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ADVANCED TWO-PHASE FLOW INSTRUMENTATION PROGRAM QUARTERLY
PROGRESS REPORT FOR JANUARY-MARCH 1982

J. E. Hardy G, N. Miller®
S. C., Rogers® W. L. Zabriskie®

ABSTRACI

The performance of the Westinghouse Reactor Vessel Level
Indicating System (RVLIS) was analyzed for a series of tests
in the Semiscale Test Facility., A summary of the results and
conclusions from those small-break simulation experiments is
presented. The Westinghouse RVLIS indicated a level measure
ment that was lower than the vessel coolant level for all
tests The RVLIS indication was at times higher than the ves
sel collapsed liquid level, IThis discrepancy was apparently
created by structural differences in the Semiscale facility
and a Westinghouse pressurized-watir reactor (PWR). Modifica
tions were made to Semiscale te better simulate a Westinghouse
PWR, and a retest was completed., The RVLIS measurements
showed much better agreemerc with the vessel collapsed liquid
level for this retest,

In addition to the RVLIS analysis, an ultrasonic sensor
is being developed to measure simultaneously the level, tem
perature, and density of the fluid in which it is immersed.
l'he sensor is a thin, rectangular stainless ste2:l ribbon,
which acts as a waveguide and is housed in a perforated tube.
The waveguide is coupled to a section of magnetostrictive
material, which is surrounded by a pair of magnetic-coil trans

ducers, These transducers are excited in an alternating se

quence to interroga.e¢ the sensor with both torsional ultra
sonic waves, using the Wiedemann effect, and extensional
ultrasonic waves, using the Joule effect. The measured tor
sional wave transit time is a function of the density, level,
nd temperature of the fluid surrounding the waveguide. The
measured extensional wave transit time i*s a function of the
temperature of the waveguide only., The seunsor is divided into
zones by the introduction of reflecting surfaces at measured
intervals along its length, Consequently, the transit times
from each reflecting surface can be analyzed to yield tempera
ture and density profile along the length of the sensor,
Improvements in acoustic wave dampener and transducer-sensor
interface designs enhance the compatibility of the probe with
high-temperature, high-radiation, water-steam environments and
increase the likelihood of survival 1ua such environments, De-
sign and breadboard of a high~voltage pulser for driving the
magnetic-coil transducer have resulted in an order of magni

tude increase in signal strength, This increased signal

1
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strength is needed to improve signal-to-noise ratio and to
ensure minimum attenuation of acoustic waves transmitted over
long waveguides, Preliminary design is in progress for a new
electronics package that will make multiple zone measurements
faster and more flexible, allow output data to be displayed in
real-time engineering units, and improve dynamic response,
resolution, and accuracy,

1. INTRODUCTION

A variety of special instruments for measurements in high-tempera-
ture, high-pressure two-phase flow has been developed at the Oak Ridge
National Laboratory (ORNL). One such recent activity has been the devel-
opment of an ultrasonic sensor to measure the water level in the reactor
vessel of a pressurized-water reactor (PWR).* Research has been sponsored
by the U.S, Nuclear Regulatory Commission (NRC) Division of Accident Eval-
uation as a part of an effort to develop and implement improved instrumen-
tation for use in PWRs to provide an unambiguous indication of the ade-
quacy of core cooling., This advanced instrumentation must survive acci-
dent conditions and provide indications useful for postaccident analysis;
it must also function properly under both natural- and forced-convection
flow conditions.? Motivation for this effort stems from analyses of the
accident at the Three Mile Island (TMI) nuclear power plauni, during which
a condition of low water level and inadequate core cooling was not recog-
nized for an extended period, because no direct indication of water level
in the reactor vessel existed,? Several concepts for satisfying these
requirements have been proposed and are under development at ORNL and
elsewhere. Continuing progress in the development of the ultrasonic sen
sor at ORNL has led to improved design and accuracy.

The ultrasonic level sensor is a promising long-term solution for
monitoring core cooling adequacy, hecause it can display temperature and
density profiles in addition to collapsed liquid and froth levels. Corre-
lation of these outputs with those from other plant sensors would provide
a self-checking capability for the probe. The ultrasonic sensor provides
information relative to level, temperature, and demsity in continuous
form, as opposed to sensors that simply indicate full or other discrete
level points.*,* Compatibility with current reactor designs and the abil-
ity to perform under both normal reactor operating conditions (340°C, 17.2
MPa) and accident conditions are realized by the simple, all-metal con-
struction of the sensor and by isolation of the transducer from the harsh
environment of the reactor core, The remote lccation of electronics and
absence of moving parts inside the reactor vessel make tae probe very
reliable and minimize maintenance requirements.

A measurement system was developed by Westinghouse to monitor in-
vessel coolant levels by means of differential pressure (dP) cells cover-
ing selected ranges. This Reactor Vessel Level Indicating System (RVLIS)
and its basic requirements and components were described previously.*
Evaluation of the performance of the RVLIS for the u,,er-head injection
(UHI) series (S UT-3, S UT-6, and S-UT-7) has been reported earlier.’.* A



summary of the results for all the experiments, which included four UHI
tests, three natural-circulation tests, a system time-response test, and

one intermediate-break test is presented.
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The noncircular geometry of the waveguide (quantified by K) allows cou
pling of imertia from the surrounding fluid to the waveguide. An addi
tional inertia term caused by this coupling increases the effective in
ertia of the waveguide, thereby decreasing the torsional wave velocity
(Eq. (1)]. '

Ihe characteristic impedances as seen by an extensional wave and by a
torsional wave are given by /e psveA and l‘ = ps\(l respectively, where

A is the cross—sectional area and J is the cross-sectional polar moment of
inertia of the waveguide. The partial reflection of an incident wave at a
boundary of the waveguide depends on the impedance match of adjacent
sides, The reflection coefficient at the interface between two regions
for a particular wave mode is given by

(z, - 2,)/(Z,

Attenuation of the amplitude of an acoustic pulse results from the partial
transmission of the incident wave's energy to an adjacent medium and from
internal absorption losses,

A traveling acoustic wave pulse contains a broad, symmetrical spec-
trum of frequ ncies about a center frequency f . The relationship be
tween the wavelength A, frequency f, and vcluthy v of the traveling wave
is expressed by A = v/f, Dispersion, or the dependency of velocity on
frequency, causes the pulse shape to spread out in time into many half
cycles of pulse amplitude, an effect known as chirping. For dispersion-
less propagation, the ratio of waveguide diameter or width to wavelength
must be kept below a critical value.*? Typically, this value is 1:8,

Principle of Operation

l'he operation of the ultrasonic probe developed at ORNL for measuring
the level, temperature, and density of the fluid in which it is immersed
is based on the principles outlined in the previous section., The complete
system consists of a sensor, a transducer, signal conditioning electron
ics, and a microcomputer (Fig. 1). The sensor is a rectangular waveguide
housed in a perforated tube and coupled to a transducer by a lead-in wave
guide through a transducer-sensor interface. The transducer consists of a
1.6-mmdiam section of magnetostrictive material surrounded by a pair of
coils., The transducer is terminated by a back-length waveguide, which is
fed into an impedance-matching acoustic wave dampener. The transducer
coils are excited by the signal conditioning electronics, which both
transmit and receive the signal pulses to provide data to the microcompu
ter for processing.,

The electronics provide current pulses to each coil in an alternat
ing sequence to launch extensional wave and torsional wave pnlses in the
magnetostrictive rod in each direction, The end echoes from the back
length are dampened so as not to interfere with the signals from the sem
sor., The forward-launched signals propagate in the waveguide through the
transducer-sensor interface along the lead-in to the sensor, Incident
waves are partially reflected at the interface of the lead-in and sensor,




Ultrasonic level detector system design,

at the sensor termination, and at any notches used to mark the zones along
the length of the sensor; reflected pulses travel back to the transducer

coils, I'here, they are converted to electrical signals, received by the
signal conditicning electronics, and used to measure the round trip tran

sit time of 1 wave in the sensor, The measured torsional transit time
is a funct density, level, and temperature of the surrounding fluid.
Ihe measure >xtensional transit time is a function of the temperature
component ¢ torsional signal, These signals are statistically sam
pled by the microcomputer and processed using algorithms that output
level, temperature, and density,

Dampener

ade acoustic wave dampener has been developed to el imi

back end reflections of torsional and extemnsional waves

¢. Dampening prevents these spurious echoes from inter
fering witl ls of interest in the echo detection electronics, By the
elimination of reverberations from the back-length termination, the pulse
repetition rate may be increased. This increases the amount of informa
tion that can be gathered and improves time correlations between the tor
sional and extensional mode signals., Application of a dampener rather
than a long back length (which causes back end reflections to return after
the sensor echoes) results in the reduction of the probe length by more
than a factor of two. This will facilitate installation by keeping the
probe within dimensiona. constraints of current reactor designs,

Figure 2(a) i1llustrates the basic design of the dampener., The damp

ener consists of stainless steel wool that surrounds the waveguide and is

sandwiched between two stainless steel brackets. Support screws may be
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Fig., 2. Basic design of (a) acoustic wave dampener showing torsional
signal (b) with dampener and (c¢) without dampener,

tightened to compress the stainless steel wool against the waveguide,

This can be used to effectively tune the dampener until there is an imped-
ance match between the dampener and the waveguide, allowing most of the
acoustic wave energy to pass into the dampener from the waveguide. High
internal absorption losses resulting from the inhomogeneous nature of the
steel wool causes the acoustic waves to be greatly attenuated, An example
of a torsional mode pulse train that includes end reflections is shown in
Fig. 2(¢). Figure 2(b) is the same signal with all the echoes, except
those of interest, removed by the dampener,

2.4 Transducer-Sensor Interface

A disk-type waveguide penetration, which could isolate the probe's
transducer from the sensor while allowing acoustic waves to pass between
them, was designed by the authors and L. C., Lynnworth of Panametrics, Inc,
Development of the design details and actual fabrication of the interface
were carried out by Panametrics, and the interface was subsequently pur-
chased by ORNL and installed on the probe. The interface protects the



transducer from the high-temperature, high-pressure water-steam environ-
ment inside the reactor vessel and aliows the magnetostrictive material to
remain below the critical temperature necessary for the survival of the
transducer (the magnetic bias of the magnetostrictive material vanishes at
~260°C), The interface is a 1.6-mm thick disk that is machined to 0,13 mm
at its center where an enlarged section of waveguide passes through [Fig.
3(a)].

This geometry makes the waveguide look massive in comparison with the
disk, thus nearly matching their respective impedances, The reflection
coefficient R is therefore small enough at the disk to allov transmission
of most of the acoustic wave energy through the seal,

Figures 3(b) and 3(c) are oscillograms of extensional and torsional
waves that were launched in a waveguide using the interface described in
Fig., 3(a). Extensional waves are transmitted through the seal with vir-
tually no reflections at the seal. Even though some acoustic energy of
the torsional wave is reflected by the seal, an adequate amount of energy
is transmitted., Some dispersion of the signal pulse is present in the tor-
sional waves because of the large diameter of the waveguide at the disk.
Continued development will address this problem,
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Fig. 3. Using the (a) interface of transducer and sensor, (b) exten-
sional waves and (c) torsional waves were launched in a waveguide.



An alternative solution to the transducer-sensor interface problem
may be to use a long, narrow restriction surrounding that section of wave-
guide. This restriction would reduce heat and moisture convection to the
transducer without interfering with acoustic wave transmission because
this interface would not physically contact the waveguide.

23 ectro esi

Signal levels in the sensor are of particular interest for reactor
vessel applications, High-energy acoustic signals are needed to minimize
attenuation of acoustic waves transmitted over long waveguides, to offset
the accumulative effect of partial energy reflection at an increased num
ber of notches, and to maintain signal detectability in the presence of
high noise levels found in a reactor vessel. Recent laboratory tests have
shown that the acoustic signal amplitude can be increased significantly by
using a more powerful drive circuit., For a 1.6-mmdiam waveguide, 12-mV
peak-to-peak signal levels are obtained by using the 20~V dc¢ drive output
of the Panametrics Panatherm [Fig. 4(a)]. In Fig. 4(b), signal levels in
the same waveguide approach 1.2 V peak-to-peak when a specially designed
300~V dc electronic drive circuit is vsed, Figure 4(c) shows 0.,3-V peak-
to-peak signal produced in a 3.2-mm diam waveguide by the 300~V dc drive,.
For larger ~aveguide diameters, lower cperating frequencies are needed to
prevent dispersion and reduce attenuation caused by the establishment of
standing waves in the waveguide.

Preliminary design of a new, complete electronics package has begun,
The existing design philosophy uses three levels of operation: (1) hard-
wired circuits for signal generation and detection; (2) microprogrammed
controller for direct control of these circuits and their associated high-
speed timing components; and (3) embedded microcomputer for controller
interaction, data acquisition, processing, and display; and (4) operztor
and peripheral interface. The hardwired components include the high-
voltage pulser (previously mentioned); pulser drive and power supply re-
ceiver; pulser/receiver isolation switch, multiplexer, and echo amplifier;
detector, blanking, and inteival timer, The controller will sequence
through a microprogram (firmware) to control interaction between various
high-speed components such as blanking and interval timer and to manage
flow of data between these components and the microcomputer through a
buffer, By shifting the burden of high-speed control from the microcom—
puter to the microprogrammed controller, a medium speed microcomputer may
be used while maintaining flexibility in firmware, Speed is not compro-
mised because the microcomputer can process data and drive other inter-
faces in parallel with the controller operation,

A primary candidate for the microcomputer is a single-board Z80-based
computer manufactured by R, W, Electronics. This computer will run both
8080/8085 and Z80 programs and includes 72 parallel input/output (I1/0)
lines, keyboard controller, 12K EPROM, 2K RAM, 8 16-bit counter-timer
channels, 2 serial I/O ports, and a high-speed arithmetic processor,
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3. EVALUATION OF THE WESTINGHOUSE RVLIS

The Westinghouse KVLIS monitors the inmvessel liquid level by means
of dP measurements, The Westinghouse RVLIS consisted of three dP cells
with three pressure tap locations on the vessel: vessel top, hot leg, and
vessel bottom., The three possible measurement spans were

1., from the vessel top to the hot leg, the upper-head sencor (WUPHLV);

2., from the vessel top to the bottom of the vessel level, the vessel
level (WVESLV); and

3. from the bottom of the vessel to the top, a dynamic measurement for
when coolant pumps are operating (WDVNLV).

The effectiveness of the RVLIS in ronitoring in-vessel coolant levels
was judged by comparison of the RVLIS data with data from a combination of
Semiscale instruments that measure test vessel fluid density, flow, fluid
temperatures, and dP over selected spans.

The definitions of two terms should be clarified., Collapsed liquid
level is an equivalent water level in the vessel if all voids are col-
lapsed (measured by a dP cell). The froth level is defined as the level
at which an inflection occurs on a densitometer curve with the density
decreasing sharply to a steam value,.

The Westinghouse RVLIS was installed at Semiscale, and its perfor-
mance was evaluated for the tests listed in Table 1. The RVLIS perfor
mance is cvaluated in detail for each test in Refs, 7, 8, and 13, Only
the conclusions will be presented in this section,

The conclusions of the analysis of the RVLIS performance are

1. In S-UT-3 and S-UT-6 tests the RVLIS indicated a lower level than
the two-phase froth level. However, the RVLIS indications were as much as
200 c¢cm above the vessel collapsed liquid level at times during the tests,
This discrepancy was apparently related to the structural differences be-
tween the upper internals in Semiscale and a Westinghouse PWR. [Modif+-
cations were made to the Semiscale facility to better simulate the flow
distribution of a Westinghouse PWR. A repeat test S-UT-8 was conducted
(see conclusion 4)].

2. In the S-UT-7 test (UHI was used) the RVLIS measurement agreed
well with the vessel collapsed liquid level, and the RVLIS level was well
below the two-phase froth level.

3. The natural-circulation tests S-NC-2B, S~NC-3, and S-NC-8B re-
sults showed that the level indication by the RVLIS agreed well with the
vessel collapsed ligquid level and was always lower than the vessel two-
phase froth level.

4, In S-UT-8 (a repeat of S~ UT-6) the agreement between the RVLIS
indication and the vessel collapsed liquid level was much improved over
$-UT-3 and S-UT-6. The difference was reduced from as much as 200 c¢m to
only ~30 cm for S~-UT-8. The test results indicated that the modifications
performed on the Semiscale facility enabled it to better simulate a West-
inghouse PWR and, with the modifications, the RVLIS performed adequately,

5. The time-response test confirmed expected values derived from
ORNL-developed dP system response equations and indicated that the RVLIS
was fast enough for liquid-level detection,



Semiscale tests with Westinghouse RVLIS

References

2-1/2% Cold—leg break
5% Cold-leg break
5% Cold-leg break with UHI

Natural-circulation, single

»

two-phase. reflux
Natural-circulation, two-phase
NC-8 Natural-circulation, reflux

Ul Repeat of S~ UT-é with modified
guide tube

IB 100% Cold-leg break, survival
test for RVLIS

SC-WSPT-2( Frequency response test
“NOTEF Data for analysis were obtained from NRC Data
Benk via phone line hookup.

Informal transmission of data from W, W, Tingle (Idaho
National Engineering Laboratory) to G. N, Miller (ORNL).

The Westinghouse RVLIS survived an intermediate-break test

and was able to produce trending information after the blowdown,

the tests at Semiscale the RVLIS did not produce any measurements
that were ambiguous as to the coolant level. The RVLIS does not mea,ure
the cooleant level but rather the collapsed liquid level, In all the test
ing at Semiscale the collapsed liquid level was lower than or equal to the
coolant (two-phase froth) level, This condition is expected to be true
for PWRs.,
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