMZs.

In channel flow, Kwon er al.3! found that the interior
of UMZs contains low-level turbulence, while the thin lay-
ers demarcating the UMZs have relatively intense vorticity.
Eisma et al.'*l investigated the internal shear layers in TBL.
Their results show that the internal shear layers around UMZs
share similar characteristics with the turbulent non-turbulent
interface (TNTI), and the growth rate of the LSMs is con-
nected to the entrainment velocity of these internal shear lay-
ers. Based on the experimental dataset of four different Re;
(Re is the friction-velocity-based Reynolds number), de Silva

DOI: 10.1088/1674-1056/abc7a6

et al.) detected the number of UMZs within the TBL. They
found that the mean number of detected UMZs presents a
log-liner law with Re;, and the wall-normal thickness of the
UMZs furthest away from the wall accounts for the varia-
tion of the instantaneous boundary layer height. They further
revealed the evidence that the hairpin packets related to the
generation of UMZs have hierarchical length-scale distribu-
tions within TBL. This discovery coincides with the attached-
eddy hypothesis.[*"1 An extension work of Laskari ez al.[']
showed that the velocity fields with a low number of UMZ
are usually linked with a large-scale sweep motion, and in the
near-wall region, the small-scale turbulence activity is more
intense compared with the fields with high UMZ numbers.
This phenomenon is similar to the modulation effect of LSMs
to small-scale motion.!'!]

Traditionally, the skin-friction drag is thought to be as-
sociated with the turbulence activity in the near-wall region,
hence the coherent structure in the near-wall region is always
the focus of research on skin-friction drag reduction.!'>-16 In
recent years, the LSMs in the outer regions are also found
to have an impact on the generation of skin-friction drag.
Hutchins et al.!'”) observed that a large-scale low skin-friction
event within the TBL is associated with the low-speed re-
gions of LSMs. Hwang and Sung!'®! found that the high-speed
LSMs can amplify the vortical motions in the near-wall region,
and then the amplified vortical motions induce the increase of
skin friction. The research of skin-friction drag reduction via
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flow control in wall-bounded turbulence illustrated that the ac-
tion of hairpin vortices in the near-wall region is the primary
cause of higher skin-friction drag within the TBL compared to
the laminar boundary layer.['%-23 As the UMZs belong to the
LSMs, the UMZs are also expected to influence the wall shear
stress within the TBL.

As to the measurement of skin-friction drag, the measure-
ment method mainly includes the direct and indirect method.
The direct methods such as floating element balance, oil-film
interferometry, and liquid crystal coatings are inconvenient to
use. In addition, these methods are unable to perform mea-
surements under the water. The indirect methods such as
Clauser fit and Musker fit need the mean streamwise veloc-
ity profile to accord with the standard profile. Compared with
the aforementioned methods, the single-pixel ensemble cor-
relation (SPEC) is a newly developed method to acquire the
skin-friction drag. The method of SPEC acquires the single-
pixel resolution by extending the cross-correlation map of
In short, the
SPEC method uses temporal resolution to exchange for spatial
resolution. [>*25] Own to the high spatial resolution, the SPEC
can measure the mean velocity profile in the viscous sublayer,

the interrogation window in time dimension.

and get a reliable value of skin-friction drag by estimating the
slope of the mean streamwise velocity profile in the viscous
sublayer.[?®?7 The more details of SPEC can be referred to
Westerweel et al.**! and Kihler et al.>)

The objective of the present study is to explore the in-
fluence of UMZs on the skin-friction drag and to examine
the statistic characteristics of UMZs within the TBL. The ex-
perimental dataset analyzed in this work was obtained from
time-resolved particle image velocimetry (TRPIV). The veloc-
ity fields were acquired in the streamwise-wall-normal plane.
The method of SPEC was used to measure the skin-friction
drag. In Section 2, the experimental facility and measurement
method are introduced. In Section 3, the relationships between
UMZs and skin-friction drag, and statistic characteristics of
UMZs are analyzed. In Section 4, the concluding remarks are
given.

2. Experimental setup

The present experiments in TBL were carried out in a
low-speed recirculating water channel located at Tianjin Uni-
versity. The test section of the water channel is 6.2 m X
0.29 m x0.38 m (length x width x height). The turbulent
boundary layers were developed on the bottom wall of the
test section. A tripwire with a diameter of 2 mm was placed
200 mm downstream of the test section inlet to stimulate the
turbulent development. The velocity fields were acquired in
the streamwise-wall-normal plane via a 2D TRPIV. The mea-
surements were carried out at the place 2.7 m downstream of

the trip. The free-stream turbulence intensity is 1.5% at a typ-
ical free-stream velocity U, = 0.35 m/s. In present work, x,
y, Z denotes the streamwise, wall-normal, and spanwise direc-
tions, respectively; the corresponding instantaneous velocity
and fluctuation velocity components are given by U, V, W and
u, v, w; in addition, U, V, W were defined as the mean velocity
in the respective direction.

The flow was seeded by polyamide particle with an av-
erage diameter of 20 pum and a density of 1.03 g/mm>. The
flow field was illuminated by Litron LDY 304 laser. The
thickness of the laser sheet is approximately 2 mm. A Speed
Sense 9072 12-bit charge-coupled device (CCD) camera with
a 60 mm Nikkor lens was used to record images at a resolu-
tion of 800 pixels x 800 pixels. The particle images were ac-
quired with free-stream velocity U., = 0.359 m/s, correspond-
ing to Re; = 612. Under the aforementioned flow condition,
the dataset including 35214 images was acquired with sam-
pling rates f; = 750 Hz. The field of view (FOV) was approx-
imately 1.456 in x and y directions (57 mm x 57 mm). Dy-
namicStudio software from Dantec was used to transform the
particle images to the velocity fields. An adaptive correlation
approach was used with interrogation windows of 32 pixels x
32 pixels and an overlap factor of 75%. The spacial distance
per vectors was 0.59 mm or 9.23 inner unit. The relative error
of the velocity measurements was estimated to be about 1%.

Table 1. Flow parameters of boundary layers.

Free-stream velocity U. (mm/s) 359
Friction velocity u; (mm/s) 15.02
Skin friction coefficient C¢ 3.502x1073
Boundary layer thickness 8 (mm) 39.2
Displacement thickness 6* (mm) 6.8
Momentum thickness 6 (mm) 4.7
Shape factor H 1.44
Friction velocity Reynolds number Re; 612

The CCD camera for SPEC was the same as TRPIV. The
fitted lens was a Nikkor lens with a focal length of 200 mm.
The corresponding spatial resolution is 0.0207 mm/pixel,
which is enough to capture the seeds in the viscous sublayer.
As the thickness of the viscous sublayer was very thin, the
FOV of the SPEC camera was set as 200 pixels x 50 pixels
(4.14 mm x 1.04 mm in the x-direction and y-direction). The
cameras for SPEC and TRPIV were synchronized by synchro-
nizer when recording the particle images. The relative error of
the skin-friction drag acquired by the SPEC method is related
to the number of the ensemble size of image samples. When
the ensemble size is above 1000, the relative error is about 1%,
while the ensemble size of image samples exceeds 2000, the

relative error will be below 0.1%.[27]
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Fig. 1. Profile of (a) mean streamwise velocity and (b) the streamwise and wall-normal turbulent fluctuation intensity. Scatter points represent
the experimental result, the magenta line shows the DNS result. The black dashed line and solid line denote the logarithmic region and viscous

sublayer. (c) The mean streamwise velocity in the viscous sublayer.

The flow parameters of the boundary layer are listed
in Table 1. The log-law constants of mean velocity profile
k = 0.41 and B = 5.0. The friction velocity u; = 15.02 mm/s
was measured by the SPEC method, and the corresponding
goodness of fitting profile slope is greater than 0.9996. Us-
ing the Clauser chart method, 8! u; was 15.03 mm/s. The u;
calculated by two different methods almost identical, in the
following, we choose u; = 15.02 mm/s as the standard value.
The boundary layer thickness & is assessed based on 99% of
U.. The profiles of mean streamwise velocity and Reynolds
normal stress are shown in Figs. 1(a) and 1(b). For compari-
son, the DNS data of zero-pressure gradient turbulent bound-
ary layer at similar Re; by Schlatter and Orlu>®! are posted
in the plots in Figs. 1(a) and 1(b), in which the superscript +
denotes the nondimensionalization based on inner units. Fig-
ure 1(c) exhibits the mean streamwise velocity profile in the
viscous sublayer measured by SPEC.

3. Result and discussion

3.1. Influence of uniform momentum zones on frictional
drag

In the present study, the methodology proposed by
Laskari'%! is used to detect UMZs in the instantaneous ve-
locity fields. This method mainly includes two stages: (1) re-
moving the non-turbulent part of instantaneous velocity fields
to exclude the influence of free stream; (2) constructing the
PDF based on the turbulent part of instantaneous streamwise
velocity. The location of the turbulent/non-turbulent interface
(TNTI) in TBL is determined by the method of kinetic energy
deficit.?9 In a PIV frame, the local kinetic deficit K is defined
as

1

I
K=100x50s Y |Uy=U=P+V2E]. )

S ij=1

The subscripts i, j denote the relative position to the calcula-
tion point in the PIV grid. The fluid in regions with K < Ky,
(K, denotes the threshold) is defined as the non-turbulent part.
Thus the Ky, directly determines the TNTI location. According

to the study of Chauhan et al.*®! the mean location Y; and the
corresponding standard deviation o; of the TNTI should sat-
isfy Y; +30; ~ 8, where the & is the boundary-layer thickness
determined from the composite velocity profile of Chauhan et
al.BY The iso-contour of instantaneous streamwise velocity
in a randomly selected PIV frame is shown in Fig. 2(a). The
TNTI is denoted by the blue dashed line in the figure. For PDF
construction, the streamwise length of the velocity field is an
important factor. In Ref. [32], de Silva ef al. suggested that
the streamwise length in the range of 0.58—1.28 can guaran-
tee the UMZs to be identified clearly. In the present study, the
streamwise length is set as 15, and the corresponding stream-
wise range in FOV is [0.26, 1.28]. As a consequence, the av-
erage number of vectors with U /U.. € [0.4, 1] under the TNTI
in every PIV frame is approximately 3000. These vectors are
distributed in 48 bins of PDF. The size of a bin is approxi-
mately 0.5u;, which is enough for convergence and precision.
More detail of the UMZs detection method can be seen in the
article of Laskari ez al.!'! The PDF corresponding to Fig. 2(a)
is shown in Fig. 2(b). The location of the PDF local peaks de-
noted by triangles in the figure represents the modal velocity
U, of UMZs.

According to de Silva et al.,>! the UMZs amount Nyyiz in
a single PIV frame is associated with Re;, and the Nyyz (the
average value of Nymz) shows a log-liner increase with Re
increasing. In the present study, Nymz = 2.79, this value co-
incides with the suggestion of de Silva et al.!>) In their propo-
sition, the Nywz is approximately 2.75 when Re; = 600. Fig-
ure 3(a) exhibits the PDF of Nymz. In our dataset, Nymyz be-
longs to [1, 5], and the corresponding numbers of samples are
1673, 12332, 13998, 6096, and 1112. Based on Nymz, the
dataset is classified into 5 groups. In the following, the sym-
bol C; denoted the group of instantaneous velocity fields with
Numz = i, while the symbol G denoted the ensemble dataset.
Figure 3(b) shows the PDF of instantaneous streamwise ve-
locity in different groups. In the figure, we can see that when
U > 0.72U. the value of PDF decreases with Nywmz, while this
trend is reversed when U < 0.72U.., and the PDF of G is be-
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tween C, and C3. It indicates that the increase of Nymz can
enhance the proportion of low-speed fluid in the fields.

(a) U/U.,

1.0f 1
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Fig. 2. (a) The iso-contour of U under the TNTI in a randomly selected
PIV frame. The TNTI is denoted by the blue dashed line. (b) The PDF
corresponding to (a). The location of the peaks denoted by triangles
represents the modal velocity Uy, of UMZs.

Figure 4(a) shows the mean streamwise velocity profile of
each group acquired by SPEC in the viscous sublayer. In the
figure, the solid lines with color denote the fitted straight line
of each profile. The goodness of fit of C; to Cs are 0.9983,
0.9989, 0.9995, 0.9990 and 0.9956. The black dashed line
denoted the profile of u™ = y™, which fits the profile of the en-
semble. The slope of the fitted line has a decreasing trend from
C) to Cs, which indicates that the increase of the Nyyz would
reduce the skin-friction drag. The skin-friction coefficient dif-
ference ACt; = Ct; — C; are exhibited in Fig. 4(b), where the
Ct; denote the skin-friction coefficient of C;. In the figure,

the frictional drag of C| and C is higher than the ensemble,
while C3, C4 and Cs has a lower skin-friction drag compared
with the ensemble. The AC;; — ACy ;4 is also tend to attenu-
ate with Nypmz increasing. In addition, Nymz = 2.79 is close
to 3, and the AC; 3 is also closest to the zero. It implies that the
Numz is an important factor to impact the skin-friction drag.
Figure 4(c) shows the drag and amount proportion of different
groups in the ensemble. The drag proportion of C| and C; is
higher than their amount proportion. While in the group C3, Cy4
and Cs, the drag proportion is lower than the amount propor-
tion. It indicates that increasing the proportion of groups with
Numz > Nymz may be a direction to reduce the skin-friction
drag within the TBL.

PDF

0.2F k

PDF

o Lt
0.4
U/U.,

Fig. 3. (a) The PDF of Nymz. (b) The PDF of instantaneous streamwise
velocity in groups Cj to Cs, and G.
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Fig. 4. (a) The mean streamwise velocity profile in each group acquired by SPEC in the viscous sublayer. (b) The difference of skin-friction
coefficient between each group and the ensemble. (c) The drag and amount proportion of different groups in the ensemble.
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3.2. Statistical characteristics of uniform momentum
zones

The spacial location is an important property of UMZs.
In the previous literature of de Silva et al.’! and Laskari et
al.l'% the location of UMZs was defined as the midline of the
upper and lower boundary. This definition only reflects the
wall-normal distance of UMZs from the wall, so in this paper,
the location of UMZs is defined as the centroid of the regions
with U € [Uyp—0.25ur, Upn+0.25u;] (the 0.5u; corresponding
to the bin width of PDF construction). The new definition co-
incides with the criterion that the UMZs are mainly character-
ized by Uy, and the new definition can reflect the streamwise
and wall-normal position information of UMZs in FOV, rather
than wall-normal position only. Based on the new definition
of location, the UMZs in every single PIV frame are ranked.
The symbol R; presents the jth UMZ form the wall. Because
the Nymz of PIV frames in group C; is i, so for a certain group,
Jj belongs to [1, j].

6 T T T T
—a—C (a)
5t —e—0, ]
—A—Cj
4+ —v—C4 4
- Cs
ST ]
1 / i
1f ] 1
O 1 1 1 1
0.15 0.30 _ 0.45 0.60 0.75
Yij/6
6 T T T T T
5F ——C, 1
+C3
4F v—Cy 1
. Cs
< 31 1
2 L 4
1f ] 4
0 1 1 1 1 1

—1 0 1 2 3 4 5
/6 X107

Fig. 5. (a) Mean location of UMZs and (b) modal velocity of UMZs
varying with rank R; and group C;.

Figure 5 shows the average wall-normal location and
stream-wise position of UMZs in FOV. In Fig. 5(a), ¥; j denotes
the average wall-normal location of R; in C;. In the figure, we
can see Y11 j < ¥;j < ¥iy1 j+1. It means that the bottommost
UMZs trend to approach the wall with Nyyz increasing, while
the topmost UMZs tend to be close to the roof of the TBL. Cor-
responding to Fig. 5(a), Fig. 5(b) shows the average stream-

wise position X;; of UMZs varying with R; and C;, the refer-
ence position in streamwise is selected as the center of FOV.
In the figure, we can see that X; ; of UMZs with lower ranks
tend to be biased toward the downstream position. Further-
more, for a certain rank the ascent of Nymz would aggravate
this bias. It implies that the centroids of the UMZs with lower
wall-normal locations tend to be more downstream compared
with the upper UMZs. This is consistent with the inclination
of low-momentum zones in the attached eddy model.®*]

1.0 . . . . .
(a)
0.9} 1
| |
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~
3 —-—C,
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A Cy
0.6} —v—Cy
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§ —6r —0—C,y i
1S —A—
_9- C4 4
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—12} i

Fig. 6. (a) Mean modal velocity Um,i j- (b) The difference between the
mean modal velocity U, ;; and the mean streamwise velocity of global
fields at the corresponding wall-normal position U |y‘,j.

Figure 6(a) summarizes the mean modal velocity U ; ; of
UMZs with different R; and C;. For a certain rank, the Um,,' 18
descended with Nymyz increasing, and it has Uy, i1 j < Upij <
Upm,it+1,j+1. The trend of U, ;; varying with R; and C; is sim-
ilar to the ¥;; in Fig. 5(a). The difference between the U, ;;
and U ly, ; (the mean streamwise velocity of ensemble at the
wall-normal location 17,,) are shown in Fig. 6(b). In the fig-
ure, apart from the Uy, 22, Up 33, U a4 and Uy, 55, all the U, ;;
are less than the corresponding U] 7 and for a certain rank
the increase of Nynz would intensify the deficit of velocity. In
addition, the ¥»,, ¥33, Y44 and ¥s5 are higher than the ¥1; (about
0.510), as shown in Fig. 4(a). It is emphasized that the UMZs
under the ¥;; are the low momentum zones; the UMZs above
the ¥y, are the high momentum zones; the speed of UMZs at
Y11 is close to the global mean. The low momentum zones are
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linked to the backward induction of the hairpin vortex packets.
Due to the more intense activity of vortices close to the wall,
the effect of backward induction can lead to a larger momen-
tum deficit of UMZs at the regions close to the wall.

As discussed above, the UMZs below Y;; ~ 0.518 be-
longs to the low-speed structures. To further investigate the
dynamic correlation between the UMZs and skin-friction drag,
the impact of the UMZs on the velocity fields is analyzed. Fig-
ure 7 shows the profiles of conditionally averaged streamwise
fluctuation velocity (u;) and wall-normal fluctuation velocity

<Vl'>2

/\

=

A
I

(u(x,y)[Numz =), 2)
(vi) = (v(x,y)|Numz = i) . 3)

In Egs. (2) and (3), the (-) denotes the average over both the
samples and the x span. As shown in the plots, (i;) and (v;)
of all groups cross the zero line almost at ¥;; ~ 0.518. This
observation coincides with the result that the convection speed
of UMZs in C; is close to the ensemble, as shown in Fig. 6(b).
Below the Yi;, the velocity fields with Nymz < 2 (C1, G)
present a Q4 event ({u;) > 0 and (v;) < 0), and the intensity
of the Q4 event is attenuated with Nypmz increasing. When
Numz > 3 (Cs, C4, Cs), the velocity fields begin to present a
Q2 event ({;) < 0 and (v;) > 0), and the intensity of the Q2
event is enhanced with Nyyiz increasing. At the location near
the ¥5; &~ 0.128, a valley appears at the profile of (u4) and
(us), meanwhile, a peak appears at the profile of (v4) in (vs),
as shown in Fig. 7. This observation implies that the UMZs
under the ¥;; are a mass of low momentum fluid with an up-
ward motion. It is in line with the conclusion of Adrian et
al.”?! that the UMZ is generated by the back induction effect
of the hairpin packets. The reason why the low momentum
UMZs are under the ¥; is that most of the hairpin packets are
populated under the one-half of boundary layer thickness, as
proposed by Adrian. 33! Above the ¥, the variation tendency
of profiles is reversed. The velocity fields of C; and C; present
a Q2 event. With Nypz increasing, the Q2 event is gradually
transformed into Q4 event, i.e., the velocity fields of C3, Csand
Cs present a Q4 event. This can be owned to the high speed
of topmost UMZs in C3, C4 and Cs. Hence, we can conclude
that the high (low) frictional drag in low (high) Nymz groups
(Numz < 3 or Nymz > 3) is attributed to the sweep (eject) mo-
tion under the ¥;;.

As proposed by Laskari ez al.,!'] the sweep and ejection
in different groups can modulate small-scale turbulent activ-
ity. This modulation would change the Reynolds shear stress
distribution within the TBL. However, the skin-friction drag is
directly related to the Reynolds shear stress in the near-wall
region.3*! In order to explore the effect of modulation on the
skin-friction drag in different groups, the velocity fields are de-
marcated as large- and small-scale components using a spec-
tral filter. The cutoff wavelength of the filter in streamwise is

set as A, = &, which is the same as Hutchins and Marusic. >
In the following, (u1;) and (us;) denote the large- and small-
scale components of (u;)respectively, while (vi;) and (vs;)
denote the large- and small-scale components of (v;) respec-
tively.

X102

Fig. 7. The profiles of conditionally averaged (a) streamwise fluctuation
velocity (u;) and (b) wall-normal fluctuation velocity (v;). The dashed
line denotes the location of ¥5; and Y.

Figure 8(a) gives the map of conditionally averaged
large-scale Reynolds shear stress —(up;vy;) and globally av-
eraged large-scale Reynolds shear stress —(uy,v; ). Figure 8(b)
plots the difference between the conditionally averaged large-
scale Reynolds shear stress and globally averaged large-scale
Reynolds shear stress, —A (upjvy;) = (upvr) — (upivri). When
y < 0.38, —(upvri) and —(ursves) are higher than other
groups, while (uj3vi3) is lowest. It means that the in-
tense sweep in C; and ejection in Cs can enhance large-
scale Reynolds shear stress. However, the great valley of the
—(uryvL1) around the ¥y reflects that the speed of UMZs in
C is very close to the global mean, as shown in Fig. 6(b).
Figure 8(c) exhibits the conditionally averaged small-scale
Reynolds shear stress —(us;vs;) and globally averaged small-
scale Reynolds shear stress —(ugvs), while Fig. 8(d) shows
their difference —A (ugijvsi) = (usvs) — (usivsi). Similar to
the profiles of (u;) and (v;), the profiles of —A (ugs;vs;) are
also cross the zero line around the one point, but the cross-
over point is around the ¥5; ~ 0.128 (which is denoted by the
black dashed line in Fig. 8(d)). Below the ¥s;, the value of
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—A(us;vsi) decreases with Nynz. This trend is consistent with
the skin frictional drag varying with Nymz. It indicates that the
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sweep in C;<3 enhances the skin-friction drag by intensifying
the small-scale Reynolds shear stress in the near-wall region.
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Fig. 8. (a) Conditionally averaged large-scale Reynolds shear stress —(upjvy;) and globally averaged large-scale Reynolds shear stress —(upvy). (b)
The difference between the —(up;vri) and —(upvy), —A{up;vei) = (uLve) — (urivii). (c) Conditionally averaged small-scale Reynolds shear stress
—(usivsi) and globally averaged small-scale Reynolds shear stress —(ugvs). (d) The difference between the —(ug;vsi) and —(usvs), —A (usivsi) =

(usvs) — (usivsi)-

4. Conclusion

A dataset of velocity fields is acquired in the streamwise-
wall-normal plane within the TBL, by a 2D TRPIV. The
method of SPEC is used to measure the skin-friction drag of
TBL. The influence of UMZs on the skin-friction drag and
statistical characteristics of UMZs is investigated. The results
show that the skin-friction drag is linked with the number of
UMZs in velocity fields. When the number of UMZs is larger
than the mean value, the velocity fields have a relatively low
skin-friction drag. When the number of UMZs is less than
the mean value, the velocity fields have a relatively high skin-
friction drag. By defining the centroid of the regions with U €
[Un—0.25u;, Uyn+0.25u;] as the location of UMZs, the infor-
mation on the spatial distribution of the UMZs is exhibited.
In spatial distribution, the UMZs with lower wall-normal lo-
cations tend to be more downstream compared with the upper
UMZs. The UMZs under the 0.518 are the low momentum
zones, the UMZs above the 0.518 are the high momentum
zones. At 0.516, the speed of UMZs is close to the global
mean. The conditionally averaged fluctuation velocity shows
that, below the 0.519, the velocity fields with the low number

of UMZs present a Q4 event, and with Nyyz increasing, the
Q4 event is gradually transformed into a Q2 event. The veloc-
ity fields with a low number of UMZs intensify the small-scale
Reynolds shear stress in the near-wall region to enhance the
skin-friction drag by modulation effect. Increasing the pro-
portion of velocity fields with high UMZs amount may be a
direction to reduce the skin-friction drag within the TBL.
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