STUDY OF GAS-SATURATED TURBULENT STREAMS
USING A LASER DOPPLER VELOCITY METER
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New experimental results on the study of a turbulent gas~saturated stream in a-tube using
a laser Doppler velocity meter and a thermoanemometer are discussed. The distributions
of the volumetric gas content over the cross section of the tube and profiles of the average
velocities and average and pulsation characteristics of the shear stress at the wall in the
stream under investigation are obtained. The experimental apparatus and the method of
the measurements are described.

Gas saturation as a method of reducing hydrodynamic resistance has attracted the attention of inves-
tigators [1, 2]. The decrease in friction with gas saturation of the turbulent boundary layer is explained by
a change in the physical constants of the gas-saturated liquid,

The dependence of the relative (apparent) viscosity of different liquids on the volumetric concentra-
tion of small gas bubbles is studied experimentally in [3, 4]. The réesults of the studies showed that the
viscosity of a bubbly liquid is greater than the viscosity of a single~phase liquid. The relative increase
in viscosity upon gas saturation of a liquid depends not only on the volumetric gas content, but also on the
size of the gas bubbles.

In a theoretical study [5] the real bubbly medium is replaced by a certain homogeneous single-phase
medium having physical constants which depend on the volumetric gas content. The results of the solution
of the problem showed that the relative decrease in the hydrodynamic resistance upon gas saturation of the
turbulent boundary layer is a function of a single parameter — the density of the gas-saturated liquid at the
permeable wall,

A considerable change in the physical constants of a gas-saturated liquid must affect the properties
of the boundary turbulence and the fine structure of the stream. The hypothesis that the gas bubbles can
decrease the intensity of turbulent momentum exchange owing to the separation of adjacent layers of liquid
in the boundary layer and through deformation of the bubbles was advanced in [6].

The experimental studies in the present work were performed on a hydrodynamic apparatus of grav-
itational operation.

The working section consisted of a horizontal tube with a rectangular cross section of 30 X 40 mm?
A permeable layer 250 mm long was set in the bottom of the working section flush with it. The width of
the permeable layer was less than the width of the working section (24 and 40 mm, respectively). Thegas
saturation of the turbulent stream in the tube was accomplished by blowing the gas through the permeable
layer.

The permeable layer consisted of a set of closely pressed together sheets of plastic each 1 mm thick,
Grooves were made by mechanical means on both sides of each sheet. Tests showed that owing to the
grooves the slits between the closely pressed sheets represent a collection of pores with good uniformity
of size. The pore sizes were determined from the separation diameter of the bubbles through a calcula-
tion by the equation of [7]. According to the estimates the mean pore size of the permeable layer was 2~
4 u. The surface porosity of the layer was ~1%.
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Fig. 1 AI=f(l, C, D,),
where I is the path length of the beam in the two-
phase medium, C is the volumetric gas content of the medium, and Dy is the diameter of the bubbles which

scatter the light.

To determine this dependence special studies were conducted on a calibration apparatus which con-
sisted of a vessel with a porous bottom.

To exclude the first and third factors during the calibrations the path lengths of the laser beam in
the two-phase medium of the test stream in the tube and in the calibration vessel were chosen as equal.
In addition, to decrease the diameters of the bubbles generated by the permeable layer during the blowing
of gas in the calibration vessel a 1% solution of ethyl 'alcohol was used instead of water. The mean
bubble size was 150 4. )

The volumetric gas content in the two-phase stream being studied was determined from the results
of the calibration.

A laser Doppler velocity meter (LDVM) developed at the Institute of Atomic Energy, Siberian Branch,
Academy of Sciences of the USSR was used to study the average velocity field in single~phase and two-
phase turbulent streams in a tube.

A diagram of the measurement apparatus is presented in Fig. 1. The optical part contains the se-
quential arrangement of a laser 1, a quarter-wave phase plate 2, an objective 3, a polarization splitter
(a Wollaston prism) 4, an objective 5, diaphragms 6 and 7, a focusing objective 8, a receiver objective 9,
a field diaphragm 10, a Wollaston prism 11, and photoreceivers 12 and 13 whose outputs are connected
through a differential amplifier 14 to the electrical circuit for analyzing the Doppler signal. The Wollaston
prism 4 is placed in the common focal plane of objectives 3 and 5 which form an afocal system.

The beam of the laser 1 after passing through the quarter-wave phase plate 2 is split by the polar~
izationprism 4 into two orthogonally polarized beams having the same intensity. Since the objectives 3
and 5 form an afocal system, the split beams are parallel upon emergence from the objective 5. The
opaque screen containing the diaphragms 6 and 7 serves to free the light beams from the noncoherent
aureole, The split beams are focused by the objective 8 onto the test region of the stream.

In the region of intersection of the incident beams one can distinguish two orthogonal axes (x andy)
which are turned by 45° angles relative to the orthogonal polarization vectors of the incident beams., The
relative phase shift between the projections of the field vectors on the x axis and on the y axis will be
characterized by #. The resultant light field can be represented as the superposition of two orthogonally
polarized and spatially matched interference fields in which the bands are parallel and are out of phase
while the envelopes are in phase.

The image of the probing field in the orthogonally polarized scattered beams is formed by the ob-
jective 9 and the prism 11 on the light-sensitive surfaces of the photoreceivers 12 and 13. The axes of
the Wollaston prism 11 are turned by 45° relative to the polarization vectors of the incident beams. In
this case the images of the interference fields with antiphase interference arrays in the scattered beams
are separated and each is formed at its own photoreceiver. The light scattered from a particle passing
through the probing region is modulated in intensity with a frequency inversely proportional to the period
of the array.

One can show that the modulation frequency is equal to Doppler difference frequency {8]
fo=U2sina/jk, {1)

where U is the measured projection of the velocity, 2« is the angle between the directions of the interfer-
ing beams, and A is the wavelength of the laser radiation. The spatial-phase distribution of the intensity
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in the probing interference field is transformed into the phase—time distribution by the moving scattering
particle. Therefore, the output currents in each of the two photoreceivers are described by the respective
equations

I,=I(1--Ip(t) cos o, ' P
L,=I,(t) — Ip (t) cos wt,

where w=27fp), I is the additive component of the signal, and Ip is the amplitude of the Doppler component.

The resultant ¢urrent at the output of the differential amplifier 14 is determined as the difference
between the output signals of the first and second photoreceivers [9].

Total suppression of the additive component of the signal and of the noise is not achieved in practice
because of the depolarizing effect of the scattering particles.

Smooth regulation of the transmission coefficient is provided to make the output signals in each
channel of the differential amplifier symmetrical. The subsequent processing of the Doppler signal is
performed by the electronic assembly, which puts out the digital value of the velocity averaged over a
given time and an analog voltage proportional to the instantaneous velocity. A simplified block diagram
of the electronic part of the LDVM is shown in Fig. 1. ‘

After preliminary amplification the signal enters an automatic filter unit 15 which automatically
follows the maximum of the current spectrum of the Doppler signal. The filtered signal, which has the
form of a random sequence of radio pulses symmetrical relative to zero, enters two threshold amplifier-
limiters 16 and 17. From the output signals of these amplifiers the series of peaked counting pulses and
the gate pulses whose duration corresponds to the duration of these series are formed by units 18, 19, and
20. The counting pulses and gate pulses enter a special counter 22 with a preassigned counting time. The
counter gives digital readings directly in units of velocity. The counting time (averaged) can be varied in
the range from 0.01 to 10 sec. The counter is provided with an output for sending the information to an
electronic computer 27.

To obtain information on the "instantaneous" stream velocity the Doppler frequency is transformed
into an analog signal by a frequency detector 21 with a2 memory, to which the same counting pulses and
gate pulses are supplied. The fluctuations in the output voltage of the frequency detector are proportional
to the deviations in the Doppler frequency and consequently to the velocity pulsations. The spectrum of
the voltage pulsations corresponds to the spectrum of velocity pulsations. By feeding this voltage to in-
struments 23-26 one can determine the required statistical characteristics of the test stream, particularly
the intensity and spectrum of the turbulence, the autocorrelation function of the pulses, etc.

" The electronic assembly for processing the Doppler signal has three working subranges: 10-100
mm/sec, 100 mm/sec -1 m/sec, and 1-10 m/sec. The corresponding bands of reproducible velocity
pulsation frequencies are 0~10, 0-100, and 0-1000 Hz. The relative noise level at the analog output of
the instrument does not exceed 0.01, which corresponds to a turbulent intensity of 1%.

An SK4-13 spectrum analyzer, which made it possible to evaluate the spectrum of the Doppler sig-
nal, was connected to the output of the differential amplifier in parallel with the electronic processing
assembly. Since the Doppler spectrum is broadened because of modulation interference when the con-
centration of the gaseous phase is increased in the experimental region of the stream, the exact measure-
ment of the mean Doppler frequency (the velocity) is difficult. In this case an approximate estimate (with
an error of + 5%) of the mean frequency of the spectrum at high concentrations was made from the spec-
trum analyzer.

The average and pulsation characteristics of the hydrodynamic friction at the bottom wall of the
tube beyond the site of gas blowing were measured by a thermoanemometer of the RTPS type [10] with an
end detector mounted flush with the wall. A platinum film with a size (x X z) of 0.2 x 2.5 mm?, deposited
by the brazing method on a substrate of hard glass, served as the detector. The signal from the detector
according to [11] is proportional to the average velocity gradient at the wall, i.e., to the shear stress of
the viscous friction.,

The pulsation component of the signal from the detector went to the input of a spectral analyzer of
type 2112 of the Bruhl and Kier Company with three-octave band-pass filters and was recorded on a 2305
type recorder.
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The different characteristics of the two-phase stream were measured in a cross section of the work~
ing part of the tube located 50 mm beyond the permeable layer. All the measurements were conducted at
a stream velocity of Um =8.3 m/sec at the axis of the tube. The Reynolds number, determined from the
hydraulic diameter of the tube, was ~2.2* 10,

The distribution of the volumetric gas content over the cross section of the working part of the tube
for different modes of gas saturation of the stream is shown in Fig. 2.

The dimensionless distance from the bottom wall of the tube y =2y/H, where H=30 mm is the height
of the working section of the tube, is laid out along the abscissa, while the volumetric gas content Cis
laid out along the ordinate. Here Cgq =Q/UmS, is the dimensionless coefficient of the gas flow rate, Q is
the volumetric gas flow rate, and S, is wetted area of the permeable layer. The values of Cq for points
1-4 are (0.29, 1.72, 2.60, 4.3) - 1073, respectively.

We can note three of the principal features of the distribution of the volumetric gas content in a
turbulent stream beyond the site of gas blowing: first, in the immediate vicinity of the bottom wall of the
tube (in the viscous sublayer) the volumetric gas concentration is equal to zero; second, the maximum of
the volumetric gas content occurs at y =0.1; third, as one moves toward the axis of the tube the volumetric
gas content decreases smoothly to zero,

The reason for the existence of a zone of pure liguid in the immediate vicinity of the bottom wall
and for the concentration of small gas bubbles at some distance from it evidently is the Zhukovskii force,
connected with the considerable circulation of the velocity around the gas bubbles which have justseparated
from the permeable layer, and the buoyant force of the bubbles.

The average velocity profiles for the modes of gas saturation corresponding to Fig. 2 are shown in
Fig. 3.

The average velocity profile in a single-phase stream is shown in Fig. 3 by a solid line. It corre-
sponds well to a 1/7 power law for a turbulent stream in a tube. The velocity profile in the two-phase
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‘e < ] stream was not measured completely since at volumetric
5 \ concentrations greater than 3% the laser beam was so
' ! A attenuated that the Doppler signal could not be distin~
ot 0'0 N"v gl gulshed from the noise.

Fig. 4 - : : It is seen from the graph that the larger the vol-

umetric gas content in the turbulent stream, the smaller
the average velocity gradient at the bottom wall of the
tube.

It must be taken into account that becasue of the
large velocity gradient in the zone near the bottom wall
the largest critical dimension of the region of spatial
resolution of the LDVM was the component along the y
axis, which in the experiment equalled 30 1, The entire
region of spatial resolution comprisedavolumex Xy X z
of (0.03% 0.6% 3 mm?), respectively.

oo . f””” f Ho The dependence of the relative hydrodynamic re-
' Fig. 5 "" sistance AT =75/7 on the gas flow rate, obtained from
the results of the thermoanemometric measurements
with the film end detector, is shown in Fig. 4. I follows from the graph that the larger the volumetric
gas content of the stream, the smaller the shear stress at the bottom wall of the tube. The presence of
an optimum gas flow rate at which the reduction in friction is maximal is characteristic.

The results of the thermoanemometric measurement can be compared with the data on the measure-
ment of the velocity profile in Fig. 3. On the assumption that the liquid in the viscous sublayer is New=
tonian (C =0) the estimates of the reduction in local friction based on the data of Figs. 3 and 4 coincide
with the accuracy of the measurement error,

The rms spectra of the pulsations in friction in a single-phase stream (1) and at the optimum gas
saturation (2) are shown in Fig. 5.

The pulsation frequencies (Hz) are laid out along the abscissa and the rms value of the friction
pulsations A in a logarithmic secale along the ordinate. The greatest change in the intensity of friction
pulsations with gas saturation of a turbulent stream in a tube occurs in the region of frequencies from
200 to 4000 Hz and comprises 5 dB at the ‘optimum gas content of the stream, i.e., the intensity of the
friction pulsations is decreased by almost 1.5 times. This indicates the distinctive stabilization of the
flow in the boundary zone caused by small gas bubbles at high volumetric gas contents,

The results of the experimental studies indicate that a considerable reduction in the local hydro-
dynamic resistance takes place upon the gas saturation of a turbulent stream in a tube. With the reduc-
tion in the hydrodynamic resistance the average velocity gradient at the wall over which the flow occurs
is reduced by the same value. The spectral characteristics of the pulsations in hydrodynamic friction
show that the reduction in friction produced by small gas bubbles at high volumetric concentrations is
connected with stabilization of the flow in the boundary zone. The distribution of the volumetric gas con-
centration in the turbulent stream is distinctive: its maximum occurs at § =0.1, while in the immediate
vicinity of the wall over which the flow occurs (in the viscous sublayer) gas bubbles are absent.
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