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ABSTRACT

Streamwise turbulence statistics in the range from Res¼ 990 to Res¼ 20 750 at the High Reynolds Number Actual Flow Facility at the
National Metrology Institute of Japan are presented, specifically focusing on the Reynolds number dependence of the inner peak turbulence
intensity. Velocity measurements are conducted using laser Doppler velocimetry (LDV), taking account of problems specific to this method,
with the aim of providing reliable experimental results. The control volume and the fringe pattern of LDV, both of which influence
turbulence statistics, are directly measured using a rotary wire device, and they are used to correct the measured turbulence intensity using
methods developed in this study. The present results for mean velocity and turbulence intensity profiles agree well with direct numerical
simulation data. The inner peak turbulence intensity in this pipe experiment increases with the increasing Reynolds number. It is found that
the Reynolds number dependence of the inner peak up to Res¼ 20 750 is very similar to that in a turbulent boundary layer (TBL). The slope
of the outer logarithmic region in the turbulence intensity profile is twice the slope obtained from the relation between the inner peak and
the Reynolds number. This relation is also consistent with that for TBL flow.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0084863

I. INTRODUCTION

Near-wall turbulence in wall-bounded flows has been studied for
a long time from many aspects, including, for example, turbulence
production and frictional drag. Among these, the local maximum
value of the streamwise turbulence intensity, namely, an inner peak at
yþ¼ yus/� � 15, has attracted much interest.1–7 Here, y is the wall-
normal position, us is the friction velocity, and � is the kinetic viscos-
ity. According to the classical consideration, near-wall turbulence
statistics is scaled by the inner variable, because the near-wall turbulent
flow is dominated only by small-scale structures and is independent of
the large structures in the outer layer. It is well known that the mean
velocity profile in the near-wall region is well scaled by the inner vari-
able. On the other hand, the inner peak value scaled by the inner vari-
able increases with the increasing Reynolds number. For instance,
DeGraaff and Eaton1 reported a Reynolds number dependence of the
peak value for turbulent boundary layer (TBL) flow. Since they
assumed that large-scale structures in the outer region affected the
inner peak turbulence intensity, they proposed a mixed scaling using

the friction velocity and the friction factor. Other recent papers have
also reported that the peak values exhibit a notable dependence on the
Reynolds number.8–10 Those results show a discrepancy with the clas-
sical wall scaling and indicate that the inner variable is not sufficient to
scale the inner peak turbulence intensity.

To explain the growth of the inner peak, several scalings have
been proposed. Lee and Moser3 and Marusic et al.4 suggested an
interaction between the Reynolds number dependence of the
inner peak and the outer region. They showed that the inner peak
turbulence intensity increases logarithmically with the Reynolds
number in channel and turbulent boundary layer (TBL) flows as
follows:

u0þð Þ2
max ¼ A1lnRes þ B: (1)

Marusic et al. also noted the following logarithmic relation for the tur-
bulence intensity in the outer region at a fixed Res:

u0þð Þ2 ¼ A2ln y=Rð Þ þ C; (2)
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where R is the outer scaling (the radius of the pipe in the case of pipe
flow). This equation is based on the attached eddy model at high
Reynolds number11 and represents the profile in the outer region at
y/R � 0.1. The smallest eddy size according to the attached eddy
hypothesis coincides with the start point of the logarithmic region,
which is yþ ! Res

0.5. Marusic et al. indicated that an increase in the
smallest eddy size results an increase in the inner peak. If the total
streamwise turbulence intensity is assumed to be superposed on the
viscous-scaled universal inner peak without any leakage of energy,
then the relation A1¼A2/2 can be established. Marusic et al. reported
values of A1¼ 0.63 and A2¼ 1.26 based on their experimental data for
TBL flow (and then B¼ 3.80 and C¼ 2.10). On the other hand, Chen
and Sreenivasan5 predicted that the growth of the peak value is finite,
because the streamwise dissipation rate at the wall is finite. They con-
sidered the limit of the dissipation rate at the wall to be eþ¼ 0.25
eþ ¼ e�=u4s
� �

. However, the energy dissipation rate is smaller than
this limit at any finite Reynolds number. The proposed relation for the
inner peak is

u0þð Þ2
max ¼ a

1
4
� b
Re0:25s

� �
; (3)

where the constants were determined from direct numerical simula-
tion (DNS) data of channel flow as a¼ 46 and b¼ 0.42. Chen and
Sreenivasan suggested that Eq. (3) also scales the inner peak in TBL
and pipe flows. Both Eqs. (1) and (3) have been evaluated using many
experimental and numerical data, but they have not been compared
with each other directly at high Reynolds number. It is necessary to
confirm which relation is appropriate. The values of the inner peak
given by the two equations are close to each other until a certain
Reynolds number, after which a difference appears at high Reynolds
number. For example, the inner peak turbulence intensity calculated
by Eq. (1) is only 0.4% different from that given by Eq. (3) at
Res¼ 10 000, but there is a 1.7% difference at Res¼ 20 000. Thus, the
difference increases with the increasing Reynolds number. To know
which equation predicts the inner peak more precisely, accurately
measured high Reynolds number experimental data are necessary.
However, the values of the inner peak obtained in previous stud-
ies8–10,12 are more scattered at high Reynolds number than at low
Reynolds number.

The most important and sensitive issue for the measurement of
the turbulence intensity at high Reynolds number is the spatial resolu-
tion of the measurement device.13 The higher the Reynolds number,
the higher is the required spatial resolution. The finite length of sen-
sors in measurement devices imposes limitations on spatial resolution.
This affects especially the turbulence intensity in the near-wall region.
Hultmark et al.14 measured the streamwise turbulence intensity at
Res¼ 98 190 using a nanoscale thermal anemometry probe (NSTAP)
in pipe flow. Although the spatial resolution was relatively high, they
applied the correction procedure proposed by Smits et al.15 to the
results in the near-wall region. The results that they found for the
inner peak indicated that it was a constant, independent of Reynolds
number, and thus were inconsistent with both Eqs. (1) and (3). Willert
et al.9 presented turbulence intensity profiles in the near-wall region in
pipe flow up to Res¼ 39 935, obtained by particle image velocimetry
(PIV). According to their results, the values of the inner peak increase
with Reynolds number but gradually deviate from both Eqs. (1) and
(3). Chen and Sreenivasan5 noted that these disagreements at high

Reynolds number were caused by insufficient spatial resolution of the
measurement devices, but they did not give any criteria for the spatial
resolution required to give a precise inner peak.

Another possible scenario for the disagreement in the behavior of
the inner peak at high Reynolds number attributes this to differences
in the geometry of the experimental facilities. Both Eqs. (1) and (3)
provide good representations of experimental results for the inner
peak in canonical flows (pipe, channel, and TBL) at low Reynolds
number and in TBL flows at high Reynolds number. However, the val-
ues of the inner peak do not show consistency between different data
in pipe flow at high Reynolds number. Hultmark et al.16 suggested
that the discrepancy was caused by differences in the interaction
between the inner and outer layers. However, the detailed mechanism
of the interaction between the outer flow and the inner peak is still
unclear. Moreover, there has not been a clear discussion of the inner
peaks in TBL and pipe flows, because reliable experimental results are
still insufficient.

The experiments described in this paper were conducted at the
High Reynolds Number Actual Flow Facility (Hi-Reff) at the National
Metrology Institute of Japan (NMIJ). Laser Doppler velocimetry
(LDV) was chosen as the measurement device because the working
fluid of this facility is water and LDV is a noninvasive measurement
method with high spatial resolution. With careful consideration of the
LDV-specific issues that affect turbulence statistics, we provide reliable
experimental results for pipe flow up to Res¼ 20 750. For this purpose,
each aspect of the LDV system that affects turbulence statistics was
evaluated based on actual measurements using a rotary wire device,
and the turbulence intensity was estimated precisely using a correction
method developed in this study.

We discuss the turbulence intensity profiles in pipe flow, focusing
on two main aspects. The first of these is a check of the reliability of
the turbulence intensity profile at low Reynolds number. Since the
influence of issues connected with LDV increases with the increasing
Reynolds number, measurements of turbulence statistics were carried
out from low Reynolds number to confirm the reliability of the experi-
mental results. In particular, DNS data at low Reynolds number are
taken as a reference to confirm our measurements and processing pro-
cedures. Based on those reliability checks at low Reynolds number, the
measurements were extended to higher Reynolds number. The second
aspect is investigation of the Reynolds number dependence of the
inner peak. The experimental results are compared with those of previ-
ous experiments and the empirical formulas in Eqs. (1) and (3) at high
Reynolds number.

II. EXPERIMENTS
A. Experimental facility

The experiments were conducted using Hi-Reff at NMIJ. The
details of this facility have been reported in previous studies.17,18 The
working fluid is water at ambient temperature. The water temperature
variation within a measurement of a single profile was less than
60.3%, and the effects of viscosity and density variation were negligi-
bly small. In the present experiments, mean velocity and turbulence
intensity profiles were measured through a borosilicate glass pipe of
diameter 100mm and streamwise length 250mm in the window
chamber. The step between the glass pipe and the upstream pipe was
less than 0.1mm. Upstream of the test section was a 90D length pol-
ished straight pipe. The roughness of this pipe was Ra¼ 0.10lm

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 045103 (2022); doi: 10.1063/5.0084863 34, 045103-2

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


(Raþ¼ usRa/�¼ 0.04), Rz¼ 0.8lm (Rzþ¼ usRz/�¼ 0.3). Further
upstream, a 23D normal straight pipe with Ra¼ 6.2lm (Raþ¼ 2.5)
and Rz¼ 25lm (Rzþ¼ 10) was installed. In a previous study using
the same facility, no influence of surface roughness was observed.17

The maximum friction Reynolds number was Res¼ 20 750 and the
maximum flow rate was 0.083m3/s. The friction velocity us was calcu-
lated from the following equation:

us ¼
ffiffiffi
k
8

r
Ub; (4)

where k is the friction factor and Ub is the bulk velocity. In our previ-
ous study,17 we measured the friction factor k at high Reynolds num-
ber based on the pressure drop and flow rate measurement and
obtained the following equation:

1ffiffiffi
k

p ¼ 2:092log Reb
ffiffiffi
k

p� �
� 1:176; (5)

where Reb¼UbD/� is the bulk Reynolds number and D is the pipe
diameter. The friction factor in the present paper is obtained using Eq.
(5). The bulk velocity Ub was calculated from the flow rate and pipe
diameter. A notable feature of this facility is its highly accurate mea-
surement of flow rate using static gravimetric methods (the uncer-
tainty is 0.04% with a coverage factor k¼ 2), and this contributes to
the estimation of the friction factor, friction velocity, and Reynolds
number. Another advantage of the facility is that stable flow can be
achieved by a water supply from an overflow head tank of height
30m. In this system, the risk of any artificial disturbance from the out-
side can be eliminated.

B. Measurement procedure

The streamwise velocity was measured by an LDV system. A
solid-state laser with maximum power of 0.3W and wavelength
k¼ 532nm was used. The expanded uncertainty of the velocity mea-
surement using this LDV system was estimated to be 0.2% with k¼ 2.
The measurement positions in the glass pipe were calculated based on
the refractive index, traverse position, and LDV parameters (focal
length, beam spacing, and wavelength). The refractive index of the air

was 1.0003 and that of the glass pipe was 1.4751. The refractive index
of water was corrected by the water temperatures during the measure-
ments. The uncertainty of the wall position is estimated to be 5.4%
(k¼ 2) at y¼ 0.02mm and 1.2% (k¼ 2) at y¼ 0.1mm.

In general, streamwise velocities are measured aligned with the
radial direction. However, measurement is impossible in the vicinity of
the wall, because the laser beams are not able to reach there owing to
the difference in the refractive indices. In this experiment, the line for
the measurements was not aligned with the radial direction, but instead
was slightly inclined to enable measurements in the near-wall region (as
shown in Fig. 1). The velocities were measured at 48–58 positions along
the measurement line. In the case of hot-wire (HW) measurements, the
control length L (i.e., the length that directly affects the measured value)
is taken as the spanwise length of the wire. In LDV measurements, the
length of the control volume perpendicular to the wall affects the turbu-
lence intensity. If the measurement line and the laser beam path inter-
sect vertically, then the control length L that should be considered as
representing the spatial resolution is just the minor diameter d of the
control volume. However, when, as in Fig. 1, the laser beam path is not
vertical to the measurement line, the major diameter l of the control vol-
ume also contributes to the control length L.

In these experiments, to investigate the influence of spatial reso-
lution on LDV measurements, turbulence statistics were obtained at
different spatial resolutions. The control length L was changed by two
methods. One, shown in Fig. 1(a), involved changing the inclination
angle h of the measurement line. The streamwise velocities were mea-
sured for inclination angles of h1¼ 15.1� and h2¼ 15.7�. With the
increasing inclination angle h, the control length L increases. The other
method involved changing the focal length of the lens, as shown in
Fig. 1(b). Measurements were taken with focal lengths of f¼ 160mm
and f¼ 200mm. With the increasing focal length, the control length L
increases. The details of the measurement conditions are given in
Table I. The Reynolds number differs slightly between cases #1, #2,
and #3, but its deviation is within 3% (except for Res¼ 2952).

C. Rotary wire device

To evaluate the LDV parameters influencing turbulence statistics,
a rotary wire device was used, as shown in Fig. 2(a). The details of the

FIG. 1. Schematic of LDV measurements with different spatial resolutions. The control length L was changed by changing (a) the measurement line and (b) the focal length of
the lens.
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device have been reported previously.19,20 It calibrates an LDV system
using the rotational speed of a tungsten wire of diameter 5lm. The
rotational speed is determined by a pulse encoder and the distance
between the center of the rotor and the wire. The rotor moves in 1lm
intervals in the direction of the laser beam, i.e., the z axis direction. The
burst signals when the wire passes the control volume of the LDV are
analyzed by a digital oscilloscope and a signal processing device. The

center of the control volume is determined from the amplitude obtained
from the digital oscilloscope at each position in the control volume.

This device is suitable for the velocity range from 1.3 to 40m/s. The
combined standard uncertainty of the calibration is estimated to be
0.01% (k¼ 2) in the velocity range from 2 to 30m/s. The LDV system
used in the present experiments was examined in the velocity range from
1.3 to 10m/s (the maximum velocity was 12.3m/s at Res¼ 20750). This
device was used not only to measure the absolute velocity, but also to
determine the major diameter l and the fringe distortion of the control
volume, which will be explained in Sec. III. The velocity correction coeffi-
cient, the fringe distortion, and the control volume were determined for
each lens (f¼ 160mm and f¼ 200mm) individually.

The absolute velocity was corrected by a convergence coefficient
Cf, which was obtained from a comparison between the velocity indi-
cated by the LDV system and the rotational speed to the wire. It was
applied to values of both the mean velocity and the turbulence inten-
sity in all measurement regions across the pipe. The coefficients for
f¼ 160 and f¼ 200 were Cf¼ 1.004 45 and Cf¼ 0.996 564, respec-
tively. All examined results were first corrected using the convergence
coefficients.

TABLE I. Measurement conditions. The difference in the measured Reynolds num-
ber of the three spatial resolutions is within 3% (except for Res¼ 2952). L and Lþ

(Lþ ¼ Lus=�) are the control lengths at Res¼ 4270 and yþ� 15.

Case
Focal length

f (mm)
Measurement
line angle h L (lm) Lþ

Symbol
in figures

#1 160 15.1� 60.1 5.04 Triangle
#2 160 15.7� 73.2 6.19 Square
#3 200 15.7� 100 8.66 Diamond

Reynolds number range 990�Res < 20 750

FIG. 2. (a) Schematic of rotary wire device. (b) Image of the fringe distortion in the control volume. (c) Fringe distortions for f¼ 160 (solid circles) and f¼ 200 (open circles) in
this experiment as evaluated by the rotary wire device. (d) Measured deviation with respect to the corrected u0 , considering fringe distortion in cases #2 and #3 at each wall-
normal position. The orange, green, and gray plots are at Res¼ 4270, 6075, and 14 450, respectively.
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III. LDV MEASUREMENTS AT HIGH REYNOLDS
NUMBER
A. LDV-specific issues

In this study, we measured the streamwise turbulence intensity
profiles in pipe flows up to Res¼ 20 750 by LDV to provide precise
experimental results and investigate the Reynolds number dependence
of the inner peak turbulence intensity. In previous studies at Hi-Reff,
the mean velocity profiles were measured up to Res¼ 53 000 by LDV,
and it was found that the value of the K�arm�an constant asymptotically
approached a constant value of j¼ 0.384.17,21 In the present study,
the turbulence intensity profiles were measured. To provide highly
reliable results, several aspects of the LDV system that affect turbu-
lence statistics were investigated based on actual measurements using
the rotary wire device. HW and PIV measurements, which were used
in previous high-Reynolds-number experiments, underestimate the
turbulence intensity. Conversely, LDV overestimates the turbulence
intensity because of the spatial resolution.

LDV has been applied to many flow fields, including wall-
bounded flows, and is recognized as one of the tools that is applicable
to near-wall turbulence measurements.22–24 However, previous studies
have been limited to low Reynolds number experiments. Owing to the
issue of spatial resolution, in previous studies, the Reynolds number of
wall bounded flows has been Res¼ 6000 at most.22,25–27 It is necessary
to take careful consideration of the factors influencing measurement
devices. Usually, these factors are inherent to each method, such as
hot-wire measurements, PIV, and LDV.

There are three factors in LDV measurements that affect turbu-
lence statistics, and they can be summarized as follows:

1. Particle passing frequency: this leads to overestimation of the mean
velocity and over- or underestimation of the turbulence intensity.

2. Spatial resolution: this leads to overestimation of the turbulence
intensity because of the finite control volume together with the
difficulty in determining its actual dimensions.

3. Fringe distortion: this leads to overestimation of the turbulence
intensity because of the nonuniform fringe pattern inside the
control volume.

With regard to the first issue, since LDV detects the velocities of
particles passing through the control volume, the sampling frequency
is not uniform. It is high around the pipe center but low near the wall,
in general, since the number of particles that pass through the control
volume increases with particle velocity. Consequently, the arithmetic
mean velocity is positively biased from the true one. To avoid this
effect, the mean velocity and turbulence intensity are generally cor-
rected using a weighting factor gi as follows:

28

U ¼

Xn
i¼1

uigi

Xn
i¼1

gi

; (6)

u0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

ui � Uð Þ2gi
Xn
i¼1

gi

vuuuuuut ; (7)

where ui is the velocity of each particle and n is the number of samples.
In this experiment, the transit time at which the particle passes the
control volume is used as the weighting factor gi in this correction.

As far as the second issue is concerned, in general, the turbulence
intensity is affected by the spatial resolution. In the case of HW mea-
surements, velocity fluctuations are averaged over the sensitive length
l, and small-scale or high-frequency fluctuations are attenuated.
Therefore, the measured turbulence intensity is underestimated. This
is usually understood as the spatial resolution problem.13,15 Several
correction methods have been proposed for HW measurements based
on experimental data on the different spatial resolutions using the
same facility, DNS data, and so forth.29–33 Conversely, in the case of
LDV, the spatial resolution affects the turbulence intensity in a differ-
ent way. Near the wall, where large velocity gradient exists, the turbu-
lence intensity is overestimated. Durst et al.22 suggested the following
correction for this effect:

Umeas ¼ Ucv þ L2

32
d2Ucv

dy2

 !
; (8)

u02meas ¼ u02cv þ
L2

16
dUcv

dy

� �2

þ L2

32
d2u02cv
dy2

 !
; (9)

where Umeas and u02meas are the measured mean velocity and turbulence
intensity, Ucv and u02cv are, respectively, the mean velocity and turbu-
lence intensity at the center of the control volume, and L is the control
length, which directly affects the measured value. The mean velocity
and turbulence intensity at the center of the control volume are esti-
mated from these relations using the measured data. However, these
relations have only been applied to low Reynolds number, but not (as
far as the present authors know) to high Reynolds number wall-
bounded flows. Recently, another method to estimate the turbulence
intensity at the center of the control volume has been reported. It is
based on the probability density function (PDF) of the streamwise
velocity at each position across the pipe.34,35 The principle of this
method is completely different from that of Durst et al.22 However, in
both methods, it is necessary to determine the control length L.25 It is
not easy to determine the actual control length L, because the beam
intensity of LDV is not uniform, but has a Gaussian distribution inside
of the control volume. A general method to calculate the control vol-
ume in the ideal case can be found in the previous study,28 but it needs
to be improved to take account of the actual measurement field.
Especially at high Reynolds number with large velocity gradient, the
influence of the control volume is significant. A small misestimate of
the control length L will lead to an over- or underestimated turbulence
intensity, even if Eq. (9) is used. In this paper, a new approach to
obtain the control volume precisely using measurement results is pro-
posed. The details will be given in Sec. III C.

Finally, in addition to the spatial resolution, it is necessary to con-
sider the effect of the fringe distortion on LDV measurements. Fringe
distortion is generated by manufacturing problems, such as deviations
from beam parallelism and lens aberrations. Turbulence intensity is
generally overestimated by the fringe distortion because different parti-
cle velocities are obtained from nonuniform fringe patterns. If the
fringe pattern is distorted, the measured particle velocity changes
according to the location in the control volume.36 The spatial resolu-
tion caused by the velocity gradient affect mainly the inner region, but
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the effects of fringe distortion are stronger in the outer region. These
two effects occur independently in LDV measurements. The velocity
gradient effect is larger than the fringe distortion effect near the wall,
but the reverse is the case in the outer region. In this paper, a new
method to evaluate the influence of fringe distortion is introduced in
Sec. III B.

B. Evaluation of fringe distortion

The fringe pattern in the control volume of an LDV system is
constructed by the crossing condition of two laser beams. In principle,
if the laser beam diameter is uniform at any position, the fringe dis-
tance is not distorted in the control volume. However, the beam diam-
eter is a function of the distance along the beam path, as shown in Fig.
2(b). This induces fringe distortion. When fringe distortion occurs, the
turbulence intensity is overestimated, because particles that actually
have the same velocity are detected as having different velocities
depending on the position in the control volume through which they
pass, as shown in Fig. 2(b). The influence of the fringe distortion has
been investigated by Durst et al.36 Since the fringe distortion varies
from device to device, it needs to be determined individually for each
measurement device.

In the present experiments, the fringe distortion was investigated
using the rotary wire device. The fringe distortion was evaluated by
traversing the position of the rotor with the wire. A comparison of the
velocity measured by the LDV system and the actual rotational speed
of the wire is shown in Fig. 2(c). There is a difference between these
measurements, and this depends on the position inside the control
volume. The maximum deviations from the center of the control vol-
ume are 4.8% and 2.9% at f¼ 160 and f¼ 200, respectively. The influ-
ence of the fringe distortion on the mean velocity is not great, because
the velocities measured are averaged across the control volume in the z
direction. However, the turbulence intensity will be affected. The
fringe distortion effect occurs at any measurement position in the
pipe, but it is smaller than the effect of the velocity gradient. Thus,
the fringe distortion effect is significant except near the wall.

The fringe distortion effect is corrected using the PDF of the
velocity fluctuation. We define the PDF PA(u; x) measured at x¼ (x, y,
z) [for coordinates, see Figs. 2(a) and 2(b)], where u is the streamwise
velocity. Subscript A indicates the area in the (y, z) plane. The actual
PDF PM(u; V) measured by LDV is given by the integral of PA(u; x)
over the control volume V:

PM u;Vð Þ ¼ 1
V

ð
V

PA u; xð Þ dV : (10)

This approach was proposed by Wada et al.34,35 When the velocity
field is homogeneous in the (x, y) plane, Eq. (10) reduces to

PM u;Vð Þ ¼ 1
V

ðl=2
�l=2

PA u; zð Þs z2;Vð Þ dz; (11)

where l is the major diameter of the control volume, and s(z, V) is the
area of the control volume at the z position. The base PDF PB is
defined as the PDF of the normalized velocity [u�U(z)]/r(z), where
U(z) is the mean velocity and r(z) is the standard deviation at z, and
PA(u; z) is then expressed as

PA u; zð Þ ¼ PB u� U zð Þ½ �=r zð Þ� �
r zð Þ ; (12)

where U(z) and r(z) are given by

U zð Þ ¼ ½1þ f zð Þ�U 0ð Þ; (13)

r zð Þ ¼ ½1þ f zð Þ�r 0ð Þ; (14)

in which f(z) is determined by the actual measurement results as
shown in Fig. 2(c). The PDF of the infinitesimal volume at the center
of the control volume is determined to satisfy Eq. (11), and the stan-
dard deviation is calculated from that PDF. The basic procedure to
obtain PDF is the same as that of our previous paper.34

The influence of the fringe distortion based on Eq. (11) is shown
in Fig. 2(d), where the results are those for case #2 measured by a lens
with f¼ 160 and for case #3 measured by a lens with f¼ 200 at three
Reynolds numbers. The correction effect for the two different focal
lengths is almost the same at Res¼ 4270 and 6075. However, case #2
with f¼ 160 has a slightly larger correction around the center at
Res¼ 14 450 than case #3 with f¼ 200. This is because the lens with
f¼ 160 has a greater fringe distortion than that with f¼ 200, as shown
in Fig. 2(c). The influence of the fringe distortion is significant in the
outer region of the boundary layer, as shown in Fig. 2(d). It should be
noted that this proposed estimation (or correction) procedure for the
actual turbulence intensity is important for confirming the relation
between the slope of the logarithmic region in the outer layer as
expressed by Eq. (2) and the slope of the Reynolds number depen-
dence of the inner peak in Eq. (1). The slope A2 in Eq. (2) is clearly
influenced by fringe distortion.

C. Determination of control length L

Since the turbulence intensity is overestimated by a finite control
volume, it is necessary to establish a correction procedure to estimate
the expected values. As mentioned in Sec. I, the control length L is key
parameter in those procedures.25,26 Precise determination of the con-
trol length L is very important for an accurate estimation and for pro-
viding a reliable turbulence intensity. A method for determining the
control length L has been found in previous studies.25,26 It uses the
relation between the mean velocity gradient and the turbulence level
measured in a laminar flow. However, this method has a limitation
due to the dynamic range of the measurement device and the fringe
distortion mentioned above. For high Reynolds number measure-
ments, the required measurement range of the velocity is large. Since
the uncertainty of velocity measurement increases with decreasing
velocity, this method is not suitable for precise determination of the
control volume. Therefore, we determined the control length L by
using the rotary wire device.

Figure 3(a) shows the distribution of the amplitude of the burst
signal as the wire passes through each position in the measurement
volume. This distribution can be regarded as that of the laser beam
power inside the control volume. In general, the waist diameter of the
laser beam is defined as being at the position where its power is e�2 of
the maximum. According to this definition, the major diameter l of
the control volume is tentatively obtained from the e�2 point of the
amplitude distribution, as shown in Fig. 3(a). However, as shown in
Fig. 3(c), the corrected turbulence intensities based on the control
length L determined by the e�2 point slightly differ between the three
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cases [Fig. 3(b) shows turbulence intensity profiles without correction
for the spatial resolution]. On the other hand, the turbulence intensi-
ties obtained from a control length L determined by the e�1.4 point
agree well between the three cases, as shown in Fig. 3(d). The reason
why the e�1.4 threshold works better may be connected with a differ-
ence in measurement conditions. Since the laser beam passes through
water and a glass pipe, the beam power will be attenuated under the
actual measuring conditions. Taking this into account, the major
diameter l of the control volume can be determined by the e�1.4 point.
Once the major diameter l of the control volume has been determined,
the minor diameter d is obtained as follows:

d ¼ l sin/
cos/

; (15)

where / is the half-intersection angle of the beams. The control length
L is calculated geometrically from the major diameter l, the minor
diameter d, and the inclination angle of the control volume with
respect to the measurement line (see Fig. 1). The measurement condi-
tions are summarized in Table I.

A comparison between raw (uncorrected) and corrected turbu-
lence intensities for different spatial resolutions is shown in Fig. 4.
Durst et al.22 limited their considerations to data obtained when more
than half of the control volume was inside the working fluid, owing to
the increased electric and optical noise. We adopt the same procedure,
and the corrected turbulence intensity in the near-wall region is not
shown in the figure. At Res¼ 2084, the effect of the spatial resolution
is confirmed only in the viscous sublayer in case #3 (Lþ¼ 4.92) with
the largest control length L [Fig. 4(a)]. At Res¼ 6075, this effect

FIG. 3. (a) The major diameter l of the control volume is determined by the distribution of amplitude as the wire passes through each position. (b) Turbulence intensity profiles
without correction for the spatial resolution at Res¼ 8610. Note that the data have already been corrected for the weighting factor and the fringe distortion. (c) and (d)
Corrected results based on the estimation according to Eq. (9) using control lengths L determined by the e�2 and e�1.4 points, respectively.
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appears clearly not only in the viscous sublayer but also around the
inner peak, at yþ � 15 [Fig. 4(c)]. However, the turbulence intensity
profiles measured at the three different spatial resolutions are in good
agreement with one another by correction. Moreover, they are also in
good agreement with DNS data from Chin et al.37 and Pirozzoli
et al.38 [Figs. 4(b) and 4(d)]. The spatial resolution has a remarkable
effect on the turbulence intensity at Res¼ 11 040 [Fig. 4(e)]. However,
the corrected results for the three different spatial resolutions are good

agreement with each other and are similar to results from the
CICLoPE facility at the University of Bologna, Italy9 [Fig. 4(f)].

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, the turbulence statistics measured with LDV-
specific effects taken into account are presented. The discussion
focuses mainly on the mean velocity and the turbulence intensity

FIG. 4. Turbulence intensity profiles in the inner region for three different spatial resolutions. (a) and (b) Raw (uncorrected) and corrected results based on Eq. (9) at
Res¼ 2084. The black solid line in (b) shows the pipe flow DNS data from Chin et al.37 (c) and (d) Results at Res¼ 6075. The black solid line in (c) shows the pipe flow DNS
data from Pirozzoli et al.38 (e) and (f) Results at Res¼ 11 040. The blue solid line in (f) shows the pipe flow experimental results from CICLoPE.9
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profiles of the streamwise component from Res¼ 990 to Res¼ 20 750.
The Reynolds number dependence of the inner peak is also discussed.

A. Mean velocity

Mean velocity is affected by the spatial resolution only in the vis-
cous sublayer. To investigate the influence of the spatial resolution, the
mean velocity profiles measured at Res¼ 4270 and Res¼ 11 040 for
three different spatial resolutions are shown in Fig. 5. The data shown
in the figure are corrected only by the weighting factor. The influence
of the spatial resolution does not appear at Res¼ 4270, but a small
influence emerges in the viscous sublayer at Res¼ 11 040. Except in
the near-wall region, the influence of the spatial resolution is not
confirmed.

The mean velocity profiles in the range from Res¼ 990 to
Res¼ 20 750 are shown in Fig. 6. The results from the wall to the buffer
layer in case #1 are combined with data from the buffer layer to the cen-
ter of case #3 as the complete dataset for the turbulence statistics,
because the inner region is susceptible to the influence of the spatial res-
olution and the outer region to that of the fringe distortion. In this
result, the LDV-specific effects, namely, the passing frequency of the
particles, the spatial resolution, and the fringe distortion, are corrected
as described in Sec. III. The measured profiles overlap sufficiently at
yþ> 100. Using the indicator function N ¼ yþduþ=dyþ

� ��1
, the

K�arm�an constant is calculated from the velocity profile, where N is a
constant that is equal to 0.380 for Res¼ 20 750. This value is slightly
smaller than a previous result of 0.382 at Res ¼20000.17 However, they
agree with each other within the experimental uncertainty. The experi-
mental results are also good agreement with DNS data on channel flow
from Yamamoto and Tsuji39 rather than with data on pipe flow from
Pirozzoli et al.38

B. Turbulence intensity profile

The turbulence intensity profiles are shown in Fig. 7, together
with the results from previous studies. The present results are in good
agreement with pipe flow DNS data from Chin et al.37 and Ahn
et al.40 at Res¼ 990, 2084, and 2952, and also agree with DNS data

from Pirozzoli et al.38 at Res¼ 6075, although a small difference is
observed from yþ¼ 100 to 400. At higher Reynolds number, the pre-
sent results agree well with channel flow DNS results from Yamamoto
and Tsuji.39 The difference observed in the outer region is due to the
small difference in Reynolds number between experiment
(Res¼ 8610) and DNS (Res¼ 8000), and due to the difference of
geometries. Thus, the comparison between the present data and DNS
profiles shows consistency from Res¼ 990 to Res¼ 8610.

Willert et al.9 reported that the outer peak appears at
yþ¼ 200–400 for Res � 20 000. The turbulence intensity grows in this
region depending on the Reynolds number, but a clear outer peak is
not observed in the present results.

FIG. 5. Mean velocity profiles for three different spatial resolutions at (a) Res¼ 4270 and (b) Res¼ 11 040.

FIG. 6. Mean velocity profiles at Res¼ 990 to Res¼ 20 750, combining the results
for cases #1 and #3 around the buffer region. The green solid line shows pipe flow
DNS data from Pirozzoli et al.38 and the blue solid line shows channel flow DNS
data from Yamamoto and Tsuji.39
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C. Reynolds number dependence of the inner peak
turbulence intensity

Figure 8(a) shows the inner peak turbulence intensity of three dif-
ferent spatial resolutions vs the Reynolds number. The effects of the
spatial resolution are observed clearly from Res¼ 4200 and increase
with increasing Reynolds number. However, the corrected values for
the different spatial resolutions coincide with one another up to
Res¼ 14 000. The corrected values of the inner peak for the three cases
are within 62.4% from Res¼ 2000 to Res¼ 14 000, but this range is
65.5% at Res¼ 20 000.

Two scaling formulas for the Reynolds number dependence of
the inner peak were mentioned in Sec. I, namely, the logarithmic

relation of Eq. (1) and the asymptotic relation of Eq. (3). Both equa-
tions are fitted to the present data up to Res¼ 14 000 and the coeffi-
cients determined as follows:

u0þð Þ2
max ¼ 0:72lnRes þ 3:01; (16)

u0þð Þ2
max ¼ 46

1
4
� 0:44
Re0:25s

� �
: (17)

These equations are plotted as the dotted and dashed lines, respec-
tively, in Fig. 8(a).

Since the corrected values of the inner peak are scattered at high
Reynolds number, it seems that there is a correctable or measurable
limitation on the control lengths Lþ in this experiment. The deviation
of the corrected results from Eq. (17) is plotted against the control
length Lþ in Fig. 8(b). The deviation from Eq. (17) is less than 65%
for Lþ � 25.0, but it exceeds 65% for Lþ � 25.8. Similarly, when the
deviation from Eq. (16) is calculated, the results exceed 65% for Lþ

� 25.8. This indicates that the values measured for Lþ � 25.8 in this
experiment deviate greatly from the expected value. To distinguish the
results at large spatial resolution, those for Lþ � 25.8 in Fig. 8(a) are
shown by half-filled gray symbols. For HWmeasurements, the limit of
correction has been reported as Lþ< 20.13 Although this limit is
slightly smaller than that for LDV, it is interesting that they have simi-
lar values.

For HW measurements, inner peak turbulence intensities mea-
sured at the same facility and corrected by different methods were
compared by Miller et al.41 It is important to compare the results of
different correction methods to evaluate the validity of these correc-
tions. In our previous study,34 another correction method was pro-
posed based on the PDF of the velocity fluctuation (this is hereinafter
referred to as Wada’s method). In that study, Wada’s method was
applied up to Res¼ 10 400, with the control volume calculated by the
LDV parameters. Here, we update these previous results using the pre-
cise size of the control volume obtained in this paper and applied up
to Res¼ 20 750. A comparison between the present results and those

FIG. 7. Turbulence intensity profiles at Res¼ 990 to 20 750, combining the results
of cases #1 and #3. The effects of the spatial resolution and the fringe distortion
are corrected. The dashed lines show DNS data from Chin et al.37 at Res¼ 1002
and Res¼ 2003, Ahn et al.40 at Res¼ 3008, Pirozzoli et al.38 at Res¼ 6000, and
Yamamoto and Tsuji39 at Res¼ 8000.

FIG. 8. (a) Reynolds number dependence of the inner peak turbulence intensity. The black filled circles represent the average of the corrected results in the three cases for
Lþ < 25.0 (excluding the results indicated by half-filled gray symbols). The dotted line is Eq. (16) and the dashed line is Eq. (17). (b) Deviation of the corrected results from
Eq. (17) for each Lþ. Half-filled gray symbols are the results >5%.
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using Wada’s method is shown in Fig. 9. While some results do not
overlap within the uncertainty level, most of the results corrected by
the two different methods agree acceptably with each other in the
examined Reynolds number range.

The inner peak values are compared with previous
DNS1,8–10,14,38–40,42 and experimental data in Fig. 10. The present
results measured by LDV do not show any plateau and increase
depending on the Reynolds number. This tendency is different from
that found in previous experiments on pipe flow, which deviated from
Eqs. (1) and (3) at high Reynolds number.9,14 On the contrary, the pre-
sent results are closer to the profile of TBL flows. In particular, they
are consistent with the results for a TBL obtained by Samie et al.10

using a fully resolved NSTAP with Lþ¼ 2.4–3.5. It is remarkable that
Samie et al. did not apply correction to their HW measurements. The
consistency between the two sets of experimental results is worthy to
give a reliable inner peak for the near-wall turbulence, since this con-
sistency indicates that the inner peak is independent of the geometry
for canonical flows at least up to Res¼ 20 000. Focusing on the pipe
flow, the present results are similar to those from CICLoPE at low

Reynolds number, but the trends in the higher Reynolds number
region seem to be different.

The present results are intermediate between those given by Eqs.
(1) and (3), respectively. Although these empirical equations represent
the present results well, including those at low Reynolds number, it is
difficult to decide which equation predicts the inner peak precisely.
The higher Reynolds number results are needed to determine which
scaling expresses the Reynolds number dependence more accurately.
In this study, the slope of Eq. (1) is A1¼ 0.72, as shown in Eq. (16).
This result is very close to that of the previous study by Marusic et al.,8

which gave A1¼ 0.7. Note that this value was slightly changed to
A1¼ 0.63 in a later publication by the same authors.4 The constants in
Eq. (3) were obtained as a¼ 46 and b¼ 0.44, as in Eq. (17). a is related
to a finite value of the inner peak when Re! 1, as reported by Chen
and Sreenivasan.5 According to their assumption, the maximum value
of the inner peak is predicted as umax¼ a/4¼ 11.5 from the value of
a¼ 46. On the other hand, b is slightly different from that obtained by
Chen and Sreenivasan, and they also suggested that b may depend on
the geometry. In the present experiments, the value of b was slightly
larger than that previously obtained from DNS of channel flow.

D. Logarithmic region in outer layer

According to the attached eddy model, the turbulence intensity
profile at high Reynolds number has a logarithmic region given by Eq.
(2). Marusic et al.4 indicated that the slope A1, which is associated with
the Reynolds number dependence of the inner peak, is half of the slope
A2 of the logarithmic region in the outer region of TBL. The turbulence
intensity profiles with respect to the outer variables are shown in Fig. 11.
The logarithmic region can be clearly observed around y/R¼ 0.1, espe-
cially at high Reynolds number. Assuming the slope A2 of the logarith-
mic region to be twice the value A1¼ 0.72 from Eq. (16) gives
A2¼ 1.44. From the fit taking A2¼ 1.44, the equation based on the
attached eddy model gives the relation u0þð Þ2 ¼ 1:70� 1:44 lnðy=RÞ.
This equation expresses correctly the results in the logarithmic region as
given by the solid line in Fig. 11. Thus, it is found that the relationship
between the Reynolds number dependence of the inner peak and the
logarithmic region with A1¼A2/2 is also satisfied in pipe flow, although
the values of the constants A1 and A2 are different from those in a TBL.

Finally, we emphasize that the relationship between the inner
peak and the logarithmic region in the present data is confirmed by a

FIG. 9. Inner peak turbulence intensities corrected for case #1 using Wada’s
method. The black filled circles are the same as those in Fig. 8(a).

FIG. 10. Comparison of the Reynolds
dependence of the inner peak turbulence
intensity with the results of previous stud-
ies. The black dotted line is Eq. (16), and
the black dashed line is Eq. (17). The
gray dotted line is u0þð Þ2

max ¼ 0:63lnRes
þ 3:80 according to Marusic et al.4 The
gray dashed line is u0þð Þ2

max ¼ 46ð14�0:42=Re0:25s Þ according to Chen and
Sreenivasan.5 The error bars indicate the
uncertainty calculated by the variation
among three different spatial resolutions.
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careful consideration of the correction of LDV-specific problems, such
as the spatial resolution and the fringe distortion. €Orl€u et al.43 men-
tioned the relation A1¼A2/2 for the HW measurement results at
CICLoPE, but this was not based on a strict analysis of the turbulence
intensity profile. In the present study, careful measurements and the
application of corrections based on an actual evaluation using the
rotary wire device have led to reliable experimental results.

V. CONCLUSIONS

LDV measurements of turbulence statistics for the streamwise
component in pipe flow from Res¼ 990 to Res¼ 20 750 have been
conducted, with careful account taken of specific issues associated with
this method, particularly spatial resolution. To improve the correction
and measurement results, a rotary wire device has been used to exam-
ine these specific issues influencing turbulence statistics. The factors
taken into consideration are the velocity correction coefficient Cf,
which affects the absolute value of velocity, the fringe distortion, and
the control length L. A new correction procedure considering the LDV
fringe distortion has been proposed. The corrected turbulence inten-
sity profiles based on each parameter agree acceptably well with DNS
data. The turbulence intensities of the inner peak measured for three
different spatial resolutions are consistent with each other (within
62.4% from Res¼ 2084 to 14 450). The measurement accuracy
decreases when control lengths Lþ � 25.8 are used.

The present experimental results indicate that the inner peak tur-
bulence intensity increases with increasing the Reynolds number.
They agree well with experimental results for a TBL reported by Samie
et al.10 up to Res¼ 20 000, rather than with previous results for pipe
flow. The previous pipe flow data deviate from the logarithmic relation
given by Eq. (1) and the asymptotic relation given by Eq. (3) at high
Reynolds number. The consistency between the pipe flow and TBL
results is worthy to give a reliable peak value for near-wall turbulence,
because it indicates that the peak value is independent of the geometry
of the canonical flow.

Regarding the relation between the inner peak and the logarith-
mic region of the turbulence intensity profiles, the slope of the inner

peak is found to be a half of the slope of the turbulence intensity pro-
file in the outer region. This relation is the same as that for TBL.
Finally, we should emphasize that these results are based on a careful
consideration of LDV-specific problems, such as the spatial resolution
and the fringe distortion.
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