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DEVELOPMENT OF ACOUSTIC FLOW INSTRUMENTS
FOR SOLID/GAS PIPE FLOWS

by

S. H. Sheen and A. C. Rapt is

ABSTRACT

Two nonintrusive acoustic flow sensing techniques are
reported. One technique, passive in nature, simply measures the
bandpassed acoustic noise level produced by particle/particle and
particle/wall collisions. The noise levels, given in true RMS
voltages or in autocorrelations, show a linear relationship to
particle velocity but increase with solid concentration. There-
fore, the passive technique requires calibration and a separate
measure of solid concentration before it can be used to monitor
the particle velocity. The second technique is based on the
active cross-correlation principle. It measures particle velocity
directly by correlating flow-related signatures at two sensing
stations. The velocity data obtained by this technique are com-
pared with measurements by a radioactive-particle time-of-flight
(TOF) method. A multiplier of 1.53 is required to bring the
acoustic data into agreement with the radioactive TOF result. The
difference may originate from the difference in flow fields where
particles are detected. The radioactive method senses particles
mainly in the turbulent region and essentially measures average
particle velocity across the pipe, while the acoustic technique
detects particles near the pipe wall, and so measures the particle
velocity in the viscous sublayer. Both techniques were tested in
flows of limestone and air and 1-mm glass beads and air at the
Argonne National Laboratory Solid/Gas Test Facility (SGFTF). The
test matrix covered solid velocities of 20 to 30 m/s in a 2-in.
pipe and solid-to-gas loading ratios of 6 to 22.

1. INTRODUCTION

This document reports progress since 1982 on the development of
acoustic techniques for measuring solid/gas flowrates. The purpose of the
program is to develop nonintrusive advanced sensing techniques that can
measure solids feedrate in a hostile coal gasification environment.
Typically, coal particles are transported pneumatically in coal mining and
coal conversion processes. Measurement of coal particle velocity and
loading in such a transporting line is very Important to safe, efficient
operation of a coal plant. But on-line continuous particle velocity
monitoring is still a difficult task. Available techniques remain at the



research stage with limited industrial application.

Commonly employed techniques comprise the radioactive tracer method
[1], optical techniques [2], electromagnetic methods [3,4], and conventional
mechanical approaches [5,6]. Use of radioactive tracers provides a direct
measurement of particle velocity, but the technique requires a nuclear power
source, which limits the technique to research applications. Laser doppler
anemometry (LDA) has made the optical technique a promising diagnostic
method for two-phase flows. However, the requirement of an optical window
has hampered its industrial use, especially in coal processes. Conventional
mechanical methods are typically intrusive in nature. For example, an
isokinetic sampling technique for particle velocity measurement applies only
for a very dilute solid suspension with small particle size because of
intrusion and plugging problems. Electromagnetic methods are based on
either electrostatic induction of charges on particles or changes of
electrical capacitance as particles pass through an electrical field. Nieh
et al. [7] recently reported measurements of particle velocity and velocity
profile by an electrostatic induction probe. Again, application of such a
probe is limited to a very dilute solid suspension. The most promising
technique in industrial applications is the capacitance method, which
measures the particle transit time by cross-correlating the capacitance
variation detected at two sensing electrodes separated by a known distance
and senses the solid loading from the capacitance change resulting from the
change of dielectric constant of the medium. The capacitance technique,
however, needs a test section made of insulating material such as ceramics.

Host of the available techniques (except the capacitance method) are
either impractical or unacceptable to the coal industry, which normally
transports coal at high solid-to-gas loading ratios and recycles ash
particles under high temperature and pressure. The ideal technique must be
able to survive this hostile environment, and be nonintrusive and responsive
to a wide range of solid-to-gas loading ratios.

Argonne National Laboratory (ANL), under contract to the U. S.
Department of Energy, has been developing advanced techniques to measure
•ass flowrate of solid/gas flows. Two techniques, capacitive [4] and
acoustic, have been the focus of the program. Acoustic/ultrasonic methods
have been widely used in industrial process controls. For example, flow
velocity measurements for solid/liquid flows have been successfully
developed under the Doppler [8] and active cross-correlation [9]
principles. However, for solid/gas flows, the same principles are difficult
to implement because of (1) high acoustic attenuation in gases, (2) high
particle impingement noise, and (3) problems associated with acoustic
impedance mismatch.

In this report we describe two potential acoustic techniques that rely
on the acoustic noise produced by the particle/particle and particle/wall
interactions.



One technique measures noise level directly.

The other— a new technique developed at ANL— applies the
cross-correlation approach.

Both techniques were evaluated in a series of flow tests at the ANL Solid/
Gas Flow Test Facility (SGFTF) [10]. Results are compiled in this report
and qualitatively interpreted by simple theoretical models to justify the
relation between acoustic noise and flowrate.

2. ANL SOLID/GAS FLOW TEST FACILITY

The SGFTF is described in detail in another ANL report [11]. The
facility, shown in Fig. 1, is a closed system operating at near-ambient
temperature and pressure. It consists of two storage hoppers mounted on
electric scales, a dense-phase gravity feed leg, and a long dilute-phase
test region. For the tests, capacitive and acoustic flow instruments were
installed in the dilute-phase test region. During the first series of
tests, without radioactive particle injection, the test region was only 2.4
m (8 ft) long and used 3 in. schedule 40 pipe. Later we found that the test
region was too short for establishing a steady particle velocity. So during
the radioactive particle injection tests, the Lest region was extended to 12
m (40 ft), and 2 in. pipe was used. The radioactive particle injection
system is described in Ref. 12. Locations of gamma detectors and flow
instruments are shown in Fig. 2; the acoustic instrument was about 7.6 m
from the mixing tee. '

During a normal test run, the solids feedrate was controlled by the
opening of a 3 in. knife valve and the flowrate of the air, which could be
supplied at up to 0.118 m /s (250 cubic feet per minute). The actual solids
feedrate was measured from the hopper weight change recorded on the data
acquisition system of the facility. With the mixing tee arrangement [13]
used in the tests, we could control the mass flow between 0.09 and 1.8 kg/s
(0.2 and 4.0 lb/s). Limestone and glass beads were used in the flow tests,
both with an average particle diameter of 1 mm. For the limestone, the
solid-to-air loading ratio was varied from 4 to 12; for the glass beads, the
ratio was from 6 to 22.

3. ACOUSTIC FLOW SENSING TECHNIQUES

Acoustic and ultrasonic techniques have been widely applied to
industrial process control and diagnosis, ranging from flow, temperature,
and level measurements to nondestructive testing and inspection. The
distinct advantage of these techniques is the nonintrusive sensing
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capability. Ultrasonic flow instruments for solid/liquid flows are the

typical example; both Doppler and cross-correlation flowmeters developed

[14] so far are of the nonintrusive and direct clamp-on type. However,

application of such techniques to gaseous media is rather limited because of

(1) high acoustic attenuation in gases (for example, at 100 kHz, about 3

dB/m in air compared with 10~4 dB/m in water) and (2) a large acoustic

impedance difference between a gaseous medium and the pipe wall if the

clamp-on arrangement is selected. The impedance mismatch restricts the

amount of acoustic energy that can be transmitted in and out of the gas

stream. This is why remote sensing, external to the pipe wall, on a gas

stream is not recommended.

In addition to the two factors mentioned above, the noise level in a
solid/gas flow must be considered. In comparison with solid/liquid flows, a
significant increase in noise level is expected in a solid/gas stream be-
cause of higher flow velocity and noise produced directly by the particle/
particle and particle/wall interactions, which depend on material properties
of solids and pipe wall as well as piping arrangement. Therefore, any
acoustic instrument that is to work in this noisy environment either re-
quires a strong sound source or must make use of the noise itself.

3.1 SOLID/GAS PIPE FLOW NOISE

The feasibility of an acoustic technique normally is evaluated by use

of the sonar equation approach to determine the optimum operating

conditions. One of the variables in the sonar equation is the background

noise level of the system being monitored. For solid/gas pipe flows, the

background noise arises primarily from the impingement and scrubbing actions

between solid particles and the pipe wall. In an earlier feasibility study

[15], the solid/gas flow noise was estimated from gas pipeline noisf; [16]

and power plant work area noise [17]. The estimate was about 70 dB re 1

pPa-Hz at 1 kHz, which decreases at 6 dB/octave, but this estimated noise

level has not been verified experimentally.

Solid/gas flow noise can be considered a type of acoustic emission that

occurs in a solid/gas suspension flow. Use of such acoustic emission for

process monitoring of powder flow was reported by Arrington [18]. He fcund

that the total mean square (TMS) voltage of the noise level was linearly

proportional to the mass flowrate for very dilute suspensions, up to 1.4 x

10~3 kg/s. The first demonstrated use of flow noise to diagnose a coal

process stream was by Roach et al. [19] at the BI6AS pilot plant. They

built a flow/no-flow indicator and tested it on a char return line at the

BIGAS coal gasifier. (The instrument detects the char particle flow from

the flow noise variation.) Roach et al. found that the steam noise in the

char return line dominated the acoustic background and was attenuated in the

presence of char particles.- Subsequently, a char density meter was proposed

based on the noise level change.

Measurement of noise level is a passive technique. It requires only a



wideband transducer (or microphone), which can be mounted on the outside of

the pipe wall or in direct contact with the flow. Both sensing arrangements

were tested at ANL. Figure 3 shows the acoustic test section, which

consists of three ANL high-temperature microphones [20] exposed to the

solid/gas flow through 7/8-in. openings and two clamp-on transducers

isolated from the flow by acoustic windows. The microphone has a flat

frequency response up to 100 kHz but its acoustic impedance is constructed

to match liquids (~1.5 x 10 g/cm --s ). The acoustic windows are made of

either stainless steel (acoustic impedance Zg = 4.45 x 10 g/cm^-s) or

teflon (Zc = 0.3 x 10^ g/cm^-s). The mismatch in the acoustic impedance

limits the amount of acoustic energy transfer between the gas flow and pipe

wall.

Figure 4 shows the signal conditioning and analysis system. Charge

amplifiers were used to condition the microphone signals, while voltage

amplifiers were used for the transducers. High-pass filters followed the

amplifiers to eliminate any low~frequency mechanical noise, such as pipe

vibration, which can be predetermined from accelerometer measurement. Then

signals were analyzed by a true root-mean-square (RMS) voltmeter or a wide-

band spectrum analyzer (SD360). To assure absolute noise level measurement,

before installation the ANL microphones were calibrated in water against a

hydrophone. The average sensitivity of the three chosen microphones was

1900 pc/bar or -154 dB re lpc/lPPa,

3.1.1 Limestone/Air Flow Tests

A series of limestone/air flow tests was conducted at the SGFTF,
which had a 2.4 m long dilute-phase test region; 3 in. pipe was used in most
test regions except near the ANL capacitive flow instrument [22], where a 2
in. pipe was used. The acoustic test section was installed upstream of the
capacitive instrument near the mixing tee, where limestone particles were in
the initial accelerating stage. The average limestone diameter was 1 mm,
but because of attrition, the diameter decreased during circulation. To
maintain roughly the same limestone size distribution, the powdered-form
limestone was filtered out and replaced by new limestone after each test
run.

The test conditions are given in Table 1. The solids feedrate and

the air flowrate were measured from, respectively, the hopper 1 weight

change and an orifice plate flowmeter located upstream of the mixing tee.

Both measurements had an accuracy of 5%; about 10% variation in solids

feedrate was normally expected during each run.

Figure 5 shows two spectra, up to 50 kHz (spectra between 40 kHz and

50 kHz were attenuated by the aliasing filter cf the analyzer) of the

microphone signals detected during the test of 0.45 kg/s and 0.076 m^/s air

flowrate. The spectra show the difference in noise between air flow and

limestone/air flow. The presence of limestone particles increased the power
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Table 1. Solid/Gas Flow Test Conditions

1.

2.

3.

4.

5.

Particle diameter

Temperature

Mass Flow

Air Flowrate

Signal Conditioning

~1 am

20°C

0.45,

7.6 x

40 dB

0.9,

10-2

gain

1.35 kg/s

to 1.07 x 10

, 1 kHz High

"I mVs
Pass

-32

5-48
CO

LU

<r

to
CO

-80
o

o
o
<-96

-112

"1.25k

Fig. 5.

1.2 k

28.7k

4.8k

26 .9 *

-AIR-SOL!D FLOW

31.1 k

•AIR FLOW

10 20 30

FREQUENCY,. kHz

4 0

Acoustic Noise Spectra of Air and Air/Limestone Flows.
Signals were detected by the ANL high-temperature microphones
with an arrangement similar to that used at BI-GAS. Note that
particle noise is at least 10 dB greater than the noise
generated by the air flow.



spectrum of Che flow noise by at least 10 dB up to about 25 kHz, beyond

which the air flow noise decreased drastically. The frequency at which the

air flow noise declines is related to the air flowrate and may be used to

monitor the air flowrate. Another distinct feature appearing in the spectra

is the tone bursts. The tone at 1.2 kHz in the noise spectrum of air flow

is shifted to 1.25 kHz for the limestone/air fow. This tone could be

related to the resonance frequency of the microphone housing (25.4 cm

deep). The shift might be attributed to accumulation of limestones inside

the housing.. Tones in the 30-kHz region, detected only in the solid/gas

flow, are directly related to particle impacts on the microphone.

As shown in Fig. 6- the real-time microphone signals display large

pulses arising from direct particle impingement. Two pulses were detected

by two microphones separated by 3 in., however, the pulses do not correlate

with particle velocity in any way; rather, they are caused by the impact of

particles trapped inside the microphone housings. The frequency of impact

on a microphone may indicate solids concentration, but this was not investi-

gated. As shown in the figure, the pulses saturated the microphone; thus,

for particle velocity measurement, the microphone must be protected from

direct particle impingements. We also found that limestone collected inside

the microphone housing and eventually altered the sensitivity of the micro-

phone. In view of the difficulties encountered by the microphone sensing,

the use of acoustic windows to isolate the sensor from solids was the

logical approach.

Two types of window material, stainless steel (SS) 304 and teflon,

were tested. The teflon window is softer than the SS window, so higher

acoustic attenuation is expected. Consequently, less acoustic energy can be

transmitted through the teflon. This is clearly shown in Fig. 7; signi-

ficant reduction in acoustic energy was detected by the teflon window for

frequencies greater than 30 Hz. However, we chose the SS window in this

study in order to include high-frequency information as much as possible.

In Fig. 8, we plot the power spectra of airflow noise and limestone/air flow

noise at two flow velocities under a similar solid feedrate, ~0.45 kg/s.

The noise level was much higher for limestone/air flows than for air flows,

particularly beyond 10 kHz. Also, the spectra were free from tones due to

direct particle impacts. More significantly, we found that the noise level

increased with the flowrate and that the increase was distributed over the

entire spectrum. This discovery means that bandpass noise can be related to

particle velocity.

To illustrate the relation, we measured the noise levels in the range
of 10-50 kHz by means of a true root-mean-square (RMS) voltmeter (HP3403C,
0.4% in accuracy). We also computed the autocorrelations of the bandpassed
signals on a spectrum analyzer (SD360). The autocorrelation at zero time
displacement is equal to the mean square of the signal (or square of the RMS
value). For better resolution, we used the autocorrelation values to
represent the noise levels. The results are summarized in Table 2. The
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Table 2. Liaestone and Air Flow Teat Re«ulta: RHS Voltages and
Autocorrelation Counta of Acoustic Noise

Mats Flow,
kg/s (lb/s)

Air Flow.
/s (CFM)

Solid Velocity,*
•/s (FFS)

RMS Voltage,
•V

Auto-
correlation

Counts

7.6xJ<T2

8.3
9.0
9.9

(162)

(176)

(191)

(210)

5.4

7.8

12.2

18.4

1,083

2,446

6.088

13,488

0.55 (1.21) 7.6 (162) 17.6 (57.9) 224

0.52 (1.15) 8.3 (176) 19.8 (64.9) 278

0.51 (1.13) 9.0 (191) 21.8 (71.6) 361

0.52 (1.15) 9.9 (210) 27.3 (89.5) 407

20.825

30,050

53.750

67,350

0.

0.

1.

1.

1.

1.

99

93

02

34

43

48

(2.18)

(2.04)

(2.24)

(2.96)

(3.14)

(3.26)

7.8

8.9

10.0

7.9

8.7

9.2

(166)

(190)

(212)

(167)

(184)

(195)

16.1

20.9

30.8

14.3

15.7

18.5

(52.7)

(68.7)

(101.I)

(47.1)

(51.6)

(60.7)

202

321

340

210

240

280

65,

165

179

68,

92.

120

,500

.000

,000

,900

300

,300

'Solid velocity was provided by J. Bobls using a cftpacitlve flow Instrument
installed dovnstreaa of Che acoustic test section during the test series.

32 enseable average for air flow noise aessureaent
256 enseable average for solid-air flow nolae aeasureaent

'.-to TFAC 5 0 0 TRANSDUCER

AIR-SOLID PLOW

219 CFM
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FREQUENCY, KHz

Fig. 8. Acoustic Noise Pressure vs* Frequency for Air Flows and
Solid/Air Flows
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data are divided into four sets according to the mass flow. In each set,
the air flowrate was varied, causing the particle velocity to change
accordingly, as indicated by the solid velocity data obtained by the ANL
capacitive flow instrument. Data were also plotted in their logarithmic
expressions, as given in Fig. 9, in order to establish the power dependence
(n) in an empirical relation given as

P - xu11 (1)

where x is a constant, P represents the measured acoustic power in terms of
autocorrelation, and u is the air flowrate or the particle velocity. In
Fig. 9, we plot the logarithm of the autocorrelation at t - 0 versus the
logarithm air flowrate, which is assumed to be the terminal particle velo-
city. From the plots the power factors are estimated; they range from 4.0
to 5.0 for solid suspensions and are ~10 for air flows. This agrees with
the model predictions given later. However, in this test series, because of
the short test region, the limestone particles could not reach their termi-
nal velocity due to the incomplete acceleration. In Fig. 10, we plot, in-
stead of the air flowrate, the particle velocity measured by the capacitive
instrument versus the auto-correlation counts. A smaller power dependence,
n, is derived. The result suggests that one may use the value of n to esti-
mate the velocity slip between solids and air. The data shown in Figs. 9
and 10 also indicate that the noise level is proportional to the solid
feedrate.

3.1.2 Qualitative Interpretations

In this section, we correlate the results we obtained with existing
theroretical models so that we can determine qualitatively the primary sound
sources in a solid/gas pipe flow. We address three main subjects: (1) the
location of the sound source, at the wall or in the flow, (2) the velocity-
dependent air flow noise, and (3) the velocity-dependent solid/air flow
noise.

To answer the first question, we must examine how sound is trans-
mitted to a clamp-on piezoelectric transducer through an acoustic window.
Figure 11 shows a simplified one-dimensional sensing geometry in which three
acoustic media, characterized by their acoustic impedances, are con-
sidered. We assume that the interface between the flow and the window has
the coordinate x » 0 and that the incident acoustic plane wave is pro-
pagating in a direction normal to the interfaces between the media. The
wave equations, omitting the trivial time factor eJut, in the media can be
given as follows:

In

in

medium

medium

1.

' P 1 H

2,

" A I
 e"Jk IX + BI
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One-dlmenslonal Sensing Geometry.
Z^ represents the acoustic impedance,
p^ the pressure wave traveling in
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the reflected wave, and d the
thickness of the acoustic window.

P2 " A2

and in medium 3,

P3 - P3

(3)

(4)

where fc^ is the wave number in the ith medium, and A^ and B^ are amplitudes
of the waves. Two additional assumptions have been made in the above
equations: (1) that the wave reflected from the transducer Is neglected and
(2) that An and Bo represent composite amplitudes after multiple reflections
at the window boundary. The boundary conditions applied to this system are:

<Vx-0 <Vx-0

<P2>x-d " <P3>x-d

C V x - d - <V3>x-d

(5)

(6)

(7)

(8)

The boundary conditions are based on the continuity conditions for pressure
and velocity (V^)* Substituting the boundary conditions to the wave in
Eqs. 2-4, we obtain Eqs. 9-12 relating the amplitudes.

1 + Bl " *2 + B2

l " Bl - *12 <A2 ~ B2>

(9)

(10)
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^ e~Jk2d + B2 e*2d « ^ e ^ k 3 d (11)
and

^ e"Jk2d - B2 e^k2d - « „ A3 e ^ k 3 d (12)

where

5ij " piCi/pjCj (13)

As a result of these boundary conditions, we obtain the transmission
coefficients from medium 1 to 3, Tj3, and from 2 to 3, T 2 3, as follows:

A3 4 e ~ j d ( k 2 " k3>

23 A, 1 + * 2

[(1 - „

For the case of using an SS acoustic window, the acoustic impedence in SS is
much greater than that in air; thus, 5,_ ̂  0 and the transmission co-
efficients of real amplitude can be given as

A3/Ax - 4/Y
1/2 (16)

where

Y - [1 + 4 (1 + 523) Sin k2d Sin 3k2d + 4 (1 + 5 2 3 )
2 Sin2 k2d] (lj)

and

l - 2/(1 + S23) (18)

It can be easily shown that AJ/AJ _<_ 4 and A3/A2 <, 2. Hence, the pressure
amplitude transmitted into the third medium, the transducer, is twice the
pressure in the acoustic window and four times the pressure of the incident
wave in front of the window. However, the acoustic power that the trans-
ducer receives is only A^/p^Cj, which is negligible in comparison with the

incident acoustic power, A. /P.O., because in the power ratio given in Eq.
19, the factor £,, is approximately zero:
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Power ratio - 16 £13/y

A piezoelectric transducer is a force-sensitive device; therefore, it
can measure the acoustic pressure exerted on the acoustic window. The pre-
ceding derivation indicates that both flow-induced noise and direct particle
impact force are measurable acoustics. The acoustic impedance mismatch
between the gas flow and pipe wall limits the transmission of acoustic
energy but an acoustic pressure wave still can be transmitted.

Noise generated by air flow in a duct has been the subject of many
investigations [23-26]. It is generally believed that sound pressure is
generated from the flow instability in a turbulent flufd. The total sound
field radiated by boundary-i<»yer turbulence is a sum of the quadrupole
sources in the bulk of the turbulence and the dipole sources at the solid
boundary. The acoustic powers due to the dipole and quadrupole sources are
proportional to the sixth and eight powers respectively, of the Mach number
(M).

Results from this work, as given in Fig. 8, show a higher dependence
on the Mach number, M* , than that of a quadrupole source. This may be
explained as follows. First, the sound source is probably a quadrupole
source radiating from the air nozzle near the mixing tee. Because the
transducers are located near the mixing tee, the nozzle noise would be the
primary sound source in that region. The deviation from M® dependence may
be attributed to the frequency range chosen in this work. Most work in the
past concentrated on low-frequency (<_ 10 kHz) acoustics. The 10-50 kHz
region has never been examined. It was reported [24], however, that the
dependence, n, increases as the frequency band increases to the higher side
of the spectrum. (

Noise in a solid/gas pipe flow has never been examined in terms of
the mechanism of noise generation. Intuitively, the predominant sound
sources are the impact noise due to particle/wall and particle/particle
collisions. The transient sound radiated by two colliding spheres was
experimentally investigated by Nishimura and Takahashi [27]. They showed
that the peak pressure amplitudes are proportional to the velocity of impact
raised to the 1»2 power. This result agrees with the estimation based on
the Hertz law of contact [28] by which the mechanical impact force is
derived as

t(t) - CL V
1'2 Sin3/2 (C2 Vt) (20)

where V is the particle velocity and Cj and C2 are constants. Equation 20
gives the force-time relation for a single particle/particle or particle/
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wall collision. To estimate the noise in a solid/gas flow, one must also
consider the collision rate. With N as the number of collision per unit of
time, the overall impact force becomes

F(t) - C. Z vJ*Z SinJ/Z <C9 V, t + ••) (21)
1 i-0 Z

where $^ represents Che lth phase angle. If we assume a uniform particle
velocity for qualitative prediction, Eq. 21 may be approximated by

F(t) «C, N V1*2 Sin3/2 (ft, Vt + 40 (22)

The collision rate, N, is a function of particle concentration (i.e., the
number of particles per unit of volume), particle diameter, and the relative
velocity between the colliding particles [29]. For a qualitative analysis,
similar to the treatment in gas kinetics, the collision rate for particle/
particle collision may be given as

N - C3 V nj (23)

and for particle/wall collision as

N « C. V n (24)
4 p

where C3 and C4 are constants, and n_ is the particle concentration.
Combining Eqs. 22-24, we obtain

F(t) - V 2 ° 2 n* Sin 3/2 (C, Vt + •) , (25)
P 2

where & equals 1 for particle/wall collision and 2 for particle/particle
collision. Finally, the transducer response in terms of autocorrelation
+(t) [30] can be expressed as

where 3 is the damping of the system, k the angular frequency, and
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-ikTF(k) - / F(t) F(t + T) e dT (27)

the power spectral density of the forcing function. Therefore, the auto-
correlation at t - 0 is proportional to V***, which agrees fairly with the
present measurement.

Without knowing the characteristics of the transient collision noise,
we cannot easily conclude whether the sound is radiating from the particle/
particle collisions or, the particle/wall collisions. If the latter is
assumed, we may be able to explain the variation of magnitude for different
mass flows. Intuitively, one would expect that the frequency of particle/
wall impacts increases up to a maximum, because of the finite area of the
acoustic window, as the particle concentration increases. This may explain
why the same sound level was observed for 0.9 and 1.4 kg/s solid feedrates.

3.2 ACOUSTIC CORRELATION MEASUREMENT

The cross-correlation scheme is widely used for measuring the transit
time of a moving medium. The technique, coupled with acoustic/ultrasonic
sensing, has been developed [31] into a standard method of determining flow
velocity in a pipe. It has proven to be an accurate method for velocity
measurement in a coal-slurry mixed-phase flow. The acoustic cross-
correlation technique requires acoustic waves to be sent into the flow and
retrieved in order to process the flow modulation. For solid/liquid flows,
the flow modulation originates from density fluctuation. The same acoustic
scheme has never been examined for solid/gas flows because of the inherent
difficulty of acoustics in a solid/gas system, such as the high sound
attenuation in the ultrasonic frequency range and the strong solid impact
noise.

During the early stage of this developmental program, we focused on
developing an intensive sound source to generate a sound wave at a frequency
of around 100 kHz or higher. High-frequency acoustic waves were desired for
their sensitivity in detecting solids in the stream. Two sound sources were
investigated: (1) a stem-jet sound source (see App. A) and (2) the acoustics
generated by a piezoelectric Crystal [32]. Both sources were unsuccessful
for use in monitoring solid/gas flows because of the poor signal-to-noise
ratio. Moreover, the stem-jet source introduced additional air flow into
the main flow stream, which fias undesirable.

A novel acoustic sensing concept was later introduced. Instead of
transmitting sound waves through the flow medium, the new method detects
chiefly the noise that interacts with the acoustic field established within
the pipe wall. Since the noise may be related to the particle concen-
tration, as discussed earlier, the noise-modulated sound field in the pipe
wall may contain the specific flow information arising from particle
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concentration variation. Therefore, cross-correlating the noise modulation
may deduce a velocity-dependent correlation function.

3.2.1 Description of Instrument and Flow Tests

Figure 12 shows the acoustic cross-correlation test section developed
at ANL. Two pairs of transducers (AE FAC-500) were clamped directly onto
the pipe. In each pair, one transducer acted as a transmitter and the other
as a receiver. The separation between the pairs was 6.5 cm, slightly larger
than the pipe diameter. To avoid acoustic cross talk and noise pickup from
the loop, Viton gaskets were inserted between flanges. Cross talk and noise
pickup were reduced by at least 60 dB as a result. The test section was
installed 8 m downstream of the mixing tee at the dilute-phase horizontal
test region during the flow tests with glass beads.

Fig. 12. Acoustic Cross-Correlation Test Section for Solid/Gas Flow Tests
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Figure 13 outlines the electronics used to supply and condition the
signals. The transmitters were typically excited by a continuous wave of a
frequency between 800 kHz to 1 MHz and with the power of 1 watt. Received
signals were conditioned by bandpass amplifiers set at a gain of 40 dB and a
bandwidth of 100 kHz to 1 MHz. A synchronous detector (AD360) was used to
demodulate the conditioned signals before they were recorded onto a magnetic
tape. When the data were analyzed, signals, identified by the index number
recorded on the voice channel, were fed into bandpass filters to select the
best frequency range leading to a cross-correlation function of good
precision. The cross-correlation was computed on a real-time, 1024-point,
spectrum analyzer. Table 3 outlines the test matrix of the glass beads and
air flow test. The test covered a range of mass flow from 1 to 4 pps, cor-
responding to solid-to-gas loading ratios of 6 to 22. The air velocity was
measured at the inlet orifice; because of relatively low loading, we
expected very little variation in air velocity through the entire test
region. In other words, the energy used to accelerate particles was
negligible. The significant feature of this test was the incorporation of a
radioactive particle experiment. Two gamma detectors were positioned
immediately upstream and downstream of the acoustic instrument, so that a
direct comparison of the two measurements was possible. The particle
velocities in Table 3 were measured by the radioactive particle TOF
technique. Each velocity represents an average of 15 radioactive particles
passing through the acoustic instrument.

3.2.2 Results and Discussion

Data were analyzed with an analysis range of 5 kHz, corresponding to
0.1 ms in the time resolution. Each correlation function resulted from 256
ensemble averages, which equal about 15 s in real time. The maximum of a
correlation function was located by manually moving the cursor. The maximum
was used as the average particle transit time between the two sensing
transducers whose separation was assumed to be the average travel length for
the particles. Finally, the velocity was derived from the transit time at
the peak maximum. The range of the transit time measured in this test was
between 3 and 5 ms; thus, the time resolution was better than 4%. The peak
width of a cross-correlation is determined by the velocity spread, filtering
setting, and sensor width. The sensor width can be estimated from the test-
section construction, which gives the separation of the two sensing regions
from 3.5 cm to 9.5 cm. Hence a width of ~3 ms may arise from the
separation. The actual measured width is greater than 3 ms because of the
filtering and the velocity spread. The filtering effect can be minimized by
taking a bandwidth much larger than the signal bandwith.

In Table 4, we summarize the results of particle velocity measure-
ment. Three frequency bands were chosen in the analysis. In general,
increasing the low-pass cutoff frequency from 30 to 500 Hz improved
significantly the measurement statistics; the standard deviation was better
than 5% for measurements using a 500-Hz low-pass setting. Another trend
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Attenuator

V
Tape Recorder

Fig. 13. Active Acoustic Cross-Correlation Sensing Arrangement and
Associated Electronics

Table 3. Glass Beads' and Air Flow Test Conditions

Run

109

110

111

112

113

1(4

Data
Index

39-71

26-74

45-68

24-75

40-66

32-67

Hass
kg/s

1.45

0.86

2.0

O.S

1.73
1.22

Flow,
(lb/s)

(3.2)

(1.9)

(4.4)

(1.1)

(3.8)

(2.7)

Velocity
Air,"
•/s

30.3

30.0

29.6

28.3

38.1

38.1

Solid-
to-gas
Loading

16.6

10.2

22.0

6.5

14.6

10.8

Particle Velocity
at Acoustic

Test Section
•/a

24.0

23.0

23.7

19.9

29.0

28.7

* Glass beads are 1 •> in diameter and 2.46-2.49 g/c«3 in density.
b In a 2 in. Schedule 40 pipe.
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observed was the shift of the cross-correlation peak toward low transit time
or high particle velocity as the low-pass frequency was reduced. Figure 14
illustrates the peak shift and the shape variation of the correlation
functions. The reason for the drastic reduction in transit time at 30 Hz
may either be that (1) the wavelength of the 30-Hz flow-related signal is
much longer than the transducer spacing, thus causing the signals to be
correlated within the same wave quadrant [33] or (2) that a low-frequency
flow phenomenon dominates the correlation function, thus obscuring the true
correlation peak. It was observed that for solid feedrates greater than or
near 0.9 kg/s signals exhibit an oscillatory (~20 Hz) structure. Figure 15
shows an example of the flow oscillation at 0.86 kg/s in the solid
feedrate. The oscillation may result from the non-pulsating transport
phenomenon due to the mixing-tee arrangement. To resolve a true correlation
function, one must use a high-pass filter to reduce the tone structure.
Figure 16 shows a series of cross-correlation functions obtained with a 30-
500 Hz bandwidth. The correlation peaks are more or less symmetrical around
the maximum, implying a uniform velocity distribution for particles being
detected.

Table 4. Particle Velocity, VA>
Measured by Acoustic Sensing

Coapared With the Hot-Sample Measurement VK

Run

112

110

114

113

109

111

SOL*

6.5

10.2

10.8

11.6

16.6

22.0

BH,b Hz

1-30

1-100

30-500

1-30

1-100

30-500

1-30

1-100

30-500

1-30

1-100

30-500

1-30

1-100

30-500

1-30

1-100

30-500

vA,
c •/• (o)d

NRf

12.4 (0.82)

13.8 (0.54)

18.8 (3.7)

17.8 (3.2)

15.0 (0.62)

NR
33.6 (6.0)

18.5 (0.52)

NR
33.3 (17.3)

19.4 (0.84)

24.3 (8.6)

20.7 (4.5)

15.3 (0.44)

NR

38.5 (9.0)

15.2 (0.38)

V" "'*
19.9

19.9

19.9

23.0

23.0

23.0

28.7

2B.7

28.7

29.0

29.0

29.0 .

24.0

24.0

24.0

23.7

23.7

23.7

-

0.62

0.69

0.82

0.77

0.65

-

1.17

0.64

-

1.15

0.67

1.01

0.86

0.64

-

1.62

0.64

* Solld-to-g«s loading ratio.
b Bandwidth of the signal.
c Particle velocity Measured by acoustic sensing.
d Standard deviation.
e Particle velocity by radioactive TOP.

' Not reaolved, poor SHR.
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Fig. 14. Cross-Correlation Functions Obtained with
Different Filter Bandwldths. Data cor-
respond to a solid-to-gas loading of 10.2.
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Fig. 15. Cross-Correlation Functions Detected by
the Active Acoustic Cross-Correlation
Technique Applied to Solid/Gas Flows at
Solid Loadings of (a) 0.45 kg/s and
(b) 0.86 kg/s
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In general, we found that the cross-correlation functions were
resolved better for low solid-to-gas loadings. As the loading increased,
the correlation peak was broadened, especially at the base of the peak.
This may be caused by the instability of the solid flow; possibly, solid
settling may be occurring. At the highest solid loading (22), the
correlation peak strength was considerably reduced, again indicating that
the particle flow was not steady at this loading.

Particle velocity data derived from the correlation peaks differed
significantly from the velocities measured by the radioactive TOF techni-
que. However, the difference remained the same over the whole test matrix
if a 30-500 Hz bandwidth was used. The relation between the two measure-
ments techniques is given as

1.53 (28)

where VH and VA represent the measured particle velocities by radioactive
and acoustic techniques, respectively. Figure 17 displays the relation of
Eq. 28 using the data given in Table 4. The accuracy of the acoustic
method, after applying the constant factor (1.53), is near 3%.

15
35

Fig. 17. Comparision of Particle Velocities (VA) Sensed by the Acoustic
Method vs. the Radioactive Particle Injection Method



26

The 1.53 factor may be attributed to the difference in the flow
region sensed by the two methods. Laboratory experiments [34,35] have shown
that in the absence of electrostatic forces, solid particles concentrate
toward the center of the pipe. However, the acoustic instrument mainly
detects solids near the pipe wall. Based on the model calculation of
Michaelides [36], the difference between the velocities in the turbulent
region and the viscous sublayer is about 3:1 for a solid-to-gas loading
ratio of 6. Extrapolating that result to the present loading ratios, a
difference or 1.5:1 in the velocities is definitely possible. Therefore, we
believe that the active cross-correlation instrument really measures the
particle velocity in a region near the pipe wall. The velocity thus
requires a multiplier of ~1.53 to bring it into agreement with the average
particle velocity.

4. CONCLUSIONS AND FUTURE DEVELOPMENT

In this report, we explain two acoustic/ultrasonic sensing techniques
that can be applied to particle-velocity measurement in a solid/gas
pneumatic transport line. One technique, passive in nature, simply measures
the bandpassed acoustic noise level, produced by particle/particle and
particle/wall collisions. The noise levels, given in true RMS voltages or
in autocorrelation?, show a linear relationship to particle velocity and
increase with solid concentration up to 0.9 kg/s for the present mixing
arrangement. Therefore, the passive technique requires calibration and a
separate measure of solid concentration before it can be used to monitor
particle velocity. The second technique is based on the active cross-
correlation principle. It provides a direct particle velocity measurement
by correlating flow-related signatures at two sensing stations. The
velocity data obtained are consistently smaller than those measured by the
radioactive-particle TOF method. A multiplier of 1.53 is required to bring
the acoustic data into agreement with the radioactive result. The dif-
ference originates from the different flow fields in which particles are
detected. Since the radioactive method senses particles mainly in the
turbulent region, it essentially measures the average particle velocity
across the pipe. The acoustic technique detects particles near the pipe
wall, and hence measures particle velocity in the viscous sublayer.

Based on the present test, which covers solid-to-gas loading ratios
ranging from 6 to 22 and flow velocities of 20 to 30 m/s in a 2 in. pipe,
the multiplier remains a constant. Thus, the acoustic cross-correlation
technique could potentially be used in industrial applications because of
its nonintrusive nature, safety, economic attractiveness, and convenience.
However, further research and development are needed in the following areas:
(1) effects due to particle size and pipe diameter, (2) detection limits and
accuracy in particle velocity and solid loading, and (3) design of the
instrument and an integrated electronic system. Finally, combination of the
passive and active techniques needs further development for mass-flow
control in a pneumatic transport line.
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APPENDIX:

STEM-JET WHISTLES

A high-intensity sound source can be built from turbulent jet noise
with a proper resonator. The stem-jet whistle3 is an example. Figure A. 1
shows its design. The parameters that control the sound level and frequency
are the nozzle-cavity separation, I, the cavity depth, h, and the effective
cavity diameter, dr. In principle, the output magnitude is affected by the
distance I and the injecting gas pressure. The output frequency can be
estimated by

f(Hz) - C/[4(h +0.3 dr)]

where C is the sound speed in the gas.

Two whistles were built and a simple setup was used to determine the
frequency spectra of both. A transducer (AE-FAC500) was placed about 1 cm
away from each whistle. Pressured nitrogen was used to generate the
acoustics. It was found that, for both whistles, the minimum pressure
required was about 15 psig. The outputs were analyzed on a spectrum
analysis (SD360). Figure A.2 shows the spectra of the whistle outputs.
Other than the fundamental frequency, each whistle also produced several
harmonics of significant magnitude.

The whistles were also tested with an actual solid/gas flow. However,
the test was aborted because of the density disturbance caused by the
additional nitrogen injection into the flow from the whistles. Therefore, a
modification to bypass the nitrogen injection is needed for useful
application to the monitoring of solid/gas flow.
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Fig* A*l. Sten-Jet Whistle Design; Jt is the nozzle-cavity separation,
h the cavity depth, and dr the effective cavity diameter.

40 60

Frequency, kHz

100

Fig. A.2. Spectra of the Sound Outputs from Two Stem-Jet Whistles
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