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[571 ABSTRACT 
A Doppler flowmeter impulses an ultrasonic fixed-fre- 
quency signal obliquely into a slurry flowing in a pipe 
and a reflected signal is detected after having been scat- 
tered off of the slurry particles, whereby the shift in 
frequencies between the signals is proportional to the 
slurry velocity and hence slurry flow rate. This flowme- 
ter filters the Doppler frequency-shift signal, compares 
the filtered and unfiltered shift signals in a divider to 
obtain a ratio, and then further compares this ratio 
against a preset fractional ratio. The flowmeter utilizes 
a voltage-to-frequency convertor to generate a pulsed 
signal having a determinable rate of repetition precisely 
proportional to the divergence of the ratios. The pulsed 
signal serves as the input control for a frequency-con- 
trolled low-pass filter, which provides thereby that the 
cutoff frequency of the filtered signal is known. The 
flowmeter provides a feedback control by minimizing 
the divergence. With the cutoff frequency and preset 
fractional ratio known, the slurry velocity and hence 
flow will also be determinable. 

8 Claims, 6 Drawing Figures 
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of many particles and is in the form of a broadband of 
DOPPLER FLOWMETER many frequencies. Correlating the frequency shift signal 

to the velocity flow thus becomes very difficult. More- 
CONTR.4CI"llJL ORIGIN OF THE INVENTION over, inasmuch as the Doppler frequency shift is a func- 

The United States Government has rights in this 5 tion of the velocity of the slurry flow compared to the 
invention pursuant to Contract No. W - 3 1 - 1 0 9 - ~ ~ ~ - 3 8  velocity of the ultrasonic signal in the slurry, the fre- 
between the U.S. Department of Energy and the Uni- quency shift is quite small, of the order of 0.01-1.0% of 
versity of Chicago representing Argonne National Lab- the original ultrasonic signal. 
oratory. 

10 SUMMARY OF THE INVENTION 
BACKGROUND O F  T H E  INVENTION This invention teaches an improved Doppler flowme- 

Many industrial applications, such as coal conversion ter having a transmitter that emits a fixed frequency 
plants, paper mills, cement manufacturing plants, and ultrasonic signal into a slurry flowing in a pipe, this 
sewage treatment plants have difficulty in reliably mea- signal being scattered off particles in the slurry, and the 
suring the flow of a liquid type slurry through a pipe. l5 scattered signal being detected then by a receiver; and 
Part of the problem is that the slurry temperature and- the Doppler shift signal representing the difference 
/or pressure can be quite high, the slurry can be corro- between these signals is determined and used to give the 
sive or abrasive, or the slurry can be of high viscosity. velocity of the slurry. 
Conventional flowmeters requiring structure located The Doppler shift signal comprises a continuous 
inside of the pipe or having takeoff Ports in the pipe 20 broadband of different frequencies. For laminar flow, 
walls generally Prove inappropriate as such flowmeters the frequency distribution is uniform ideally to corre- 
tend to foul up in a very short time. Flowmeters that use spond to the uniform distribution of slurry particles 
structure located only outside of the pipe, including the travelling in the pipe at the various incrementally differ- 
electromagnetic flowmeter, the thermal flowmeter, and ent speeds from near zero up to the maximum. F~~ 
the sonic flowmeter, are available and have various 25 turbulent flow, the frequency distribution is weighted 
degrees of appeal. The electromagnetic flowmeter how- more toward the maximum to correspond to the more 
ever, requires that the liquid conveyed be electrically uniform near velocity of slurry over the ten- 
conductive in order to detect flow movement. In the tral region of the pipe. =he flowmeter determines the 
thermal flowmeter, heat is applied to the moving slurry area under the power spectrum of the Doppler shift 
between a pair of axially spaced sensors, and the tern- 30 signal, which thereby corresponds to and gives slurry 
perature differential is sensed. This flowmeter proves velocity and slurry flow. 
inappropriate where the liquid temperature itself is ex- The flowmeter utilizes frequency controlled means to 
t r emel~  high or where the heat loss from the pipe is obtain a cutoff signal that is a fractional ratio of the 
high. The sonic flowmeter utilizes the possible shift in bandwidth of the Doppler shift signal, further utilizes 
the time or location of a sonic signal through the slurry 35 means to the and Doppler shiR signals 
as a function the and the One type to generate a fractional ratio and an error function sig- 
includes the Doppler flowmeter. nal that is proportional to the departure of this frac- 

An flowmeter of the type tional ratio from a preset fixed fractional ratio, further 
have two transducer units bonded or mechanically held Utilizes a precise voltage-to-frequency converter to 

against the outside the pipe' A " produce a pulsed signal that is at an adjusted repetition (500,000 for rate proportional to the error function signal and to 
from the one transducer unit is transmitted through the introduce this pulsed signal as a control input to the pipe wall obliquely into the flow stream and is scattered frequency controlled means, and further utilizes feed- off the particles moving therein, and the scattered signal back loop means tending to the error function, 
is detected by the other transducer unit. In theory, the 45 
detected signal will have a shift in frequency to higher whereby the pulse rate and hence cutoff signal and 

or lower than that of the original signal, depending on hence the shift can each be determined 

whether the signal is sent out against or in the same and obtain thereby the slurry flow. 

direction respectively, as the direction of the slurry BRIEF DESCRIPTION O F  THE DRAWINGS 
flow. The Doppler frequency shift is proportional to the 50 
operating frequency and to the ratio of the vector FIG. 1 is a schematic illustration of the improved 

ponents of the slurry velocity in the direction of the flowmeter and its 'perating 
wave propagation at a velocity. Thus FIG. 2 is a Fourier spectrum illustrating the distribu- 

tion of particles moving at the varying velocities, indi- 
Fd=ZFAV/C) cos 6 55 cated in terms of a Doppler shift in frequency; for turbu- 

lent flow in a pipe; 
where FIG. 3 is an idealized Fourier spectrum similar to that 
Fd=Doppler frequency shift of FIG. 2, except for laminar flow, and indicating also 
F,= Sending transducer frequency symbolically the operational manipulations of the con- 
V=Velocity of slurry 60 trol used in the disclosed flowmeter; 
C=Velocity of wave FIG. 4 is a family of laminar flow spectrum curves, 
e=Angle of wave propagation relative to the axial similar to that illustrated in FIG. 3, actually measured 

flow. for different flow rates in a two inch pipe; 
The use of ultrasonic waves is attractive because of FIG. 5 is a calibration curve of the flowmeter as 

the relatively low propagation velocity and the ability 65 applied to the laminar flow spectrum curves of FIG. 4; 
to penetrate solid pipes and opaque slurries. However, and 
as there are many particles moving with the slurry, the FIG. 6 shows two comparative curves for the parti- 
detected frequency shift signal therefore is received off cle distribution for turbulent and laminar flow condi- 
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tions, as normalized against the average or mean veloc- signal V,, and this is passed through a squaring unit 50 
ity of the flow in a pipe system. and anaveraging unit 52, and the resultant rectified D C  

DETAILED DESCRIPTION OF THE 
signal Vc2 at conductor 53 is admitted as a counterpart 

PREFERRED EMBODIMENT 
input to the analog divider 46. This squared and aver- 

5 aged D C  signal also is proportional then to the 
FIG. 1 illustrates in schematic form a preferred em- power of the signal. 

bodiment of the subject invention. The figure shows a The analog divider 46 in effect compares the signals 
pipe 10 through which a liquid slurry would flow in the at conductors 53and 4 3 0  obtain a fixed quotient or 
direction indicated by the arrow 12. The flowmeter fractional ratio (Vc2)/(V$) at conductor 55. The frac- 
would comprise a pair of transducer units 14 and 16 that 10 tional ratio from the divider 46 is then additively com- 
are mounted in sound transmitting relationship relative pared with a constant va&"Y>n a summation unit 54. 
to the exterior wall of the pipe. In order to provide The output signal "Y-(Vc2)/(Vd2)" is passed via con- 
isolation from the temperature of the pipe, waveguides ductor 57 through an amplifier 56 which amplifies the 
18 and 20 are actually positioned between the pipe sur- signal by a large constant "C", such as on the order of 
face and the surface of the transducer, the waveguides 15 100. This magnified signal V g t  conductor 58a then 
being of a sound transmitting material but yet have passes through an averaging unit 59, conductor 61 and 
sufficient thermal insulating capacity to keep the tem- amplifier 60 to produce at conductor 62 a D C  output 
perature of the transducer low as compared to that of vo l t agex .  The voltage of course can be measured with 
the pipe surface. Although the transducers 14 and 16 are a potentiometer 64 calibrated with a scale 65 to indicate 
shown on opposite sides of the pipe at similar axial 20 the,velocity and/or flow directly. 
locations relative to the pipe, the actual positions of the The magnified signal V, further passes via conductor 
transducers can be varied both angularly and axially. 586 to a precise voltage-to-frequency convertor 66. The 

As illustrated, transducer 14 is the signal sending unit convertor 66 has the characteristics of producing at 
and transducer 16 is the signal receiving unit. The trans- conductor 67 a pulsed signal Fp at a repetition rate that 
ducer 14 is activated by an electric generator 22 via 25 is proportional to the input voltage signal at conductor 
conductor 24, and the activated transducer 14 in turn 586. This pulsed signal Fpat the line 67 is used to control 
emits a fixed frequency tone or signal that is transmitted the low pass filter 48. The low pass filter 48 is frequency 
through the waveguide and pipe wall obliquely into the responsive and has the characteristic to pass to conduc- 
slurry toward the pipe center in the direction against tor 49 only the lower frequency bandwidth of the input 
the slurry flow. This signal is scattered off many parti- 30 signal at line 39b and variably and adjustably cuts off 
cles in the slurry, and the scattered signal is picked up the higher frequency bandwidth from the signal, de- 
by the receiving transducer 16. This scattered signal via pending on the rate of repetition of the pulsed control 
conductor 25 is directed to amplifier 26 and the ampli- signal at conductor 67. The filter 48 further has the 
fied signal is carried via conductor 29 to a mixer 30. The characteristic to maintain the frequency of the cut off 
mixer 30 in effect combines the fixed input signal re- 35 signal at conductor 49 a fixed ratio of the pulsed input 
ceived at conductor 31 and the scattered signal received rate of repetition at conductor 67, or as selected herein, 
at conductor 29 to isolate a Doppler shift signal at con- at one-one hundredth (1/100) of the pulsed rate. 
ductor 32. In effect, the loop circuit illustrated is an automatic 

The Doppler frequency shift signal, as thus isolated servo or feedback control that continuingly compares 
by mixer 30, is treated by the following components in 40 the squared and averaged filtered and~nf i l t e red  Dop- 
order to allow for standardized signal analysis. As illus- pler shift signals or voltages Vc2 and Vd2 against each 
trated in FIG. 1, the signal at conductor 32 is first other and the fractional ratio constant Y. By making the 
passed through an automatic gain control 34, to make amplification constant C at amplifier 56 quite large, the 
all signals of approximately equal amplitude. The signal ratio Vc2/V$ will approach the preset fractional ratio 
at conductor 35 is then passed through a high pass filter 45 constant Y and the error function Y-VC2/V$ will 
36 which effectively stops the very low frequency part become quite small. Further the feedback loop seeks out 
of the signal. Background noise, such as caused by bub- stabilized readings for flow, so that if the error function 
bles, tends to clutter the low frequency range a dispro- were instantaneously too large, the voltage V, at the 
portionate amount. Based on the severity of this noise conductor 58b to the voltage-to-frequency convertor 66 
condition compared to the total signal and the need for 50 would likewise be too high to provide a higher rate of 
flowmeter accuracy at extremely low flow rates, the repetition of the pulsed signal Fp at line 67 than needed, 
amount filtered out represents a compromise of sort but which then would cause the controll&filter 48 to in- 
generally is in the 5-10% range of the maximum. The crease the cutoff frequency F c t h a t  VC2also would be 
resultant signal at conductor 37 is then passed through increased, so that the lar er Vc2 when compared with --% automatic gain control 38, again to make the strength of 55 the Doppler shift signal Vd at input line 43 would auto- 
all compared signals at conductor 39 of uniform ampli- matically produce a smaller error function signal. 
tude. Thus, only the shape of the Doppler shift spec- The frequency-controlled low pass filter 48 is se- 
trum is of concern. lected to provide that the output cutoff frequency Fc is 

In the circuit illustrated in FIG. I, the alternating precisely related the pulsed control frequency Fp, for 
current Doppler shift signal Vd on the one hand is 60 example in the R5609, F,is 0.01 times Fp. Thus, if pulsed 
passed by conductor 39a through a squaring unit 40 and frequency Fp is at 35,000 Hz, the adjusted filtered out- 
an averaging unit 42 a n d k e  resultant squared, averaged put cutoff Fc will be equal to 350 HZ. 
and rectified DC signal Vd2at line 43 is admitted as one Knowing the cutoff frequency Fcand the preset cut- 
input to analog divider 46. This squared and average off fractional ratio Y, the bandwidth or corner-fre- 
voltage signal is proportional then to the power of the 65 quency Fd of the original signal can be inferred. The 
signal. On the other hand, the Doppler shift signal Vdis feedback circuit makes sure that FJFd=Vc2/Vd2-Y. 
also transmitted via conductor 39b through an adjust- This further corresponds to the power level of the volt- 
able low pass filter unit 48 to exit at conductor 49 as age squared signal. The departure or error function 
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signal Y -Vc2/V2 can be made small by making the The corner frequency of the laminar flow spectrum is 
feedback gain C large. theoretically twice the Doppler frequency produced by 

As an interpretation of the fixed and scattered signals, the average velocity. The feedback circuit can measure 
the sending transducer 14 has a fixed tone at frequency this corner frequency. The power (or voltage squared) 
Fo, for example at 500,000 Hz, and this fixed signal is 5 content of a broad-band spectrum signal is proportional 
scattered by the pipe wall in homogeneities and by the to its bandwidth. The Doppler spectrum is compared to 
many particles in the slurry and is received as signal F, the filtered portion of it, and the controlled filter 48 is 
at the transducer receiver 16. The signal scattered off adjusted automatically to keep the ratio Fc/Fd constant. 
the pipe wall in homogeneities will be "background" Thus, knowing the cutoff Fc, the spectrum corner Fd 
and will be the same as the transmitted signal frequency 10 and hence flow rate can be evaluated. 
F,. The signal scattered off the many slurry particles The flow rate of either laminar flow or turbulent flow 
moving toward the source of the signal will be shifted is equal to the average flow velocity multiplied by the 
to a dightly higher frequency than the fixed tone. Inas- flow area of the Pipe. The output signal at conductor 62 

as flow velocities will be very low when corn- can be passed through the voltmeter 64 which could be 
pared to the speed of the signal through the slurry, the 15 calibrated with an appropriate scale 65 to indicate the 
maximum shift in frequency is very small compared to velocity and/or flow units of the slurry.   he output 
the fixed tone frequency, such as of the order of magni- F~ line can be passed a 
tude of 20-2000 vergus 500,000 H ~ .  ~h~ receiving frequency activated meter 69 to indicate as on scale 70 

16 in turn converts many frequency the repetition rate of the pulsed signal from the fre- 

signals into single i*C voltage, whibh in- 20 quency convertor, and/or can be scaled to indicate the 
,-ludes both the background and scattered fie- Or of the Further, an 
quencies. grator (not shown) could be used in accumulating the 

successively obtained flow rates for determining the The rcsuiting Q Q F P ' ~ ~  shift 'gnal. is of 
total slurry passed thmugh the pipe over an extended many separate alternating current impulses each at a 

25 period. 'pecific being of a particle in The fractional ratio constant Y can be most any value the stream at a 'pecific 'peed. In this re- between approximately 0.2 and 0.99 (< 1) for measuring gard, it ,is well known that under laminar flow condi- laminay flow. This is possible because the constant 
tions, the flow:in a pipe is at maximum velocity at or power spectrum, as provided by a Fourier analysis, has 
near the pipe center, is at substantially zero velocity at 3O a generally amplitude throughout the band- 
the layer On the pipe and varies in width of different frequencies, and the area under the 
velocity along a parabolic three dimensional cone from spectrum is proportional to the cutoff frequency or to 
the maximum to the wall layer zero velocity. The num- the maximum frequency (see FIG. 3). However, the 
ber of particles flowing at each incrementally different spectrum provided by the ~~~~i~~ analyzer for 
velocity between the zero and maximum velocities is 35 turbulent flow is nonuniform, but more generally as- 
substantially equal. Conversely, turbulent flow has max- sumes a narrow inverted and continuous distribution 
imum velocity at or near the center of the pipe, little curve only approximately one-half octave wide across 
drop-off from thi~~maximum velocity for most of the the half power amplitude, where the peak is shifted 
remaining cross section of the pipe moving toward the more toward the maximum frequency (see FIG. 6). The 
pipe walls, and ;t iaPid dropoff in Particle velocities 40 average velocity will occur at the frequency that splits 
across a narrow transition Zone from the near maximum the power spectrum in two by area. This will be approx- 
to zero velocity at the wall layer. Thus, most of the imately where Y is equal to 0.5. Thus, by selecting Y as 
~artlcles in turbulent flow are flowing at near maxirr~um always equal to 0.5, the flowmeter can be used for either 
velocity. laminar or turbulent flow conditions without any recali- 

As a further point of interpretation, the Doppler shift 45 bration, 
signal can be analyzed by a Fourier analyzer, where the  he disclosed Doppler flowmeter has all physical 
spectrum indicates the frequency distribution come- structure located outside of the pipe, and can be used on 
sponding to the velocity distribution of the particles in most any type of slurry. The slurry therefore need not 
the flow. The .idealized spectra for signals obtained be magnetic, transparent or nonviscous, parameters that 
under turbulent flow and laminar flow conditions are 50 have limited the success and accuracy of other exter- 
illustratedqseparately inTIGS. 2 and 3, respectively and nally located flowmeters. Moreover, the positioning of 
together inZFIG.:6p . a m the transducers on adjacent sides of the pipes or on 

FIG. 4 illustrates representative spectra obtained at opposite sides of the pipe do not materially affect the 
different laminar flows, where the Doppler shift signals accuracy of the flowmeter, so that the sender and re- 
were analyzed with a ;Fourier analyzer (not shown). 55 ceiver transducers can be angularly and/or axially var- 
The characteristic continuous power spectrum gener- ied somewhat relative to the pipe as determined for 
ated can be noted for each flow rate, as well as the convenience. 
characteristic dorner frequency of the spectrum. FIG. 5 The advantage that all of the flowmeter apparatus 
illustrates the calibrated flowmeter outputs for the ac- can be located outside of the pipe however need not 
tual flow of slurry in the pipe according to that covered 60 require that the transducers in fact be located there, if 

b,., 

in FIG.'4. such positioning is not required because of the condi- 
FIG, 6 illustrates the idealized relative distribution of tions of the flow and/or material. In other words, the 

the particles in turbulent flow and in laminar flow, as transducers can be located inside the pipe, if such were 
compared to the mean or average velocity of the flow. desired, such as in special annular chambers accessible 
The average velocity, of the flow in either case is indi- 65 through windows in the pipe walls, while the improved 
cated at the frequency corresponding to approximately circuit could be used to analyze the signal. Also, while 
the half way frequency splitting the power spectrum in the discfosure shows the signal being impulsed against 
half. the direction of the flow, the signal can also be sent in 
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the same direction as the flow stream. The resulting 4. A method of determining the velocity of slurry 
scattered frequency shift however will be to a lesser flow according to claim 1, further comprising the steps 
frequency than the input signal, but the disclosed wn-  of admitting the feedback loop divergence signal to a 
cept will allow for the same analysis of the signal and precise voltage-to-frequency convertor to provide a 
the resultant determination of the velocity or flow rate 5 pulsed signal at a variable but known repetition rate, 
of the slurry. and admitting this pulsed signal to a frequency-con- 

The disclosed flowmeter has been used successfully trolled low pass filter to filter the Doppler shift signal 
in a coal slurry plant where oil and 5-45% by weight and obtain the filtered signal having a known upper 
solid particulates, 95% of which are sized through a 100 cutoff frequency. and determining then from the upper 
mesh screen, were flowing at 0.5 to 4.5 ft. per second at 10 cutoff frequency the bandwidth of the Doppler shift 
temperatures ranging between 175"-400" C. and at pres- signal. 
sures of approximated 300 psi. The particular flowmeter 5. A method of determining the velocity of slurry 
as developed has been operated by the Argonne Na- flow according to claim 4, further comprising the steps 
tional Laboratory according to the following general of squaring and averaging the Doppler shift and filtered 
catalog of components listed by part name and number, 15 before whereby the 
model number, and manufacturer. squared signals provide when compared the fractional 

ratio of the power spectrums of the signals. 
6. A method of determining the velocity of slurry 

Part Name and Number Model Number Manufacturer flow according to claim 5, further wmprisi;lg the step 
Transducers 16, 18 NDT type 0.5 MHz Parametrics of using 0.5 as the preset fractional ratio, whereby either 

KB - Aerotech 20 laminar o r  turbulent flows of slurry can be measured 
Mixer Component 30 SRA 3 Mini Circuits, Inc. with the same calibration. 
High Pass Filter 36 R5611 EG&G Reticon 
Squarlng Circuit A D  534 Analog Devices 

7. Apparatus for determining the flow of a slurry in a 
Dividlng Circuit 46 AD 535 Analog Devices pipe, comprising the combination of first and second 
and Adder 54 transducer means secured at spaced locations in sound 
Voltage to Frequency VFL 32 Burr Brown 25 transmitting and receiving relationship to the pipe, 
Convertor 66 means for activating the first transducer for sending a 
Frequency Controlled R5609 EG&G Reticon 
LOW P ~ S S  Filter 48 fixed-frequency ultrasonic signal obliquely into the pipe 

toward its center and means including the second trans- 
ducer for receiving off the flowing slurry a scattered 

The embodiments of the invention in which an exclu- 30 signal that is varied according to the slurry flow, means 
sive property or privilege is claimed are defined as for combining the signals from the first and second 
follows: transducers to determine thereby a Doppler shift signal, 

1. A method of determining the velocity of a slurry means for filtering off an upper bandwidth part of the 
flowing in a pipe, comprising the steps of radiating a Doppler signal to obtain a filtered signal, means for 
fixed-frequency ultrasonic signal obliquely into the pipe 35 comparing the filtered and Doppler signals and for 
toward its center and receiving off the flowing slurry a obtaining an amplified error function signal represent- 
scattered signal that is varied according to the slurry ing the divergence from a preset fixed fractional ratio. 
flow and combining the fixed-frequency and scattered voltage-to-frequenc~ convertor means operable for 
signals to give a Doppler shift signal, filtering the Dop- producing a pulsed signal at an adjustable rate of re~eti-  
pier shift signal off the high frequency end and cornpar- 40 tion proportional to the error function signal, said filter- 
ing the filtered signal against the Doppler shift signal to ing means being frequenc~-controlled and means for 
obtain a fractional ratio signal, comparing the fractional admitting said pulsed signal to the filtering means for 
ratio signal against a preset fractional ratio signal and effectively filtering the shift signal by said preset frat- 
minimizing the divergence of the fractional ratio tional ratio to obtain the filtered signal, whereby the 
in a feedback loop, and determining from the feedback 45 bandwidths the and be 
loop and the present fraction ratio signal the bandwidth and are proportional and give the 

8. A Doppler flowmeter for determining flow of frequencies of the filtered and the Doppler shift signals, slurry in a pipe, the of a transmitter to emit which bandwidth frequencies are P ~ ~ P ~ ~ ~ ~ ~ ~ ~ ~  and a fixed frequency ultrasonic signal into the slurry, a can be used to determine the the receiver to detect the signal as scattered off particles in 2. A method determining the of 50 the slurry, means to combine the fixed and scattered 
claim further the steps signals to isolate a Doppler shift signal that is in the 

of the Doppler shift signal and the filtered form of a continuous broadband of different frequencies 
signal before comparing them. from near zero up to the maximum, frequency con- 

3- * determining the slurry trolled means to obtain a cutoff signal variably less than 
according to claim 1, further comprising the steps s5 the Doppler shift signal, divider means to compare the 

of comparing the Preset fractional ratio against the cutoff and Doppler shift signals and obtain a fractional 
fractional ratio signal to obtain an error function and ratio and to generate an error function signal that is 
amplifying this error function by a large value signifi- proportional to the departure of this fractional ratio 
cantly greater than 1, and inputting this amplified signal from a preset fraction ratio, precise voltage-to-fre- 
into a voltage-to-frequency convertor which thereby 60 quency convertor means that produces a pulsed signal 
produces a pulsed signal at a variable but known repeti- that has a rate of repetition directly proportional to the 
tion rate, inputting the pulsed signal into a low pass error function signal, and means in the form of a feed- 
frequency-controlled filter which thereby variably fil- back loop for introducing the pulsed signal as a control 
ters out the upper bandwidth frequencies of the Dop- input to the frequency controlled means operable to 
pler shift signal to provide a cutoff signal of determin- 65 minimize the error function signal, whereby the band- 
able bandwidth, and whereby the minimized diver- width of the Doppler shift signal and the cutoff ratio 
gence as provided by the feedback loop provides deter- correlate to and provide the slurry flow. 
mination of the Doppler shift signal. 8 * * 8 * 
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