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DEVELOPMENT OF AN ULTRASONIC IMAGING SYSTEM
TO MEASURE THE SIZE AND VELOCITY OF LARGE
BUBBLES RISING THROUGH LIQUIDS

.. Adler*? J. Lattimer®
D. Fitting* A. L. Wrightt
ABSTRACT

A real-time ultrasonic imaging system was developed to pcrmit the simultaneous
measurement of the radii and velocities of large bubbles rising through a liquid. It was
constructed as a possible technique for studyving the dynamics of large bubbles rising in
liquid sodium. The characterization of such bubbles is one part of a program at the
Oak Ridge National Laboratory known as the Fuel Aerosol Simulant Test (FAST).
The purpose of the FAST program is to investigate events following a simulated
hypothetical core-disruptive accident in a liquid-metal fast breeder reactor.

I'he accuracy and limitations of the system were determined by evaluating the rise
of a variety of solid and air-filled spherical test targets in water. Diameters of the test
spheres ranged from 3.3 to 24.1 ¢cm; magnitudes of the rise velocities ranged from ~40
¢m sto ~1 m s. The uncertainty in radii measurements within the interval from 3.3 to
9.10 cm was estimated to be within +7% at a 95% confidence level. Theoretical
calculations of the rise velocities were compared with the measurements performed
using the ultrasonic dynamic imaging (UDI) system. In addition, independent
experimental measurements of the rise velocities were obtained with a laser-photocell
system. Based on those comparisons, the uncertainty in velocity measurements, at a
confindence level of 957 , was estimated to be within +17%. That estimate was made
Lased on the sphere size measured using the UDI system.

1. INTRODUCTION

The work described in this document deals with the development of an ultrasonic imaging system
to measure simultaneously the size and velocity of large bubbles rising through a liquid. Such a
bubble-sensing technique is needed to characterize bubbles produced in experiments that are part of the
Fuel Aerosol Simulant Tes* (FAST) program being performed at the Oak Ridge National Laboratory
(ORNL). This program is part of the Aerosol Release and Transport (ART) program sponsored by the
Division of Reactor Safety Research of the Nuclear Regulatory Commission.

The FAST experiments' use the ORNL-developed capacitor discharge vaporization (CDV)
technique to put samples of uranium dioxide (UQO;) into the high energy states that could be
encountered in Liquid-Metal Fast Breeder Reactor (LMFBR) hypothetical core-disruptive accidents
(HCDAs). In such accidents, a vapor bubble could be produced which could carry radionuclides
through the liquid sedium coolant. These radionuclides would constitute a potential source for release
to the atmosphere and the general public. The objective of the FAST experiments, then, is to stady the
formation, ris - and condensation of 1 fuel vapor bubble.

*The University of Tennessee, Department of Physics.
*Metals and Ceram'cs Division.
3Engine¢rin| Techno. gy Division.



The facility for these experiments i1s depicted in Fig. |. The test vessel is ~ 183 cm (6 ft) high and ~61
cm (2 ft)indiameter and is made of | 9-cm-thick (0.75-in.) 304 H stainless steel. The test unit is inserted
through one of the lower perts, and liquid levels as high as 112 ¢cm (44 in.) are produced. The initial
series of tests will be done using water as the coolant (to permit movies of bubble motion to be taken),

but the final series will use liquid sodium. Pressure in the argon gas space above the coolant will be
vanied between 0.101 and 2 0 MPa (1 and 20 atm).

Greater than 2 gof U «pected to be vaporized by capacitor discharge. Bubbles containing this
much vapor are hkely to ¢ herical caps rather than spheres and to be as large as 30.5 cm (1 ft) in
diameter. Rise velocities lor bubbles of this size are on the order of | m s

I'he major instrumentation problem for the FAST experiments is related to tracking bubbles
produced under sodium. The difficulty of these measurements is enhanced by the fact that sodium
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temperatures for the tests will be ~866 K (1100° F). Design parameters for any “viewing"system for use
in the FAST experiments, then, are as follows.

I. The system must be capable of tracking bubbles rising through an 866 K sodium pool.

2. The most important measurement need=d is that of bubble size vs time during rise. The sensing
system musi be able to measure bubble sizes as large as 30.5cm (1 ft)and assmallas2.54cm (1 in.)in
diameter.

3. If possible, the system should be capable of measuring bubble rise velocities on the order of | m/s.

4. So as not to perturb the motion of the bubble through the coolant, sensing instrumentation should
be outside the test vessel (¢.g., mounted on the vessel wall).

This problem is w.ihin the general realm of problems considered in nondestructive evaluation
(NDE), however, it i1s of a more snecialized nature than the typical problems encountered in NDE. A
more typical problem in NDE might be the detection and characterization of a small static flaw or
inclusion in an otherwise homogeneous material. The present experimental problem, in contrast, has
two rather interesting aspects which not only characterize the nature of the problem but also point
toward a possible experimental approach to a solution. First, the problem is dynamic — the characteri-
zation of the voids in motion. The second characteristic that makes this problem somewhat unique is
the large size of the voids. To describe the relationship between the bubble size and ultrasonic
parameters the following definitions are made:

D = diameter of bubble,
A = wavelength of ultrasound in the hiquid,
B = diameter of ultrasonic beam.
In terms of these parameters, the bubble sizes are characterized by the relationships
D> A
and
D>»B.

In NDE there are two widely used techniques employing ultrasonics for determining the sizes of
flaws and inclusions.” First, there are scattering techniques that are used to determine geometrical
features such as size and shape from the details of the ultrasonic scattered fields. Second, there are
imaging techniques that produce ultrasonic images by displaying echoes in a two-dimensional pattern,
which maintains the spatial relationships between the various interfaces and acoustical impedance
discontinuities producing the echoes.’ The dimensions of the voids are much larger than both the
ultrasonic wavelength and the beam size, which indicates that imaging is the preferred experimental
approach to determining the parameters of the voids.’

The potential usefulness of ultrasonics in LMFBR applications has been recognized for some time.
The most efficient operation of liquid-metal-cooled reactors requires that techniques be developed



which allow the inservice inspection of reactor components under hquid sodium. Several countries have
been actively engaged in the development of suitable inspection technigues for a number of vears.*

Rohrbacher and Batholamay' developed and conducted water tests on an ultrasonic system using
A-scan techniques (pulse-echo technique) which could be used for the inspection of fuel elements and
the monitoring or scanning of mechanical components under liquid sodium.

An ultrasonic-level measurement system capable of continuously monitoring the sodium level has
been tested in sodium at temperatures up to 288° C (550° F)."

An ultrasonic under-sodium viewing and ranging system has been developed as a possible
in-service inspection method for an LMFBR.*" This system operates ‘n two modes: viewing and
ranging. The viewing mode makes use of an imaging technique called IsoScan, which permits high-
resolution visualization of objects in three dimensions. Alsa, dimensions of the object may be measured
from a viewing screen using conventional intensity mode displays. Use of the ranging mode permits the
location of objects under sodium. This system has been tested in liguid sodium at temperatures up to
2607 C (500° F), which is typical of the temperature during reactor shutdown and refueling. The system,
however, cannot be used at the normal LMFBR operating temperature of 593°C (1100° F) until
suitable high-temperature transducers are developed.

A somewhat similar ultrasonic inspection system having more limited imaging capabilities has
been developed in France' and used during reactor refueling operations.

All the ultrasonic inspection systems described have at leasi one of the following characteristics
that prevents their use in the study of HCDA bubble dynamics:

I. They are not real-time systems.

2. They have an amplitude mode presentation or similar ranging capability that does not provide
suffficient information for the evaluation of bubble parameters without elaborate signal processing.

Numerous investigations were made using acoustical techniques for the general study of Lubbles in
liquids." '* These investigations, most of which were statistical in nature, dealt with the basi iynamics
of bubbles and the interaction of sound with bubbles. They also dealt with the extraction. 'ata from
large bubble populations and not with the acoustical probing of single large bubbles. C onsequently, the
techniques employved in these investigations are not applicable to the investigation described here.

In Germany, an ultrasonic system has been developed which _s more closely related to the present
investigation.’ It is a continuous-wave ultrasonic system designed to detect bubbles in liquid sodium.
The system was designed to be just a bubble detector; therefore, it does not have the capability of
determining the bubble parameters needed to characterize their behaviors.

The most basic physical process encountered in this investigation was the interaction of a pulsed
ultrasonic beam with a large moving spherical discontinuity in a liquid. Freedman'"'* developed a
theory pertaining to a mechanism of high-frequency acoustic echo formation that possibly offers some
insight into the nature of vanious phenomena observed in the present investigation.

According to Freedman's theory, high-frequency acoustic echoes returning from a rigid body
immersed in an ideal fluid medium may be shown to be composed of a number of discrete pulses. The
envelope of each echo pulse closely resembles the envelope of the transmitting pulse, and, therefore,
they are called image pulses. An image pulse is formed at a point where a discontinuity exists in d"W/ dr"
with respect to the range r; W refers to the solid angle subtended at the transducer by the portion of the
scattering body within a range of r. and n may vary from zero through any positive integer.



The application of Freedman's theory to the echo structure from a rigid sphere 1s illustrated in Fig.
2,in which the range is considered to be great enough that Kr; > |, where K is the wave number equal
to 2 A, with A the pulse wavelength. Discontinuities ind"W dr” occur at the near (r;) and far(r) limits
of irradiation. For an acoustic transmission pulse that is sufficiently short, the echs consists of two
separately resolved image pulses formed at r; and r.. The echo formed at the near poin® (r;) is most
relevant to this investigation,

This report describes the preliminary development of an ultrasonic dynamic imaging (U DI) system
for use in the FAST experiments. The first step in development of this measurement system was to
determine if accurate measurements of bubble parameters could be made by interpreting the output
from a single acoustic transducer that beams a signal at a rising bubble. We recognized early in this
investigation that the final system for use in FAST would consist of an array of transducers; this would
permit the surface of the bubble to be “mapped™ by the transducer output. However, the first step
necessary was to make measurements using a single transducer, with the transducer signal beamed at
the bubble centerline.

In this report, the method of determining bubble size and velocity from acoustic measurements is
described. The "bubbles™ used in the measurements reported were spheres with diameters ranging from
3.3t024.1 cm. Detailed measurements of sizes and velocities for spheres with diameters in the range of
33to9.1 cmarereported. The size measurements were compared with actual measured sizes; velocities
were compared with theoretical predictions and with additional measurements using a laser-photocell
system. The accuracy of the measurements and capabilities of the acoustic measuring system are

aiscus:ad.
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2. EXPERIMENTAL APPARATUS AND PROCEDURES

The experimental work done in this investigation can be divided into three major areas: (1)
developing the expenimental ultrasonic bubble detection system, (2) testing the performance of the
system, and (3) determining the system’s limitations, accuracy, and reliability.

2.1 General Dascription of Experimental System and Its Operation

A real-time ultrasonic system was developed which simultaneously measures the radius and
velocity of spherical bubbles rising in liquids; this system will be called the UDI system.

The UDI system and the tank with a mounted transducer are shown in Fig. 3, while Fig. 4 shows
the various components of the system in a block diagram_ The ultrasonic pulser-raceiver provides the
radio frequency (rf) excitation to a focused transducer, which is coupled to the outside of a cylindrical
test tank filled with water. The transducer, operating in a pulse-echo mode, produces an ultrascnic
pulsed beam that traverses the diameter of the tank. A bubble or spherical object passing through the
beam produces a back-scattered echo that is received by the same transducer. The signal from the
transducer passes through the receiver section of the pulser-r-ceiver, through an amplifier, and into a
discriminator. The purpose of the discriminator is to eliminate or drastically reduce the influence of
low-level noise on the system. For a signal level below threshold, the discriminator output is zero. The
echo from a bubble or object in the beam produces a signal level larger than threshold, and the
discriminator output 1s high. The apphed signal then passes (0 the z-axis of a storage oscilloscope,
where the signal modulates the brightness of the scope display. Two independent time bases control the
sweep rate along the horizontal and vertical axes of the oscilloscope. The horizontal sweep rate is fast
(typically 10 to 50 us cm), and the vertical sweep rate is comparatively slower (typically S0 to 100
ms' cm)

The basic principle behind the operation of the UDI s stem is illustrated in Fig. 5. As the edge of
the spherical object or bubble moves through the sound beam. the received echo produces a signal that
ultimately arrives at the z-axis of the oscilloscope and causes a bright dot to be displayed on the
oscilloscope screen. The position of the dot along the horizontal axis of the oscilloscope is directly
proportional to the time required for the sound to travel from the point at which the beam intersects the
sphere to the transducer. (The point at which the sound beam intersects the sphere will be referred to as
the intersection point.) The time interval required for sound to travel from the intersection point to the
transducer is similarly proportional to the distance from the intersection point to the transducer. As the
sphere moves upward through the sound beam, the position of the intersection point will change
continuously due to the curvature of the sphere. Because the electron beam of the oscilloscope s
simultaneously swept along the horizontal and vertical axes, the result is a raster image. For a given
horizont~! line on the scope, the bright dot indicates the position of the intersection point. Each
succeeding hoiizontal line is displayed vertically due to the sweep of the vertical time base. The result is
that the position of the intersection point is mapped out over the entire face of the sphere. The map
which is displayed on the oscilloscope 1s the experimental image of the sphere (when the beam passes
through the sphere’s axis). Asshown in Fig. 5, as the sphere passes through the beam, the distance from
the transducer to the center of the spherical interface is smaller by one radius than the distance from he
transducer to the periphery of the spherical interface. Therefore, there is a time interval At between
echoes originating at the periphery of the spherical surface as viewed from the transducer and echoes
originating from the center of the spherical surface as viewed from the transducer. This time interval At
1s the time required for sound to travel a distance equal to the radius of the sphere. Figure 6 illustrates
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the resulting trace or image on the oscilloscope. The interval At is determined from the horizontal
dimension of the trace and the calibrated horizontal sweep rate. The assumption is that the velocity of
sound in the hiquid is known. Therefore, the radius of the sphere 1s determined from

r=¢ at,

where

r = radius of sphere.
¢ = speed of sound in the liquid,

At = (width of the UDI trace)(horizontal time per centimeter setting).

The velocity of the spherical object through the liquid may also be determined using the UDI system
when the motion of the sphere is perpendicular to the sound beam and the center of the sphere passes
through the center of the beam. If the sphere passes through the beam in a time interval At, then the
velocity of the sphere is the distance travelled by the sphere in that time divided by time At. Therefore,
velocity is determined from

diameter of sphere
AT

velocity of sphere =

Figure 6 shows that AT is determined from the vertical dimension of the oscilloscope trace and the
calibrated vertical sweep rate. The diameter is obtained from the horizontal dimension of the trace, as
previously described.

Insummary, if the velocity of sound in the liquid is known and if the horizontal and vertical sweep
rates for the oscilloscope are calibrated, then all of the information needed to evaluate both size and
velocity is obtained from the dimensions of the UDI image. Figure 7 shows two images of moving
spheres made with the UDI system, together with top and side views of the relative positions of the
transducer tank and sphere.

2.2 Detailed Specifi ations of UDI Components

The transducer used for all the experimental work was a commercially made ceramic immersion
transducer with a focused beam. It was manufactured by Megasonics (Model ILT). The frequency was
2.25 MHz, the diameter of the transducer was 1.27 ¢m (0.5 in.), and the focal length was 11.4 cm (4.5
n.).

The pulscr-receiver used in the system was manufactured by Panametric Inc. (model 5052PR). In
this experiment, the instrument was always used in the pulse-echo mode of operation. The receiver
portion of model 5052PR is a 20- or 40-dB amplifier. ( oarse and fine attenuators provide stepwise
attenuation of the signal to the receiver. When used with the UDI system, the receiver amplifier gain was
always set at 40 3, while the attenuation setting ranged from 20 dB for echoes from very large objects
to 0 dB for echoes from the smallest objects. The damping control of the Panametric unit varies the
resistance load presented to the transducer by the pulser-receiver. The damping resistance was found to
have a significant effect on the quality of the image obtained with the UDI system. The damping
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Figure 9 is a schematic diagram of the discriminator circuit. The transistor acts as a switch. Withno
signal input or a small signal input, the transistor remains nonconducting with a high resistance, and no
trace occurs on the oscilloscope. A large positive signal input turns on the transistor; that is, the
transistor is conducting with a relatively small resistance, and the result is a bright trace displaved on the
oscilloscope. The circuit acts as a discriminator because it remains cut off for low-level input signals
such as those associated with extraneous noise.

The storage oscilloscope used in the system was a Tektronix model 564B. Horizontal sweep was
coutrolled by a conventional time base on the storage oscilloscope; vertical sweep was obtained by
feeding a claibrated sawtooth voitage or ramp into the vertical input of the storage oscilloscope. The
vertical sensitivity and position controls on the storage scope were adjusted unti! vertical sweep took
place just between the lines defining the boundary of the graticule on the cathode ray tube. The ramp
voltage was obtained from the sawtooth output terminal on a Tektronix 555 oscilloscope. The
calibrated sweep rate for the ramp had to be multiplied by a correction factor of 1.25 because the
vertical sweep on the storage oscilloscope was 8 cm instead of the ramp’s 10-cm calibrated sweep length.
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Fig. 9. Schematic diagram of discriminator circuit.

2.3 Preliminary Testing Under Conditions Simulating FAST Experiments

The UDI system was designed to be used in the FAST experiments. A discussion of the FAST
operating conditions and the resulting demands placed on the design of any ultrasonic system was
presented in Chap. 1. Therefore, the first preliminary tests were made to establish the feasibility of using
the UDI system to obtain reasonable results under conditions simulating the FAST experiments.

A mock-up of the FAST facility was prepared for these tests. As discussed in Chap. |, bubble
parameters must be determined with transducers located along the sides of and outside the FAST
vessel. Therefore, this series of tests was made using the transducer coupled to the outside of the
cylindrical test tank. A clear acrylic tank was used so the interior of the t7 7k could be visually or
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photographically monitored. In this series of tests, as well as all other tests described in this work. water
was used as the substitute for iquid sodium; in addition, all tests were conducted at room temperature,
Disregarding the high-temperature aspects of the FAST experiments, a reasonably close simulation of
the FAST experimental acoustic conditions was made possible because of the similarity between the
acoustic properties of water and those of liquid sodium. Referring to Table |, the density and velocity of
sound in liquid sodium are reasonably close to the corresponding values for water. Thus, the acoustic
impedances of the two liquids are also similar, and, therefore, the acoustic scattering from
disconiinuities in the two liquids is also approximately the same. The obvious advantages to using water
for preliminary testing and development have been exploited no: only in this investigation but also in
other similar investigations."*’

Table 1. Acoustic properties of liquid sodium and water

I Material ="
Property
P Liguid sodium Water
[S93°C (1100° F)) [20°C (687 F))
Density, kg m ROX 2° 99K 2°
Veloaty of sound. 2.268° | 4RY
m s x {0
Acoustic impedance, I 8317 14797
kg m-s < [0°
‘Ret. 15
"Ref 16
Ref. 17

“Calculated values

Also, for this series of tests, water was used to acoustically couple the transducer and tank. Water
was used only for convenience; a number of other substancescou “ave been used for coupling with no
apparent effect on the performance of the experiment. As a prei.de to high-temperature work, the
behavior of a high-temperature coupler called High Tempo 1000 was tested at temperatures upto93°C
(200°F). [According to the manufacturer, KE Aerotech, this coupler should remain stable at
temperatures up to 538°C (1000° F).]

A large number of solid and air-filled rubber balls of various sizes were used to simulate bubbles
rising vertically through the tank. Such an approach seems reasonable; the signa! should be stronger
from an air bubble than a rubber sphere.

The cylindrical test tank used in these tests was made of clear acrylic plastic. The outside diameter
of the tank was 33 cm (13 in.), with a wall thickness of 0.95 cm (% in.); the length of the cylinder was
129.5em (51 in.). The bottom consisted of an acrylic disk bonded to the cylinder, and the tank sat in a
steel framework, which acted as a support.

Test balls were released from rest and allowed to rise vertically through the tank. Data taken
include the dimensions of the resulting UDI image on the oscilloscope. Collected data were used to
calculate the experimentally predicted size and velocity of the test balls. Predicted radii were compared
with the actual sizes of the various balls, and experimental velocities were compared with the predicted
theoretical velocities for spherical objects rising in water.
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2.4 Independent Experimental Check of Velocities

I he series of preliminary tests made with the cylindrical plastic tank demonstrated the feasibility of
using the UDI system to study the dynamics of spherical objects rising in iquids. The next series of tests
was designed to establish the limitations of the system and its accuracy and rehabilitv. Size hmitations
{

and

limited accessibility of the interior of the cylindrical tank made th~ .arious experimental
parameters needed to precisely determine the system’s exact capabilitie: witficult to control. Therefore

the remainder of the tests was performed in a more spacious rectangular tank

In the

preliminary tests, experimental velocities were compared with theoretical predictions

(preserted in Appendix A) of the velocity of spherical objects in water. To more completely determine

the accuracy of the velocity predictions obtained with the UDI system, an independent experimental
check of the velocities should also be performed. The system used to make independent experimental
evaluations of the velocity is shown in Fig. 10. Figure 11 is a block diagram of the experimental
laser-photocell system. The method used to determine velocities with the optical system was very
similar to the ultrasonic method employed by the UDI system. In the laser-photocell system, the very
narrow light beam from a laser was substituted for the ultrasonic beam used in the UDI system: a
phatocell was similarly substituted in place of the ultrasonic transducer. Referring to Fig. 11, the light
beam from the laser passes through the rectanguiar test tank and strikes a photoelect “< cell. The dc
signal from the photocell then passes through an amplifier and into the vertical input of a storage
oscilloscope. A test ball passing through the laser beam produces a trace such as that shown in Fig. 12
I he horizontal width of the oscilloscope trace yields the time interval Ar required for the ball tc pass
through the laser beam. Ina manner similar to that used with the UDI system, the velocity is calculated
a+ 1he diameter of the sphere divided by the time interval A7 required for the sphere to pass through the
laser beam

I'he laser used in the otpical system was a 0.5-MW helium-neon laser that produced red light of

wavelength 6328 A. The photocell, a selenium-coated photoelectric cell, was mounted tn an aluminum

ORNL-PHOTO 5269-79

Fig. 10. Laser-photocell system used to experimentally check UDI velocity measurements



Fig. 1. Block diagram of laser-photocell optical system

ORNL-PHOTO 5270-79

Fig. 12. Typical trace chtained using laser-photocell system to monitor motion of spherical test target
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canister 2.54 cm (1 in.) in diameter. A circular opening with the same approximate dimension as the
laser beam was located in the center of the canister. The laser light entered through the opening and
struck the photosensitive element approximately 1.3cm (0.5 in.) behind the opening. The amplifier used
in the system, which was constructed in the Physics Department at The University of Tennessee for
general laboratory use, was built with a field-effect transistor (FET) operational amplifier as the active
component in the device. The amplifier had voltage gains of 0, 20, 40, and 60 dB. The input impedance
could be varied from 10" 1o =),

In using the optical system to take velocity data, an adjustable stand was placed inside the test tank.
The height of the stand was used to vary the distance the test balls traveled from rest before intersecting
the laser beam. In each case, an adjustment was made allowing the center of the test balls to travel a
distance of 14 cm from rest on passing through the laser beam. All test balls used in this series of tests
were solid rubber. The horizontal time scale on the oscilloscope ranged from 20 to 50 ms cm. Input
impedance to the amplifier was 1002, and the gain was 40 dB.

The accuracy of this method for determining velocities depended on how closely the center of the
test spheres passed through the center of the laser beam. In practice, the alignment of the sphere’s center
with the laser beam could be monitored closely by visually observing the laser beam as it cut across the
ball passing through the beam. Data for those attempts that were visually judged to be off center were
rejected. The time interval for each test ball was recorded in a data run of 20 attempts. The mass of the
ball was measured prior to and after each data run to ensure that the mass had not changed due to the
absorption of water.

The sides of the trace were observed to be slightly sloped in some instances. This effect was
minimized by reducing the depth of the trace. The method used for the data was to measure the time
interval Ar as the full width at half minimum.

2.5 Procedure for Investigation of UDI System’s
Limitations, Accuracy, and Reliability

For reasors previously stated, most of the final exhaustive testing of the UDI system’s capabilities
was made in the rectangular test tank. The experimental setup is illustrated in Figs. 13 and 14. The
transducer used in these tests was the same one previously described. However, instead of being coupled
to the outside of the tank. the transducer was immersed inside the tank. The same adjustable <tand
described in the previous section was used to vary the distance the test spheres traveled from rest.
Outside the tank, the laser’s position was adjusted so that the laser beam struck the center of the
transducer parallel to the ultrasonic beam. The laser beam served as a visual reference line for
determining whether the test spheres passed through the center of the sound beam. As described in the
previous section, the data were rejected for those attempts that were visually judged to be off center. The
distance the spheres traveled from rest was adjusted to 14 cm to correlate with velocity data obtained
using the laser-photocell system. Prior to using the system for a data run with a particular test sphere,
first determining the optimum settings for the attenuation and damping controls on the pulser-receiver
was found expedient. A data run was made i each different test sphere. Whenever feasible, the
horizontal distance from the transducer to the center of the sphere was chosen to be close to the focal
length of the transducer. (A more detailed discussion of this parameter is given in Chap. 3.) Each data
run typically consisted of from 15 to 25 passages of the test sphere through the ultrasonic beam. The
UDI oscilloscope image yielded the previously described time intervals AT and At, which were then
used to calculate the radius and nise velocity for that particular test sphere.
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Fig. 13, Experimental setup used for testing 1 DI system

e —

t— TRANSDUCER

Fig. 14. Diagram of setup used to test UDI system

['he temperature of the laboratory was thermostatically controlled at a reasonably constant
temperature of 20°C. The value used for the velocity of sound in distilled water at 20°C and | atm was
148292 m s, as determined by Wilson

Experimental size measurements were compared with the known size of the test sphere, and
percentage errors were calculated. The experimental results for velocity were compared with (1) the
velocity predicted the . v ¢ +he | ob ‘1 Mo y 1N » i ‘-Y}...l‘ - ired
veloCity predicted theoretically for a spherical object moving in water and (Z) the velocity measurec

using the laser-photocell method
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A wide variety of test spheres was used to investigate the limitations of the UDI system’s velocity
predictions. By using both au-iitied and sohd balls of different sizes and compositions, the velocity of
the test objectives could be varied from a few centimeters per second to severai meters per second. This
vaniation of velocity was found to be large enough to allow a determination of the approximate range
within which the UDI system functioned accurately.

T'he limitations of the system’s ability to accurately determine size were investigated in a similar
manner. The response of the system was monitored over a wide range of sizes for the test spheres.

Testing of the U D1 system was carried out as described in the rectangular test tank for test spheres
having diameters us to 9.1 cm. Spheres larger than this were tested in a large plastic drum filled with
water. The physical limitations imposed by the available space in the laboratory made using a test tank
larger than this impractical, and the nature and size of this test tank also made measuring the velocity of
the largest spheres impractical. Therefore, no velocity information was obtained for the 24.1-cm ball.
However, some measurements of radius were made by retarding the ball’s motion in the tank.

Fhe raw experimental data from UDI and laser-photocell measurements are presented in
Appendix B.
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3. RESULTS AND DISCUSSION

3.1 Discussion of Preliminary Tests

With the transducer coupled to the outside of the cylindrical acrylic tank, test balls were released at
all points along the interior diameter of the tank. The results of these tests showed that a usable UDI
image could be obtained from any point along a diameter coinciding with the sound beam and that the
UDI system could be used to monitor the size and motion of spheres intersecting the sound beam
anywhere within the tank.

In the next test series, a comparative study was made to determine whether there were any
differences in the UDI image obtained from diffcrent types of test targets (air-filled or solid spheres). A
detailed comparison of the resulting experimental data indicated that there were no apparent
differences in the basic nature of the UDI images obtained from the different test targets.

Additional investigations were made comparing the UDI images obtained under the following

conditions

I. the test sphere was released within the cylindrical tank, and the transducer was coupled to the
outside of the tank:

2. the transducer and sphere were both located within the rectangular test tank.

I he results of the study indicated that there were no basic differences in the shape or dimensions of the
UDI1 image obtained in the two different cases: however. the ultrasonic signal was more attenuated on
passing through the walls of the cylindrical tank. As a result of this atternuation, obtaining a usable U DI
image was more difficult when the smaller test targets were located at the farthest point from the
transducer

3.2 Experimental Determination of Size

Referring to Table 2, the experimental results for the radii measurements obtained with the UDI
system are Listed as a mean value, and the experimental uncertainties are indicated in the form of the
standard deviation calculated for cach data sample. The total number of observations comprising a
data sample for a particular test sphere is also indicated in Table 2. A companison of the calculated
mean values and the actual radiiis presented as a percentage error. The percentage errors ranged from 0
to 7.8 Insix of seven cases, the percentage error was less than 5%, and in three of the seven cases. the
percentage error was less than 2%, The techniques of statistical inference were used to predict more
realistically the total uncertainty in the experiment-.. cesuits for the determination of size. Using the
data sample for cach particular test sphere, the method of confidence intervals'™'* was used to obtain a
predicted range for the population mean at a 95% confidence level. (This is described in Appendix C.)
Results of these calculations are listed in Table 3. Experimental radii measurements are expected to lie

vithin the indicated intervals with a certainty of 95% . Boundariss of the predicted intervals were then
compared with the actual value of the particular radius to estimate the range of expected uncertainties.
Referring to Table 3, the estimated uncertainty for the case of the 12.05-cm-radius sphere was
particularly large. However, as previously indicated in Chap. 2, the practical difficulties encountered in
measurements with this large target made it necessary to limit the data sample to only seven
observations. Therefore, the estimated uncertainties associated with these data samples may not
necessarily represent the system’s capabilities. Because of this, an evaluation of the system’s
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Table 2. Radii measurements obtained with U DI system

Radins predicted Error comparnison

Actual radius Observations : - between experimental
by UDI techniques

tem) in data sample and actual radius
{cm) 3
(%)
1.63 IS 163 £0.15 00
221 20 23 015 41
244 15 2634014 78
278 20 285+ 0.12 i6
110 20 1142017 1.3
455 23 460+ 017 1.1
1205 ? LS 217 46

“Plus or minus one standard deviation

Table 3. Statistical predictions of range for experimental
radii at 95% confidence level

Staustical predictions
Resulting range

Actual radius of of range for
of uncertainty (%)
test sphere experimental radu at -
tem) 95% confidence level t
Lower mit Upper himit
fcm)
163 163+ 008 5.1 51
2.21 230007 089 7.2
244 263008 46 11.0
275 285+ 0.06 1.6 56
110 114+ 008 i1 39
455 460 018 23 44
1208 1S 16 L8 17.5

performance is made for the range of test spheres having diameters from 3.26 t0 9.10 cm. Within this
range of sizes, the total estimated uncertainty in the determination of size was within 7%

Referring to the results in Tabie 2, observe that the experimentally predicted radii were either
larger than or equal to the actual radii in all cases except one. This fact indicates the presence of a
possible systematic error in the determination of size. This conjecture is further substantiated by the
results presented in Table 3; in three of the seven cases presented in Table 3. the total predicted size
range for the experimental radii was greater than the actual radii. Furthermore, we observed
independently during the process of taking data that there was a tendency for the horizontal dimension
of the UDI image to appear too large. No connection was apparent between this observed trend in the
data and the calibration and adjustments of the instrumentation. The trend appears to indicate an
intrinsic characteristic of the UDI technique itself; however, within the range of sizes considered in this
investigation, this is apparently not a serious source of uncertainty.

Another similar factor that appeared to have some influence on the accuracy of the experimental
measurement of radii was the relative position of the center of the test ball and the focal point of the
sound beam. Whenever feasible, the test spheres were positioned so that their centers corresponded to
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the focal point of the sound beam. No detailed investigation was made to determine the quantitative
effect of the relative position of the ball and the focal point on the overall accurasy of the radii
measurements. However, we observed ina qualitative manner that when the test balls p «ssed very close
(2 to 3 ¢cm) to the transducer. the experimental prediction of size was somewhat larger tnan the actual
size. Bevond a range of 2 to 3 cm from the transducer, this factor was not observed to have any
noticeable effect on the determination of size.

I'he positions of the attenuation and damping controls on the pulser-receiver acted as a perturbing
effect on the determination of size because too much attenuation of the signals caused the trailing
segment of the UDI image to be chipped off. Generally. the attenuation of signals was one of the most
serious sources ol uncertainty and the one which was least capable of being controlled.

3.3 Experimental Determination of Rise Velocity

T'he rise velocities of the test spheres were measured with the UDI system and compared with (1)
the theoretical results presented in Appendix A and (2) the independent experimeutal velocity
predictions obtained with the laser-photocell system. The experimental velocities measured with the
UDI system are histed in Table 4, and the experimental velocities measured using the laser-photocell
system are listed in Table 5. In both cases, the experimental results are stated as a mean value, and

Table 4. Experimental velocities measured with U DI system

Diameter of Ohservations Velocity measured with
test sphere comprising UDI system

(cim) data sample (em s)*

126 15 46.7 £ 3.7

441 19 633 %137

4 8K 15 755%+42

550 20 85.3+35

6.20 20 98+ 1319

910 28 1040+ 72

“Plus or minus one standard deviation.

Table S. Experimental velocities measured

with laser-photocell system

Dameter of Observations Velocity measured with
test sphere comprising data laser-photocell system

(cm) sample tem s)°

Az 20 48+27

44 20 SE8+28

4 K& 20 65621

5.50 20 M2+18

6.20 20 808 +22

910 20 1003+ 20

“Plus or minus one standard deviation.
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uncertainties are expressed as the standard deviation for the data sample The number of observations
comprising each data sample 1s also listed in Tables 4 and §.

Results obtained using the two independent experimental methods are presented in Table 6. They
are compared on the basis of a percentage differevice. Table 7 lists the results obtained using the UDI
system and the results of the theoretical calculations presented in Appendix A. A comparison of the
experimental with the theoretical results 1s made by means of a percentage error. Finally, the laser-
photocell v iocity predictions are compared with the theoretical velocity predictions in Table 8.

A further comparnison of the velocities obtained with the UDI and laser-photocell systems was
made using the methods of statistical inference. A statistical prediction was made for the range of
ditferences hetween the mean velocities obtained using the two independent experimental methods,
with the predicted range of differences calculated at a 959 confidence level. ™' The range of differences
in the mean velocities was then used to calculate a predicted range for the percentage difference in each
case. Results of those calculations are listed in Table 9. In a sinular manner, the techniques of statistical
inference were used to obtain a 959 conf' ' nce level prediction of the expected range in mean velocities
obtained with the UDI system. This predicted range in experimental velocities was then compared with
the theoretical velocities. and a resulting range of percentage errors was calculated. Results of those
calculations are histed in Table 10,

Table 6. Comparison of velocities obtained using UDI system

and laser-photocell system
hameter of Velocity obtained with Veiocity obtained with Difference
test sphere UDI system laser-photocell system %)
(cm) tem s)* (em s)*
12 46.7+137 45+27 42
441 633+17 S8S+28 79
458 787242 656421 143
5§ 50 853+1S§ M2+18 74
6.20 R9K+ 19 808 +22 10.6
910 040+ 72 1003+ 20 16

“Plus or minus one standard deviation

Table 7. Comparison of experimental UDI velocity measurements

with theoretical velocity predictions
Diameter of Velocity obtained with Theoretical pvgd‘miom Difference
test sphere UDI system of velocity
(em) (em s)* fem/'s) )
126 467 +137 a9 45
44 63.3+17 652 29
488 75.7+42 706 y
5.50 853+158 RS 4 0l
6.20 898+ 139 B4 9 58
910 1040+ 72 106.7 25

“Plus or minus one standard deviation.



Table 8. Comparison of experimental laser-photocell velocity measurements

with theoretical velocity predictions

Diameter of Velocity obtained with Theoretical velocity

test sphere laser-photocell system predictions D‘":_"m
fem) fem s)* (em s) .
32 4827 ax 9 x4
441 S8+ 2K 652 10.2
4 K5 65621 706 7.1
5.50 792+18 RS 4 73
620 808 22 849 4K
910 1003+ 20 106.7 s9

“Plus or minus one standard deviation

Table 9. Statistical prediction of range of differences in mean velocities
measured with U DI system and laser-photo ell system

(at 95% confidence level)
Predicted range of differences Resulting range of
Diameter of between mean veloaitics differences
test sphere {em s} (%)
fcm} : - . - e ) ey -
Lower limut Upper limut I ower limit Upper limit
126 0 LY 0 K3
441 10 6.6 49 108
488 %2 12 16 17.0
5s 46 76 56 92
62 7.2 106 84 124
91 09 6 09 6.40
Table 10. Statistical prediction of range of rise velocities measured
with UDI system at 95% confidence level
Resulting range of errors
Diameter of Statistical prediction of (UDI velocity compared with
test sphere UDI velocity range theoretical velocity) (%)
(cm) (¢m/s)
Lower limit Upper limit
32 467+ 18 08 85
44 63315 06 54
488 757219 13 124
3.5 853+14 i9 43
620 898+ 1S 19 73

9.10 1040+ 25 02 50
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Based on comparison of the UDI velocities with the independent laser-photocell data and the
theoretical velocity predictions, the estimate is that. with a confidence level of 95%. the total
experimental uncertainty in the determination of velocity is within *17%. The velocity measurement
relies on measurement of the sphere size, which in itself was uncertain with =7¢. This means that the
additional measurement (in addition to size) needed to measure rise velocity has a =109 uncertainty
associated with it

A comparison of the standard deviations obtained from the U DI data with those obtained from the
lascr-photocell data( Tables 4 and 5) indicates that a substantially greater random crror is present in the
UDI measurements. This result, however, is to be expected from the basic nature of the probing beams
used in the two different methods. The laser beam is a very narrow well-collimated beam in contrast to
the much larger focused ultrasonic beam.

A tactor contributing to uncertainties in the velocity data obtained from both the UDI and the
laser-photocell systems was the occasional irregular lateral motion of the less massive test balls. The
absence of this lateral motion in the case of the much more massive 9. 1-cm ball may have contributed to
the very close agreement between the different velocity measurements obtained for this ball.

3.4 UDI System’s Reliability and Limitations

here appears to be a lower limit to the size of spherical objects which can be accurately and
reliably measured using UDI techniques. This lower limit has been determined experimentally to be
~ X 0cmindiameter for the system used in this investigation. Some sizing information was obtained for
objects having diameters smaller than 3.0 cm: however, in those cases, either the predicted sizes were
less accurate or the actual UDI image formation was unreliable. The existence of a lower limit in the
determination of size 1s to be expected as the dimension of the target approaches the diameter of the
beam used to probe the target. This lower imit could probably be reduced by using different transducer
diameters and frequencies; however, the present limits are considered compatible with the requirements
of the FAST program. The largest test sphere used in this investigation had a diameter of 24.1 ¢m: to
date. no apparent upper bound was observed which limited the experimental determination of size

I'he UDIsystem in its present state measures rise velocities most effectively for magnitudes ranging
from atew centimeters per second to 1.5 m s. The experimental measurement of velocitics in the range
from 1.5to 2 m s was reasonably accurate: however, the UDI image formation was not as reliable. For
rise velocities above 2.0 m s, the UDI image was not defined sufficiently for measurements. A factor
that becomes important at higher rise velocities is that the raster image spacing becomes gieater at
higher vertical sweep rates, and the result is that the resolution of (ne system is decreased. This
decreased resolution affects the accuracy of both size and velocity measurements to some extent.
Evidence acquired during this investigation indicates that the relatively poor quality of the storage
oscilloscope being used in the present UDI system is one of the major factors contributing to the
unreliable responses of the system to large rise velocities. The present state of the system, however, is
adequate for use in the FAST program because the expected rise velocities in the FAST experiments
correspond approximately to the center of the present range of applicability.

A number of limiting factors are inherent in the design of the system. One example (previously
mentioned) is that the UDI system actually measures an average velocity over the time interval required
for the sphere to pass through the sound beam. This factor places no limitations on ihe accuracy of
velocity measurements if the velocity is constant. For large accelerations. predicied experimental
velocities would deviate significantly from actual instantaneous velocities. The accurate measurement
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of instantancous velocity using UDI technigues therefore is limited to those cases in which either no
aey - ation eceurs of the acceleration is small. Another limiting factor inherent in the design of the
system is that the motion of the target sphere must be perpendicular to the sound beam. Any significant
lateral m-tic~ by the target sphere along the direction of the sound beam either toward « .way from
the transducer would alter the UDI image.

If all electronic adjustments are optimum, the overall reliability of the UDI system is reasonably
good. A usable image is obtained in ~75 to 807 of the total number of observations. Failure to obiaina
usable image was usually attributable to the formation of the image at the edge of the oscilloscope
screen. In the case of spherical targets, the image is symmetrical: therefore, half the image provides
sutficient data for the determination of both radius and velocity.

T'hus far, all discussion concerning the accuracy, reliability, and performance of tire UDI system
has been made with the tacit assumption that the center of the target sphere passed directly through the
center of the sound beam. This will not necessarily be the case in the FAST tests, and investigation of the
influence of this on measurements is needed.

3.5 Detailea Examination of UDI Image

Some of the features observed in the UDI oscilloscope trace and the resulting treatment of the data
require a brief explanation. For smaller test spheres, a close examination of the oscilloscope trace
reveals the existence of two different signals, as iliustrated in Fig. 15. The segment of the trace appearing
to the right in Fig. 15 will be called the main trace; the segment of the trace appearing to the left will be
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spheres. In some instances, the guality of the image was such that the two components could not be
clearly distinguish_d from each other. In these cases, reasonably accurate predictions of size can be
obtained by measuring the time interval At from the center of the cresent-shaped image. beciuse the two
componen: traces appear to merge together in the approximate center of the composite trace. In
contra * to the size ime interval At, ths velociiy time interval AT was measured in the usual manner.

In some cases, a series of broken signals was observed trailing from the UDI image. That situation
1s also illustrated in Fig. 16 The measurement method used in these tests was to measure the horizontal
dimension of the image up to the first break.

1.6 Origin of UDI Signals

An effort was made to establish the origin of the UDI signals relative to the various regions of the
test sphere. This subject was investigated in the following manner: The focused transducer was
immersed in the rectangular tank, and a laser beam was positioned to coincide with the outer perimeter
of the sound beam. The same experimental setup was used in this test as that previously described in
Chap. 2 of this report. A large semitransparent air-filled plastic ball having a diameter of 18.5 cm served
as the test target. Theatersection of the sound beam with the test sphere was indicated by the position
of the laser beam on the sphere. Using this procedure, ultrasonic signals apparently returned from all
portions of the hemispherical segment facing the transducer, including the periphery or outer edge of
the sphere. The return of ultrasonic signals from the edge was confirmed when the edge of the sphere
was allowed to just graze the sound beam.

At lcast two different signals returned from the test sphere. The signal originating from the central
portion of the sphere was the result of specular reflection. However, the distinctly different signals
onginating from the outer portions of the sphere could not have resulted from reflection. The existence
of a signal returning from the edge of the sphere could possibly be related to the phenomena described
by Freedman.'""
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4. SUMMARY AND CONCLUSIONS

An ultrasonic imaging system was developed as a possible means of studying the dynamics of large
vapor bubbles that are associated with HCDAs in an | MFBR. The study of HCDA-related
phenomena is being conducted in th: FAST program.

The experimental ultrasonic imaging system, designated the UDI system, is a real-time svstem
which has the capability of measuring simultaneously the radius and the nise velocity of large spherical
bubbles rising in a liquid. The system has been used to monitor the motion and size of spherical objects
rising through a water-filled acrylic tank having a diameter of 30.5 em. Spherical test targets having a
variety of different sizes and compositions were used to establish the accuracy, limitation. and
rehability of the system. Tests were made using spherical targets with diameters ranging from 3 26 to
24 1 em. For spherical targets with diameters in the range of 3.26 to 9.10 e¢m, the total experimental
uncertainty in the size measurement was estimated to be within 79 This estimation was made at a
954 conlidence ievel,

I'he rise velocities of the same spherical test objects were measured with the UDI system and
compared with (1) the theoretical predictions of rise velocity for a sphere in a liguid and (2) independent
experimental measurements of rise velocity, both of which were performed with a laser-photocell
system. The total experimental uncertainty in the measurement of rise velocity was estimated to be
within *17% at a 959 confidence level. Magnitudes of the measured velocities were within the interval
from ~40 to 105 cm s These velocity measuremonts were made using the sphere sizes measured with
the UDI svstem as input.

The lower limit to the reliable measurement of spherical diameters has been placed at 3.0 ¢cm for the
present system. There does not appear to be a corresponding upper limit to the size of spherical targets
which can be rehably and accurately measured. Evidence indicates that the present system could be used
to measure rise velocities most accurately for magnitudes ranging froni a few centimeters per second to
1.5 m s. Measurement of nise velocities greater than 2.0 m s is not possible with the present
instrumentation. Improvements in the instrumentation could greatly increase the range of velocities
that can be measured. The basic design of the UDI system limits accurate velocity measurements to
those cases in which there is either no acceleration or only a small acceleration. One of the major
limiting factors associated with the single-transducer UDI system is the requirement that the center of
the target sphere pass through the center of the sound beam. This requirement will make using
multit-ansducer arrays necessary to effectively monitor bubbles in the FAST experiments.

Under optimum conditions, the reliability of the UDI system was such that a usable image was
obtained in ~80% of the total observations,

In summary, the single-transdv ;er ULl system has the capability of measuring the size and
velocity of spheres that rise in a closed cylindrical container. In addition, the system functioned
efiectively within the ranges of both size and velocity expected in FAST applications.
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S SUGGESTIONS FOR FURTHER WORK

I'he following are suggestions for the work necessary to develop the final system needed for the
FAST experiments

I The preliminary iests described were performed in a cylindrical acrylic test tank. The next
logical step in the further development of the Ui system would be a series of water tests, which would
be performed in a cylindrical tank made of 304H stainless steel that might have any convenmient height.
however, the tank should have a diameter of 61 ¢cm (2 ft) and a wall thickness of 1.9 ¢cm (% in) 1o
durlicate the FAST pressure vessel. Such tests would permit the UDI system to be evaluated under
~onditions very closely simulating the FAST tests and would provide a menas by which the equipment
could be calibrated prior to participating in the actual FA * . tests.

2. The results presented were obtained using one transuucer positioned so that the center of the
test spheres passed directly through the center of the sound beam. The accuracy of UDI measurements
Jdepends directly on the center of the spherical test objects passing through the center of the sound beam.

I'c effectively monitor the interior of a large cyvlindrical vessel, using an array of transducers therefore
wili be necessary instead of using a single transducer. One possible linear array that would cover the
cross section of e tank is illustrated in Fig. 17. Other array designs are possible, and a thorough
investigation should be made to determine which type of array offers the greatest accuracy and
reliability. A multiple array system will probably be needed in the FAST tests. Arrays placed at
different heights along the cylindrical pressure vessel would be needed to study the condensation of a
bubble as it rises through a sodium pool
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Fig. 17. Linear array of transducers for UDI.
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3. Spherical test objects have been used in this investigation because they were easier to controlin
an exhaustive study of the system’s performance In contrast. however, very large bubbles rising
through a liquid will probably assume the shape of spherical caps. Therefore, a follow-on investigation
should be made using test objects in the form of spherical caps instead of spheres.

4. Focused transducers have been used thus far in this investigation. Comparing the results
obtained with tocused and nonfocused transducers having the same frequency and diameter wouid be
useful. Also, a more extensive study must be conducted into the effects on accuracy of the
measurements resulting from the relative position of the sound beam focal point and the center of the
test object

S Although some imtial work has been done in this investigation, additional investigation with
different frequencies and beam diameters is necessary to obtain an optimum balance between resolution
and attenuation

6. Improvements are needed in the signal processing electronics of the UDI system. The present
electronic circuntry, although adequate, could be greatly improved.

7. The use of some electronic signal recording method such as magnetic tapes should be
considered. This capability is needed for accumulation of large quantities of data from multiple
transducer arrays in the relatively short bubble rise times.

K Inquiries should be made concerning the possibility of using the various image processing and
pattern recognition techmques for the postprocessing of the UDI image data.

9. All the work described in this report was done at room temperature. In contrast. the outside
temperature of the FAST pressure vessel will be 593 C (1100° F) during the actual sodium test series.
Application at these temperatures must be demonstrated: thus, insulating buffer rods or cooling
technigues must be investigated.

10. A more detailed study should be made of the various factors such as multiple signals which
contribute to the formation of the UDI image.
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Appendix A

THEORETICAL VELOCITY PREDICTIONS

One of the primary objectives of this investigation was the development of an experimental
technique for measuring the rise velocities of spherical discontinuities in a liquid. Predictions of the rise
velocities for the spherical test targets used in this investigation were calculated using the theory of fluid
meckanics.* Figure A 1 illustrates the forces acting on a solid sphere rising in a liquid medium. In Fig.
A.l and in the calculations that follow, motion is assumed to progress in the y direction fro.. - an initial
state of rest. B refers to the upward buoyant force, W refers to the weight of the sphere, and F, refers to
the total drag force acting on the sphere. The drag force Fy, is given by

, AV?
"'h:(.()P o (1

-

where
Cp = drag coefficient.
p = mass density,
= velocity,

A = projected frontal area of the sphere [A = (7D’) 4).

ORNL~-DWG 79-17078 ETD
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Fig. A.1 Forces acting on sphere rising in liquid medium.



34

The equation of motion for the sphere is given by

dv CupAV’
m-—=B-W-— —————rn (2)
dt 2
where
m = mass,
V = velocity,
t = time

After redefining the constants and introducing the new variables, Eq. (2) assumes the following form:

dVv .
mV — =8-yV*, (3)
dy
where
B=B- W,
. (ihpA 3
- T
= ¥ v

T'he solution to Eq. (3) (assuming Cp, = constant) is written as

12
B ias
V= R [I ~exp (“ :ZL) . (4)
y ln

with the solution based on these initial conditions: yo =0, Vo =0, t, = 0. To use Eq. (4) to evaluate the rise
velocities, determining the drag coefficients for each test sphere was necessary. Figure A 2isa plot of the
empiiical drag coefficients for a sphere as a function of Reynolds number Nu. The Reynolds number for
a sphere 1s defined as

Np ===, (5)
v

where
D = diameter of the sphere,
V = velocity,
¥ = kinematic viscosity (v = u p) of the liquid.

Pertinent data describing the solid rubber test spheres used in this investigation ap pear in Table
A 1. The kinematic viscosity of water at 20° C was taken as 1 003 X 10° m’ s from Jaugherty and
Franzini."* Experimental velocities measured with ultrasonic techniques wer~ substi* ated into Eq. (5).
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and the resulting Reynolds number was used to obtain the drag coefficients from Fig. A.2. The drag
coefficients and the measured parameters of the test spheres were then substituted into Eq. (4). In each
case. the theoretical calculations were made with the assumption that the spheres traveled 14 cm from
rest to correlate the theoretical data with the experimental data. Results of the theoretical calculations
are presented in Table A.2. ['hese theoretical velocity predicitons are compared with the experimentally
measured velocities in Chap. 3 of this report.

Table A1 Description of

test spheres
[hameter (cm) Mass (g)
126 44
441 121
4 K% 425
550 S4.%
620 LN
910 241 %

Table A.2 Theoretical velocity predictions
for test spheres
Dameter of

Calculated velocuy
test sphere

{cmy e
126 X9
441 65.2
4 KK 70 6
550 K54
620 X4 9
¥ .0 1067

“Distance of travel s 14 ¢m from rest

ORNL-DWG 79-17079ETD
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Fig. A.2 Drag coefficients for sphere.
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Appendix B

RAW EXPERIMENTAL DATA

A detailed description was given in Chap. 2 of the quantitative tests which were Lsed to establish
the accuracy of the UDI system. Data obtained with the UDI system are presented in Table B.1. The
independent velocity data obtained with the laser-photocell system are presented in Table B.2. The
means and standard deviations of the time intervals obtained with the UDI system are listed in Table
B.3, and the corresponding means and standard deviat.ons of the time intervals obtained with the
laser-photocell system are presented in Table B.4. In all case., the data correspond to a distance of travel
of 14 ¢cm from rest.



Mhameter of
test sphere
fem)

126

44

4 KX

550

38

Table B 1. Size and velocity dats obtsined with the | DI system

Al tms)

79
68 K
68 §
750
L
750
6K ¥
750
50
68 K
750
94
68 8
6h 8
628§
50
750
e
750
79
"I
TRE
79
%0
e
750
AN
LR
750
76.3
e
68 X
LLE ]
e
68 K
6K K
68 K
67§
656

!
1
|

Bcam |

e s

Diameter of

tes® sphere
fem)

6.20

910

41

At fas)

190
200
190
00
80
194
190
00
200
220
20
220
200
20
210
200
00
00
220
200
210
220
20
230
190
200
220
230
210
40
40
N0
2o
0.0

79
e
68 8§
68K
719
K K
Nne
68 8
656
68 6
656
79
%0
79
750
656
9
68 K
e
656
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¥ el
Table B2, Velocity data obtained with the laser-photocell system

hameter of test sphere Ar
{rameter of test sphere ‘:':, | Dia o ,,,,,)
’ ,.‘a.,ﬁ‘cm A P o N (il “‘T "
126 LR 2
3 740
. 02 b
725 e
702 o
7258 ey
LA | -
ns 50
iy 700
08 | o
by 778
675 S
" 73S
o %0
5 740
o 758
"o 700
o | s
i 740
. 670
441 75 1 5 50 -
7758 ‘ o
s 692
%00 ‘ g
s | 690
ns 69 K
‘ . 69X
710 o
oy | 690
. %50 ; i
678 | -
0.0 | e
740 e
RO O ! —
750 o
i | 702
750 | =
o : 714
3 7o
o 900
6.20 750 910 i
o 9% 5
s 910
775 =
760 o
s 910
778 by
b | %95
710 i .
™0 ! o
'ns {' 86.0
%0 | o
e 910
. RO l o
775 i o
. s {| e
e I 910
775 :' i
770

l 940
760 i
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Tabie B.3. Means and standard deviations for
time intervals obtained with 1 DI system

Diameter of

test sphere At (ps) AT (ms)
(em)
126 1o+ 10 0o0+47
44] ISS+09 734229
4 58 17.7 2091 694+2S8
5 50 192 +0%4 669 +29
620 iBESW MN0+29
910 W9+2S KRS+50

241 779 % 1L1

Table B.4. Means and standard deviations
for velocity time intervals obtained

with laser-photocell system

Diameter of test spheres Ar(ms)
(cm)
126 T68+20
441 756+ 136
4 48 745+23
55 695+ 152
6.2 768+ 20

91 207+18
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Appendix C

STATISTICAL CALCULATIONS

The statistical formulas used in Chap. 3 of this :eport are well known.'*"

The predicted range for a population mean was used to obtain the intervals .vithin which both the
experimental velocities and the experimental radii were predicted to lie at a confidence level of 95%. The
formula used for that calculation is as follows:

ey "
ted f lati =x% L,
predicted range for population mean 7;

where
x = mean value for the sample,
S. = sample standard deviation,
n = size of the sample,

t = probability t score obtained from the standard statistical tables (at a 95% level of
certainty and a degree of freedom equal ton = 1),

In a similar manner, the two independent experimental measurements of the velocities were
compared by finding the predicted range ot differences between population means. Let the subscript H
reier to the experimental method that has the higher standard deviation and let L refer to the
experimental method that has the lower standard deviation. Initially, an F-test is conducted. The
quantity

S /8
is calculated and compared with the F values obtained from standard statistical tables. If the calculated
value is less than the F value listed in the tables. the F-test is passed; otherwise, the F-test is failed. If the
F-test is passed, the degree of freedom is given as

degree of freedom=ny +n — 2.
If. however, the F-test is failed. the degree of freedom is given as

FAK® (= D)+ [(1 = K)' /(e = D)}
where

K = (Suy”/ ) /[(Say”/man) + (S, P/ )]

The degree of freedom in either of the above cases was used to obtain the t score (at a 95% confidence
level) from the statistical tabies. The predicted difference between the means was then calculated by
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substituting the t value into the following formula:
Range of difference between means ;

= (Xn = X0 2 {ltne = DS+ (e = DS, ) + (1 ng) (nw + 0 = 21t
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