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ABSTRACT 

A preliminary investigation of the feasibility of acoustic characterization 

of coal and glass bead slurries through optically non-transparent process lines 

is described. Specifically, studies were made of the frequency dependent prop

erties of a coal slurry mixture in order to determine the particle size. Meas

urements were made of the propagations of acoustic pulses between two ultrason

ic transducers mounted on opposite sides of a pipe containing the slurry. The 

detected signal was then Fourier analyzed to obtain the frequency spectrum rel

ative to that .of pure water. The calculations yielded both the absorption as a 

function .of frequency and velocity dispersion of sound waves as they propagate 

through the mixture. Furthermore, on-line imaging of slurries were made under 

simulated dynamic conditi.ons using an array of 10 acoustic transmitter-receiv~ 

er pairs mounted circumferentially around a steel pipe. Time-of-flight of the 

acoustic wave was used to characterize slurry flow conditions along the pipe. 

INTRODUCTION 

In coal conversion pr.ocessing plants it is important to measure the mass 

flow1,2 6f coal slurries in pr.ocess lines in order to provide for the effi

cient, economic and safe .operation of the plants. In addition to the total 

mass flow, a knowledge of the coal particle size distribution is also of inter

est2 in optimizing a plant1s performance. The particle sizes in such facili-

ties range from a few microns to several hundred microns, and are transported 

at concentrations up to about 50% in water or various organic liquids. Because 

of the corrosive, abrasive and sludge-like nature of the slurry mixture, it is 

difficult, if not impossible, to use monitoring instrumentation which pene-
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trates the walls of the process lines. Ultrasonic transducers offer a promis

ing alternative to conventional instrumentation since they are non-invasive. 

In the se~rch for ~on-invasive instrumentation for the process lines, the 

use of acoustic flowmeters2- 4 has been investigated by several authors. These 

devices consist of one or more pairs of acoustic transducers mounted on oppo-

site sides of the pipe in such a way that acoustic signals are propagated 

through the slurry medium. If the acoustic path is at an angle to the flow di

rection, the flow velocity can be measured5 by means of the doppler frequency 

shift. Alternatively, with two pairs of transducers, the velocity can be de

termined3 from the cross correlation signal between two pairs, the correla

tion resulting from acoustic disturbances which propagate down the pipe at the 

flow velocity. For a given particle size distribution, the acoustic absorp

tion at a particular frequency is found3 to be linearly dependent on the coal 

concentration and thus provides a measure of the actual coal concentration. 

Taken together, the concentration and flow velocity measurements can be used to 

determine the coal mass flow in the slurry. 

A number of investigators6- 8 have also studied the acoustic absorption of 

small particles suspended in a fluid. These studies show the frequency depend

ence of the absorption is a function of the particle size and various -theoret

ical models have been developed to calculate this dependence. For this reason, 

a measurement of the frequency dependence of the absorption offers promise as a 

method of characterizing the particle size distribution within the pipe. 

In this paper we describe a preliminary study of the frequency dependent 

properties of a coal slurry mixture in order to investigate the possibility of 

making a particle size determination by acoustic methods. With our apparatus, 

acoustic pulses are propagated between two ultrasonic transducers mounted on 
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opposite sides of a pipe containing the slurry. The detected signal is then 

processed by Fourier analysis to obtain the frequency spectrum relative to that 

of pure water. The calculation yields both the absorption as a function of 

frequency and the velocity dispersion of sound waves as they propagate through 

the mixture. Since the extraction of a size distribution from the data is a 

difficult problem, the availability of as much information as possible will fa

cilitate the solution. Our initial studies of this problem are described. 

The analytical methods for characterization of coal slurries require a 

relatively long time for data processing before the results are known. An at

tempt was made for on-line imaging of slurries under simulated dynamic condi

tions resembling those in the real pipe flow. An array of acoustic transmit

ter-receiver pairs was arranged around the circumference of a steel pipe. The 

transmitting transducers were fired one at a time in a sequence. The receiving 

transducer on the opposite side of the pipe detects the acoustic signal travel

ling across the pipe. The time-of-flight of the acoustic wave is a funr.tion of 

the slurry concentration and the distribution of the particle sizes. 

Although time-of-flight data alone cannot yield definitive information 

about both the particle size and the concentration of the slurry, it still may 

prove useful in monitoring slurry flow conditions at any point along the pipe. 

Turbulences in the flow, change in slurry concentration and the amount of sedi

ment at the pipe bottom can be easily observed and measureq on-line. 

An apparatus, originally designed for acoustic imaging of air bubbles in 

the interior of water filled steel Pipes,9,lO was modified for the slurry flow 

measurements. The modifications included the addition of a motor· driven slurry 

agitator to the existing section of the test pipe. The pipe already had an ar-
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ray of acoustic transducers mounted around the circumference. (See Fig. 9.) 

Also, appropriate changes of the electronic circuits were made and the computer 

software rewritten for this new application. 

STUDY OF ACOUSTICAL PROPERTIES OF COAL AND BEAD SLURRIES 

Experimental Apparatus 

For our first study of the acoustical properties of the coal slurry, the 

apparatus shown in Fig. 1 was constructed. A lucite pipe with an inside diame

ter of 57 mm and length of 150 mm is prov~ded with removable caps at each end. 

Two acoustical delay lines 13 mm in length and 25 mm in diameter, also made of 

lucite~ are mounted facing each other through holes drilled in the walls of the 

pipe. The inner surfaces of the delay lines are separated by 50 mm. Ultra

sonic transducers are mounted on the outer surfaces of each delay line. The 

transducers (Panametrics model V106) are 13 mm in diameter with a resonant fre

quency of 2.25 MHz and are heavily damped to produce a broadband response. 

A commercial pulse generator (HP model 8082A) is used to excite the trans

mitting transducer. It was adjusted to provide as short a rise time as possi

ble and a sufficiently long pulse length to separate, in time, the transducer 

responses from the rising and falling portions. In order to simulate an im

pulse excitation, only the data resulting from the rising portion of the pulse 

was r~corded. The two acoustic delay lines serve to couple the acoustic Signal 

to the sl~rry medium and to eliminate the effects of reflections at the inter

face boundaries . 

The output Signal from the receiving transducer is amplified by an HP model 

8447F amplifier. A Transiac model 2001 8-bit transient digitizer with a maxi

mum sampling rate of 100 MHz and a capacity of 8000 channels is used to capture 
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the acoustic signal. The digitizer is provided with·a Transiac model 4100 sig

nal averager to permit the rapid acquisition and averaging of the acoustic sig

nals. A pulse sequencer, constructed according to Ref. 11 is used to trigger. 

the pulse generator and the digitizer. The pulse sequencer, transient digiti

zer and averager are mounted in a CAMAC crate which is interfaced to a PDP 

11/34 computer. 

The data is acquired by placing the desired coal slurry mixture in the 

pipe, agitating it to produce a uniform suspension and then averaging a number 

of digitized acoustic pulses. A second, reference signal, is then generated by 

replacing the slurry with pure water or allowing the coal mixture to settle be

low the transducer plane and repeating the measurement. The two data sets are 

then processed by Fourier analysis as described below to obtain the frequency 

dependent absorption and velocity dispersion. 

Fourier Analysis of Acoustic Signals 

As described above, the measuring system consists of an acoustic transmit

ter excited by an electrical impulse, an acoustic medium of path length z, and 

a receiving transducer which converts the acoustic energy back into an 

electrical signal. If we assume this system to be linear, then the total 

transfer function 12 can be written as a product of a set of individual 

transfer functions in the frequency domain: 

(1 ) 
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where S is the received electrical signal, E is the excitation signal, IT and 

IR are the acoustoelectric transfer functions for the transducers, HM is 

the transfer function for the medium and OM is the diffraction transfer 

function. 

In the time domain, the equivalent relationship is the convolution: 

where the symbol, * denotes convolution. 

If we consider two different media, water and the coal slurry, then in 

each case the signal is: 

and 

Taking the ratio: 

SC(f) HC(f)OC(f) 

(2) 

(3) 

(4) 

= (5) 

SW(f) HW(f)Ow(f) 

Since the water medium is essentially loss free and non-dispersive, we take 

HW(f) = 1 and we have: 
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Hc(f) = 
[

DW(f)] * [~] 
DC(f) Sw(f) 

(6 ) 

If we express HC(f) in polar coordinates 

(7) 

then the magnitude HC(f) yields the frequency dependent losses of the medium. 

For a path length, z, the loss in dB/unit path length can be expressed as 

(8 ) 

The phase portion of IiC(f) is responsible for velocity dispersion in the 

medium. According to the time shift theorem12 of Fourier transform theory, a 

shift, T , in the arrival time of the acoustic pulse is manifested in the fre-

quency domain by a phase shift 

0( f) = 21Th (9) 

If v(f) is the acoustic velocity in the medium and Vo is the velocity in 

pure water, then 

v(f).= Vo + av(f) (10 ) 

where av(f) is the velocity change due to dispersion and. other effects contrib-
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uted by the medium. The corresponding expression for the frequency dependent 

arri~al time of the acoustic signal is 

t(f) = to +1" (f) (11) 

where (f) is given by Eq. 9 above. 

For the given acoustic path length, z, we have v(f) = z/t(f) enabling us to 

write 

Vo + Av(f) = l/[l/vo + 1"(f)/zJ. (12) 

As a result, the velocity dispersion, Av(f) becomes 

AV ( f) = v 0 { [1 + v 0 ~ (f) / ( 21ff z) r 1 
-l}. (13) 

_ Before proceeding to examine the experimental results, we note that in Eq. 

6 the factor Dw(f)/OC(f) is not determined. The quantity, D(f) accounts 

for the loss in the detected s1gnal as the divergent acoustic beam propagates 

through the medium. Papadakis13 has examined this contribution to the signal 

loss and has presented graphical results for the loss and phase shift for a 

piston transducer such as used in the present study. D(f) is a function of the 

path length, the transducer diameter and the wavelength of the sound. Of these 

three quantities, the first two are the same for both (water and slurry) media. 

On the other hand, the wavelength is velocity dependent. If the velocity dif-
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ference between the two media is large, then a correction such as that provided 

by Papadakis13 should be applied. In our measurements, the difference in ve

locities is quite small and we have taken the ratio OW/DC to be unity. 

In summary, time spectra sC(t) and sW(t) are obtained for the coal slurry 

and water reference signals respectively. These spectra are then Fourier 

transformed and HC(f) is computed according to Eq. 6. After conversion of the 

result to polar coordinates, the frequency dependent absorption and velocity 

dispersion are computed using Eqs. 8 and 13. A computer program in FORTRAN 

was written to accomplish the necessary transformations. 

Experimental Results 

Samples of coal were prepared by grinding lumps of the material in a blend

er and separating the resulting powder into different size ranges using cali

brated sieves. Weighed samples from each group were then mixed with water to 

form a slurry. The slurry was washed several times by shaking the container 

and, after settling, replacing the liquid fraction with clean water. After 

cleaning, the fluid above the settled coal particles was nearly transparent. 

The settling time, which varied with particle size, was on the order of 10 s in 

each case, more than adequate for the measurements to be described below. 

The acoustic properties of the coal slurry mixtures were measured according 

to the following procedure: First the mixture was allowed to settle to a point 

below the transducer plane. Then the acoustic time spectrum of the essentially 

pure water residue was digitized. After storing this data in the computer, the 

mixture was agitated enough to yield a uniform suspension of the coal parti

cles. The measurement was then repeated before the mixture could settle. In 

each case an average of 5000 samples were obtained to enhance the accuracy and 
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signal-to-noise ratio of the data. The data was digitized at a sampling rate 

of 50 ns/sample and stored in 512 channels. The total sampling time in each 

case was -0.5 s. The two data sets were then processed by Fourier analysis. 

Coal samples were prepared with particle sizes in three ranges, 106-125 ~m, 

150-180 ~m and 180-300 ~m. Figure 2 illustrates the typical time spectra ob

tained. In the figure, curve (a) corresponds to pure water, curve (b) was ob

tained with coal particles of size 180-300 ~m at a concentration of 18% by 

weight and in (c), a 15% concentration of 106-125 ~m coal particles was used. 

As can be seen, the effect of adding the coal is to reduce the peak amplitude 

and broaden the width of the signal, with the larger particles producing more 

broadening than small particles • 

. For each of the three particle size ranges, three different slurry concen

trations were prepared. The data from these was Fourier analyzed and processed 

as described above. The results are shown in Figs. 3-5 with the various parti

cle sizes and concentrations used identified in the figure captions. In the 

upper figures of each set the computed acoustic absorption is shown and in the 

lower figures the velocity dispersion is given. 

The data was further analyzed by assuming both the absorption and disper

sion to be linearly proportiDnal to the concentration. This is a reasonable 

assumption for the relatively low concentrations used in this study. By scal

ing all the concentrations to 10% it is possible to plot all the data on a sin

gle pair of graphs. In Fig. 6 the results of this scaling are shown. The data 

for each particle size range is seen to correspond reasonaoly well, indicating 

the validity of the scaling assumption. The observed deviations may be, in 

part, a result of errors in generating precise concentrations due to incomplete 
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mixing of the slurry. In Fig. 7 we present the same data averaged into single 

curves with the uncertainties visible in the previous figure indicated by error 

brackets: 

In order to illustrate the possibility of characterizing a composite mix

ture of different particle sizes, we combined two of the above size groups. A 

mixture containing 50% of the size range 150-180 ~m and 50% of the larger 

180-300 ~m size was diluted in water to a concentration of 17% by weight. The 

frequency dependent absorption and velocity dispersion of this slurry was then 

measured with the results plotted in Fig. 8 (solid line). The data previously 

obtained (Fig. 7) for the individual size ranges was then combined by summing 

the two curves (b) and (c) and scaling the result to 17%. These calculated 

curves are also shown in Fig. 8 as a dashed line. The agreement for the ab

sorption portion of the data is very good. In the case of the velocity disper

sion, the two curves are parallel but slightly displaced, by an amount compara

ble to that previ~usly observed in Fig. 6. It should be noted that the separa

tion of the two curves corresponds to a velocity difference of less than 0.004 

mm/~s, about 0.25% of the velocity (1.5 mm/~s) of sound in water. 

If we compute the difference in arrival time for an acoustic pulse travel

ling over the 50 mm path length of this experiment for the two velocities, 

1.500 mm/~s and 1.504 mm/~s corresponding to the above velocity difference, we 

find the time difference to be only 88 ns. This time difference is approx. 

equal to the 50 ns sampling intervals at which all of the above data was sam

pled. It is therefore possible that the present data is inherently subject to 

errors of this magnitude. If so, the problem could easily be solved by sam

pling at a higher rate. With the present digitizer, the. sampling time can be 

reduced to 10 ns and future data should be acquired at a rate of 100 MHz. 
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CHARACTERIZATION OF THE COAL SLURRY BY ACOUSTIC IMAGING TECHNIQUES 

Experimental Apparatus 

A block diagram of the apparatus for acoustic imaging of slurries in a 

steel pipe is shown in Fig. 9. A length of steel pipe (57.5 mm diameter and 3 

mm wall thickness) has an array of 10 pairs of acoustic transducers mounted 

around its midsection. To each transmitting transducer (T10-T19), the corres

ponding receiving transducer (RO-R9) is mounted on the opposite side of the 

pipe. The transmitters are fired one at a time, producing an acoustic pulse 

which travels through the slurry-filled pipe to the receiver. The time the 

sound takes to reach the receiver is a function of the concentration and the 

particle size distribution of the slurry. 

The control logic is programmed to fire the next transmitter after the re

verberations from the preceding pulse have subsided. The sequence of pulses 

that fires all 10 transmitters is called a frame. Consequently, each pulse, 

traversing the pipe at a different angle, is called a line of the frame. The 

magnitude and shape of the signal detected by the receiver is a complex func

tion of the acoustic wave interaction with the slurry particles. A typical 

signal received through the pipe filled with water is shown in Fig. 10. A dis

criminator following the signal amplifier fires each time the negative transi

tion of the waveform exceeds the preset threshold. Each pulse, depending on 

the magnitude and shape, can trigger the discriminator more than once. The 

arrival time at each discriminator pulse is digitized (Data Processing block 

in Fig. 9) and stored in the computer. 

Along with the time information of each pulse, data relevant to tne frame 

and line number is also stored. Any desired number of digitized frames can be 

either displayed or printed out in a form shown in Fig. 11. Each frame con
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sists of 10 lines with a cross printed each time the acoustic signal edge fired 

the discriminator. The horizontal axis shows real time in clock pulses elapsed 

from the firing of the transmitter at the beginning of each line. The frequen

cy of the clock pulses is known and selected to scale properly the desired por

tion of the line time. 

Each line in a frame of fig. 11 shows a signal with three lobes of suffi

cient magnitude to trigger the discriminator. Since the travel distance across 

the pipe is the same for each line, the three columns of data should lie on a 

straight line if the medium inside the pipe were homogenous. Th~ pipe contain

ing a mixture of glass beads and water in 3:5 volume ratio was rocked about the 

axis normal to the pipe length when the frames in Fig. 11 were t.aken. Conse

quently, a substantial change of bead concentration in the pipe cross section 

is "seen" by the tranducers. Also, the concentration changes from frame to 

frame as the beads shift in lumps as the pipe is being rocked. 

The data can be also displayed on-line on tl:e oscilloscope as they are 

passed to the computer in the same format as in Fig. 11. A trained observer 

can thus "see" the slurry flow live on the screen. 

In order to simulate a slurry flow, the test pipe section in Fig. 9 was 

sealed at the bottom. A motor driven rotating blade was inserted into the pipe 

through a leakproof bearing. The motor speed can be controlled by a variable 

transformer. The pipe was filled with a mixture of water and glass beads. The 

beads were a kind used for industrial sand blasting, the mixture of round to 

irregular shapes range in sizes from 50-300 ~m. 

The pipe was first filled up with water. The concentration was further 

controlled by replacing a known volume of water by the same volume of beads. 
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The top of the pipe was sealed and residual air pockets eliminated through a 

valve. This is because the air broken into bubbles by the blade might alter 

acoustic properties of the mixture. 

The bead concentration along the pipe is a function of the blade velocity. 

The beads slowly settle to the bottom when the motor is cut off. This process 

can be easily observed by shooting the frames continously at a given rate. 

Experimental Results 

Several experiments are presented here in order to demonstrate that this 

method can be useful in the live monitoring of slurry flow in pipes. Figure 12 

shows a long sequence of frame compiled from a printout similar to that on Fig. 

11. A ratio 5:4 of glass beads to water was selected to make sure that' the 

depth of the settled beads was above the transducer plane. The frames were re

corded at the ratio of 2/s from the beginning of the settling period immediate

ly after the motor was turned off. The horizontal axis in Fig. 12 represents 

about 20 s of real time, the vertical axis, the propagation time of sound waves 

across the pipe (i.e. the concentration of glass beads in water) and the z 

axis (at 45~ angle) the individual lines of a frame. 

At time zero, coincident with the first frame, the frame shot earlier in 

pure water is superimposed for reference (100% water). Following the propaga

tion time for line No. 0 for instance, a gradual decrease in the propagation 

• delay is noticeable, as the density of glass beads increases due to the set

tling (i.e. the velocity of sound increases accordingly). 

A sudden decrease in propagation time can be seen, after about 6 s, the 

point where the beads touch and no longer stay separated by water. It is in

teresting that this jump occurs simultaneously in all lines and fast. Even at 

much higher frame rates, the jump occurred during a single frame period. 
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After the touch-up point, the settling process continues for several more 

seconds. A jump in the steady state can be made by tapping the pipe, which 

packs the beads tighter with a corresponding drop in propagation delay. Other 

lines in the frame track each other, indicating the expectea uniform settling 

of the beads throughout the pipe cross section. 

Periodic changes in slurry density were simulated by rocking the test pipe, 

filled with glass beads in water (3:5 ratio by volume), back and forth about 

the vertical axis. The results, shown in Fig. 13, show accordingly the period

ic fluctuation of bead concentration. Although the lines follow the same peri

odic pattern as expected, there is a noticeable difference among individual 

lines, indicating nonuniformity in bead concentration. The vertical scale is 

calibrated in relative concentration of beads in water. For line No. 0, the 

concentration varies from about 5% (almost pure water) to 50%. 

A somewhat different presentation of glass bead distribution over the pipe 

cross section as a function of time is shown in Fig. 14. A sequence of frames 

shows a substantial fluctuation as the beads shifted during the time ttle pipe 

was moved off its vertical axis. 

The acoustic imaging of the cross section of the pipe in a horizontal posi

tion was also done. The pipe was filled with 3 parts glass beads and 6 parts 

water and left in a horizontal position to let the beads settle evenly on the 

bottom. A single frame was taken in this position and shown in Fig. 15a (dot~ 

ted line) along with two reference frames taken earlier with the pipe in the 

vertical position.· One of the two frames was taken through the glass beads 

filling the entire cross section of the pipe (left column) and the other frame 

through pure water (right column). The lines of the frame shot in the pipe 
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horizontal position lie obviously between the two reference frames. In partic-

ular, the lines R1-R3 coalesce with the lines of the reference frame, indica-

ting that there were no beads along those acoustic paths. 

An image of the pipe cross section can be built by transforming the data 

of Fig. 15a into cylindrical coordinates.(Fig. 15b) The fraction, db of the 

inner pipe diameter d filled with beads can be calculated for each line from 

= (14) 

where t wd ' tbd and t are propagation times measured for 100% water, 100% 

beads and the bead-water mixture respectively, read out from Fig. 15a. 

The results shown in Fig. 15b match quite accurately the actual ratio of 

beads to total pipe volume of 3/9 = 0.33. The shaded bead area (2590 mm2), 

found by the graphic integration, divided by the pipe cross section (7854 mm2) 

results in the same ratio of 0.33. 

Results obtained by the acoustic imaging technique show that the real time 

acoustic imaging of slurries flowing through steel pipes is possible, along 

with the measurements of their concentrations. However, further efforts are 

necessary to discriminate the size of certain categories of glass beads used 

for slurry simulations. 

DISCUSSION 

We have examined the application of acoustic techniques to the problem of 

coal slurry characterization from two different points of view~ On the one 

hand, we have measured the frequency dependent absorption and velocity disper-

-17-



sion of coal slurry samples using Fourier analysis. The information gained 

from these measurements offers promise as a method for the characterization of 

particle size distributions in the slurry. We have also examined the applica

tion of acoustical imaging techniques in characterizing the coal slurry. The 

information to be gained from this approach is different in that it provides a 

gross "picture" of the larger structures present within the slurry containment 

vessel. 

Summarizing the spectral analysis first, we find that one can, in fact, de

termine both the absorption and'velocity dispersion with reasonaole accuracy by 

Fourier analysis of acoustic pulses propagated through the slurry. In addi

tion, we have shown that both of these components are proportional to the slur

ry concentration, at least within the range of concentrations considered. The 

shape of the curves, as expected, is a pronounced function of the particle size 

and therefore can yield information about the size distribution. 

By combining two fractions of coal containing particles from different size 

ranges, and measuring the frequency spectra of the composite sample, we were 

able to show good agr~ement with the frequency spectra predicted from a linear 

combination of the individual groups. While this is a crude characterization 

of particle size, 'it may suffice in many practical situations. It would be a 

considerably more difficult problem to completely characterize an arbitrary 

distribution. To achieve this end it is desirable to obtain as much informa

tion as possible about the acoustic properties of the slurry. For this reason 

we believe that a measurement of the velocity dispersion in addition to the ab

sorption spectrum (the latter can be measured by other, perhaps simpler meth

ods) can offer additional useful information appropriate to a more complete 

characterization. 
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One should point out at this juncture that there exists a very general for

malism originally derived by Kramers and Kronig14 which relates the real and 

imaginary parts of any measurable property of a physical system obeying causal

ity. The application of the Kramers-Kronig relationships to the case of acous

tics has been discussed by O'Donnell et al. 15 As these authors point out, the 

acoustic absorption and velocity can be related through the real and imaginary 

parts of the complex dynamic compressibility of the fluid and hence can also be 

linked through the Kramer-Kronig relatiohships. The problem in applying these 

relationships is that to compute one quantity at a given frequency it is neces-

sary to know the other at all frequencies. If the spectral information is in-

complete, as in this case, the calculation cannot, in general, be performed~ 

For the case of weak absorption, O'Donnell et al have derived a quasi-local re-

lationship for which the calculation can be performed. We do not get good 

agreement when this calculation is applied to our data. In fact, the calcula

tion predicts an increase in vetocity with frequency whereas our data shows a 

decrease. Clearly the problem should be investigated further. 

Sayers16 has investigated theoretically the propagation of ultrasound in 

concentrated mixtures and suspensions. He finds for his model calculation, a 

decrease in velocity with frequency which becomes more pronounced as the con

centratiqn is increased. This effect is a strong function of the particle size 

and, as he points out, it may be useful as a technique for particle sizing. 

In order to determine if an arbitrary particle size distribution can be fit 

to the absorption and dispersion data, more precise measurements are needed. A 

number of such improvements have already been described above and these will be 

incorporated in future measurements. Improved calculations of the scattering 
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of acoustic waves by the slurry particles, especially at high concentrations, 

is also needed to establish a secure theoretical basis for understanding the 

measured results. 

With the apparatus just above, we are able to investigate, in some detail, 

the acoustic properties of the slurry mixture along a single path extending 

across the pipe. In order to detemine the variation in media properties in 

different cross sections of the pipe, it is necessary to employ an array of 

transducers, as in the case of the imaging described above. Such a system 

should be explored as a means of obtaining valuable information needed in the 

transport and utilization of slurries. 
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Fig. 1 Block diagram of apparatus for measuring frequency 
dependent acoustic properties of coal slurry. 
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