Scientific Visualization, 2022, volume 14, number 4, pages 62 - 70, DOI: 10.26583/sv.14.4.06

Visualization of Water Toroidal Vortex by Multicolor Particle
Image Velocimetry

S.S. Usmanoval, N.M. Skornyakova2, S. Yu. Belov3, M. V. Sapronov4
National Research University «Moscow Power Engineering Institute»,

1t ORCID: 0000-0001-7674-5103, ShirinUsmanova25@mail.ru
2 ORCID: 0000-0002-2919-6428, nmskorn@mail.ru
3 ORCID: 0000-0001-8623-9503, belovstas@mail.ru

4 ORCID: 0000-0002-8600-2036, maks-sapronov@yandex.ru

Abstract

The work is devoted to the study of the water flow created by a pump in a cuvette by mul-
ticolor particle image velocimetry. Multicolor particle image velocimetry method is another
modification of the particle image velocimetry. The main difference between this method and
other modifications is that not one laser plane is used as probing radiation, but several with
different wavelengths. Such modernization makes it possible to obtain velocity vector fields
simultaneously in several laser planes. The paper describes an algorithm for carrying out
measurements using multicolor particle image velocimetry and processing the recorded data.
An experimental setup has been developed and a series of experiments has been carried out,
as a result of which the structure of the flow under study has been visualized, vector velocity
fields in three laser planes have been obtained.

Keywords: multicolor particle image velocimetry, three-dimensional flow velocity field,
3D flow visualization.

1. Introduction

A great number of theoretical and experimental works have been devoted to the study of
gas and liquid flows. Such interest is primarily due to the wide distribution of these phenom-
ena in nature [1]. Besides, much attention to this topic is caused by the widespread use of gas
and liquid flows in various fields of modern science and technology. For example, in relation
to rocket engineering, swirling flows are realized in centrifugal injectors of liquid rocket en-
gines, rotating rockets, film-cooling systems of nozzle blocks, vortex combustion chambers,
thrust module control systems [2, 3]. In particular, highly swirled flows have been widely
used in cyclone separators designed for gas and fuel purification, in burner devices in order to
stabilize the flame. To optimize the flow mixing process in such devices, it is important to
know the flow structure and the mixing mechanism. Various devices with flow twist are used
in a number of sectors of the national economy: vortex chamber reactors in chemical technol-
ogy, centrifugal casting in metallurgy, vortex and turbine flowmeters in measuring technology
[4-10].

The particle image velocimetry (PIV) method is currently one of the widely used methods
for diagnosing and visualizing flows in gas and liquid media. In contrast to single-point diag-
nostic methods, PIV allows to register instantaneous spatial velocity distributions in the
plane, which is especially necessary in the case of diagnostics of complex structure flows.

The method principle is based on the preliminary seeding of small tracer particles into
the medium flow and subsequent observation of their trajectories. For PIV measurements,
the area under study is illuminated by a laser plane, in which the displacement of particles is
measured for a known time between two consecutive frames. As a rule, a solid-state pulsed
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Nd:YAG laser is most often used as a radiation source, a photographic film or a digital camera
is used to record the particles position.

The main method advantage is the ability to measure the flow velocity distribution and
visualize it in a plane in a certain section of the volume under study. Due to its capabilities,
PIV is widely used in conducting a number of diverse studies in various fields of science and
technology. However, it is most often used to study the flows of gases and liquids [11, 12].

The currently advanced modifications of the PIV method for flow research, such as the
stereo or tomographic PIV method, allow obtaining the most complete information about its
structure in comparison with the standard planar PIV research method. The main advantage
of these methods is the ability to measure the flow velocity distribution and its three-
dimensional visualization [13, 14].

The multicolor particle image velocimetry is another modification of the PIV method. The
main difference between the method and other modifications is that not one laser plane is
used as probing radiation, but several laser planes with different wavelengths. Such moderni-
zation makes it possible to obtain velocity vector fields simultaneously in several planes and
visualize the three-dimensional structure of the flow [15-18].

2. Experimental setup and measurement methodology

The operation principle of the experimental setup for determining the flow velocity dis-
tribution was based on the multicolor particle image velocimetry method (MPIV).

The MPIV substance is to register the tracer particles positions in scattered light, which
are artificially seeded into the stream, at small intervals of time. In this case, the particles
must move at the flow velocity and not introduce any disturbances into it. To fulfill these
conditions, it is necessary that the particles are small and their density is close to the density
of the flow. In the MPIV method, red, green and blue parallel laser planes located at an equal
distance from each other are used as probing radiation. The laser modules are selected in
such a way that when the experimental image is divided into three colors, the signal from
each laser plane is predominantly present in only one of the three color channels. The tracer
particles position is recorded using a color digital camera.

As a result of MPIV measurements, resulting images will have three RGB color compo-
nents. If we apply cross-correlation processing to each pair of images for each color channel
in the Pivview program, it is possible to obtain a vector velocity field of the flow in three dif-
ferent planes. In turn, using the results of processing experimental images, it is possible to
determine the distribution of the vertical and horizontal components of the particle velocity
vectors over specified flow sections. Then, by constructing the distributions of the vertical and
horizontal velocity components in space for a set of flow sections in red, green and blue chan-
nels and approximating the obtained planes, it becomes possible to visualize the three-
dimensional velocity field of the flow under study.

The scheme of the experimental setup for diagnosing the flow velocity by the MPIV
method is shown in Figure 1. The source of the probing radiation 1 was the laser planes for-
mation unit, which includes three laser radiation sources of wavelengths 450 nm, 550 nm and
615 nm, and an optical system. As an object of research, the flow created by a pump 2 in a cu-
vette 3 with liquid was considered. The scattered radiation was recorded using the receiving
optical system 4, which is a color digital camera and lens. The recording system was installed
on a separate optical bench, so that it was possible to move it freely along a plane parallel to
the near wall of the cuvette. Before the experiment, the liquid in the cuvette was previously
seeded with tracer particles, which are glass spheres with a radius of up to 100 nm.



Fig. 1. The experimental setup scheme

The cuvette area, highlighted in Figure 2 with a red square, was taken as the registration
area. As a result of measurements, laser radiation scattered by glass spheres from three RGB
planes was recorded. The recording was made with a shooting frequency of 60 frames/s. Each
recorded image contained information about the distribution of the flow velocities vector field
in three planes located at a distance of 3 mm from each other. The thickness of the laser
planes was 2 mm.

Figure 2 shows experimental frames obtained at different time intervals. As can be seen
from Figure 2, the investigated water flow had a structure similar to a toroidal vortex. Moreo-
ver, the size of this structure increased over time in such a way that part of the flow began to
fall into the blue and red laser planes.

t=0,00c

Fig. 2. Visualization of a water toroidal vortex



3. Processing of experimental results

The processing of experimental results was carried out as follows. Each experimental im-
age was previously decomposed into three RGB color channels (fig. 3).

a) b) c)
Fig. 3. Images decomposition into three RGB channels (a) blue color channel (b) green color
channel (c) red channel

Next, cross-correlation processing was applied to a pair of images for each color channel.
After that, the calculated velocity values were output from the program as a text file, and
based on them, a three-dimensional velocity field was constructed.

Figures 4-6 show an example of cross-correlation processing over one of the pairs of ex-

perimental images. As can be seen from the images, a change in the displacement velocity of
tracer particles is observed in each of the planes.

Fig. 4. Blue laser plane



Fig. 6. Red laser plane

To reconstruct the flow three-dimensional structure an appropriate algorithm was devel-
oped based on the approximation of data between laser planes. The following types of ap-
proximating functions were used for forecasting flow structure: linear, exponential, polyno-
mials from the second to the fifth degree (fig. 7).
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Fig. 7. Approximating functions (a) linear function (b) exponential function (c) second-order
polynomial (d) third-order polynomial (e) fourth-order polynomial (f) fifth-order polynomial

To predict the structure of the studied flow in the space between the laser planes, an ap-
proximation by a polynomial of the second degree has been chosen, since it has showed the
best result (fig. 8).
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Fig. 8. Visualization

Conclusion

The experimental setup has been assembled, the operation principle of which is based on
the multicolor particle image velocimetry. It should be noted that for the correct operation of
the method, it is necessary to select the sources of blue, green and red laser radiation in such
a way that when the image is decomposed into three color channels, the signal from each of
the planes is predominantly present only in one of the channels. Based on the developed ex-
perimental setup, the flow created by a pump in a cuvette with water has been investigated.
As a result, the flow three dimensional structure has been visualized. The flow had a toroidal
structure. Moreover, the size of this structure increased over time in such a way that part of
the flow began to fall into the blue and red laser planes.

Gratitude

The work was carried out within the framework of the project «Development of optical
electronic setup for complex diagnostics of gas-liquid flows» with the support of the grant
from the National Research University «MPEI» for the implementation of research programs
«Electronics, radio engineering and IT» in 2020-2022.

References

1. Varaksin A.Iu., Romash M.E., Kopeitsev V.N. Tornado. M.: Physmatlit, 2011, 344 p. [in
Russian]

2. Vacca A., Hummel S., Miiller K., Reichenbacher M. et al. Development of Injector
Spray Targeting by Coupling 3DCFD Simulations with Optical Investigations // SAE Tech-
nical Papers 2020. N2 2020-01-1157. P. 1—9. (https://doi.org/10.4271/2020-01-1157)

3. Glebov G.A., Vysotskaia S.A. Modeling of coherent vortex structures and self-
oscillations of pressure in the combustion chamber of solid propellant rocket engines //
Journal of «Almaz — Antey» Air and Space Defence Corporation, 2016. N2 4(19). P. 41—48.
[in Russian]



4. Hreiz R., Gentric C., Midoux N., Laine R., Fuenfschilling D. Hydrodynamics and veloci-
ty measurements in gas-liquid swirling flows in cylindrical cyclones // Chemical Engineering
Research and Design. 2014. NO 11. P. 2231-2246.
(https://doi.org/10.1016/j.cherd.2014.02.029)

5.Yin J. LiJ., Ma Y., Li H., Liu W., Wang D. Study on the Air Core Formation of a Gas—
Liquid Separator // Journal of Fluids Engineering ASME. 2015. N2 091301. P. 1—9.
(https://doi.org/10.1115/1.4030198)

6. Puzyrev E.M., Golubev V.A. Development of swirl furnaces for power boilers // Ener-
getick. 2017. N2 4. P. 44—47. [in Russian]

7. Kawaharada N., Thimm L., Dageforde T., Groger K., Hansen H. Dinkelacker, F. Ap-
proaches for detailed investigations on transient flow and spray characteristics during high
pressure fuel injection // Journal of Physics: Conference Series. 2017. N° 1. P.1-17.
(https://doi.org/10.3390/app10124410)

8. Yu W., Yang W., Zhao F. Investigation of internal nozzle flow, spray and combustion
characteristics fueled with diesel, gasoline and wide distillation fuel (WDF) based on a piezoe-
lectric injector and a direct injection compression ignition engine // Applied Thermal Engi-
neering. 2017. N2 114. P. 905—920. (https://doi.org/10.1016/j.applthermaleng.2016.12.034)

9. Yu W., Yang W., Mohan B., Tay K. et al. Numerical and Experimental Study on Internal
Nozzle Flow and Macroscopic Spray Characteristics of a Kind of Wide Distillation Fuel
(WDF)-Kerosene // SAE Technical Paper. 2016. N© 2016-01-0839. P.1-15.
(https://doi.org/10.4271/2016-01-0839)

10. Tekawade A., Sforzo B.A., Matusik K.E. et al. Time-resolved 3D imaging of two-phase
fluid flow inside a steel fuel injector using synchrotron X-ray tomography // Scientific Re-
ports. 2020. N2 8674. P. 1—10. (https://doi.org/10.1038/s41598-020-65701-x)

11. Raffel M. [and etc.] Particle image velocimetry. P.: Springer International Publishing,
2018.

12. Znamenskaya I.A. Methods for Panoramic Visualization and Digital Analysis of Ther-
mophysical Flow Fields. A Review // Scientific Visualization. 2021. V.13. Ne3. P. 125-158.
(doi: 10.26583/sv.13.3.13)

13. Campanardi G. [and etc.] Stereoparticle image velocimetry setup for measurements in
the wake of scaled wind turbines // Journal of Physics: Conference Series. 2017. NO 1. P. 1—
17.

14. Miao G., Xuelin T., Xiaoqin L., Fujun W. Stereo PIV measurement of vortices in a
model pump intake // IOP Conf. Series: Earthand Environmental Science. 2019. N2 072020.
P.1-10.

15. Usmanova S.S. [and etc.] Development of the optical electronic setup for carrying out
measurements by multicolor Particle Image Velocimetry // Journal of Physics: Conference
Series. 2021. N2 012018.P. 1—8. (DOI: 10.1088/1742-6596/2127/1/012018)

16. Xiong J. [and etc.] Rainbow particle imaging velocimetry for dense 3D fluid velocity
imaging // ACM Transactions on Graphics. 2017. N? 4. P. 1-14.

17. Xiong J., Qiang F., Idoughi R., Heidrich W. Reconfigurable rainbow PIV for 3D flow
measurement // Conference Paper IEEE International Conference on Computational
Photography. 2018. P. 1—9.

18. Ruck B. Colour-coded tomography in fluid mechanics // Optics and Laser Technolo-

gy. 2011. N2 43. P. 375—-380.



