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Introducción

Alternativas para velocimetría

ADV Reporta valores medios de velocidad del agua en 3D con
buena precisión y costos relativos bajos. Sin embargo, la
capacidad del ADV para describir la turbulencia del flujo con
precisión es limitada.

Hot-film Alta precisión. Sin embargo, su uso está limitado cuando
existen impurezas en el agua.

PIV y LDV alta resolución espacial o temporal. Sin embargo, la
posibilidad de aplicarlas se reduce cuando crece la escala del
experimento.
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Descripción del instrumento

ADV
Tipos constructivos ADVs 
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Descripción del instrumento

Tipos constructivos

ADVs 
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Descripción del instrumento

Series de tiempo

ADV: ACOUSTIC DOPPLER VELOCIMETRY 
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Descripción del instrumento

Principio
(García et al., 2005)

efecto Doppler

dos pulsos cuadrados ( fADV

entre 5 Mhz y 16 Mhz)

relaciona cambio de fase con
velocidad de flujo

requiere partículas para su
funcionamiento

componentes

sonda

módulo de acondicionamiento
de señal

módulo de procesamiento de la
señal

 7 

módulo de acondicionamiento de la señal van conectados generalmente al módulo de procesamiento 
por medio de una unión flexible materializada por un conductor de alta frecuencia.  

 
 

 
 Figura 2: Tres elementos básicos que componen un  Velocímetros Acústicos Doppler ADV, 

Sontek/YSI: la sonda (donde se encuentran los emisores y receptores de la señal acústica); el módulo 
de acondicionamiento de la señal; y el módulo de procesamiento de la señal. 

 
Un velocímetro acústico Doppler entrega señales a partir de las cuales se puede calcular las tres 

componentes cartesianas de la velocidad del flujo, utilizando el principio de corrimiento de fase entre 
dos pulsos acústicos consecutivos emitidos desde la sonda. El emisor de sonido (Figura 3) envía dos 
pulsos acústicos cortos  en una frecuencia conocida, los que se propagan a través del agua a lo largo del  
eje de la sonda, y posteriormente registra (“escucha”) con tres o cuatro receptores (de acuerdo al 
modelo utilizado) las señales acústicas reflejadas en las partículas presentes en el agua (sedimentos, 
organismos pequeños, burbujas, etc.), las que se asume que se desplazan a la misma velocidad del agua 
o bien que tienen una inercia muy pequeña. Las señales acústicas recibidas son procesadas por los 
distintos componentes del velocímetro acústico Doppler para determinar el cambio en las 
características de los pulsos y calcular la velocidad relativa de las partículas. No existen antecedentes 
en la literatura científica en relación a la definición del tamaño y de la densidad de las partículas 
trazadoras óptimas en estudios experimentales que utilicen los velocímetros acústicos Doppler para 
caracterizar turbulencia en flujos. Sin embargo existen otros estudios relacionados a otras técnicas 
experimentales que requieren la presencia de partículas trazadoras analizando estos aspectos. Mei 
(1996) definió una función de respuesta de partículas y una función de transferencia de energía, 
derivada de una partícula sólida o una micro-burbuja en un flujo de gas o líquido  
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Descripción del instrumento

Principio de funcionamiento

Tiempo entre emisión y recepción de cada
pulso para cada componente i de la
velocidad:

δtki =
2xki

C
⇔ xki =

Cδtki

2
, (1)

con k = 1,2 y C es la velocidad del sonido en
el medio de las condiciones de prueba.

Cuando se emite el segundo pulso, la
partícula ha viajado en la dirección i una
distancia x1i −x2i = (T2i −T1i )vi .

En la práctica, estos instrumentos en vez de
medir δt , determinan el cambio de fase. Se
define en la fase φki = 2π fADVδtki . Con esto,

vi =
C

4π fADV

dφi

dt
. (2)

El cambio de fase es medido a partir de un
algoritmo de auto correlación y correlación
cruzada de la señal (Lhermitte & Serafin,
1984).
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Descripción del instrumento

Correlación entre dos variables

Rx y (τ) = E [xk (t )yk (t +τ)] =∫ ∞

−∞
x(τ)y(t +τ)dτ

Ry y (τ) = E [yk (t )yk (t +τ)]

(E [(xk (t ))] = ∫ ∞
−∞ xp(x)dx)

Algunas propiedades

Rxx (−τ) = Rxx (τ)

Rx y (−τ) = Ry x (τ)

Rg h(τ) =F−1Gc (ω)H(ω)

R(s, t ) = 1

N 2

N−1∑
i=0

N−1∑
j=0

g1(i , j )g2(i + s, j + t ) (3)

=F−1F ∗g1(i , j )F g2(i + s, j + t ). (4)
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Descripción del instrumento
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Descripción del instrumento

Estructura del instrumento

INSTRUMENT COMPONENT 
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Descripción del instrumento

Adquisición de datos
Componente analógica

Dos pulsos enviados (ondas cuadradas)

Tiempos por pulso T1 y T2

Tiempo de procesamiento TD

Tiempo de medición para cada componente radial T1 +TD +T2 +TD .

Tiempo total para mediciones 3D T = 3(T1 +TD +T2 +TD ) (Tiempo de
respuesta del instrumento = 1/ fs).

Frecuencia de muestreo fs = 1/T entre 100 Hz y 263 Hz

fs actúa como filtro paso bajo. En consecuencia, la técnica tiene
un cierto grado de aliasing (para f > fs/2).
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Descripción del instrumento

Promediación post-digitalización

N valores considerados:

fR = fs

N
(5)

(escogida por el usuario)

Filtro no-recursivo:

y(t ) =
N−1∑
n=0

1

N
x

(
t + n

N fR

)
(6)

y@ fR , x@ fs
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Descripción del instrumento

Frecuencias ADV empleadas por el sistema

The capability of acoustic Doppler velocimeters to resolve
flow turbulence is analyzed herein by means of a new tool,
termed the acoustic Doppler velocimeter performance curves
!APCs". These curves can be used to define optimal flow and
sampling conditions for turbulence measurements using this kind
of velocimeters. The performance of these tools is validated
herein using experimental results. The APCs are used to define a
new criterion for good resolution measurements of the flow tur-
bulence. In cases where this criterion cannot be satisfied, these
curves can be used to make appropriate corrections.

Another set of curves are also introduced to evaluate the rela-
tive importance of the Doppler noise energy on the total measured
energy. In cases where the noise is significant, the noise energy
level needs to be defined and corrections to the turbulence param-
eters !e.g., TKE, length and time scales, and convective velocity"
must be performed.

Principle of Operation of Acoustic Doppler
Velocimeters

An acoustic Doppler velocimeter measures three-dimensional
flow velocities using the Doppler shift principle, and the instru-
ment consists of a sound emitter, three sound receivers, and a
signal conditioning electronic module. The sound emitter gener-
ates an acoustic signal that is reflected back by sound-scattering
particles present in the water, which are assumed to move at the
water’s velocity. The scattered sound signal is detected by the
receivers and used to compute the Doppler phase shift, from
which the flow velocity in the radial or beam directions is calcu-
lated. A detailed description of the velocimeter operation can be
found in McLelland and Nicholas !2000". In the present paper, a
brief description of the instrument characteristics is included to
facilitate presentation of a suitable conceptual model for the ob-
jectives detailed above.

The acoustic Doppler velocimeter uses a dual pulse-pair
scheme with different pulse repetition rates, !1 and !2, separated
by a dwell time !D !McLelland and Nicholas 2000". The longer
pair of pulses is used for higher precision velocity estimates,
while the shorter pulse is used for ambiguity resolution, assuming
that the real velocity goes beyond the limit resolvable by the
longer time lag. These pulse repetition rates can be adjusted by
changing the velocity range of the measurement. Each pulse is a
square-shaped pulse train of an acoustic signal !the frequency can
be 5, 6, 10, or 16 MHz, depending on the instrument selected".
The phase shift is calculated from the auto- and cross correlation
computed for each single pulse-pair using pulse-to-pulse coherent
Doppler techniques !Lhermitte and Serafin 1984". The radial ve-
locities vi !i=1,2,3" are computed using the Doppler relation

vi =
C

4"fADV
!d#

dt
!

i
"1#

where C=speed of the sound in water; fADV$sound signal fre-
quency !10 MHz"; and d# /dt$i$phase shift rate computed for
receiver i. The radial or beam velocities are then computed se-
quentially for each receiver and, thus the time it takes to complete
a three-dimensional velocity measurement is given by

T = 3"!1 + !D + !2 + !D# "2#

This process is conducted with a frequency fS !equal to 1/T",
which is between 100 and 263 Hz depending on the velocity
range and the user-set frequency fR !see Table 1". Then, the radial

or beam velocities are converted to a local Cartesian coordinate
system "ux ,uy ,uz# using a transformation matrix that is deter-
mined empirically !through calibration" by the manufacturer !e.g.
McLelland and Nicholas 2000".

During the time it takes to make a three-dimensional velocity
measurement, the flow may vary, however, these high-frequency
variations are smoothed out in the process of signal acquisition
and, therefore, cannot be captured by the instrument. Each radial
velocity, vi, is the result of the acoustic echo reflected by the
sound-scattering particles in the water during an overall time T /3,
and this is hence an average value of the real flow velocity in this
time interval. Also, each of the final Cartesian velocity compo-
nents is an average of the three radial velocity components !the
product of the transformation matrix and the radial velocity". The
direct implication of these features is that the Cartesian flow ve-
locity represents an averaged value, over an interval time T, of the
real flow velocity. In this sense T can be considered as the instru-
ment response time, and the process of acquisition itself can be
seen as an analog filter with a cut-off frequency, 1 /T !or fS". The
time averaging process is analogous to the spatial averaging of
the recorded velocity vectors that occurs within the measurement
volume.

Two main conclusions can be drawn from the considerations
above. First, energy in the signal with a frequency higher than fS
is filtered out !i.e., acquisition process acts as a low-pass filter".
Second, aliasing of the signal occurs since the velocity signal is
sampled at a frequency fS, and the highest frequency that can be
resolved by the instrument is fS /2 #Nyquist theorem, see Bendat
and Piersol !2000"$. This indicates that energy in the frequency
range of fS /2% f % fS is folded back into the range 0% f % fS /2,
which may or may not be of importance depending on the flow
characteristics. Flows with a large convective velocity, Uc, will
have a considerable portion of the energy in the range of wave-
lengths: fS / "2Uc#% f /Uc% fS /Uc, while flows with a low convec-
tive velocity will have no energy in this range and, therefore,
aliasing will not be of relevance.

After the digital velocity signal is obtained !with frequency
fS", the instrument performs an average of N values to produce a
digital signal with frequency FR= fS /N, which is the acoustic
Doppler velocimeter’s user-set frequency with which velocity
data are recorded. This averaging process is a digital nonrecursive
filter !Hamming 1983; Bendat and Piersol 2000", the conse-
quences of which are analyzed next.

Implications of Digital Averaging of Velocity Signals

Let x be the signal sampled at fS and let y be the signal obtained
after digital averaging !with frequency fR". The interval between
samples of signal x is &tx=1/ fS and between samples of signal y
is &ty =1/ fR !see Fig. 1" Notice that fS=N fR.

Table 1. Frequencies Used by Acoustic Doppler Velocimeter

Velocity range
"cm/s#

fR %Hz& 1 25 100
fcut-off %Hz& 0.44 11.3 50

fS "Hz#

250 263 250 200
100 256 225 200
30 226 200 100
10 180 175 100
3 143 125 100

JOURNAL OF HYDRAULIC ENGINEERING © ASCE / DECEMBER 2005 / 1063

fs depende del rango de velocidad y de la frecuencia seleccionada por el
usuario, fR (García et al., 2005).
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Descripción del instrumento

Función de transferencia

H( f ) = Y ( f )

X ( f )
=

N−1∑
n=0

exp
(

j 2πn f
fR

)
N

(7)

= fR

fs

1−exp
(

j 2π f
fR

)
1−exp

(
j 2π f

fs

) , (8)

de donde,

|H( f )| = fR

fs

1−cos
(
2π f

fR

)
1−cos

(
2π f

fs

)
1/2

(9)

(demostrarlo!)
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Descripción del instrumento
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Límites de la técnica

Resolviendo la turbulencia
Limitaciones del instrumento

diámetro del volumen = 6 mm

frecuencia de medición igual 50 Hz

d es el tamaño del menor vórtice resuelto.

RESOLVIENDO LA TURBULENCIA 

•  Diámetro del volumen = 6 mm 
•  Frec. medición = 50 hz 

cutofff
U

d =

•  d [cm] = tamaño del menor vórtice resuelto 

Cutoff Velocities [cm/s]
freq. [hz] 1 10 20 70 100

1 1 10 20 70 100
2 0.50 5.00 10.00 35.00 50.00
3 0.33 3.33 6.67 23.33 33.33
5 0.2 2 4 14 20

12.5 0.08 0.8 1.6 5.6 8
25 0.04 0.4 0.8 2.8 4
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Límites de la técnica

Espectro de energía
(Pope, 2000)

E11(k) =C0ε
2/3k−5/3 fL(kL) fη(kη) (10)

L escala integral

η escala de Kolmogorov

ε tasa de disipación de energía cinética turbulenta

fL(kL) fη(kη) funciones de forma
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Límites de la técnica

Comparación con teoría
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Límites de la técnica

Efecto en función de auto correlación
Medida de la capacidad de detectar estructuras coherentes en el flujo

for the fourth-order moment!. The trend obtained from the mea-
surements agrees very well with that predicted by the model
"Figs. 9 and 10!. The poor resolution of turbulence in the ana-
lyzed flow obtained with low sampling frequencies is shown by
these figures by the fact that all of the even moments of the
sampled frequencies are biased to low values. For instance, at
frequency fR=1 Hz !F= fRL /Uc=0.4862", the recorded signal
captured only 48.5 and 24% of the variance and fourth-order mo-
ment, respectively.

A good agreement is also obtained between measurements and
the predictions of the conceptual model for the variation of the
correlation value at the first lag, Rxx!1" with the dimensionless
frequency F "Fig. 11!. The observed values of Rxx!1" reach a
rather constant value of about 80% at high frequencies due to the
noise decorrelation. Fig. 12 shows the observed variation of the
integral time scale with F. A good agreement is obtained between
the prediction of the conceptual model and the observations, with
exception of the behavior at dimensionless frequencies lower than
about unity.

Further validation of the conceptual model was obtained by
using water velocity signals recorded at several facilities by re-
searchers at the Ven Te Chow Hydrosystems Laboratory of the
UIUC since 1994. Corresponding experimental conditions are de-
scribed in Table 2. The flow generated in an annular flume was
analyzed in Experiment 1; open-channel flow conditions were
simulated in three different tilting flumes for Experiments 2–5; in
Experiment 6, water velocities signals were recorded in an experi-
mental pool and riffle sequence with and without the presence of
vegetation, respectively; flow velocity fields around bubble
plumes were measured in Experiments 8 and 9 in a square and
round tank, respectively; and finally, flow velocity signals re-
corded at points located inside a turbidity current were analyzed
in Experiment 10. Experiment 7 is the source of data for the set of
11 time series used in Figs. 9–12. For the sake of clarity, only two
points of this set are used in Fig. 13. These time series correspond
to values of F=12.02 and F=24.3. The data included in Fig. 13
correspond only to velocity signals of the X Cartesian component
from all of the experiments. This component was always aligned
with the main flow direction. In all cases, the instrument was used
in a down-looking orientation, with the exception of Experiments
3, 8, and 9, where a side-looking orientation was used. In sum-
mary, the quality of the recorded signals is characterized by cor-
relation values in the range 84 to 99 and by SNR values in the
range 18.6 to 30.20 DB.

Comparisons between the predicted and observed values of the

autocorrelation function at Lag 1 for experimental conditions de-
scribed in Table 2 are presented in Fig. 13. The decorrelation
observed in the measured signals increases as the dimensionless
number F decreases, in agreement with the predictions of the
conceptual model. However, decorrelations that are higher than
those predicted are observed due to noise effects, which are not
accounted for by the theoretical APC curves. Based on this ob-
servation, it can be argued that these curves provide an upper
limit of the actual ones.

Noise Effects from Turbulence Parameters
Computed from Acoustic Doppler Velocimeter
Water Velocity Signals

The presence of noise in water velocity signals obtained using an
acoustic Doppler velocimeter, and the techniques to reduce its
effect in the computation of turbulence parameters obtained from
these signals, have been the focus of several papers in recent
years "Lohrmann et al. 1994; Nikora and Goring 1998; Voulgaris
and Trowbridge 1998; McLelland and Nicholas 2000!. Even
when all of the possible precautions suggested by the manufac-
turers are taken into consideration "i.e., correlation, !, and SNR
within defined ranges!, the signal will have a noise level that
affects the values of the turbulence parameters. Nikora and Gor-
ing "1998! and SonTek "1997! affirm that the main physical con-
tributor to the acoustic Doppler velocimeter’s noise is the Doppler
noise. The Doppler noise has the characteristics of white noise
"Nikora and Goring 1998; Lemmin and Lhermitte 1999; McLel-
land and Nicholas 2000! with a Gaussian probability distribution
"Nikora and Goring 1998!, as well as a flat power spectrum
"Anderson and Lohrmann 1995! which indicates the presence of
uncorrelated noise "Lemmin and Lhermitte 1999!.

The fact that white noise presents the same energy level for all
frequencies makes it impossible to subtract its effects from the
temporal series using digital filters: however, its integral effects
can be subtracted from some turbulence parameters. White noise
does not affect the computation of the mean values because it has
zero mean. Nikora and Goring "1998!, Voulgaris and Trowbridge
"1998!, and McLelland and Nicholas "2000! showed that Rey-
nolds stress computations are not affected by the presence of the
white noise. Lohrmann et al. "1994! considered that the Reynolds
stresses can be accurately determined even at levels below the

Table 2. Characteristics of the Experiments

Experiment
no.

Flow
conditions Instrument

L
"cm!

Uc
"cm/s! Type

fR
"Hz!

1 20 #43 Micro ADV Sontek 10
2 38 5–7 Micro ADV Sontek 25
3 50–60 15–23 Nortek NDV 10 MHz 25
4 85 17–22 ADV Sontek 25
5 365.8 #10 Nortek NDV 10 MHz 25
6 26.7 56–71 Micro ADV Sontek 25
7 28.2 58 Micro ADV Sontek 25
8 80 5–9 Micro ADV Sontek 25
9 700 12–13 Nortek NDV 10 MHz 10
10 15 10–21 ADV Sontek 25

Fig. 13. Comparison between observed and predicted autocorrelation
function value at Lag 1 of the recorded water velocity signals for
different experimental conditions "see Table 2!
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Límites de la técnica

Minimizando el efecto de promediación
El parámetro F

F = L

Uc / fR
= fR

fT
= L

dR
(11)

fT frecuencia característica asociada a los vórtices grandes en el
flujo (contienen la energía que se transfiere hacia las escalas
más pequeñas)

dR diámetro del volumen de control

Se observa que F > 20 resulta en buenos resultados de medición.
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Límites de la técnica

Efecto de la intrusión del instrumento

Resultados preliminares 
Efecto de estela del ADV 
Nortek 10MHz 
 
Tanque  = 81x82x80cm  
Columna de burbujas.  

Dirección de flujo principal 

Velocidad Vertical =10cm/s 

Evaluación del efecto de estela generado 
por el ADV sobre el campo de 

velocidades 
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Límites de la técnica

Resultados experimentales preliminares 

Efecto de estela del 
ADV Nortek 10MHz 
 
 
Valor absoluto de las 
diferencias entre las 
magnitudes de la 
velocidad de flujo con 
y sin instrumento [m/
s] 

Abs(diff.) 

[m/s] 

Sampling 
volume 

Evaluación del efecto de estela generado 
por el ADV sobre el campo de 

velocidades 

Dirección de flujo principal 

Velocidad Vertical =10cm/s 
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Límites de la técnica

Resultados preliminares 

Efecto de estela del  
ADCP Sontek 
 
Condiciones 
experimentales 
Canal  
Longitud = 420 cm, 
Profundidad =  40 cm 
ancho = 30 cm 

Evaluación del efecto de estela generado 
por el ADP sobre el campo de velocidades 
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Límites de la técnica

Resultados experimentales preliminares 

Efecto de estela del  
ADCP Sontek 
 
Diferencias Relativas 
[%] entre magnitudes 
de velocidades del 
flujocon y sin 
instrumento. 
 
Se muestra el campo 
de velocidades 
alrededor del ADCP 
con vectores X mm

Y
m
m

50 100 150 200

50

100

150

200 Vel
20
18
16
14
12
10
8
6
4
2
0
-2
-4
-6
-8
-10
-12
-14
-16
-18
-20

Frame 001 ! 04 Nov 2003 ! Errors

%

Velocidad media  = 14[cm/s] 

Direction principal del flujo 

Evaluación del efecto de estela generado 
por el ADP sobre el campo de velocidades 
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Límites de la técnica
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