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USE OF LASER DOPPLER ANEMOMETER FOR THE
INVESTIGATION OF TURBULENT FLOW OF POLYMER
SOLUTIONS

N. A, Pokryvailo, D, A, Prokopchuk, UDC 532,542.4
and Z. P. Shul'man

The results of measurements of the mean velocity, the intensity of the longitudinal and the
transverse components of the fluctuation velocity, and Reynolds stresses in the wake of a
disk with polyoxyethylene solution injected in the aft zone are presented. The measurements
were made by a laser anemometer,

The drawbacks of the contact methods of measuring the averaged and fluctuation velocities of fluids, in
particular, of polymer solutions, are due to the necessity of introducing the measuring devices into the flow
that gets distorted thereby. These drawbacks led to the miniaturization of the measuring elements, on the one
hand, and to the development of noncontact methods of measurement, on the other. One of the most promising
measuring devices is the laser Doppler anemometer,

The method of measuring turbulent fluctuations with the use of laser technology utilizing the Doppler ef-
fect has been well substantiated by Goldstein and Hagen [1]. They demonstrated for the first time the possibility
of computing the characteristics of a turbulent flow using the spectral analysis of the Doppler signal, The
broadening of the Doppler signal is considered as a function of the probability density distribution of the values
of the velocity in the flow, This method was further developed in [2-6].

At present, the most widely used laser Doppler systems are the "intersecting reference beam" system
proposed by Goldstein [7] (one beam is used as the local oscillator), the "dual scattering" system developed by
Brayton [8] (only the scattered light is detected from both beams), and the "Doppler meter" system introduced
by Rudd (9] (all the forward propagating radiation, both scattered and nonscattered, is detected).

The "dual scattering" (differential) system is used in the present work, In principle, all these systems
are equivalent and the use of each of these systems is dictated by the specific situation,

Let us consider the theoretical basis of the laser Doppler technique and the interpretation of the obtained
output signals. The radiation scattered from the point of intersection of two coherent beams emitted by a single
laser source is mixed in a photodetector to obtain beats of the Doppler frequency proportional to the initial flow
velocity at this point, which is given by the following expression:

fo = ( ’ff )(51—-52). )
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Cnly one velocity component is measured — that which lies in the plane of the two intersecting beams and per-
pendicular to their bisector. In our scheme the Doppler signal is analyzed by an S4-8 spectrum analyzer. For
a sufficiently large averaging time and small width of the passband of the spectrum analyzer the spectrum of
the Doppler signal may be identical to the probability density distribution of the velocity values. The standard
procedure of determining the velocity and the mean square value of the fluctuation can then be applied to the
obtained signal representing the probability density distribution of the velocity values.

The spectrum of the Doppler signal usually has a Gaussian form and the mean velocity can be found from
the maximum of the distribution curve. The vector of the instantaneous fluctuation of the velocity can be ex-
pressed in the form W = U'ex +V'ex. For a turbulent flow it follows from Eq. (1) that

AT = (%) W (6, — el @)

Then, if o is the angle between the plane of the intersecting beams and the x axis, Eq, (2) is written in the form

2 n\ .. 8 —3 7 . =5 .,
Afp =4 N smz—Q— [t~ cosa - 2u'v' cosa-sina -1- 0" sin?a], 3)
0 !
Aff 1 = e
-7 . 2 .

D= w?costa 4 v’ cosa-sina - v sinal. 4
f? uf_’ i
D 0

Thus it follows from Eq, (4) that in order to obtain the basic characteristics of the turbulent flow it is
sufficient to carry out three measurements at each point, rotating the plane of the probing beams by three fixed
values of angle & Let Af%)/fi) = ¢ be the square of the variance of the Doppler signal. Then for the cases
a =0, +45° —45° we have, respectively

2,2 2

2 2 ] o 2 2 —
Gy =y, Ohgse = [ 40O g | 0y = [+ 0P Qu’v’]/ng.

Thus, in order to find the basic characteristics of turbulence we have the following expressionsi
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2= (0% 450 — 0% 450)/ 2. (), (6), (7)
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A helium—neon laser LG-36 and the optical scheme shown in Fig. 1 were used for the measurement of
the mean velocities and also the intensities of the longitudinal and transverse components of the velocity fluc-
tuation and the turbulent tangential stresses.

The light beam from the monochromatic source of the helium—neon laser 1 is split into two beams by
the divider 2 and lens system 3 and is focused at a given point of the flow. It should be noted that the divider,
the mirror, and the lens system were made in the form of a single block which could be rotated about the axis
of the laser beam, Thus the plane of the probing beams could be rotated by any angle relative to the flow in the
channel. The position of the point could be changed in the longitudinal direction by moving the entire optical
system along a rigid guide. The change of the position of the point of measurement in the transverse direction
was accomplished by the displacement of the hydrochannel. The light beam reflected from the particles in the
flow gets Doppler shifted in frequency and passes through objective 4, diaphragm 5, and falls on a PM-84 photo-
multiplier 6, The voltage taken from PM-84 is amplified by a wideband VZ~14 amplifier and fed to the S4-8
spectrum analyzer.

The spectrum of the Doppler signal averaged over 5 sec was recorded, The spectral half-width of the
Doppler signal for a given position of the plane of the probing beams was determined from the spectrum and
then the basic characteristics of the turbulence were computed from formulas (5)-(7).

The mean and the fluctuation characteristics of the turbulent flow were investigated on a continuous-action
hydrodynamic tube (Fig. 2). A 4.5-kW electric motor sets an impeller pump into rotation through a clutch 2;
the pump can ensure a discharge up to 2 liters/sec and a pressure up to 15 atm. The rotor of the pump 4 has
rifling in the form of a multiple thread. A similar rifling but of opposite direction is made in the frame 3. The
flow rate is regulated by the bypass segment with throttle 5, From the pump the liquid goes into a diffuser 6
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Fig, 1. Schematic diagram of the laser Doppler velocity
meter,

with 4° aperture angle and from there it flows into tank 7 with a very small velocity. A honeycomb 8 and grid

2 are installed at the entrance to the operating channel, followed by a converger 10 with waisting degree 8. The
cooling system 11 ensures a constant temperature of the liquid in the tube. The transverse cross section of the
operating segment of the channel is 50 X 50 mm and its length is 3 m, The range of velocities is 0-1.5 m/sec
and Re = 0-75,000. All the sections of the operating channel were made of transparent plastic.

The basic characteristics of the turbulent flow of water in the channel were measured at Reynolds number
Re = 7,5 10% for checking the equipment and the procedures. The length of the entrance segment was 52 gauge.

The results of the measurements as compared to those of Comte-Bellot are presented in Fig. 3. As evi-
dent from the figure, the results obtained with the laser Doppler anemometer are in good agreement with those
of very careful measurements of Comte-Bellot [10]; The "differential system" of the laser Doppler velocity
meter was used in the measurements., This geometry of the optical system does not permit a close approach
to the wall of the channel in rotating the plane of the probing rays by + 45° and —45°; therefore, the results of
measurements of the transverse component of the fluctuation velocity and Reynolds stresses fory/Dy =< 0.4 are
not presented in Fig. 3.

The flow behind a 12-mm-diameter disk was also investigated on the same equipment. It has-been shown
earlier [11] that on feeding a polymer solution in the wake behind a disk the velocity defect increases. In the
present work, besides measuring the mean velocity, the intensities of the longitudinal and transverse compo-
nents of the fluctuation velocity and also the Reynolds stresses were measured. The results of measurements
in one of the transverse cross sections of the wake of the disk are shown in Fig. 4 for x/d = 6.

7

E
7

A WARRRNY
\ ! - —

Fig. 2. Schematic diagram of the hydrodynamic channel.
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Fig, 3. The results of comparison of the mean velocity, the
longitudinal and transverse components of the fluctuation velocity,
and the turbulent tangential stresses (1 — Comte-Bellot data;

2, 3 —our data).
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Fig. 4. Change of the mean velocity defect (a), longitudinal (b)
and transverse (c) components of the fluctuation velocity and
the turbulent tangential stresses (d) in the wake of a disk: 1)
water; 2) polyox. T, m/sec; y, mm.

The effect of the injection of polyethylene oxide on the basic characteristics of the flow in the wake of
the disk was investigated for two concentrations of polyethylene oxide (PEO) — 0.1 and 0.5%. In order to elimi-
nate the direct effect of the momentum of the injected polymer solution on the development of the flow a very
small amount of polymer solution was fed into the aft zone of the disk (g = 0.5 cm?/sec),

We discuss the main results obtained with the injection of 0.5% freshly prepared PEO solution., The mea-
surements made in the transverse cross section of the wake at x/D = ¢ show that the mean velocity defect in-
creases sharply (Fig. 4a). As seen from Fig. 4a, the injection of the polymer does not produce any changes in
the partof the velocity profile pertaining to the channel. The longitudinal component of the fluctuation velocity
increases (Fig. 4b) and its largest value corresponds to the region of maximum shear velocity, In the region
of the channel wall the values of [(')]¥%/4 become practically constant. The polymer additions have a sighi-
ficant effect on the decrease of the intensity of the transverse component of the fluctuation velocity (Fig, 4c).
The decrease in the intensity of the transverse component of the fluctuation velocity agrees well with the in-
crease of the velocity defect in the wake. During the injection of the polymer the turbulent tangential stresses
increase in the region of the maximum by 20% (Fig. 4d). It should be noted that on injecting the polymer solu-
tion the radial gradient of the averaged velocity also increased due to the increased mean velocity defect, This
could cause a certain increase in the turbulent tangential stresses. As regards the large decrease of the inten-
sity of the transverse component of the fluctuation velocity, such manifestation of the action of PEO was observed
in conditions of turbulence near the wall {12, 13]. Thus, a three- to fourfold decrease of the intensity of the
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transverse component of the fluctuation velocity was noticed in the experiments of E., M, Khabakhpasheva for
a small decrease of the intensity of the longitudinal component.

Similar experiments were carried out with the injection of 0.1% PEO into the aft zone of the disk., The
flow rate of the polymer solution was kept in the same ranges. The results of these measurements are in
agreement with those discussed above, although all the enumerated effects are less pronounced,

Let us analyze the accuracy of the results obtained above, First of all, we note that the error of the
measurements depends substantially on the signal-to-noise ratio of the given measuring system. In our equip-
ment the maximum signal-to-noise ratio was attained experimentally by a choice of the optical parameters of
the system and by the injection of the optimum concentration of scattering particles into the flow, Since the
characteristics of the furbulent flow are computed from formulas (5)-(7), in which the quantity to be measured
is the square of the variance of the Doppler signal ¢* = Afi)/fb, the main error is introduced by the inaccuracy
in the determination of the frequencies from the spectrum of the Doppler signal. Thus, for example, for
w/ﬁ'z/uo = 0.12 the relative error in the measurement of ¢ is 3% and for ﬁi‘ ug = 0,03 it is 8%. In the mea-~
surements of the transverse component of the fluctuation velocity the maximum scatter of the points does not
exceed 10-15%.

NOTATION

€, €, unit vectors of the incident light beams; W, velocity vector; n, refractive index of the medium; 2y,
wavelength of the laser light; fp, Doppler frequency; Afyy spectral half-width of the Doppler signal; «, angle
between the mean velocity vector and the plane of the probing beams; ©, angle of intersection of the beams; ug,
maximum velocity in the x direction; AFh/fh = o2, square of the variance of the Doppler signal.
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