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Abstract

The article discusses the use of a laser Doppler anemometer for measuring flow parameters with a high degree of
turbulence in power plants.

Due to the lack of rigorous analytical solutions of the equations describing the turbulent flow regime of liquid
and gas flows, the use of experimental methods for studying flows is an urgent scientific task. The precision
method is the optical method of laser Doppler anemometry, with which you can determine the speed of flow.

An automated system based on a two-color argon laser has been developed, which allows one to determine the
flow velocity in two orthogonal planes with the determination of the sign of the velocity projection in the speed
range from 0 to + 150 m / s. The error of speed measurement is from 0.1 to 3%. Carrying out two series of
measurements of the velocity projection at the same point in the flow allows us to determine the magnitude and
direction of the velocity vector. The measuring volume is an ellipsoid of revolution with a section diameter of
144 pm. The flow velocity was measured in two sections of the cylinder of the internal combustion engine, as
well as in the valve slit.

During the study, it was revealed that the non-contact method of laser Doppler anemometry allows you to get a
reliable picture of the distribution of the velocity field in the cylinder of an internal combustion engine.
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Introduction

The measurement of fluid or gas flow rates with a high degree of turbulence is an urgent scientific problem due
to the lack of rigorous analytical solutions. Therefore, experimental methods for studying turbulent flows are of
particular importance. An absolute method for measuring the flow velocity is the laser Doppler anemometry
(LDA) method described in the literature [1-3]. By measuring the Doppler frequency shift (DFS) caused by the
scattering of light by optical inhomogeneities - light scattering particles (MF), one can determine the flow
velocity, since there is an unambiguous, linear relationship between the DFS and the particle velocity. At
subsonic flow velocities, the relative change in the radiation frequency is of the order of 10-8; therefore, the use
of the Doppler effect for measuring flow velocities is possible only by scattering monochromatic laser radiation
from optical inhomogeneities.

In the study of turbulent flows of liquid and gas, it is not enough to know the average flow velocity and velocity
pulsations; it is also necessary to determine the direction of the flow velocity vector. Therefore, to measure the
speed of the midrange, two or three-component LDAs are used. Three-component LDAs are technically difficult
to implement. Two-component LDAs are the most optimal, although they also have a significant drawback - to
determine the orientation of the velocity vector at each point of the flow, it is necessary to measure the velocity
in two planes.

Methods

To determine the two components of the flow velocity, two lines of argon laser radiation are used. In this case,
two orthogonal systems of interference bands formed by two light waves of different frequencies are formed in
the measuring volume (IO). To determine the sign of two velocity projections, a Bragg cell is used. An LDA-
based system [8, 9] is used for single-point measurements in liquid and gas flows with an unknown flow
direction with a high degree of turbulence.

In a two-component LDA, a measuring volume is formed when two pairs of orthogonally spaced beams are
superimposed. If at some point in space two light waves with slightly different frequencies are combinedv1 and
V2(Av=vl-v2 << vl+ v2):

Ei=Focos(2rvit- kiz) and E>=Epcos(2mvst-ksz), )

where k; and k; are wave numbers, z is the coordinate of the point measured in the direction of the light
waves, the resulting wave is formed:

E=E+E=2Eocos[2n(vi-v)t/2-(ki-k2)z/2] - cos[2r(vi+v)t/2-(kitk;)z/2]. 2)
as  |vi- wal<<vi+ vz, then the factor
2Egcos[2m(vi-v2) t/2- (ki-k2) z/2] 3)

represents the slowly changing amplitude of the resulting wave. The rate of change of amplitude can be found by
determining the phase velocity from the condition:
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2n(vi-v2) t/2- (ki-k2) z/2 = const. 4
there: % — 271'(1/1 _ VZ). (5)
dt  k —k,
If the frequencies of the incident light waves are the same (v; = v»), then az = () and the working volume is
dt

a fixed interference pattern. If the frequencies of the two waves are different (Av; = v; - v2 # 0), then

dz
o I—:m = MOMNET and in the interference pattern observed in the 10, there is a continuous change of

maxima to minima and vice versa, i.e. a running interference pattern is observed with the velocity of the Vi,
bands moving. In this case, it is possible to determine the direction of motion of the particle in the flow through

the IO and, accordingly, the velocity vector.
/\A/\ a
P A~

Fig 1: The Dependence of the Modulation Depth of the Signal on the Particle Size
A particle flying through a measuring volume, which is an ellipsoid of revolution (Fig. 1.), A particle flying
through a measuring volume, which is an ellipsoid of revolution (Fig. 1.), intersects interference fringes and the
intensity of the light scattered by it changes sinusoidally in time. The frequency of this change is a function of

—

the frequency difference of two light rays Av, the particle velocity V' and the relative angle between the rays

—
scattered by the particle, characterized by a difference wave vector K:

V-K
Avg=v,—v, —
2

. ’ (6)

V-K . . . 7
where o = ﬂ"l-’d - "true" Doppler frequency shift due to particle velocity V.

m
' VK
If v, = = =——. 7
VI = V2, TO ﬂ"l-’d d"l-’d o 7

The processing system determines the absolute magnitude of the frequency change and as a result, it is possible
to determine only the absolute value of the speed from the relation:

V.E

Av, =
d 2r

(3)
Thus, in the case vl = 12, irrespective of the direction of motion of the particle, the particle velocities that are
identical in absolute value lead to the same value }J"lé'd.
If the frequencies of the two waves differ v; # 1 then
] VK
Av, = (ﬂv — —) ©)

2w
In this case, the sign of speed (particle motion direction) will be determined by whether the value found by the

photodetector will be A1’ :; more or less than AW,
Depending on whether the particle moves in the direction of movement of the interference fringes or in the
opposite direction, the photodetector captures a different frequency.
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In particular, if I":p T I-'r, d"l-’:; < d"l"'d. If I"r!-p Tl V, then ﬂ"lé': = ﬂ"lr'd. If the particle and

interference fringes move in the same direction, the frequency is fixed. d"l-’:,; < Id"l-’d I Otherwise
L}

Av, = |Avg|.

The definition of only one velocity component, for example, Vy, is described above. The use of another pair of

rays allows independent determination of another component of the velocity Vy.

The full value of the particle velocity in the XY plane is
—

V= JL;? + V2 (10)

Thus, the determination of the direction of the velocity V by means of an LDA is possible if the frequency of
light in one of the rays is different from the frequency in the other.
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Fig 2: Functional Diagram of the Processing System
A description of the optical part of the research facility is given in [5-7].
To solve the problem of detecting and estimating the stochastic signal of an LDA, an analog-to-digital converter
(ADC) can be used. In the processing system (Fig. 2.), the LDA signal is input in digital form into a computer
and further processed [2].
To process the LDA signal, a system was developed based on the LA-n10M6 ADC with a sampling frequency of
100 MHz for digital processing of the LDA signal in real time [3]. Functional diagram of the signal processing
system is shown in Fig. 2.
The signal processing system according to [4] must distinguish between two competing hypotheses:
Ho: &) =C (t,va) + n(b), (11
Hi: &) = n(v), (12)
where &(t) — processing input, C (t,vq ) LDA signal, n(t) — noize. According to HO, at the system input, a mixture
of the useful signal and noise; according to H1, there is no useful signal at the system input. The presence of a
signal already confirms the presence of useful information in it, because it is contained not only in the Doppler
frequency vq, which is an informative parameter of the signal. The criterion for signal detection is the excess of
the signal amplitude of a predetermined threshold value.
In the implemented system [7], the LDA signal frequency of 80 = 5 MHz is reset to the region of 10 + 5 MHz
using a mixer. A 14th order elliptical filter filters the signal.
To study the velocity field of the aerodynamic flow in the cylinder of an internal combustion engine (ICE), a
special block of a model cylinder was developed. The block consists of a cylinder model made of transparent
material, as well as an AVL-2 cylinder head mounted on a rotary assembly. Thanks to the swivel unit, it is
possible to change the orientation of the cylinder head to measure both longitudinal and transverse flow rates. To
purge the cylinder, a special gas supply system was used: a compressor, a flow valve, a pressure gauge for
measuring pressure, a midrange generator and pipelines. Using a compressor, air is supplied to the inlet of the
head, while the gas flow can be simulated by changing the air flow in the head.
The concentration and particle size of natural dust are very small, so the amplitude of the reflected signal is
insufficient for the sensitivity of the recording equipment used. Therefore, it is necessary to introduce light
scattering particles into the studied stream to create artificial dust content of the stream.
Particles must meet the following requirements:
1) Must follow the airflow with the smallest speed defect. For this, the particles must have small size and
density. The requirements of an aerodynamic experiment are met by particles with a diameter of the order of d =
0.5...2.0 pm.
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2) The diameter of the light-scattering particles must be consistent with the step A of interference fringes in the

d
measuring volume: ; <Z<Z 1. If the particle diameter becomes comparable with the spacing of the bands, the

signal modulation depth is sharply worsened.

1) Particles should not be excessively small in size, since the intensity of the scattered light decreases in
proportion to the sixth power of the particle diameter, which sharply increases the sensitivity requirements for
recording equipment.

2) The concentration should be sufficient to ensure the necessary information content of the measurements, but
not too large, since an additional error arises due to the superposition of signals from two (or more) particles.

The optimal mode is a single-particle mode, when one particle is in the measuring volume. This mode in the
developed installation is provided by a light-scattering particle generator, which serves to obtain a monodisperse
aerosol with a given particle diameter and optimal concentration.

The diameter of light-scattering particles is determined from the condition of following along with the flux and
from the condition of maximum modulation of the light flux. From the analysis of a number of works [3.,4] it
follows that the most efficient and at the same time convenient and simple is an aerosol generator with small (0.5
- 1.5 pm) solid particles that reflect light well. The main disadvantage of aerosols with solid particles is the
coagulation of particles, which leads to polydispersity and inconsistent aerosol concentrations.

In the research setup, a mode is implemented in which there is one midrange in the 10. Thanks to the MF
generator, this mode is ensured in the developed installation and monodisperse aerosol is obtained with a given
particle diameter and optimal concentration. For research, a specially made Al,O; powder was used.
Monodisperse MFs had a diameter of 0.5 um and high reflectivity.

Results and Discussion

Thanks to the developed stand, studies of gas-dynamic flows in the engine cylinder at the engine test station of
the Scientific and Technical Center of PJSC KAMAZ were carried out [10-12]. The measurements were carried
out inside the model cylinder at a certain point in the flow in the static purge mode. The control of the
experiment and the statistical processing was carried out by special software. The measurements were carried out
twice at each point of the flow for different IO orientations in several sections of the ICE cylinder (Z = 20 mm
and Z = 80 mm), as well as in the valve slit. The results are presented in table form for the three components of
the average velocity vector in polar coordinates.

The distribution of the vertical velocity component v, in the cylinder of the AVL - 2 head at Z = 80 mm, Ap =
100 kPa is shown in Fig. 3.

Ne points U, M/ V., m/ S L, m/s v,m/s
1 07.43 -17.94 16.86 25.72
2 15.61 -11.75 19.75 27.78
3 20.92 02.91 11.10 23.86
4 10.05 -16.70 21.25 28.83
5 09.05 -28.91 26.11 39.99
6 09.61 -16.82 21.41 28.87
7 -09.90 -07.63 18.41 22.22
8 -13.29 -17.15 19.22 28.99
9 -03.23 -14.84 22.19 26.89
10 -05.56 -17.64 19.38 26.79
11 -03.38 -39.90 27.55 48.60
12 -00.41 -16.54 29.78 34.08
13 05.75 02.35 22.29 23.14
14 -02.99 -03.11 27.96 28.29
15 11.64 -19.36 25.28 33.90
16 -11.42 -05.70 10.48 16.51
17 04.27 03.70 32.65 33.14
18 -06.60 -11.79 19.02 23.33
19 01.81 05.44 05.74 08.11
20 -00.23 -01.38 22.50 22.54
21 01.88 04.72 07.53 09.08
22 -02.49 10.81 13.25 17.28
23 00.08 00.53 07.28 07.30
24 13.37 -07.74 11.26 19.12
25 13.84 -08.81 12.11 19.12

Table 1: Components of Speed in the Cylinder Head AVL - 2 at Z = 80 mm, Ap = 100 kPa.
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Fig. 3: The Distribution of the Vertical Component of the Velocity in the Cylinder Head AVL - 2 at Z = 80
mm, Ap = 100 kPa.

The distribution of the horizontal velocity component in the cylinder of the AVL - 2 head at Z = 80 mm, Ap =
100 kPa is shown in Fig. 4.

Fig. 4: The Distribution of the Horizontal Component of the Velocity in the Cylinder Head AVL -2 at Z =
80 mm, Ap =100 kPa.
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The distribution of the horizontal velocity component in the cylinder of the AVL - 2 head at Z = 80 mm, Ap =
100 kPa is shown in Fig. 4.

Table 2. Components of the velocity, in pixels, measured from the valve slit of the head of AVL — 2, with
Ap=100 kPa.

No. points U, m/S Vo.,m/ s Vs, m/ S v, m/s
1 - - - unavailable
2 - - - unavailable
3 05.38 -06.11 46.33 47.04
4 27.01 -01.52 60.69 66.45
5 63.71 86.48 61.00 123.53
6 69.52 08.36 43.89 82.64
7 56.57 -09.75 65.65 87.21
8 50.25 -46.50 55.44 88.10
9 00.01 -27.82 49.81 57.05
10 -22.24 25.54 39.80 52.26

Figure 5 shows the results of measuring the horizontal velocity component (Table 2) in direction and magnitude
in the valve slit in the cylinder of the AVL - 2 head.

Fig. 5: The Distribution of the Horizontal Components of the Velocities around the Valve Slit When p=100
kPa.

Summary

A series of tests of the research facility allowed us to draw the following conclusions:

1) Even with the most unfavorable LDA signal parameters - a filling frequency of 85 MHz and a signal duration
of 1 ps, which corresponds to movement at the highest possible speed (150 m/s) against the direction of
movement of the interference fringes, the relative measurement error is less than 3%.

2) At large signal durations (~ 0.5 m/s), when the measurement time was limited only by the capacity of the T
code counter, the potential accuracy of the processing system of about 0.1% was achieved. This mode
corresponded to the “freezing” of a particle in the measuring volume.

Conclusions

In the course of experimental studies of gas-dynamic flows in the cylinder of an internal combustion engine, it
was revealed that the LDA-based system allows one to obtain a reliable picture of the distribution of flows in the
cylinder.
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