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Turbulence is ubiquitous in most environmental flows. Therefore, highly resolved measurement of
turbulent quantities is one of the challenges in hydraulics. As turbulence is a multi-scale physical
phenomenon, the measurement resolution should be sufficient to capture all these scales. Therefore,
research on turbulent flow gained momentum after the introduction of high-resolution measurement
devices such as Laser Doppler Velocimeter (LDV) and Acoustic Doppler Velocimeter (ADV). In this
study, a set of experiments were conducted by using ADV to measure the flow turbulence in a
trapezoidal open channel on rough bed which is commonly observed in a typical riverine environment.
In the experiments, vertical distribution of the turbulent quantities was investigated. The experiments
are conducted by using a four component ADV with maximum sampling frequency of 200 Hz. Measured
velocity data are filtered to eliminate the artifacts due to spikes, low correlation and SNR velocity
values. The filtered data are then analyzed to obtain the statistical parameters that characterize the flow
turbulence in the water column ranging from the smallest scale to integral length scale.
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INTRODUCTION

Acoustic doppler velocimeter (ADV) were introduced in
the U.S Army Engineer Waterways Experiment Station
(WES) in 1992 to satisfy the need for an accurate current
meter that can measure three dimensional (3D) dynamic
flow in physical models (Lohrmann et al., 1994). ADV’s
are intrusive devices so minimum disturbance to the flow
is very important for accurate measurement. Since from
its first use, ADV’s found widespread use in river
engineering and turbulent open channel flows. Detailed
working principles and the limitations of ADV’s have been
discussed (Kraus et al., 1995; Lhermitte and Lemmin,
1994; Lohrmann et al., 1995; Zedel et al., 1996). Various
applications using ADV’s on open channel and river
studies are conducted by Voulgaris and Trowbridge
(1998), Lane et al. (1998), Lopez and Garcia (1999),
Finelli et al. (1999), Synder and Castro (1999), Nikora
and Goring (2000), Belanger et al. (2000), Garcia et al.
(2005); Carollo et al. (2005); Tricito and Hotchkiss (2005),
Blanckaert and Lemmin (2006) and Lacey and Roy
(2008). The raw data collected by ADV’s cannot be used
directly because data contain noises, spikes, thus must
be filtered. Mainly, two types of noises exist: Doppler
Noise and Spikes. Doppler noise is associated with the
measurement process itself. The term is an inherent part

of all Doppler-based volume backscatter system
(Lohrmann et al., 1995). Another problem with ADV’s is
spikes caused by aliasing of the Doppler signal if the
phase shift between the outgoing and incoming pulse lies
outside the range between -180 and +180° and there is
ambiguity causing a spike in the record. Such a situation
can occur when the flow velocity exceeds the preset
velocity range or when there is contamination from
previous pulses reflected from the boundaries of complex
geometries (e.g., cobbles on a stream) (Goring and
Nikora, 2002). Effective filtering methods are proposed to
filter ADV velocity time series such as Voulgaris and
Trowbridge (1998), Blanckaert and Lemmin (2006),
Garcia et al. (2005), Wahl (2000), Goring and Nikora
(2002) and Cea et al. (2007). Here to filter raw velocity
time series, the methods proposed in Goring and Nikora
(2002) are applied. After velocity time series are filtered,
their statistical characteristics are obtained, and then
distribution of mean velocity profile is checked.

In this study, a trial was made to obtain much data very
close to the bed. Using these data, the sizes of coherent
structures were investigated. Distribution of turbulence
intensity, Reynolds stresses for three velocity com-
ponents, integral time scales, integral length scales and
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Figure 1. ADV, frame and the flow channel.

turbulence kinetic energies are calculated, interpreted
along water depth and compared with the other studies
cited in the literature. Distribution of spectral density
function is also analyzed especially very close to the bed.
The aim of the study is especially to reach a better
understanding of the distribution of turbulence statistics,
and sizes of coherent structures along vertically in an
open channel.

EXPERIMENTAL SETUP AND MEASUREMENTS

Measurements are conducted at the center of a trapezoidal channel
(Mosalman et al., 2011). As shown in Figure 1, to avoid boundary
layer effect from the sides of the channel, the sensor was ensured
to be sufficiently away from the legs of the frame so that the wakes
formed around the legs do not contaminate the measurements. The
depth is constant and measured as 22.36 cm. 46 data points along
the water column are selected. The specifications of the ADV in the
experiments range: +0.01, 0.1, 0.3, 1, 2 and 4 m/s. Maximum output
sampling rate was 200 Hz. The accuracy is + 0.5% of the measured
values, that is, 1 mm/s. sampling volume is 5 cm from the probe,
diameter of the sampling volume is 6 mm, and height is 3 to 15 mm
(user selectable). Doppler noise uncertainty at 25 Hz is 1% of
velocity range. ADV is mounted onto a frame that has the mobility
in all three directions. A ruler is attached into the frame to adjust
ADV in all directions in the precision of millimeters. In addition to the
ruler, the distance from the bed is ensured by the distance sensor

of the ADV. The data is sampled with a frequency of 100 Hz. During
the experiments, the increase in the sampling frequency, leads to
an increase in the Doppler noise level in the form of emphasized
spikes. From preliminary measurements, it is observed that 1 min
sampling time is satisfactory for each measurement point (Tricito
and Hotchkiss, 2005).

FILTERING AND STATISTICAL CHARACTERISTICS
OF DATA

The measurements from ADV are recorded to a
computer. Prior to filtering of the raw data, two important
parameters are the signal-to-noise-ratio (SNR) and the
correlation (COR) parameters. The criteria for SNR are
taken as 15, and COR criteria are applied as 70%. Firstly,
low correlation or SNR scores are eliminated.

The unfiltered data will not be normally distributed due
to the effect of the spikes, (outliers) which is also
observed in the current set of measurements. The
assumption of normal distribution, applies to the actual
velocities that we try to measure. After the removal of the
outliers, the final result looks closely to normal distribution
which is given in Figure 2. To filter velocity time series for
each component, phase-space filter algorithm (Goring
and Nikora, 2002) is used.
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Figure 2. Histograms and normal distribution fits for velocity values at point 3 for x, y, z
directions.
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spikes. After filtering, the histogram of the velocity time
series are drawn and given in Figure 2. As seen in the
aforementioned figure, the distribution of velocity time
series becomes very close to the normal distribution.

Turbulence is three dimensional in nature, and
therefore all three components of velocity data are
sampled with 0.01 s of time intervals, the fluctuating
velocities are calculated by subtraction of the mean
value of the velocity components, which is denoted by an
over bar:

U=U0U-0 v=V-V,w=W-W (1)

The flow in the trapezoidal channel is assumed to be
uniform but as seen from the Histograms V and W
values are close to zero but not exactly zero. The
situation is attributed to the secondary currents.
Turbulence statistics are: Ensemble-averaged velocity in
x direction at time t

J— 1 N
U=—>Uli
> (i) )

Mean square difference from the time-averaged velocity
that is the variance is given as follows:

5 =un @

The square root of the variance gives the turbulent
intensity (Bombar et al., 2010).

Mean longitudinal velocity distribution

Vertical distribution of mean stream wise velocity is to
follow the log law at smooth and fully rough open
channels between z/h = [0, 0.2] (Nezu and Rodi, 1986).
The measurement points are located close to the bottom
wall within this layer to capture the characteristics of the
log-law which can be given as follows:

U _1a2u, y (5)
U- K 1

In Equation 5, T is the mean velocity, u- is the friction
velocity, K is the von Karman constant, v is the kinematic
viscosity and A is an integration constant. Through
experimental observations, Nikuradse K and A values are

obtained as 0.4 and 5.5, respectively. In Figure 3,
observed mean velocity profile is given with as solid line.

The velocity profile obtained through Equation 5 with K
and A values as 0.4 and 6 are given with a dashed line.

The values given are the best fit values for K and A. The
differentiation of Equation (5) gives us the following
relation:

" = K du
T In(10) d(logz)
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Figure 5. Autocorrelation coefficients for points 1, 2, 3, 33, 34, 44 and 45 for u

component.

If the velocity versus the normalized depth is plotted in
logarithmic scale, the slope gives the value of the
frictional velocity. By using Equation 6, the frictional
velocity is found to be 0.92 cm/s.

Analyses of autocorrelation function, integral time
and length scales

Autocorrelation  function describes the correlation
between the consecutive values of the time series.
Generally it is used to check the dependency in time
series data for various research fields; here it is used to
interpret a physical event. Utilizing the Taylor's frozen
turbulence hypothesis, the autocorrelation of the velocity
fluctuations becomes useful tool for finding repeating
patterns such as the presence of a periodic circulating
structure. In this study, autocorrelation analysis is applied
to detect dependent and coherent structures such as

eddies. The behavior of the autocorrelation function of
the measurement points very close to the bed, in the
middle, and close to the surface are investigated and
interpreted for all velocity components. Representative
points are given in Figure 4.

Using autocorrelation functions, integral time and
integral length scales are calculated for each direction.
The normalized autocorrelation function in the stream
wise direction can be given as in the following that is
repeated for all the directions,

- (At): u'(tl)u'(tl+ At)
u (tHu (t) @)

The auto-correlation function versus time lags (At), which
is At = 0.01 s, is given in Figures 5 to 7. In the
aforementioned figures the auto-correlation functions are
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Figure 6. Autocorrelation coefficients for points 1, 2, 3, 33, 34, 44. 45 for v

component.
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Figure 7. Autocorrelation coefficients for points 1, 2, 3, 33, 34, 44. 45 for w component.

given for the representative points mentioned although it
is evaluated for all the measurement points along the
water column.

Points 33, 34 and points 44, 45 are the points at the
middle depth and close to the surface, respectively. Auto-
correlation functions at points 1 and 2 decayed abruptly.
Therefore, vortex structures are small and random very

close to the bed; their distance to the bed is 0.1 and 1
mm; At point 3, the decay rate of the autocorrelation
function is smaller compared to that of the points 1 and 2.
Periodicity is also observed in the same auto-correlation
function. Therefore, we can deduce that organized
structures started to emerge at point 3 which is 1.8 mm
apart from the bed. Towards the vertical direction, more
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Figure 8. Distribution of integral time scales along water depth.

developed mature, organized structures are present as
the autocorrelation functions decay much later at points
33, 34, 44 and 45 than point 3. Points 33 and 34 are in
the middle of the channel depth whereas points 44, 45
are very close to the surface. If we compare Figures 5 to
7 for each velocity components more organized
structures are observed in Figure 5 showing x component
of velocity direction. In Figure 6 for v component as seen
from the Figure, life time of fluctuating velocities is very
short in the vertical plane transverse to the flow. In Figure
6 especially for point 2, remarkable periodicity is
observed; this is attributed to the periodic secondary
currents.

Using autocorrelation functions for each velocity
components, integral time scale for each component can
be calculated by evaluating the area under the auto-
correlation function, by integrating the autocorrelation
function numerically from zero lag to the first zero
crossing using Equation 8.

T =

u

Vs (A t)dt (8)

O ey ~

T has a physical meaning also for turbulence studies, “T
gives an indication of the temporal scale of turbulent
eddies” (Lacey and Roy, 2008).

As seen in the Figure 8, maximum time scale value is
1.86 s and it is detected at the point 10% of the total
depth from the bottom wall. The integral time scale plots
indicate that close to the bed, the shear in the mean
velocity leads to turbulence production, hence the
velocity components are very scattered in this region.
Above the point where h = 0.1 h, integral time scales in
each direction become closer to each other.

According to Yalin (1972), “the largest eddies do not
originate in their full size = h (water depth). Rather they
are generated near the flow boundaries (that is near the
bed) in the case of an open-channel flow, with a size
much smaller than h: The nearer the birth place of an
eddy to the bed, the smaller is its initial size in
comparison to h”. A significant observation that can be
made from these analyses is the differences among the
magnitudes of the time scales, T,, T,, Tw. At around 10%
depth, T,/T, ratio reaches its maximum value 26 and then
drops rapidly reaching to the value of 3 upto relative
depth z/h = 0.26 then drops again to 1.5 to 2 s values up
to y’/h = 0.80. The fluctuations in x direction reach their
maximum values around 10% of relative water depth.

Another important parameter is integral length scale
which can be obtained from T for u component of velocity
as seen in Figure 9. Integral length scale is an important
parameter in characterizing the structure of turbulence. It
is a measure of the longest correlation distance between
the flow velocity (or vorticity, etc) at two points in the flow
field. Hinze (1975)

L=0T ©)

Integral length scale plots indicate that integral length
scale in u direction reaches its maximum value around
10% of water depth, and then start to decrease to 55% of
flow depth, then fluctuates. The integral length scale in v
and w directions are very small compared to u direction.

Distribution of turbulent kinetic energy and flux

Turbulent kinetic energy (TKE) per unit volume of fluid in
the fluctuating velocity field is
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TKE :pw (10)

Using obtained experimental data. The distribution of
total turbulent kinetic energy along depth is obtained and
shown in Figure 10.

In Figure 10, total TKE reaches its peak at relative
depth z/h = 0.02 which is 5 mm above the bed. Then, it
starts to decay almost exponentially with fluctuations.
Obtained experimental data is compared with two
equations that show the total kinetic energy profile. The
first equation proposed by Nezu and Nagakawa (1993)
and shown as follows:

LKJE = 4.78 exp (— 2%) (1)

U -

Equation 11 is developed from the k-¢ turbulence model

assuming that turbulent production is balanced by
turbulent dissipation. The other equation is proposed by
Nikora and Goring (2000).

TKE _ g4 — 1.2 ln(%j (12)

2

Uu-

Equation 12 was developed by integrating the velocity
spectrum. As seen in the Figure 10, Equation 12 matches
to the experimental data better than Equation 11,
especially close to the wall. The distribution of turbulent
kinetic energy is normalized with the cubic power of
shear velocity as shown in Figure 11.

u -

Overall normalized average vertical kinetic energy flux is
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L
found as ‘UE =

0.28. Lopez and Garcia (1999)

performed experiments and they found that near-wall
regions of turbulence generation excess, supply turbulent
kinetic energy to regions of energy defect near the free
surface, through flow regions in local dynamic equilibrium

at a normalized vertical flux 1/2qg2w/u° & 0.30. This
intermediate region seems to extend in the range 0.15 <
n < 0.70.” In that study in the range 0.15 < z/h £ 0.70,
average vertical kinetic energy flux ratio is found as 0.28.
This value is almost equal to Lopez and Garcia’s (1999)
findings. Little difference is attributed to secondary
currents.

Spectral analysis

Spectral analysis helps us to display the distribution of
TKE for each velocity component for different
frequencies. In spectral analysis, turbulent fluctuations
are assumed as superposition of different frequencies. “In
most open-channel studies, a three-range model of
velocity spectra exist which consists of (1) the production
range where spectra behavior has not been identified
specifically; (2) the inertial subrange where the large
eddies transfer their energy to the smaller eddies. In this
subrange auto spectra, follow the “-5/3” law; and (3) the
viscous range where the dissipation takes place in small
eddies and therefore the decay rate in the energy spectra
is higher than the one in the inertial subrange (Nikora and
Goring, 2000). In the study, data is sampled with 100 Hz.
So Nyquist frequency is 50 Hz. The maximum sampling
capacity of the device is 200 Hz. It is observed that at
frequencies higher than 100 Hz, very high noise is
observed. Therefore, 100 Hz is preferred as sampling
frequency. Energy spectrum for each point and for each
velocity component is obtained and two representative
Figures are prepared as shown in Figures 12 and 13. It is
seen as in Figure 12 for point 4 (3.3 mm above the bed)

obtained velocity spectrum very close to the bed contain
more noise than the one above the point 33. So the
inertial sub-range cannot be clearly observed. However
clear from the -5/3 slope of the spectra in Figure 13,
which shows the velocity spectra of the inertial sub range
can be observed at point which is 11.54 cm above the
bed. Additionally -1 slope range is detected within
frequency range Nikora (1999) and Nikora and Goring
(2000).

CONCLUSIONS

In this study, data obtained using ADV’s analyzed using
various approaches. Main findings obtained in the study
are given thus

1. As a diverse approach, autocorrelation functions are
used to interpret physical characteristics of fluctuating
velocity components such as size and life time of eddies
along flow depth and important findings are obtained. For
a uniform flow, maximum life time and longest
approximate dimension of circulating structure is found at
10% of flow depth in the vertical plane parallel to the flow
direction. At the depths very close to the bed where
vertical gradient of stream wise velocities are large and
the life time and fluctuations in u, v and w directions are
very small.

2. Integral time scale begins to increase starting from the
bed and reaches its maximum value, at 10% of flow
depth then starts to decrease.

3. Logarithmic velocity profile is fitted to the obtained data
and the best fit is obtained for k = 0.4 and A = 6.

4. Distribution of turbulent kinetic energy is obtained and
it is seen that TKE suddenly increase very close to the
bed and it reaches its maximum at relative depth 0.02,
then decrease by following a fluctuating trend.

5. Normalized vertical flux of TKE is obtained with well
coincidence with the findings of the literature. Distribution
of primary Reynolds stress component is checked and
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seen that it reaches its maximum at relative depth 0.10.
6. Shear velocity is calculated using logarithmic profile
approach and Reynolds stress distribution approach. The
difference between the two obtained velocity values is
12%.

7. In spectral analysis it is observed that most of the
turbulence kinetic energy is concentrated at high period
structures (circulations and eddies) as expected. The

spectral density graphs obtained from points which are
very close to the bed contain more noise when compared
to higher points spectral density graphs. -1 slope is
clearly observed before inertial sub-range -5/3 slope.
Future work would probably have to concentrate on
measurements taken in the natural environments.
Turbulence studies in rivers could shed light to the
development and understanding of the subject as one of
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the future objectives for this study.
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Notation: A, log-law integration constant; h, water depth;
TKE, turbulent kinetic energy; U, Instantaneous velocity;

U mean velocity; u’, fluctuating velocity component; u-,
shear velocity; z, distance from bed; k, von Karman
constant; r, autocorrelation coefficient; s, turbulence
intensity; s°, variance; S;, velocity spectral density; T,
integral time scale; L, integral length scale; N, number of

sampled data; P, density of water; a° = u" +v" +w"
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