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ABSTRACT
In this paper an interactive, advanced menu based (figure 1) software has been introduced for the analysis of the turbulence
from PIV vector data. The software has been programmed upon a commercial PIV system, and it uses effective DLL
macros programmed by Turbo C++. For the motivation of programming this kind of interactive software, there has been a
practical need in several industry projects - the different analysis methods and their computational parameters must be able
to be varied easily and the results compared immediately.
The software consists of 7 different computational methods for two-dimensional turbulence analysis: 1) Time-mean turbulence
quantities (TMTQ), 2) Instantaneous turbulence quantities (ITQ), 3) Time-average fluctuation (TAF), 4) Spatial average
fluctuation (SAF), 5) Taylor micro scale and dissipation (TMS), 6) Auto or Cross correlation function with the computation
of the integral scale (ACF, CCF), and 7) Statistical analysis, which displays the vector fields´ statistical information in
numeric form, profiles, or distributions. Both the spatial average and the time average fluctuation tools have been found
useful in the analysis of the instantaneous phenomena like eddies or other coherent structures in flows. With the aid of ITQtool it is possible to analyse the instantanous turbulence quantities like rotation, strain, divergency, velocity gradients,
swirling, and pressure difference.
The computation of the estimates for the Taylor micro scales and the integral scales have lead to a suggestion to combine
the computational results of two or more different measurement sets made with the different spatial resolution. The different
spatial resolutions have been achieved by the different sizes of the measurement area in figure 2 in which turbulent flow has
been measured after the step change of 10mm. In figure 3 has been shown an example of the TMS dependency to the
resolution of the PIV measurements.
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Fig. 2. Example case 1: The PIV-measurement area of
the four different sizes - width 16, 32, 48, 64mm.
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Fig. 1. Graphical user- interface main menu and the
menu of th Taylor micro scales and dissipation.

Fig. 3. Taylor micro scale estimates for u and v with the
different distances between adjacent vectors ie. the
measurement area width 16,...,64mm corresponds the
distances 0.2,...,0.8mm of the adjacent vectors.

1 Introduction
The effective analysis of the turbulence with PIV is not anymore only the question of the accurate measurement system and
the effective pre-processing method of the raw data, but in rising extent it is the question of how to analyse and understand
the turbulence when the vector fields are already in the hand of the researcher. The researchers possibility to concentrate
on the turbulence phenomena and analysis methods instead of the computers and software techniques is the goal of this
work.
In this paper a new interactive user-friendly software for the analysis of turbulence from the PIV vector data is introduced.
The software has been programmed with the mentioned concept in mind: the users ability 1) to approach the turbulence
phenomena with the aid of the graphical user-interface of the software 2) to compare results received by the different
analysis tools of the software. The main menu of the software and an example of the Taylor micro scale and dissipation menu is shown in Appendix A.
This vector analysis software is built upon a commercial PIV system which software technique allows the use of graphical
user-interface and the call of DLL-based C-language macros. Many of the turbulence analysis methods for PIV, implemented
in the software, have recently been introduced in the literature (Adrian et al. 1998, Baur et al.1999, Eloranta et al.1999,
Saarenrinne et al.1999, Piirto et al. 1999). However, some new features have been added in order to improve either the
calculation of the turbulence quantities or the turbulence analysis itself.
The software tools are introduced and different analysis methods have been presented with the aid of two different example
cases: 1) Step change in a channel flow with four different sizes of measurement area shown in figure 2 (Reynolds number
45000 after the step size of 10mm, the width of the channel 40mm), and 2) Wake flow of two flat plates parallel with each
other in a channel shown (Reynolds number 63000 between the plates).
In chapters 2 and 3, the length scale estimation principles and methods have been introduced. The turbulence fluctuation
and the computation of the instantaneous turbulence quantities have been explained in chapters 4 and 5. In chapter 6 timemean turbulence quantities have been discussed, and chapter 7 comprises the conclusions.

2 Estimation of the Taylor micro scales and dissipation
For the estimation of the Taylor micro scales (TMS) and the dissipation with PIV, the use of the different distances between
adjacent vectors and thus the size of the physical interrogation area, can lead into an interesting perception. When the
distance of two adjacent vectors get shorter and the interrogation areas get smaller as well, the velocity vectors describe
better the velocity in a particular position of the flow. Thus it is very useful to make measurements with different distances
between the adjacent vectors whenever the estimates for the derivatives and differences are calculated.
In the following figures 4, 5, and 6, the distance of the adjacent vectors have changed and it has affected the results of the
Taylor micro scale. The software tool Micro scale (figure 1) automatically computes the estimates for TMS to both the
directions and both the velocity components u and v likewise the two-dimensional dissipation and the dissipation for the
isotropic case. The estimate of the TMS can be computed for u-component to the direction x with the equation (Hinze
1975)
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in which the velocity gradient can be computed either with the backward or the forward difference algorithm or with the
central difference scheme. When the estimate for the gradient is computed, a) the average can be subtracted u = U − U
or, b) the average can be assumed to be equal between two adjacent positions and thus neglected. The choice b is useful if
the vector fields are few and the average is not considered to be accurate. In this equation u and U denote two-dimensional
fluctuation and instantaneous velocity vector fields, respectively.
According to the definition, the estimate for the TMS of eq. 1 gets the best value when the distance between two adjacent
velocity vectors are as short as possible. The problem of the very short distance is the inadequate physical size of the
interrogation area, which will finally lead incorrect vectors and affects the estimates more than the long distance of the
adjacent vectors (Saarenrinne et al. 1999, Piirto et al. 1999b). In figure 3, TMS have been computed with different
resolutions - the size of the interrogation area and the distance between two adjacent vectors have been 0.2, 0.4, 0.6, and
0.8mm. The Taylor micro scale values have been taken from the distributions made of the result maps in the figures 4, 5,

and 6. The computational area in the flow has been equal area both sides from the horizontal middle level of the backwardforward boundary layer which can be noticed with the orange color in the figures 4, 5, and 6. The window area under the
distribution examination has been zoomed in the same ratio with the area of the test sections and thus the physical size of the
examination area has been kept constant. Thus TMS estimates solved with the different resolutions can be compared to
each others. The most common value chosen are is the peaks of the distributions. Distribution tool is useful when the
computed result fields contain erroneous data. Finding the maximum value, 1% of the extreme values have been dropped
away.
In figure 3 can be noticed quite linear behaviour of the TMS estimates when the resolution is getting better and the distance
between two adjacent vectors are linearly getting shorter. One may like to extrapolate the estimate for the TMS when the
distance gets shorter toward dx=0. In this flow case the linear extrapolation produce the estimate for TMS u(x) about
0.75mm with dx=0. The problem of the extrapolation is the unknown behavior of the TMS when the distance gets close to
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dx=0, and the length scales and thus the velocity gradients remain unsure. With the resolution dx=0.2mm, the length scale
is still far away from Kolmogorov length scale. However, the linear type behaviour of the TMS estimate, when the resolution
increases, may include information which can give right idea for the extrapolation. In anycase the estimate contains error
term but the calculation offers the quantity tool for the estimation of TMS between different flow situations.
Kinetic energy dissipation is in relationship with the Taylor micro scales and the estimates for two-dimensional and the
isotropic case are computed with the same Micro Scale tool. Same gradient calculation estimates with TMS are available.
The equation for two-dimensional dissipation is
2

2

2

 ∂v 
 ∂u ∂v 
 ∂u 
 ∂v 
 ∂u 
ε = 2ν   + ν   + 2ν 
 + ν   + 2ν  
 ∂x 
 ∂x 
 ∂y 
 ∂y ∂x 
 ∂y 

2

(2)

in whichν is the kinematic viscosity. The dissipation in the isotropic case is
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The computation of the estimate for the dissipation with PIV has been examined e.g. by Saarenrinne et al. 1999. In table
1 has been summoned the estimates with the different vector distances for two-dimensional dissipation and the isotropic
dissipation. The computation has been performed with the backward algorithm and the time average has been removed.
This example clearly shows that this flow situation cannot give the rigth values for the estimates in the isotropic case
because the derivatives to v-velocity component affects to the dissipation estimates with the factor of about 2.5. In contrast
with TMS, the estimates are not behaving linearly but seem to follow parabola or exponential shape. If the second order
polynomial fitting with the least square method is achieved for two-dimensional case and the extrapolation to dx=0 is
performed, the calculated value is about 11.3 m 2 / s 3 as can be seen in figure 8.
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Table 1.
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Fig. 8. An example of the extrapolation of
the two-dimensional dissipation estimate with
the aid of the second order polynomial fitting.
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The most difficult question in the estimation of either the Taylor micro scales or the dissipation is the unreliable behavior of
the estimates, when the physical interrogation area gets smaller than what is possible to measure reliably with PIV-technique.
In this example the vector data of 1000 fields has been computed with the interrogation area of 32 x 32 pixels with 50%
overlapping. The average velocity and the RMS satisfy the following criteria: if the vector data of dx=0.2mm is averaged
with 2x2 filter, the average velocity and its RMS are the same with the vector data of dx=0.4 having error marginal less than
2%. The same criteria with the vector data from dx=0.4mm to dx=0.8mm gives the error marginal of about 4%. If
dx=0.15mm, it is difficult to have the quality of the data good enough with the current PIV system and the average velocity
decreases more than 15% compared to dx=0.2mm.
This kind of average stationary check is necessary to ensure the quality of the data is good enough. If the RMS value is not
kept constant between the different resolutions, it does not automaticly mean the quality problems with the data, but can
also state the different turbulent length scales. Is is difficult to separate the velocity measurement error from the RMS of
the real flow turbulence. However, if the RMS values with the different resolutions are in the same class, they can be
assumed to be caused by the real flow turbulence. Also the length scale can be expected to be measureable with all the
resolutions of the test areas. This kind of TMS and dissipation analysis with the quality tests and the computations of the
distributions is a typical example of the the analyse procedure which is improved via the graphical user-interface. The
comparison of the results can be done on-line and they advise the other steps.

3 Estimation of the integral scale
The quality estimation of the integral scale with one physical size of the PIV measurement window is in most cases impossible.
The short length scales of turbulence cannot be measured with the large PIV measurement window and large PIV measurement
field is needed to estimate the large vortices in the flow. In figure 9 has been shown the first 0 - 6mm of the autocorrelation
function (ACF) estimate computed with the Correlation tool of the different distances of the adjacent vectors. As can be
assumed, the shortest value of the distance dx gives the best estimate. The vector data in this example is the same as in the
TMS example of the previous chapter and only the backward-forward boundary layer region of the flow has been chosen as
the computational area. The unbiased estimate for ACF has been computed with the equation
u (ξ j )u (ξ j + x )
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in which m is the number of all the accepted values of the ACF which satisfies the distance x inside the user-specified area
in PIV-vector fields between two fluctuation velocity components of u. In the estimation of the integral scale, the ACF
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Fig. 9. The first 0 - 6 mm part of the the ACF estimates
for v(x) computed for the data when the distance of the
two vectors were dx=0.8mm (+), dx=0.4mm (*), and
dx=0.2mm (o). The mark used for plotting in parenthesis.

estimate with dx=0.2mm gives accepted results in the first 6mm. With higher lag values the available data is too few and
there appears noise in the estimate. In the example shown in figure 10, it is suggested a method to combine the different
correlation functions with the different dx=0.2mm, dx=0.4mm, and dx=0.8mm. From the length 6-19mm, the ACF has
been continued with the data of dx=0.4mm. In the ACF with dx=0.8mm, the zero correlation can almost be reached with
the distance lag of 60mm.
The Correlation tool automatically computes the integral scale between the given lags. For the computation of the integral
scale, the following estimate is used
Λ vx =
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in which index i specifies the lag number. The half area in the beginning and in the end of the calculation of the estimate for
the integral scale enables the change from one ACF of dx=0.2mm to another ACF of dx=0.4mm and finally to the ACF of
dx=0.8mm. In this example the combination value for the integral scale is 4.32 mm. In this example the user-specified
computational area has been the upper-part of the channel in which the backward flow and visible eddies are dominant. The
main-flow component dominates the lower-part of thechannel and thus it has totally different length scales compared to the
upper-part. For the computation of the length scales with ACF, it is necessary to choose the right computational area for the
desired results ( (Piirto et al. 1999b). E.g. in this flow case, if the ACF computational area includes both the upper-part and
the lower-part areas, it is impossible to separate the length scales of the different flow areas in the autocorrelation functi on.
The beginning and the end of the ACF estimates are the most difficult parts when the estimate for the integral scale is
computed. However, if the ACF estimates are combined like in this example, the error caused by the beginning and the end
of the correlation curve can be radically reduced. With the Correlation tool it is possible to compute cross-correlation
function (CCF) estimates, too.
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Fig. 10. Three different ACF estimates for v(x) computed for the data when the distance of the two vectors were dx=0.8mm
(+), dx=0.4mm (*), and dx=0.2mm (o). The best parts of the estimates are combined and shown in the figure. The mark
for the each line in parenthesis. The unstable end of the ACF estimates are cutted away in each case.

4 Turbulence spatial fluctuation
The next example introduces the Spatial average fluctuation -tool (SAF). It is based on the average spatial filtering of the
vector data with available filters (average smoothing filter, Gaussian smoothing filter) with the size of 3x3, 5x5, 7x7, or
9x9. The filtered vector field is subtracted from the original one. This method discovers the spatial fluctuation behind the
strong flow components and is close to the computational idea of the large eddy simulation (Adrian et al. 1998). Figure 11
demonstrates the example case 2. An example of the instantaneous vector field (interrogation area of 32x32 pixels, no
overlapping, no filteration) has been shown in figure 12 and the SAF-vector field in figure 13.
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Fig. 11. Example case 2: The test section (gray area /
size 40mm x 32mm) is located just after two flat plates .

For the computation of the spatial fluctuation, smoothing filter with size of 9x9 has been applied to the original vector field.
The smaller the scale of the flow structure is, which is needed to be discovered, the smaller the needed filter size. With large
filters - even the size of the vector field - large structures of flow can be observed. Other methods to discover eddies and
structures in the vector fields are the time based fluctuation, rotation, and swirling. The definition of the swirling is based
on the eigenvalues of the gradient matrix

∂u / ∂x ∂u / ∂y 
 ∂v / ∂x ∂v / ∂y 



(5)

If the eigenvalues are a pair of the complex conjugate λcr ± λci , the swirling strength in that particular location is the
squared conjugate part λ2ci . This method has been introduced by Chong et. al. 1990 and applied for PIV by Adrian et al.
1998 and Eloranta et al. 1999. Both of these last mentioned papers concentrate on the visualization of the vortices with
PIV.

Fig. 12. An example of the original instantaneous
vector field without overlaping.

Fig. 13. An example of the spatial fluctuation with
interpolated vectors between each two vectors.

The calculated examples of time average fluctuation (TAF), rotation, and swirling has been shown in figures14, 15, and 16,
respectively. As can be noticed in the figures, TAF discovers large fluctuation structures while rotation and swirling
strength structures are quite local. In this example the swirling strength structures are almost sharp points discovering the
kernel of the vortex, and they do not give any information about the direction of the vorticies.

5 Instantaneous Turbulence quantities
In the Appendix A all the available tools for the calculation of the instantaneous turbulence quantities ITQ´s of the software
have been listed. If an ITQ quantity includes velocity gradients, like rotation, strain, divergency, and pressure difference all
do, it is possible to compute the estimate for them either with backward/forward difference algorithm or with the central
difference scheme. More exotic ITQ is e.g. an angle change between adjacent vectors, which has been applied in Piirto et
al. 1999a.

5.0

m/s

-5.0
Fig. 14. An example of the fluctuation v .

8000.0

1/s

-8000.0
Fig. 15. Rotation ∂u / ∂y − ∂v / ∂x .

4000.0
1e3

1/ s

0.0
2
Fig. 16. An example of the swirling λ ci .

2

The computation of the pressure reduction has been introduced by Baur et al. 1999. The equations for the pressure
difference to the direction x is presented in the Appendix B. The gradient ∂u / ∂t has been replaced with Taylor´s
hypothesis. Instead of the pressure reduction, the pressure gradient has been multiplied with dx which leads to the pressure
difference field p(x) or p(y). The total pressure is the sum p(x) + p(y). An example of p(y) has been shown in figure 17.
Time average fluctuation (TAF) is a separate tool because of its different nature to the other ITQ´s i.e. the time-average of
the velocity has to be solved before the fluctuations can be calculated.

15.0

m2 / s2

-15.0
Fig. 17. Spatial fluctuation vector field with pressure difference computed to the direction y. In
this figure can be noticed three vertical wakes and the high pressure differencies caused by the
eddies. The pressure difference p(y) shown here is not multiplied with the density (kg/m3) which
would lead to the unit of pressure (Pa).

6 Time-mean turbulence quantities
Time-mean turbulence quantities can be computed with TMTQs -tool and 8 basic quantities have been computed: 1)
kinetic energy of the average velocities (example in figure 18), 2) turbulence kinetic energy (example in figure 19), 3)
Reynolds stress uu, 4) Reynolds stress vv, 5) Reynolds stress uv (example in figure 20), 6) turbulence intensity for u, 7)
turbulence intensity for v, 8) total turbulence intensity (example in figure 21). Turbulence intensities are calculated to the
different components: a) u´, b) v´, and c) the length (u´,v´) with the same denominator, which is the length of the average
velocity components. The Reynolds stress tensor (shear stress component, explained e.g. in Tennekes and Lumley 1972)
has been computed by the equation

τ uv

= ρ

1
N

N

∑ UV
i =1

− ρUV

(6)

except the density is never automatically included in the computation of the TMTQs. Other TMTQs can be computed via
the command line of the software if needed.
The software computes the average values for the turbulence instantaneous quantities as well. An example of the averaged
ITQ, spatial fluctuation, has been shown in figure 22. In one way the computation of the TMS and the dissipation are kind
of TMTQs as well, but for the special features and more computational operations, it has located as a separate tool. In
figure 23 has been plotted an example of the TMS for this flow case. With Vector Statistics tool x- or y-profiles, given in
figure 24, or numerical statistical information can be calculated from the user-specified area of one or more vector fields.
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7 Conclusions
An interactive software with a graphical user-interface has been introduced for the analysis of the turbulence from PIV
vector fields. With the aid of one software tool, it is possible to get analysis results almost immediately. Quick analysis of
these results may lead a user to take another step with the other tool. This analysis procedure may continue with the next set
of data and the comparison of the results of the first set.
The turbulence length scales, like Taylor micro scale, dissipation and integral scale, discovered and examined with the
different PIV vector analysis tools seem to be the most interesting field of this research work. This has lead suggestion to
vary the resolution of the PIV measurements. The flow visualization with the instantanous turbulence quantities like
rotation, is another interesting topic. Future steps are to carry out research of two-dimensional spectral analysis and a paper
of the topic will be published (Piirto et. al. 2000).
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APPENDIX A
Available functions for Instantaneous Turbulence
Quantities (ITQ).
1 Rotation (central)
2 Rotation (smooth)
3 Rotation (backward/forward)
4 Strain (central)
5 Strain (smooth)
6 Strain (backward/forward)
7 Divergency (central)
8 Divergency (smooth)
9 Divergency (backward/forward)
10 Local fluctuation (direction x)
11 Local fluctuation (direction y)

12
13
14
15
16
17
18
19
20
21
22

Angle Change X
Angle Change Y
Angle Change X * Length
Angle Change Y * Length
du/dx (backward/forward)
du/dy (backward/forward)
dv/dx (backward/forward)
dv/dy (backward/forward)
du (direction x)
du (direction y)
dv (direction x)

23
24
25
26
27
28
29
30
31
32
33

dv (direction y)
d2u/dx2 (backward/forward)
d2u/dy2 (backward/forward)
d2v/dx2 (backward/forward)
d2v/dy2 (backward/forward)
pressure dp(x) (backward/forward)
pressure dp(y) (backward/forward)
pressure dp(2d) (backward/forward)
Swirling (central)
Swirling (smooth)
Swirling (backward/forward)

APPENDIX B The equations for the pressure difference to the direction x:
1) Navier-Stokes equation, 3-dimensional form, x-component
ρ

 ∂2u
∂u
∂u 2
∂ uv
∂ uw
∂p
∂ 2u
∂ 2u
+ ρ
+ ρ
+ ρ
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+νρ
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2
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2) Neglected terms:
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3) Replaced terms:
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in which
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w +
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.
(Continuity) and

4) By using 1, 2, and 3, it is possible to solve

∂p
∂x

∂u
∂u
= −U
∂t
∂x

(Taylor´s hypothesis).

which is multiplied with dx.

.

