
HAL Id: hal-00230300
https://hal.science/hal-00230300

Submitted on 27 Mar 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Shear stress statistics and wall similarity analysis in
turbulent boundary layers using a high-resolution 3-D

ADVP
David Hurther, Ulrich Lemmin

To cite this version:
David Hurther, Ulrich Lemmin. Shear stress statistics and wall similarity analysis in turbulent bound-
ary layers using a high-resolution 3-D ADVP. IEEE Journal of Oceanic Engineering, 2001, 25 (4),
pp.446-457. �10.1109/48.895352�. �hal-00230300�

https://hal.science/hal-00230300
https://hal.archives-ouvertes.fr


Shear Stress Statistics and Wall Similarity Analysis
in Turbulent Boundary Layers Using a

High-Resolution 3-D ADVP
David Hurther and Ulrich Lemmin

Abstract—Three-dimensional (3–D) quasi-instantaneous
acoustic Doppler velocity profiles at the center of uniform, tur-
bulent open-channel flow over smooth and rough beds have been
analyzed for the dynamics of coherent structures. The qualitative
aspects of simultaneously measured Eulerian velocity and shear
stress signatures identify coherent structures in the water column.
A cumulant discard method is applied to describe the statistical
properties of the covariance terms along the mean flow and

across the mean flow relative to their time means. Condi-
tional statistics and conditional sampling are used to compare the
theoretical and experimental relative covariance contributions
from the four quadrants in the longitudinal and transverse
planes. The results in the( ) plane show the dominance of
ejections (quadrant 2; 0 0) and sweeps (quadrant
4; 0 0). In contrast, the distribution of fractional

events in the transverse plane is quasi-uniform over the four
quadrants. Based on these experimentally determined statistical
properties of the covariance terms in different flow conditions,
a simplified form of the vertical turbulent energy flux in the
intermediate flow region is given and the concept of wall similarity
in turbulent boundary layers is validated. Since the validity of the
wall similarity concept over a wide range of bed roughness has
been shown, it is proposed to determine the mean bed friction
velocity from the evaluation of the vertical turbulent energy flux.

Index Terms—Coherent structures, conditional sampling,
Doppler measurement, random media, turbulent bursts.

I. INTRODUCTION

OVER the past decade, Doppler sonars have become pow-
erful instruments for the measurement of oceanic cur-

rent profiles. The type of instrument most often used applies
the “noncoherent” technique [18]. More recently, oceanic re-
search has focused increasingly upon boundary layer studies
in nearshore and coastal environments and in benthic boundary
layers. In these applications, the depth range of interest is rela-
tively short (O(1 m)) and, due to limitations inherent in “non-
coherent” sonars, such instruments can no longer be used effi-
ciently. Point measurement techniques have been applied in this
environment. However, acoustic profiling using the “pulse-to-
pulse” coherent technique [10], [11] offers an attractive alterna-
tive because it is possible to cover the total depth of the boundary
layer, and the technique is nonintrusive.

The authors are withthe Laboratoire de Recherches Hydrauliques, Ecole
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Boundary layer flows are often characterized by strong ver-
tical gradients. The pulse-to-pulse coherent technique can pro-
vide the high spatial (O(5 mm)) and temporal (O(15 Hz)) reso-
lution as well as the high velocity resolution (O(3 mms)) re-
quired to study the details of boundary layer flow. By changing
the acoustic frequency and the system geometry, the system can
be adapted to the boundary layer dimensions encountered in the
field.

The presence of high spatial and temporal variability in the
boundary layer flow field has been documented in the litera-
ture. The streamwise velocity field in the near-wall region of a
boundary layer is known to be organized in alternating streaks
of high and low velocity which are persistent in time. Related to
this structure are intermittent, quasi-periodic events, consisting
of outward ejections of low-speed fluid from the bed and in-
rushes of high-speed fluid toward the bed, called coherent struc-
tures. From studies of wall-bound turbulent shear flows, these
organized motions (i.e., the bursting phenomena) are identi-
fied as a primary turbulence mechanism for the production of
Reynolds stress and turbulence energy in the near-bed region
[8], [15]. Little is known so far about the dynamics of coherent
structures in the cross-stream plane.

Profiling the whole depth of the boundary layer in a single
sweep is an ideal technique to study the dynamics of these co-
herent structures. They have been made evident using 2-D [21]
and 3-D [5] acoustic Doppler velocity profilers in various flow
conditions. Recently, we have also shown their relation to sedi-
ment resuspension and transport using an acoustic flux profiler
[23], [7].

The cumulant discard method has been used by several au-
thors, all of whom used point measurement techniques, in order
to predict quantitatively the covariance term statistics in the
streamwise direction for different wall roughness conditions in
zero pressure gradient boundary layers. Antonia and Atkinson
[1] estimated the skewness and flatness factors of the shear
stress fluctuations by a fourth-order approach and expressed
the probability density distribution of the normalized term
from a Gram–Charlier type joint probability density function of

and . In the inner region of the flow, they found good agree-
ment between results of the cumulant discard method and the
corresponding experimental factors. Only a qualitatively sim-
ilar tendency was observed in the outer region where the flow
was found to be more intermittent.

Nakagawa and Nezu [16] developed the equations of the
probability density for the relative covariance term
conditionally sampled over the four quadrants of the
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plane. Events with quadrant 1 , quadrant 2
, quadrant 3 and quadrant

4 orientation are respectively identified as
outward interaction, ejection, inward interaction, and sweep
events. They showed that a third-order Gram–Charlier distri-
bution is sufficient to quantify the quadrant time fractions and
quadrant covariance fractions in the wall region ( ,
where is the water depth) and in the equilibrium region
( ) of open-channel flow.

Raupach [19] applied a third-order Gram–Charlier type
distribution to quantify the covariance statistic parameters in
rough-wall and smooth-wall turbulent wind tunnel boundary
layers. These three studies agree on the effect of roughness
on the dynamics of shear stress events : in the vicinity
of the wall, it is characterized by an increase of sweep event
contribution, both with roughness and with proximity to the
wall.

This paper reports on an experimental investigation of the
conditionally sampled covariance events in the stream-
wise direction and in the across stream plane. In order to
evaluate the dynamics under controlled conditions, experiments
were carried out in turbulent open-channel flow over smooth and
rough beds using a 3-D acoustic Doppler velocity profiler. An
interpretation of the Eulerian signatures of the covariance and
3-D velocity fields over the whole depth will be presented.

To validate the effect of roughness on covariance dy-
namics, experimental results of fractional contribution to the
corresponding shear from each quadrant of both covariance
terms will be compared to results from a cumulant discard
Gram–Charlier distribution, applied to both and
terms.

From the observed linear relation of the third-order moments
in the equilibrium flow region of the boundary layer, a simpli-
fied form of the vertical turbulent energy flux is validated. Since
a constant value of the normalized turbulent kinetic energy flux
is found in the flow region ( ), a method for
the determination of the bed friction velocity is proposed which
has certain advantages over commonly used methods.

II. A COUSTICDOPPLERVELOCITY PROFILER

A pulse-to-pulse coherent acoustic Doppler velocity profiler
(ADVP) is used to evaluate the three velocity components
simultaneously over the entire investigated water depth. The
system consists of a central narrow beam emitter and up to four
wide-angle receiver transducers placed symmetrically around
the center. The transducers are arranged in two perpendicular
planes, each of which allows one to resolve profiles of one
horizontal and the vertical velocity component. The redun-
dancy of the vertical component provides for a control of the
quality of the geometrical alignment of the transducers. Since
sound is emitted only from the central transducer, all velocity
components are evaluated from phase information coming from
the same scattering volume. Unlike commercially available
profilers, the ADVP measures velocities along a single straight
line of consecutive scattering volumes. This is the only way
in which turbulence information and particularly a correlation
between velocity components can correctly be evaluated

without any specific requirements for the flow conditions.
Quasi-instantaneous velocity components are estimated using
the pulse-pair algorithm. The system is described in more detail
in [11], [21], and [12].

A combination of 1) a hardware method and 2) a software
method is used here to reduce noise contributions in the turbu-
lence measurements with the 3-D ADVP. A brief explanation of
the two methods is given.

1) An ultrasonic constant beamwidth transducer system is
used which is capable of generating an extended focal
zone by electronically focusing the beam over the de-
sired water depth range [5], [12]. Beam directivity mea-
surements show that the higher beam directivity and the
reduction in side-lobe level lead to an increase of the
signal-to-noise ratio (SNR) by up to 15 dB compared to
a plane disc transducer. It also leads to significant reduc-
tion in spectral broadening effects, which in the case of
plane disc transducers reduce the velocity resolution and
interfere with correct data interpretation [11].

2) A direct Doppler signal treatment method is applied to
the data [6]. The technique does not rely on any hypoth-
esis concerning flow characteristics. No knowledge about
supplementary device-dependent parameters such as the
sample volume size or the acoustic beam opening angle
are needed. It is based on a noise spectrum reconstruction
from cross-spectra evaluations of two simultaneous
and independent measurements of the vertical velocity
over the whole water depth. Correcting for the system
geometry, the noise spectra and the noise variances
are calculated and removed from the three fluctuating
velocity components. The corrected turbulence spectra
show a slope over the whole inertial subrange
delimited by the frequency band of the device.

The corrected profiles of turbulence intensities, turbulent ki-
netic energy, shear stress, and turbulent energy balance equa-
tion terms such as production, transport, and dissipation are
in good agreement with different semitheoretical formula and
other measurements from the literature.

The combination of this correction method with the use of the
constant beamwidth emitter allows turbulence measurements
with a relative error under 10% in the intermediate and free sur-
face flow regions ( ) of the boundary layer.
As indicated in [6], deviations of the corrected mean turbulence
measurements from semitheoretical laws are observed in the
wall region. Supplementary studies are needed to evaluate quan-
titatively the limits of sonar measurements in that flow domain.
While we allocate the remaining variations to effects of the spa-
tial averaging due to the strong profile gradients in this layer,
effects of bottom roughness cannot be excluded either.

III. EXPERIMENTAL SETUP

Experiments were carried out in two laboratory open-chan-
nels under uniform flow conditions: the first one (29 m long,
2.45 m wide, 75 cm deep) has a rough bed and the second one
(43 m long, 2 m wide, 1 m deep) has a smooth bed. For ex-
periments over rough beds (experiments B, C, and D in Table
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TABLE I
HYDRAULIC PARAMETERS FOREXPERIMENTS

I), a sand bed with a mean grain size of mm (esti-
mated at 50% of the granulometric curve) was used. The mea-
surement sections are placed 13 and 16 m downstream from the
entrances for rough and smooth bed conditions, respectively,
where the turbulent flow is well developed. All velocity data
presented here were taken in the center of the channels. The
hydraulic parameters are given in Table I. These indicate sub-
critical highly turbulent flows for all experiments with varying
Reynolds, Froude numbers, and bed friction velocities. The un-
certainties on discharges, water depths, and discharge velocities
estimations shown in Table I are less than 5% and less than 10%
for the bed shear-velocity estimations.

The variables , and represent the friction
velocities obtained from linear extrapolation of the mean
Reynolds stress at the wall, from the energy line slope formula
for uniform flow, and from the log law, respectively. The
relative errors (relative to ) are less than 10% which
shows that conditions of uniform flow are satisfied. The
standard roughnesses are normalized with the corresponding
viscous lengths and are smaller than 70, for all experiments,
corresponding to incompletely rough beds found in oceanic
boundary layers. A Manning–Strickler formula is used to
estimate the physical grain size from the uniform flow conditions
in the cases of rough beds (experiments B–D in Table I).
We obtain values between 3 and 5 mm for the mean particle
diameter . The difference between the calculated values and
the true value (1.7 mm) indicates the difficulty to determine
realistic results from profile extrapolations for rough bed
bottoms where the position of the profile origin is poorly
defined. The factor of Coles wake function (Table I) is
extracted from the velocity defect law [2] with equal to
0.4 and varies between 0.1 and 0.4.

The experiments were conducted under clear water condi-
tions where particles do not contribute significantly to backscat-
tering. Shen and Lemmin [22] identified the ultrasonic targets
as being concentration microstructures originating from clus-
ters of fine air bubbles. Since these structures have a very small
size, they are able to follow the turbulent motion without iner-
tial lag over the investigated frequency band. All measurements
presented here are extracted from data sets acquired over 600-s
intervals. The spatial and temporal resolutions are dependent on
the settings of the instrument and are equal to3 mm and 0.024
s, respectively, in the present case.

IV. OBSERVATIONS OFCOMMON STRUCTURAL FLOW

FEATURESOVER SMOOTH AND ROUGH BEDS

Eulerian signatures are limited for the identification of the
different types of coherent structures passing through a fixed

measurement volume because they have a high spatio-temporal
evolution [20]. In order to compare our data qualitatively to
simultaneous velocity measurements over an entire cross section
presented in Grasset al. [4], a Lagrangian flow field was
computed by applying Taylor’s hypothesis for the mean flow
direction. As in Grasset al. [4], a convection velocity, ,
equal to the depth-averaged mean velocity was chosen in order
to compare the measurements. Fig. 1 shows four sequences
(of our data) where the covariance and fluctuating velocity
patterns are superimposed. Fig. 1(a) presents the fluctuating 2-D
velocity vectors and covariance iso-contourlines
in the longitudinal flow plane in rough (experiment A) and
in smooth [experiment D, Fig. 1(b)] bed conditions. Fig. 1(c)
and (d) give the same information in the transverse flow plane
for rough (experiment D) and smooth (experiment A) bed
conditions, respectively.

The diagrams in Fig. 1 show flow structures similar to those
observed by Grasset al. [4]. Flow patterns such as vortex cross
sections, internal shear layers, ejections, sweeps, upwellings,
and downwellings over a smooth bed are identical to those over a
rough bed. For example, internal high-shear layers are observed
in Fig. 1(a) at m, , corresponding to a
sweep event (quadrant 4 direction) and in Fig. 1(b) at
m, , corresponding to an ejection event (quadrant
2 direction). Vortex cross sections can be seen in the longitu-
dinal [Fig. 1(a) at m, and Fig. 1(b) at

m, ] and transverse [Fig. 1(c) at
m, and Fig. 1(d) at m, ] flow
fields indicating the three-dimensionality of the vortical struc-
tures. Vortex cross sections associated with an underlying high
shear layer such as an ejection event can be observed at
m, in Fig. 1(a).

Numerical boundary layer simulation results of Robinson
et al. [20] show similar structures where the vortex core is
identified as the head of a horseshoe vortex located above
an ejection event. In the free surface flow region, upwellings
and downwellings can be seen at several locations in the flow
fields [in Fig. 1(a) at m, and in Fig.
1(b) at m, ]. As shown by Kumaret
al. [9] by instantaneous Lagrangian flow visualization, these
time-persistent free-surface structures (especially upwellings)
were observed to generate one or more pairs of spiral eddies
at the water surface with opposite normal vorticities. They
suggested that this sequence of events might be typical for
the generation process of water surface structures such as
boils in turbulent free surface flows.

Previous [21], [23] and present observations of different kinds
of coherent structures give support to the existence of flow pat-
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Fig. 1. Iso-contours of high shear patterns and fluctuating velocity field at centerline of the channel for (a) theV (u ; w ) velocity vector (in Exp. A), (b) the
V (u ; w ) velocity vector (in Exp. D), (c) theV (v ; w ) velocity vector (in Exp. A), and (d) theV (v ; w ) velocity vector (in Exp. D).

terns common to both smooth and rough beds. Furthermore, the
matching of these flow patterns with the patterns shown in [4]
confirms the presence of horseshoe vortical structures, although
they could not be visualized spatially with our measurement
technique. In the longitudinal flow plane, ejection and sweep

events seem to be predominant. No dominant patterns can be
distinguished in the transverse shear stress structures [Fig. 1(c)
and (d)]. This observation will be confirmed below by quanti-
fying the 3-D statistical properties of the longitudinal and trans-
verse relative covariance terms.
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V. CONDITIONAL STATISTICS OFRELATIVE COVARIANCES

A. Theoretical Aspects

In order to apply the cumulant discard method, we de-
fine the following variables: are the zero mean
fluctuating longitudinal, transverse, and vertical velocity
components, respectively. , , are equal to ,

, . We shall quantify the contributions from
the different planes of the relative shear stress for the covariance
terms and . Fig. 2 shows the
orientation of the quadrants in the longitudinal and transverse
planes. Two characteristic functions and ,
expressed as the Fourier transforms of the joint probability
density functions and , respectively, can be
expressed as function of the moment and cumulant generating

functions in which and denote
the moments of th order and and correspond
to the cumulants of th order. Nakagawa and Nezu [16]
expressed the conditionally sampled probability densities over
the four quadrants of covariance events. The mathematical
manipulations are completely described in [16]. The following
equations are given:

(1)

where the index in denotes the quadrant index in theth
plane with planes 1 and 2 corresponding to the longitudinal and
transverse planes, respectively. The probability density
is directly developed from the corresponding bivariate normal
distribution. The nonconditionally sampled probability function
of shear stress is

with and

(2)

where are the corresponding correlation coefficients and
is the zeroth-order modified Bessel function of the

second kind. From (1), we will calculate the first-order moment
of each conditional probability density distribution as a function
of the threshold levels . Increasing the level of allows
the selection of progressively stronger fractional covariance
events. Their distribution over the different quadrants in the
longitudinal and transverse planes can be investigated using the
following expressions:

(3)

This method is known as the– quadrant threshold technique
and is described in [14]. The parameters , evaluated from
the probability densities, will be compared to those from exper-
imental results in order to obtain information about the quadrant
distribution of the relative covariances. The time fractions
of these conditionally sampled events are estimated by

(4)

Consequently, those parts of the events having relative shear
stress values lower than the defined thresholds are called the
“hole event” terms (Fig. 2). and are given by

(5)

B. Results and Discussion

Fig. 3 presents the theoretical and experimental quadrant frac-
tional contributions of the relative covariance termcalculated
from (3) using the -quadrant technique for experiment C. A
comparison of the results at four different depths confirms the
ejection-sweep dominance incontributions. Good agreement
is seen between the theoretical and the experimental distribu-
tions for a threshold level . Above that value, devia-
tions between the theoretical and the experimental curves point
to the limitation of the third-order model because the covariance
generation process becomes more intermittent with increasing

. However, the value of in Fig. 3 indicates that less than
10% of all events still contribute in that case.
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Fig. 2. Division of events in the (a) longitudinal and (b) transverse planes.

Fig. 3. Fractional contribution of relative covariance" versus threshold levelH at four flow depths and time fraction of hole eventT (z=h = 0:5; H ), for
Experiment C. The notationN [x] represents the number ofx values.

In the outer region of the boundary layer ( ), ejec-
tions contribute more than sweeps. In the inner region, the sweep
contribution increases and reaches the same level as the ejec-
tions. This was also observed by Grass [3] who stated that sweep
events become larger in the vicinity of the bed. The contribu-
tions of inward (quadrant 3) and outward (quadrant 1) interac-
tions are much lower, remaining nearly constant over the entire
boundary layer depth.

The time fraction of the hole events at depth
is also indicated in Fig. 3. The variation of with

depth was found to be weak. A given value indicates
the time fraction of those events which do not contribute to
the level. For example, for , the time
fraction of the hole events is more than 90%. Thus, less
than 10% still contribute to the event generation. In that case
(for ), , ,

, and , which characterize the turbulence

generation process as a short-duration, high-magnitude event.
Thisquantitativecalculationconfirms thequalitativeobservation
in Fig. 1(a) and (b). Coherent structures such as ejections and
sweeps are obviously related to the generation of important
covariance events and, as a result, also act as the main turbulent
energy producers. The results in Fig. 3 agree well with those
previously described by several authors using hot film or LDA
measurements.

In Fig. 4, the same quantities as in Fig. 3 are presented
for the covariance events , in the transverse plane of the
boundary layer. The curves fall off more slowly, stretching to
much larger values of the threshold level , thus denoting
larger variations from their temporal mean and low mean
covariance . It is particularly striking that the covariance
generation is nearly equal for all quadrants, independent of the
threshold level and depth . This quantitative calculation
confirms the qualitative observation in Fig. 1(c) and (d).
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Fig. 4. Fractional contribution of relative covariance" versus threshold levelH at four flow depths and time fraction of hole eventT (z=h = 0:5; H ), for
Experiment C. The notationN [x] represents the number ofx values.

In order to compare quantitatively the and values
of the different quadrants and planes, Fig. 5 represents their pro-
files over the depth for two different threshold levels
and two bed roughness conditions (Experiments A and D). As
indicated above, and contribute significantly to
covariance events , becoming larger than to-
ward the free surface independent of bed roughness. The ef-
fect of roughness is evident from an increase toward the bed
of the ejection contribution in the rough bed case compared to
the smooth bed case (at ). In the wall region, the ejec-
tion contribution becomes lower than the sweep contribution at

, whereas the ejection contribution remains greater
than the sweep contribution in the smooth case. This tendency
is independent of the parameter .

We can observe from the profiles that even with very
low time fraction of quadrant 2 and 4 events, their contribution
remains important for high threshold values (for we find
depth averaged values of and

). The time fraction evolution with indicates a
rapid decrease of and reaching a zero value at
(not shown in Fig. 5) whereas and remain nearly equal
except for . Nakagawa and Nezu had previously given
profiles for events, but only for [16]. The presented
results correspond well with theirs.

In Fig. 5, the fractional covariance magnitudes are

normalized by because the low values of the term
induce very high values. As mentioned before, the

contributions from the different quadrants are nearly the same
and are independent of and . It can be seen that the time
fractions only slightly vary with depth, remaining close to 0.25
for over the whole depth. From Figs. 4 and 5, we can
confirm that no apparent quadrant related bursting process is
observed for the covariance termin the transverse flow plane.

The third-order cumulants (crossed and noncrossed) deter-
mine the repartition of the relative covariance contributions over
the different quadrants. In (2), the terms , , , and
only depend on third-order cumulants. Therefore, a comparison
of these moments for the different flow conditions gives infor-
mation about the shear stress dynamics.

Fig. 6 shows all third-order moments needed to evaluate the
factors and in (2) for experiment C. As previously observed by
Nakagawa and Nezu [16] and Raupach [19], the profiles
are symmetrical over an extended range roughly corresponding
to . The relation between all four moments can
be assumed to be linear [19]. Nakagawa and Nezu considered
that and are the reflections of and ,
respectively, on the zero axis but did not relate the crossed mo-
ments to the skewness factors [16]. In our study, 3-D velocity
data are available from the ADVP measurements and the crossed
third-order moment can be calculated whereas this term
had to be approximated in the previous studies. In our case, a
linear combination of these third-order moments yields

for (6)

where the coefficients have been estimated by applying a least
square fit to data included in the interval .
The mean correlation coefficients (averaged over the four exper-
iments) are , , , and

. In order to determine whether these numerical
values of the coefficients linking the different third-order mo-
ments are constant and independent of Reynolds, Froude num-
bers, and bed roughness, (6) is presented for all experiments in
Fig. 7. For , the values of the different co-
efficients in (6) are found to be nearly equal for all investigated
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Fig. 5. Comparison of fractional covariance and time fractions of" and" versus flow depth at twoH = H threshold levels for experiment A (smooth) and
experiment D (rough bed).

flow conditions. Slight deviations are observed in the wall and
free surface flow regions.

VI. WALL SIMILARITY IN TURBULENT BOUNDARY LAYERS

The wall similarity concept in turbulent boundary layer flow
under uniform flow conditions is based on the existence of an

extended region in depth where the turbulent energy produc-
tion and dissipation terms are in equilibrium and the diffusion
terms are negligible. The two diffusion terms (fluctuating pres-
sure and turbulent kinetic energy diffusion) not only compensate
each other but are nearly equal to zero [17]. Therefore, the simi-
larity concept implies that, in uniform flows with high Reynolds
numbers, a similar equilibrium flow region exists, independent
of the flow conditions and bed roughness conditions. This con-
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Fig. 6. Representation of third-order moments (experiment C).

cept can be described by the turbulent energy budget equation:

(7)

in which Einstein’s notation convention is employed (i.e.,
is the turbulent kinetic energy). Fig. 8 shows

the normalized shear stress profiles for all investigated ex-
periments. The observed linear variations over the relative
flow depth confirm that the flow is uniform and in the mean
two-dimensional at high Reynolds number (see Table I). Hence,
the last equation yields

(8)

The equilibrium concept is expressed as follows:

with

const. for

(9)

The relation of the third-order moments, discussed in Section
V, to the normalized vertical flux of turbulent kinetic energy is
given by (the normalization variable will be discussed later)

(10)

This equation indicates a direct connection between the tur-
bulent energy flux and the dynamics of the shear stress events
through the third order moments. As shown previously, these
statistical parameters determine the distribution of the relative
covariance terms over the different quadrants. Furthermore, the
statistical analysis has shown that the relation between the dif-
ferent third order moments is linear over a flow region exceeding
the intermediate flow region [see (2)]. This is represented by the
following expression:

for

(11)

If the relations between the different turbulence intensities are
used, i.e.,

(12)

then (10) can be rewritten as a function of only one third-order
moment as follows:

with

for (13)

Nakagawa and Nezu [16] derived the following expression
for (10):

with

(14)

by considering that and are the reflections of
and , respectively, on the zero axis. They did not

relate the crossed moments to the skewness factors. Since they
did not have 3-D measurements, they approximated the crossed
third-order moment in (10).

We evaluated (10), (13), and (14) using our data. The results
are plotted in Fig. 9. The three curves coincide except in the
inner flow region. Some of the differences between them might
be due to the use of (12) which are only valid over the whole

9



Fig. 7. Observed constant relationship between third-order moments for experiments A–D.

Fig. 8. Shear stress profiles for all experiments.

depth if the bed is smooth. In the presence of roughness el-
ements, the turbulence intensity profiles deviate considerably
from (12) in the wall region [17].

VII. B OTTOM SHEAR VELOCITY IN TURBULENT BOUNDARY

LAYERS

The statistical analysis (Section V, Fig. 7) has shown that
the factors relating the third-order moments are independent of
Reynolds number, Froude number, and bed roughness over a
depth range corresponding to roughly .
Therefore, when properly normalized, the vertical flux of turbu-
lent kinetic energy should be constant over that range of depths.
We normalized it by the cube of the bed friction velocity, which
takes into account the bed roughness effect through the energy
slope and boundary layer depth. Fig. 10 presents the normalized
flux for all our experiments. In all cases, we found a nearly con-
stant flux for with values varying between
0.28 to 0.35. In a recent study using point measurements, López
and Garcia [13] found a value of 0.33 over a smaller range of
depths but a wider range of bottom roughness. They concluded
that a constant value of 0.3 may be universal, which is in good
agreement with the present results.

Fig. 9. Validation of a simplified relation ofF (data of experiment C).

The observed similarity provides another method for de-
termining the mean bed friction velocity, since (13) requires
knowledge of only one instantaneous velocity component [in
comparison with (10) or (14) in which the crossed third-order
moments are estimated from 3-D or 2-D velocities measure-
ments, respectively]. Taking and , we
found from our data. Using the value of from
Fig. 10 in (13), the mean bottom friction velocity can then
be determined. Due to the one-third power relationship, this
method of calculation is not very sensitive to even large errors
in the determination of the energy flux.

Difficulties and advantages of different methods for the deter-
mination of the mean bottom friction velocity are discussed in
[13]. In field studies, they suffer either from the lack of knowl-
edge of the precise location of the bed reference level, or the re-
stricted range of validity of the underlying assumptions. In the
present study, we found the similarity concept to be valid over
a wide depth range for bottom roughnesses which are typical
of oceanic boundary layers. The precision of the determination
of the measurement position within that range, and thus the bed
reference level, is therefore not critical. Furthermore, this range
is well above the bed where the gradient of the mean velocity
is weak. Measurement techniques with larger measurement vol-
umes may therefore be applied in this case.
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Fig. 10. Normalized flux of turbulent kinetic energy (for experiments A–D).

Based on our study of noise sources in 3-D ADVP turbulence
measurements, discussed in [6], we found noise characteristics
which indicate that, even for third-order moment estimations
from 3-D ADVP data, the SNR remains high as long as errors
related to acquisition time and bandwidth can be neglected.

VIII. SUMMARY AND CONCLUSIONS

Velocity and shear stress fields obtained by high-resolution
3-D Doppler velocity profiling in free-surface boundary layer
flows over smooth and rough beds show coherent structures ex-
tending over a large portion of the boundary layer depth that
are approximately independent of bottom roughness. Structural
features such as ejections, sweeps, upwellings, downdrafts, vor-
ticity patterns, and spiral eddies can be identified when com-
pared to tracer measurements found in [4]. Recent studies [9]
have shown that these coherent structures can be linked to sur-
face boils. Coherent structures therefore play an important role
in the dynamics of air–water transfer processes.

Good agreement is found between these qualitative obser-
vations and a statistical analysis of our measurements, which
clearly exhibit the well-known quadrant distribution in the lon-
gitudinal plane. The effect of bottom roughness in changing the
balance between ejections and sweep is important only below
0.2 h. The quadrant decomposition of the transverse covariance
term, which has not been estimated before, is found to be almost
uniform over the four quadrants. This confirms our initial quali-
tative observations from figures. It also indicates that the organ-
ization of the flow in ejection and sweep events is essentially
limited to the vertical plane defined by the mean flow direction.

The approximation of the conditional probability densities of
the covariance terms and by
a third-order Gram–Charlier expansion appears to be sufficient
for thresholds . Above that value, the third-order cu-
mulant discard model deviates from the observations. This sug-
gests that the processes of shear stress generation and turbulent
energy production in the boundary layer are highly intermittent.

Based on the our measurements of the statistical properties of
the covariance terms for different flow conditions, we have val-
idated the wall similarity concept. We found a constant value of
0.3 for the normalized vertical flux of turbulent kinetic energy

over a range of depths exceeding the equilibrium flow region, in-
dependent of the flow conditions investigated here. This agrees
with the value found by López and Garcia [13] for a different
range of bottom roughness.

A different approximation for the turbulent kinetic energy
flux, valid in the observed equilibrium flow depth range, is de-
veloped in (13). It depends on the longitudinal fluctuating ve-
locity component only, which considerably simplifies the theo-
retical expression of the turbulent kinetic energy flux.

The existence of wall similarity in highly turbulent boundary
layers offers a new method of determining the mean bed fric-
tion velocity. This method is better adapted to field measure-
ments than previous methods because the measurements can be
taken at a single level far from the bed over an extended depth
range where the gradient of the mean flow profile is weak. In
particular, this avoids the difficulty of needing to know the pre-
cise bed reference level, a difficulty that has introduced large
errors in classical calculations based on profile measurements.
Here we have shown that this concept is valid at the center of
shallow, uniform, open-channel flows at high Reynolds number
where the boundary layer is 2-D in the mean. Under oceanic
conditions, effects such as rotation and stratification may cause
modifications. Recently, we have studied the structure and the
dynamics of secondary currents in uniform flow over rough beds
by taking closely spaced 3-D ADVP profiles across a channel
cross section. It was demonstrated that in the mean the wall sim-
ilarity concepts still holds despite the presence of secondary cur-
rents. In order to determine the range of validity of the method
presented here, field investigations are needed.

This study has demonstrated the potential of a high-resolution
3-D acoustic Doppler velocity profiler in turbulent boundary
layer flow. It is ideally suited for such studies because it can pro-
file the total depth in one sweep. This is particularly important in
boundary layer field studies where flow conditions often change
rapidly and point-by-point measurements will fail to provide the
details desired to understand the high-frequency dynamics of
the boundary layer. As we have shown recently, this approach
can be extended to measure sediment flux [22], which will make
it possible to carry out studies similar to the one presented here
in sediment-laden flows [7]. New insight into sediment transport
dynamics can be expected from measurements with this instru-
ment.
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