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1. Introduction
Modern optical methods of flow visualization: Particle Tracking Velocimetry (PTV) and
Particle Image Velocimetry (PIV) (see (Adrian, 1981)) are widely used in experimental
investigations of air and liquid flows for scientific and industrial purposes. They are
common in exploration of such processes as heat and mass transfer in power plants, flows in
aircraft and shipbuilding, and medico-biological applications. Nowadays this technique is
also employed in the laboratory modeling of geophysical flows (Sergeev  Troitskaya, 2011)
including air-sea interaction (Reul et al., 1999; Veron et al., 2007); flows in water column and
their interaction with bottom topography (Umeyama, 2008; Zhang et al., 2007); vortex flows
(Beckers et al., 2002; Heist et al., 2003).
The present work is devoted to the investigation of the new class of flows by PIV/PTVmethods – oscillating buoyant jets (fountains) in stratified fluid. (Bondur  Grebenyuk,
2001; Bondur 2004, 2011; Bondur et al. 2006, 2009). Among the applications of these flows
are heat and moisture exchange in the atmosphere and cloud formation (Turner, 1966). The
investigation of buoyant jets in stratified fluid is extremely important for the development of
new technologies of sewage disposal by coastal cities (Koh  Brooks, 1975). The end body of
such systems is a submerged collector. A typical diffuser of a modern collector is a pipe with
lots of outlets. Sewage water (which has almost the density of fresh water after sewage
disposal plants) is discharged into ambient salt water to produce buoyant jets (Bondur, 2011;
Bondur et al, 2006, 2009). One of the main questions when constructing diffusers of these
collectors is a regime of jet flows when they are trapped by pycnocline and don’t reach the
surface.
Sewage disposal to the ocean is an example of the man’s impact, influencing mass transfer,
hydrodynamics, hydrobiology and coastal ecosystem state as a whole (Bondur, 2011). The
complex investigation of these processes includes mathematic modeling of jets dynamics
(Bondur, 2011; Bondur et al, 2006, 2009; Bondur  Grebenyuk, 2001; Koh  Brooks, 1975;
Ozmidov 1986), contact methods (Bondur 2006; Bondur  Tsidilina, 2006; Gibson et al., 2006
a), and airborne and spaceborne remote sensing (Bondur, 2004, 2006, 2011; Bondur
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Grebenyuk, 2001). The investigation of physical mechanisms, responsible for surface
manifestations of sewage flows, is a challenging problem. In the papers (Bondur, 2004, 2006,
2011; Bondur Grebenyuk 2001) mechanisms, resulting from surface deformation by rising
vortices or internal waves are suggested, and in works (Bondur et al., 2005; Gibson et al.,
2006 b, 2007a,b) surface manifestations are explained by the complex interaction between
turbulence, internal waves, tides and bottom topography.
The intensive generation of internal waves by buoyant jets from submerged wastewater
outfalls in stratified fluid was investigated by contact methods in experiments on the
laboratory scale modeling of these systems (Bondur et al, 2009, 2010 a, 2010 b; Troitskaya et
al., 2008). However, in order to explore the possibility of internal waves manifestation and
mechanisms of their generation by buoyant jets, the additional experiments were needed
which allowed high-precision measurements of velocity fields of flows on the surface and in
the water column. Contact sensors are not applicable for such systems since they cause
essential perturbations in the investigated flow. Thus, in new experimental series noninvasive methods were employed, based on the flow visualization (modified PIV/PTVmethods), that allowed the effective solution to this problem.
The Chapter is organised as follows. The laboratory scale modeling of buoyant jets and the
investigation of surface flows induced by these jets with the application of PIV-technique is
described in Section 2. Section 3 is devoted to the testing of PIV-methods for the
measurement of velocity fields in buoyant jets in stratified fluid. The last Section deals with
the application of this method for the laboratory scale modeling. The parameters of
oscillating jets are compared with the characteristics of internal waves. Special methods of
video processing are employed to investigate the structure of jet perturbation modes.

2. Experimental studies on measurements of the surface flows induced by
submerged buoyant jets in the thermostratified tank with the modified PTVmethod
The main purpose of investigations, described in this part, is to assess the possibility of
internal waves manifestation caused by a submerged sewer system on the sea surface. To
solve this complicated problem it is necessary to obtain the properties of inhomogeneous
flow fields created on the sea surface.
The experimental study of these processes was carried out on the basis of laboratory scale
modeling at the Large Thermally Stratified Tank (LTST) of the Institute of Applied Physics,
Russian Academy of Sciences (IAP RAS). The experiments included measurements in the
water, and the main attention was drawn to the measurements of the surface flow, where
the PTV- method was used.
2.1 Experimental setup for the scale laboratory modeling of the surface flows induced
by the typical submerged sewer system in the LTST
The principal scheme of experiments is shown in Fig1. The LTST dimensions are as follows:
20 m in length, 4 m in width, and 2 m in depth. The temperature (density) stratification in
the LTST is generated through liquid heating and cooling with heat exchangers installed
along the tank walls (Arabadzhi et al., 1999; Bondur et al., 2009). It results in the formation
of the inhomogeneous vertical distribution of the temperature (density) in the tank.

www.intechopen.com

Applying of PIV/PTV Methods for Physical Modeling
of the Turbulent Buoyant Jets in a Stratified Fluid

347

(a)

(b)
Fig. 1. General scheme of LTST IAP RAS experiments with the location of temperature
and velocity sensors before the area of surface PTV measurements series S1 - (a), and behind
S2 - (b)
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The experiments were carried out using distribution of temperature with shallow
thermocline depth of 13–15 cm on the average (profile 1 in Fig.2), with the total water depth
of 130 cm.

Fig. 2. Operating profiles of temperature stratification in the LTST. 1) shallow thermocline 2)
deep thermocline. Two curves for each case indicates borders of stratification changing
during experiments.
The scaled model of the diffuser of the sewer system was a metallic blanked-off tube at one
end with the length of 1.3 m and the diameter d of 1.2 cm; the model includes 5 holes with the
diameter of 3 mm located at a distance of 30 cm from each other at the same level. The tube is
oriented horizontally across and in the middle of the tank (Fig. 1). The holes axes are oriented
horizontally. The model is connected by a hose with a tank containing the solution of ethyl
alcohol, the density of which during the experiments was kept constant (0.93 g/cm3). Thus
initial difference in density between jet and ambient fluid ∆ρ0 was 0.07 g/cm3. The outflow
rate V0 from the diffuser model was: 40, 70, 100, and 150 cm/s (controlled by measuring the
volumetric time rate). The variation of the flow rate through the change in the tank-solution
level during the experiment does not exceed 10% (the average value was 5%).
The parameters of the induced jet flow and stratification in the LTST, enable us to simulate
the typical conditions of the coastal area parameters of the submerged disposal system (Koh
 Brooks, 1975) with respect to the Ri, Str numbers (Bondur et al., 2009):

Ri 

Str 
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where ρ0 – mean density of ambient fluid, N0 – maximum buoyancy frequency of the
ambient stratification, g – gravitational acceleration, and a geometric similarity on the scale
of 1:27. In this case, the Reynolds number at the output was around 3000, which ensures the
developed turbulence mode of buoyant jets in the laboratory experiment.
2.2 Measuring technique
Preliminary estimates indicated that the amplitudes of surface flows induced by internal
waves would be only few mm/s. For these conditions, the modified Particle Tracking
Velocimetry (PTV) method was used to measure the velocities of the surface flows induced
by internal waves.
Thus, the limited area of basin surface under observation was seeded by particles of black
polyethylene (density 0.98 g/cm3) with a characteristic size of about 1.5 mm for creating a
contrast to the white background of the bottom (see the experimental setups in Figs. 1 a, b).
The motion of particles was recorded by a ССD camera from above (25 frames/sec), and the
resulting time series of images were then processed on the computer. It turned out to be
impossible to combine the particle observation region with the sensor allocation area (the
distance between sensors and the observation area center is a minimum) in the conditions of
this experiment, because the sensor images hindered the correct identification of particles on
the images. That is why, two series of experiments were carried out with the sensors and the
observation area allocated differently relative to the diffuser model.
The series S1 (see Fig. 1 a) included the installation of 13 temperature sensors vertically at a
distance of 200 cm from the diffuser model for measuring proprieties of internal waves; a
scanning 3D ultrasound doppler anemometer (ADV) (at a distance of 260 cm); and the
center of the observation area (at a distance of 400 cm), which is a 6048 cm2 rectangle was
oriented by its longer side along the direction of the jet flow.
During the series S2 (see Fig. 1 b), the surface observation area was located at a distance of
200 cm from the model. The area had dimensions 10080 cm2 and was oriented
perpendicular to the flow motion. Further, at a distance of 300 cm from the collector model,
temperature sensors were located and, at a distance of 360 cm, an ADV was located.
Two important problems concerning the measurements of surface flows in the LTST
appeared during these experiments. The first one was that, when the temperature
stratification with a shallow thermocline is created (Fig. 2), large-scale flows as a system of
cyclonic and anticyclonic vortexes occurred on the surface layer. The measurements
performed by the PTV method indicated that the scale of an individual vortex was 1.5–2.5
m, the maximum velocities of flows in it reached 1.3 cm/s, and the average velocities were
about 4 mm/s. These values were calculated approximately, because the size of the
observed area in both series of experiments did not allow one to cover the whole area at
least one vortex. It can be assumed that vortexes appeared by inhomogeneous horizontal
heating of the fine upper layer of thermocline. The presence of the large-scale flows made a
low frequency trend in the dependence of the velocity on time, which was eliminated by the
low frequency filtering of the results (see Subsection 2.3).
The second factor making it difficult to perform velocity measurements of surface flows is
the presence of a Surface active substance (SAS) or dust film, which could not be completely
removed.
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We measured the parameters of the SAS film using the technique proposed in (Ermakov 
Kijashko, 2006).
2.3 Modified algorithms of the PTV-method for studying weak surface flows
A classical PTV-method measures the velocity of each particle with respect to its motion on
frames separated by a time interval and then reconstructs the velocity field by the velocity
values at the points of the particle location. In these experiments, due to the presence of a
background flow (see Subsection 2.2), the number of seeding particles in the observation
area quickly decreased with time. For this reason we were able to determine only the
averaged (over the observation area) value of the flow velocity. We found the trajectories of
particles passing through this area and calculated their velocity at each moment. Then we
calculated the velocity value averaged over all particles that were found in the observation
area at the given time moment. The uncertainty of the PTV measurements was defined by
the accuracy of the center of particle determination. It was about 10 % (based on results of
special test experiments). To exclude the background low-frequency trends in the particle
velocity, caused by large-scale flows in the LTST, we performed the low-frequency filtering
of distributions of signals at frequencies below 0.02 Hz. The examples of such time
dependences of the averaged surface flow velocity are shown in Fig. 3. These data were
compared with oscillations of isotherms obtained from the temperature measurements (see
Bondur et al., 2010 а).

Fig. 3. Amplitudes of disturbances at the surface measured by the PTV method for rates of
outflow from the diffuser model: a, 40 cm/s, b, 70 cm/s, c, 100 cm/s, and d, 150 cm/s.

www.intechopen.com

Applying of PIV/PTV Methods for Physical Modeling
of the Turbulent Buoyant Jets in a Stratified Fluid

351

2.4 Results - Comparing with theory forecasts
Basing on measured time realizations, we calculated the rms values of the surface velocity
V
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Fig. 4. It can be seen from here that

on the outflow rate from the diffuser model is shown in
V
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varies in the range between 0.1 and 0.3 cm/s.

Fig. 4. Amplitudes of surface flow velocities (series S1 left and series S2 right): the black
diamonds indicate theoretical estimates while accounting for the influence of the film
and the light diamonds indicate the measurement results obtained by the PTV- method.
Error bars corresponding to the uncertainty of the PTV measurements 10%, and uncertainty
of theoretical estimations (determined by the accuracy of SAS films properties
measurements 20 %).
The experimental data were compared with theoretical estimations of the value of the
velocity on the surface according the theory of internal wave propagation proposed in
(Bondur et al., 2010 а). Estimations were obtained taking into account the influence of the
SAS films. The estimate for the error in theoretical values was determined by the
measurement error (constituted 20%) (Ermakov  Kijashko, 2006). It is well seen from the
figures that the results are in good agreement.
Thus, the experiments revealed that in the presence of internal waves induced by jets during
outflow from the submerged sewer system model, surface flows with spatial periods
controlled by the properties these waves appeared. The wavelength was from 30 to 160 cm.
The standard deviations of velocities in the presence of a SAS film at the water surface
varied in the range from 0.1 to 0.3 mm/s, corresponding to the amplitudes from 0.15 to 0.45
mm/s. For pure water the surface would constitute 1 to 2 mm/s. It should be pointed out
that these experiments were performed for the conditions of scaled modeling.
In view of this, using the coefficients of scale modeling, one can estimate the flows created near
the submerged sewer system in nature conditions: the parameters of internal waves (induced
by jets), and the prosperities of their surface manifestations, as well as make conclusions on the
possibility of remote diagnostics of these waves. In our laboratory experiment the coefficient of
scale modeling with respect to the velocity value constitutes 1:3 and the coefficient of
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geometric similarity was 1:27. In view of this, we revealed the fact that this experiment
simulated stratification with a pycnocline thickness of about 4 m, an internal wave with the
length from 8 to 43 m, celerity from 5 to 10 cm/s, and the surface flow velocity from 0.3 to 0.6
cm/s. For such flows it yielded an estimate (see (Bondur et al., 2010 b)) for the contrast in the
field of short waves of 0.12–0.3, which can be confidently detected by modern remote sensing
methods (Bondur, 2004, 2006, 2011; Bondur, Grebenuyk, 2001).

3. The experimental study of the interaction of buoyant turbulent jet with
pycnocline stratification with the PIV-method
A theory describing the relation of characteristics of surface manifestations with the
operational parameters of sewer systems should be made. For this propose it is necessary to
investigate the dynamics of the buoyant jets in the pycnocline region, where the trapping of
the jets by stratification occurred. The PIV-method is widely used for studying the velocity
fields of the jet flows. However, there are several problems of carrying out measurements by
PIV-methods in LTST (see Section 4). That is why preliminary test experiments of applying
PIV-methods were provided in a small reservoir with saline stratification.
3.1 Experimental setup in saline stratification
To study the properties of the buoyant turbulent jets and ambient stratified liquid
interaction, we performed preliminary test experiments in a small plexiglas basin with
saline stratification. The scheme of the experiment is shown in Fig.5.
Here, a salt stratification of the pycnocline type is created. The distributions of density and
buoyancy frequency are shown in Fig. 6.
In this experiment, the diffuser model had only a single vent with a diameter of 1.2 mm that
allowed fresh water to flow out with the rate of 50 cm/s and form buoyant jet in ambient
salt water.
reservoir with fresh water
and particles

laser

Water Surface

50 cm

z
Tank
with
saline
stratification

Side view
Field of laser knife

(z)

jet

V0=100 cm/s
density
profile Model of diffusor
120 cm

Bottom
Top view

1 hole d=3 mm
50 cm

Field of laser knife

Model of diffusor
CCD camerа

Fig. 5. Principal scheme of experimental setup.
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the small reservoir.
The PIV method was used to study the jet flow. Polyamide particles 50 μm were added to
the reservoir with freshwater. We put particles only in the jet, because we want to see and
measure the form and boundary of the jet precisely (oscillations of the top of the jet). The
motion of particles in the jet was visualized by a vertical laser sheet along the jet axis. The
source – CW NdYag laser (532 nm wavelength, 0.5 Wt power). The lateral view was
recorded on a CCD-camera (example of the buoyant plume is shown in Fig. 7) with the rate
of 25 frames per second and exposure time of 5 ms. The displacement was less than 1 pxl
during time exposure.

Fig. 7. Example of the buoyant plume.
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3.2 PIV-processing
The main attention was drawn to the area of the front of the fountain. The processing of the
resulting frame sequences by PIV algorithms made it possible to obtain the velocity field in
the laser-sheet cross section at consecutive time points with a step of 0.25 s by the way of
cross correlation processing successive pairs of frames. The interrogation window size was
32* 32 pix, with 50 % overlapping. The Gaussian approximation of the correlation function
was used to avoid the effect of peak locking. The measurements uncertainty by PIV-method
was about 3 %. It was obtained from the processing of synthetic images with determined
displacement. Fig. 8 shows examples of measured instantaneous velocity fields.

Fig. 8. Velocity field of buoyant turbulent jet.
It can be clearly seen that the jet is trapped by the stratification and propagates at the neutral
buoyancy level, which is located on the lower boundary of the pycnocline. The video
recording also indicated that the upper boundary of the jet oscillates in the vertical plane;
the oscillation spectrum of the front clearly expressed peak at a frequency of 0.1 Hz (Fig. 9).
3.3 Main results of the experiment
Fig. 10 shows the instantaneous velocity profiles in different cross sections of the jet. To
smooth the turbulent fluctuations that arise on these profiles, averaging by the coordinate
along the jet axis over three domains shown in Fig. 8 was used. This includes the calculation
of the mean profile of velocity on the basis of three adjacent profiles located 4.8 mm away
from each another. It can be seen from the Fig. 10 that the counterflow exists in the region of
pycnocline.
A stability analysis for the resulting profiles of flow velocities performed by the method of
normal modes has revealed that, for the jet with the counterflow region, the condition of
absolute instability by the Briggs criterion (Briggs, 1964) for axisymmetric jet oscillations is
satisfied. The stability of nonparallel currents is normally analyzed in the following way: the
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current is divided into parts, each of which is taken to be quasi-parallel and treated by the
method of normal modes. It testifies to the fact that the globally instable mode (Monkewitz et
al., 1993) is actuated. The estimates for oscillation frequencies of the globally instable mode are
well consistent quantitatively with the measured spectrum of jet oscillations (see. Fig 9).

Fig. 9. Spectrum of oscillations of the upper boundary of the jet, the gray field indicates
boundaries of theoretically predicted frequency of oscillations basing on the stability
analysis (semi-logarithmic scale)

Fig. 10. Profiles of jet rate in cross sections 1, 2, and 3 (see Fig. 8).
Thus, the following mechanism of internal wave generation by buoyant plume is proposed.
(Huerre et al., 1990). Self induced oscillations of the globally unstable mode appear during
the interaction of a buoyant plume with the pycnocline. Internal waves are intensely
generated if the frequency of these oscillations turns out to be lower than the maximal
buoyancy frequency in the pycnocline.
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4. Investigation of the mechanisms of internal waves generation by buoyant
jets within the laboratory modeling of submerged sewage in a stratified
ocean with the PIV-methods
Basing on the results of successful applying of the PIV-methods in small reservoir with
saline stratification a series of similar experiments in the LTST for the conditions of scale
modeling of the typical sewer system (see Section 2) were carried out for approving the
hypothesis offered in section 3. In these experiments for the first time simultaneous
measurements of the jet characteristics (source of oscillations) with PIV-method and the
properties of internal waves by contact methods were performed.
4.1 Experiments in LTST with the application of the PIV-technique
The simplified general experimental scheme is shown in Fig. 11. This scheme is similar to
the one we used for the experimental investigation of surface flows (see Section 2). In this
experimental series the temperature stratification was created in LTST with the thermocline
center located at the depth of 43-45 cm. Full water depth in the Tank was 160 cm (profile 2 in
Fig. 2).

Fig. 11. Experimental setup: visualization of a turbulent jet in LTST
Opposite to the previous experimental series in LTST (see Section 2), a jet was discharged
vertically from a П-shaped round pipe of 6 mm diameter (see Fig. 11), i.e. only one nozzle
was used. Previously we worked with several buoyant jets (alcohol solution) discharged
horizontally from a diffuser model at different rates.
The laboratory modeling of the jets from disposal systems showed that jets do not merge
until they reach pycnocline. The visualization of such flows and the application of the PIV-
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technique in LTST were a very complicated task. Horizontally discharged buoyant jet comes
to the pycnocline nearly vertically at some distance from the nozzle (see the jet photo from
the experiment in Fig. 7, and calculations result in Fig. 12). In order to perform successful jetthermocline interaction survey of a high space resolution we have to know this distance
with a very high accuracy just to place the camera and the laser system correctly. It should
be noted, that this distance depends strongly on a jet flow rate resulting in difficulties with
equipment positioning
-40

z, cm
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-120

-160
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10

20

30

40

50
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Fig. 12. Jet trajectory (boundaries) calculated for typical stratification in LTST basing on the
integral model (thermocline center is at 44 cm depth). Side view.
Alcohol solutions also cause problems for visualization (chemical interaction with
polyamide particles). Thus, in the new experimental series we used one jet of neutral
buoyancy, discharged vertically at several rates. Jet exit velocity and a distance from the
nozzle to the thermocline were chosen to provide jet parameters in the thermocline
coincident with those in the previous series on the laboratory scale modeling of sewage
disposal systems (see Section 2). Jet parameters in the thermocline for the series with
buoyant liquid were determined from the direct numerical solutions to the system of
equations for integral parameters of a turbulent jet in ideal incompressible liquid (Fan 1968).
New series consisted of 10 experiments: 2 for each flow rate. Jet parameters in the
thermocline measured experimentally are shown in Fig.13.
Velocity fields in a jet were studied by the PIV-method. For jet visualization 20 m
polyamide particles were added to jet liquid. Only jet was seeded, for precise measurements
of boundary oscillations. Particles were put to a reservoir 5 minutes after the beginning of
each experiment. The laser sheet was produced by the same laser we used in the previous
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experimental series. Since LTST walls are not transparent, the digital camera (frame rate 25
frames/sec, time exposure 10 ms) was placed into a specially designed waterproof box (we
performed underwater survey). The time exposure was 2 ms. Displacement of the particles
less 1 pxl during one frame. The camera was submerged to the thermocline level at the
distance 3 m from the nozzle (a maximum possible distance). The digital data from the
camera were processed out with “Vortex” program which was also used previously to
calculate the velocity fields, and a specially developed “SMPD” algorithm for simultaneous
work with the survey data and calculated velocity fields.
12
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Fig. 13. Experimental jet parameters (maximum longitudinal velocity and radius): O –
calculated in the framework of the integral model for discharge rates of buoyant jets 40, 70,
100 and 150 cm/s; ◊ - parameters, measured in the experiments with one jet.
Temperature oscillations in the LTST during jet discharge were measured as in previous
experiments by contact methods (a string of 13 thermistors was employed). The string was
placed at 50 cm distance from the nozzle. Using the data from thermistors we calculated
isotherms.
The underwater survey in each experiment lasted 20 min (during this time particles were
added to the reservoir from time to time) and temperature oscillations were measured
during the whole time of the experiment – 1 h.
4.2 Processing technique for video and velocity fields
We studied jet oscillations in the thermocline using the SMPD algorithm. It allows calculating
the average intensity of a frame in the user-defined rectangular area, thus, intensity
dependence on time can be easily derived. If a rectangular area is chosen in the jet oscillations
region, the intensity dependence detects these oscillations due to the light particles in the jet.
We also employed the next considerations when chose the area. One could expect 2 types of
unstable jet modes to develop: the first was axisymmetric and the second was spiral or helical.
An axisymmetric mode results in the jet top oscillations in the vertical plane, and a spiral one
in the laser sheet plane looks like jet oscillations from left to right. In order to detect both
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modes, one rectangular side was chosen along the jet axis and the other side separated the area
with particles from the rest, simply black area (see Fig. 14). Upper and bottom rectangular
sides indicated the maximum and minimum jet top positions. Jet top oscillations were
calculated for each experiment (an example is shown in Fig. 15a).
It should be noted, however, that particles concentration in a jet changed in time causing
changes in average intensity. This resulted in the average intensity trend. At the moments of
particles injection in the reservoir one could observe sudden changes of intensity. Besides,
slow intensity decrease due to decreasing particles concentration could also lead to incorrect
ratio of power spectral peaks, and oscillations corresponding to the film beginning or
particles injection moments would be the most powerful.

Fig. 14. An example of rectangular area for investigation of jet top oscillations. Mean
velocity field is calculated on the PIV-measurements base.
Thus, the calculated intensity had to be corrected. For each experiment we found the
intensity trend due to varying particles concentration in a jet. This was performed by
choosing a maximum possible rectangular area in a jet fully occupied by particles and
calculating its average intensity dependency on time (Fig.15 b). The bigger this area is, the
smaller high-frequency pulsations of intensity are. Jet top oscillations can be represented by
a formula
y(t)=I(t)*f(t),
where f(t) – is jet oscillations function, as it would be for the constant particles density;
I(t)– function, corresponding to the average intensity trend (or particles concentration
trend).
Then a desired function is f(t)=y(t)/I(t) (see example in Fig. 15 c). When processing data out,
high-frequency oscillations were filtered from I(t).
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Fig. 15. Average intensity oscillations of the digital image (the gradations of grey color - 12
bit) (a), intensity change due to varying particles concentration (b); jet top oscillations (c). All
taken from rectangular area in Fig 14
4.3 Experimental results. The comparison between internal waves and jet top
oscillations spectra
During the experiments the turbulent jet, as in previous series, spread at the level of neutral
buoyancy, forming a horizontal shear flow under the thermocline, and generated intensive
internal waves. We calculated internal waves spectra for all experiments and revealed
pronounced peaks in the frequency interval between fmin=0.02 Hz и fmax=0.05 Hz, with
maximum buoyancy frequency being 0.07 Hz.
Jet top oscillations spectra (spectra of functions f(t)) were found for all experiments and
compared to spectra of isotherms T=16°С, close to the thermocline center (from the 1h
realization we cut 20 min corresponding to survey time). The examples of such spectra are
shown in Fig. 16 for experiment with discharge rate 150 cm/s. There exists a pronounced
peak at the frequency close to 0.7N0 in the internal waves spectrum. It can be seen from the
figure, that jet oscillations at frequency 0.7N0 generate internal waves most effectively.
Theoretical analysis performed basing on the work [Bondur et al, 2010а] for source
parameters taken from our experiments confirms the most effective generation of internal
waves at this particular frequency.
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Fig. 16 Jet top oscillations spectrum (hatch line) and spectrum of isotherm (solid line),
corresponding to the thermocline center for the experiment with discharge rate 150 cm/s.
The straight line marks the maximum buoyancy frequency. The smooth curve is a frequency
dependence of the internal waves excitation coefficient.
4.4 Jet mode structure investigation with the application of the PIV-method
In this Subsection we determine an unstable jet mode type generating internal waves. For
this purpose we used a modified method, developed in (Yoda et al., 1992), where the jet
mode structure was investigated basing on the experimental data for a turbulent round jet at
a distance x / d  1 (x is a distance from the nozzle, d is a nozzle diameter). The method is
based on cross-correlation processing of the digital survey data. First, in each frame from the
film jet boundaries were determined – areas of the same intensity defined by the authors.
Then for several jet cross sections they obtained jet boundaries dependencies on time (2 for
every cross section) and calculated their cross-correlations. Basing on these data, a
prevailing jet mode was determined.
Let’s illustrate this method application on the example. Let the axisymmetric jet mode
dominate. Jet boundaries dependencies for this case are shown in Fig. 17. If one of them is
reflected with respect to the jet axis, the curves a and b coincide. Their cross correlation
function is periodic and has a maximum in zero. If a spiral mode prevails (Fig. 17), the
function has a minimum at t=0.
We modified this method: jet boundaries were determined using longitudinal jet velocity
profiles, calculated by means of the PIV-method. In order to reduce high-frequency
fluctuations, we averaged velocity fields by time and coordinate along the jet axis. The
averaging time and length were chosen small as compared to characteristic time and spatial
scales. Characteristic time corresponding to the frequency 0.7N0 was 25 s. The averaging
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time was tavg = 2 с. The wavelength of the unstable jet mode had to be of jet diameter order,
which was 15-16 cm in the thermocline. Thus, 5 neighbour jet velocity profiles were
averaged, located at a distance 1 cm from each other and the average length was,
consequently, lavg = 4 сm (see Fig. 18).
For each experimental frame sequence consisting of 30000 frames, 5 rectangular areas were
chosen, as a rule, 2 of them were in thermocline, 2 - above it and 1 – below (see Fig. 18). For
each rectangular area the SMPD algorithm was employed to make a file containing
averaged by tavg and lavg longitudinal velocity profiles for successive time moments at
interval tavg. Using these data we obtained the maximum velocity and jet boundaries
dependencies on time for each rectangular area. Jet boundaries were determined by е times
velocity decrease from the maximal meaning.

Fig. 17. Jet boundary dependencies on time for some jet cross-section: left – axisymmetric
mode, right – spiral mode.

Fig. 18. An example of rectangular areas for velocity profiles averaging
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In order to determine a mode, generating internal waves, every jet boundaries function was
filtered with cut-off frequencies 0.02 Hz and 0.05 Hz. For each rectangular area we
calculated jet boundaries cross-correlation functions, see Fig. 19 as an example. It can be
seen from this figure, that functions has maxima at t = 0, consequently, the axisymmetric
mode prevails at generation frequency of internal waves.
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Fig. 19. Example of cross-correlation functions of jet boundaries for 5 rectangular areas in
Fig. 18 in the same order – experiment with discharge rate 150 cm/s.

5. Conclusion
Investigation of hydrodynamic processes near submerged wastewater outfalls is an
important scientific and engineering problem. Method of dye colouring for jet visualization
has been extensively used both in laboratory and field conditions. It allowed observing and
investigating evolution of jet integral parameters, in particular, jet spread and dilution laws,
oscillations of buoyant jet fronts, both in homogeneous and stratified liquid. At the same
time, precise and very specific experiments were needed to clarify the possibility of surface
manifestations of the jets from submerged wastewater outfalls. This task demanded
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measurements of velocity fields of surface flows and in water column with high time and
spatial resolution. Thus, optical PIV/PTV methods were optimal. This Chapter is devoted to
application of these methods for investigation of dynamics of flows from submerged
wastewater outfalls and their surface manifestations.
For this purpose a physical scale modeling of internal waves generation by the turbulent
buoyant jets induced by submerged sewer in conditions of temperature stratification with
shallow thermocline in LTST IAP RAS was performed. Velocity fields of the surface flows
induced by internal waves were measured by the modified PTV-method. The modified
method allowed to identify these very weak surface flows in the presence of large-scale
background flows. The obtained experimental data are in good agreement with theoretical
forecasts taking into account presence of a SAS film, which could not be eliminated
completely. For the known parameters of the film and coefficients of scale modeling, we
estimated the parameters of internal waves generated by a submerged sewer jet flows and
the values of their surface manifestations for the nature conditions. The estimations of
hydrodynamic contrasts (caused by manifestations) in the field of surface waves obtained in
[Bondur 2004, 2006, 2011, Bondur  Grebenyuk 2001], show that such contrast could be
detected with confidence by the modern remote sensing methods.
The experiments on measurements of submerged flows with PIV-methods were carried out
for the purpose of studying mechanisms of internal waves generation by buoyant jets. At
first preliminary test experiments were performed in small reservoir with saline
stratification. It turned out that, when the jet approaches the pycnocline, a counterflow is
generated at the edges. A stability analysis for the resulting profiles of flow velocities
performed by the method of normal modes has revealed that, for the jet portions with
counterflow, the condition of absolute instability criterion for axisymmetric jet oscillations is
satisfied. The estimates for oscillation frequencies of the globally unstable mode are in good
agreement with measured spectrum of the jet oscillations.
These experiments were continued as a laboratory scale modeling of submerged wastewater
outfalls in LTST with application of PIV-technique for measurements of jets’ parameters and
contact methods for investigation of internal waves. It allowed to compare jet oscillations
spectra, obtained by modified video images processing, with spectra of internal waves. The
comparison confirmed that self-sustained jet oscillations serve as a source of internal waves.
The investigation of mode structure of jet perturbations with application of modified PIVmethod showed that the axisymmetric mode prevails and it effectively generates internal
waves.
Within the framework of this study modified methods of using PIV/PTV technique were
developed for the complicated investigations of turbulent submerged flows and its surface
manifestations in the conditions of ambient stratification together with contact methods.
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