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EXECUTIVE SUMMARY

Measurement of the physical properties (viscosity and density) of waste slurries is critical in

evaluating trqsport parameters to ensure turbulent flow through transport pipes. The
environment for measurement and sensor exposure is extremely harsh; therefore, reliability and
ruggedness are critical in the sensor design.

The work for this project will be performed in three phases. The f~st phase, carried out in FY96,
involved 1) an evaluation of acoustic and other methods for viscosity measurement; 2)
measurement of the parameters of slurries over the range of percent solids found in tanks and
transport systems; 3) a comparison of physical properties (e.g., viscosity and density) to percent

solids &d composition; and 4) the design of a prototype sensor. The second phase (FY97) will
involve the fabrication of a prototype hybrid sensor to measure the viscosity and mechanical
properties of slurries in remote, high-radiation environments.

Two different viscometer designs are being investigated in this study:

. A magnetostrictive pulse wave guide viscometer

. An oscillating cylinder viscometer

In FY97, the Hemispheric Center for Environmental Technology (HCET) at Florida International
University (FIU), which has printed circuit, thick film, thin film, and co-fired ceramic fabrication
capability, will fabricate five probes for demonstration after technology selection and evaluation.
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1. INTRODUCTION

Viscosity and strength (e.g. compressive, tensile, shear) are the physical properties which are

crucial for the ifi-situ analyses and monitoring of taqk waste removal. Measuring viscosity is
critical in evaluating transport parameters for slurries to ensure turbulent flow when the slurry is
processed through transport tubes. The primary methods for viscosity measurement are 1) the
interaction between two moving physical objects (rotating cylinders, spindles, or screws), 2) me
movement of an object though a fluid (falling ball or rising bubble), or 3) the darnping effects of
a fluid on the forced vibration of an object. Although the first method is predominant, its
mechanical characteristics restrict long-term reliability in the severe environments found in
storage tanks and transport structures. The second method is impractical as an in-situ process.
The use of acoustically driven test methods, although more restricted in commercial applications,
seems to provide a possible solution for viscosity measurements in the harsh, high-viscosity
environments found in storage and transport structures.

I. I BACKGROUND
~.. .

This project began with an evalu&ion of new and novel technologies for the measurement “o~the
viscosity of tank slurries in transport pipes [(viscosity <30 Centipoises (cps)] and tank structures
(viscosity 1000-10,000 cps). Techniques capable of measuring a range of viscosities from 20 to
20,000 cps were investigated. Other evaluation factors included robustness, radiation tolerance
(107 total dose), and the ability to be inserted either inline or used as part of a probing
instrumentation package. Additionally, the sensors must have a high chemical resistance for
application in highly caustic environments. A complete literature search (see References) and a
vendor search for commercially available suppliers of viscometers or related apparatus was
completed. The results of this investigation, coupled with the design constraints, have led to the
development of two sensor technologies.

The first, the Torsional Wave Sensor, is an adaptation of a torsional wave guide. The main
challenge confronted in developing this technique is in the electronic control and signal
processing of the emitted and received signals. The second approach, the Oscillating Cylinder
Viscometer, involves measuring the force necessary to move a cylinder in an oscillatory fashion
in the direction of its axis. This is a new concept which shows promise for use in tanks and
pipelines. Many of the details of the design of the Oscillating Cylinder Viscometer will remain
conildential until a patent application can be completed.

1.2 MAJOR ACCOMPLISHMENTS

The theoretical development of the oscillating cylinder design for the measurement+f the
viscosity and density of Newtonian fluids has been completed. The components for the
fabrication of a prototype have been ordered, and testing of the prototype is scheduled for the
upcoming year.
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2. DEVELOPMENT OF
THE OSCILLATING CYLINDER VISCOMETER

The design principle tipon which this viscometer is based implements a hollow cylinder that
oscillates back and forth in the direction of its axis (see Figure 1). This design can be immersed
in a tank of the fluid of interest and send the necessary information back to the operator remotely
via wireless or wire communications devices. This design can also be modified to permit
mounting in a pipeline.

Figure 1. Schematic of the oscillating cylinder viscometer (F represents the force
amplitude; a, the acceleration magnitude; and q the displacement amplitude).

The cylinder movement is to be driven by a solenoid or similar electrical device surrounding the
hollow cylinder. Following proper calibration, the amount of alternating current supplied to the
solenoid should provide a direct representation of the force, F, applied in moving the cylinder.
The solenoid will reside between the moving cylinder and an external housing that will provide
protection from corrosive components of the fluid. This external housing should possess a feature
that restricts its movement inasmuch as it must remain stationary while the cylinder oscillates.
Large, circurnferentially oriented fins should stilce.

Assuming that there are no internal fiction forces, a force balance on the moving cylinder results
in the following equation:

mae ‘~ = Fei~ – zrDLrei@ (1)
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A key assumption in this equation and all that follow is that the movement of the cylinder is

periodic and sinusoidal with only one frequency of oscillation. In principle, more complex

movements with several harmonics could be used, but the analysis would be much more
complex. The force amplitude, F, that provides the movement of the cylinder is known from the
current supplied-to the solenoid. The acceleration magnitude, a, can be measured directly with an
accelerometer or indirectly wifi a displacement transducer.

As will be seen later, the velocity of the cylinder will need to be quantified as well. All

subsequent equations will be derived assuming the displacement of the cylinder is known. The
equations could also be expressed in terms of cylinder acceleration or velocity. The remaining
term in Equation 1 is the amplitude of the shear stress on the inner surface of the moving

cylinder, ~. The shear stress can be related to the displacement amplitude of the cylinder through
an equation that involves the viscosity and density of the fluid. What remains is an equation
relating F to the displacement of the cylinder, with the viscosity and density remaining to be
determined.

The governing equations for fluid flow (Navier-Stokes equations) can be written so that the
frame of reference follows the moving cylinder. Assuming the fluid is incompressible (constant
density) and Newtonian (constant viscosity) and that the effects of the ends of the cylinder on the
flow patterns are negligible, the axial momentum equation can be written as

(2)

The solution to this equation is the velocity amplitude of the fluid as a function of radial position
(Moore et al. 1994), or

[

()Jo i3/2a~

v =icoz l–
J ~(i3/2a)

(3)

The first derivative of

wall is the shear stress,

the velocity amplitude (with respect to radial position) evaluated at the

z This is expressed as follows:

[12puixa J1(i3’za) ~
~.i@—

D Jo(i3’2a) z
(4)

Substitution into Equation 1 gives the following relationship between the force amplitude, F, and
the displacement amplitude, z

[

2rn5jzaaywLJ1 (i3/2a)
F=

1
– mti2 z (5)

Jo(i3/2a)



Considering that F’ and z are amplitudes of complex periodic functions, the quantity in brackets
in Equation 5 is complex and can be expressed as a magnitude and complex exponential phase
angle, or

()2rn%aupvL31 ixa _ ~a2
= @ei+

Jo(ifia)
(6)

The magnitude, Q, is simply the ratio of F to z. The phase angle, $, represents the lag between
the sinusoidal wave forms for the force and displacement. If the first term in brackets in Equation
5 is much greater than the second term (i.e., if the mass of the moving cylinder is relatively
small), the phase angle, $, will be predominantly determined by the first term, representing the
viscous flow contribution.

As an illustration of the dependence of@ and $ on fluid density and viscosity, the following
parameters were chosen:

m = 10 grams

D=lOcm

L=20cm

03 =2nradfs

To determine the relationship between the phase angle, $, and viscosity, a representative value of
the fluid density, p = 1.5 g/cm3, was chosen. The resulting graph is shown in Figure 2.
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Figure 2. Phase angle vs. viscosity for p = 1.5 g/cm3.



To demonstrate the relationship between $ and p, a representative value of the viscosity

equivalent to 2500 cps was chosen (u = 16.67 cm~/s). The resulting graph is shown in Figure 3.
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Figure 3. Phase angle vs. density for u = 16.67 cm2/sec.

It is evident that the phase angle, +, depends strongly on viscosity, but hardly at all on density.
Thus, the phase angle between F and z can be used to determine viscosity, independent of
density.

The dependence of the amplitude ratio, cD,on fluid viscosity and density was derived using the
same indicative values. The amplitude ratio versus viscosity plot in Figure 4 reveals a non-linear
dependence.
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Figure 4. Amplitude ratio vs. viscosity for p = 1.5 g/cm3.
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As might be ascertained from Equation 5, @ depends linearly on p, as shown in Figure 5.
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Figure 5. Amplitude ration vs. density for u = 16.67
cm*/sec.

The procedure for determining fluid viscosity and density is as follows. Using the measured
phase angle between the applied force and cylinder displacement, the viscosity is determined
from the curve shown in Figure 2. Then, this value is applied to determine the exact slope of the
line in Figure 5. The density can then be determined. It would be desirable to repeat this
measurement at several different oscillation frequencies to increase the reliability of the
measurement.

In review, the assumptions made in the development of this viscometer are:

. The fluid is Newtonian (i.e., it has a constant viscosity);

● The fluid is incompressible (i.e., it has a constant density);

● The force applied to move the cylinder and the movement
with only one frequency;

itself are periodic and sinusoidal,

● The effects of the ends of the cylinders on the flow patterns are negligible; and

. No internal fiction forces exist.

The assumption that the fluid is Newtonian is likely the most tenuous. There is no way to
determine whether this is case without f~st measuring the viscosity with a well-established
method. It might be possible to derive the fluid properties of a viscoelastic fluid using this
Oscillating Cylinder Viscometer. This possibility will be investigated in future work.

The remainder of the assumptions should be relatively safe. Most liquids are very nearly
incompressible, especially over the range of flow situations encountered in normal plant
operations. The solenoid can be carefilly chosen and calibrated to produce precise sinusoidal
movement. The effects of the ends of the cylinder would be expected to be minor. This could be
verified using computational fluid dynamics methods. The validity of the assumption of no
internal fi-iction forces will depend on the exact design of the viscometer. If any other friction

6



forces are present, they can be easily incorporated into Equation 1, most likely without a
significant change in the final results.

The design presented in Figure 1 was developed with the aim of dropping the sensor into a static
tank of fluid. The design may also be modified to permit mounting in a pipeline. The
measurement procedure would be like that described above if there is no flow through the pipe.
The possibility of measuring fluid viscosity and density of a fluid that is flowing through a pipe
is currently being investigated flom a theoretical point of view. The components needed to
construct a working prototype of this viscometer have been ordered, and testing is scheduled for
FY97.



3. DEVELOPMENT OF THE
MAGNETOSTRICTIVE WAVE GUIDE VISCOMETER

The Torsional Wave S&sor is based upon the retardation of the transmission of a torsional sound
wave through a solid by the surface interaction of the transmitted wave with the viscous fluid in
contact with the solid. Transmission time is based on the elastic properties of the rod and the
shape of the rod. The design uses the difference in transmission between two equivalent rods,
one of which is immersed in the fluid to be tested. The rods are ,excited by the same pulse into
the magnetostrictive transducers, and the time of flight difference in the signals, which represents
the retardation due to the viscous drag on the rod immersed in the fluid, is compared. This time
difference, when measured versus a known clock frequency, can be related to the viscosity and
density of the fluid (Kim and Ban 1989). The use of two different shape rods (a cylinder and a
rod) will allow the separation of density and viscosity to allow independent measurement of
these two parameters. Initial testing indicates that this method should allow the measurement of
viscosities over the range of 20 to 10,000 cps to an accuracy of 1 percent.

3.1 ACOUSTIC WAVES ON CYLINDRICAL RODS AND WAVE GUIDES

3.1.1 Acoustic Waves

Pulse excitation of a magnetostrictive transducer generates a magnetic field which causes the
solid but thin magnetostrictive rods to vibrate acoustically. Unfortunately, the elongations during
vibration of a solid rod are much less than with a hollow cylinder; hence, the rod does not
interact sufficiently with an acoustic medium. To obtain greater elongations, a hollow wave
guide is mechanically attached to the far end of the rod so that the rod’s acoustic energy is
coupled to it (see Figures 6a and 6b). This wave guide is inserted in the viscous medium.

Transmitting/receiving

transducer

n n

Waveguide

Figure 6a. One-transducer configuration used in reflected mode
measurements.
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Fig. 6a Configuration q
T/R 5055PR Sig. Out * Ch 1 Oscilloscope

Sync, , Ch 2

Fig. 6b. Experimental setup for reflective mode measurements.

3.1.2 Generation of Acoustic Waves

Panametrics manufactures equipment for acoustic non-destructive testing. Parametric’s Model
5055PR is a Magnetostrictive Pulser-Receiver that generates up to a 350 volt negative pulse that
shock excites the transducer. It does so with adjustable amplitude, pulse repetition rate, and
darnping. When pulsed, the Panarnetric KT-55 magnetostrictive transducer rings at its
characteristic frequency (100 KHz). The 5055PR can also process the received reflections.

3.1.3 Propagation of Acoustic Waves

There are two modes of acoustic propagation-extensional (longitudinal) or torsional. In
extensional propagation, particles of the rod move parallel to the rod’s center axis. This vibration
is in a wave train that moves down the rod. In torsional propagation, the rod’s particles rotate
primarily around the center axis even though the acoustic wave train still travels down the rod,
but at a different propagation velocity. The same transducer can generate either mode of
propagation by means of the selection of different rods and the optional use of a transducer
magnet.

As either type of wave propagates down the rod, the juncture between the rod and wave guide
represents an acoustic impedance mismatch. Some energy is reflected back to the sending end,
while the rest travels to the end of the wave guide before reflecting back. This second energy can
differ from the first, so the two wave shapes can have different amplitudes.

3.1.4 Reception of Acoustic Waves

In the reflective mode of measurement, the same transducer is used both for generation and
reception. However, due to the reflected energies, the received wave trains are in millivolts.
There are therefore three wave shapes of interest: the huge original excitation pulse and the small
reflected wave trains from the two ends of the wave guide. The 5055PR is complex, with
clippers, attenuators, and amplifiers so as to clip the transmit pulse at the T/R terminal and
generate a usable receiver output at a separate terminal (see ‘Figure 6b). The sync output
annunciates the beginning of the excitation pulse cycle.

Typical pulse trains at 5055PRs signal output are shown in Figure 7. The first significant pulse
is the residue from the negative transmit pulse after clipping and attenuation. The second and
third pulse trains are the ones of interest in measurement. We measure time between these two
pulse trains as the round-trip flight time, defined as t,between the ends of the wave guide.
Typical values are 230 microseconds for torsional waves. Reflections continue to bounce back
and forth from both ends of the rod and wave guide, generating a mishmash of following signals.

9



Hence, the signals before and after the interval from the second. and through the third pulse trains
are visually ignored or need to be eliminated. Unfortunately, the reflected wave shapes are
altered significantly by the value of damping resistance placed across the trimsducer.

3.2 INSERTION OF WAVE.GUIDES IN A VISCOUS MEDIUM

Each wave train has several cycles; that is, each is under-damped or can be considered to be
amplitude modulated. In the frequency domain, this modulation has a wide bandwidth of around
40 percent of the carrier frequency (100KHz). The Remandur magnetostrictive rod has to be long

enough so that it can introduce propagation delays that separate each wave train. Hence, this rod
length cannot be reduced by more than a factor of two or so when used with 100 KHz
transducers.

The following wave guides, each with a length of 300 mm, were evaluated:

● Solid copper, with diameters of 1.6,2.4, and 3.2 mm;

. Hollow copper, with diameters of 1.6,2 .4,3.2 and 6.4 mm;

. Solid aluminum, with diameters of 2.4 and 6.4 mm;

● Hollow aluminum, with di&neters of 1.6,2.4,3.2, and 6.4 mm; and

. 1.6 mm with a length of 6“.

The hollow aluminum wave guide of 3.2 mm OD worked the best (see Figure 7 for typical wave
forms as recorded on an expensive digital Tektronix Time Domain Reflectometer, TDR).

10



Figure 7. Test result for the alumninum wave guide (0 3.2* 300 mm, in air and glycerin).
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3.2.1 Effect on These Waves
by the Insertion of the Wave Guides in a Viscous Medium

Sound propagating down a wave guide in a viscous medium has its propagation velocity

degraded due to viscous drag. The change in round-trip flight time (defined as At) due to
different viscous mediums can be measured, and from this, the viscosity can be calculated. For
aluminum, and with air as the reference medium,

v = 2(At / [)*to a2 (6)

where v is the kinematic viscosity, co is
characteristic dimension of the cross section.

3.2.2 Error analysis

the wave frequency, and a k the wave guides’

Accurate values for viscosity then requires that all four measured variables be obtained with
precision and accuracy. An ordinary analog oscilloscope cannot measure AL t, or o with
sufilcient precision for viscosity instrumentation. It is even difficult to achieve repeatable results
with a digital TDR.

If the wave guide’s length is cut in half, both At and t are cut in half. Utiortunately their ratio,
while independent of the wave guide’s length, is small, typically around 1 percent for glycerin at
room temperature. This is a differential flight time of around 2 microseconds on a 300 mm wave
guide. To measure this time difference with around 1 percent accuracy means measuring with
10nS precision. Cutting the wave guide’s length is half doubles the error or requires
measurement with 5nS precision to maintain the accuracy of around 1 percent. In the simple
configuration in Figure 6, this time difference is obtained from the difference of separate time
measurements from different wave trains from the two viscous media by successive immersions.

Another reason is the difficulty of identi~ing the beginning of a wave train by visual inspection.
This is complicated by the dramatic effect of damping on the wave trains. Since the 5055PR has
continuously variable damping, it is difficult to achieve repeatability. Repeatability would be
improved by switchable damping resistance.

Reflective mode measurements require a complex transmitter/receiver. The difllcuky in
processing received millivolts at the same terminal which, microseconds before, had hundreds of
volts produced a 5055PR which gave inconsistent results for different attenuator settings. These
inconsistencies went away under transmission mode measurements. ,

12



4. ALTERNATIVE CONFIGURATIONS

4.1 TWO-TtiNSDUCER TRANSMISSION MODE MEASUREMENTS

Transmission mode measurements require separate transducers for transmit and receive (see
Figure 8 for the two-transducer option). The receive transducer never sees the transmit pulse.
This mode simplifies the receiver measurement process substantially since there is no large
transmit pulse to attenuate. The raw receive transducer output is about 140 mV p-p open circuit.
The signaI-to-noise ratio is excellent, and there is no 60 Hz hum.

A pre-amp will produce a larger signal to evaluate and provide a means to dynamically vary the
gain so that the two wave trains show the same amplitudes. However, two separate (in both space
and time) measurements of time are required, and the difference between them is calculated
before used in the calculation of the viscosity. Any calculated difference between Ibeing.
measured values has the potential for degradation in accuracy, particularly when the measured
values are close to one another.

4.2 FOUR-TRANSDUCER TRANSMISSION MODE MEASUREMENTS

It is possible to measure the differential flight time, At, directly if two transmit and receive
transducers are used (see Figure 8). The same transmit pulse is supplied to two identical transmit
transducers. The wave propagates down two identical rods to two identical wave guides. When
both wave guides are in air, the receive wave trains should be identical; if not, this can be
compensated for. Then, one wave guide is inserted in the viscous medium under test, and the
difference in time is measured directly. This method is not likely to be feasible until the other
difllculties mentioned above are dealt with. Nonetheless, below we show how that they can be
resolved to make this approach feasible. It is the preferred approach from an accuracy standpoint,
but may not be from a standpoint at probe bulk.

13
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Fig. 8. Configurations in transducers, rods, and wave guides.
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5. FIRST GENERATION ELECTRONIC INSTRUMENT

h electronic instrument has been designed

a)

b)

c)

d)

With solutio& for the receiving difficulties mentioned above;

That can be used witiany of the above cotilgWations;

Which directly measures digitally all the electronic variables needed for the viscosity
calculation, with 10nS resolution; and

With switches to monitor all relevant signals on an inexpensive oscilloscope.

Electronic research has resulted in validated circuits for

a)

b)

c)

d)

e)

Suppression of the transmit pulse waveform, even if already attenuated, pius all of the wave
trains after the first two desired reflections;

Detection of the point in time when each of the two pulse trains begin (positive slope of the
first positive cycle) by a method that is automated (not dependent on human skill), digital,
robust, repeatable, and accurate;

Generation of a digital gate signal whose width is the accurate time difference between these
two beginnings, (this is the round-trip flight time);

The measurement of the time of this gate width with 10nS resolution; and

The direct measurement of the differential time At due to viscous drag if the four-transducer
conilguration is used.

5.1 THE KEY CIRCUIT

Figure 9 depicts the first circuit developed by which the gate signal is generated from the
receiver output(s). It has been prototyped and has proven to work as intended. An improved
version is used in the instrument. The comparator output is high whenever the received signal is
greater than the manually adjusted threshold. It is low when the signal is below. The threshold is
set above the noise level. The comparator is very fast, generating a clean and sharp square pulse
for each of the positive half cycles of packets two and three. It clips off the negative half and the
noise. The following retriggerable single-shot functions as an envelope detector which holds on
the pulse output to turn the pulse train of each of the first two received packets into single puises.
The two resultant pulses toggle high and then low the first flip-flop. This flip-flop is very fast
and generates a sharply defined gate for the counter. The second flip-flop suppresses every
packet after the first two received packets. The delay on single-shot multivibrator generates a low
pulse of adjustable width which disables the comparator output before the fust received packet
arrives.
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Figure 9. Initial gate generator.

5.2 MEASUREMENTS AND REPEATABILITY

In addition to the direct measurement of roundtrip flight time and the differential time due to
viscous drag, the instrument can switch to measure the period of each cycle in the wave train.
This is approximately 10 microseconds. The wave frequency is the reciprocal of this period.
These measurements are all required for calculation. For repeatability, the instrument will also
measure the period of the sync pulses plus the pulse width of hold-on and delay-on. Time can be
measured with four precision: 10, 100, and 1000 nS or a time specified by an oscillator
connected to a back panel connector.

5.3 OTHER FEATURES

The instrument also includes receive transducer preamplifiers with manually adjustable values of
gain that cw be varied between the first and second wave trains to achieve equal display
amplitudes for the comparator/oscilloscope. This minimizes slope error. It also has two analog
coax cable drivers to send analog or digital signals to a two-channel oscilloscope and switches to
select the signals to go to each. The back panel holds 7 BNC jacks and a power strip. The
instrument block diagram is shown in Figure 10. Figure 11lists all the signals.
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SIGNAL UST FOR VISCOSITY INSTRUMENT
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Figure 11. Signal list for the viscosity instrument.
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Figure 11. Signal list for the viscosity instrument (continued).
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5.4

The

INSTRUMENT DESIGN

receive and counter circuit design is complete, including all its switches. The schematic
design given by Fig&es 10 through 20 passes all CAD design rule checks. This design is
partitioned between internal cabling, power supply, panel switches/controls/connectors, and two
boards, a Fastboard and a Counter.

The Fastboard, shown in Figures 21 through 22, is a four-layer printed circuit board which
handles ail the highest speed and time critical circuitry. There are separate power and ground
layers plus two signal layers. The highest speed circuits use Small Outline ICS. Nothing over 1
MHz leaves this board. Front panel selection-of high-speed options is done indirectly. The front
panel switches merely control an on-board multiplexer with different high-speed signal inputs,
and which routes the high-speed option.

The critical high speed circuitry (up to 100 MHz) on the Fastboard was laid out manually to
insure minimum lead lengths, good shielding, adequate by-passes, and low-inductance power and
ground. Then, the rest of the layout except for J8 was completed with limited assistance horn a
CAD autorouter. The assignment of signals to J8 pins was made manually so as to give minimal
trace length. Finally, the J8 signal allocations was back annotated to the schematics. The layout

passes all CAD design rule checks and has been submitted to a commercial PCB fabricator. Two

blank boards will be procured.

A large connector (J8) is used on the Fastboard for compatibility with Dr. Dillion’s ARK tester
and because 69 allocated connector pins are needed on this board alone. The board houses two
potentiometers for adjustment of the two hold-on pulse widths. All resistors used with the
comparators and linear amplifiers are discrete and capable of easy replacement during tests and
refinements. The minus 5 volt supply regulator for the comparators and linear amplifiers is on the
Fastboard to provide minimum power inductance.

The Counter board, while complex, handles only lower speed circuits. It includes the seven-digit,
seven-segment displays and five latches, decoders and drivers. This gives up to seven digits of
time precision. It also includes the five lower speed decimal counters. The upper two and their
latch/decoder/drivers are on the Fastboard. The worst-case current requirements to illuminate all
49 segments is about- 0.7 ‘ampere. This heavy current is supplied by a separate 5 volt regulator

,, ‘circuit on the counter boar&so that heavy current surges do not tiect the power to the critical
timing measurement circuits.

+
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5.5 ELECTRONIC CIRCUITS NOT YET DESIGNED

The design is not yet completed for the digital measurement of the threshold voltage or the
digital measurement of the probe temperature, all on the same display. However, the switches in
the fust generation instrument have been designed for upgrading in the second generation
instrument to allow for routing these measured values to the digital displays when included on

another board.

Presently, the 5055PR will be used to drive the transmit transducer. Eventually, it is anticipated
that the transmit circuitry can be added to the second generation instrument on a third board with
additional controls for damping, pulse repetition rate, and pulse energy.

5.6 STATUS OF FABRICATION

The 3-vohage power supply for the system has been built in a metal cabinet, leaving room for the
rest of the circuits. All switches and connectors have been installed. The critical electronic
circuits have been breadboarded and tested. They work. The counter board is being constructed
using soldering and a perf board. Construction is almost complete. Components and specialized
tools for fiture fabrication are almost all in place. This includes a pick and place machine for
placement of the Small Outline ICS, several infrared ovens, and a robot for mechanical routing
and drilling of alternate boards or modifications.
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6. EXPECTED FUTURE WORK NEEDED ON TIHIS INSTRUMENT

●

●

●

●

●

●

●

●

Wiring of permanent cables between panels and boards.

Fastboard integrated assembly and test in stages.

A formal statement of the theory of measurement, with the definition of variables, equations,

and a spreadsheet to simplify calculation.

Documentation on its operation.

Investigation of alternate wave guides with better acoustic coupling to the viscous medium so
as to induce greater viscous drag and delay.

Design of a robust probe assembly to be used close to this instrument.

Local evaluations as the surrogate solution with refinements as needed.

Field trials at Oak Ridge National Laboratory (ORNL) (July 1997).
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