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Abstract In this paper, a comparison between a PIV system based on cross-correlation camera plus pulsed
Laser and another using high-speed camera plus continuous Laser is performed. The objective of the paper is
to point out advantages and disadvantages of one system in respect to the other when computing large and
small flow scale statistics. The comparison is performed on the velocity field in the near field of a circular
water jet: this is a region in which several experimental data and empirical self-similarity laws can be used
for performance evaluation. The results show that both systems are suitable for measurements: there is a
slight preference for the cross-correlation one when considering single-point statistics (due to lower number
of effectively independent samples and to larger seeding noise in the high-speed system). On the other hand,
the results from the high-speed system are of better quality when considering multi-point statistics.

1. Introduction
The measure of velocity fields with high spatial and temporal resolutions is a fundamental
task for experimental and theoretical fluid-mechanics. Since the beginning of its development, the
Particle Image Velocimetry (PIV) allowed to obtain high spatial resolutions (in the order of 5×103
m-1) with standard cameras; on the other hand, only recently high temporal resolutions similar to
other velocity measuring techniques as Laser Doppler Anemometry (LDA) (in the order of 103 Hz)
have been obtained by using high-speed cameras. The diffusion of such high-speed cameras at
relatively moderate costs mainly depends on changes in the architecture of the sensor and in the
way in which information are acquired and transferred from camera sensor elements to memory.
Basically, sensor elements for standard cameras used in PIV (usually known as cross-correlation
cameras) are based on Charge Coupled Device (CCD) architecture, i.e. on a solid-state chip in
which pixels are charged by incoming photons, transferred through a very limited number (often
one) of output nodes to be converted to voltage, buffered, and sent off-chip as an analog signal. All
of the pixels can be devoted to light capture and the output uniformity (a key factor in PIV image
quality) is high. On the other hand, sensors for advanced high-speed cameras are based on
Complementary Metal Oxide Semiconductor (CMOS), i.e. on semiconductor technology in which
each pixel has its own charge-to-voltage conversion, and the sensor often also includes digitization
circuits, so that the chip outputs digital bits. The advantages of the latter sensors in comparison to
the former consist in a larger sensor size (length of about 20 µm against 9 µm), which is equivalent
to a higher sensitivity to low illumination levels, in a lower power supply and power dissipation
need for proper working, which allows to integrate many sensors closely together. The related
major disadvantages derive from the higher sensitivity to noise (even at low levels), the higher
number of “dark” elements (not responding to light intensity variations) due to the production
system to reduce costs and the lower magnification factor. These disadvantages are usually reported
as possible drawbacks to be considered when performing detailed investigations on turbulence by
using PIV based on high-speed CMOS cameras (also known as high-speed PIV).
In the present paper, combined use of CCD cross-correlation and CMOS high-speed
cameras for PIV is adopted to point out the differences on velocity statistics on a axial-symmetric
turbulent water jet (Reynolds number based on jet diameter D, equal to about 2×104). The circular
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jet flow is well known in terms of the evolution along the streamwise and transverse directions
(self-similar solutions), so that a strict comparison with several available data sets and empirical
theories is possible. The aim of the paper is to establish if an incorrect statistical evaluation
(especially of higher-order statistics) is obtained when using CMOS in comparison to CCD
cameras. To this end, the PIV image evaluation algorithm is exactly the same (same software,
DaVis from LaVision, with same analysis parameters) when using standard and high-speed PIV;
the same camera-objective and lenses and the same number of total images for statistics (10.000
samples) have been also employed. The differences between the two set-ups consist in the
illumination system (continuous Ar-Ion laser for high-speed PIV and pulsed Nd-Yag laser for
standard PIV) and in camera for image acquisition (CCD 1024×1376 elements for the crosscorrelation camera, CMOS 1024×1024 elements working at 2kHz for the high-speed camera).

2. Experimental systems
The water jet apparatus is detailed in Fig. 1; the facility consists of an axisymmetric water
jet flowing downstream a 50:1 contraction nozzle (in area) placed at the end of a pipe. The
Reynolds number (using the average jet outlet velocity Uo, and the jet diameter D = 2 cm) is Re ≈
20000; the Reynolds number based on the Taylor microscale, Rλ = λu’/ν (λ is the Taylor
microscale, u’ is the rms velocity and ν the kinematic viscosity), is about 150 (values computed in
the jet far field). For the co-ordinate system, x and y are respectively the distance along the jet axis
and along the vertical direction (the origin is on the jet axis at the nozzle). Downstream of the
nozzle the flow enters into a tank (height ≈ 30D, width ≈ 30D, length ≈ 60D); the measurements are
taken in this tank close to the nozzle up to about 10 D (first measurement region) and far from the
nozzle from about 25 D to 30 D. Due to the limited size of the tank, the jet must be considered as
confined rather than a free jet; this choice reflects the fact that in practical applications and in
numerical simulations the jet is usually confined. All the contractions, pipe and tank are made by
transparent Perspex to allow direct optical access: video-cameras can be placed anyway around the
tank. Previous measurements confirm that the flow field is unaffected by external forcing
frequencies (from the pump) and that it is axially-symmetric without swirl (Romano 1998).
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Fig. 1. The experimental set-up and the co-ordinate system.
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The cross-correlation and high-speed systems will be briefly described in the following. The
cross-correlation system consists of an advanced LaVision 2C PIV system; the illumination is
provided by a double Nd-Yag Laser, 532 nm wavelength, with 100 mJ per pulse, 7 ns pulse
duration. Image acquisition is performed using a cross-correlation CCD camera with 1376×1040
pixel resolution (due to the acquired region size, about 8D, the resulting spatial resolution is 104 m-1
in the near jet region and 2×104 m-1 in the far region where the imaged region is about one half than
before); the repetition rate of the system is about 5 Hz (which is the time resolution of the system).
Calibrated hollow glass spheres (diameter 10 µm) are used as seeders and the time delay between
the two images has been optimised to 1 ms (about 80 mJ per pulse have been selected). The
instantaneous vector fields are derived from advanced image deformation recursive PIV crosscorrelation algorithms with window offset. The window size is 32×32 pixels with 75% overlapping:
thus the spacing between velocity vectors is 8 pixel corresponding to about 1 mm (i.e. the effective
velocity resolution in space is about 103 m-1). This spacing is about 10 times the Kolmogorov length
scale, η = 0.08 mm, and about equal to one Taylor microscale (the flow scales have been obtained
using the hypothesis of homogeneous and isotropic flow at a distance from the jet exit x/D ≈ 30).
The high-speed system consists of a high-speed Photron APX CMOS camera with
1024×1024 pixels resolution (due to the reduced acquired region in comparison to the crosscorrelation system, about 6D, the resulting spatial resolution is equal the previous one, i.e. about 104
m-1 in the near jet region and 2×104 m-1 in the far region). The camera is able to acquire 2000
images per second at full resolution, so that the repetition rate of the system is 2 kHz (the time
resolution of the system, for the present measurements the data were under-sampled at 1 kHz). The
illumination is provided by a continuous Ar-ion Laser, 488-514 nm in wavelength, with a maximum
power equal to 7 W. Considering the shutter time (1/2000 s), the effective energy at disposal to the
camera sensor is about 4 mJ, i.e. much less than for the cross-correlation system. This required a
much higher seeding density (the seeding was the same as before). Instantaneous vector fields are
derived exactly with the same procedure and parameters as for the cross-correlation system.
For both systems, each acquisition is made of 10000 images couples which have been used
to derive averaged velocity fields and other turbulent statistical quantities i.e. turbulence rms values,
Reynolds stresses, skewness and flatness factors, mean square velocity derivatives, turbulent kinetic
energy dissipation and two-point statistics as correlation and structure functions. A few words must
be spent on the acquisition procedures used to obtain the statistical ensemble. For the crosscorrelation system, this ensemble results from 10 subsets of 1000 images each one; from the
repetition rate of 5 Hz, each acquisition takes 200 s. Statistically this acquisition interval is
equivalent to more than 5×103 integral time scales (obtained from integral length scales measured
from correlation functions in the far field, i.e. l ≈ 7 mm, divided by the local mean velocity, about
0.3 m/s). For the high-speed system, the statistical ensemble is derived from 200 subsets of 50
images each one; being the camera rate equal to 1 kHz, the acquisitions lasts after 0.05 s, i.e. about
two integral time scales. This means that while for the cross-correlation system the effective
number of independent samples is more than 5000, for the high-speed system this number is limited
to 400. Preliminary measurements clearly show that the use of a limited number of subsets of 2000
images (acquired at 1 kHz) gives really poor statistical results. The previous aspects must be
considered when comparing single-point statistics obtained from the two systems (it is also
important to point out that the velocity data in one image obtained from cross-correlation system are
completely independent from those in the next image of the subset, whereas the high-speed data in
each image of a subset are correlated to the others and this can have implication in multi-point
statistics). In respect to multi-point statistics derived in the far field (correlation and structure
functions), it is necessary to specify that, after verification of homogeneity along the vertical
direction, an average has been performed also on the 130 different rows so that for these quantities
the overall number of samples is equal to 1.3×106.
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The data have been compared with the following available data sets or empirical laws:
-

Hot Wire (HWA) data from Antonia and Burattini (2004) obtained in a circular air jet at
Re=47000;
Laser Doppler Anemometry (LDA) data from Djeridane et al. (1993) obtained in a
circular air-air jet at Re=20000;
the following empirical laws from self-similarity arguments by Hussein et al. 1994,
Kuang et al. 2001 for non-dimensional mean axial velocity and Reynolds stress
2
U
(1)
= e− ( η / 2)
Uo
 η
U
= sec h 2  
Uo
 2β 

(2)

 η
 η
u'v'
= β tanh   sec h 2  
2
Uo
 2β 
 2β 

(3)

where η=y/y1/2 (y1/2 is the vertical distance for which U=Uo/2) and β is an empirical constant (equal
to 1.8 for the present data). In table 1 the flow scales are summarized.

cross-correlation
high-speed

integral
length scale
l
7.2 mm
5.9 mm

Taylor
microscale
λ
1.03 mm
1.08 mm

Kolmogorov
scale
η
0.081 mm
0.079 mm

Table 1. Flow scales obtained from cross-correlation and high-speed measurements.

3. Results and comparisons
The results will be presented separately for statistics at a single point of velocity (average
velocity, rms values, skewness and flatness factors), of velocity derivatives (mean square values,
kinetic energy dissipation) and for multi-point statistics (correlation and structure functions).
3.1 Statistics of the velocity field
The behaviour of the average flow field for the axial velocity component is reported in Fig.2
for the two systems. It is possible to observe that the derived fields are very similar (except for the
region between x/D=7.5 and x/D=9.5 which is not acquired by the high-speed system due to the
reduced camera sensor size). The velocity decreases when moving from the centerline along the
vertical and more slowly along the horizontal; the jet core, i.e. the region in which the velocity is
close to the exit jet velocity, is about 5-6 x/D, in agreement with previous findings (Cohen and
Wygnansky 1987, Liepmann and Gharib 1992, Antonia and Burattini 2004, Burattini et al. 2005).
In Fig. 3 the rms axial velocity is represented. Although the two fields are similar (the two
shear layers develop in the same way with the same turbulence intensities), significant differences
can be noticed. In particular, there is a wavy disturbance along the streamwise direction for the
high-speed result. The reason of this behaviour basically resides in the presence of a larger number
of particles required for these measurements (due to the relatively low illumination energy). As a
matter of fact, those seeding particles settle on the lower tank wall (where the velocity is low)
giving rise to alternate bright and dark almost vertical (depending on the incoming light direction)
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strips within the light sheet. This inconvenient cannot be completely avoided (although a magnetic
bar was used to frequently clean the lower wall) and was present for the cross-correlation system
also (to a minor extent due to the high illumination energy and the consequent relatively lower
number of seeding particles). This argument will be reconsidered for the results on velocity
derivatives. It is interesting to note that, in agreement with the previous explanation, this effect is
much less evident for velocity fluctuations along the vertical direction presented in Fig. 4. Apart
from the described disturbances, both u’ and v’ fields are in agreement with data in literature as
will be shown in the following.
In Fig. 5 and 6, skewness and flatness factors obtained from the two systems are given (the
third and fourth-order moments fields are divided by the appropriate power of u’ and v’ fields at
each point). The structure of the jet is clearly visible with the developing aperture where skewness
values as high as ± 2.5 and flatness larger than 15 are observed. At the centerline, the values
change towards the Gaussian values 0 (skewness) and 3 (flatness). In comparing the two PIV
systems, a larger variability is observed in the high-speed data. This is partly due to the illumination
problem already outlined in rms plots, but mostly it is a consequence of the lower number of
statistically independent samples used in the high-speed system. Thus, there is a clear indication in
using a larger number of samples as prescribed for proper statistics (Bendat and Piersol 1971).
A more quantitative comparison is made by considering profiles of the different quantities
along the horizontal and the vertical directions. In Fig. 7, the horizontal profiles of average axial
velocity, axial rms and vertical rms are shown together with HWA and LDA data previously
described (both near and far field results are given).

Fig. 2. Average axial velocity U/Uo for cross-correlation (on the left) and high-speed (on the right)
systems in the near jet.

Fig. 3. Rms axial velocity u’/Uo for cross-correlation (on the left) and high-speed (on the right)
systems in the near jet.
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The continuity between the data close and far from the jet exit is quite good for both systems
and for all given variables. In particular, the average centerline velocity exhibits the expected
(x/D)-1 decay, close to HWA and LDA data, without significant deviations among cross-correlation
and high-speed systems. The –1 velocity decay, together with the jet width increase along x, allow
to derive self-similar curves as those presented in Fig. 8 (at x/D = 7) in which both systems well
behave in comparison to self-similar solutions (1), (2) and (3) for average axial velocity and for
Reynolds stress.

Fig. 4. Rms axial velocity v’/Uo for cross-correlation (on the left) and high-speed (on the right)
systems in the near jet.

Fig. 5. Skewness factor of axial velocity for cross-correlation (on the left) and high-speed (on the
right) systems in the near jet.

Fig. 6. Flatness factor of axial velocity for cross-correlation (on the left) and high-speed (on the
right) systems in the near jet.
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For rms values given in Fig.7, as already shown in Fig. 3 and 4, there are differences among
the two systems for u’ in the near field, while v’ values are very similar. The former are much
closer to the HWA data, while the latter are more similar to LDA (except for x/D < 4).

Fig. 7. Average axial velocity (at the top, in log scales), rms axial velocity (in the middle) and rms
vertical velocity (at the bottom) axial profiles (at y/D=0) for cross-correlation (in red) and highspeed (in blue) systems in the near and far jet fields. Comparison with HWA data by Antonia and
Burattini (2004) and LDA data by Djeridane et al. (1993).
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This could reflect the fact that differences in boundary and initial conditions (as given by the rms
values at x/D=0) affect the downstream developing of the rms field. These differences are better
detailed in Fig. 9 where radial rms profiles at x/D=2 are given. Differences between the two systems
are not larger than 15% both at the centerline (y/D=0) and in the shear layers (y/D=±0.5).

Fig. 8. Average axial velocity (on the left) and Reynolds stress (on the right) vertical profiles for
cross-correlation (in red) and high-speed (in blue) systems at x/D=7. Comparison with self-similar
solutions (1), (2) and (3) by Hussein et al. 1994, Kuang et al. 2001.

Fig. 9. Rms axial velocity (on the left) and rms vertical velocity (on the right) vertical profiles for
cross-correlation (in red) and high-speed (in blue) systems at x/D=2. Comparison with HWA data
by Antonia and Burattini (2004) and LDA data by Djeridane et al. (1993).

Fig. 10. Axial profiles (at y/D=0) of skewness (on the left) and flatness (on the right) factors of
axial velocity for cross-correlation (in red) and high-speed (in blue) systems in the near jet field.
Comparison with LDA data by Djeridane et al. (1993).
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Especially for v’, both data are much closer to the LDA data (obtained almost at the same
Reynolds number) than to the HWA data.
Axial profiles of skewness and flatness factors are given in Fig. 10. The values move from
the Gaussian one to a minimum (for skewness) or maximum (for flatness) and again to Gaussian
values. The region in which this minimum/maximum is observed is just at the end of the jet core
where the two shear layers mix together. There are large differences between skewness and flatness
factors obtained with cross-correlation and high-speed systems for x/D < 5. These differences are
due to what already observed in Fig. 5 and 6, i.e. to the fact that the high-speed system measures
values much closer to the Gaussian that those obtained with the cross-correlation system. The
comparison with LDA data is slightly favorable to the high-speed data, but this aspect requires
further investigations.
3.2 Statistics of velocity derivatives
In Fig. 11, the mean square derivative field (∂u/∂x)2 is shown (the fluctuating part of the
velocity field has been used). Specifically, the quantity
 ∂u 
εiso = 15ν 
(4)
 ∂x 
i.e. the isotropic form of the turbulent kinetic energy dissipation, has been plotted (ν is the
kinematic viscosity and the overbar denotes averaging). As usual, εiso is non dimensional by D and
U 3 (Monin and Yaglom, 1975). The disturbances (dark and bright strips) already described in the
rms axial velocity (Fig. 3) are now much more evident (even for the cross-correlation system) due
to the fact that the axial-derivative enhances intensity variations along x. The plots point out the
spatial evolution of the small-scale field (which dominates the kinetic energy dissipation); these are
information not simply attainable from experiments. In particular, the route to isotropy appears as
an increasing interaction between the developing shear layers. The horizontal profile of εiso, which
is shown in Fig. 12, confirms this increase for both PIV systems (although with smaller values for
the high-speed system). At x/D = 9, it is not clear if isotropy is attained or not. To account for this,
the derivative ratios have been computed and reported in Fig. 13.
2

( ∂y ) ,
2

∂u

K2 =

(

∂u

∂x

)

2

( ∂y )
∂v

K3 =

(

∂u

∂x

2

)

(5)

2

Fig. 11. Non-dimensional isotropic form of turbulent kinetic energy dissipation, εisoD/U 3, for crosscorrelation (on the left) and high-speed (on the right) systems in the near jet.
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The isotropic values for these ratios are K2=2 and K3=1 (Monin and Yaglom 1975). It
seems that the values attained at x/D = 9 (K2=2 and K3=0.8) are not so far from isotropy (by the way
the values obtained at x/D = 30 are K2=1.8 and K3=1, indicated by thick bars in Fig. 13). Closer to
the jet exit the derivative ratios increase up to a maximum about at the end of the core region (x/D
≈ 5). Apart from a larger variability of the high-speed system (which has been already explained),
the two systems give very similar information.
3.3 Multi-point statistics
Spatial correlation functions are computed from PIV data in the far field (in the near field
the hypothesis of homogeneity along the vertical is not fulfilled so that it was not possible to
average different rows and the statistics is poor). Correlation coefficients of axial and vertical
velocities are given in Fig. 14 (longitudinal and transverse correlation); axial separations are nondimensional by the integral length scale evaluated at the distance at which a value 1/e is attained
(Table 1).

Fig. 12. Axial profiles (at y/D=0) of turbulent kinetic energy dissipation, εisoD/U
correlation (in red) and high-speed (in blue) systems in the near jet field.

3

for cross-

Fig. 13. Axial profiles (at y/D=0) of ratios K2 (on the left) and K3 (on the right) defined in (5) for
cross-correlation (in red) and high-speed (in blue) systems in the near jet field. The horizontal thick
bars indicate the far field values.
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Whereas the correlation coefficient from the two PIV systems agree for axial velocity,
there is some disagreement on the vertical component for separation larger than 1 integral scale.
This is due to the poor statistics of the high-speed system in relation to large-scale motions. This
problem is particularly important at these far field locations where turbulent spots are observed to
travel downstream. Correlation coefficients from the two systems agree reasonably at small scales.
In Fig. 14 the isotropic evaluation of the transverse correlation is also given (Monin and Yaglom
1975). It reasonably agree with high-speed data for r/l<0.6 and then with cross-correlation data,
although there are oscillations due to derivative computation.
To better point out differences in the small-scale behaviour, second and third-order
structure functions have been computed from data: these functions are expected to show powerlaws in the small intermediate scale range (Monin and Yaglom 1975). In Fig. 15, the nondimensional structure functions are shown (Kolmogorov length and velocity scales are used). Both
PIV systems well reproduce the expected power-law behaviours in the dissipative and inertial
ranges (also a fit to data is used, Romano and Antonia 2001). Only for r*< 40 (the separation r is
dimensionless by the Kolmogorov length scale), in the third-order structure function the crosscorrelation data depart from the expected behaviours.

u

Fig. 14. Spatial correlation coefficients for cross-correlation (in red) and high-speed (in blue)
systems in the jet far field. Squares for u component and circles for the v component. The black line
is the calculation performed using (7).

Fig. 16. Second-order (on the left) and third-order (on the right) structure functions of axial
velocity for cross-correlation (in red) and high-speed (in blue) systems in the jet far field. The
dotted line is a fit to data.
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4. Conclusions
It was a common practice in HWA and LDA past investigations to perform data
acquisition at relatively low data rate for long time intervals (in comparison to the flow integral
scales) when computing single-point statistics. On the other hand, the highest possible data rate for
relatively short time intervals was attained for multi-point statistics related to correlation and
spectral functions. The results of the present study involving cross-correlation and high-speed PIV
systems confirms that this practice is still valid even for data obtained by PIV. The present data also
show that for all tested quantities (statistics of velocity, velocity derivative and multi-point
statistics) the results obtained with one or the other system are substantially equivalent, providing
that the statistical ensemble is built up properly.
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