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Abstract

This paper concerns with the problems of cooling down of various high-voltage electric
power devices of the megawatt range. When flowing around the current-carrying and other
elements of these devices a formation of non-stationary vortices can take place. Therefore, a
detection and visualization of vortex structures appearing at the coolant flowing through
channels with the complicated geometry is an important task.

The generation of whirlwind structures (non-stationary vortices) was performed above
this substrate surface (aluminum alloy sheet) by the unstable air stratification obtained by
heating it up from below. We have used the mcm sized particles of magnesia deposited on the
substrate surface to visualize the generated free non-stationary vortices.

The frame-by-frame view of recordings obtained by the direct video-registration at vari-
ous thermal modes allowed performing of the qualitative analysis of the spatio-temporal
structure of non-stationary vortices and obtaining a lot of their important integral parameters
(visible height, diameter, lifetime, quantity of vortices, base motion velocity, etc.).

There had been considered physical basements of processing of flow patterns obtained by
the PIV method with the use of the measurer of fields of velocities POLIS (Russian “ITOJINC”,
the instrument is developed by the S.S. Kutateladze Institute for Thermophysics of the Siberi-
an Branch of RAS, Novosibirsk) in order to recover the fields of instantaneous velocities of
vortex structures.

The results of the visualization of free non-stationary vortices obtained by the direct video
filming and vector fields of instantaneous velocities, obtained by the PIV (Particle image ve-
locimetry) method, have been presented.

The developed technique of visualization and diagnosis of free non-stationary vortices
can be used for development of the state-of-the-art cooling systems of high-power electric de-
vices.

Keywords: visualization, free non-stationary vortices, cooling down of electric power
devices, PIV method, vector field of velocities.

1. Introduction

One of the most important tasks for the development of the state-of-the-art electric power
devices and systems is the problem of removal of highly intensive heat fluxes [1—3]. In
electric power systems operating at high voltages (>1 kV) and powers (>1 MWt) the heat
flux intensity can reach Wt/cm2 (1 MWt/m?2). The designers of high-power electric equip-
ment have to solve an uncommon task how to enhance the cooling down efficiency at the
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high hydraulic resistance and increasing of coolant transport power. There have been pro-
posed various solutions of this problem: 1) heat transfer intensification with the use of tur-
bulent flow modes of cooling gases; 2) using of dielectric liquids (e.g., Novec 649) [4], with
the boiling temperature lower than one of the heat generating elements surface, etc.
Turbulent flow modes are characterized by the presence of vortex structures having vari-
ous sizes. It should be noted that non-stationary vortices can be formed when passing over
the details of electric power devices. Therefore, the visualization and diagnosis of vortex
structures, appearing at the coolant flow via channels with complicated configuration is an
important task.

This work is aimed to the visualization of free non-stationary vortices by direct video film-
ing and measurement of vector fields of the instantaneous velocities within the vortex
transversal cross-section area with use of the PIV method.

2. Experimental unit to generate free non-stationary
vortices

The generation of vortex structures was performed by the creation of the unstable air strat-
ification above the substrate surface of an aluminum sheet (1100 mm of diameter and 1.5
mm of thickness), heated up from below by a gas torch with the maximum heating power
of 3.5 kWt). The scheme of the experimental unit and heating modes are described in de-
tails in [5, 6]. To visualize the vortex structures formed were used mcm sized particles of
magnesia (4MgCO.Mg(OH)24H-0, physical density of 3900 kg/ms3), which were thinned
on the substrate sheet before starting the experiments. The scheme of the experimental
unit is presented in Fig. 1.

Fig. 1. Experimental unit for the visualization of air vortices: 1 — free non-stationary vortex;
2 — substrate surface; 3 — digital photo camera; 4 — laser; 5 — synchronization unit; 6 —
frame; 7 — background screen; 8 — illumination console; 9 — digital video camera; 10 —

supporting rack

Two methods are used to observe and register the vortices. The former is the direct video
registration (filming) with use of a digital video camera (here Sanyo VCC-6572P, Japan).
The latter is the PIV method (performed by the use of the measurer of fields of velocities
POLIS (Russian “IIOJIHUC”, the instrument is developed by the Institute for Thermophys-
ics of the Siberian Branch of RAS, Novosibirsk).



3. Visualization of free non-stationary vortices by the di-
rect video registration

To perform the direct video registration are used several LED floodlights. This approach,
due to the light scattering by particles, enables a better visualization of a free non-
stationary air vortex. The main problem of these experiments is the uncertainty of the vor-
tex appearance location and time moment. After its appearance a vortex does not remain
immobile but moves along a stochastic trajectory, and the vortex structure is non-
stationary as well.

Video 1. Video registration of a free non-stationary vortex

The frame-by-frame analysis of video recordings at various thermal modes allows obtain-
ing the information on the following parameters and characteristics of the vortices genera-
tion process: 1) temperatures at which the vortices generation occurs; 2) area of the sub-
strate surface where vortices are formed; 3) direction of the vortex structure rotation; 4)
quantity of vortices observed per one experimient; 5) trajectory of motion of the vortex
structure base; 6) trajectory length of the vortex base motion; 77) velocity of motion the vor-
tex base; 8) vortex structure lifetime; 9) visible vortices height; 10) visible diameter of vor-
tices etc.

In video 1 there is a periodical appearance of particles highlighted by the green laser plate.
These are the particles from the motion pattern of which is performed the vector field
building by the PIV method.

4. Vector fields of instantaneous velocities obtained by
the PIV method

Measurements of fields of velocities based upon the observation of small tracer particles
entrained by a flow are known within several tens of years. But the previous manual data
processing was extremely difficult and, due to this, the quality and amount of information
necessary for the solution of physical tasks was not accessible.

The PIV method is one of the optical techniques to measure velocities of single- [7—9] and
two-phase [10] flows. As compared with other methods of flow structure investigation it is
of special importance due to its ability to register the instantaneous spatial distributions of
velocities. This advantage is very essential for studying the turbulent flows having large
vortex structures. When using single-point methods of diagnosis the information on the
characteristics of these structures can be lost. But using of PIV and similar methods allows
obtaining the information on the dynamics of vortex structures, their dimensions, differen-
tial characteristics calculation, time-spatial correlations and static flow characteristics as
well [11—-14].

The measurement of instantaneous flow velocity fields is based upon the measurement of
the movement of admixed particles in the cross-section area plane within a fixed time in-



terval. In a liquid or gas flow are admixed small particles (tracers) whose size, density and
volumetric concentration are chosen to minimize effects of two-phase character of flow
and particles buoyancy. The measurement part of a flow is that one “cutted of” by the light
blade. The particles images are registered by a film or digital camera.

Basements of image processing. The essence of the PIV method consists in the processing
of images obtained. There are several modifications of the tracer particles visualization and
respectively various processing techniques. Two types of correlation algorithms are distin-
guished: in the auto-correlation technique both the initial and final position of tracer parti-
cles are registered onto one and the same frame and the cross-correlation one when they
are registered on different frames. Using of the latter is more preferable (though it requires
more resources), since in autocorrelation algorithms initial and final positions are equiva-
lent, and, respectively, their shift is determined up to a sign. In this case the a priori
knowledge about the flux structure is required. The whole measurement area is broken up

into elementary cells (calculation areas) with the dimensions of dxxdy The intensity of the
light reflected by particles and registered by the camera (grade of grey) can be represented

as a function of two variables X and Y: h(Y) and '2(XY) for the first and second frame,
respectively. Then the following correlation function is calculated:

dy/2 dy /2
Piy1,(M,N) = z Z Ik, DT, (k+m,l+n)
I=—dy /2 k=—dy /2

Its maximum corresponds to the most probable shift of particles within the elementary ar-
ea of measurements. The flow velocity is assumed to be uniform within the elementary ar-
ea, and the movement of all the particles is one of the same.

For more exact determination of the coordinates of the correlation function maximum in
its vicinity, we use the interpolation of the correlation function at a sub-pixel accuracy. The
coordinate of the maximum is considered to be that one of the maximum of the interpola-
tion function. The form of the interpolation function is the subject of the method im-
provement.

To calculate the correlation function, the most of PIV method modifications use the stand-
ard algorithm of the fast Fourier transformation. To diminish the effect of the finiteness of
the elementary volume at the Fourier transformation, is used the standard windows impo-
sition technique. Moreover, using of windows diminishes the contribution into the correla-
tion function for particles adjacent to the boundaries of the elementary area. The latter are
highly likely not to be present in the same elementary area of the second image (the so-
called effect of the “loosing of pair” and, hence, are the source of the «correlation noise».
When calculating the most likely movement of particles D in a given elementary area, one
can obtain the flow velocity in the point, corresponding to the center of the elementary

measurement area (A!- is the specified time delay between two illuminating flashpoints)
as follows

V=S b

At ,
where S is the scaling coefficient. Making these procedures for each elementary area, into
which the image is broken up (regularly of irregularly), we can find the field of velocities
for the whole area.
The measured two-component values of vectors are projection of the real (3D) vectors onto
the plane perpendicular to the optical axis of the apparatus registering the particles imag-
es. To measure the three velocity components are used, as a rule, two register modules
with the optical axes oriented against each other at a certain angle.
To study in details the fields of velocities in concentrated vortices, we used the mentioned
above instrument POLIS («ITOJIMIC»). The latter allows performing measurements of 3D



fields of instantaneous velocities in essentially non-stationary flows with the complicated
geometry, at a high time-spatial resolution and low inaccuracies. The system POLIS
(«ITOJINC») contains the double pulse Nd-YaG laser (wavelength 532.05 nm, pulse
power no less than 5-106 Wt, pulse duration no more than 5 ns, pulse repetition rate 1-8
Hz); laser controller and power supply; two digital 4 MPix cameras with the image format
2048x2048 (pixel size 7.4x7.4 mem, CCD matrix size of 15.15x15.15 mm, vertical refresh
frequency of 3.4 Hz, exposure time 120 ms); laser synchronizer and photo cameras. The
measurements and data processing were performed by a PC with the data acquisition and
processing system, which includes two camera controllers and software ActualFlow also
developed by the S.S. Kutateladze Institute for Thermophysics of the Siberian Branch of
RAS.

The double pulse laser. The double pulse laser is a source of the coherent light pulses. It is
designed for the fixation of rapid processes in an environment scattering its radiation and
registration of the environment changes within a short time interval The laser generates
two pulses of coherent light with the high intensity (5-10¢ Wt) and low (10-8 s) duration.
The pulses are irradiated at a time delay against each other. The latter is varied within a
wide range (10-7—10 ¢) and controlled at a high (10-8) accuracy.

The laser consists of the laser head and chassis. The laser head contains 2 laser resonators,
2 quantifiers with active material- Nd:YAG and pump lamp, beam convergence system,
frequency converter of the laser radiation and optical attenuator. The chassis consists of
the pump lamps power supply, cooling down and control systems. The laser head and
chassis are connected by a flexible hose having power and control cables and cooling down
hoses.

To adjust the laser beam thickness, an optical attachment was used. The adjustment was
performed by the rotation of the ring in the central part of this optical attachment. Actual-
ly, the central ring rotation varies the optical system focal distance within the range of 0.3
M - « at an appropriate «laser knife» thickness variation from 0.5 to 3 mm. At larger dis-
tances from the laser head to the measurements area the transversal size of laser beam be-
comes even greater due to its divergence. The beam thickness was measured by the expo-
sure of the photographic paper.

Digital photo cameras. The cross-correlation cameras are designed for two-times registra-
tion of tracer particles flow patterns both in a one-frame and two-frame modes. In the lat-
ter the time delay between laser flashpoints was varied from 10 mcs to 259 ms.

The photo cameras were mounted on the coordinate devises having two rotation gears per
each camera and one mechanism to move cameras against the objective lens (Fig. 2). The
first coordinate rotation gear is designed for the rotation of the principal optical axis of a
camera. The angle should be adjusted to enable obtaining the image from the area to be
measured. The position of the coordinate mechanism is fixed by the screw on the lower
limb. The second coordinate mechanism allows varying the angle between the matrix plane
and principal optical axis what, in turn, allows obtaining the sharpness within the whole
image field. To make a coarse adjustment of this angle one should release the washer un-
der the limb, rotate the mechanism up to the angle desired and tighten the washer. To
make a coarse angle adjustment, a washer above the limb is used. This washer is connected
with the rotation gear via an eccentric what allows a fine angle setting. The third coordi-
nate axis allows the measurement of the distance between the matrix and objective lens,
i.e. enables the adjustment of the effective optical system magnification. Actually, the vari-
ation of this distance is equivalent to the using of replaceable rings for the objective lens. If
the limb coordinate is set to zero the distance between the matrix and objective lens is
equal to the rated value. Is the matrix is moved away from the objective lens, the optical
system magnification becomes greater. Therefore, this coordinate mechanism allows ob-
taining an arbitrary optical system magnification which is no lower than the rated value.
However, we should understand that in this case the range of distances between the object




and camera, at which the object is sharp, is also varied This means that moving the object
from the matrix to a certain range makes it “infinitely removed”, and the adjustment of the
sharpness becomes impossible. Therefore, we had to find a compromise solution between
the optical system magnification and the range of distances between the camera and meas-
urement plane where the area to be measured can be seen at an appropriate sharpness.

Fig. 2. Digital photo camera and the coordinate device of the POLIS( «ITOJIMC») system.

Synchronizing processor. The synchronizing processor is designed for the synchronization
of the laser and cameras operation, calculation of the necessary time intervals and genera-
tion of synchronizing pulses with the set frequency. It has eight identical channels calculat-
ing the time intervals with an output on the front panel for each channel. The front panel
has an input for the external synchronizing pulse and LED indicators. On the rear panel of
the device is an RS232 interface to connect it with the controlling PC.

The results. The results of the of the measurement data processing of air non-stationary
vortices obtained by PIV method are shown in video 2.

Video 2. Development of instantaneous velocities fields in the vortex transversal cross-
section area.

The selective photos with a fixed air vortex at various time moments were processed to find
the distribution of velocities over the horizontal plane. The fields of velocities in the model
vortex cross-section area are given in Fig. 3 and Fig. 4.
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Fig. 3. Instantaneous fields of velocities: a) 7=3s,b) 7=7 s,¢) 7=22 s;
1 — non-stationary air vortex; 2 — formed «eye-shaped» vortex.
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Fig. 4. Instantaneous field of velocities at the moment of maximum development of non-
stationary air vortex (7 =15 ¢).

To perform a more detailed analysis of the distributions of velocities in the transversal
cross-section area of the vortex cavity (see  Fig. 4), we consider the scaled up instantane-
ous field of velocities at the moment of maximum development of non-stationary air vortex
structure.

The array of experimental data obtained, concerned with the field of velocities of the vortex
structures generated allowed making a conclusion that this distribution of velocities in the
vortex cavity is close to that one existing in the classical Rankin vortex.

5. Conclusion

In this paper we present the results visualization of free non-stationary vortices by direct
video filming and vector fields of instantaneous velocities in the vortex cross-section area
obtained by the PIV method.

The developed technique of visualization and diagnosis of free non-stationary vortices can
be used for the development of cooling systems for high-voltage megawatt range electric
power devices.
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