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ABSTRACT

We report on the evaluation of the near-wall turbulence

statistics in a fully developed channel flow. The measure-

ment was conducted with laser Doppler velocity profile sen-

sors. The sensor provides both the information of lateral ve-

locity and axial position of individual tracer particles inside

the measurement volume, which yields the velocity profile

inside the measurement volume without being mechanically

traversed. Hence, velocity measurement with a high spatial

resolution up to micrometer resolution is achieved without

strongly reducing the size of the measurement volume. The

streamwise velocity was measured with two independent

velocity profile sensor systems at three different Reynolds

number conditions. The resulting turbulence statistics show

a good agreement with available data of direct numerical

simulations up to the fourth order moments. This demon-

strates the velocity profile sensor to be one of the promising

techniques for turbulent flow research with the advantage of

a spatial resolution more than one order of magnitude higher

than a conventional laser Doppler technique.

INTRODUCTION: BACKGROUND AND SCOPE

Discussions have been continuing on the scaling and de-

pendency of turbulence statistics on Reynolds number in

turbulent boundary layers. Many approaches have been

made both with experiments and numerical simulations, and

they provided precious information on the mechanisms and

the structure of turbulence. However, still some open ques-

tions remain, in particular toward filling the gap between the

flow in laboratory and realistic conditions. One of such is

the existence of universality and scaling of turbulence statis-

tics in a high Reynolds number flow. The difficulty of the

issue originates mainly in the lack of spatial resolution of

both measurement techniques and numerical simulations at

high Reynolds number conditions, since the basis of the dis-

cussion stands on well-converged statistically independent

set of data covering wide range of Reynolds number con-

ditions. Continuous progress of computers and numerical

simulation schemes would afford to simulate higher Reynolds

number flows, which provide us more insight on the three

dimensional behavior of flow structures. In experimental in-

vestigations, the existence of high shear rate as well as small

scale structures in a high Reynolds number flow requires suf-

ficiently high spatial resolution to avoid the spatial averaging

effect of the sensor. The existing experimental techniques

are known to suffer from the spatial averaging effect when

the scale of interest becomes relatively small compared to

the sensing area of the sensor. Such measurements could

lead to biased understandings on the measurement results.

The laser Doppler velocity profile sensor, which has been

proposed to overcome the spatial averaging of conventional

laser Doppler anemometry (Czarske et al. 2001, Czarske

2001, Czarske et al. 2002). The velocity profile sensor en-

ables the determination of particle’s axial position as well

as transverse velocity using two non-parallel fringe systems

inside the measurement volume. Since the position of parti-

cle path can be determined inside the measurement volume,

the sensor has a resolution at least one magnitude of order

higher than a conventional technique (typically of the order

of micrometers range). The real spatial resolution in a fluid

flow about a few micrometers was demonstrated in a mea-

surement of a micro channel (Bayer et al. 2007). The first

application of the velocity profile sensor to a turbulent flow

was reported in Shirai et al. (2006a), in which mean and

rms distributions of the streamwise velocity were shown for

a single Reynolds number condition. However, the higher or-

der moments and the statistics in different Reynolds number

conditions have not been reported.

This paper reports on the near-wall turbulence statistics

in a turbulent channel flow. The main purpose of the study is

to investigate the possible dependency and the scaling of tur-

bulence statistics at different Reynolds number conditions in

a turbulent boundary layer. Two independent velocity pro-

file sensor systems were built up with major improvements

on optics and electronics for stable operation. The flow con-

dition was carefully prepared for achieving the stationary

two-dimensional flow. The main focus in the present mea-

surements is paid to obtain large number of independent set

of data. The effect of spatial resolution on the measured

turbulence statistics will be systematically investigated by

changing the spatial resolution of the measurement. Such

data would give some insights on the possible Reynolds num-

ber effect and the existence of universality at high Reynolds

numbers. In this paper the first phase of the measure-

ment results are provided with the two velocity profile sensor

systems. The statistics are reported up to fourth order mo-
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ment with three different Reynolds number conditions, and

they are compared with available direct numerical simula-

tion (DNS) data.

VELOCITY PROFILE SENSOR

Flow measurements were carried out with a novel laser

Doppler velocity profile sensor. The principle of the sensor

is based on the use of two fringe systems in a single measure-

ment volume. Since the details of the principle are described

in the former papers (Czarske et al. 2001, Czarske 2001,

Czarske et al. 2002), it is briefly described here. In con-

trast to a conventional laser Doppler technique (e.g., Durst

et al. 1976, Tropea et al. 1995, Albrecht et al. 2003), the

profile sensor employs two pairs of beams with non-parallel

fringe systems. One of the fringe systems is diverging and

the other is converging in the direction of optical axis (y

axis in this paper). The measured pair of Doppler fre-

quencies corresponding to the two fringe systems provides

the position as well as velocity of individual tracer parti-

cles. Since the fringe spacing curves are unique functions

of the coordinate along the optical axis, the position can be

precisely known from the calibration through the quotient

of the Doppler frequencies pair. From the measured posi-

tion, the local fringe spacing is determined and hence the

velocity is obtained according to the calibration. Because of

the spatial resolution inside the measurement volume, high

spatially resolved velocity measurement is achieved. The po-

sitional determination accuracy is proved to be independent

of the magnitude of the velocity and the relative accuracy

of the velocity measurement is higher than a conventional

laser Doppler anemometry (Czarske et al. 2002).

Figure 1: Velocity profile measured with a WDM sensor in a

micro channel with a nominal width of 100 µm. The real spatial

resolution was estimated to be about 3.5 µm by shifting the

parabolic fit to the raw velocity profile.

Two different sensor systems were used for the flow mea-

surements. They were realized with two different techniques,

wavelength-division multiplexing (= WDM) and frequency-

division multiplexing (= FDM). The difference is the meth-

ods used for discriminating the two fringe systems (refer to

the review by Czarske (2006) for details). Hereafter, they are

called as WDM and FDM sensor based on the techniques,

respectively. For the details of the respective method, a

reader can refer to Czarske et al. (2001), Czarske (2001)

and Czarske et al. (2002) for the WDM sensor and Pfis-

ter et al. (2005) and Shirai et al. (2006a) for the FDM

sensor. The WDM system discriminates the signal from

two fringe systems by using two different wavelengths of

light, while two different carrier frequencies are used in the

FDM system for that purpose. Major improvements were

made for the stable operation of the sensor systems dur-

ing long time of measurement. The WDM sensor utilized

two single-mode laser diodes with different wavelengths as

laser sources. Dichroic mirrors were employed for combining

and separating the two wavelengths. The WDM sensor was

not equipped with fiber optics and with any frequency shift

technique, which is in general aimed at the measurements

of reverse flow and small velocity close to zero. However,

the measurement of velocity close to the wall was still pos-

sible to be accomplished with a method described in Bayer

et al. (2007). This was achieved by applying a dynamic

filtering technique in a self-made MATLAB processing soft-

ware. The real spatial resolution was also investigated in a

measurement of micro-channel flow. Fig. 1 shows one of the

results obtained in a two-dimensional micro-channel of 100

µm width. A parabolic velocity profile was obtained with-

out using any averaging nor filtering of data points. The

WDM sensor used for the measurement did not have to be

traversed. The channel width of 101 µm calculated from

the measurement result shows an excellent agreement with

the nominal value of 100 µm. The spatial resolution was

estimated to be 3.5 µm from the standard deviation of the

data scattering in the measurement (further details are de-

scribed in Bayer et al. 2007). The FDM sensor utilized three

acousto-optic modulators (AOMs) to generate two carrier

frequencies and fiber-optics was used for the robustness and

flexibility of the system. The measured signals were mixed

down with the carrier frequencies and the pedestal part was

removed before the signal evaluation. The laser source was

upgraded to a DPSS (diode-pumped solid-state) Nd:YAG

laser with the wavelength of 532 nm, the output optical

power of 150 mW, the beam quality of M2 < 1.1 and the rms

noise level of less than 0.2 % (10 kHz - 100 MHz). The avail-

able optical power was much increased in the measurement

volume (factor of about five compared to the former system

(Pfister et al. 2005), which advantageously improves the

quality of measurement signals. The measurement head was

exchanged to a newly designed one with the beams aligned

in a plane for improving the signal quality. The electron-

ics was also upgraded from Mini-Circuits components to an

integrated one with some additional filters for surpressing

noise in the unwanted frequency ranges. These upgrades

significantly increased the signal to noise ratio compared to

the former FDM systems and the number of outliers was

dramatically reduced.

The effect of the insertion of a glass plate between the

sensor and the measurement volume was investigated. It

shifts the paths of the laser beams due to the refraction at

the glass plate surfaces. Care must be taken so that the

beams are crossing at a single spatial point to create the

measurement volume. As long as the plate is positioned so

that the glass surface is perpendicular to the optical axis of

the sensor, the measurement volume is just shifted in posi-

tion compared to the configuration without the glass plate

being inserted (see Fig. 2). The figure shows that the cal-

ibration curve remains unchanged when the glass plate is

placed at the two different positions 1 and 2. It gives an
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Figure 2: Effect of glass plate inserted between the measure-

ment head and the measurement volume. The calibration curve

remains unchanged as long as the measurement head is traversed

perpendicular to the glass plate.

important indication that the calibration curve is not af-

fected by traversing of the sensor. This fact ensures the

validity of a single calibration curve for all the velocity mea-

surements conducted with traversing, as long as the head is

traversed perpendicular to the glass plate (i.e., wall). Fur-

thermore, it turned out that the thickness of the glass plate

does not cause a serious effect but rather the glass material

and possibly surface quality affects the signal quality, hence

the effective length of the measurement volume (Shirai et

al. 2006b). The calibration of the sensor and the flow mea-

surements were carefully carried out through the glass plate

with the same material and thickness as used for the flow

measurement.

FLOW APPARATUS AND VELOCITY PROFILE SENSOR

The flow to be measured was the turbulent boundary layer

in a fully developed channel flow. The basic flow configura-

tion was the same as reported in Zanoun et al. (2003) and

Shirai et al. (2006a). Here only the essence is described for

clarity. The flow medium was air at normal room tempera-

ture and DEHS (diethylhexyl sebacate) was seeded for tracer

particles from the upstream of the blower inlet. The cross-

sectional dimensions of the channel were 50×600 mm (aspect

ratio of 1:12), which was sufficient to be considered as two-

dimensional flow. The measurements were carried out at

the position of 6.2 m (corresponds to 248 h; h: channel half-

width) downstream from the channel inlet, where the flow

was expected to be fully developed. Along the centerline

of the channel, static wall pressure taps were equipped for

monitoring the pressure gradient in the streamwise direction.

The fully developed condition was confirmed in the down-

stream of about 2.5 m from the inlet by the linear pressure

gradient along the streamwise direction. In the measurement

section, a pair of glass plates was attached flush to both the

top and bottom walls of the channel to have optical access

and not to disturb the flow (see Fig. 3). It should be empha-

sized that the pair of glass plates was attached in order to

avoid unfavorable effect caused by sudden expansion when

only a single glass plate is attached at the end of the channel

(Shirai et al. 2006a). This is supposed to be the reason for

the deviation of the mean velocity distribution compared to

generally reported ones in the former measurement.

Channel Flow

seeded with Tracer Particles

Measurement Head atteched 

to Traverse System

Glass Plate

(fixed)

Detection Optics

to Photo Detector

248 h  (h: channel half-width)

Measurement Volume

Channel Walls
Glass Plate

(exchangeable)

Channel Exit

x

y
Flow

Figure 3: Flow measurement configuration in the channel flow.

Two glass plates were mounted flush to the wall to have an opti-

cal access but not to disturb the flow. The sensor has a spatial

resolution in side the measurement volume in the direction of

optical axis.

Table 1: Characteristics of the sensors and the measurement

conditions (L: working distance, ly: length of the measurement

volume in y direction, σy: spatial resolution, σU /U : relative

accuracy of velocity measurement, uτ : friction velocity, Reτ (=

uτ h/ν): Reynolds number, lτ : viscous length scale)

sensor L ly σy σU /U uτ Reτ lτ

type [mm] [µm] [µm] [%] [m/s] [µm]

WDM 80 500 1.5 0.06 0.26 420 60

WDM 80 350 1.5 0.06 0.49 780 32

FDM 310 900 6 0.085 0.71 1100 23

RESULTS

The nominal parameters of the both sensors are shown in Ta-

ble 1. For signal processing an online method based on the

technique proposed in Shirai et al. (2005) was applied to de-

termine the particle position and velocity. The original pro-

gram was extended into online one with additional validation

steps being implemented (Bayer et al. 2007). A correction

scheme was employed using the weighting function based on

the inverse of the instantaneous velocity (McLaughlin and

Tiederman 1973) in order to reduce the velocity bias caused

by the steep velocity gradient close to the wall. According

to the report by Edwards et al. (1987) on the statisti-

cal bias problems in laser anemometry, this scheme is not

recommended and residence-time weighting scheme should

be used. However, residence time was not recorded in the

present experiment and the scheme based on the inverse of

the instantaneous velocity still did work since the measured

velocity component matched the direction of the dominant

mean flow as pointed out by Hoesel and Rodi (1977).

The measurements were conducted with three different

Reynolds number conditions with two different sensors as

listed in Table 1. The coordinates x, y, z were taken so that

they corresponds to the streamwise, wall-normal, spanwise

direction, respectively as shown in Fig. 3. The dimensions

of the measurement volume were both approximately 100

µm in x and z direction based on the beam diameter at the

crossing point. The Reynolds number is based on the fric-

tion velocity uτ =
√

τw/ρ (τw: wall shear stress, ρ: density)

and the channel half-width h. The friction velocity was de-

termined from the streamwise wall-static pressure gradient.

The estimation accuracy of the wall shear stress and the

friction velocity was estimated to be 3-4 % and 2-3 % (with
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95 % confidence level), respectively. The three experimental

conditions were chosen based on the following concept. The

first condition (Reτ=420) was chosen in order to focus on

the measurement close to the wall. Hence, the data were

collected mainly in the near-wall region. The second condi-

tion (Reτ=780) was chosen to investigate the use of different

glass plates as well as Reynold number compared to the first

case. The third condition (Reτ=1100) was chosen to see the

effect of the different sensor systems and the Reynolds num-

ber compared to the other two conditions. Relatively large

amounts of data were taken in the intermediate region for

this condition.

The turbulence statistics of streamwise velocity are

shown in Fig. 4 up to fourth order central moment. The

statistics shown in Fig. 4 are the mean and rms velocity

normalized with the friction velocity, third-order (skewness

factor: u′3/(

√

u′2)
3

) and fourth-order central moments

(flatness factor: u′4/(

√

u′2)
4

) (u′: fluctuating velocity).

The horizontal axis was normalized with the viscous length

scale lτ (=ν/uτ ). For comparison, available DNS data by

Abe et al. (2001) at Reτ = 640 and by Iwamoto et al.

(2002) at Reτ=400 and 640 are shown in the plots. The

error bars in the present experiment are shown also in the

plots. They were dominated by the random errors in the

flow measurements and the systematic errors of the sensors

shown in Table 1 were negligible compared to the statisti-

cal ones due to the finite size of samples. The error bars

shown in the mean velocity indicate the measurement un-

certainty with 95 % confidence level. The error bars for the

higher order moments indicate the measurement uncertainty

(standard deviation) calculated by the method described in

Benedict and Gould (1996).

The statistics were calculated using a constant-width

slot-technique. Due to the continuous distribution of the

data points measured with the velocity profile sensor, the

data had to be distributed into slots with finite width in

order to calculate the statistics. This means that the statis-

tics were calculated for the data within a slot with a defined

width. A new outlier-reduction scheme based on the local

linear fit (Shirai et al. 2006b) was applied with a cutoff

threshold of four times the standard deviation in the slot

and with 50 % overlap of neighboring slots. The number of

points reduced by this scheme was at most 5 % out of the

total data points depending on the data set. The slot width

was empirically chosen for each set of the measurement data

so that the statistical convergence and the spatial resolution

became balanced. Different width of slots were applied for

mean and higher order moments (rms, skewness, flatness)

and they are listed in Table 2. In the vicinity of the wall,

very few samples were collected due to the low density of

the tracer particle in the near-wall region. The data sets in

several slots close to the wall and the furthest slot from the

wall were omitted from the statistics shown in Fig.4 since

there were very few number of data points and the statisti-

cal uncertainty increased dramatically in such slots.

The mean velocity distributions are shown in Fig. 4(a).

They are well scaled with wall variables and show good

agreements with the DNS data. The wall shear stress was

independently estimated from the near-wall data points with

the method suggested by Cenedese et al. (1998) using the

Table 2: Slot width used for calculating the turbulence

statistics

mean rms, skewness, flatness

Reτ slot width samples slot width samples

[µm] per slot [µm] per slot

420 30 400 140 1700

780 80 450 160 850

1100 50 650 120 1450

data points lying in the region y+ < 10. The wall shear

stress estimated from the mean velocity shows an excel-

lent agreement within the measurement uncertainty for the

lowest Reynolds number condition (Reτ=420). In the two

higher Reynolds number cases (Reτ=780 and 1100), slight

deviations toward higher velocity are observed for the data

in the near-wall region. This is supposed to be caused by

some remaining effect which could not be corrected by the

velocity bias correction scheme. Relatively small numbers of

data were obtained in the near wall region for these cases.

It should also be taken into account that small deviation

is emphasized in the logarithmic scale in the wall-normal

direction in the Fig. 4(a). In the highest Reynolds number

condition (Reτ=1100), the logarithmic velocity profile is ap-

parently observed in the region apart from the wall, however,

it is necessary to take more data points in order to make re-

liable estimation of the coefficients of the logarithmic law

of the wall in the overlap region. It is noteworthy that the

velocity data were obtained down to very close to the wall

for the lowest Reynolds number case (Reτ=420) with the

WDM sensor, with which no frequency shifting technique

was equipped. The closest point obtained for this condition

was at y+≈1.2, corresponding to the physical value of 72 µm

in the height from the wall and about 0.3 m/s in velocity.

The rms distributions are shown in Fig. 4(b). They

are also well scaled with the wall variables and show good

agreements with the DNS data again. The maximum rms

values are consistent with generally reported values. The

position of the maximum is also well coincident with the

position where the turbulence production has its peak in

the buffer layer. The present data show some trend of the

rms peak depending on the Reynolds number. This might

be some possible indication of low Reynolds number effect.

A higher number of data points is required to make further

arguments on the Reynolds number effect. The rms statistics

shows still some scatter in the overlap region. This is also

an indication that a higher number of data points per slot

is required to make further statements on the rms statistics

with a high spatial resolution.

The third and fourth order moments (skewness and flat-

ness factors) are shown in Fig.4(c, d). They show excellent

scalings with wall variables close to the wall, and the agree-

ment with the DNS data (Iwamoto et al. 2002) is reasonable.

Further comparison of the statistics in the overlap region

for different Reynolds number conditions would be possible

with a higher number of data points taken in the interme-

diate region for the two lower Reynolds number conditions

(Reτ=420 and 780). Only the data at the highest Reynolds

number condition (Reτ=1100) is available in the early part

of overlap region and it shows fairly good agreement with

the DNS data. The statistics show scatter in the region

mainly due to the relatively low number of data points used
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Figure 4: Turbulence statistics at three different Reynolds num-

bers compared with available DNS data. (a) mean velocity (left

top), (b) rms velocity (right top), (c) skewness factor (left bot-

tom), (d) flatness factor (right bottom)

for calculating the higher order moments. The measured

skewness factor shows a systematic deviation compared to

the DNS data. The reason for this deviation cannot be ex-

plained clearly at the moment, but it should be noticed that

the DNS data by Iwamoto et al. (2002) used for the com-

parison was at about half the Reynolds number (Reτ=400

and 640) compared to that of the present measurement data

(Reτ = 1100). In the DNS data both skewness and flatness

factors have a peak close to the wall and their value decrease

slightly approaching toward the wall. This behavior was not

possible to be observed from the present data set and further

investigation close to the wall is planned for clarifying this

point.

DISCUSSION

As a consequence the velocity profile sensor was demon-

strated to be a promising technique for high spatially re-

solved measurement of turbulence statistics in a turbulent

boundary layer. The different realization of the two sensor

systems did not yield any discernible difference on the mea-

surement results. Both the sensor systems worked well in

the present measurement. The only difference was the com-

plexity of the systems and the validated data rate during

the measurement. The WDM system was simple and rela-

tively easy to adjust compared to the FDM system, which

utilized complex electric circuits to operate the AOMs and

required careful adjustment of optics. The valid data rate

was lower for the WDM system due to the particle passing

outside the measurement volume, while the rate for the FDM

system was kept high through the measurement. The higher

valid data rate was because the down-mixing equipped in the

FDM system effectively reduced unmodulated signals from

outside the measurement volume before the signal detection.

It turned out that sufficient amount of data per slot should

be taken for obtaining credible statistics up to higher order

moments. In order to provide the turbulence statistics with

a spatial resolution comparable to the estimated spatial reso-

lution of the sensors, more number of data has to be taken in

the measurement. Providing such data is indeed challenging

since all the flow conditions must be well controlled to keep

the flow state constant during the measurements in order to

obtain credible statistics with a high spatial resolution. The

authors monitored the deflection of the glass plate (i.e., wall)

at the measurement location with the same condition as the

flow measurements using a laser triangulation sensor (sample

rate: 2.5 kHz, spatial resolution: 1 µm). It appeared that

a periodic oscillation of ±35 µm amplitude existed in the

wall normal direction at the high Reynolds number condi-

tion (Reτ = 1100) in the present measurements (Shirai et al.

2006b). This amplitude already exceeded the estimated spa-

tial resolution of the sensor by one order of magnitude, and

hence it does not make much sense to provide statistics with

a spatial resolution higher than the oscillation amplitude

of the flow apparatus itself. Therefore, we would empha-

size that a well controlled flow condition is crucial for such

reliable measurements of turbulence statistics with a high

spatial resolution as well as the high capability of a sensor.

An alternative is to compensate the wall deflection by mon-

itoring it during the measurement. With a sufficient care

of flow condition, taking more data points per slot would

give us more insight on the structure of the near-wall turbu-

lence and possible Reynolds number effect for higher order

moments in a high Reynolds number flow with confidence.

CONCLUDING SUMMARY

The application of a velocity profile sensor to the near-wall
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regions of a fully developed turbulent channel flow was re-

ported. The flow measurements were conducted with two

different sensor systems at three different Reynolds number

conditions. The turbulence statistics of the streamwise ve-

locity up to fourth order moment was calculated with high

spatial resolution. The measured mean and rms velocity dis-

tributions scaled well with the wall variables in the near-wall

region and they showed good agreements with available DNS

data. The third and fourth order moments were also calcu-

lated and showed relatively good agreement with available

DNS data. For the higher order moments (rms, third and

fourth order moments), even some possible dependence of

the statistics on Reynolds number was observed. Both the

sensor systems realized with different techniques worked well

without giving any discernible difference on the measure-

ment results. Taking more data samples with well controlled

flow conditions would provide credible data up to higher or-

der moments with full resolution of the sensors. Such data

would also give insights on the detailed structure of turbu-

lence near the wall and possible Reynolds number effect on

higher order moments at a high Reynolds number condition.

The work is ongoing toward obtaining credible statistical

data in the near-wall region of a turbulent boundary layer.

In conclusion, the laser Doppler velocity profile sensor has

been demonstrated to be a promising technique for such an

investigation of turbulent flows where a high spatial resolu-

tion is required.
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