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I . INTRODUCTION

A liquid-level sensor based on the ultrasonic technique is a promis-
ing long-term solution for monitoring core cooling.1 An instrument based
on the technique can display temperature and density profiles of high
resolution along a chosen path through the reactor. The density data can
be used to indicate voids (boiling), frothy and actual level as well as
collapsed level. Correlation of these parameters with the outputs of
other plant sensors provide desired event independence.

The continuous nature of the temperature, level, and density infor-
mation is another advantage of the ultrasonic method over those indicat-
ing at a limited number of discrete points. Compatibility with current
reactor designs and the ability to perform under both normal assd accident
conditions is realized by the simple, all metal construction off the
sensor, and by isolation of the transducer from the reactor core area.

II. EVALUATION PROGRAM

The previous work by Arave2 and Lynnworth3 demonstrated the
potential for application of the ultrasonic waveguide technique to powar-
reactor instrumentation. Prior work done at Oak Ridge National
Laboratory (0RNL)1+~5 identified a number of specific questions pertaining
to the instrumentation needs, the physical structure, and the environment
of a nuclear fission reactor which required evaluation before & sensor
complete with instrumentation could be constructed for field evaluation.
Satisfactory answers to these questions were arrived at after a thorough

study of the physical parameters comprising a prototypical ultrasonic
wave-guide sensor.

A. Engineering Problems

Test Equipment

To carry out the tests necessary for a complete evaluation, two
preliminary areas needed study: means for optimum stress-pulse genera-
tion and accurate time-interval measurement. A pulser for generating the
acoustic stress waves in the magnetostrictive material was designed and
built. Capable of producing pulses up to 20 A with variable widths from
? to 20 us, the pulser was able to saturate magnetically the iron-cobalt
alloy with 40 turns in the excitation coil. Only 20 turns were needed
for the magnetically softer nickel tubing. Thus the maximum possible
stress pulses were generated in both the nickel tubing and in
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the iron-cobalt wire. A pick-up coil of about 3000 turns provided an
adequate signal strength (up to 2 V) for easy observation by oscilloscope
and for processing by the electronics. The length of the coils and width
of the excitation pulse were parameters used to adjust the width of the
stress pulse for minimum dispersion and maximum amplitude.

Most tests were carried out with either 1.6-mm iron-cobalt wire or
3.1-mm nickel tubing for the magnetostrictive transducer. The sensor
portion was typically, but not limited to, 1- by 3-mm stainless steel
strips of various lengths. Either brazing or laser-welding was used to
join the sensor to the transducer section. Sensor zones, defined by
material discontinuities large enough to reflect sufficient energy, were
prouuced by either notching the sensor or adding material at desired
places along its length.

Figure 1 shows a block diagram of the experimental arrangement.
Basic features include the sensor and electronics; the transducer with
the pick-up, excitation, and bias coils; the power supplies for magnetic
bias; the signal-conditioning electronics and pulser; and the controll-
ing computer.

Method of Measurement

There are two methods of calibration — a quick method and an
elaborate one. The quick method consists of fully immersing the probe in
water and noting the transit time of the torsional wave and the ambient
temperature. Such a method ignores any possible variations on transit
time along the sensor due to local inhomogenities in the material. Since
such variations are usually small, this method results in overall
accura :y of at least 5%, and more typically, 1%.

The more elaborate method consists of a multi-stepped partial immer-
sion wherein the length of sensor immersed is an independent variable,
and the transit times are measured as a function of this length- The
data obtained are used as a look-up table, with linear or quadratic
interpolation between calibration points. This method is used when
highly accurate values for density and level are desired. Figure 2 shows
the results of a multi-stepped level calibration of a three-sectioned
probe.

Material Fatigue

Since the ultrasonic method is based on creating and propagating
stress pulses in various materials, the question of long—term aging due
to repeated stressing of the material may arise. The stresses in ques-
tion are well below the region of plastic deformation — the strains are
of the order of a few parts in 100,000. However during a two—year period
at a sampling rate of around 20 Hz, nearly 1.3 * 109 pulses will have
traveled the length of the sensor and transducer, and soae concern has
been expressed due to the number of times the sensor is to be stressed
during its useful lifetime.



Two tests were designed to study any possible effects of self-induced
aging — one, a long-term test lasting several months wherein pulses at a
rate of 30 Hz continuously excited a test probe; the other wherein
3.3 * 109 pulses were obtained in a week (equivalent to five years of
continuous operation). Neither test indicated any change in the elastic
moduli of the materials (iron-cobalt alloy, annealed nickel tubing, and
300 series stainless steel) to within 0.5%. The conclusion is the
expected result that multiple stressing well within the elastic deforma-
tion region of the material does not effect the material's elastic
properties.

Radiation Damage

The sensor, in some cases, will pass through the reactor core, or at
least lie along side it. Thus the amount of, radiation damage may be
significant. To be able to estimate the magnitude of the effect of
radiation damage on the elastic moduli and hence on the acoustic
velocity, a 0.74 by 2.30-mm sensor 870 mm in length was placed next to
and just outside of the core of the Oak Ridge Research Reactor (a 30—MW
light-water research reactor at ORNL). The estimated thermal flux was
around 5 * 10'1 neutrons/(cm^.sec) at that location. An acoustic lead
consisting of a l.59-mm diam. 7-m Jong stainless steel wire with a iron-
cobalt transducer at one end, allowed easy monitoring of the acoustic
velocity in the sensor section. The data obtained over one refueling
cycle show that radiation damage is indeed present, increases the elastic
moduli (hardens the material), and is small enough to be accounted for by
a slowly varying change in the probe calibration constants.

Both torsional and extensional transit times were measured before the
reactor came up to power the first time, after 16 days into the cycle,
and at the end of the cycle of 74 days. During the first 16 days, any
possible change in the extensional velocity was not detectable to within
0.07%, whereas the torsional velocity changed by +0.28(0.045)%. By the
end of the cycle, the extensional change was measurable at +0.20(0.07)2,
and the torsional to be +0-56(0.06)%.

These data indicate that the changes in elastic modulus are small
(about 1%) and saturate with a 1/e time of about 6.5 weeks. Extrapola-
tion of these data to a particular power reactor would require knowledge
of the fast neutron spectrum; however, this test does indicate that the
effect on the level data would be less than 1%.

Thus, depending upon the degree of level accuracy desired, the radia-
tion effect could be ignored or corrected with date: obtained at the plant
of installation. Another possibility would be to pre-harden the material
by exposure to an appropriate radiation field before remotely welding the
sensor to an acoustic lead.

Flowing Water and Voids

A test stand for subjecting a probe to rapidly flowing water in both
the axial direction and across the sensor was designed for water veloci-
ties of up to 20 m/s. In actual practice, only 5 m/s water velocity was
obtained due to the size of pump used in the tests. This is close



enough to the actual flows of around 15 to 20 m/s which could be encount-
ered in a plant application, that the data are significant and extrapola-
tion by a factor of 3 or so would be indicative of the sensor's
behavior.

During the axial flow with velocities varying from 0 to 5 m/s, the
only noticable effects on the level signal were a jitter of the echo
peak in position and amplitude due to the mechanical noise from the pump •
The actual level was observed to fluctuate during this test, so the
jitter in the echo position was probably a real effect, mirroring actual
fluctuations in the water level. When air was injected to test the
effect of two-phase flow, the mechanical vibrations of the system
increased in amplitude and intensity. Estimates of the force applied to
the sensor, when compared to similar effects induced by a vibrating
table, show that these air-induced vibrations were in the 2 to 5 g range.
The torsional transit times showed variations up to 10% due to rapidly
changing column height as the voids would grow and collapse. These
effects were most noticable when the estimated void fraction was above
50%.

For the cross-flow tests, the inlet to the probe housing was at the
side and directed toward the middle of the sensor. The same results as
discussed above were found for this configuration: variations in the
torsional transit times corresponding to actual level and density varia-
tions. However, an additional and potentially serious effect was noted:
the lateral forces due to the flowing water, and impulse forces when air
was added to the stream, would pinch the sensor between the impinging
flow and the housing structure, thus blocking the transmission of the
torsional wave. This effect is similar to restricting the torsional
motion of the sensor by other means — grabbing with the hand or by a
pair of pliers. The result is a sensor which has an acoustic termination
for the torsional mode at the point of restriction.

There are several ways to overcome this effect a flowing—medium
environment. The most obvious one is to divert the flow from that part
of the sensor sensitive to lateral forces: the flat portion. If this
solution were adopted, the level information provided by the probe would
not give any indication of possible voids (boiling). However, an alter-
nate possibility remains of designing the probe housing to break up the
lateral forces while still allowing voids formed o it;: side the housing to
contact the sensor. Yet another approach is to design, the probe itself
so that it would be deflected under a lateral force and not restricted; a
probe with the cross section of a toothed gear would be such a design
wherein a twisting of the sensor through an angle greater than that
determined by two adjacent teeth would require a greater force than the
moving fluid could produce.

Vessel Penetration

Various configurations for isolating the transducer section from the
harsh conditions obtaining in the interior of a PWR have been examined.
Not only must the requirements of PWR vessel penetration be taken into
account, but the transmission characteristics of acoustic signals across
possible pressure barriers must be considered.



The possibilities fall into two broad catagories: transducer
located inside and outside the pressure boundary. The advantage of the
first is lif.le or no acoustic loss from transmission across containment
boundaries; while the second group allows easier access to the transducer
and insures isolation of the associated coils and electrical leads from
the errosive high-temperature steam environment.

B. Acoustic Problems

There are several unanswered questions remaining in the literature
on ultrasonic waveguides used for level and density measurements. The
assumed linear relationship of transit time versus density breaks down
when the cross section of the waveguide is no longer rectangular in
shape. The slowing of the torsional wave probably involves effects such
as drag, complex fluid motions, and effects of nearby objects. Data
rbta .ned with e finned probed which had an easily calculable drag coef-
ficient did not show a strict proportionality to drag as the number of
fins was increased. Thus any correct theoretical expression of the
velocity of torsional acoustic propagation in arbitrarily shaped wave-
guides will probably be difficult to obtain, and involve solving the
complete non-linear partial differential equations.

The choice of sensor shape for a given application then remains an
empirical problem, with only a few heuristical obversations about
torsional shape constants, denstity ratios, and drag coefficients to
guiae development.

Acoustic Attenuation

The total sensor length, including any necessary acoustic lead—in
from the transducer section will be comparable to the top—to—bottom
dimensions of a reactor vessel. Thus significant attenuation in the
waveguide becomes an important consideration. Laboratory tests on a
rectangular waveguide with a 2:1 aspect ratio show that acoustic echos
will have sufficient strength after reflection from the end of a 25 m
long probe for reliable processing by the electronics. Detailed measure-
ments were made on a 13-m section. The measured attenuation coefficient
was 11% per meter, indicating that acoustic attenuation over reactor-
scale distances will pose no problems. Figure 3 depicts the data
obtained in this attenuation test. The departures from the exponential
behavior expected are indicative of local variations in the material
along its length, and are typical of a long strip of material that has
been repeatedly handled.

Temperature Effects

The temperature bahavior of a sensor requires calibration due to the
combined effects of temperature on sensor length, density, and elastic
moduli (the dimensional change of the sensor's cross section is assumed
negligible). Two materials most likely to be used in a reactor applica-
tion, nickel and stainless steel (300 series), were calibrated in the
laboratory. The stainless steel behaved essentially linearly with
respect to the square of the transit times, and could be represented by



(t/to)
2 *= 1 + A T

where to is the time delay at 0°C, and T the temperature in degree C.
The coefficient A was found to be +0.0004 to within 10% for both the
extensional and torsional waves over a range from 20° to AO0°C. The
nickel tubing exhibited a radical departure from the linear case — even
a rough fit required a cubic as well as a quadratic term. The curve
obtained was multivalued with respect to the transit time. That is, most
measured transit times corresponded to three values of the temperature.
A material behaving in such a fashion would, of course, not be chose., for
a temperature sensor.

Figure A shows the temperature behavior of stainless steel over the
range from 20°C to 400°C. The deta are presented as fractional change
(from 0°C) of torsional transit times versus extensional transit times.
Temperature is seen as a parameter increasing from the origin.

Restovation of Torsional Signal

Another temperature-related phenomena, observed during the earlier
phase of the 0RNL evaluation work, was loss of torsional signal during a
pressurizer test at high temperatures. Investigation demonstrated that
the residual magnetic bias in the iron-cobalt alloy used for the trans-
ducer section would disappear as the material was subjected to tempera-
tures higher than about 250°C. Since a convenient means of sensor
installation in a PWR is to place the transducer section within the pres-
sure boundary, this was a serious consideration. More careful examina-
tion of the Wiedemann Effect, reported in an earlier paper6, showed that
this loss of torsional bias could be recovered and augmented by applying
a dc current along the length of the rod, passing under both excitation
and pick-up coils.

Subsequent tests wherein the entire transducer section was placed in
an oven, showed that the torsional signal could be maintained over the
entire PWR temperature range. Figure 5 shows the results of applying a
bias current to the rod. Note the approximate proportionality of the
signal amplitude to the bias current.

A further benefit of the torsional bias is the ability to control
the amplitude of the torsional signal; when the transducer is near
magnetic saturation in the azimuthal direction, the generation of exten-
sional waves is greatly reduced, and vice versa. Thus the measurement
cycle evolved into a three-step process: turn on the torsional bias and
make torsional measurement; switch to the extensional bias (dc coils
wound over or along side of the pick-up coil) and make the extensional
measurement; demagnetize the transducer by applying an ac current of
diminishing amplitude to the extensional bias coils, to be ready for the
next torsional bias application. This particular sequence is due to
recognition that a longitudinal magnetic field in a rod is much easier to
maintain than an azimuthal field: demagnetization before the extensional
cycle accomplishes little, but the residual magnetization left after that



measurement would permit significant extensional signal to appear during
the subsequent torsional measurement, dividing the pulse energy between
the two modes and complicating the interpretation of the echo pattern.

Curved Waveguides

An ultrasonic level sensor installed in an existing plant must con-
form to the restrictions imposed by structures already In place. Thus it
becomes important to know the limits on bending the waveguides: how many
bends of what nature, and through what angle may be made before the
transmission properties are impared? Losses due to curved waveguides
fall into the two catagories of dispersion and mode conversion. Even a
spectrally pure wave will couple to other modes of propagation if an
initially straight waveguide is curved; the fact of internal reflection
at the wall boundary ensures this.

In practice, it was found that ?s long as the radius of curvature of
any bend was kept larger than 30 to 100 times the wavelength, the losses
were small (of the order of a few percent) even for a 360° bend. Such
results are consistent with the stress-strain behavior of the material in
that any bending through a significantly smaller radius would produce a
measurable variation in the elastic moduli of the wave guide across the
width of the bar, normal to the bend. This is due to the material on the
outside of the bend being under tension, aid that on the inside is under
comperssion. Such variations in material properties would give rise to
velocity variations as a function of path — resulting in a typical dis-
persive medium. Since the optimum wavelength of the torsional pulses in
a 1- by 3-mm sensor is about 1 cm, a radius of curvature of 30 cm is
permissible. This should impose no undu3 restrictions on retrofitting a
sensor to existing power plants.

Multisectioned Sensors

One of the strengths of the ultrasonic method is its ability to
provide multivariable outputs: a profile of density and temperature
along the sensor length. This is accomplished by dividing the sensor
into several sections: introducing appropriate discontinuties, each
adjacent pair of notches then defines a sensor zone. Successful probes
with up to 5 zones have undergone long-term testing under a variety of
conditions. The losses predicted from a model assuming equal amplitude
echos from each discontinuity and no absorptive losses is 50%. The
measured loss for an actual probe with 5 sections, confuted by summing
the squares of the six amplitudes and normalizing to the direct
unreflected signal was 53%. Since the loss saturates at 51% in the ideal
case, the measured figure represents a significant departure from that
expected, indicating that there are absorptive losses as well as probable
dispersion by the echo-producing discontinuities. In practice^ then, a
maximum of perhaps 10 zones would be feasible in allowing the echos to be
distinguished from the background and secondary peaks.



III. CONCLUSIONS AND RECOMMENDATIONS

We have undertaken a detailed study of an ultrasonic wavaguide
employed as a level, density, and temperature sensor. The purpose of
this study was to show how such a device might be used in the nuclear
power industry to provide reliable level information with a multifunction
sensor, thus overcomming several of the errors that led to the accident
at Three Mile Island.

Some additional work is needed to answer the questions raised by the
current study — most noticably the damping effects of flowing water.
However, the problems encountered are not of a fundamental nature and
would be resolved by a modest effort. The next phase sbould concentrate
on nuclear qualification in a joint effort with a vendor and a utility
group.
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