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An extensive experimental programme in both laminar and turbulent flow was under- 
taken to  examine the validity of all of the major implications of the model of the pulsed 
ultrasonic Doppler velocimeter for turbulent flow developed in part 1 of this investi- 
gation. The turbulence measurements were made in fully developed flow at the centre 
of a 6.28 cm diameter pipe. The Reynolds number of the flow ranged from 6000 to  
40000. The carrier frequency of the ultrasonic velocimeter was 4.7 MHz. 

Measurements of the turbulence intensity and of the one-dimensional velocity 
spectra made with the ultrasonic velocimeter are compared with the analysis and 
with the actual quantities as measured by a hot-film anemometer. The experimental 
results are in agreement with theoretical predictions. 

Measurements of one-dimensional turbulence spectra with reduced ambiguity 
spectra made by the two sample volume methods described in part 1 are presented. 
The results verify the analysis and indicate that an improvement in the useful dynamic 
range of the velocity power spectrum of nearly three orders of magnitude can realistic- 
ally be achieved. 

1. Introduction 
Establishment of the pulsed ultrasonic Doppler velocimeter as a reliable tool for 

the evaluation of turbulence requires that a reasonable level of confidence be gained 
in the description of its characteristics and limitations in well-defined situations. 
The experimental programme that has been carried out and is described in the 
following sections was aimed both a t  verification of the theoretical results of the 
study (Garbini, Forster & Jorgensen 1982, hereinafter referred to  as part 1)  and at 
revealing any inadequacies in that analysis. 

The laboratory investigation may be broadly divided into four parts. I n  the first 
portion, model parameters, principally the sample-volume dimensions, and the spec- 
trum of the Doppler-ambiguity process were determined. Of the two causes of ambi- 
guity discussed in 9 2.3 of part 1 it will be seen that the transit-time effect, which is 
associated with the mean velocity rather than the velocity fluctuations, is usually 
dominant. Therefore this effect was isolated by measuring the detected velocity 
signal spectrum in steady, uniform, laminar flow. For an ideal velocity-measuring 

t Also at Center for Bioengineering, University of Washington, Seattle. 
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device the spectrum should be zero at all frequencies greater than zero. For the ultra- 
sonic Doppler velocimeter this result corresponds t o  the velocity-ambiguity process. 
These spectral measurements were compared with the theoretical predictions of the 
ambiguity spectrum based on the Gaussian-shaped sample-volume model. 

I n  the second part, onc-dimensional energy spectra for turbulent flow were measured. 
The test situation selected for this evaluation was that of fully developed turbulent 
flow at the centre of a pipe. These measurements were made over a wide range of 
Reynolds numbers. All major implications of the model were investigated experi- 
mentally. The results demonstrate clearly the limitations of the ultrasonic velocimeter 
in turbulent flow. The ultrasonic measurements were compared directly with those 
obtained using a hot-film anemometer and with theoretical predictions of the Doppler 
velocimeter output based upon the model. The turbulence intensities were also evalu- 
ated from the width of the Doppler spectrum and compared with hot-film measure- 
ments. 

The third and fourth parts of the experimental programme dealt with the reduction 
of the velocity-ambiguity process by means of the dual-sample-volume cross-spectra 
technique. For the preliminary measurements, flat-profile laminar flow was again used 
to  isolate the Doppler-ambiguity phenomenon. Measurements were made of cross- 
spectra of the detected velocity signals from two sample volumes in laminar flow for 
selected spacings and Doppler angles. I n  this way the effects of overlap and shadowing, 
as described in $3,  were examined empirically. These results were compared with 
theoretical predictions based on the Gaussian-shaped sample-volume approximation. 

I n  the final experiments, the dual-sample-volume cross-spectrum method was 
evaluated in turbulent flow. The results of the laminar-flow experiments were used to  
arrange the sample volumes in near-optimal configurations with respect to  the effects 
of sample-volume overlap and shadowing. The resulting one-dimensional velocity 
spectrum estimates were compared with the hot-film measurements for overall 
accuracy. The total reduction in the ambiguity process was evaluated by comparison 
of these results with those of the single-sample-volume measurements. 

2. Data-reduction techniques 
2.1. Demodulation of the Doppler signal 

I n  $2.3  of part 1 it was shown that an estimate of the one-dimensional turbulence 
spectrum may be obtained from properly scaled computation of the power spectrum 
of the instantaneous rate of change of phase of the Doppler signal. This detected velo- 
city signal is of the form: 

where k is the Doppler wave vector, (u) is the spatial average velocity and 6 is the 
ambiguity process. The problem of obtaining this signal from the Doppler signal is 
analogous to  that of FM detection. I n  practice, a phase-locked loop demodulator or 
a zero-crossing detector is usually used to determine the detected velocity signal. 
Quite often these devices suffer from bias errors inherent in the technique, or from 
limitations in frequency response for wide-band signals (Angelsen & Kristoffersen 
1979). Since the turbulent fluctuations in velocity are small and since the bandwidth 
of the Doppler signal is large, such restrictions are significant. 

For the purposes of this investigation it proved both convenient and accurate to 

Wd = k.{u)+b, (2.1) 
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determine the detected velocity signal by computing directly the instantaneous rate 
of change of phase of the digitized Doppler signal. It can be shown (Garbini 1978) 
that the detected velocity signal can be expressed as 

where #(x) denotes the Hilbert transform of the Doppler signal x( t ) .  Specificationsfor 
optimal numerical realizations for the Hilbert and derivative transforms are well 
developed in the literature (Rabiner & Schafer 1974a, b,  c;  Oppenheim & Schafer 
1975). 

2.2. Spectral analysis 

The results of this investigation include estimates of the power-spectral densities of 
the hot-film and Doppler signals. In  addition, both the power and cross-spectral 
densities of the detected velocity signals must be computed. The two-sided spectral 
density of two stationary random processes x( t )  and y ( t )  is defined by 

S,,(w) = R,,(T) eciwrdr, 1:: 
and the one-sided spectral-density function by 

f + W  

G,,(w) = 2 J ’ R,,(r) e-cmdr, 
- W  

(2.3) 

where R,,(r) is the correlation function of the two processes. 

density estimate from digitized records of the time series. 
In  all cases fast-Fourier-transform techniques were used to compute the spectral- 

When x( t )  and y( t )  are the same process the digital raw autospectral estimate is 

where 

(k = 0, 1, ..., N -  1). 
N-1 

n=O 

x, is the digitized record of a sample function of the process x(t) ,  N is the number of 
points in x, and At is the digitization interval. 

The standard deviation of the estimate is at least of order equal to the amplitude 
of the actual spectrum itself. More precisely, 

where c2 and K ,  are respectively the variance and fourth cumulant of the process 
x(t) .  Averaging of individual spectral estimates followed by (moving-average) fre- 
quency smoothing was used to  reduce the variance of the final spectral estimates 
(Bendat & Piersol 1971). 

For a Gaussian random process K ,  is zero, and the spectral-density estimates just 
described are approximately chi-squared variables. The 100 (1 -a) % confidence 
interval is described as (Koopmans 1974) 
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where v is the number of degrees of freedom associated with the variance reduction 
technique used. When plotted on logarithmic scales the confidence limits are 
represented as constant length intervals around the spectral estimate. 

It was established in § 2.1 of part 1 that the Doppler signal is a Gaussian random 
process. Therefore the preceding discussion is valid for the estimate of the spectrum 
of that quantity, and the confidence limits were established accordingly. 

Although the turbulent-velocity fluctuations are not Gaussian, the value of the 
fourth cumulant for isotropic turbulence is known to be small in comparison with u4 
(Monin & Yaglom 1975). From (2 .7) ,  for large N ,  the variance of the spectral estimate 
asymptotically approaches the value for the Gaussian case. Therefore the confidence 
intervals for the spectra of the hot-film anornometer measurements of the turbulence 
were also determined by (2.8).  

The final distinct random process to be considered is the Doppler ambiguity 6. 
The probability-density function of a process of this type was established by Rice 
(1949) to be 

where cr;, for this particular application, corresponds to the width of the Doppler 
spectrum. The ratio of the fourth cumulant to the square of the variance for such a 
function is infinite. Therefore the theoretical variance of the spectral estimate, 
according to (2.7), would be infinite. Of course, in any practical determination, the 
range of the random variable is limited to a finite region about its mean. Such a 
restriction forces the value of K,/u4 to be finite. Therefore the confidence intervals 
will approach those of equation (2.8) for large N .  

The cross-correlation estimates required by the dual-sample-volume ambiguity 
reduction technique ( 9  4)  were computed according to 

(2.10) 

where X and Yare respectively the discrete fast Fourier transforms of the two random 
processes, and * denotes the complex conjugate. The variance of such an estimate 
depends upon the coherency of the two processes, as well as the respective amplitudes. 
For approximately normal processes the relation is (Jenkins & Watts 1968) 

where uzy is the cross-spectral amplitude \Gzv(f)l, and k&, is the squared coherency. 
Since the ambiguity-process portions of the detected velocity signal from the two 
sample volumes are largely uncorrelated, the coherency is low. Therefore the variance 
of the spectral estimates is high over portions of the frequency range. This necessitates 
additional use of the smoothing techniques described earlier. No attempt was made 
to  establish precise confidence intervals for the cross-correlation estimates. 

The graphs of experimentally derived power spectral estimates presented in the 
following sections are accompanied by the parameters describing the spectral-estima- 
tion procedure, and, where appropriate, the confidence intervals. 



Measurement of JEuid turbulence. Part 2 475 

2.3. Spectral moment and intensity measurement 

In  $3.3,  hot-film measurements of the turbulence intensity a t  the centre of the pipe 
are compared with those made with the pulsed ultrasonic Doppler velocimeter. The 
intensity estimates for the hot-film anemometer may be computed from the one- 
dimensional energy spectrum according to 

(2.12) 

where E(k,) ,  in turn, is estimated from the smoothed, properly scaled, one-sided, 
spectral estimate of the anemometer bridge voltage. That is, 

D B(k , )  = -&. 
27l 

(2.13) 

The analogous computation for the ultrasonic Doppler velocimeter would involve 
the integral of the estimation of the spectrum of the detected velocity signal. However, 
in $ 2.3 of part 1 it was shown that this signal contains a random ambiguity process in 
addition to the velocity fluctuations. The mean-square value of this spectrum is 
meaningless. 

However, it was also shown in $ 2 . 2  of part 1 that the intensity of the velocity 
fluctuations is related to the moments of the Doppler signal spectrum according to 

I = [(F)2c0s26-a2 I” , 
where us is the variance of the Doppler signal spectrum G( f ), defined by 

f i s  the mean of the Doppler signal spectrum, 

and a is a parameter descriptive of the particular ultrasonic instrument, 

h 
a =  

4 x 2f7ruv’ 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

where h is the wavelength of the acoustic carrier and crv is the dimension of the sample 
volume in the direction of the mean velocity. 

As a practical matter, there are several important considerations in attempting to 
use these relations to determine the intensity. First the (f - f )z  factor in the integrand 
of (2.15) causes the calculation of us to be very sensitive to noise components in the 
estimate of G( f ). This problem may be alleviated by limiting the interval of integration 
to a finite region about the spectral mean. 

16 F L M  118 
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An important consideration in determining the intensity is the variance of the cal- 
culation itself. Equation (2.14) requires that ai/f be estimated. Equations (2.15), 
(2.16) and simple numerical integration yield 

(2.18) 

k 

From (2.18) and (2.14) the error in the estimate of the intensity depends upon the 
accuracy of the spectral estimates dk, the number of points in the summation (&'V), 
the parameter a associated with the instrument, and the value of the intensity. The 
sensitivity of the calculation to these factors can be explored by evaluating the 
normalized standard error, defined by 

(2.19) 

This expression may be evaluated approximately by expanding the expectation in a 
Taylor series about the actual value of the intensity, and retaining only the first-order 
terms. Assuming that the elements of the spectral estimate of the Doppler signal are 
uncorrelated, the normalized standard error is 

#{( I -  1)2}f - - E{[((a,/f)2~~~2e-a2)f- 1]2}*. 

I I 
€ =  

For the discrete Fourier-transform method of spectral estimation described in 
5 2.2 the variance is approximately var [ d k ]  = G(kA f ) 2 / M ,  where 2M is the number 
of degrees of freedom. Assuming that the sampling rate of the Doppler signal is four 
times the mean frequency, and that N is large, the summations in (2.20) may be 
replaced by the corresponding integral quantities. If the Doppler spectrum is des- 
cribed by the Gaussian shapes derived in part 1 then the normalized error for the 
intensity estimate is given by 

This expression is plotted in figure 1 as a function of intensity, for several values of 
the parameter a. 

There are several significant qualitative characteristics of the function. First, for 
any a, the expected value of the error decreases rapidly at low values of the intensity. 
Therefore as the intensity decreases it is necessary to increase the number of degrees 
of freedom in the spectral estimate or the number of points in each sampled segment. 
In  addition, the error is reduced for large values of v v / h .  Therefore it is also desirable 
that the dimension of the sample volume in the direction of the mean flow be large 
compared with the carrier wavelength. 
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FIGURE 1. Normalized error for the calculation of the intensity as a function of the instrument 
and estimation parameters. N = samples/record. M = records averaged in the spectral esti- 
mate. The parameter a/cos 0 = 0.01, 0.05, 0.1 and 0.2. 

For the particular ultrasonic device and Doppler angle used in the intensity experi- 
ments described in the following sections, the value of the parameter was equal to 
0.04, and the Doppler angle was 45". The intensity measurements were computed 
from Doppler signal spectrum estimations containing 300 degrees of freedom with 
1024 points per sampled segment. The smallest value of the turbulence intensity 
measured was approximately 3.5 %. Therefore from figure 1 the normalized standard 
error of these estimates was of the order of 1.0 %. 

2.4. Equipment and experimental procedure 

The laminar-$ow system. The laminar and turbulent portions of the experimental 
procedures described in the following sections were carried out in separate flow 
systems. The laminar flow system was used both for the evaluation of the non-turbu- 
lent effects on the detected velocity signal spectrum and for calibration of the hot-film 
anemometer probe. The flow system consists of a contraction section with circular 
symmetry which exists into a test tank where the ultrasonic transducer or hot-film 
probe is located (see figure 2). The flow a t  the 2.54 cm throat of this contraction was 
laminar and was free of significant velocity gradients in the transverse direction. 

Turbulent-$ow system. To evaluate the accuracy of the theoretical description of the 
Doppler velocimeter for turbulence measurements, the test situation chosen was that 
of fully developed turbulent flow in a pipe. A principal advantage of this configuration 
is that a large body of experimental results using hot-film and laser anemometers have 
been reported in the literature. These data provide a convenient check on the data 
taken here. In  addition, since the velocity profile at the centre of the pipe is nearly flat, 
the effects of gradients may be avoided. Finally, the turbulence in the core region is 
known to be approximately isotropic (Laufer 1954; Sandborn 1954). 

The evaluation of the theory consists of a comparison between the Doppler veloci- 
meter measurements and known results for the range of Reynolds numbers from 5000 
to 40 000. Since the measurements of turbulence spectra, intensities and scales reported 

16-2 



478 J .  L. Garbini, F .  K .  Forster and J .  E .  Jorgensen 

FIGURE 2. The laminar-flow facility. 

in the literature are incomplete in part of this range, it was necessary to fill in this 
information with additional hot-film measurements. 

A diagram and photographs of the flow system are shown in figures 3 and 4. The 
tube is aluminium, 625 cm in length, with internal diameter of to 6.18 cm. The ultra- 
sonic and hot-film measurements were made five diameters from the end of the tube. 
The test section is fitted with ports that  hold the ultrasonic transducer a t  various 
Doppler angles with respect to  the flow. 

As discussed in 3 1.2 of part 1,  the ultrasonic Doppler velocimeter used in these 
experiments incorporates a sinusoidal carrier and coherent mixing demodulation, 
which results in a serious range ambiguity. Normally, the acoustic beam would be 
reflected from the far wall of the tube, resulting in a series of sample volumes in the 
flow in addition to  the one a t  the tube centre. The spacing of these sample volumes, 
determined by the pulse-repetition frequency frp, is c/2frp.  To eliminate these reflec- 
tions the section of the pipe just upstream of the point of measurement was made of 
pc-rubber. Since the characteristic acoustic impedance matches that of water, nearly 
all of the acoustic energy is transmitted into the rubber, where it is absorbed. 

Doppler velocimeter (processor and transducers). A block diagram of the pulsed 
ultrasonic Doppler velocimeter used in this investigation is shown in figure 5. This 
instrument incorporated a single-crystal transducer, coherent-mixing demodulation 
and sample-and-hold gating circuits. As illustrated, the back-scattered signal is 
multiplied in the mixer by master oscillator signals. This provides Doppler signals 
for subsequent processing of the observed velocity. Two gating circuits were used to  
produce Doppler signals from two sample volumes that can be separated along the 
acoustic beam. This was accomplished by delaying the activation of one gate relative 
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FIGURE 3. The turbulent-flow facility, 
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FIGURE 3. The turbulent-flow facility, 

I 

FIGURE 4. The turbulent-flow test-section entrance showing both the hot-film probe 
and the ultrasonic transducer. 

to the other. This delay can be varied to provide the two closely spaced sample 
volumes used in the ambiguity reduction technique discussed in $ 3  of part 1. 

The master oscillator frequency used in the experiments was 4.7 1 MHz. Each burst 
of this carrier signal applied to  the transducer was 1 ,us in length, and was repeated 
with frequencies varying from 7.8 to 15.7 kHz. 

The construction of the transducer used in all of the tests, except those $3.5 ,  is 
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FIGURE 5. A block diagram of the pulsed ultrasonic Doppler velocimeter. 
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FIGURE 6. Transducer construction. 

shown in figure 6. It consisted of a single lead zirconium titanate crystal (commer- 
cially known as PZI-5) 0.95 cm in diameter. The damping of the transducer was 
increased by the addition of backing material composed of a mixture of tungsten 
powder and epoxy, The resulting quality Q was approximately 8-4. A spherical lens 
of the same material as the backing was used to  focus the acoustic beam and to  provide 
an impedance-matching layer between the crystal and the medium. The focal length 
of the transducer was 3.25 cm. The focal region, which was more than 1 cm long 
(measured between the one-half power points along the beam), accommodates both 
sample volumes with little variation in diameter. 

A portion of the experimental procedure required a sample volume large in compari- 
son to the turbulence eddies. To accomplish this, the transducer lens was omitted 
except for a thin, flat impedance-matching layer, and the backing material was omitted. 
The lower damping allows the crystal to ‘ring ’ for a longer period after the termination 
of the driving pulse. 

Hot-film anemometer. The thermal-anemometer measurements of the turbulent 
flow were made with a quartz-coated, conical, hot-film probe (TSI model 1230W). 
The platinum active element of the probe was 0.012 cm wide by 0.03 cm in diameter. 

The signal processing was accomplished with a TSI 10533 bridge anemometer. 
A TSI model 1310 probe provided temperature compensation. 

The workingjluid. I n  both systems a mixture of silicon particles and water was 
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employed as an acoustic scattering medium for the ultrasonic velocimeter. The silicon 
particles (GE-antifoam 60) are spherical and non-cohesive. The mean diameter is 
approximately 5 pm, with standard deviation of 1-2 pm. The volumetric concen- 
tration in the mixture employed was approximately 0.02 %. 

Clean, degassed water was used for all hot-film measurements. For all measure- 
ments, the operating temperature during the experiments was maintained at 20 "C. 

3. Single-sample-volume experiments - results and discussion 
3.1. Effective sample-uolume directivity 

The effective sample-volume directivity is one of the principal describing parameters 
of the pulsed ultrasonic Doppler velocimeter, both for laminar and turbulent flow. 
It enters into the analytical representations of the Doppler signal correlation and the 
detected velocity signal correlation as the deterministic spatial autocorrelation 
function &(x1,x2,x3) ((2.15) and (2.49) in part 1). The directivity appears again as a 
spatial filter, in 5 3 of part 1, in determining the attenuation of the velocity spectrum 
a t  high wavenumbers due to finite sample-volume size. 

The effective sample-volume directivity is the product of the acoustic-beam direc- 
tivity and the envelope function of the transmitted bursts. In  general, the effective 
directivity of the sample volume is a three-dimensional function which decreases 
from the centre continuously in all directions. In assessing the accuracy of the pro- 
posed model it was necessary to evaluate this function experimentally. In  part 1 
expressions for the correlation functions were derived for arbitrary specifications of 
the three-dimensional sample-volume directivity. In  general, the evaluation of expres- 
sions containing explicit forms of the sample-volume directivity function is very 
difficult for turbulent flow and is therefore of limited direct practical value. The 
Gaussian-shaped sample-volume approximation, discussed in part 1 and repeated 
here for clarity, allows closed-form evaluation of the modelling equations 

H(x,, x2,  x3) = const. x exp 

If the Gaussian function closely approximates the actual directivity, the results 
may be applied in a straightforward manner to predict the limitations of measure- 
ments in a given flow situation. The Gaussian-shape approximation is defined by the 
three dimension parameters IT,, g2,  IT^. Therefore to apply this model for the directivity, 
the corresponding widths of the actual sample volume must be determined empirically. 

It was shown in part 1 that the spectrum of the Doppler signal is represented by 

X(w) = const. x exp 9 (3.2) [ [ 2Aw2 2A02 
where 

For a focused transducer, the transit-time effect provides a convenient and accurate 
method of making these measurements. The width of the Doppler signal spectrum in 
laminar flow is related to the sample-volume dimension by 

- 
T T  

(3.3) 
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where a,(@ is the spectral deviation (in Hz) of the Doppler signal spectrum, av(8) is 
the dimension of the sample volume in the direction of mean velocity which intersects 
the acoustic beam with Doppler angle equal to  8, and B is the meanvelocity. Ex- 
pressing the mean velocity in terms of the mean Doppler frequency f, the corre- 
sponding sample-volume dimension is 

Thus al equals av(O") and, since the acoustic beam is axisymmetric, aa and a3 are 
equal. Therefore the cross-beam width may be computed from measurements of the 
axial dimension and the dimension measured at some angle t o  the beam, 8 + 0" 
(see figure 7) with the use of the relation 

sin 8 
av(90") = 

(3.5) 

An advantage of this method is that  it is based on Doppler-shift information. 
Minor sources of spectral broadening, other than the transit-time effect, associated 
with the signal processing or the transducer geometry, that  are directly proportional 
to  the average velocity will be accounted for in the measured effective sample-volume 
dimensions. Also, (3.4) indicates that  it is not even necessary to  know the velocity 
of the flow or the absolute magnitude of the spectra. 

The spectral means and deviations were computed for a variety of velocities in the 
laminar-flow facility, a t  Doppler angles of 0" and 45". The results, shown in figure 8, 
confirm the implication of (3.4) that  the rat iof lc  of the mean frequency to  the spectral 
deviation is independent of the velocity. I n  addition, the intersection a t  the origin of 
both lines indicates that  the only significant spectral broadening effects, in this 
situation, are directly proportional to  velocity. From (3.4) and (3.5), the equivalent 
sample-volume dimensions for the Gaussian-shape approximation, in this particular 
trial, are cl = 0.049 cm and r2 = 0.036 cm. 

To assess the accuracy of the Gaussian-shaped sample-volume assumption a com- 
parison was made between the results of the transit-time tests and a more direct 
measurement of the actual directivity using echo information. For the cross-beam 
measurement, a wire target, very small in comparison with the beam width, was 
positioned incrementally across the beam a t  the focal-point location of the sample 
volume. The peak of the resulting echo measured a t  the output of the receiver was 
recorded. 

Assuming that the acoustic-beam directivity is constant in the axial direction over 
the length of the sample volume, t,he effective axial directivity is determined by the 
modulating envelope function of the transmitted burst. The envelope function was 
assessed from the time history of a single echo from a target located a t  the sample 
volume centre. 

Figures 9 and 10 show comparisons of the measured directivities in the axial and 
cross-beam directions, and the Gaussian-shape approximation based on the dimensions 
determined by the transit-time method. The amplitudes of these results have been 
normalized by matching the peak values of the curves. I n  the cross-beam direction 
the agreement is excellent. The error in width is of the order of the dimension of the 
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FIGURE 7. Determination of the sample-volume dimensions. 
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FIGURE 9. Cross-beam directivity. + , echo test ; -, Gaussian-shape approximation. 
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FIGURE 10. Axial directivity. + , measured envelope ; --, Gaussian-shape approximation. 
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FIGURE ll(a). For caption see facing page. 

target used. Axially, the asymmetry of the rise and decay of the transmitted burst, 
particularly a t  the start of the excitation, causes a more significant deviation from the 
Gaussian approximation. However, the two shapes are at least qualitatively consistent, 
and the width parameters are nearly identical. 

A further evaluation of the approximation may be made by examining the shape 
of the Doppler signal spectrum. For the Gaussian-shaped sample- volume approxima- 
tion, the form of the Doppler spectrum is given by (3.2). This equation is the basis for 
the transit-time measurement of the sample volume width just described. With this 
width substituted back into the equation, a comparison can be made with the measured 
spectral estimate. Figure 11 (a)  is characteristic of such a comparison for laminar flow. 
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(b)  turbulent flow. 
FIQURE 11. Measured (-) and theoretical (- - -) spectra in (a) laminar and 

The spectral amplitudes have been normalized by the peak values. Figure l l ( b )  
shows a typical corresponding result for turbulent flow. Both results show close agree- 
ment between the theoretical and experimental spectral shape to three or four orders 
of magnitude below the peak values. 

The results suggest that the Gaussian-shape assumption is an adequate representa- 
tion of the effective directivity for a high-resolution Doppler velocimeter within the 
restrictions of the model. In  addition, the results indicate that the laminar flow, 
transit-time method of determining the dimensions of the sample volume is accurate, 
as well as convenient. 

3.2. T h e  detected velocity signal spectrum - laminar $ow 
The detected velocity signal is defined as the instantaneous time-rate of change of 
phase of the Doppler signal. In 3 2.2 of part 1, it was shown that the detected velocity 
consists of the spatial average of the velocities within the sample volume plus the 
Doppler ambiguity process. In  the design of any measurement of turbulence with the 
pulsed Doppler velocimeter it is essential to be able to predict the magnitude of the 
unwanted ambiguity process. Theoretically, the power spectrum of the ambiguity, 
assuming the Gaussian-shaped sample-volume approximation to be valid, is given by 

The accuracy of this result was explored experimentally in the laminar-flow facility. 
In  the absence of the turbuIent-velocity fluctuations the ambiguity process is isolated 
in the measurement of the detected velocity signal spectrum. 

The measured power spectra of the detected velocity signal for various velocities, 
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FIGURE 12. Detected velocity spectrum in laminar flow showing the effect of transit time on the 
ambiguity process. -- , ultrasonic velocimeter ; - - - , theoretical. Mean velocity: 6 2 4 ,  41, 
30, 10 cm/s; 0 = 60'. The spectral estimates are based on averages of 200 records of 512 points 
each. 

and with the Doppler angle equal to 60" are plotted in figure 12 and are compared 
with the model, I n  all cases, the mean value of the detected velocity signal, which 
corresponds to  the actual velocity, has been subtracted before calculation of the 
spectra. The theoretical predictions of these spectra are computed from (3.6), the 
Euler-Maclaurin sum formula was used to  improve the rate of convergence. The 
sample-volume dimensions were determined by the transit-time method described 
in $3 .1 .  

I n  addition to confirming the theoretical results, figure 12 also shows the relationship 
of the velocity-ambiguity process and the transit-time effects. As the velocity in- 
creases, the transit time decreases and the ambiguity spectrum increases in both 
magnitude and bandwidth. This might be interpreted as an increase in the uncertainty 
of the velocity as the time that an individual particle spends in the measuring volume 
is decreased. 

3.3. Doppler velocimeter measurements of intensities and turbulence spectra 

Measurements of the axial-velocity fluctuations in the core region of fully developed 
pipe flow were made by means of hot-film anemometry. These data provide the basis 
for comparison of the pulsed ultrasonic velocimeter results to those of an instrument 
of established reliability. Comparisons with the ultrasonic velocimeter were made 
primarily on the basis of velocity spectrum and turbulence intensity. 

The range of Reynolds numbers (based on the diameter and the local mean velocity) 
extends from 6000 to 40 000. The corresponding range of turbulence intensities extends 
from 4.4 yo a t  a Reynolds number of 6000 to 3.7 % at 40000. 

Figure 13 shows the hot-film measurements of the velocity-fluctuation spectra. 
The abscissa is normalized according to  the dimensionless Strouhal number kD, 
where k is the wavenumber and D is the tube diameter. The ordinate is E,(k)/u-D, 
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are assumed to be correct representations of the velocity fluctuations. The data are 
used both for comparison and as a basis for theoretical predictions of the ultrasonic 
velocimeter output. 

Turbulent-flow velocity measurements were made with the pulsed ultrasonic Dop- 
pler velocimeter. The ultrasonic determinations of the turbulence intensity were 
inferred from the Doppler spectrum using (2.14) for a Doppler angle of 45". 

The ultrasonic results along with the hot-film measurements made as part of this 
investigation are shown in figure 14. The hot-film intensity estimates were computed 
from the integral of the velocity spectra. Also plotted are a number of published 
results of pipe-flow investigations that employed both thermal and laser-Doppler 
anemometry in water, as well as in air and in carbon dioxide. Over the range of Reynolds 
numbers shown, the ultrasonic measurements are within expected experimental error 
of the hot-film measurements. 

I n  evaluating the one-dimensional turbulence spectrum with the ultrasonic veloci- 
meter the two most significant considerations are the level of the Doppler-ambiguity 
process and the attenuation of the spectrum caused by spatial averaging of the velo- 
cities within the sample volume. The corresponding relations for isotropic, low- 
intensity, turbulent flow were developed in part 1 and are restated here in a form 
convenient for this discussion. The spectrum of the det,ected velocity signal 

is the spectrum of the spatially averaged velocity fluctuations; r9 is the Doppler angle, 
gl is the mean velocity, (EL(Icl)) and (ET(kl)) are respectively the longitudinal and 
transverse spectra of the spatially averaged velocity fluctuations, and the wave 
vector k ,  is related to the radian frequency w by k ,  = u/Dl. The spectra of the spatially 
averaged velocity fluctuations are related to the actual longitudinal velocity spectrum 
and the sample volume directivity by 

{EL(k l ) )  = exp ( - 4 k l )  EL(kl )  + 2 d e x p  [ - k2,(vl - 4 1 1  

x Ik; exp ( - (l? - k; - 2 / 4 )  EL(&-) d L  
(3.9) 

d 
@&2)) = - Sexp ( - 4 k 3  [k2& [EL(k2 ) l+  E,(k2)  [k ; ( c ;  + 4) - 11 

where 

e-pzy[y(yk2 - 2 sin2 8) + p2y2 sin2 01 do, 

y = ~1 cos2 8 + c; sin2 8. 

Since, at a given frequency, the Doppler ambiguity artificially raises the value of 
the spectrum while the spatial averaging tends to decrease it, a single experiment in 
which both effects are included to a comparable degree would not be conclusive. 
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Therefore in this section results are presented for which the sample volume is small 
with respect to  the turbulence scale. The effect of spatial attenuation of the spectrum 
is far less significant than that of the ambiguity process. I n  $3.4 the consequences of 
using a large sample volume for spectral measurements are explored. 

For a given-size sample volume the spatial attenuation of the one-dimensional 
velocity spectrum increases with the Reynolds number. To demonstrate that  the 
spatial attenuation is small, consider the case of the Reynolds number equal to  38 800 
and a spherically symmetric sample volume 0.05 cm in diameter. The hot-film measure- 
ment of the longitudinal velocity spectrum is plotted in figure 15, accompanied by the 
theoretical prediction of the spectrum of the spatial average velocity given by (3.9). 
Over the frequency range shown, the attenuation is small. Since all of the following 
data were collected in flows for which the Reynolds number is below 38 800 the atten- 
uation of the spectrum is even less. 

The results of the ultrasonic measurements are normalized for comparison with the 
hot-film anemometer data. If S,(w) is the power spectrum of the detected velocity 
signal, with units of (rad/s)2/(rad/s), then the corresponding normalization is 

(3.11) 

where is the local mean velocity, k ,  is the magnitude of the ultrasonic wave vector 
(k, = 2w0/c),u12 is the mean-square value of the velocity fluctuations, D is the pipe 
diameter, and E,(k) is the one-dimensional turbulence spectrum. 

The results for the range of Reynolds numbers from 6000 to  40000 are shown in 
figure 16. Each graph includes ultrasonic measurement of the turbulence spectrum 
and the corresponding hot-film measurement. The hot-film measurements have been 
corrected to  correspond to the proper Doppler angle according to the isotropic relation- 
ship given by (3.8). 

I n  all cases, the ultrasonic measurement follows that of the hot-film anemometer 
closely until the level of the spectrum of the ambiguity process is reached. For all 
flow rates, these ultrasonic measurements are limited to  the first order of magnitude 
of the spectrum compared with four or more for the hot-film anemometer. For the 
chosen normalization, the velocity spectrum a t  the centre of the pipe for fully de- 
veloped turbulent flow is approximately invariant with respect to changes in diameter 
and flow rate. The amplitude of the ambiguity spectrum (transit-time effect only) a t  
the origin is 

(3.12) 

Since the variation of the turbulence intensity with Reynolds number is relatively 
small, the ambiguity level can only be lowered by increasing the acoustic carrier 
frequency or the size of the sample volume. It has been shown that the sample-volume 
size cannot be increased indefinitely without causing significant distortion of the 
velocity spectrum. I n  addition, acoustic attenuation places practical limits on the 
carrier frequency. Notice that the relative amplitude of the ambiguity would be even 
greater for a smaller diameter pipe. 

The accuracy of the model of the pulsed Doppler velocirneter in turbulence may also 
be asressed by comparing the theoretical detected velocity signal spectra, based on 
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FIGURE 15. Theoretical effect of spatial averaging on the spectrum for a relatively small sample 
volume. - - -, longitudinal spectrum; -, theoretical spatial average; Re = 38800. 

the hot-film anemometer data used in (3.6)-(3. lo), with the corresponding ultrasonic 
measurements. The comparisons for the Reynolds number range from 6000 to 40 000 
are shown in figure 17. Although the effect of spatial averaging of the spectra is small, 
it has been included in all of these calculations. 

Generally, these results indicate that the ultrasonic Doppler velocimeter is capable 
of accurate measurement of velocity fluctuations within the restrictions imposed by 
the ambiguity process. I n  addition, they confirm the theoretical prediction of the 
Doppler ambiguity in turbulent flow as well as its statistical independence from the 
velocity fluctuations. 

From (3.6), two phenomena contribute substantially to the level of the ambiguity 
spectrum: (i) the transit-time effect (also present in laminar flow), and (ii) the turbu- 
lence-induced deviations of the; velocity within the sample volume from the spatial 
average velocity. It is interesting to note the relative contributions of - these two terms 
in the situations investigated. The mean-square velocity deviation Aut2 is equal to 
the integral of the difference between the actual velocity spectrum and the spectrum 
of the spatial average velocity. That is 

A T 2  = [E,(k,)  -{E1(kl))] dk,. 
--m 

Since it is proportional to  both the magnitude and width of the ambiguity spectrum, 
the parameter A2 of (3.6) may be taken to be a measure of the ambiguity. Then the 
portion of the ambiguity caused by the transit-time effects is 
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FIGURE 16. Ultrasonic (-) and hot-film (. * . . .) spectra; 8 = 45”. Spectral estimates for 
ultrasonic measurements are based on an average of 100 data records of 2048 points/record with 
frequency smoothing (Hanning). 

- 
while that resulting from turbulence effects is PAu’2. The theoretical contribution of 
the turbulence-induced ambiguity for the Reynolds numbers a t  which data were 
collected is shown as a percentage of the total in figure 18. The trend shows that, as 
the mean velocity is increased, the mean-square value of the velocity deviations 
increases faster than the transit-time effect. 

Over the range considered here this effect is a relatively small part (maximum of 
3.5 yo) of the total ambiguity. Of course, this would be true in any properly designed 
turbulence-spectrum measurement. That is, the size of the sample volume should be 
sufficiently small to avoid large spatial averaging of the spectrum. This implies that, 
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FIGURE 17. Comparison of the analytical model with the spectrum of the detected velocity for 
turbulent flow; 8 = 45". - - - , theoretical ; - , ultrasonic. Spectral estimates for ultrasonic 
measurements are based on an average of 100 data records of 2048 points/record with frequency 
smoothing (Hanning) . 
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FIGURE 18. The fraction of the ambiguity process caused by 
velocity variations within the sample volume. 

when these conditions apply, the ambiguity spect>rum for turbulent flow can be 
estimated accurately on the basis of the transit time alone. Since the velocity fluctua- 
tions and the Doppler ambiguity are independent random processes, an improved 
estimate of the velocity spectrum can be obtained by subtracting the predicted 
ambiguity spectrum from the measured spectrum. 

This technique has been used in laser anemometry, where it has been shown (George 
& Lumley 1973) that, in many instances, the corresponding ambiguity spectrum is 
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FIGURE 19. Improvement of the turbulence-spectrum measurement by subtracting the theoreti- 
cal ambiguity spectrum. --, ultrasonic velocimeter ; - - - , hot-film; Re = 12000, 8 = 45". 
Spectral estimates for ultrasonic measurements are based on an average of 100 data records of 
2048 pointslrecord with frequency smoothing (Hanning) . 

nearly constant over the entire range of significant frequencies. I n  that case it is 
sufficient to  subtract an easily computed constant from each component of the 
measured spectrum. Unfortunately, this is not generally true for the ultrasonic Doppler 
velocimeter. The ambiguity spectrum diminishes appreciably across the range of the 
velocity spectrum. Therefore it is necessary to  compute the ambiguity spectrum a t  
each frequency component. An example of this method is shown in figure 19. The 
improvement, measured as the ratio of the powers a t  which the corrected and un- 
corrected spectra deviate radically from the actual spectrum, is more than one order 
of magnitude. This graph also illustrates the limiting factors in the technique. The 
theoretical prediction of the ambiguity deviates from the corresponding portion of 
the measured spectrum in two ways. First, the theory is only an approximation of 
the actual ambiguity process. Secondly, the measured spectrum is subject to statistical 
estimation errors. The latter restriction may be overcome, a t  the expense of increased 
data-collection and processing time, by reducing the variance and bias of the spectral 
estimate. Furthermore, in 5 3.2, the theoretical ambiguity spectrum agrees with the 
experimental measurement with an error on the order of 5-10 yo. Therefore the im- 
provement in the velocity spectrum measurement achieved by subtracting the 
theoretical ambiguity spectrum is probably limited to less than two orders of 
magnitude. 

3.4. Large-sample-volume m,easurements 

As the size of the sample volume is reduced, the amount of attenuation of the velocity 
spectrum caused by spatial averaging decreases. Simultaneously, the transit-time 
effect accounts for an increasing share of the ambiguity spectrum (first term for the 
expression for A2 in (3.6)).  I n  3 3.3 a small sample volume was employed to  investigat,e 
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FIGURE 20. Large-sample-volume turbulence-spectrum measurement. -, ultrasonic; . * . . ., 
theoretical, based on hot-film; 0 = 45". Spectral estimates for ultrasonic measurements are 
based on an average of 200 data records of 2048 points/record with frequency smoothing 
(Hanning). 
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the characteristics of the model when these trends are dominant. I n  this section a 
much larger sample volume is used to examine the accuracy of the analysis in situa- 
tions where the effects of spatial averaging on the spectrum are large and where 
turbulence-induced variations in velocity within the sample volume (sceond term in 
the expression for A2 in (3 .6))  contribute significantly to the total ambiguity. Under 
some circumstances, i t  may be impracticable to  employ a sample volume that is 
small relative to the scale of turbulence. Therefore knowledge of the degree to which a 
given measurement is corrupted is fundamental. 

The velocity-spectrum measurements were made for Reynolds numbers of 12 000, 
18300,25400 and 38800. The sample volume was produced with a transducer consist- 
ing of a piezoelectric crystal that was unfocused, air-backed and 0.35 ern in diameter. 
The characteristic dimensions of the sample volume, determined by the echo method 
described earlier, were v1 = 0.07 ern in the axial direction and v2 = 0-17 cm in the 
cross-beam direction. 

The velocity spectra, as measured with the ultrasonic velocimeter, are shown in 
figure 20. As expected, the spectral components related to the random-velocity pro- 
cess are only discernible until the level of the wide-band Doppler ambiguity process 
is encountered. The theoretical predictions, also shown, are the sum of the spatially 
averaged spectrum (3.8) and the ambiguity spectrum (3.6).  They are based on the 
actual spectrum obtained with the hot-film anemometer. 

I n  all cases shown, the amount of ambiguity caused by the velocity variations within 
the sample volume is theoretically greater than 53 yo of the total. These results com- 
bined with those of $ 3 . 3 ,  where the corresponding value is less than 3.5 %, confirm 
the validity of the analysis of the Doppler-ambiguity process caused by both transit- 
time effect and turbulence-induced spatial velocity variations. 

I n  figure 21 the ambiguity spectrum has been subtracted from each experimental 



Measurement of fluid turbulence. Part 2 495 

Hot film 

Re = 12000 

I 1 1 1 1 1 1 1 1  I I #lvny 1 I I I I  

1 10 100 1000 

Ultrasonic 

lo-' 

1 0 - 3  

10-4 

10-5 

k D  k D  

1 10 100 1000 

FIGURE 21. The effect of spatial averaging; 
k D  

- 
3 - 

- 
I " 1 1 ' " "  1 1 I ~ I l l r l  

1 10 100 1000 

ID 

0 = 45". . . . . ., theoretical spatial average. 

result to  illustrate the attenuation of the velocity spectrum resulting from spatial 
averaging of the velocity in the sample volume. Also shown are the corresponding hot- 
film velocity spectrum and the theoretical spectrum of the spatial average of the 
velocity, (3.8). The agreement between the analysis and the experimental resdts is 
good, but deteriorates a t  lower spectral amplitudes owing to the large variance of the 
ambiguity components of the spectrum. 

Another possible source of error in this series of experiments is the assumption of a 
Gaussian-shaped volume. The actual sample volume produced with the unfocused 
transducer and long driving burst duration deviates farther from the Gaussian 
function than does that of the small, highly focused transducer employed in 3 3.3.  
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4. Dual-sample-volume techniques - results and discussion 
4.1. Dual-sample-volume ambiguity-reduction technique - laminar $ow 

I n  part 1 the theoretical aspects of the reduction of the Doppler ambiguity in the 
measurement of the velocity spectra by the dual-sample-volume method were exa- 
mined. Using this technique, the velocity spectrum is estimated by computing the 
cross-spectrum of the detected velocity signals from two closely spaced sample 
volumes. The results of 5 3.3 indicated that the accuracy of the velocity spectrum 
estimate can also be improved by subtracting the theoretical prediction of the am- 
biguity spectrum from the measured spectrum. The principal advantage of the dual- 
sample-volume method is that  it does not depend directly on, and therefore is not 
limited by, the accuracy of an analytical result. The ambiguity is removed by virtue 
of independence of the particle populations of the two spatially separated sample 
volumes. 

There are two disadvantages of the dual-sample-volume method. First, it requires 
additional data processing to  compute the cross-spectrum. Secondly, distortion of 
the spectrum at high wavenumbers can result if the sample volumes are placed too 
far apart. However, substantial decreases in the level of the Doppler-ambiguity 
spectrum are possible with only small separations. 

I n  part 1 it was shown t,hat the cross-spectrum of the detected velocity signals from 
two sample volumes is equal to  

s W a W f l ( 0 )  = ‘(UI)~ (U1),9(0) + sa,b(w), (4.1) 

where (,,),(w) is approximateIy equal to  the one-dimensional velocity spectrum 
and S,B(w) is the spectrum of the remaining Doppler ambiguity. The term A S ’ ( ~ ~ J ~ ( ~ ~ ) , ( W )  
is related to  the actual velocity spectrum by the Fourier transform of the correlation 
function 

x ’  I v1 sin BD + g((x2+ vi sin 6,)t) sin2 

where f ( r )  and g(r)  are the actual longitudinal and transverse correlation functions, 
z is the apparent separation (Taylor’s hypothesis) of the sample volumes in the 
direction of the mean flow, 8, is the Doppler angle, and v1 is the distance of separation 
of the sample volumes along the axis of the acoustic beam. Further, the spectrum of 
the remaining Doppler ambiguity is given by 

where 

To demonstrate the effectiveness of this method and to  verify the theoretical 
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FIGURE 22. Ambiguity spectrum reduction resulting from spatial separation of the sample 
volumes. --, ultrasonic ; . . . . ., theoretical; 0 = 60". Spectral estimates for ultrasonic measure- 
ments are based on an average of 2000 data records for 256 points/record with frequency 
smoothing (Hanning) . 

analysis, a series of tests was performed in the laminar-flow facility. The cross-spectra 
of the detected velocity signals from two sample volumes were computed. The 
cross-spectral magnitude for various sample volume separations and with the Doppler 
angle equal to 60" are shown in figure 22. The separation of the sample volumes v is 
normalized by the characteristic dimension ul in the axial direction. Since no turbulent- 
velocity fluctuations are present, these spectra represent only that portion of the 
ambiguity process which remains correlated. These measurements illustrate the 
effect of overlap of the sample volumes. The measured cross-spectrum of the detected 
velocities from two completely overlapping sample volumes is virtually identical with 
the auto-spectrum for a single-sample-volume measurement. Note that the ambiguity 
spectrum is greatly reduced in both magnitude and bandwidth for moderate separations 
of the sample volumes. The theoretical magnitude of tJhe corresponding ambiguity 
spectra accompany each measured result. The agreement is clearly adequate to confirm 
the previous analysis. 

The effect of the variation of the Doppler angle was also investigated empirically. 
The acoustic beam was positioned at  angles of 0" and 20" with respect to  the direction 
of the mean flow. The sample volumes were widely separated ( v / u l  = 4). The measured 
cross-spectra of the ambiguity processes for these cases, as well as the auto-spectrum 
for a single sample volume, are shown in figure 23. For the situation in which the 
Doppler angle is equal to zero, the level of the ambiguity is nearly as great as the auto- 
spectrum, even though the overlap of the sample volumes is minimal. Theoretically, 
if the particle populations passed without relative motion from the upstream sample 
volume to  the one behind, the two processes would differ only by the delay time 
v l u .  The magnitude of the cross-spectrum would be identical with that of the auto- 
spectrum. The measurement indicates that although the processes were highly corre- 
lated, some attenuation does occur for very large separations. (Note the linear scale on 
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FIGURE 23. The effect of 'shadowing' on the reduced ambiguity spectrum. -, ultrasonic; 
. . . .  *, theoretical. Spectral estimates for ultrasonic measurements are based on 2000 data 
records of 256 points/record with frequency smoothing (Hanning). 

the ordinate.) This attenuation may have been caused by small motions of the particles 
during the transition, from one sample volume to  the other. 

The result for the same separation but with the Doppler angle equal to  20") also in 
figure 23, shows that as the downstream sample volume is removed from the shadow 
of the other, the correlation between the ambiguity processes is greatly reduced. 
The corresponding theoretical ambiguity magnitude is also shown. 

The outcome of these laminar-flow measurements confirm the dependence of the 
Doppler-ambiguity process on the particle populations of the individual sample 
volumes. I n  addition, the model of the cross-spectral magnitude of the ambiguity 
process for the dual-sample-volume method appears to be accurate in the cases 
investigated. 

4.2. Dual-sample-volume ambiguity-reduction techniques - turbulent $ow 

The useful dynamic range of the pulsed Doppler velocimeter in measuring one- 
dimensional velocity spectra in turbulent flow can be extended by use of the dual- 
sample-volume method of reducing the masking effects of the Doppler ambiguity 
spectrum. To demonstrate the feasibility of this technique, measurements of the 
cross-spectral density of the detected velocity signals from two sample volumes in 
the turbulent pipe-flow system were made. To avoid excessive attenuation of the 
spectra at high wavenumbers caused by spatial averaging of the velocity fluctuations, 
the small sample volume (vl = 0.05 cm, cr2 = 0.036 cm) was employed. Results were 
obtained for Reynolds numbers of I2000 and 25400. For each Reynolds number 
measurements were made using two Doppler angles: 45" and 60". In  each case, the 
cross-spectra were measured for separations v of the sample volumes equal to 
v/crI = 0, 1,2 and 3. The results are presented in figure 24, along with the corresponding 
one-dimensional spectra obtained with the hot-film anemometer. All of the cases show 
a clear, progressive reduction of both the amplitude and bandwidth of the ambiguity 
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spectral components as the spacing between the sample volumes is increased. Simul- 
taneously, the velocity-fluctuation components of the measured spectra, which are 
nearly identical for each sample volume and are independent of the individual particle 
populations, are unaffected. Therefore increased amounts of the actual velocity spectra 
are exposed. 

The curves representing large separations typically contain greater variations than 
those for the more closely spaced sample volumes. Two probable sources of these errors 
are the statistical variations of the spectral estimate (especially where the non- 
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FIQURE 25. Distortion of the spectrum due to sample-volume separation. -, separated sample 
volumes; . - . + -, unseparated sample volumes. Sample volumes separated by v/ul = 3 , B  = 45", 
Re = 25400. 

Gaussian ambiguity components predominate) and low-amplitude noise components 
in the instrumentation. 

As noted in part 1,  the separation between the two points of measurement causes 
the resulting cross-spectrum to deviate from the proper spectrum obtained from a 
single-point measurement. This error is an important consideration in making dual 
sample volume measurements. Assuming that the velocity field is isotropic, the amount 
of distortion in the velocity spectrum can be determined from the Fourier transform 
of (4.2). For incompressible flow the longitudinal and lateral velocity correlation func- 
tions Pll(r, 0,O) and P,,(O, r ,  0) are related by 

a 
P,,(r, 0,O) + *ra,[P,,(r, 0,O)l = P,,(O, r ,  0 ) .  (4.4) 

For the present situation the Pll(r, 0,O) correlations were computed from the hot-film 
measurements described in $3.3.  Figure 25 illustrates the distortion of the one- 
dimensional spectrum for the 'worse case' in the experiments just described. The 
theoretical spectrum for a single-sample-volume measurement (based on hot film) is 
shown along with the magnitude of the cross-spectrum of the velocities from the two 
sample volumes, separated by v / a l  = 3. The Reynolds number is 25400 and the 
Doppler angle is 45". The distortion takes the form of attenuation of the spectrum at 
high wavenumbers. However, the error is relatively small in comparison with the 
statistical variations a t  the low spectral amplitudes and therefore cannot be observed 
in the experimental dual-sample-volume measurements (figure 24). 

Comparisons of the experimental dual-sample-volume measurements with the cor- 
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FIGURE 26. Comparison of dual-sample-volume spectral measurements and analytical 
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FIGURE 27. Theoretical ambiguity spectrum subtracted from the dual-sample-volume spectral 
estimates. --, ultrasonic; . . * -, theoretical; 19 = 45", sample volumes separated by v / c 1  = 3. 



502 J .  L. Garbini, F .  K .  Forster and J .  E .  Jorgensen 

responding modelling equations for turbulent flow (Re = 25 400, Doppler angle = 45" 
and sample-volume separations v /u l  = 1 , 2  and 3) are shown in figure 26. The theoreti- 
cal curves are based on the hot-film measurements and include the effects of sample- 
volume spatial averaging (from (3.9) and (3.10)) and the cross-spectrum of the Doppler 
ambiguity for two separated sample volumes (from (4.3)). 

These curves confirm the independence of the ambiguity processes for the two 
sample volumes from the velocity processes. The agreement between the theory and 
the experimental data for both the turbulent and laminar measurements demonstrates 
that  (4.3) can be applied to predict theremainingambiguity for the dual-sample-volume 
measurements, satisfying the original model assumptions. 

I n  8 3.3 the improved measurement of the one-dimensional velocity spectrum ob- 
tained by subtracting the theoretical Doppler ambiguity was described. Although the 
same restrictions would apply, a similar procedure could be applied to  the dual- 
sample-volume measurements. That is, the theoretical prediction of the remaining 
ambiguity spectrum could be subtracted from the measured spectrum for which the 
ambiguity has already been reduced by means of cross-correlation. For a small sample 
volume the theoretical ambiguity is determined from (4.3),  given the values of the mean 
velocity, the effective sample-volume directivity, the sample-volume separation, and 
the Doppler angle. 

Two examples of this procedure, for Re = 12000 and 18 300, and 8 = 45") are shown 
in figure 27. I n  each case the theoretical ambiguity spectrum has been subtracted from 
the cross-spectra corresponding to the sample-volume separation of vlu, = 3. Compar- 
ing these figures with the measured cross-spectra in which the remaining ambiguity 
has been retained (figures 25 and 26), the improvement is substantial. Finally, it is 
interesting to note that the artifacts at the highest wavenumbers appear in both the 
ultrasonic and the hot-film measurements. This suggests a phenomenon, unrelated to 
statistical measurement errors, detected by both instruments. 

5. Conclusions 
An experimental programme, based on the analytical model developed in part 1 of 

this study, was undertaken to investigate the use of pulsed ultrasound for measure- 
ments of turbulent flow. One of the goals of this investigation was to  examine the 
value of the Gaussian-shape approximation for the effective directivity function of a 
sample volume resulting from a short transmitted pulse in the focal region of a highly 
focused transducer. The experimental resiilts indicate that this approximation is 
generally an adequate representation for purposes of predicting sample-volume 
related effects in the measurement of laminar and turbulent flow. The following major 
conclusions are based on the results of both the analysis and the experimental program. 

(1) It was verified that a decrease in the time of transit of the particles through the 
sample volume causes a proportional increase in the width of the spectrum of the 
Doppler signal. This effect was used to measure the characteristic dimensions of the 
sample volume. The technique was found to  be accurate when compared with corres- 
ponding echo measurements. 

(2) The experimental results confirm the predicted nature of the Doppler ambiguity 
process in laminar flow. As the velocity increases, the transit time decreases and the 
Doppler-ambiguity spectrum increases both in magnitude and in bandwidth. The 
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measured Doppler-ambiguity spectra are in close agreement with the spectral functions 
predicted in the analysis. 

(3) The intensity of turbulence can be evaluated successfully from the width of the 
Doppler signal spectrum and the description of the effective sample-volume directivity 
function. Although the measurement error will increase for lower turbulence inten- 
sities as the fraction of the spectral broadening caused by turbulence decreases, 
intensity levels of 3.0-4.5 yo were determined accurately. 

Much higher levels of turbulence can resuIt in deviations from the ‘small-time’ 
assumptions regarding the nature of turbulent motion. This would cause the intensity 
to be underestimated. Also, the presence of mean velocity gradients and finite off- 
diagonal terms in the velocity covariance matrix resulting from anisotropic turbulence 
will result in additional spectral broadening. 
(4) The ability of the pulsed ultrasonic velocimeter to measure the one-dimensional 

turbulence spectrum is greatly limited by the presence of the Doppler-ambiguity 
process. For the same velocimeter, the level of the ambiguity spectrum relative to that 
of the velocity spectrum would be even greater for pipes of smaller diameter than those 
used in this investigation. 

The agreement between the theoretical spectra of the detected velocity signal, based 
on the model and hot-film measurements, and the experimental spectra confirm that 
the analysis is substantially correct for the cases studied. 

The ambiguity effects can be partially removed from the measured spectra by sub- 
tracting the theoretical ambiguity spectrum predicted on the basis of transit-time 
effects. The value of the technique is limited by the necessity of knowing the mean 
velocity and by inaccuracies both in the theoretical representation of the ambiguity 
process and in the estimate of the detected velocity signal spectrum. However, a 
decrease in the level of the ambiguity spectrum of one order of magnitude can realistic- 
ally be achieved. 

(5) A second major effect contributing to  decreased accuracy of the velocity 
spectrum measurement is that of spatial averaging of the velocity field. When the 
size of the sample volume is large compared with the scale of the turbulence, the 
amount of attenuation in the measured one-dimensional spectrum is great, particu- 
larly a t  high wavenumbers. Therefore the selection of the size of the sample volume 
involves a fundamental compromise. As the size is increased the contribution to the 
ambiguity process of the transit-time effect is diminished but the degree of spatial 
averaging becomes more severe. In  addition, for very large sample volumes, velocity 
variations induced by turbulence contribute significantly to  the Doppler-ambiguity 
process. 

Theoretical predictions of the amount of distortion in the velocity spectra due to 
finite sample-volume size are in good agreement with the experimental results. These 
results illustrate, as predicted, that the attenuation of the spectra increases with 
increasing Reynolds number and wavenumber. 

(6) The level and width of the spectrum of the Doppler ambiguity process may be 
reduced by cross-correlating the signals from two spatially separated sample volumes. 
The advantage of this technique over that of subtracting the ambiguity process is 
that it does not rely directly on the accuracy of either a theoretical result or of a spec- 
tral estimate. The reduction in the ambiguity spectrum takes place because the 
ambiguity processes from disjoint particle populations are uncorrelated. An improve- 
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ment of two t o  three orders of magnitude in the dynamic range of the spectral measure- 
ment can be realistically achieved. 

The major governing parameters in this technique are the amount of overlap of the 
sample volumes and the degree to  which the sample volumes are aligned with the 
direction of the mean flow. For the case of a Gaussian-shaped sample volume, these 
parameters appear to  be adequately takeninto account by the results of the theoretical 
analysis. In  using the dual-sample-volume method, care must be taken to avoid large 
distortion of the cross-spectral magnitude of the spatial average of the velocity field 
caused by excessive separation of the centres of the sample volumes. The mechanism 
of this distortion is distinct from that of spatial averaging discussed earlier. For a 
given sample-volume separation and Doppler angle, the amount of this distortion 
increases as the scale of turbulence is reduced and/or a t  higher wavenumbers. 

(7) I n  situations where the cross-spectrum of the remaining ambiguity process can 
be accurately predicted, a further improvement in the estimation of the one-dimen- 
sional spectrum can be made by subtracting this quantity from the cross-spectrum 
of the detected velocity signals from the two sample volumes. Potentially, this method 
leads to an improvement of one order of magnitude in addition to that of the cross- 
spectral method. 
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