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Abstract:

Ultrasonic techniques have been applied successfully to
process monitoring and control for many industries,
such as energy, medical, textile, oil, and material. It
helps those industries in qualiv control, energy
eflciency improving, waste reducing, and cost saving.
This paper presents four ultrasonic systems, ultrasonic
viscometer, on-loom, real-time ultrasonic imaging
system, ultrasonic leak detection system, and ultrasonic
solid concentration monitoring system, developed at
Argonne National Luboraton in the past jive years for
various applications.

Introduction

In years Argonne National Laboratory (ANL) has
developed many ultrasonic systems for various process
control and monitoring. This paper presents four
ultrasonic systems developed in the past five years. (1)
Ultrasonic viscometer -- The system was developed for
real-time, in-situ monitoring of fluid density and
viscosity for various industries, such as plastic and
polymer, food, waste management, and oil industries.
(2) On-1oom, real-time ultrasonic imaging system –
The system was developed for computer-aided fabric
evaluation for textile industries.’ The system detects
most pick and warp defects, alerts the operator if any
running defect or periodic defect occurs, and also reports
locations and sizes of, detected defects. (3) Ultrasonic
leak detection system -- The system was developed for
detecting helium leak of pressurized components, such
as cooling system, fuel tank, and heat exchanger, for
automobile and aerospace industries. This system is
also capable of detecting hydrogen concentration in
electric cars and hybrid vehicles for safety. (4)
Ultrasonic solid concentration monitoring system –
This system was developed for monitoring solid
percentage in coal slurry or waste stream for power
plants and for waste management. It can also be
applied to plastic, polymer, and food industries for
quality control.

Ultrasonic Viscometer

ANL’s ultrasonic viscometer is a nonintrusive in-
Iine device that measures both fluid density and
viscosity. The design of the viscometer is based on a
technique that measures acoustic and shear
impedance[ 1]. The reflections of. incident ultrasonic
shear (1-10 MHz) and longitudinal waves (1 MHz),
launched toward the surfaces of two transducer wedges
that are in contact with the fluid, are measured. The
reflection coefllcients, along with the speed of sound in
the fluid, are used to calculate fluid density and
viscosity.

1. Longitudinal Acoustic Impedance of Fluid:

Acoustic impedance of a fluid Zl is the product of

fluid density p and phase velocity V of sound in the
fluid; it can be determined by measuring the reflection
coefficient R at the boundruy of the fluid and transducer
wedge. For normal-incidence setup, R is given by

~_z&zlr , (1)
z+ Zw

where Zw is the acoustic impedance of the wedge in

which longitudinal waves propagate from transducer to
fluid. If the phase velocity in the fluid can b
determined accurately by other measurements (e.g.,
time-of-flight of longitudinal waves traveling in the
fluid), the fluid density can be derived from

Z.(I – IRI), (2)
p = V(l +lRl)

where the absolute value of the R is used because, in
principle, R is a complex number[2, 3].

2. Shear Impedance of Fluid

Consider that gated horizontal-polarized shear (W)
waves propagate in a wedge at an incidence angle that is
normal to the polished surface in contact with the fluid,
and that these waves are reflected back. The shear



rctlection coefficient can be expressed as given in Eq. 1,
with shear impedances replacin$ acoustic impedances.
The shear impedances of the wedge Zws and fluid 2/s

ak given as

Z,,,+* (3)

and

Zk=~= * (4)

where Pw is the density of the wedge material, Cdd is

the stiffness constant of the wedge, co is the radial
frequency of the shear wave, and q is the fluid
viscosity. By using Eq. 4, we have assumed that the
fluid behaves as a Newtonian fluid; more complex
expressions are expected for non-Newtonian fluids. The
shear impedance of a fluid is a complex value that
consists of amplitude and phase. The phasechange is
very small for a single reflection, so we consideronly
the variation in amplitude. The shear reflection
coefficient R,, which is a measurable quantity, can be
used to calculate the product of density x viscosity as
follows:

C44l–m,
G=]g ~

(5)

where ~. @&2, 3]...
l+lR#

Equation 5 predicts the sensitivity of the
measurement and the range of the shear reflectance
method, ‘Figures 1 and 2, show the dependence of the
reflection coefficient on the product of density x
viscosity for various operating shear frequencies and
wedge materials, respectively. In principle, lower shear-
impedance materials and higher operating shear
frequencies provide better sensitivity but a smaller
measurement range.

3. Viscometer Design

Figure 3 shows the ultrasonic viscometer which
consists of two transducer wedges mounted on a pipe,
opposite one another and flush with the inner surface of
the pipe. The wedges have an offset surface to provide
the reference reflection, which is compared with the
reflection from the sensing surface to give the reflection
coeftlcient. In effect, the offset surface provides a
continuous reference signal for self-calibration. Two
types ofl transducers, longitudinal and SH, are used
both operate in the pulse-echo mode. Three major
reflections are detected for longitudinal-wave operation,
corresponding to reflections from the offset surface, the
sensing surface that is in contwt with the lluid, and the
pipe wall on the opposite side. The amplitude ratio of
the first two reflections is a measure of the reflection

coefficient. whereas the time-o f-tlight between the
second and third reelections idlows us to deduce the
phase velocity of the longitudinal wave in the fluid.
Thus, longitudinal-wave operation gives a dmt
measure of fluid density. Shear-wave operation detects
only two reflections because most fluids do not support
shear waves. The amplitude ratio of the two retl~ctions
allows us to calculate the reflection coefficient, from
which we can deduce the product of the density x
viscosity.
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Figure 1: Reflection coefficient as a function
of fluid density viscosity for various operating
shear wave frequencies.
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Figure 2: Reflection coefficient vs. square root
of fluid density viscosity product for various
wedge materials (S.S. = stainless steel).

Figure 3: Ultrasonic instrument for measuring
liquid density and viscosity, together with
control electronics.
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4 Laboratory Tests and Results

The wedge material determines the sensitivity and
accuracy of the density and viscosity measurements.
For the tests, transducers (longitudinal and shear) were
attached to wedges with epoxy gl uc. They are excited

by a widebaad pulse and gencmte pulses with a center
frequency of 1 MHz for longitudinal waves and 5 MHz
for shear waves. Reflections from the two surfaces of
each wedge are rectified and integrated.

5 Measurement of Density

The longitudinal-wave reflectance method is used
to measure fluid density. The longitudinal-wave phase
velocity in each liquid, deduced from the time-of-flight
measurement, is also given. Note that variation in
phase velocity of the standard liquids does not correlate
with their density change; thus, phase velocity alone
cannot be used to predct liquid density. However, by
combining phase velocity and acoustic impedance
measurements, we can obtain an accurate measure of
liquid density. Figure 4 shows the density calibration
results for two wedge materials, polyetherimide and
aluminum. The polyetherimide wedge gives an accuracy
better than 0.570 for the test liquids, but results from
the aluminum wedge are significantly lower than the
actual values. The discrepancy of the aluminum wedge
may be due to wetting problems and wedge geometry,
which consistently give a 470 higher reflection
coefficient. If we apply the 470 correction to both
wedges, which have the same design, the discrepancy is
significantly reduced (as shown in Fig. 4).

6. Measurement of Viscosity

When compared with the density wedges, the
design of the wedge for measuring viscosity is scaled
down in a ratio of longitudinal to shear velocities. An
aluminum wedge gives an -1 % change in reflection
amplitude for a 250-cP viscosity change. This
sensitivity is very poor, especially for low-viscosity
measurements; however, if a low-impedance wedge and
high operating frequency are used, it can be improved.

We performed calibration tests for three low-
impedance wedge materials, polyetherimide, acrylic
(Lucite), and polystyrene. The calibration results me
shown in Fig. 5, which reveals that Lucite is the best
of the three as a wedge material for measuring
viscosity. However, all of the measured viscosities m
lower than their expected values. The discrepancies may
be attributed to non-Newtonian fluid behavior, surface
wetting, and poor sensitivity.
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Figure 4: Density calibration results for two
wedge materials, polyetherimide and
aluminum.
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Figure 5: Viscosity calibration data for various
wedge materials.

On-Loom, Real-Time Ultrasonic
Imaging System

The textile industries of developed nations, such as
the United States and the countries of western Europe,
are now facing enormous competition from imported
fabrics that are highly adaptable, quickly produced, less
expensive, and of high quality. It is very important that
the textile manufactures, as well as the machine
manufactures, to manufacture a machine with high
output, less waste, and individual-machine automation.
One of the most labor-intensive tasks in textile
production is the inspection and identification of fabric
defects. At ANL, we developed a nonvisual, noncontact
fabric-inspection system that can detects defects in real-
time on the 1oom[4, 5]. The system is compact,
mgged, and lCIWcost, requiresminimal maintenance, is

not sensitive to fabric color and vibration, and can
easily be adapted to current loom configurations. This
system has demonstrated its capability to detect the
commonly generated fabric defects in both pick ad
warp directions, such as missing picks, waste, oil
spots, reed marks, end outs, moires, and misdraws.

1 System Configuration

. . .. ___



The noncontact, on-loom ultrasonic inspection
system was developed for real-lime 10()% defect
inspection of fabrics. The sywn records all of the
defect information and alerts operators whenever major
defects occun it also automatically determines defwt
size and location, and identifies and classifies defects.
The system is an integration of five subsystems: an air-
coupled transducer array, electronics, scanning
mechanism, data acquisition, and imaging processing
and defect ana[ysis.

transducers for noncontact inspection of textiles. To
shorten the beam path, reduce transmitting energy 10SS,
and avoid reflection signal complexity caused by
machine vibration and multiechoes problems, the pitch-
catch technique was selected, in which a transducer array
of eight air-coupled pairs is operated at 0.5 MHz for
optimal balance between detection resolutio-n and
transducer energy.

1. 2EIectronics

Figure 6: Prototype system for detecting fabric
defects ultrasonically.

Figure 6 shows a prototype built for an air-jet
loom, which has a nominal weaving speeds of 450 to
950 picks/rein and can produce fabric with widths of
60-80 in. The nominal pick and warp density is 20-90
picks/in. and 30-120 warps/in., i.e. the nominal size of
the pick and warp yams is 0.011-0.050 in. and 0.008-
0.033 in,, respectively. The inspection system is based
on the ANL ultrasonic imaging technique in which an
array of ultrasonic transducer pairs operate efficiently in
air at a frequency of 0.5 MHz. While scanning back and
forth along the pick direction and feeding along the
warp direction by the weaving machine, the system
generates and analyzes a two-dimensional (2D)
ultrasonic image every 30 sec to delcct, locate,
measure, classify, and report defects. During scanning
along the pick direction, more information is acquired
for each pick but less for each warp. The resolution for
detecting warp defects depends on scanning speed,
repetition rate of the electronics, beam size of the
transducer, separation distance of the transducer pair,
and warp material and size. Nevertheless, it is very
important to detect warp defects because most are
running defects and must be co~ected promptly before
more waste is produced.

1.1 Air-coupled ultrasonic transducer array

The most important task of this work is to design
high power, extremely sensitive, low-cost air-coupled

To maximize the speed of data acquisition, increase
resolution of data, and reduce cost, an eight-channel
electronics system was designed to process signal
anidogically, such as filtering, holding, gating, and
integration. The transmitter is pulsed by a gated sine
wave with six cycles and 80-V amplitude. After passing
through three stages of preamps and a fourth-order
Bessel band-pass fiIter, the receiving signals go into a
full-wave rectifier. A switched integrator integrates the
rectified signal inside an analog gate and holds it for
data acquisition by the DSP device.

At a scanning speed ,of 10 in.lsec and a repetition
rate of 2000 pulseslsec, the scanning resolution is 200
pixelsfin. enough to cover every yarn in the warp
direction. The data acquisition rate drops to
2000/channel which can be easily handled by any high
resolution A/D converter or DSP board.

1.3 Scanning mechanism

The scanning mechanism uses transducer
mounting devices, scanning rails, and the scanning
device. Each transducer mounting device carries four
transducers and is designed to provide flexible adjusting
for focusing and alignment of transducer pairs. Each
device is mounted on 8-feet long rod canied by two
rollers that move on a low-cost, highly durable
scanning rail. The front and back rods, which carry
transmitters and receivers, respectively, are linked and
are pushed back and forth by the scanning device.

To perform 100% inspection of the fabric under
various feeding speeds and yam sizes, the transducer
array must scan back and forth along the pick direction
at a speed of at least 10 in./sec. Photodiodes are put on
the left and right frames of the rotary system to trigger
the DSP board for data acquisition.

1.4 Data acquisition and imaging analysis

Because of the weaving speed and the resolution needed
for on-loom defect detection, a large amount of data is
generated. The PC31 -20MIPS/50MFLOPS, a PC plug-
in coprocessor with a 32-bit supercontroller, that runs

.



independently once the software is loaded onto its on-
board memory, synchronizes an AC motor, the
electronics, and data acquisition. Equipped with a 20
MHz A/D converter and a dual-port memory, capable of
50 MHz hardware floating-point operation, the PC3 I is
powerful enough for real-time 2D image processing,
defect analysis, and network communication to report
defects. In addition, the DSP performs automatic
baseline calibration and data averaging to improve the
signal-to-noise ratio. Some simple image processing
and defect detection algorithms, such as moving
average, filtering, mean value, and standrwddeviation,
are implemented in the DSP software. Once a defect is
detected and analyzed, information, such as size,
location, orientation, and category, is put in a digital
I/O buffer to wait for the central computer to download
it through network without interrupting the DSP.

2 Detection Algorithms

Because of limited memory for the executive
program and acquired data, restricted processing time,
and complexity of signals for certain defects, we cannot
yet apply sophisticated algorithms such as neural
networks, pattern recognition, and artificial intelligence
their use may be possible when more powerful DSPS
become available. The simple threshold checking of
mean values and standard deviations along pick and
warp directions can detect most pick and yam defects.
Localized defects can be detected by threshold checking
after moving averaging and filtering. All thresholds are
set or reset by the automatic baseline calibration
whenever asked. The system is also continuously
checks and updates the baseline and threshold values
during weaving to correct any possible changes caused
by electronics, temperature, and humidity. For easier
detection, some warp and localized defects, such as
endouts and reed marks, require extra high-pass filtering
along pick, warp, or both directions to xeduce
background variation.

3 Results of On-Loom Defect Detection

The defects are categorized into eight types: single
pick, full-width multiple picks, warp, selvedge, oil/dirt,
filling, variation in density or uniformity, and
physically difficult to see. The following sections
demonstrate some results of detection and evaluation of
several defects from on-loom testing.

3.1 Pick Defects:

Most of these defects are caused by problems of
pick feeding or machine stops and starts. Figure 7 is a

600 pixels x30 pixels image of missing picks. The
defect occurs when the pick yarn. shot from one side of
the loom to the opposite side. is not caught by the
catcher. These defects can easily be detected by checking
the thresholds of the pick mean value and standard
deviation. The pick mean value in Fig. 8 shows that
there are three missing picks. Surprisingly, the pick
mean value may either be reduced, increased, or both.
Evaluation of the fabric and data shows that the
receiving energy is increased when the ultrasonic beam
hits a spot where a pick was missing and demased
when it hits the edge of the pick next to the spot.
~lgure 8 shows the image and detection of three double

picks. This type of defect occur when the pick is
double-folded during the air-jet process and woven into
the fabric. The pick mean value is always timed
because the defect doubles the thickness, i.e., increases
the attenuation.

Figure 7: Ultrasonic image and pick mean
value of three missing picks.

Figure 8: Ultrasonic image and pick mean
value of three double picks.

3.2 Warp Defects

Warp defects may be caused by changes in wrup
tension, broken yarn, or warp feeding problems. An
ultrasonic image of a reed mark is shown in Fig. 9.
This defect did not change the material but the warp
tension changed during feeding. It is almost invisible
during weaving unless one shines a flashlight on the

fabric at the correct angle. A warp defect will run
continuously until the problem causes it is corrected.
Therefore, early detection and alerting are very



important so the operator can tix the probkxn promptly
before more waste is produced. [n the image, the defwt
is visible by eyes but cannot be detected by the mean
value and standard deviation threshold methods.
However, after simple and quick high~pass filtering
along the pick direction, the defect stands out clearly
and is easily detected. Figure 9 also shows the data
along a pick before and after high-pass filtering.

‘- ,,
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Figure 9: Ultrasonic image of reed mark and
data in pick direction (along the dashed line)
before and after high-pass filtering.

Ultrasonic Leak Detection System

The ultimate goal of the ultrasonic leak detection
system is to develop advanced technologies for locating
and quantifying leaks as small as 10b standard cubic
centimeters per second (see/see). Two ultrasonic
techniques, surface acoustic wave (SAW) and speed-of-
sound, were developed for detecting helium gas in air.

1 Saw Technique

Conventional SAW chemical sensors rely on
specific surface coatings to detect chemicals, whereas
the present SAW sensor relies on the thexmal
conductivity properties of helium gas. Because the
wave velocity, or resonant frequency, of a surface
acoustic wave depends on the temperature and physical
conditions of the surface in which the SAW propagates,
SAW devices that are based on the thermal effect can be
used to measure temperature[6,7], gas flow rate[8], and
the concentration of gases such as helium and hydrogen
in air[9]. Typically, such a SAW thermal sensor
involves an LiNb03 piezoelectric substrate because of
its linear temperature dependence and high temperature
coefficient (= minus 90 ppm/°C). The substrate is
normally held at a higher temperature than the ambient
or test medium so when the thermal conductivity of the
medium changes, the substrate surface temperature, and

therefore the resonant SAW frequency, changes
proportionally 10]. .

1.1 Model Prediction

A heat-transfer model was formulated to predict the
theoretical sensitivity of the SAW technique whe~ used
to detect helium in air. The sensor is generally used
under a constant flow rate to minimize the flow effect.
In principle, three heat-transfer processes occuc
conduction, radiation, and convection. Because the
temperature difference between the sensor surface and
the air flow is relatively low, only the convection
process needs to be considered. For a dynamic process,
the temperature change (AT) of the SAW sensor can be
estimated bv

where
P*:

P;
c.:

d
A:

input power to the heater in watts,
density of L@Jb03 (= 4.64 g/cm3),
specific heat capacity of LiNb03 (= 0.1542
cal/deg-g),
thickness of LiNb03 (= 0.05 cm), and
surface area of LiNbOJ (= 0.16 cm2).

(6)

If we assume that the thermal properties of an
air/helium mixture are linearly proportional the to
volume fractions of each gas, we have

WJ 980(T, - ~JPjC.(1 - x)+ P;CHX] ,,, .
/2” = o.54[kJ1- X)+k”x] {

T“lqp.(1-x) +pHx] }
(7)

and
~3 Vy

It/ = 0.6795[ka(I - x) +k,,x]
@~(l-x)+Ptixl’’’[cg(X )+c,,X]X”>”> (0

L!’’rpa(l -x)+yHx]’”

where
k.3-

k~:

Wa:

~H:

Pa:
PH:

c=:
CH:
L

;;

thermal conductivity of air (= 0.0576 x 103
calkm-sec-deg),
thermal conductivity of He (= 0.343 x 103
crd/cm-sec-deg),
viscosity of air (=3.89 x 104 poise),
viscosity of helium (=3.81 x 104 poise),
air density (=1.186 x 103 @cm3at 25”C),
helium density (=1.636 x 104 g/ cm3 at 25°C),
specific heat capacity of air (=0.24 cal/deg-g),
specific heat capacity of He (=1.242 cal/deg-g),
length of LiNb03 (=0.8 cm),
voIume fraction of heIium, and
flow velocity.

From Eqs. 6-8, we can predict the performance of a
SAW thermal sensor. Figure 10 shows the estimated
surface temperature changes at two flow rates and under
various helium concentrations. It is clear that the



higher helium concentration gives a lower surface
temperature and an increase in flow rate improves the
response time of the sensor but also reduces the
tt?mperature change or detection sensitivity.
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Figure 10: Estimate temperature changes of
SAW thermal sensor at two flow rates, dashed
for 1 cm/see; solid for 10 cm/see, for various
helium concentrations (Volume 0.02?40-0.1 Yo).
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Figure 11: Predicted resonant frequency shifts
of SAW sensor versus helium concentration up
to 0.1YO by volume for three flow rates after
sensor is exposed to flow for 10 sec.

Outputs from the SAW thermal sensor are the
resonant frequency shifts that depend on the temperature
coefficient of LiNbOJ. In Fig. 11, we show the model
predictions of the frequency shifts after the sensor is
exposed to air/helium mixtures for 10 sec versus
helium concentration at three flow rates. Based on the
model predictions, the SAW sensor may be able to
detect helium leaks >5 x 104 scc/sec because the
signal-to-noise ratio limits the sensitivity of the
frequency shift measurement to >500 Hz.

Figure 12 shows an SAW sensor assembly that
uses two SAW sensors of similar resonant frequencies.
The dual-sensor design is proposed to eliminate the
flow rate effect. One sensor is exposed to air/helium
flow, the other, to ambient air flow.

Figure 12: Helium leak detector with dual SAW
sensors.

1.2 Test Results and Discussions

Initially, laboratory tests were conducted to
demonstrate the concept. Figure 13 shows the sensor
responses to various helium concentrations. The results
were obtained with a 2-V heater at a flow velocity of
0.42 cm/sec. After feasibility was demonstrated, the
follow-up issues were sensitivity and leak-location
capability. We conducted tests to simulate a sniffer
arrangement that uses a simulated helium leak
traversing across the sensor assembly; results are
shown in Figs. 14 and 15.

-.
8.o

7.5

4.0 t,. .,, .,, .,. ,,. .,. ... . ..l

o 20 40 60 60 i 00 120
He Concentrstlon, Vol. ‘A

Figure 13: Frequency shift versus helium
concentration.
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Figure 14: Sensor response under scanning
arrangement at high leak rate of 6 cm3/min.
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Figure 15: Sensor response under scanning
arrangement at leak rate of 0.5 cm3/min.

The SAW microsensor can be used to measure
helium concentration in air from the thermal
conductivity dhTerence between helium and air. The
detection limit is = 5 x 10J scc/see, which is two
orders of magnitude higher than the targeted sensitivity.

2 Speed-Of-Sound Technique

This technique is based on measuring the speed of
sound. At a given temperature, the speed of sound in a
gas is inversely proportional to the mass of the gas. In
principle, sensitivity can be increased if the path length
is increased. But, in practice, because of the attenuation
of high-frequency sound in a gas, the effective path
length is limited by the signal-to-noise ratio.

2.1 Detection Sensitivity

To estimate the detection sensitivity of helium in
air, we derived a simple linear model that assumes that
the speed of sound in a helium/air mixture is a linear
combination of the two gases. The assumption can be
expressed by Eq. 9, in which x represents the volume
fraction of helium in the mixture.

VM=xvHe+ (1 – X)vair, (9)

where V~, V~c, and V~ir are sound speeds in the
mixture, helium, and air, respectively. From Eq. 9, we
obtain x in terms of the TOF difference (At),

At
x = (lo)

(vHc/vair - lXd/va;r – Af)

If the electronics can attain a time resolution of 10
nsec, the estimated detection sensitivity of helium in
air, with d = 11.43 cm, is = 1.5 x 105.To estimate the
detectable leakage rate, one must consider the effective
sensing volume and the time that the sensor is over the
leak region.

Figure
He in air.

16: Sound speed sensor for detecting

2.2 Sensor Design

Figure 16 is a picture of a laboratory prototype of the
SS sensor. It consists of two 0.5 MHz tmnsducers, a
gas pump, and a cavity in which sound waves
propagate. The critical design parameters of the sensor
are the cavity size and the flow rate; the former
determines the sensitivity and the latter controls the
response time. The prototype contains a cylindrical
cavity 0.25 in. in diameter and 0.5 in. long; hence the
cavity volume is= 0.4 cm3.

2.3 Test Results and Discussions

The transducers used for the SS sensor are 0.5-
MHz air/gas transducers from Ultran Laboratories, Inc.
It is possible to use only one transducer that operates in
the pulse-echo mode. The present data were obtained by
using two transducers operated in the pitch-catch mode.
The fifth reflection was monitored for the TOF
measurement. Figure 17 shows the TOF shifts over a
~nge of helium leak rates. The SS sensor shows a

rather linear response to small helium leakage rates and
a leakage rate of 4.x 10-3scc/sec can be easily detected.
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Figure 17: TOF changes as a function of
leakage rate for detecting helium in air.
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The SS sensor can be developed into a very
sensitive gas sensor for detecting helium, hydrogen, and
SF6, Further development in cavity design, sensing
electronics, and transducer design can ireprove the
overall detection sensitivity to the limit of 105scc/sec.

Ultrasonic Solid Concentration System

A prototype ultrasonic solid concentration system
was developed at Argonne for performance evaluation
tests and evaluation of ultrasonic methods for
monitoring solids concentration 11, 12].

1 The Instrument

Figure 18 is a photograph of the ultrasonic sensor
assembly and control electronics. The sensor assembly
consists of two l-MHz longitudinal transducers exposy-
bonded on stainless steel wedges, respectively. The
wedges are fabricated with a multiple of one-quarter
wavelength and pipe threads and assembled on a 2-in.-
diameter pipe for high-pressure processes. Two
longitudinal transducers along the same axis measure
sound velocity and catch-signal attenuation through the
flow to calculate suspended-particles concentration.

:-,.,.,. . ..- ..... ..” -, ,. . , w.
~,

Figure 18: Ultrasonic instrument for measuring
solid concentration, together with control
electronics.

Close monitoring of percent solids concentration is
important to the transport of tank waste because it can
provide a quantitative measure of the solid waste being
transported and also an indication of flow conditions,
particularly the extent of solids settling. Techniques
applicable to in-line measurement of solids

concentration are limited; most common are optical and
ultrasonic techniques. Solids concentration is typically
monitored by ultrasonically measuring sound velocity
and attenuation. Attenuation generally provides a better
correlation with solids concentration.

Acoustic attenuation in a solid/liquid slurry is
caused by viscous, thermal, and scattering effects.

Ideally, one prefers to design a percent solids monitor
that operates in the frequency range where scattering
dominates. In practice, however, because of the wide
range of particle concentration and particle-size
distribution, such an optimal frequency range cannot be
realized. The alternative approach is to use a fixed
frequency (1 MHz in the present case) that’ “has a
wavelength much longer than the average particle size
and to measure the relative attenuation of the slurry
with respect to the suspending fluid. The relative
attenuation ~ can be given as

a, =2010g~= a= - af$

f

(11)

where a represents attenuation, P stands for acoustic
pressure, and subscripts .s and f represent slurry and
fluid, respectively.

The relative attenuation defined in Eq. 11 is then
directly related to absorption by and scattering from
particles. However, to determine the relative
attenuation, one must know the attenuation in the
suspending fluid, and this is typically obtained from
off-line calibration measurements. Error will be
introduced if the actual fluid of the slurry differs from
the calibration fluid. Therefore, the proposed technique
requires additional measurements to provide real-time
signals that relate to fluid properties.

The instrument will operate in both the pitch-catch
and pulse-echo modes. The pitch-catch mode measures
both sound velocity and attenuated signal amplitude,
while the pulse-echo mode gives an estimate of the
acoustic impedance of the slurry. Acoustic impedance
and sound velocity measurements will be used to
chamcterize slurry properties, from which a correct
calibration constant can be applied to the percent solids
measurement.
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Figure 19: Time-of-flight (sound speed)
measurement over a range of kaolin/sugar-
water slurries.

Laboratory tests have been conducted to obtain
calibration data. Slurries of kaolin particles (<50 pm)
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suspended in sugar water were used for the tests. Figure
19 shows that TOF values in the slurries are constant.
This implies that the sound velocity measurement
derived from the TOF data is independent of solids
concentration but may indicate the fluid property.
Figure 20 shows measured amplitudes over the 0-30%
solids concentration range. Linear decreases in signal
amplitude illustrate the feasibility of using ultrasonic
attenuation to monitor solids concentration.
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Figure 20: Amplitudes of transmitted signals
over a range of kaolin/sugar-water slurries.

Conclusion

Ultrasonic techniques has been proved to be a good
and low cost instruments for process control and
monitoring. However, to improve the necessary
accuracy and stability, higher power and temperature-
stable ultrasonic sensors needed to be developed. There
are great needs for high-power air-coupling tmnsducers
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11.

for ‘nomcontact -sensing applications. It is also I
important to adopt advanced microchip technology to
develop microsensors and micro-cavity for higher
accuracy, smaller sensor size, as well as lower cost.

12.
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