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Abstract
Present work shows some results of research orulemb jets and plumes, their
structures and effects occurred in different camiagions (free jet, wall jet, 'bubbly’ jet).
The proposed work is based principally on experisidut there are also made some
comparisons between experimental and environmebt#rvations. We discuss here in
summary the series of detailed experiments thae Haeen performed in laboratory
utilizing visualizations methods (Particle Imageldgmetry) and Acoustic Doppler
Velocimeter (ADV) measurements of turbulence patansein order to obtain a basic
understanding of the turbulence phenomenon. Wetaiomderstand the behaviour of
turbulent jets incorporating the recent advancesnam-homogeneous turbulence,
structure function analysis, multifractal technig@and extended self-similarity.

One of the used configurations is the turbulentl yetl that occurs often in
several environmental and industrial processes sisclaeronautics design, heating,
cooling, ventilation and environmental fluid dynasii Other one is a 'bubbly’ jet, a kind
of jet 'filled' with bubbles. We used also two kendf jet's sources: two pumps with
smaller and bigger flow rate and different Reynaidmbers.

Results contain both measured (mean and fluctuatalocities, amplitudes,
signal-noise-ratio, etc.) and statistical valuetawied with provided and also personally
created programs (correlations, covariance, kgtagandard deviation, skewness) and
other such Reynolds number or turbulence intendMg focus special attention on
correlations and structure function which are uls&u energy spectra analysis. It is
interesting to investigate the convergence of peréal experiments with Kolmogorov
theory taking into accoumon-homogeneity, non isotropy, etc. and to userikidd Self
Similarity (ESS) and the third order structure fiimgs to investigate the scale to scale
transfer of energy.

With deep analysis of the performed results we galye the adaptation of
measurement methods and acquire more experiencetsvapplication.

An additional part of the work includes multi-frattanalysis of Synthetic
Aperture Radar (SAR) images of the sea surface. mhuéi-fractal method allows
investigating the turbulent and fractal structufenon homogeneous jets affected by
different levels of turbulence. Other aims of thedastigation under way are to determine
the structure of ocean surface detected jets amghae coastal and boundary effects on
the structure of river jets. A useful outcome islevelop further multi-fractal techniques
useful for environmental monitoring in space.

We perform the box counting algorithm for the diffet intensities of vortices
detected by SAR using special program Ima_Calc. SRges allow us to observe
convective cells and vortices formed in the seéasar
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Introduction
Most practical flows occurring in nature and in emgring applications involve non-
homogeneous turbulent flows. Great progress has begle in the last century (since
Kolmogorov's work K41 and K62 theorie§ () on the structure and theory of
homogeneous and isotropic turbulence, but non-hemegus or boundary affected
flows still lack a comprehensive theory, Mahjoub@@)“%.

The mechanics of the turbulent jets, although stlidiuring the last decades, still
Is a paradigm of flow behaviour, together with waked boundary layers, and all these
flows are of great interest to researchers. Innmegears, thanks to improved remote
sensing and non intrusive Doppler velocimeters we abserve concentration on the
environment and laboratory flows, for example ddatand mixing of pollutants in
water bodies at many scales. Studies of the behawoiaelatively basic kind of jets (the
free turbulent jet, wall jet, buoyant jets and p&sh are very important for the
understanding of more complex configurations. Timwestigation of the above
mentioned kinds of flow have been performed durmany years aiming mostly at the
mean flow predictions but there are still some ingrt unsolved questions in the
behaviour of the turbulent cascades and their strecbecause of the past limits of
measurements metho@s©,

We aim to understand the behaviour of turbulerdg jetorporating the recent
advances in non-homogeneous turbulence, structumetibn analysis, multifractal
techniques and extended self-similarity.

Using on the same experiments more than one methdidgnostic allows us to
compare results and improve the understanding effliiws and of the laboratory
techniques, this is also an important argumenmn&iwork based research because the
new experimental techniques implemented (e.g. BN/, Particle Tracking, Fractal
analysis, intermittency, structure function anaysetc) may be useful to other
researchers in experimental fluid dynamics or lateel fields.

Different experiments have been previously doné witbulent jets. We present
here measurements on the turbulent structure of-j@taflows including spectral
measurements of the non-homogeneous turbulent dmsgaocesses and thus
complement previous experiments, which were mastlycerned with mean structure.
Hinze (1975)® described transport processes in turbulent fidves turbulent shear
flows and “wall” turbulent shear flows. A basic ddption of turbulent jets cited in
Rajaratnam (1976¥ or the scaling differences between plane jetsraeasurements in
radial wall jets are discussed by Knowles, et 5298)® confirming axisymmetry in
round, turbulent jets impinging normally on a fid&te and self-similarity in the velocity
profiles. Similar research works cited in the AnnRaview of Fluid Mechanic€) ©
discuss engineering details and particular cases. ilmportant role of body forces
involving plumes/buoyant jets is described in Jif@04) ¥, especially information
about integral models for the analysis and preatictif turbulent buoyant jets.

There are many other research works and resultsibieg different aspects of wall-jet
flows, but they in majority use as a fundamentallnkagorov's theory © )
Considering the new advances in non-homogeneobslé&nt structure (Castilla, 2001
@ Mahjoub (2000§*") we show new measurements that will help to urtdedsthe role
of turbulent cascades when affected by coheremttsires.



Colloquium FLUID DYNAMICS 2007
Institute of Thermomechanics AS CR, Prague. October 24 - 26, 2007 p.

Experimental setup
We have used 3 kinds of jets using different camfigion and sources (pumps with
different flow rates) and changing also Reynoldsnhars (velocities of the jets and
diameters of nozzles). The jets were generatedautad m long Perspex tank with a
recirculating pump system. The co-ordinate systemd #he measuring stations are
shown on Figure 1. There is pure water with somighes in the tank. The jets are
water jets so we do not have density differencee ©h the set up includes also
buoyancy induced by air bubbles dissolved in tlosvflwe call it here ‘bubbly’ jet.
Temperature of the water is about 20-25 Celsiuse#sgso we can assume it as room
temperature. The ADV measuring probe was placedn5oger axis of the jet so
measurements could be made along the jet centratingell as at different distances
from the wall without jet disturbance.

PC computer with
ADV software

Acoustic Doppler

Velocimeter (ADV)
Ll
26 cm
- i
« ADV probe T
42 cm : —i e
T
z
4 400 cm
- ) } o
X -

Figure 1. Experimental configuration.

Measurements were made for different distances dmivwhe jet and the wall
(coordinate vy).
The flow parameters for both experiments were:
a) Small pump: mass flow: Q = 64 s stream’s velocity: V = 32 cm/s, diameter of the
nozzle:d = 1,6 cm;
b) Big pump:
b1) water jet, mass flow: Q = 524,6 ¥s) stream’s velocity: V = 552,3 cm/s, diameter
of the nozzle: 1,1 cm;
b2) “buoyant bubbly jet’, mass flow: Q = 645 tanstream’s velocity: V = 205 cm/s,
diameter of the nozzle: 2 cm.

The SonTek ADV shown in Figure 2, was used for detailed turbulence
measurements, is a versatile, high-precision ingtnt used to measure 3D water
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velocities. The ADV uses acoustic Doppler techngltm measure 3D flow in a small
samgling volume located a fixed distance (in oweca cm) from the probe. Voulgaris et
al. @ described the evaluation of ADV for turbulence meaments assuring a good

resolution at the used Re.

E i o

Figure 2. Acoustic Doppler Velocimeter (ADV) and Bibbes.

We measured turbulence parameters in differenttponh the jet zone and
outside. The measurements were done during peabd$ minutes (900 s) at each
point, the long measuring periods, longer thanregvipus experiments, were specially
designed for the structure function and higher ordementum and probability
distribution function analysis. Sampling rate is B3 so we have for each point of
measurements 22500 data samples.

Results of experiments
The basic direct measured parameters have beenthtbe velocity components,
standard deviation, kurtosis, skewness and cowaigmeasure of the correlation
between two velocity components). Majority of thame statistical terms and there are
useful to analyse results of our investigation.eH&e will discuss just some of them.

Standard deviation

Standard deviation of the samples is equal to & Rurbulence (the root-mean-square
of the turbulent velocity fluctuations or the squaoot of the mean of the deviations
from the mean velocity). ADV software computes Hample standard deviation. For
example, the RMS turbulence for the x velocity comgnt is:

el 1=, - (2 S

We can observe in Figure 3 the decrease of R.MeI8city for three components
(x, y and z) with distance from the nozzle (sowtéhe jet). Highest values correspond
to the x and y direction both because of the higieetical vorticity induced by the side
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wall and because of the lower spatial resolutionthef z component. We can note the
peaks of R.M.S. velocity for the x and y directidretween 10 and 20 x/D caused by the
wall effect that produces higher vorticity and afsgher shear in the turbulent velocities

. du” )’ . .
(related to the dissipation i€ = v(d—j of the turbulent velocity fluctuations) and we
X

can observe where boundary layer interaction withjet appears. Comparing the two
figures (y =4 cm and y = 13 cm) we can observe ithg = 4 cm (wall jet) case the
effect of the wall interaction is much larger.
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Figure 3. Standard deviation versus non dimensidisédnce function (x/D) for two
cases of the jet: y =4 cm and y = 13 cm (smallrie&ls number).
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Figure 4. Standard deviation x and y for threeadliseés from the wall versus non-
dimensional distance x/D (“bubbly” jet case).
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Comparing results of R.M.S velocity of “bubbly” jease (Figure 4) we can
notice that effect of the wall is noticeable (lafg®ak of the curve near the value x/D =
12) but we can not notice the difference betweeeetllistances from the wall, it is not
so well apparent like in low Reynolds number norfealcase. Probable causes of this
are higher outlet velocity in “bubbly” jet case ¢aib 6 times) and effect of the bubbles.
The same observations are visible in y — componeRLM.S. turbulence but values are
smaller. In normal jet case (Figure 5) the diffeenn R.M.S. between the three
distances from the wall are more evident.

200 — 200

—@®—y=4cm
—®—y=8cm
160 —&—— y=13cm

120

Figure 5. Standard deviation x and y for threeadliseés from the wall versus non
dimensional distance x/D (normal jet case).

Power spectrum and Probability Distribution Funct{& DF)

In Figure 6 we show the amplitude of the Fast Faufransforms (using the logarithm
described in Press, Flannery, Teukolsky, Vetter{it89)) of the velocity data for three
distances from the nozzle (x = 1 cm, x = 38 cm are 62 cm) for normal jet case
together with the PDF functions for the x and yotdent velocity components. They are
two statistical description of the turbulence.

The much wider pdf distribution at 38 cm proved tha wall jet interaction is a
mayor source of turbulence; at this particular fmeait seems that a vortex roll up
produces a recirculating flow. At a further dowesain location the mean velocities tend
to zero and the PDF’s narrows.

The slope of the energy spectra is seen to deceg¢dke intermediate measuring
station (x = 38 cm), this reflects the increaseantermittency produced by the strong
interaction between the jet and the wall. At thestfistation (x = 1 c¢cm) a more no
homogeneous turbulent flow, but at very differemty®olds numbers, produces a more
local cascade with less intermittency. Note that tilrbulent cascade only takes place
between 0.2 Hz and 8 Hz as higher frequencies signg of aliasing.
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Figure 6. Power spectrum of signal amplitude arab&bility Distribution Function
(PDF) of velocity for three distances from the rlezz= 1, 38 and 62 cm (normal jet
case, y =4 cm).

Correlations
A correlation score is calculated for each samfueed in the ADV file, for each of the
three signal beams; values are expressed in pewigmtl00 being a perfect correlation.
Correlations of 70 to 100 percent are typicallysidared good. Low correlation values
may indicate problems related to turbulence, sigtraihgth, scattered density, excessive
air bubbles, or problems with the probe itself.
Results of correlations are presented on Figure 7.

We can observe that in both cases the correlatioress less than recommended
70 % in first zone of the jet (in normal jet itabout x/D = 50 and in ‘bubbly’ jet about
x/D = 22). It can indicate problems related to tuemce and air bubbles in both cases.
However it is proven that in some situations inabhCOR values much less than 70 %
results were the best we could get, and yet thecitgl data seemed to be accurate,
judging from their correlation with other indepentemeasurements and their
consistency with ADV data from adjacent areas efftow in which we could get COR
> 70 %. It can be difficult to obtain COR > 70 %highly turbulent flows that are near
the upper limit of the velocity range setting fdretADV. This indicates that good
velocity measurements can be obtained even whecotielation is low. We can verify
our results using other parameter: Signal-To-NoisioR(SNR) is the ratio of signal
strength to the background acoustic noise levetrigiit in the ADV instrument. We
could try also to filter our data series using agsq filtering method. The correlation
score is a useful parameter to prove correctneA®O¥f results.
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Figure 7. Correlations for normal (left) and ‘bulright) jets for different distances
from the wall.

Autocorrelation
In a time series, the relationship between valdes wariable taken at certain times in

the series and values of a variable taken at otiseilly earlier times.
We calculate autocorrelation for x and y velocibynponent.

Funcion de correlacion

Funcion de correlacion

160

tiempo iempo

Figure 8. Autocorrelation for x (left) and y (rightelocity component for normal jet
case,x=84cm,y=4cm.

Analysing Figure 8 we can observe in x componesg ¢hat from 2 s appears an
increment of the correlation but if we interpol#te initial curve to find the point where
the correlation is 0 we have 3,5 s (without intéaing we have also 3,5 s). In y velocity
component case we have 1 s so we have good resohftidata capture (in 1 s — 25
data). X — component shows that the majority obdilegnce is in x — direction and its
dissipation is slower.
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Structure functions
The velocity structure functions of order p are wedi in terms of the moments of

velocity differences as:
- - ~\\P
.0)= (lux+1)- o)) = (e )
Where(...> signify ensemble average and u is the velocitypmment parallel tb.

Especially the third-order structure function of tkelocity (Figure 9) is
important for our contemplation. It is proportiortal the separation distance | in the
inertial range of Energy spectra and it is stangmotedure in the analysis to define an
inertial range. But this is predicted by Kolmogoroheory (1941) and in non-
homogenous and non-isotropic turbulence this ptapwlity is not warrantablel'hat is
why is so interesting compare third-order structiunection but also absolute scaling
exponent, relative scaling exponent and intermitgeparameter. Detailed information
about this problem contains work of Mahjoub (2008)

Figure 9. Structure functioné ofp= 2 3, 4, 5 amarder respectively for normal jet
case,x=84cm,y=4cm.

Multifractal analysis of the vortical structures using Synthetic Aperture Radar
(SAR) images.

Most of the SAR images analyzed were obtained dgut®96-1998. North-East part of
Mediterranean Sea (Balearic Sea, Catalan Cost) waken into consideration.
Resolution of the one image is 2361 x 2419 pixalso(t 100 km x 100 km). We
selected parts of these images in order to analgdecal structures of the sea surface.
On the Figure 10 it is shown part of the one of Sidige with marked zones of
interest.
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Figure 10. Part of SAR image with marked sea vestic

In order to distinguish the different types of f@as in the ocean surface, it is
possible to apply fractal and multi - fractal arsédy This method is described more
detailed in Platonov et al. (200%7. Simply generalising we perform the box counting
algorithm for the different intensities of vorticegtected by these images. In the sea
surface we can observe sea vortices (Figure 11;-tigft) but also typical regions for
SAR signatures where convective cells are formexdtgn — left). It is interesting to
compare the multifractal appearance of the diffesegnatures and this is shown for
these two examples in Figure 11.

The quite different fractal structure of the conwextells has a clear plateau of a
constant value of the maximum fractal dimensiondaigs that this measure is the same
for the different intensity values of the SAR imag®©n the other hand, the vertical
structures exhibit a slightly higher fractal val(fle7) for the higher SAR reflectivity
(white) and a linear increase from the darker fiesstult is obvious that the dark features,
being elongated and smoother have a smaller frdctension than the background area
between the spiral structures. But the appearaheelioear increase is not clear. The
fact that convective structures take place intadlimages and the structures are marked
both by darker (meaning a smooth surface) and winitegher sea surface areas) as
shown by the histogram sequence in Figure 12, explthat at a wider range the
maximum fractal dimension D is about the same (lf&5convective cells.



Colloquium FLUID DYNAMICS 2007
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Conclusions

The main objective of this paper is to show the @tigation phase of our work on the
structure of turbulent jets (especially wall jem)d interactions with boundary non-
homogeneities together with mixing effects in expental flow fields. Work is based
on detailed experiments using ADV measurements. Tim#al experimental
configurations have provided information about tharacteristics of the turbulent free
jet, the circular jet and the turbulent wall jet.or@parisons between different
experiments with the above configurations providesd information on the entrainment
and mixing properties of each.

We aimed to understand the behaviour of turbulets$ jncorporating the recent
advances in non-homogeneous turbulence, structumetion analysis, multifractal
techniques and extended self-similarity. We foquescgl attention on correlations and
structure function which are useful for energy $rzeanalysis.

In second part we showed that multi-fractal methtidws investigating the turbulent
and fractal structure of non homogeneous jets &by different levels of turbulence
and it can be useful to develop further multi-fed¢echniques for environmental.

Future work involves further advanced researchhsidubject. Our plans include using
laser methods LIF (Laser Induced Fluorescence) &vdRParticle Image Velocimetry)
available at our department for analysis of thésjettructure with video-camera
visualization using Diglmage software.
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