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ABSTRACT .
. .,

An~ ultrasonic waveguide employing torsional and extensional acoustic
.

waves has been' developed-for use as a level and temperature sensor in
3. . pressurized and boiling water nuclear power reactors. Features of the.

device include continuous measurement of level, densidy,-and temperature
. producing a realtime profile | of these parameters along a chosen path -
-through the reactor vessel.

,

The next step toward a practical level sensor for 'use in a reactor
vessel-should concentrate on nuclear qualification .in a joint' effort
with a vender and a utility.
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1. ' INTRODUCTION
' '

A result of the post-TMI-2 studies was the Kemeny Commission mandate
to the: Nuclear Regulatory Commission (NRC) to " consider the need for
additional instrumentation to aid in understanding of plant status."1
Through the efforts of the TM1-2 Lessons learned Task Force, the .NRC
recommended the installation of additional instrumentation (if required)-

cooling."ge' unambiguous, easy-to-interpretindicationsofinadequatecore
to "provi

~

'

The Advisory Committee -on Reactor Safeguards stated:

"The Committee believes that it would be ' prudent to consider

expeditiously-the provision of instrumentation that will'
provide an unambiguous indication of the level of fluid in
the reactor vessel...."

Under normal Operating conditions, a liquid level sensor located
inside a reactor vessel would-be exposed to temperatures up to 375'C .
pressures to 15.2 MPa, and intense radiation fields. NRC requires that
in-vessel instrumentation survive a " design-basis accident" and provide

,

useful indications both during an excursion and afterward as_well.
.

Some manufacturers of pressurized water reactors (PWRs) have speci-
fied that an in-vessel liquid level sensor must not- be " event dependent;"
the sensor must provide an indication that can be independently verified.

either by reference to other plant parameters or through "self-
calibration." The post-TMI accident studies showed that instrumentation
indicating a single and stationary liquid level reading of " full"
throughout months of normal operation would be disregarded during an
excursion. The desired alternatives are to provide liquid-level sensors
utilizing diverse measurement principles or one sensor with multiple
outputs such as the one described in this study.

The NRC then sponsored the evaluation of differential pressure
,

devices, heated-junction thermocouples, and ultrasonic torsional-wave
sensors at Oak Ridge National Laboratory- (ORNL). All of these approaches
seemed promising solutions, and subsequent evaluation has developed and
extended that promise. The remainder of this discussion will focus on,

i the torsional-wave ultrasonic technique and how it can fulfill the

j requirements of the NRC and of the PWR vendors.
;

A liquid-level sensor system based on the ultrasonic technique is a,

promising long-term solution for monitoring core cooling adequacy because'

of its multiparameter capabilities: it can display temperature and-
i

| density. profiles along a chosen path through the reactor (including the
core). The density data can be used to indicate voids (boiling), f roth,|

' and actual level as well as collapsed level." Correlation of thesei -

parameters with the outputs of other plant sensors provides the desired
event independence.

I. 1

. . . . - - - - , . .- . - - - . -- - . - - _ - .
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Compatibility with current reactor designs and the ability to per-
form under both normal and accident conditions is realized by the simple,

*

call-metal construction of the sensor and by isolation of the transducer<

from the reactor core area. The remote location of the electronics and-
the absence of moving parts inside the reactor vessel contribute to the

, *

reliability of-the probe and minimize maintenance requirements.
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2. PRINCIPLE OF OPERATION
'

.

The principles of acoustic stress-pulse generation and propagation
in waveguides are well' known, and will be described only briefly here.
' Additional information and extensions to the techniques . described here

may be found in the references cited in this section.I

.The velocity of acoustic waves in an elastic nedium is proportional
to the square root of a restoring force (determined by the elastic' con-
stants) divided by an inertial term,5

=)[(stiffness)/(inertia) . ( 1)y
.

For the case of a rod in which the transverse dimensions are much smaller
than the wavelength, the transverse strain is negligible, and the elastic
modulus is Young's modulus, Y. The corresponding velocity of the

'

extensional wave is

v =)[Y/p , (2)
'

where P is the sensor's density. If the medium supports shear, the

appropriate elastic modulus is the modulus of rigidity or the shear
;

modulus, G. The velocity of the torsional wave, for a red of circular
,

cross section, is given by

v=)[G/p. (3)

For a waveguide of noncircular cross section, Eq. 3 must be modified
to reflect the property of a solid rod to buckle when twisted. The'

appropriate term is tha torsional constant, J, and has units of area to
the fourth power.6 This torsional constant has the effect of increasing
the stiffness. The correct expression for the torsional velocity is then

v=)[(GJ)/(pI) (4),

where I is the polar momeng of inertia of the rod about the axis ofi

shear. Spinner and Valore related the torsional resonances of rectangu-
lar bars to the shear modulus by means of a shape factor, and gave an
approximate formula for the ratio of I to J for bars of rectangular cross
sections. Extending their idea to the general case results in

.

v=K)[G/p (5)

for the torsional velocity in an arbitrarily shaped rod, where K is a-

constant of unspecified shape dependence. For a circular cross section,

K is unity and decreases as the shape departs from that of a circle.

,.

3
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Expressions for J, I, and K for some simple shapes can be obtained
analytically in closed form (see the examples in ref. 6). Other shapes

*

require complex computational methods to solve Poisson's equation
numerically.

'

A current pulse in a coil surrounding a ferromagnetic rod creates a
magneticfluxtgansientintherodwhichcausesachangeinlength
(Joule ef fect). This generates an acoustic pulse which propagates as an
extensional wave within the rod. Conversely, a traveling stress pulse
produces a local dimensional change (strain) which causes a change in
magnetic flux in a ferromagnetic rod (Villari effect). This changing

magnetic flux is detected by a coil placed on the rod.

In a similar manner, a sudden change in shear will generate a
torsional wave. A shear stress can be produced magnetically by applying
an azimuthal magnetic bias; the longitudinal magnetic pulse produced in
the excitetion coil will then interagt with the azimuthal field, causing
the rod to shear (Wiedemann effect). The vector sum of the two magnetic
fields is a rapidly growing, then diminishing helical field which pro-
duces a twisting strain in the rod. The tcrsional pulse is detected in a

manner similar to the extensional pulse, the only difference being that
an azimuthal magnetic bias is required at the pick-up coil also. There
are other means of producing torsional waves, the most common being mode
conversion.10 Here, an extensional motion is coupled to the circum- ,

ference of a rod, converting a longitudinal motion to a shear motion.

For a waveguide immersed in a fluid of density p, the extensional ,

propagation is minimally affected, and there is a small loss of energy at
the end of the rod oue to the fluid which supports compressional-wave
motion. However, the torsional motion of the rod can easily couple to
the fluid, transferring both energy and momentum. Thus, not only will
the velocity be diminished, but the amplitude will also be decreased due

llto viscosity effects. Lynnworth incorporated the velocity reduction
into an empirical formula by multiplying the velocity in air by

IPff=1+ {1-1 (6),

2p, ( K

where p, is the density of the sensor, pf is the fluid density, and K is
defined in Eq. 5. This expression is valid only for sensors having rect-
angular cross sections and whose density is greater than the fluid
density. Since K < 1, f is always less than 1, so the torsional velocity
decreases upon immersion in a fluid. Note that a theoretically correct

expression for f must also always be less than or equal to unity, since
the case of coupling energy and momentum into the sensor from the sur-
rounding fluid is not considered. Environmental noise could couple to .

the sensor, but signal averaging and frequency selection eliminate such
effects.

.

Inspection of Eq. 4, in which inertial effects of the fluid are
included in I, shows that the expression for the average density of the
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fluid surrounding the sensor is proportional to the difference of the
.

square of the transit times (inverse of the velocities) in and out of the
* fluid

p = const (t2-t2) , (7)
_ ,

where -t is twice the length of the sensor divided by the velocity of i

Eq. 4, and the subscript "o" refers to the value obtained in vacuum ',ar i
'

more practically, air).

The temperature dependence of the sensor is implicit since the
density and length of the sensor material are temperature dependent, as )
are the elastic moduli. The method of temperature correction is as
follows: . A careful calibration of the temperature dependence of the
extensional and torsional transit times is obtained for a particular

piece of probe material. To measure density, the extensional transit
time is obtained and the temperature is inferred and used to correct the
torsional data.

.
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3. INITIAL DEVELOPMl:NT AND EVALUATION
' .- . -

13 demonstrated the-12'

-The previous. work by Arave and Lynnworth
potential for application of the ultrasonic wavegygd_I5 technique to power-
reactor i strumentation. - Prior' work done at ORNL identified a.

number of specific questions pertaining to the instrumentation needs, _
the physical structure, ~ and the environment of a nuclear reactor.

These questions involve both the problems of acoustic generation and
propagation of ultrasound in waveguides (basic problems), and those being
concerned with a particular application (engineering problems). The
initial concerns in each category will be . discussed below, and the
secondary problems that arose will be examined.

3.1 TEST EQUIPMENT

To carry out the tests necessary for a prototype instrument, means
for optimum stress-pulse generation and accurate time-interval measure-
ment needed study. A pulser for generating the acoustic stress waves in
the magnetostrictive -material was designed and built. Capable Hof pro-*

ducing pulses up to 20 A with variable widths from 2' to .20 ps, the pulser
was able to saturate magnetically the transducer, material. Thus the
maximum possible ' stress pulses were generated in both the nickel tubing-

and in the iron-cobalt wire used in the tests. A pick-up coil of about
1000 turns provided adequate signal strength (up to 2 V) for observation
by an oscilloscope and for processing by the electronics. The length of
the coils and width of the excitation pulse were parameters used to
adjust the stress pulse width for adnimum dispersion and maximum
amplitude.

Tests were carried out with either 1- 6-am iron-cobalt wire or 3.1-mm.

nickel tubing as the magnetostrictive transducer. The sensor portion was

typically, but not limited to, 1. x 3-am 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 produced
by either notching the sensor or adding material at desired places along
- its length.

An electronic control device- was built to allow variable blanking to

follow a particular echo as its position in time changed due to density
and temperature ' effects. Typical torsional echoes in a flat, zoned probe*

consist of multiple peaks forming a dispersive-type pattern due to
coupling to flexural vibrational modes of the flat ribbon. The interval
between adjacent ' peaks is less than the entire time the pattern will*

change upon immersion in water or due to temperature effects. Thus, a
fixed-interval device, which effectively sets a window around the echo of
interest, would be useless.

7

.

-- ,- 4 . . - _ -m...- . _-,,,._----,,,,.-E -- m.,-~,----,....,,,.m.,--.,m,-. --.,_,_,,m..,.m
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A more serious problem with the commercial instrument concerned its
basic mode of signal detection: zero crossing of the echo signal follow- ,

ing an echo peak. For a laboratory device in an ideal environment with
no noise and no interfering echoes due to other modes of excitation or-
secondary reflections, this may be satisfactory.- In a device based on .

selecting the zero crossing of the signal, any small peak which appears
close by can produce large errors. Even more serious is noise due to
mechanical' vibrations and shocks; here the amplitudes are as much as 2 to
10 times the-signal. Thus, errors of hundreds of percent would be, the
, rule with the commercial instrument under real-life reactor conditions

even if the signal were strongly filtered.

Figure i shows how the functions described above were integrated
into a complete -instrument for measuring the level, density, and temper-
ature of a test-liquid. The measurement sequence was controlled by the
microcomputer, which received' parameters from and passed time-interval
measurements to the operator's computer for logging and display purposes.
' An oscilloscope was used to monitor the wave forms and to aske more
precise measurements than allowed by the microcomputer's 4-MHz clock
frequency.

The electronics were designed to fulfill several functions:
accurate determination of the echo peak position, precise control of
timers gated by the peak-position information, easy adjustment of the .

enable window position, . and interfacing to a controlling computer.

.

3.2 ENGINEERING PROBLEMS

This section examines such problems as . electrical signal propagation
and acoustic pulse propagation over distances common to remote nuclear
instrumentation; behavior of the sensor in radiation fields, flowing-
water, and voids ; and concerns about mounting the sensor and transducer
relating to the problem of nuclear vessel penetration. Each of these
topics will be discussed in turn.

3.2.1 Propagation of Electrical Signals

The electrical signals required for remote sensor operation need to
propagate in cables up to 100 m in length without significant losses.
In tests transmitting the high-current excitation pulse and receiving
the echo pulse over 120 m of cable, the observed loss was less than
10 db. This is acceptable since the signal-to-noise ratio remained
larger than 20.

.

3.2.2 Acoustic Attenuation
.

The total sensor length, including any necessary acoustic lead-in
from the transducer section, will be comparable to the vertical dimen-e

|
sions of a reactor vessel, so attenuation in the waveguide becomes an
important consideration. Tests on a rectangular waveguide with a 2:1

|

. _ . . - .__ _ . _ _ _ _ - _ _ _ - _ - _ _ ..____. -_ , . _ _ . _ _ . . _
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aspect ratio show that. acoustic echoes will have sufficient strength
- 'for' reliable processing by the electronics after reflection from the end .

- of a 25-m long probe. - Detailed ' measurements were made on a 13mm section.
- The measured attenuation coefficient was'11% per meter, indicating that |

~

Iacoustic. attenuation over reactor-scale distances will pose no problems. ..

Figure 2 depicts the data obtained in this attenuation . test. - The depar-,

4

tures from the expected exponential behavior are indicative of local.
variations in the material along its length.

,

3.2.3 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 small size of pump used in the tests.

During the axial flow with velocities varying from 0 to 5 m/s, the j
only noticeable effect on the level signal was a jitter of the echo peak !

in time and amplitude due to 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. The
torsional transit times showed variations up to 10% due to rapidly chang-

~ ing column height as the voids grew and collapsed. - These effects were
,

.

most noticeable when the void fraction was above 50%.;
!

I 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 configurations variations in the-

torsional transit times corresponding to actual level and density varia--

i tions. However, an additional and potentially serious effect was noted.
The lateral forces due to the flowing water and impulse forces when air

i

| was added to the stream would pinch the sensor between the impinging flow
I and the housing structure, thus blocking the transmission of the tor-
| sional wave. The result was a sensor which had am acoustic termination
i for the torsional mode at the point of restriction.

There are several ways to overcome this effect in a flowing-medium '

environment. The most obvious one is to divert the flow from the flati

! portion of the sensor, which is sensitive to lateral forces. If this

: solution were adopted, the level information provided by the probe would
then be collapsed-level and not give any indication of possible voids

! (boiling). However, an alternate possibility remains of designing the
i probe housing to break up the lateral forces while still allowing voids
|

formed outside 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 but not restricted. A probe with a star cross section'

i 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 larger

*

I force than the moving fluid could produce.
:.

I.,

4 , mm.r, -,m..,,-.m ,, -,,,,,,,~.w,_m-,cmm w m ,.,_m ._- -. m ..m_,_m. . - . . . _ . . . _ - - , , , , , - , , , - . -- ,
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Fig. 2. Acoustic attenuation in a stainless steel sensor.
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3.2.4 Material Fatigue

ISince the ultrasonic method is based on creating and propagating *

. stress pu ses in various' materials, the question of long-term aging duel

: to repeated stressing of the material may arise. Even though the |
stresses in question are well below the region of plastic deformation (at *

a few parts in 100,000), some cogcern has been expressed due to the
'

number of times (around 1.3 x 10 ) the sensor is to be stressed during
its useful lifetime.

Two tests were designed to study any possible ef fects of- self-
induced aging. One was a long-term test (lasting several months) in
which pulses ag a rate of 30 Hz excited a test probe, and another in
which 3.3 x 10 pulses were obtained in a week (equivalent to five years
of continuous operation). Neither test indicated any change-in the elas-
tic moduli of the materials (iron-cobalt alloy, annealed nickel tubing,
and 300 series' stainless steel) to within 0.5%. Stressing well within

the elastic deformation region of the material does not affect the~

material's elastic properties.
~

i

1

3.2.5 Radiation Damage

The sensor, in some cases, will pass through or alongside the
*

; reactor core. Thus, the amount of radiation damage may be significant.
1 To estimate the magnitude of the effect of radiation damage on the elas-

tic moduli and hence on the acoustic velocity, a 0.74- by 2.30-mm sensori

*

870 mm in length was placed next to and just outside the core of the Oak
Ridge Research Reactor (a 30-MW light-water {jsearch reactog*at ORNL).
The estimated thermal flux was around 5 x 10 neutrons /(cm s) at that
location. An acoustic lead consisting of a 1.59-am-dian, 7mm long'

i stainless steel wire with an iron-cobalt transducer at one end allowed
easy monitoring of the acoustic velocity in the sensor section. Measure
ments over one refuelit,g cycle show that radiation damage is indeed
present and increases tae elastic moduli (hardens the material). The
data indicate that the changes in elastic modulus are small (about 1%)
and saturate with a 1/e time of about 6.5 weeks. Extrapolation of these
data to a partienlar power reactor would require knowledge of the fast-,

neutron spectrum.
. .

,

3.2.6 Temperature Effects

The temperature behavior of a sensor requires calibration due to the
i combined effects of temperature on sensor length, density, and elastic

moduli (the dimensional change of the sensor's cross section is assumed *

I negligible). Two materials most likely used in a reactor application.
nickel and 300 series stainless steel, 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 , (8)

, ,

f

4
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where the coefficient A was found to be +0.0004 per. degree to within 10%
ifor both the. extensional and torsional waves over a range from 20 to.-
400*C. .The nickel tubing exhibited.a radical departure from the linear
case--even a rough fit required a cubic' es well. as a quadratic term. A
material behaving in such a fashion would, c f course, not be chosen for a,

temperature sensor.

Figure 3 shows the results of a temperature calibration of a stain-
less steel. sensor. The plot.shows the torsional delay as a function of
the extensional delay where both have been normalised to their values at
O'C. The temperature is shown as a parameter along the curve,- with 0*C
at the axes' intersection. Although 50*C steps are shown in the figure,
the actual data were obtained with increments of 20'C. The curve is a
second-degree fit through'the data points.

3.2.7 Restoration of Torsional Signal

Loss of torsional signal during a pressuriser test at high tempera-
tures was observed during an earlier study at ORNL. The residual mag-
notic. bias in the iron-cobalt alloy used for the transducer section
disappeared as the material was subjected to temperatures higher than

Since a convenient means of sensor installation in a PWR isLabout 250'C.
to place the transducer section within the pgessure boundary, this was a.

serious consideration. The Wiedemann effect indicated that this loss of

along the length of the rod,ygred and augmented by applying a de current
torsional bias could be reco

passing under both excitation and pick-up.

coils.

Subsequent tests, in which the entire transducer section was placed
in an oven, showed that the torsional signal could be maintained over the
entire PWR temperature range. Figure 4 shows the results of applying a
bias current to the rod. Note the approximate proportionality of the
signal amplitude to the bias current.

3.2.8 Method of Hessurement

Since the retentivity of nickel was found to be much less than that
of the iron-cobalt alloy, the asinuthal bias was also used when nickel
was the transducer material. When the transducer is near magnetic satu-
ration in the asinuthal direction, the generation of extensional waves is
greatly reduced, and vice versa. Thus the measurement cycle evolved into
a three-step process: turn on the torsional bias and make the torsional
measurement; switch to the extensions 1 bias (de cotts wound over or along
side of the pick-up coil) and make the extensional measurement; and*

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. Demagnetisation before the extensional cycle*

,

accomplishes little, but the residual magnetization lef t af ter that
~

measurement would permit a significant extensional signal to appear
:

>

!

k_
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during the subsequent torsional measurement, dividing the pulse energy
between the two modes and complicating the interpretation of the echo~

*
. . pattern.

*

- 3.2.9 Vessel Penetration
*

Various configurations .for isolating the transducer section from the
harsh conditions existing in the-interior of a PWR have been examined. 3

Not only must the requirements of PWR vessel penetration be taken into
account, but the transmission characteristics of acoustic signals across
possible pressure barriers also must be considered.

The possibilities' fall into two broad categories: the transducer
.

,
located inside and outside the pressure boundary. The advantage of the

! first is little or no acoustic loss from transmission across containment
boundaries, while the second allows easier access to the transducer and
insures -isolation of the associated coils and electrical leads from the
erosive high-temperature steam environment.- Several methods have been :
tested and determined to be compatible with reactor operating conditions.

3.3 BASIC ACOUSTIC PROBLEMS .

There are several unanswered questions in the literature on ultra- i
'sonic waveguides used for level and density measurements. The' assumed'

*

linear relationship of transit time versus density breaks down when the
;

j density of the medium is no longer much smaller than that of the probe or
| when the cross section of the waveguide is no longer rectangular in

shape. A rederived formula for f containing the inertia of the fluid'

i moved by the sensor was obtained by considering the contribution to the
: " inertial" term in Eq. 1. Slowing of the torsional wave probably

;involves effects such as drag, complex fluid motions, and effects of
! nearby objects. Data obtained with a finned probe which had an easily

calculable drag coefficient did not show a strict proportionality to drag
; -

as the number of fins was increased. Thus any correct theoretical
j expression of the velocity of torsional acoustic propagation in
} arbitrarily shaped 'waveguides will probably be difficult to obtain.

i
i

i
The choice of sensor shape for a given application then remains an

j empirical problem, with only a few heuristical observations about
| torsional shape constants, density ratios, and drag coefficients to guide
| development.

*
i

{
The earlier studies at ORNL identified another potential problem-- ,

gross distortion of the echoes was observed when the sensor was operated
; at high temperatures. The effect was identified as due to dispersion
,

which caused the echo signal to spread out in time until its position was .

uncertain. When separate excitation and pick-up coils were used to
! provide better coupling to the magnetostrictive rod, the lengths of both

4

i
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coils and the' width of:the' excitation pulse were' matched dimensions of-
the rod. ; haring subsequent -temperature - tests, the - echo pulses did not.

" change shape over the entire range of 20 to 650*C.
,

*1 .

: The added complication of temperature and density variation of the
pulse echo's- shape and height would make the pattern-recognition algo-
rithms unwieldy. The current method is to estimate the location of the
echo based on the past history of the sensor, obtain an amplitude nor-

^ malization using the first echo (normally .from the junction of the round
acoustic lead and'the first sensor section), and look for.the ectio at the
expected ~ location in' amplitude and time.

3.3.1 Density and Level Relations

Since the only fluid of concern in this study is water, the density
calibration becomes one- of calibrating the probe for changes in level or~

immersion depth. The small departure of. the reactor coolant density from
unity due to temperature and pressure effects will be ignored here.

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. The effective value of f for the sensor is then empirically*

determined. Such a method ignores any possible variations in transit
time along the sensor due to local inhomogeneities in the material.
Since such variations are usually small, this method has an inaccuracy of*

less than 5%.

The more elaborate method consists of a multi-stepped immersion
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 interpo-
lation between calibration points. This method is used when highly
accurate values for density and level are desired.

Figure 5 shows the results of a calibration of a three-section
probe. Each of the three sections has a 'different slope due to the
different treatment the sensor received along its length during
fabrication. Immersion of the entire probe (first method) results in a :

calibration constant (f of Eq. 6) of 0.957, whereas the individual !
Isections have f values of 0.952, 0.959, and 0.958, respectively. The

worst-case error on using the composite calibration of 0.957 for all
three sections is 3% of full scale; for the individual sections via the
first method, the error is 2% maximum; and the error estimated from
using the calibration curve itself-(second method) is less than 1% of*

full scale of 720 mm.

A more careful analysis of Eq. 4 can be made as follows: The*

inertial term, PI, can be written to include the contribution of the
fluid which is proportional to the fluid density, p , and the fluidg
inertial contribution which will be denoted by I . Thusg

1

_
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p1 = pf f + p,1, (9)I

. is the expression to consider. For the case of no fluid, the velocity is

= YG J /p,I, , (10)* v

and with fluid

= YG J /(p Ig f + p,1,) . (11)v

Noting that the transit time is twice the length,1, divided by the
velocity, the expression for the time for a fully immersed probe is

o (1 + pf f p,I,)1/2 , (12)I/t=t

If the term I /p,1, is called a, a factor including thewhere t = 21/v . g
geometry and density of the probe and its coupling to the fluid, we
obtain

1 ft2 \ (13)p-1pg= I I.

(o )
Alternately, the expression for level of immersion, x, is given by

,

x = 1 |f \f \I- - 1 I/ Y1 + apf - 1 (14)
i

i,

(t j ( jo.

which considers the wave to travel in two different sections-one with no
fluid, and the other, of length x, surrounded by fluid. Such an analysis
is correct if it is assumed that the presence of the fluid around one

portion of the sensor does not influence the other portion; i.e., the
wavelength must be small compared to the sensor length and the resolution
desired.

Thus the density is a quadratic function of the transit times, while
the level is a linear function. The usual claim found in the literature
that the measured time (or equivalently, velocity) represents the inte-
grated or average density along the sensor length must be catefully
interpreted. It is the time that must be integrated, not the density.

Admittedly, the error is small for small densities and large values of K
(Eq. 5); but for the more sensitive probes it can be an appreciable
effect, up to 6% for a rectangular probe with a K of 0.2.

3.3.2 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 impaired. Losses due to curved waveguides

b
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fall into the two categories of dispersion and mode conversion. Even a j

spectra 11y pure wave will couple to other modes of propagation if an *
!initially straight waveguide is curved.

'In practice, it was found that as 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-deg bend. Such
results are consistent with the stress-strain behavior of the material in
that any bending through a significantly_ smaller radius would produce
measurable variations in the elastic moduli. Such variations in material
properties give rise to velocity variations as a function of path,
resulting in a typical dispersive medium. Since the optimum wavelength
of the torsional pulses in a 1- by 3-mm sensor is about 1 em, a radius of
curvature of 30 cm is permissible. This should impose no undue
restrictions on retrofitting a sensor to existing power plants.

3.3.3 Multisectioned Sensors

One of the strengths of the ultrasonic method is its ability to
provide multiple outputs: a profile of density and temperature along the
sensor length. To accomplish this, the sensor is divided into several
sections by introducing appropriate discontinuities such as notches or
added material (lumps). 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. In practice, a maximum of

perhaps 10 zones would be feasible in allowing the echoes to be ,

distinguished f rom the background and secondary peaks.

1
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4. CONCLUSIONS AND RECOMMENDATIONS

* We have conducted a detailed study of an ultrasonic waveguide
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 overcoming 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 important are 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 should concentrate

on nuclear qualification in a joint effort with a vendor and a utility
group.
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