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Abstract This work concerns the analysis of experi-

mental instantaneous fluid levels and three-component

fluid velocity measurements in a stationary flow field

generated by a Crump weir in a laboratory flume using an

ultrasonic distance sensor and a three-probe arrangement of

an ultrasonic Doppler velocity profiler. The tests are

characterised by different and increasing Froude numbers

(Fr = 0.10–0.38), with the free surface of the fluid ranging

from flat (low Froude number) to almost aerated (high

Froude number). The statistics of the free surface are

computed, and the relevant length and velocity scales are

measured. A free-surface boundary layer was detected

having a thickness proportional to the root mean square of

the free-surface height series and with a velocity scale that

related well to the free-surface elevation time gradient. The

mean velocity profiles are presented. There are many

indicators that a specific regime occurs with an optimal

tuning between free surface and turbulence. In this regime,

the length scales are raised.

List of symbols

h. . .i Space average operator

. . . Time average operator

f. . . Phasic average operator

dv Thickness of the viscous sub-layer

Uj Volume fraction or concentration for

the j phase

Kzz Integral length scale in the vertical

computed on using the vertical

fluctuation velocity

q Mass density

r Surface tension

m Kinematic fluid viscosity

f0 Abscissa in the beam axis reference

system

H Temperature

a Weighting function

A, B Matrix for reference transformation

a_umrms, a_dmrms Root mean square of the up-midlevel

amplitude (crests) and of the down-

midlevel amplitude (troughs)

c Celerity of propagation of ultrasound

d0 Head over the weir crest

d Water depth upstream

DNS Direct numerical simulation

fco Cut-off frequency

fe Frequency of the carrier

Frs Froude number based on free-surface

scales

Frupstream, Fr Froude number in the upstream

section, in the section of measurement

FS Full scale

H, Hrms Wave height, root mean square wave

height

H1/3, H1/10, … Mean value of the first third, of the

first tenth, …
h, hmeas, hwave Instantaneous filtered value, measured

value, value due to potential flow

k Coefficient

L0 Distance of the target

PDF Probability density function

PIV Particle image velocimetry

Q Volume discharge

Re, Res Reynolds number, based on surface

scales
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R2 Coefficient of determination

S/N Signal to noise ratio

t Time

T Period of the waves, period of time

average

Tmean, T1/3, … Period of the waves, mean value,

mean value of the first third, …
tprf Time between two subsequent pulses

US Ultrasound

UVP Ultrasonic Doppler velocity profiler

u, v, w Streamwise, spanwise, vertical fluid

velocity

u0, v0, w0 Streamwise, spanwise, vertical fluctu-

ating fluid velocity

u0rms, v0rms, w0rms Streamwise, spanwise, vertical root

mean square value of the fluctuating

fluid velocity

ui Velocity component along the i beam

axis

us Velocity scale

uupstream, ums Mean fluid velocity in the upstream

section, in the section of measurement

V Volume of integration

Vs Velocity of the surface

Wes Weber number, based on surface

scales

x, y, z, xi Spatial co-ordinates

x, s Space vector

Xj Phasic function for the j phase

zs Instantaneous level of the free surface

1 Introduction

An understanding of the structure and dynamics of free-

surface turbulence is essential for the correct interpretation

of many interface phenomena, and the need for measuring

the characteristics of turbulence beneath a free surface

arises from its role in many important phenomena that take

place at interfaces. These include gas and heat exchange in

the ocean, which have huge influences on the balance of

chemicals and energy. In many engineering and industrial

problems, most exchange takes place at the interface

between a gas and a fluid, and many large-scale physical

problems are governed by the characteristics of turbulence

beneath an interface.

The free surface represents a boundary for the flow

domain and imposes some conditions: the material deriv-

ative of the free surface must be zero, while the tangential

stresses should be zero (unless a shear is exerted by the

overflowing gas). The interaction between turbulence and a

free surface is expected to vary with the level of turbu-

lence. The two main measures for describing the phe-

nomenon are the Reynolds number and the Froude number,

which generally increase together. At reduced Froude

numbers, a free surface is essentially unaffected by the

turbulence of the flow beneath it, is almost flat and imposes

a reduction in only the normal velocity component. In this

way, it can be described as a slip-free, rigid, flat surface. At

higher Froude numbers, the free surface is not flat, and an

energy exchange with the fluid flow ensues. Such an

exchange is assumed to be initially very limited, but it

becomes quite strong when a free surface loses its con-

nectivity and contains air bubbles and drops. A great

variety of free-surface patterns and energy transfer mech-

anisms exist at a free surface, including capillary and

gravity waves. A general description of the various levels

of interaction between free surfaces and turbulence is

reported in Brocchini and Peregrine (2001a). The authors

describe the wide range of free-surface deformations that

occur when there is turbulence at the surface, and they give

specific attention to turbulence in the liquid medium. Their

discussion considers the effects of gravity and surface

tension on the action of kinetic turbulent energy, and the

authors heuristically outline a two-parameter description of

surface behaviour in terms of length scale and turbulent

kinetic energy.

Several experimental results are reported in the litera-

ture, often obtained using sophisticated techniques that are

necessary to describe the complexity of the flow field.

Komori et al. (1989) used laser Doppler anemometry to

measure fluid velocity, an infrared scanner to measure free-

surface temperature and a cold film probe to measure the

temperature in the flow field. Most of the techniques

adopted are image based. An important experimental

approach is the use of shadography (Settles 2001), which

generates images that result from the refraction of light.

Additionally, particle image velocimetry (PIV) has been

used to evaluate the interaction between a free surface and

the flow beneath (Weingand 1996). Laser scanning, with an

output signal that is dependent upon the surface gradient,

when used in conjunction with a laser Doppler anemometer

and a PIV, seems to be useful for detecting the space-time

characteristics of the flow (Savelsberg et al. 2006). Dabiri

and Gharib (2001) combined digital image particle veloc-

imetry and a reflective mode of the free-surface gradient

detector method to evaluate the correlations between near-

surface deformation and near-surface velocity and vortici-

ty. Their device was able to measure elevation in the range

of ±1.2 mm. Quiao and Duncan (2001) used PIV to study

gentle spilling breakers and to detail the flow field in the

pre-breaking and breaking conditions. Savelsberg et al.

(2006) measured the gradient field along the line of a tur-

bulent free surface using a laser scanning technique
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coupled with laser Doppler anemometry and PIV. In this

way, they were able to measure 2D velocity fields beneath

the free surface. In the field, radar instruments in ships,

satellites, buoys or pressure sensors give information on the

free-surface elevation, but this information yields limited

information about the mean flow field and turbulence.

More detailed information is obtained using direct

numerical simulations (DNS), which are useful for the

examination of low Froude number, free-surface turbu-

lence (Shen et al. 1999). This method also allows for the

evaluation of pressure correlations, although this is beyond

present experimental capabilities. In these simulations, the

free surface is essentially flat, and no interactions are

detected except by their effects on the turbulence of a

boundary layer (a region adjacent to the free surface). The

authors also distinguish a viscous surface layer from a

blockage layer: in the viscous surface layer, which has a

thickness scaling with the square root of the local Reynolds

number, large Reynolds numbers yield fast changes in the

vorticity from the external value to its value at the free

surface. In particular, at low Froude numbers, the vorticity

at the free surface has only a vertical component. In the

blockage layer, there is a redistribution of the turbulent

intensity, with a reduction in vertical velocity fluctuations

and an increase in horizontal velocity fluctuations. The

blockage layer is thick on the macro-scale. This is not the

only definition of the surface layer. Brocchini and Pere-

grine (2001b) describe the surface layer as the region

occupied by two different phases, air and water; this defi-

nition can be used only if the free surface is disconnected,

having either bubbles in water or droplets in air.

Some other sophisticated models of large-eddy simula-

tion also show new and characteristic behaviours of tur-

bulence flux near the interface (Shen and Yue 2001). Hong

and Walker (2000) developed a set of Reynolds-averaged

governing equations for turbulent free-surface flow, with

additional terms respect to standard Reynolds-averaged

equations representing the effects of the boundary condi-

tions. They also detail on the origin of the surface current,

as observed in many fluid flows interacting with the free

surface, analysing the different role of Reynolds stress

anisotropy and free-surface fluctuations.

In most (if not all) experiments and analyses, attention is

focused on weak turbulence, with consequent weak and

almost undetectable free-surface fluctuations. This is indi-

cated by the fact that papers on this topic do not describe

the statistics of the free surface. Here, we represent the flow

field by a roller generated on a steady current by a Crump

weir. The turbulence in the liquid is strong enough to

interact with the free surface; surface tension is dominant

and gravity is less important. The mean flow and turbu-

lence patterns are typical of this specific flow field and

dependent on the section being measured. Nevertheless, the

results can be used to improve our knowledge of turbulence

and free-surface interactions. To categorise the flow set-up,

we refer to the framework introduced by Brocchini and

Peregrine (2001a). Although some uncertainties arise in

regard to the correct length scale, we find that some of the

present tests are in the ‘‘wavy’’ domain, generally not

breaking and without air inclusion, whereas the less ener-

getic tests are in the ‘‘rippled’’ domain.

The phenomenon taking place downstream the crump

weir is a classical hydraulic jump, essentially a non-

breaking or undular in most tests. It is often used as a flow

pattern to check models’ assumptions, and several refer-

ences can be found on the topic (Reinauer and Hager 1995;

Khader and Elango 1974; Chanson and Brattberg 2000).

The velocity and level of the fluid were measured using

ultrasound. This technique is not new, but its application

and recent evolution provide a new method to study

velocity measurements in complex flows. The technique

was initially applied to measure the velocity at a single

point, whereas 3D measurements were made possible using

acoustic Doppler velocimetry (Kraus et al. 1994). It has

been widely applied for measurements, in both the labo-

ratory and the field (Shen and Lemmin 1997; Lemmin and

Rolland 1997; Gordon and Oltman 2000; Hurther 2001;

Hurther and Lemmin 2001; Miles et al. 2002). Ultrasonic

measurements of the velocity fields beneath shoaling and

breaking waves in the laboratory were obtained by Doering

and Donelan (1997). They used a servo-hydraulic surface-

following device to move an acoustic current metre and

performed quasi-lagrangian measurements referring to the

free surface.

Recently, ultrasonic Doppler velocimetry has taken

advantage of new probe configurations and algorithms to

elaborate the echo, and these allow fluid velocity mea-

surements to be taken at several points (gates) along the

ultrasound (US) beam axis, thereby obtaining the velocity

profile. The technique was initially applied for medical

purposes, such as measuring flow in blood vessels and the

heart. It can be used in optically opaque fluids, such as

mud, and in high-temperature fluids, such as liquid sodium

(Eckert and Gerbeth 2002). Ultrasonic Doppler velocity

profiler (UVP) can give information on spatio-temporal

velocity with a data rate that is virtually independent of the

seeding concentration [see Takeda (1999a) for a descrip-

tion of US techniques] and is well suited for giving

information in a complex flow field, especially if the spatial

distribution is of major interest (e.g., Takeda 1999b).

Longo et al. (2001) measured fluid velocity in breaking

waves and in the subsequent bore in laboratory experi-

ments with regular waves. The effects of air or gas bubbles

in the flow field were also described in detail, with the

specific aim of validating data from measurements taken in

aerated bores and breaking waves (Longo 2006). Kantoush
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et al. (2008) used UVP in a configuration that was similar

to that described here and found good agreement between

large-scale particle image velocimetry, UVP and numerical

simulation methods. Amini (2009) investigated the velocity

profiles and the instability at the interface of a two-phase

water–oil fluid. De Cesare and Boillat (2006) also provide

an extensive description of the application of US Doppler

methods in hydraulic modelling.

This paper is organised as follows: The experimental

procedures and set-up, including the main features of the

measurement devices, the data acquisition and the uncer-

tainty analysis, are described in Sect. 2. Section 3 is

devoted to describing and discussing the results, with

specific attention given to the free-surface fluctuation sta-

tistics and the mean velocity. The conclusions are outlined

in the final section.

2 Experimental apparatus and procedures

2.1 Description of the device and uncertainty analysis

of the instruments

The present analysis refers to experiments in a flume,

with free-surface turbulence generated by a Crump weir.

The experimental set-up is shown in Fig. 1. The flume

was 15 m long, 0.30 m wide and 0.47 m high, and it was

supplied by a pump feeding a small tank at one end. The

inflow had a flow conditioner to remove swirl and was

constructed with several small circular cylinder tubes

parallel to the flume axis. The flow rate was monitored

using a magnetic flow metre that was accurate to within

0.5% of the instantaneous value. The Crump weir was

made with PMMA and was symmetric, with upstream and

downstream slopes of 1:2 and a crest height of 17 cm

with respect to the bottom of the flume. The crest was

7.1 m from the tank, and the approaching flow had a flat

surface with limited turbulence. The measurement section

was 0.9 m past the weir (where the mean level was

maintained at *150 mm) and was controlled by a bot-

tom-hinged flap gate in the exit section of the flume. In

all tests, we obtained a modular flow condition, with the

head over the weir crest varying from *20 mm (the

minimum discharge in the tests) to *90 mm (the maxi-

mum discharge in the tests). The approaching flow had

Froude numbers that lay in the range 0.02–0.14, and a

supercritical flow developed on the downstream face

of the weir. The flow turned to a subcritical flow

(Fr = 0.10–0.38) after a weak jump that was located well

upstream of the measuring section. The main parameters

of the inflow are reported in Table 1. Pictures showing

the free-surface details for two different tests are shown

in Fig. 2.

In the present study, the air–water interface will be

referred to as the free surface. Free-surface elevations were

measured using an ultrasonic sensor (Turck Banner

Q45UR, 2002) based on flight-time having a carrier at

10 MHz, with temperature compensation and a sensing

range of 50–250 mm (the distance of the target from the

emitter/receiver). The response time was 10 ms.

Uncertainties in the ultrasonic distance measurements

arose due to strong spatial gradients of the free surface that

generated lost echoes and to gradients of temperature along

the path of the sound that modified the celerity. In addition,

the measurements were not precisely local, as the ultra-

sonic beam diverged with a 3.5� angle, and the area of

Fig. 1 Sketch of the probes and reference system. a Schematic of the

set-up and b details of the Crump weir. c Cross section and d lateral

view of the experimental flume. e The probes
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averaging was 10-mm-diameter circle at the distance of the

measurements.

The first source of uncertainty was overcome by holding

the last measured value in case of an absence of echo, with

a negligible loss of information. The uncertainty due to

temperature gradients along the path of the sound could be

quantified. Assuming a linear variation of the temperature

between the emitter and the target, the relative uncertainty

is equal to:

DL

L0

¼ H1 �H0

4H0

ð1Þ

H0 is the temperature near the emitter/receiver, L0 is the

distance to the target and H1 is the temperature near

the target. We have assumed a negligible uncertainty in the

time of flight measurements. Assuming H0 = 293 K and

H1 = H0 ± 1 K, the maximum uncertainty is equal to

±0.2 mm.

The final factor is the non-stationary nature of the target.

Considering that the echo is generated by a moving sur-

face, a Doppler shift is expected equal to 2Vs=cð Þfe, where

Vs is the velocity of the surface, c is the celerity of US

propagation in air and fe is the frequency of the carrier.

Fortunately, US waves are not dispersive in air, and the

small frequency shift does not affect the computation of the

distance of the target (here, the instantaneous water level

measurement).

Under our experimental conditions, the overall uncer-

tainty in the free-surface level measurements (including the

non-linearity and repeatability of the instrument) was

estimated to be ±0.3 mm.

Measurements of the fluid velocity below the free sur-

face were taken using an array of three probes connected to

an UVP (Signal Processing, Switzerland, model DOP2000,

2005), and the carrier frequency of the probes was 8 MHz

(TR0805LS) (the arrangement of the probes is shown in

Fig. 1e). The transducers had active element diameters of

5 mm in an 8-mm (diameter) cylindrical plastic housing.

The arrangement of the three probes was chosen to guar-

antee an overlap of the measurement volume in the area of

interest just below the mean free surface, with the aim of

mapping out the near-surface flow field. To increase the

S/N ratio, the water was seeded with clay, and this proved

to be an excellent seeding material.

Each transducer measured the axial velocity component

as a function of the axial position. The velocity profile was

measured in several tens of spatial positions (gates),

starting from 3 mm in front of the probe head and was

assumed to be in the centre of the measuring volumes. The

Table 1 Flow conditions for the experiments

Test (#) Q (l/s) d0 (mm) ± 0.1 mm d (mm) ± 0.1 mm uupstream (m/s) ± 1% Frupstream (.) ± 1% ums (m/s) Fr (.)

66 17.3 ± 0.2 64.0 260.7 0.221 0.139 0.39 ± 0.03 0.32 ± 0.04

65 15.2 ± 0.2 59.6 253.2 0.200 0.127 0.33 ± 0.03 0.28 ± 0.03

61 10.1 ± 0.1 45.0 233.1 0.143 0.0952 0.22 ± 0.01 0.18 ± 0.01

62 6.64 ± 0.07 34.1 218.6 0.102 0.0695 0.146 ± 0.003 0.121 ± 0.005

63 3.69 ± 0.03 22.9 202.9 0.0630 0.0432 0.082 ± 0.001 0.068 ± 0.001

64 1.87 ± 0.01 14.9 191.8 0.0330 0.0239 0.041 ± 0.001 0.033 ± 0.001

Q is the water discharge, d0 is the head over the weir, d is the water depth upstream, uupstream and ums are the mean velocity as evaluated upstream

and in the section of measurement, Frupstream and Fr are the Froude number upstream and in the section of measurement

Fig. 2 Free-surface details during test no. 66 a and test no. 61 b
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measuring volume of a single gate was approximately disc

shaped, with a thickness related to the operating condition

and a diameter that was almost invariant (nominally equal

to 5 mm in the near-field zone, *33 mm long for the probe

used in water). The measuring volume increased in the far

field progressively due to lateral spreading of the US

energy, with a half diverging angle of 1.2� for the probe

used in water. The actual diameter of the measuring vol-

ume is smaller than the nominal volume if the correct

sensitivity level and beam power are selected. In fact, a

reduced sensitivity during the echo reception (i.e., a high

level of energy of the echoes requested to process the

signal) and a high power of the US beam favour the back-

scatter of the particles near the axis of the beam (the US

power decreases in the radial direction as well as the axial

direction) and thus focus the volume of measurements in

the near-axis region. Balancing this, multiple particles or

micro-eddies present in the volume of measurement scatter

the echoes and broaden the spectral peak, whereas dif-

fraction tends to enlarge the measurement volume. The

thickness of the sampling volumes is assumed to be equal

to half the wavelengths contained in a burst, unless the

electronic bandwidth of the instrument is limiting. In our

experimental set-up, this last variable is the limiting factor

that determines the minimum thickness of the sampling

volume (0.68 mm in water). The overall size of the mea-

surement volumes allows only the detection and analysis of

macro-turbulence, but this limitation is outweighed by

some advantages, such as the large number of measurement

points that are almost simultaneously available. In addition,

the larger size of the measurement volumes is in the hor-

izontal plane, and, in the flow field of the present experi-

ments, the fluid velocity has a moderate spatial gradient in

the horizontal direction. The most important spatial gra-

dient is expected in the vertical dimension, and the reso-

lution in the vertical axis is comparable to the resolution

obtained using laser Doppler anemometry, PIV or thermal

anemometry. The distance between two gates varied in

different tests from 0.72 to 0.95 mm, as measured along the

beam axis using non-overlapping measurement volumes.

The space step between two adjacent gates was reduced by

cos(15�) in the vertical direction and varied from 0.70 to

0.92 mm. Each profile was obtained as an average of eight

emissions of a four-wave burst. The acquisition was mul-

tiplexed with circular scanning of a single profile for each

probe. The time lag between two different probe mea-

surements was *0.03 s on average, whereas the time lag

of the pulse from one gate to another was kdz/c, where k is

a coefficient (*2), dz is the distance between two gates

and c is the US celerity in water. The velocity resolution

was 1/128 (1 least significant bit) of the velocity range

(*0.8% FS). For all tests, this was better than 4 mm/s (the

velocity measured along the probe axis).

There are some effects to be considered in evaluating

the reliability of the measurements made using UVP. The

presence of the moving interface generates a Doppler shift

that is highly energetic and can persist in the flow field as a

stationary signal. The elimination of these stationary

components by high-pass filtering implies an increase in

the dynamic of the analysed echoes and a reduction in the

sensitivity of low velocity measurements. Unfortunately,

the Doppler frequency shift induced by these mobile

interfaces cannot be removed if its value is the same as that

of the flowing particles. To balance all these effects, the

presence of some artefacts is tolerated.

The main sources of uncertainty for the UVP are

Doppler noise, the presence of air bubbles or highly

reflective interfaces and the gradient of temperature in the

liquid medium.

Doppler noise is essentially a Gaussian white noise and

depends on the seeding particles and on the presence of gas

bubbles. The effects of gas bubbles are quite dramatic:

even though the celerity of the US carrier is essentially not

affected if the bubble void fraction is \0.1, the UVP sys-

tem measures the bubbles’ velocities, and these can be

much different from the fluid velocity if the bubbles are

large (Longo 2006). In the presence of bubbles or highly

reflective interfaces, several velocity spikes are recorded

that are not due to turbulence. For this reason, we limited

the experiments to non-aerated flows.

The uncertainty in the position of the gates and in the

fluid velocity evaluation is due to the mean celerity of the

ultrasounds, which is affected by the temperature and

density of the fluid. Considering pure water and assuming

that the temperature varies linearly between the emitter and

the gate, the relative uncertainty in the position of the gate

is equal to:

DL

L0

¼ c2
1 � c2

0

4c2
0

: ð2Þ

Here, L0 is the distance of the gate from the emitter/

receiver as measured at the nominal uniform celerity c0

(the celerity near the emitter/receiver with a fluid temper-

ature H0) and c1 is the celerity near the gate with a local

fluid temperature equal to H1. The uncertainty in travel

time measurements has been neglected because the elec-

tronics allow for very accurate estimations of the interval

time. Assuming H0 = 288 K and H1 = H0 ± 1 K, then

c0 = 1462.8 m/s, c1 = 1462.8 ± 2.7 m/s, the relative

uncertainty DL/L0 = 0.1% and the absolute uncer-

tainty = ±0.1 mm at a distance of 100 mm.

The evaluation of the uncertainty in fluid velocity

evaluation requires a short description of the principle of

the UVP that we used. In the UVP adopted, the emitter

periodically sends a short ultrasonic burst (four waves per

burst in the set-up used), and a receiver (coincident with
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the emitter) collects echo issues from targets that may be

present in the path of the ultrasonic beam. By sampling the

incoming echoes at the same time relative to the emission

of the bursts, the displacements of scatters along the beam

axis are detected, and from these, the fluid velocity along

the beam axis (assumed equal to the velocity of the scat-

ters) is computed as:

u ¼ cðt2 � t1Þ
2tprf

; ð3Þ

where tprf is the time between two subsequent pulses, t1 is

the travel time of the first pulse and t2 is the travel time of

the second pulse. Assuming that the two events, ‘‘travel

of the first pulse’’ and ‘‘travel of the second pulse’’, are not

correlated, the absolute uncertainty in the velocity

estimation can be computed as:

Du ¼ L0

2tprf

DðL2 � L1Þ
L0

¼ L0

tprf

DL

L0

: ð4Þ

This is very large for most of the operating conditions (e.g.,

setting tprf = 3 9 10-4 s for measurements in a gate at

L0 = 100 mm and assuming DL/L0 = 0.1% results in

Du = 0.33 m/s). In practical situations, if turbulence in the

flow field has a time scale larger than tprf, the fluctuations

of celerity along the path have a similar pattern for the two

subsequent pulses and this results in DðL2 � L1Þ � 2DL. In

addition, the velocity is estimated as the average of several

bursts (eight in the present experimental set-up), with a

consequent reduction in the uncertainty.

A last source of uncertainty arises from the finite size of

the measurement volumes (Kikura et al. 2004), which

affects the velocity measurements and the Reynolds stress

estimates. Here, this uncertainty is negligible with respect

to the other sources of uncertainty.

The overall accuracy in the velocity measurements

under carefully controlled conditions can be assessed as

3% of the instantaneous value, with a minimum equal to

0.8% of the full scale (less than 4 mm/s for most tests).

2.2 Data acquisition and analysis

Free-surface elevation data was acquired at 100 Hz using a

DAQ 12-bit board by National Instruments with a low-pass

filter at 25 Hz. Velocity measurements were stored inde-

pendently by a second dedicated PC triggered to free-sur-

face elevation data by an external cable, in order to have

data of fluid velocity and of free-surface elevation with a

common time origin. The frequency of acquisition of the

velocity depends on the UVP set-up and cannot be forced

to a specific value. Free-surface data were sub-sampled at

the lower rate for a proper timing of free-surface elevation

(higher data rate) and velocity measurements (lower data

rate). Then, velocity data were elaborated in order to obtain

the mean values of fluid velocity and of the Reynolds

tensor in an Eulerian frame with a coordinate system

having its origin at the mean water level.

Free-surface elevation was also statistically analysed in

the time domain with a zero-crossing analysis in order to

extract the root mean square height (Hrms) and several

zero(-up)-crossing statistical estimators, as the mean value

of the one-third of the fluctuations height (H1/3), of the one-

tenth (H1/10), of the one-twentieth (H1/20). Also the mean

period Tmean was computed. In order to check the asym-

metry of the free-surface shape (possibly crest different

from trough), the root mean square values of the crest (up-

midlevel amplitude a_umrms) and of the troughs (down-

midlevel amplitude a_dmrms) have been evaluated. The

results are summarised in Table 2.

Before computing some relevant state variables, we

need to clarify the terminology and the average operators.

In the Eulerian frame, the data were generally elaborated

using the classical time-space average and the phasic

average. Considering any tensor Q function of space x and

time t, the time average is equal to

Q xð Þ ¼ 1

T

Z

T

Qðx; tÞdt ð5Þ

and is coincident with the ensemble average if the ergodic

hypothesis holds.

Considering a generic weighting function a(s) (which

can be uniform and equal to one), where s is a space vector

describing the volume of integration V, the space average

of Q is

Qh i ¼
Z

V

Qðxþ s; tÞaðsÞdV ð6Þ

The phasic average operator extends only to the time

interval during the presence of a phase and is obtained by

introducing the phasic function Xj x; tð Þ ¼ 1 if the vector

position x is in the phase j at the time t; otherwise,

Xj x; tð Þ ¼ 0. The phasic average operator is defined as

ð. . .� Þ ¼
R

V Xjðs; tÞQðxþ s; tÞaðsÞdV
R

V Xjðs; tÞdV
¼

Xjð. . .Þ
� �

Xj

� �

¼
Xjð. . .Þ
� �

Uj
ð7Þ

Uj is the volume fraction or concentration (sometimes

called the intermittency factor) of the j phase. In the

present analysis, only the water phase is of interest and

the suffix j is omitted. Hereafter, the symbols of the

different average operators are generally omitted and the

kind of average is explicitly mentioned or is clear from

the context. See also Misra et al. (2008) on using the

intermittency function to characterise a two-phase flow

region of a breaker.
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In many situations, the presence of waves requires the

separation of their contribution in the flow field. The

problem of separating waves and eddies, essentially a

potential and a rotational component of the flow field (even

though vorticity is not always turbulent, but turbulence is

always vortical), is still unsolved. In the case of progressive

waves, the stream function method by Dean (1965) can be

applied to permanent non-breaking shape waves. Thornton

(1979) suggested the evaluation of the potential component

as the part of the flow field coherent with the free-surface

elevation. This evaluation is based on the assumption that

the free surface is affected only by the waves and cannot be

applied to the present experiments aiming at quantifying

turbulence effects on the free surface. Nadaoka (1986)

proposed a method based on the Fourier decomposition of

the flow field, with the spectrum of the potential field

computed using velocity data at a level where vorticity is

absent. Unfortunately, the flow field of the present exper-

iments is turbulent (and, as a consequence, vortical), and a

reference velocity cannot be obtained. A last method is

based on filtering the velocity data, assuming that below a

frequency threshold, the velocity is due to waves and all

the residual contribution is due to turbulence. The results

usually vary with the threshold. In the present experiments,

all the above-mentioned methods reveal their limitations,

but considering the importance of detecting the different

contribution due to waves (potential flow) and turbulence,

we decided to use the filtering method. Much care is nee-

ded in assessing the absolute validity of the results.

To separate the potential flow and the turbulent com-

ponents, the cut-off frequency of the velocity time series

has been fixed by observing the power spectrum of the

vertical velocity. It generally shows a knee at *3 Hz, with

an almost linear decay at higher frequencies. The position

of the knee is based on subjective judgment and is slightly

different at different levels. It is also expected to increase at

increased turbulence levels, as the turbulence energy tends

to move towards smaller length scales and, hence, higher

frequencies. Due to a certain degree of arbitrariness in the

choice of the cut-off frequency, we simply assumed

fco = 3 Hz for all tests at all levels. An example of the

instantaneous and filtered vertical velocity time series is

shown in Fig. 3 for test no. 66 at the gate at level z =

-19.9 mm. A good correlation is observed between the

free-surface water level and the filtered velocity, even

though we also need to observe possible correlations

between the free surface and the turbulence.

The values are computed for further analysis as

h ¼ hmeas � hwave, where hmeas is the measured value and

hwave is the low-pass-filtered value of hmeas, assumed to be

representative of the contribution of the potential flow field.

The three probes measured the fluid velocity compo-

nents along the three beam axes, u1, u2 and u3 (see the

reference system in Fig. 1e). The velocity components

along the x, y and z axes (u in the streamwise, v in the

spanwise and w in the vertical directions) can be obtained

by transforming the velocity:

u
v
w

8

<

:

9

=

;

¼ A �
u1

u2

u3

8

<

:

9

=

;

: ð8Þ

A is the matrix of transformation.

The velocities u1, u2 and u3 refer to the gates along the

axes of the three probes at equal distances from the head of

the probes (i.e., having equal abscissa in the axial reference

Table 2 Free-surface zero-crossing statistics

Test (#) Hrms (mm) Tmean (s) H1/3 (mm) H1/10 (mm) H1/20 (mm) Hmax (mm) a_umrms (mm) a_dmrms (mm) us (mm/s) Waves (no.)

66 12.09 0.29 17.34 22.17 24.13 28.49 7.00 6.14 130.8 438

65 10.96 0.33 15.62 19.89 22.02 32.82 6.24 5.63 103.3 1,023

61 5.25 0.34 7.68 9.92 11.15 14.15 5.30 4.95 52.8 503

62 2.44 0.26 3.57 4.78 5.31 7.26 2.92 2.80 37.7 1,015

63 1.21 0.32 1.66 2.26 2.62 4.13 1.36 1.41 20.8 870

64 0.77 0.66 0.95 1.19 1.38 2.76 0.54 0.83 8.61 402

Fig. 3 Vertical velocity: instantaneous and low-pass-filtered time

series. Test no. 66, Hrms = 12.09 mm, gate at z = -19.9 mm
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of each probe). Due to multiplexing acquisition, the

velocities are acquired with a time lag Dt, equal to one-

third of the scanning time:

u1 10; t � Dtð Þ; u2 10; tð Þ; u3 10; t þ Dtð Þ; ð9Þ

where 10 is the abscissa in the axial reference. Developing

in a Taylor series in the neighbourhood of t, the velocities

reduced at time t are

u1 10; tð Þ ¼ u1 10; t � Dtð Þ þ ou1

ot

�

�

10;t�Dt
�Dt þ O Dt2ð Þ

u3 10; tð Þ ¼ u3 10; t þ Dtð Þ � ou3

ot

�

�

10;tþDt
�Dt þ O Dt2ð Þ ; ð10Þ

and the transformation corrected for the time lag reads

u z; tð Þ
v z; tð Þ
w z; tð Þ

8

>

<

>

:

9

>

=

>

;

¼ A �
u1 10; t � Dtð Þ

u2 10; tð Þ
u3 10; t þ Dtð Þ

8

>

<

>

:

9

>

=

>

;

þ B � o
ot

u1 10; t � Dtð Þ
u2 10; tð Þ

u3 10; t þ Dtð Þ

8

>

<

>

:

9

>

=

>

;

� Dt þ O Dt2
� �

;

ð11Þ

where

B ¼
A11 0 �A13

A21 0 �A23

A31 0 �A31

2

4

3

5: ð12Þ

A total of 24,000 profiles (all probes) were recorded in

each test for further analysis, with a data rate equal to *30

profiles per second (three components of velocity were

measured at each gate).

3 Results and discussion

3.1 Free-surface fluctuations

Six tests were performed with values of Hrms ranging from

less than *1 to *12 mm, as shown in Table 2, which also

includes some other statistical estimators. The free-surface

patterns in two tests are shown in Fig. 2. The zero(-up)-

crossing analysis of the free surface reveals a small asym-

metry of the free-surface fluctuations, and generally, the

down-midlevel amplitude a_dmrms is smaller than the up-

midlevel amplitude a_umrms, except for low Hrms values.

The typical probability density function (PDF) of the

free-surface disturbance heights, as evaluated using the

zero(-up)-crossing analysis, is shown in Fig. 4, (test no. 66,

Hrms = 12.09 mm is presented). The height distribution

(crest-trough distance in waves as detected on using a zero-

up-crossing analysis) recalls a Rayleigh probability density

function, which can be obtained by starting from a normal

distribution of the free-surface disturbance levels.

The maximum period for a given fluctuation depends on

the geometry of the system and can assume different values

for different flow fields. The minimum period (maximum

frequency) is limited by free-surface tension and micro-

breaking, which induce a transfer of energy to higher

periods. In the present experiments, micro-breaking occurs

only for test no. 66. The plots in Fig. 5 show that the band

of periods increases up to a maximum value of H (H is the

wave height from crest to trough), then decreases with the

highest fluctuations, which tend to have a characteristic

period almost equal to 0.4 s. This selection process is

shown more clearly in the plots in Fig. 6, which report the

frequency domain analysis of the time series.

Most of the energy is stored at a frequency corre-

sponding to the higher fluctuation period (0.4 s), even

though a non-negligible amount of energy is stored at a

larger period (2 s). The power spectrum of the free-surface

elevation shows a main peak between *2.2 and 2.6 Hz

(see insert in Fig. 6). From a dynamic point of view, the

system behaves as a non-linear oscillator vibrating at the

Fig. 4 Probability density function of free-surface disturbance height

elevations. Test no. 66. The fitted Rayleigh distribution is shown

Fig. 5 Height (H from crest to through) versus time period (T) for

two different tests a Hrms = 2.44 mm; b Hrms = 12.09 mm
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main peak frequency but with an added subharmonic

component.

For many computations, the water concentration or

volume fraction of the water (also called the intermittency

factor) varies from zero (no water for the entire duration)

to unity (water always present) and is an important

variable.

The experimental water concentration profile (Fig. 7)

shows an almost linear variation in the range ±Hrms, with a

very smooth damping in the range [Hrms, 2Hrms]. For most

purposes, we can assume that

U ¼ 1

2
1� z

Hrms

� �

; for� Hrms\z\Hrms: ð13Þ

However, a better fit can be obtained by assuming a

normal distribution of the free-surface elevation, leading to

the following expression:

U ¼ 1

2
1� erf

a
ffiffiffi

2
p z

Hrms

� �
 �

; for � Hrms\z\Hrms: ð14Þ

The best fit is computed with a = 2.4. The fit has a very

high coefficient of determination, R2 = 0.99, even though

the experimental data distribution is a distorted normal

distribution, as confirmed by the probability plot in a

Gaussian chart of the data (Fig. 8). Note that a normal

distribution is assumed to be the distribution characteristic

of the free-surface elevation in a turbulent splashing regime

(Brocchini and Peregrine 2001b). This is not the case in the

present tests, but the normal distribution is also generally

characteristic of waves with a narrow-band spectrum (Goda

2000). The larger experimental persistence of water at low

U can be attributed to the broadness effects of the

spectrum.

3.2 Mean velocity

In the velocity measurements presented herein, the

instantaneous (filtered) velocities u, v and w were elabo-

rated to extract the time mean velocity and the phasic mean

velocity. Mean (time or phasic) velocities are indicated as u

(in the streamwise horizontal direction, negative x), v (in

the spanwise horizontal direction, y) and w (in the vertical

direction, z, positive upward). The fluctuating components

are computed as u0 ¼ u� u. The profiles for the two

extreme tests are shown in Figs. 9 and 10. For an almost

flat free surface (Hrms = 0.77 mm), the streamwise and

spanwise velocity components are nearly zero at the free

surface and increase linearly downward, with a maximum

at z = -4 mm. For the test with the highest level of free-

surface fluctuations (Hrms = 12.09 mm), the phasic aver-

age mean velocity profiles show an irregular behaviour in

the free-surface boundary layer.

We have already mentioned several definitions of the

free-surface boundary layer. A more general definition for

Fig. 6 Power spectrum of free-surface elevation. For one test, the

band at the 95% confidence level is also shown

Fig. 7 Water concentration profiles

Fig. 8 Normal probability plot of free-surface elevation for test no.

66. Hrms = 12.09 mm
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the free-surface boundary layer defines it as a part of the

fluid domain controlled by the free-surface characteristics,

with a scale related to the free surface. We will adopt this

definition here.

This flow is different from that in an open channel,

which usually shows a streamwise reduction in velocity

near the free surface but the velocity becomes finite at the

free surface. The measured mean velocity distribution is

specific to the flow generated by the weir and is expected to

vary at different downstream locations. In some locations,

a counterflow mean velocity is also expected. Some spikes

are occasionally present, especially for low mean veloci-

ties. As already described in §2, these spikes are due to

stationary echoes, but they are of similar magnitude to the

overall accuracy of the flow velocity measurements.

The hypothesis that the free-surface dynamics and the

turbulence near the free surface are strictly correlated

suggests that Hrms be chosen as the length scale and that

us ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

dzs=dtð Þ2
q

(us is the root mean square value of the

free-surface vertical velocity, where zs is the instantaneous

vertical position of the free surface) be chosen as the

velocity scale in the free-surface boundary layer. The

material derivative is approximated by the partial deriva-

tive, i.e., dzs=dt ’ ozs=ot.

Note that other length scales are suggested in the liter-

ature, such as the integral length scale based on autocor-

relation of velocity fluctuations (Calmet and Magnaudet

2003), but as will be made clear in the following para-

graphs, Hrms appears most suitable. For the flat surface, the

more appropriate length scale seems to be the integral

length scale Kzz, for which the thickness of the viscous sub-

layer is approximately equal to dv ¼ 2KzzRe�0:5, where Re

is the turbulent Reynolds number (Re ¼ Kzzu0rms=m) and the

thickness of the surface-influenced layer is *Kzz. u0rms is

the root mean square value of the fluctuating velocity. For

the test no. 64 using Hrms = 0.77 mm, the mean turbulent

Reynolds number computed if the surface were flat is

Re * 17 and dv * 0.45 mm, whereas the surface-influ-

enced layer should be equal to Kzz * 1 mm. The actual

surface-influenced layer is much thicker and is approxi-

mately 2.3 mm. This result confirms the need for a dif-

ferent scaling whenever evident free-surface fluctuations

appear. In Table 3, the comparison amongst possible

length scales near the free surface is summarised for all

tests.

Using the two scales that are appropriate for the present

test conditions, we can define the following non-dimen-

sional groups:

Frs ¼
us
ffiffiffiffiffiffiffiffiffiffiffiffi

gHrms

p ; Res ¼
usHrms

m
; Wes ¼

qu2
s Hrms

r
: ð15Þ

The Froude number accounts for the sharing of kinetic

and gravitational energy in the free-surface fluctuations, the

Fig. 9 Test no. 64, Hrms = 0.77 mm. Mean velocity. Symbols refer

to time average, lines refer to phasic average

Fig. 10 Test no. 66, Hrms = 12.09 mm. Mean velocity. Symbols

refer to time average, lines refer to phasic average

Table 3 Comparison amongst possible length scales near the free

surface

Test

#

Hrms

(mm)

Re dv

(mm)

Kzz

(mm)

Apparent thickness

(mm)

66 12.09 1,046 0.25 4 36.3

65 10.96 1,033 0.31 5 32.9

61 5.25 792 0.53 7.5 15.8

62 2.44 377 0.52 5 7.3

63 1.21 54 0.35 1.3 3.6

64 0.77 17 0.48 1 2.3
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Reynolds number characterises the turbulent field in the

free-surface boundary layer and the Weber number

accounts for the relative importance of tension surface (r
is the tension surface). The suffix s indicates that the scales

used refer to the free surface.

The three numbers computed for all tests are reported

in Table 4. The Froude number generally increases with

Hrms, even though a plateau is observed in tests no. 61

and no. 62. The two tests have almost equal Froude

numbers but Hrms is halved, which means that under the

conditions of test no. 61, part of the free-surface kinetic

energy has been transformed into gravitational energy.

This can be easily verified: if we assume a free-surface

elevation as a monochromatic sinusoidal oscillation, this

transfer of energy can be obtained as a consequence of an

increase in period, whereas for a randomly distributed

free-surface elevation, a transfer of this kind can be

achieved with a smoothing of the fluctuations and a

reduction of spikes (which accounts for a strong velocity

of the free surface).

The non-dimensional velocity profiles for all tests are

shown in Figs. 11, 12, and 13. As expected, the spanwise

component fluctuates around zero due to the symmetry of

the flow field. For the other two components, the data have

much more of a tendency to collapse to a common value at

the mean water level (z = 0), with u ffi �0:4us and

w ffi 0:1us, except for the two tests with the lowest Froude

numbers. The mean velocity profiles collapse to a single

profile after proper scaling, confirming that the set of

experiments belong to a unique class of flow fields, hence a

general conclusion can be drawn from their analysis.

A non-dimensional mean shear profile of the streamwise

velocity is shown in Fig. 14. Most profiles have a maxi-

mum at z = 0 and a minimum at z = -Hrms. This is

Table 4 Length, velocity scale, Froude, Reynolds and Weber num-

bers for the present tests

Test # Hrms (mm) us (mm/s) Frs Res Wes (910-4)

66 12.09 130.8 0.38 1,580 28.4

65 10.96 103.3 0.32 1,132 16.1

61 5.25 52.8 0.23 277 2.00

62 2.44 37.7 0.24 92 0.48

63 1.21 20.8 0.19 25 0.072

64 0.77 8.6 0.10 6.6 0.0078

Fig. 11 Non-dimensional streamwise mean velocity. The dashed
area is the inner region

Fig. 12 Non-dimensional spanwise mean velocity. The dashed area
is the inner region

Fig. 13 Non-dimensional vertical mean velocity. The dashed area is

the inner region

1336 Exp Fluids (2010) 49:1325–1338

123



consistent with the results of numerical simulations by

Shen et al. (2000), who suggested a detection of the

boundary layer edge on the base of the position of the

extrema of the mean shear profile.

4 Conclusions

The results show the characteristics of free-surface turbu-

lent flows at low but non-negligible Froude numbers

without the inception of air. The free-surface elevation

power spectrum has a main peak at *2 Hz, and this varies

slightly with the Froude number. The height distribution in

the zero(-up)-crossing analysis has a distribution quite

similar to a Rayleigh distribution.

The water concentration (intermittency factor) has a

quasi-normal distribution (the normal distribution is typical

of a splashing regime but also of a narrow-band spectrum

of free-surface waves) and has a distortion from normality

in the tails.

With small Froude numbers, the free surface is almost

flat and a thin boundary layer develops, with a fast

damping of velocity and turbulence. With moderate Froude

numbers (Fr [ 0.10), a thicker boundary layer develops

that has a thickness of similar magnitude to Hrms. The most

appropriate length and velocity scales for the description of

the boundary layer are related to the free-surface statistics

and are Hrms and us ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

dzs=dtð Þ2
q

, respectively.

Acknowledgments Support from FIL 2008 is acknowledged. The

paper was completed and revised during my sabbatic leaving in

CEAMA, Grupo de Dinámica de Flujos Ambientales, University of

Granada, Spain, where I was kindly hosted by Miguel A. Losada.

References

Amini A (2009) Velocity profiles and interface instability in a two-

phase fluid: investigations using ultrasonic velocity profiler. Exp

Fluids 46:683–692

Brocchini M, Peregrine DH (2001a) The dynamics of strong

turbulence at free surfaces. Part 1. Description. J Fluid Mech

449:225–254

Brocchini M, Peregrine DH (2001b) The dynamics of strong

turbulence at free surfaces. Part 2. Free-surface boundary

conditions. J Fluid Mech 449:255–290

Calmet I, Magnaudet J (2003) Statistical structure of high-Reynolds-

number turbulence close to the free surface of an open channel

flow. J Fluid Mech 474:355–378

Chanson H, Brattberg T (2000) Experimental study of the air-water

shear flow in a hydraulic jump. Intl J Multiphase Flow

26(4):583–607

Dabiri D, Gharib M (2001) Simultaneous free-surface deformation

and near-surface velocity measurements. Exp Fluids 30:381–390

De Cesare G, Boillat J-L (2006) Flow velocity measurements using

ultrasound Doppler method—10 years experience in hydraulic

modeling. In Proceedings of the 5th international symposium on

ultrasonic Doppler methods for fluid mechanics and fluid

engineering ISUD, pp 113–116

Dean RG (1965) Stream function representation of nonlinear ocean

waves. J Geoph Res 70(18):4561–4572

Doering JC, Donelan MA (1997) Acoustic measurements of the

velocity field beneath shoaling and breaking waves. Coas Eng

32(4):321–330

Eckert S, Gerbeth G (2002) Velocity measurements in liquid sodium

by means of ultrasound Doppler velocimetry. Exp Fluids

32:542–546

Goda Y (2000) Random sea waves and engineering application,

World Scientific Publishing

Gordon L, Oltman J (2000) Surf zone observations with a Nortek

vector velocimeter and a Sontek ADV. Nortek technical note

no. 014

Hong W-L, Walker DT (2000) Reynolds-averaged equations for free-

surface flows with application to high-Froude number jet

spreading. J Fluid Mech 417:183–209

Hurther D (2001) 3D Acoustic Doppler velocimetry and turbulence in

open-channel flow. Ph.D dissertation no. 2395, Ecole polytech-

nique fédérale de Lausanne (EPFL), Lausanne, Switzerland

Hurther D, Lemmin U (2001) A correction method of mean

turbulence measurements with a three-dimensional acoustic

Doppler velocity profile. J Atmos Ocean Tech 18:446–458

Kantoush SA, De Cesare G, Boillat JL, Schleiss AJ (2008) Flow field

investigation in a rectangular shallow reservoir using UVP,

LSPIV and numerical modelling. Flow Meas Instr 19:139–144

Khader MHA, Elango K (1974) Turbulent pressure field beneath a

hydraulic jump. J Hydraul Res 12(4):469–489

Kikura H, Yamanaka G, Aritomi M (2004) Effect of measurement

volume size on turbulent flow measurement using ultrasonic

Doppler method. Exp Fluids 36:187–196

Komori S, Murakami Y, Ueda H (1989) The relationship between

surface-renewal and bursting motions in an open-channel flow.

J Fluid Mech 203:102–123

Kraus NC, Lohrmann A, Cabrera R (1994) New acoustic meter for

measuring 3D laboratory flows. J Hydr Eng 122(7):406–412

Lemmin U, Rolland T (1997) Acoustic velocity profiler for laboratory

and field studies. J Hydr Eng 123(12):1089

Longo S (2006) The effects of air bubbles on ultrasound velocity

measurements. Exp Fluids 41(4):593–602

Longo S, Losada IJ, Petti M, Pasotti N, Lara J (2001) Measurements

of breaking waves and bores through a USD velocity profiler.

Fig. 14 Non-dimensional mean shear profile

Exp Fluids (2010) 49:1325–1338 1337

123



Technical report UPR/UCa_01_2001, University of Parma,

University of Santander

Miles J, Ganderton P, Elliot J (2002) Vector data in the swash zone.

Report. http://www.nortek-as.com/hardware/vector_swash.php

Misra SK, Kirby JT, Brocchini M, Veron F, Thomas M, Kambha-

mettu C (2008) The mean turbulent flow structure of a weak

hydraulic jump. Phys Fluids 20, 035106, 21 pp

Nadaoka K (1986) A fundamental study on shoaling and velocity field

structure of water waves in the nearshore zone. Technical report

no. 36, Dept Civ Eng, Tokyo Inst Tech, 125 pp

Quiao HB, Duncan JH (2001) Gentle spilling breakers: crest flow-

field evolution. J Fluid Mech 439:57–85

Reinauer R, Hager WH (1995) Non-breaking undular hydraulic jump.

J Hydraul Res 33(5):683–698

Savelsberg R, Holten A, van de Water W (2006) Measurement of the

gradient field of a turbulent free surface. Exp Fluids 41(4):

629–640

Settles G (2001) Schlieren and Shadowgraph techniques, visualizing

phenomena in transparent media. Springer, Berlin

Shen C, Lemmin U (1997) Ultrasonic scattering in highly turbulent

clear water flow. Ultras 35:57–64

Shen L, Yue DKP (2001) Large-eddy simulation of free-surface

turbulence. J Fluid Mech 440:75–116

Shen L, Zhang X, Yue DKP, Triantafyllou GS (1999) The surface

layer for free-surface turbulent flows. J Fluid Mech 386:167–212

Shen L, Triantafyllou GS, Yue DKP (2000) Turbulent diffusion near a

free surface. J Fluid Mech 407:145–166

Takeda Y (1999a) Ultrasonic Doppler method for velocity profile

measurement in fluid dynamics and fluid engineering. Exp Fluids

26:177–178

Takeda Y (1999b) Quasi periodic state and transition to turbulence in

a rotating Couette system. J Fluid Mech 389:81–89

Thornton EB (1979) Energetics of breaking waves in the surf zone.

J Geophys Res 84:4931–4938

Weingand A (1996) Simultaneous mapping of the velocity and

deformation field at a free surface. Exp Fluids 20:358–364

1338 Exp Fluids (2010) 49:1325–1338

123

http://www.nortek-as.com/hardware/vector_swash.php

	Experiments on turbulence beneath a free surface in a stationary field generated by a Crump weir: free-surface characteristics and the relevant scales
	Abstract
	Introduction
	Experimental apparatus and procedures
	Description of the device and uncertainty analysis of the instruments
	Data acquisition and analysis

	Results and discussion
	Free-surface fluctuations
	Mean velocity

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


