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ABSTRACT: The relatively large sampling volume of acoustic Doppler velocimeters (ADVs) is expected to influence

their measurement of turbulence. To study this effect, a series of experiments using different sampling volume sizes was

conducted in an axisymmetric turbulent jet. The results show that the mean velocities are not significantly affected by the

size of the sampling volume. On the other hand, reducing the sampling volume size results in an increase in the variances of

the u and y velocities, while its effect on the variance of thew velocity is negligible. Application of a noise-reductionmethod

to the data renders the velocity variances nearly independent of sampling volume size, suggesting that the difference was

mainly due toDoppler noise. The principal conclusion of this work is, therefore, that—as long as the characteristic length of

sampling volume is much smaller than the integral length scale of flow—increasing the sampling volume size (i.e., increasing

spatial averaging over highly correlated scatterers) can reduce Doppler noise and result in more accurate measurements of

the velocity variances. Application of noise-reduction methods to the data is found to be especially important when the

sampling volume size is reduced to capture smaller scales, or for near-boundary measurements. Furthermore, noise due to

mean velocity shear, even at the largest velocity gradient along the jet radial profile, is found to be negligible in the

present work.
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1. Introduction

Acoustic Doppler velocimeters (ADVs) have been exten-

sively used for both laboratory and field research over the

past decades. The ability of ADVs to make nonintrusive,

three-dimensional velocity measurements—even in nonclean

environments—and their relatively low cost make them a

compelling choice in many circumstances. The precision and

sources of error ofADVs in themeasurements of themean and

higher-order statistics of turbulent flows have been quantified.

More precisely, it has been shown that ADVs predict mean

and Reynolds shear stresses accurately; however, their preci-

sion in measuring normal Reynolds stresses and small-scale

turbulence have been questioned (Nikora and Goring 1998;

Voulgaris and Trowbridge 1998; Hurther and Lemmin 2008;

Khorsandi et al. 2012; Quaresma et al. 2017; Huang et al. 2018;

Araujo et al. 2019). The sources of noise are divided into dif-

ferent categories, including (i) sampling error related to re-

solving phase shifts, which is not flow related; (ii) Doppler

noise, which is intrinsic to the technique and is mainly caused

by turbulence and particle scattering in the sampling volume;

and (iii) error due to the mean velocity shear in the sampling

volume (Lohrmann et al. 1994; Lhermitte and Lemmin 1994;

Voulgaris and Trowbridge 1998; Hurther and Lemmin 2008; Li

et al. 2008).

Doppler noise is the most significant source of noise in

turbulence measurements (Garbini et al. 1982; Lohrmann

et al. 1994). It adds a positive bias to the root-mean-square

(RMS) velocities, resulting in the overestimation of such

measurements (Voulgaris and Trowbridge 1998). Doppler

noise is characterized as (i) a white noise, meaning that it has a

flat power spectral density; (ii) unbiased, and as a result not

influencing the mean velocity; (iii) statistically independent of

velocity fluctuations; and (iv) uncorrelated from one receiver

to the next (Lohrmann et al. 1994; Hurther and Lemmin 2008).

Based on characteristics (iii) and (iv), themeasured variance

can be written as the superposition of the true velocity variance

and noise variance. Given this, Voulgaris and Trowbridge

(1998) showed that the noise contribution to each velocity

component depends on the transformation matrix, which

transforms the signal measured along the ADV’s bistatic axes

to orthogonal axes. For a SontekADV, they calculated that the

noise contribution is O(1022) to the covariance, and O(101),

O(101), andO(1021) to the variances measured in the x, y, and

z directions of the probe, respectively.

The ADV probe consists of a transmitter that transmits

acoustic pulses and three or four receivers, which record the

echoes reflected off suspended particles in the flow. The ADV

output is the velocity based on the Doppler phase shift of the

acoustics pulses. The sampling volume of the ADV is the

volume in which the velocity of scatterers in the fluid is mea-

sured and is located roughly 50mm below the transmitter

(Nortek 2018). The sampling volume is approximately cylin-

drical and formed by the intersection of the transmit and re-

ceive beams. The user-adjustable height of the sampling

volume (3–9mm for a Nortek ADVLab) is determined by the

length of the transmit pulse and the width of the receive win-

dow. Its width is fixed and is approximated by the diameter of

the transmit pulse/ceramic transmitter (;6mm) (Lohrmann

et al. 1994; Voulgaris and Trowbridge 1998). That said, the

sampling volume is not a perfectly symmetrical cylinder, as itsCorresponding author: Babak Khorsandi, b.khorsandi@aut.ac.ir
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horizontal extent is slightly different for each of the receivers;

however, these differences were shown to be negligible by

Lohrmann et al. (1994).

ADVs have larger sampling volumes than laser Doppler

velocimeters as sound waves have much larger wavelengths

than light waves (Dombroski and Crimaldi 2007). The rela-

tively large sampling volume of the ADVmay result in certain

complications in measurements of mean and turbulence sta-

tistics, including (i) spatial averaging of the particle velocities

in the sampling volume, causing attenuation of the signal

(Garbini et al. 1982 and Hurther and Lemmin 2008) and af-

fecting both the mean velocity and velocity variance estimates;

(ii) the presence of mean velocity shear within the sampling

volume, which may result in spectral broadening and an in-

crease in the velocity variance (Lhermitte and Lemmin 1994;

Voulgaris and Trowbridge 1998;McLelland andNicholas 2000;

Hurther and Lemmin 2008; Li et al. 2008); and (iii) under-

resolution of turbulent velocity fluctuations of length scales

that are smaller than the sampling volume’s transverse length

(Hurther and Lemmin 2008; Aberle et al. 2017). The contri-

bution of mean velocity shear in the sampling volume to the

velocity variance can be estimated bys2
ms 5 (DU)

2
/3, whereDU

is the variation of mean velocity across the sampling volume

(Lhermitte and Lemmin 1994; Voulgaris and Trowbridge 1998;

McLelland andNicholas 2000), and the subscript ‘‘ms’’ denotes

‘‘mean shear.’’

The size of the sampling volume may limit an ADV’s ac-

curacy in measuring the turbulence microscales, especially at

high Reynolds numbers. However, as long as the integral

length scale of the flow is much larger than the characteristic

length of the sampling volume (as particle velocities within the

sampling volume have high correlations), it is expected that

spatial averaging will not significantly affect large-scale tur-

bulence quantities such as RMS velocities. (The characteristic

length herein is defined as the transverse length or the diameter

of the volume cylinder;6mm.) Therefore, the user adjustable

sampling volume height can be reduced (down to theminimum

of 3mm) to accurately capture the turbulence statistics or

make near-boundary measurements, if necessary.

Besides the importance of the characteristic length of the

sampling volume relative to the length scale of the flow, the size

of sampling volume may also have an effect on the noise.

Spatial averaging can result in a reduction in Doppler noise

(Lohrmann et al. 1994) whereas the mean velocity shear (when

present) adds a bias to the velocity variance (Lhermitte and

Lemmin 1994). Therefore, reducing the sampling volume

height (to capture the integral or smaller scales of the flow, or

to measure close to boundaries, for example) can increase the

Doppler noise and decrease the error due to mean velocity

shear. However, the overall effect of sampling volume size on

the noise remains unknown. The increased noise due to the

smaller sampling volumes can particularly influence the tur-

bulencemeasurements conducted by the relatively newNortek

Vectrino profiler, which measures the velocity in cells as small

as 1–4mm in height.

Despite acknowledgments of the measurement error related

to the size of the sampling volume of the ADV in several

studies (e.g., Garbini et al. 1982; Lhermitte and Lemmin 1994;

Hurther and Lemmin 2008; Voulgaris and Trowbridge 1998;

McLelland and Nicholas 2000) and its effect on the Doppler

noise (Lohrmann et al. 1994), no thorough studies have been

conducted on the effect of the sampling volume size on the

mean and turbulence statistics measured by ADVs. Moreover,

ADVs have been almost exclusively benchmarked in open-

channel flows (Lhermitte and Lemmin 1994; Voulgaris and

Trowbridge 1998; McLelland and Nicholas 2000; Hurther and

Lemmin 2001; Valero and Bung 2018). Benchmarking ADVs

in free-shear flows, like turbulent jets, which have been ex-

tensively studied using other measurement techniques such as

hot-wire/film anemometry and laser Doppler anemometry, can

further validate the accuracy of ADVs.

The objective of the present study is to determine the effect

of sampling volume size on the mean and turbulence statistics

of axisymmetric turbulent jets at Reynolds numbers of 10 000

and 13 000. The measurements are conducted using three

sampling volume heights of 3.1, 6.1, and 9.1mm.

2. Experimental setup

The schematic of the experimental setup is shown in Fig. 1.

The experiments were conducted in a 1m 3 1.7m 3 0.54m

basin that is connected to a 6m 3 0.54m 3 0.54m flume filled

with water. The water depth was maintained constant at 0.5m

during experiments. A jet of circular cross section (made of

brass tubing) having a diameter (D) of 0.01m was installed at

the middepth of the basin. The jet fluid (water) was supplied

from a constant-head (polyethylene) tank, having a volume of

0.1m3 with a 2.8-m elevation. The water level in the tank was

kept constant by continuously supplying water to it from the

end of flume. The jet flowrate was controlled by a ball valve

and measured using a (Georg Fischer d32 DN 25) rotameter.

The flowrate was set to generate jets at two Reynolds numbers

(Re[UjD/n, whereUj is the exit velocity of jet nozzle and n is

the kinematic viscosity of water) of 10 000 and 13 000. The

aforementioned Reynolds numbers were chosen as the former

is the minimum one above the mixing transition (Dimotakis

2000), and the latter one corresponds to the maximum flow

rate achievable in our apparatus. Different jet Reynolds

numbers allow the comparison between measurements con-

ducted at various turbulence levels. The measurements were

made using a Nortek 10-MHz ADVLab acoustic Doppler ve-

locimeter. The x, y, and z directions of the ADV probe

were aligned with the axial (u velocity), horizontal radial

(y velocity), and vertical radial (w velocity) directions of the

jet, respectively. During the measurements, the sampling fre-

quency was set to its maximum (25Hz). Talcum powder was

used as a scatterer to increase the signal-to-noise ratio (SNR)

of the measurements (Moeini et al. 2020a). Three sampling

volume heights of 3.1, 6.1, and 9.1mm (maximum) were tested

to assess the effect of sampling volume size on the measure-

ments. The transmit pulse length was set to 2.4mm (maximum)

for all three sampling volume heights. The velocity range of the

ADV was set to 610, 630, or 6100 cm s21, to span the full

range of the measured velocities. The centerline of the jet was

determined by fitting a Gaussian distribution to its measured

horizontal and vertical profiles, and the center was interpolated
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from the curve fit. 60 000 data points were recorded for each

experiment, corresponding to a total recording time of 40min,

which ensured convergence of statistics up to fourth-order

moments.

3. Results

The mean and turbulence statistics of the jet at Reynolds

numbers of 10 000 and 13 000 measured by the ADV at dif-

ferent sampling volume heights of 3.1, 6.1, and 9.1mm will

be presented in this section. The results will be compared to

those of the other studies including those employing acoustic

Doppler velocimetry (Khorsandi et al. 2013), stationary hot-

wire anemometry (SHWA;Hussein et al. 1994), flying hot-wire

anemometry (FHWA; Panchapakesan and Lumley 1993), and

laser Doppler anemometry (LDA; Hussein et al. 1994; Darisse

et al. 2015). The work of Panchapakesan and Lumley (1993),

Hussein et al. (1994), and Darisse et al. (2015) will be abbre-

viated as PL, HCG, and DLB, respectively, in the figures.

Before presenting the results, it is important to first examine

how the spatial and temporal averaging of the ADV affects the

statistics. If the ratios of sampling volume (transverse) length

to the longitudinal integral length scale (SV/ILS) and sampling

interval to the integral time scale (SI/ITS) are much less than

one, particle velocities within the sampling volume have high

correlations. Therefore, it is expected that the effects of spatial

and temporal averaging will be minimal and not result in sig-

nificant damping of the true signal. As a result, the large-scale

turbulence quantities, such as the (true) velocity variances are

not significantly affected. However, this averaging may also

result in noise reduction (assuming the noise is uncorrelated

from one sample to the next).

The SV/ILS and SI/ITS ratios at the centerline of the jet at

Re5 10 000 are plotted as a function of x/D in Fig. 2. Here, SV

; 6mm and SI 5 0.04 s, which correspond to the transverse

length of the sampling volume and the inverse of the sampling

frequency of 25Hz, respectively. The ITS is calculated from

the integral of the autocorrelation function. The ILS is ob-

tained using Taylor’s hypothesis [ILS 5 UCL(x) 3 ITS, where

UCL(x) is the centerline mean velocity; Tennekes and Lumley

1972; Moeini et al. 2020b]. It can be seen that these ratios are

smaller than 1 over the entire range of measurements and

decrease with increasing downstream distance. Note that

SV/ILS and SI/ITS follow x20.9 and x21.9 power-law decays,

which are consistent with theoretical predictions of x21 and

x22, respectively (Pope 2000). Therefore, it is expected that the

effect of damping on the true signal will be negligible, espe-

cially when the ratios decrease at larger downstream distances.

The downstream variation of the (inverse of the) centerline

mean axial velocity is presented in Fig. 3. The inverse of the

axial mean velocity at the centerline varies linearly with

downstream distance in the self-similar region:UJ/UCL5 [(x2
x0)/D]/B, where x0 is the virtual origin and B is the decay rate,

which is the inverse of the slope (Pope 2000). It can be seen that

the centerline axial mean velocities do not exhibit any signifi-

cant dependence on the sampling volume size. This may be due

to the lack of mean velocity shear at the jet centerline. The

velocities at x/D. 90, especially those for Re5 10 000, deviate

from the straight line due to the return flow resulting from the

finite size of the enclosure, as discussed by Hussein et al.

(1994). Flow visualization experiments confirmed the existence

of return flow in the basin and flume.

Table 1 comparesB, x0, and the spreading rates S against those

of other studies. The spreading rate is defined as S 5 dr1/2/dx,

FIG. 1. Schematic diagrams of (a) the top view of the flume, measurement apparatus, and jet

facility, and (b) the jet, sampling volume, and ADV probe (not to scale).

FEBRUARY 2021 KAZEM I ET AL . 261

Unauthenticated | Downloaded 02/01/22 03:22 PM UTC



where r1/2 is the jet’s half-width, which is defined to be the

radial position at which the mean velocity falls to half of its

centerline value. B and x0 were calculated from the method of

least squares using the aforementioned equation fitted to data

measured using different sampling volume sizes. The data over

the range 20, x/D, 90 were used to calculate the values of B

and x0, and the value of S is obtained from the mean velocity

profiles at x/D5 30, 60, and 90. There is reasonable agreement

between the data of the current study and those of the other

studies given the difference in Reynolds numbers and other

parameters in these experiments. The slightly smaller decay

rate is due to the return flow, which results in a faster decay of

the downstream velocities. Also note that x0 depends on the

initial conditions (Pope 2000). (Note that S is not reported at

Re 5 13 000 case because the radial velocity profiles were not

measured for this case.)

The radial profiles of axial mean velocity of the jet at Re 5
10 000 were measured at x/D 5 30, 60, and 90 using different

sampling volume heights and are plotted in Fig. 4. Figure 4a

shows that the jet decays and spreads (such that its mean

velocity shear decreases) with increasing the downstream

distance. The profiles are replotted using self-similar nor-

malization in Figs. 4b–d. The shapes of the profiles agree

well with those of the other studies. Despite the major

variations of the mean velocity shear from x/D 5 30–90 (as

shown in Fig. 4a) as well as the velocity gradient variations

across the profiles, no significant difference is observed be-

tween the mean velocities measured at the three sampling

volume sizes. This suggests that the mean statistics are ef-

fectively independent of the instrument’s sampling volume

size (at least in the flow studied herein). As remarked be-

fore, the underestimated velocities at the edge of the jet at

x/D 5 90 are due to the return flow (Hussein et al. 1994),

which is common in enclosures and for which the effect is

more significant when velocities are smallest, which is the

case at the farthest downstream distance.

The velocity variance along the jet centerline will be pre-

sented next. Note that due to the zero velocity gradient (in the

radial direction) along the centerline, the mean velocity shear

error should have a negligible effect on the velocity variance at

that location. Given that SV/ILS is also small over the mea-

surement range, the true velocity variance will not be signifi-

cantly damped due to spatial averaging effects. Therefore, it is

expected that any difference in variance measured at different

sampling volumes in the following figures is solely due to

Doppler noise.

Figure 5 plots the velocity variances measured using differ-

ent sampling volume sizes along the centerline of jet for Re 5
10 000 and 13 000. This quantity is normalized by the square of

the nozzle exit velocity in Figs. 5a,c,e and mean centerline

velocity in Figs. 5b,d,f. The velocity variance normalized by the

square of mean velocity asymptotes to a constant in the self-

similar region given that both the RMS and mean velocities

decay as x21. Overall, one observes that the ADV overesti-

mates the u and y velocity variances (measured along the x and

y directions of the probe, respectively) compared to the results

employing other measurement techniques. However, the w

velocity variance, which is measured along the z direction of

the probe, exhibits results that are consistent with those of

prior researchers. It should be noted that the y and w velocity

FIG. 2. Downstream variation of (a) the ratio of sampling volume size (;6mm) to the integral length scale of the

jet (Re5 10 000), SV/ILS, and (b) the ratio of sampling interval (50.04 s) to the integral time scale of the same flow,

SI/ITS. The solid lines represent the best-fit power laws to the data.

FIG. 3. The downstream variation of the inverse of the centerline

mean axial velocity at different sampling volume sizes and

Reynolds numbers. The solid and broken lines are linear least

squares fits to the Re 5 10 000 and 13 000 data, respectively.
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variances should be the same due to the symmetry of the axi-

symmetric jet. The overestimation of the u and y velocity

variances, as well as the difference between the y and w ve-

locity variances, is due to the geometrical configuration of

the probe, which results in higher levels of noise in the x and y

directions relative to the z direction (Voulgaris and Trowbridge

1998; Khorsandi et al. 2012; Moeini et al. 2020a). It is worth

remarking that the noise increases as the velocity range setting

increases (Voulgaris and Trowbridge 1998). This was further

confirmed by additional experiments showing that increasing

the velocity range slightly increases the velocity variance due

to the increased noise level. For the centerline velocity mea-

surements, the velocity rangewas set to6100 cms21 for x/D, 60,

and to 630 cms21 for x/D $ 60. The slight decrease in the tur-

bulence intensities from x/D5 45 to 60 in (as seen in Figs. 5b,d)

may be due to the change in the velocity range.

Regarding the effect of sampling volume size on the mea-

surements, it can be seen that the smaller sampling volume

heights (especially, 3.1mm) result in larger velocity variances.

This is attributed to the fact that spatial averaging over larger

sampling volumes results in a reduction of the Doppler noise

while it has no significant effect on the true velocity variance

because SV/ILS is small. Moreover, the difference between the

velocity variances measured using different sampling volume

heights reduces with increasing downstream distance because

both the turbulence and the Doppler noise (which is caused by

the turbulence) decay downstream. In addition, the velocity

variances for the Re 5 13 000 case are initially higher than

those for Re5 10 000. However, farther downstream, the data

become indistinguishable as the turbulence and Doppler noise

decay. The effect of sampling volume size is more significant

for the u and y velocity variances (which are contaminated by

TABLE 1. Comparison of the mean velocity parameters for the turbulent axisymmetric jet of the present study and those of other studies.

Present

work ADV

Present

work ADV

Khorsandi et al.

(2013) ADV

Panchapakesan and Lumley

(1993) FHWA

Hussein et al.

(1994) SHWA

Hussein et al.

(1994) LDA

Re 10 000 13 000 10 600 11 000 95 500 95 500

x0/D 5.5 0.15 5.5 0 2.7 4

B 5.0 5.4 5.43 6.06 5.9 5.8

S 0.101 — 0.099 0.096 0.102 0.094

FIG. 4. Radial profiles of normalized axial mean velocity of the jet at Re 5 10 000 measured using different

sampling volumes at (a) x/D 5 30, 60, and 90 (non-self-similar normalization), (b) x/D 5 30, (c) x/D 5 60, and

(d) x/D 5 90, and compared with other studies.
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higher Doppler noise) compared to thew velocity variance. As

can be observed in Figs. 5e and 5f, the w velocity variance has

low noise, so that the spatial averaging does not significantly

affect its value.

Figure 6 depicts the radial profiles of the normalized velocity

variances of the jet (Re 5 10 000) measured at x/D 5 60 using

different sampling volume heights. The general shape of the

profiles is comparable with prior results employing other

measurement techniques. But the u and y velocity variances

are, once again, overestimated, especially using the smallest

sampling volume height of 3.1mm. On the other hand, the w

velocity variance agrees well with those of other studies, and

especially with that of Panchapakesan and Lumley (1993).

Overall, it can be seen that the larger sampling volumes

result in smaller velocity variances, especially for the u and

y velocities. This is due to the fact that when the sampling

volume size increases, the number of scattered particles in the

sampling volume rises and, therefore, the output velocity is

averaged overmore particles (of high correlations), resulting in

reduced Doppler noise. Note that the damping of the true

variance is negligible because the sampling volume size is al-

most one order of magnitude smaller than the integral length

scale of the flow. As the turbulence is reduced toward the edge

of the jet, the Doppler noise reduces and the velocity variances

measured using different sampling volumes merge. The w ve-

locity variance has less noise and its profile is thus not

FIG. 5. Downstream evolution of the centerline velocity variance at Re 5 10 000 and 13 000 measured using

different sampling volume sizes. (a) u, (c) y, and (e) w velocity variances, normalized by the square of nozzle exist

velocity; (b) u, (d) y, and (f) w velocity variances, normalized by the square of mean centerline velocity. The solid

and broken lines correspond to curve fits to the data ofHussein et al. (1994) and Panchapakesan andLumley (1993),

respectively.
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significantly affected by the size of the sampling volume. The

profiles measured at x/D5 30 and 90 (not shown) show similar

trends when the height of the sampling volumewas varied from

3.1 to 9.1mm. It should be remarked that the velocity range

(for profiles measured at x/D5 60) was set to630 cm s21 over

the range 0 # r/x # 0.15, and to 610 cm s21 for r/x . 0.15.

Hence, the same velocity range setting was used for most of the

measurements.

Figure 7 plots velocity spectra measured at the centerline of

the jet (Re 5 10 000) at x/D 5 90 for three different sampling

volumes. One observes that the spectrameasured using smaller

sampling volumes have higher noise levels. On the other hand,

as the size of the sampling volume increases, the inertial sub-

range slope decreases and more closely approaches a value

of 25/3. The reason, as explained previously, is that the mea-

surements using smaller sampling volumes are more affected

by the noise. The w spectra, as expected from their lower noise

levels, are less influenced by the size of the sampling volume.

4. Discussion

Lhermitte and Lemmin (1994), Voulgaris and Trowbridge

(1998), Hurther and Lemmin (2008), and McLelland and

Nicholas (2000) theoretically showed that velocity shear in the

sampling volume broadens the spectra and results in noise

variances that are proportional to the square of the difference

in themean velocity across the transmitted pulse. However, the

present observations suggest that error due to mean velocity

FIG. 6. Radial profiles of the normalized velocity variances (Re5 10 000)measured at x/D5 60 using different sampling

volume heights. (a) u, (b) y, and (c) w velocity variances, normalized by the square of the mean centerline velocity.

FIG. 7. (a) Axial (u) and (b) vertical (w) velocity spectrameasured at the jet centerline and x/D5 90 for the three

different sampling volumes considered. Re 5 10 000. The velocity range was set to 630 cm s21. The dashed line

denotes a 25/3 slope.
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shear does not seem to be significant since (i) increasing the

sampling volume size (which results in higher shear across the

volume) generally resulted in a decrease in the velocity vari-

ances; (ii) with increasing downstream distance, the mean ve-

locity profiles decrease in slope (see Fig. 4a), that is, the mean

velocity shear in the sampling volume decreases, however, this

does not result in a reduction in noise; and (iii) the difference

between velocity variances measured using different sampling

volumes does not seem to be affected by the mean velocity

shear or the change of slope across the profile; for example, the

velocity variances do not change significantly for 0# r/x# 0.1,

where the mean velocity shear varies from zero to its largest

values. Therefore, the effect of error due to the mean velocity

shear appears to be negligible relative to the Doppler noise, at

least in the flows studied herein.

To further examine the effect of the noise on the velocity

variances measured using different sampling volume sizes,

postprocessing methods were applied to the data. The phase-

space thresholding method (Goring and Nikora 2002; modified

by Wahl 2003), which is implemented in the WinADV soft-

ware, was used to despike the data. However, the filter did not

considerably improve the RMS velocities measured at differ-

ent sampling volumes, as the signal quality in the present ex-

periments was high. For example, after despiking, the RMS

velocities measured at the centerline of the jet (Re5 10 000) at

x/D 5 60, decreased by less than 1.5% for different sampling

volume heights. Note that spikes usually occur in poor mea-

surement environments [e.g., when the velocities exceed the

preset velocity range or when there are backscattered signals

from boundaries (Goring andNikora 2002)], and therefore, are

not inherent to the technique (Doroudian et al. 2010). In ad-

dition to despiking, denoising techniques (e.g., Hurther and

Lemmin 2001; Khorsandi et al. 2012; Thomas et al. 2017;

Moeini et al. 2020a) can be applied for the correction of the

statistics measured using ADVs.

Khorsandi et al. (2012) presented a noise-reduction method

for axisymmetric flows. Their method is based on the as-

sumptions that variances of the y and w velocities must be

similar due to the axisymmetry of the flow, and that the vari-

ance of w has negligible noise. The noise in the u velocity

variance can be estimated by subtracting the variance of the w

velocity from the variance of the y velocity and then converting

the result to the variance of noise in the x direction using the

ADV’s transformation matrix. The noise can subsequently be

subtracted from the measured variance of the u velocity. This

method has been applied to our data measured using various

sampling volumes and the results are presented in Fig. 8. One

observes that the agreement of the measurements of the vari-

ance of the u velocity recorded using different sampling vol-

umes are improved (especially at x/D . 60) once the method

has been applied. This confirms that the difference between the

variance measured at various sampling volumes is mainly due

to theDoppler noise. [Note that some of the observed differences

between the variance at Re 5 10000 and Re 5 13000 in Fig. 8a

may be attributed to the variations in the mean velocities, as seen

in Fig. 3. It should also be emphasized that the underestimation of

the data in the vicinity of the jet centerline in Fig. 8b is probably

because the normalized variances have not yet reached their as-

ymptotic values, which are only achieved beyond x/D 5 70–100

depending on the initial conditions and measurement technique

(Panchapakesan and Lumley 1993; Hussein et al. 1994; Khorsandi

et al. 2013).] The results and discussions presented here reinforce

the necessity of applying noise-reduction methods [such as those

ofHurther andLemmin (2001),Khorsandi et al. (2012), orMoeini

et al. (2020a)] to the data, especially if measurements are con-

ducted using small sampling volumes.

5. Conclusions

To study the effect of sampling volume size of an ADV on

measurements of turbulence statistics, experiments with dif-

ferent ADV sampling volume heights were conducted in an

axisymmetric turbulent jet. The results showed that the mean

velocities were not notably affected by the size of the sampling

volume. However, reducing the sampling volume size resulted

in an increase in (Doppler noise and therefore) the variances of

the u and y velocities, while its effect on thew velocity variance

was negligible. Therefore, the principal conclusion of this work

is that as long as the characteristic length of sampling volume

is significantly smaller than the integral length scale of flow,

FIG. 8. (a) Downstream evolution of the centerline velocity variance of jet at Re 5 10 000 and 13 000

measured using different sampling volume sizes after application of the noise-reduction method of

Khorsandi et al. (2012). (b) Radial profiles of the normalized axial velocity variances of the jet (Re5 10 000)

measured at x/D5 60 using different sampling volume sizes after application of the noise-reduction method

of Khorsandi et al. (2012).
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increasing the sampling volume size (which is typically asso-

ciated with increasing the volume over which highly correlated

scatterers are spatially averaged) can reduce Doppler noise,

resulting in more accurate measurements. Moreover, applying

the noise-reduction method of Khorsandi et al. (2012) to the

data resulted in improved agreement of the variance of the u

velocity measured using different sampling volume sizes, from

which one may conclude that the difference between variances

measured at different sampling volume sizes is mainly due to the

Doppler noise. Applying noise-reduction methods to the data is

especially important when the data is acquired using small sam-

pling volumes. Furthermore, noise due to themean velocity shear,

even in regions of the largest velocity gradient along the jet radial

profile, is found to be negligible in the present experiments. For

future work, it is recommended to investigate the effect of cell

sizes of the relatively newNortek Vectrino Profiler on turbulence

measurements. Based on the results presented here and given the

small cell size of the Vectrino Profiler, one might expect that its

turbulencemeasurements might suffer from higher levels of noise

than that observed in the present study.
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