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by
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Cleveland, Ohio
and
Neil S. Berman
Arizona State University
Tempe, Arizona
Although the laser Doppler velocimeter has been used for turbulence
measurements in the past (1,2), no set of measurements in practical tur-
bulent flows has been available to evaluate the instrument. In this work
we examine in detail the photomultiplier signal representing the axial
velocity of water within a glass pipe. We show that with proper analysis
of the photomultiplier signal, the turbulent information that can be ob-
tained in liquid flows is equivalent to recent hot film studies. In
shear flows the signal from the laser Doppler velocimeter contains addi-
tional information which may be related to the average shear.
EXPERIMENTAL APPARATUS
The laser Doppler velocimeter located at the NASA Lewis Research
Center is a one dimensional instrument with an optical arrangement of the
Goldstein~Kreid type (3). A scattering angle of approximately 9.9 degrees
as measured in water was used along with a Bragg tank which gave a static
frequency shift of 30 MHz (zero velocity equals 30 MHz). The laser was a
Spectra Physics Model 125. The freqﬁency spectrum of the photomultiplier
signal could be directly displayed on a Hewlett-Packard 8553 spectrum

analyzer. Alternately the photomultiplier signal could be mixed with a

signal from a local oscillator and the difference sent to an FM demodulator.
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Two different demodulators were used, a fixed center frequency phase lock
loop and a tunable discriminator which utilized pulse averaging demodula-
tion.

The flow system was a recirculating water unit with an automatic
level control on the head tank. The level in the head tank could be con-
trolled to within *1.5 mm. This is equivalent to a 0.1% control of total
head. Glass pipes 1.9 cm, 2.54 cm, and 5.08 cm in diameter were used in
the test section and measurements were made approximately 300 cm down-
stream of an entrance section. Water containing a small amount of
0.5 micron polystyrene spheres was used in the system.

SPECTRUM ANALYZER RESULTS

We consider first the spectrum analyzer display of the voltage or
power in the signal as a .function of frequency. This signal is the laser
Doppler velocimeter frequency shift and is proportional to axial velocity.
Figure 1 shows spectrum analyzer traces for turbulent flow using an aver-
age of several sweeps and a single sweep. Parameters for this figure are
sweep width 10 kHz/division, band width 300 Hz, sweep time 0.2 seconds
per sweep. The data were obtained with a 150 mm lens focusing the laser
beam at the centerline of the 5.08 cm diameter pipe with a local mean

velocity of 24.5 cm/sec (local Npe = 14 000). Note that the single
sweep has some width corresponding to the signal broadening due to the
finite sample volume as discussed by Edwards et al. (4). It can be seen
that the representation of turbulence requires long time averaging and
some interpretation. The noise level is also significant. In laminar
flow, similar spectrum analyzer traces in Figure 2 show no difference in

signal broadening for multiple and single traces. Here the velocity is
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5.25 cm/sec with the same pipe, optics and spectrum analyzer bandwidth.
The other parameters are sweep width 2 kHz/division and sweep time
0.005 ms/division. The signal broadening of approximately 600 Hz at the
one-half power point is considerably less than the 7500 Hz for turbulent
flow. The 600 Hz can be calculated from the dimensions of the scatter-
ing volume and represents the finite volume broadening. In Figure 1 the
finite volume broadening would be 2500 Hz, considerably less than the
observed broadening which contains the turbulent fluctuatioms.

To obtain the turbulence intensity from the pictures of the spectrum
analyzer traces, the finite volume broadening and noise must be sub-
tracted. The analysis must also recognize that the white area on Fig-
ure 1 is bordered by.the peaks of the single traces. The corrections are
possible if Gaussian distributions are assumed but may be weighted by
recent events on the screen. To avoid this problem the voltage or
heights of the trace at discrete frequencies can be averaged over a suit-
able length of time. Figure 3 shows the result of a one second average
at each point plotted as normalized power versus frequency. The solid
line is a least squares fit of a Gaussian plus a linear function to the
data.. For this experiment at the centerline of a 2.54 cm diameter pipe,
the local mean velocity was 292 cm/sec corresponding to a local Reynolds
number of 86 000. The turbulence intensity was 3.1%Z. Using the analysis
of Lumley and Panofsky (5), the '"probable error'" in the second moment
for the one second average is +20% and the '"probable error'" in the fourth
moment is *46%. The type of curve given in Figure 3 is equivalent to a
velocity probability versus velocity curve and the error analyses of

Lumley and Panofsky should hold.
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In shear flows especially near the wall of a pipe, the probability
distribution becomes wider. Figure 4 shows multiple sweeps and a single
sweep on the spectrum analyzer for this case. Here the sweep width is
20 kHz/division, the bandwidth is 1.0 kHz and the sweep time is 0.02 sec/
division. The location in the 5.08 cm diameter pipe is at r/R = 0.92
and the local mean velocity is 23.3 cm/sec. The single sweep is exactly
the same.as before with its width determined by the finite sample volume.
The long time average, however, contains turbulence broadening, and an
additional broadening due to velocity gradients in the radial direction.
If this signal is treated the same as the previous one using a one second
average per point, Figure 5 is obtained. The so0lid line represents the
Gaussian plus linear fit. Obviously much longer averaging times are
needed.

DEMODULATED SIGNAL

Spectrum analyzer averages or traces do not give information on the
time variations of the turbulence. Therefore such information as the
autocorrelation or the power density spectrum is unavailable from spec-
trum analyzer measurements. The probability density is available but is
clcuded .by noise when a spectrum analyzer is used. FM demodulation tech-
niques can be used to bypass the noise problem inherent in the spectrum
analyzer and. to yield a signal which.can be processed to obtain the sta-
tistical data mentioned above. Basically we want.to convert the frequency
variations in the Doppler signal. into voltage variations so that we may
conveniently analyze the information content of the fluctuations. Fig-
ure 6 shows schematically the method used in this work. Optical hetero-

dyning of -the scattered and reference beams at the photomultiplier tube
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gives a frequency shift, Af, proportional to the instantaneous velocity,
u + u'. This fluctuating frequency is heterodyned with a constant fre-
quency, f, to move the signal to [f - Af|, the center frequency of the
FM demodulator. The demodulated output, after a low pass filter, is a
voltage v proportional to the fluctuating velocity u'. This voltage
was recorded on an FM tape recorder. At a later time the tape was played
back into an analog to digital conversion facility which digitized the
fluctuating voltage signal and made a digital tape. In the analog to
digital conversion, 13 bits were available to convert -10 to +10 volts
to digital numbers from O to 8192. The digital tapes were processed on
an IBM 360/67 computer.to.obtain power spectra, autocorrelations, and
probability distributions.

.As a test of the noise level of the electronics and the roll-off of
the low pass filter a signal, frequency modulated by white noise, was
made the input to the FM demodulator and processed as shown in Figure 6.
The low pass filter was.set at 500 Hz, and the digitizing rate at 8000
per second. .The power spectrum is shown in Figure 7. The tape and
digital noise level was extremely low at 2><10_2 mv2/Hz.

A typical power spectral density at the centerline is shown in Fig-
ure 8 and . .is compared to the data of Resch (6) at the same Reynolds num-
ber. [The local mean.velocity was 54 cm/sec in the 2.54 cm pipe giving a
local.Reynolds_number of .15 000 .and a turbulence intensity of 3.9%Z. For
purposes of digital.analysis, the data was divided into two regions:

1) below.100 Hz.was digitized:.at 1000 pts/sec for 16 seconds; 2) above
100 Hz was digitized at.8000 pts/sec for 2 seconds. The ''probable errors"

are greatest at the lower end.of each frequency range and are estimated



to be 21% at 4 Hz and 12% at 100 Hz. The points shown were obtained by
using the Fortran program '"Rapsody' written by Brumbach (7). A Parzen
filter was used to smooth the raw spectra. The interesting detail about
this spectrum is the noise level appearing at 400 Hz. This is the finite
volume effect. The spectrum of the finite volume broadening appears flat
or perhaps slightly decreasing as frequency increases. If this level is
subtracted from the spectrum, the turbulent spectrum falls on the values
obtained by Resch. Similar results have been found by George and

Lumley (8). The finite volume effect can also be seen in oscilloscope
traces of the demodulated signal. In Figure 9 the top trace is the un-
filtered signal including the high frequency finite volume effect. From
the power spectrum.for this experiment we can selecf 300 Hz as the fre-
quency beyond which turbulence is negligible. When we use a 300 Hz low
pass filter, we obtain the lower curve which represents the turbulence.
It would.be necessary to use such a filter to get meaningful autocorre-
lation and probability results for any turbulent data obtained from a
laser Doppler velocimeter.

From a laminar flow analysis of .the laser Doppler velocimeter (4),
the standard deviation of the finite volume broadening can be used to de-
termine the size of .the sample volume in the axial direction and in the
radial direction, 9 and cz,.respectively. For spot size we use the
definition of Edwards, et al. (4). These spot sizes, which are only
functions of the total optical system, are given for three different
lenses in Table I. In.turbulent flow (assuming Gaussian signals), for
.long time.averages,  the .variance of the spectrum analyzer spectrum is

.approximately the sum of the variances of the turbulence broadening, the
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finite volume broadening,.and the velocity gradient broadening. The
analysis of the demodulated signal is more complicated. Some results:
were given by Lumley, et al. (1) previously. We would predict, regard-
less of the absolute location of the finite volume broadening in the
power spectral density, that the turbulent spectrum at low frequencies
would be independent of the finite volume broadening. Further, the:
height of the spectrum of the finite volume broadening at zero frequency
would be proportional to the mean velocity in the volume and the recip-
rocal of the axial dimension of the sample volume if no velocity gradi-
ents are present. If the finite volume broadening spectrum is flat at
least as far out in frequency as the intersection with the turbulent
curve, we can use the level at the intersection as representing the level
at zero frequency.

To study the effect of sample volume size or lens focal length on
the finite volume broadening spectra, we have performed several experi-
ments whose results are given in Figures 10, 11, and 12. Figure 10 rep-
resents the tail of the spectrum from the flow in the 2.54 cm pipe at a
mean local velocity at the centerline of 54 cm/sec. The localvReynolds
number is 15 000 and the turbulence intensity is 3.97%. We have converted
the vertical scale to units of Hz (deviation from the mean) squared per
Hz frequency to compére the result to that predicted by George and Lumley
(8). Although the height of the two flat portions of the curves, repre-
senting the finite volume broadening, varies correctly with the scatter-
ing volume size, the levels predicted by George and Lumley given by the
marks on the right are high. The digitizing rate for this experiment was

8000 per sec and the low pass filter was set at 2500 Hz. An EMR Model
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4140 tunable discriminator with a 5 pole Bessel low pass output filter
was used with a center frequency of 200 kHz and a percent bandedge of
+30%. The sample .time was 2 seconds. The waves in the spectrum are char-
acteristic of the filter.

A similar experiment was run using a lower Reynolds number, 6000,
and an EMR model 167 phase lock loop demodulator. The center frequency
was 185 kHz and the bandedge deviation was #16.5 kHz. An external 4 pole
Butterworth bandpass filter (0.2-2000 Hz) was used before taping énd a
6 pole Bessel low pass filter set at 2000 Hz was installed before the
digitizer to obtain the data shown in Figure 11. For the two lenses used
in Figure 10 the results are the same. Here at the centerline of a
1.9 cm pipe the velocity was 28 cm/sec and the turbulence intensity 3.9%.
The finite volume broadening is low enough so that some drop off from a
flat spectrum can be seen for the larger focal length lens and the spec-
trum could be interpreted to be higher than an extrapolation from the
previous curve thus agreeing with the prediction of George and Lumley.
Therefore, the 50 cm focal length lens was used and its spectrum is
higher than predicted. The marks on the right side again are the values
of George and Lumley. Clearly there is some other effect contributing.
Since the effect increases with focal length, we suspect the velocity
gradients across the sample volume in the radial direction.

Using the same apparatus and procedure as in Figure 11, we measured
the spectrum at r/R approximately 0.8 where the velocity gradient for
this low Reynolds number is quite high. The local mean velocity was
26 cm/sec, almost the same as the previous centerline run, but the turbu-

lence intensity was doubled and equal to about 7.7%. 1In Figure 12 the
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tails of the spectra for the three lenses are compared. The lines- on the
left are the centerline levels adjusted for the mean velocity difference.
Note that the 3.75 cm focal length lens which gives a very small sample
volume in all directions gives the same noise level as at the centerline,
but the others are much higher. In fact the 50 cm focal length lens giv-
ing the largest radial dimension leads to a noise level considerably higher
than that predicted for finite volume broadening alone. We conclude that
the additional effect is due to velocity gradients. Although, again, the
complete spectrum must be known before a proper analysis of the turbulence
can be made, the additional information is related to the shear in the
sample volume. George and Lumley predict that two point correlation ex-
periments can be used to eliminate the finite volume broadening since when
the volumes do not overlap the signals will not correlate. This may not
be true for the additional source of broadening. Cieérly there is more
work to be done in use of the laser Doppler velocimeter in shear fields.
COMPARISON OF PROBABILITY DISTRIBUTIONS

FM demodulation and subsequent removal of the finite volume broaden-
ing leads to a remarkably noise free signal that can be used to obtain
velocity probability distributions. Such a result can be compared to the
spectrum analyzer trace. In Figure 13 we show the probability distribu-
tion at the centerline of the 2.54 cm pipe for the same run as Figure 3.
The local Reynolds number was 86 000, mean local velocity, 292 cm/sec,
and turbulence intensity 3.15%. TFor the digital analysis we used a rate
of 1000 points/sec for 21.648 sec. -Based on a significant frequency of
10 Hz, the "'probable error'" is 4% in the second moment and 10% for the

fourth moment. The skewness of -0.516 and flatness of 3.23 agree with
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recent data of Bose (9). This distribution appears on a semi-log plot to
be decidedly non-Gaussian, however, the departure from Gaussian behavior

within the first two standard deviations is small. When we compare Fig-

ures 3 and 13 on the same scales, Figure 14 is obtained. Here the solid

line is the digital analysis and the dots correspond to the spectrum ana-
lyzer trace with the linear noise trends removed. The two curves can be

made to coincide by subtracting the additional noise in the spectrum ana-
lyzer trace.

This noise appears to be a function of signal and is shaped by a
band pass filter which follows the photomultiplier in the apparatus used
in this study.

CONCLUSTIONS

As a final demonstration of the ability of the laser Doppler veloci-
meter we show the complete corrected spectra in Figure 15 for the three
Reynolds numbers that have been used in this work. The form is similar
to that given by Resch and the area under the curve is normalized to 1.
This graph shows that the data obtainable in liquid flows where the tur-
bulence intensity is as large as that obtainable at pipe centerlines in
fully developed flow is comparable to hot film work. We have also shown
that additional information is available from the LDV signals in shear
flows.

This paper has emphasized the correction of the unique pitfalls in
the analysis of laser Doppler data. Without subtraction of the finite
volume and other broadening, use of correct low pass filters, and suffi-
cient averaging time, the data can be easily misinterpreted. We are

confident that the laser Doppler technique is a valuable aid to the study
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of turbulence and can provide low frequency turbulent information unob-

tainable by any other means.
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Table I
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NORMALIZED INTENSITY
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POWER SPECTRAL DENSITY, Hz2/Hz
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