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ABSTRACT

A safeguards verification technique is being developed for determining
whether process-liquid homogeneity has been achieved in process tanks and for
authenticating volume-measurement algorithms involving temperature correc-
tions. It is proposed that, in new designs for bulk-handling plants employing
automated process lines, bubbler probes and thermocouples be installed at
several heights in key accountability tanks. High-accuracy measurements of
density using an electromanometer can now be made which match or even exceed
analytical-laboratory accuracies. Together with regional determination of
tank temperatures, these measurements provide density, liquid-column weight
and temperature gradients over the fill range of the tank that can be used to
ascertain when the tank solution has reached equilibrium. Temperature-
correction algorithms can be authenticated by comparing the volumes obtained
from the several bubbler-probe liquid-height measurements, each based on
different amounts of liquid above and below the probe. The verification
technique is based on the automated electromanometer system developed by
Brookhaven National Laboratory (BNL). The IAEA has recently approved the
purchase of a stainless-steel tank equipped with multiple bubbler and thermo-
couple probes for installation in its Bulk Calibration Laboratory at IAEA
Headquarters, Vienna. The verification technique is scheduled for preliminary
trials in late 1987.

INTRODUCTION

An important part of International Atomic Energy Agency (IAEA) bulk-
handling-facility safeguards is the evaluation of the input and product
measurements to identify anomalous measurement results that may be due to
recording errors, sampling errors, measurement errors, or instrument malfunc-
tion. Very often the form of the nuclear material in these facilities (e.g.,
a reprocessing plant) is such that it does not lend itself to direct
re-measurement using IAEA owned and operated instruments.

*This work performed under the auspices of the U.S. Department of Energy,
Contract # DE-AC02-76CH00016.
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Strategies for identification of anomalies in bulk facilities usually
depend on the analysis of process data from several interdependent sources.
The process data can come either from follow-up activities or from an analysis
of other available inspection data. Because of the changing physical form of
the nuclear material in bulk-handling facilities, follow-up activities can be
very disruptive and the data may not be recoverable nor always sufficiently
definitive to establish the actual cause of the anomaly.

The availability of interdependent data in process tanks has been noted
in near-real-time accountancy studies and by process analysts. This paper
will describe the basis and implementation for an in-tank verification
technique for density and volume that is under test and evaluation by the
IAEA.

DENSITY MEASUREMENTS AND TEMPERATURE EFFECTS

Comparison of sample densities is a commonly used technique for verifying
process-solution homogeneity. A number of samples are drawn with a recir-
culating sampler from a tank being mixed and the sample densities are deter-
mined by laboratory measurements. Close agreement between the densities of
the samples is an indication that the nuclear-material concentrations in the
process solution have reached equilibrium. The determination of process-
solution homogeneity is especially critical for reprocessing input- and
product-storage tanks where nitric-acid additions are routinely made. The
homogenation involves a liquid of lower density which has been introduced on
top of the process solution.

High-accuracy pressure measurements of two bubbler probes of different
length can be used for determining the density of the liquid if the probe-
separation distance is known.

In a study conducted by the U.S. National Bureau of Standards, Jones et
al. [1980] show that in-tank determinations of the density of nuclear-process
solutions using a null-balance quartz bourdon-tube differential-pressure
electromanometer have accuracy comparable to the precision claimed for
laboratory determinations. For density measurements made at a temperature
different from the temperature of the solution in the tank, a significant
error is introduced if the relationship between the density of the particular
solution and the temperature is not. well known. Moreover, there is an error
associated with the sampling. Jones points out that in-tank determination of
the density eliminates one type of error and can be used to minimize the
other.

Suda et al. [1981] compare in-tank determinations of density measured
with a null-balance quartz bourdon-tube differential-pressure electromanometer
to laboratory-determined densities for several reprocessing campaigns. The
in-tank and laboratory densities were in good agreement at temperatures near
the nominal or reference value. Density differences increased as the tempera-
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ture differences from nominal increased. The in-tank densities at tempera-
tures significantly different from the reference were found to be in better
agreement with correlated analytical and process data than were the laboratory
densities.

Franssen [1984] reports on in-tank density measurements using a
null-balance quartz bourdon-tube differential-pressure electromanometer with
accuracies comparable to laboratory determinations, and notes that, because of
their timeliness, the results can be used for process decisions regarding tank
mixing and homogeneity of the solution in the tank. In particular, he
proposes that bundles of bubbler probes and additional thermocouples be
installed in process tanks for measuring the density in several regions of the
tank. On-line comparisons of the density measurements for different regions
in the tank can be used to verify that solution homogeneity, prior to
sampling, has been achieved.

Platzer et al. [1985] present results on in-tank density determination
using a null-balance quartz bourdon-tube differential-pressure electromano-
meter with accuracies on the order of 10"^.

Density data either enter into the calculation, or are correlated with
components of volume and concentration determinations for solutions. In-tank
techniques based on the dependency and high correlation of the density data
show promise in safeguards verification of reprocessing-plant input and
product measurements. The IAEA, in conjunction with several Member-State
support programs, has been evaluating volume-calibration and measurement-
verification techniques. On-line verification of solution homogeneity, prior
to sampling, and volume measurements are major safeguards objectives because,
in general, follow-up activities cannot be used to re-measure discrepant
chemical-assay or volume values.

TEMPERATURE EFFECTS AND VOLUME DETERMINATIONS

For high-accuracy determination, volume data must be corrected for
temperature effects. Unfortunately, there is no composite correction factor
that can be applied to the raw volume as is the case for density and liquid
height. The temperature effects associated with the probe, the tank, and the
liquid in the region below the probe are related to elements in the measure-
ment equation, and the temperature-correction factors must be applied to the
terms of the volume equation partitioned into these physical components.

Keisch and Suda [1980] present results from two thermal-expansion tests
that show the temperature-correction algorithm.is a function of the weight of
liquid above and below the bubbler probe, and that the temperature-correction
factors are specific to the terms of the volume-measurement equation.

An informal survey on the application of temperature-correction factors
shows that corrections factors at most facilities are limited to the thermal



expansion of the tank. Although only a few facility operators have general-
ized temperature-correction algorithms that have been developed on the basis
of thermal-expansion tests for their input and product tanks, it does not
necessarily follow that volume determinations at the other facilities are
significantly biased. This occurs because volume transfers are usually
restricted to linear sections of the tank, and because accountability tanks
are usually constructed with the major bubbler probe ending very close to the
bottom of the tank. In this case, the form of the measurement equation is
immaterial, and the temperature effect for the liquid in the region below the
probe is insignificant.

Virtually all of the volume and concentration components entering into
the determination of nuclear-material quantities in a process tank are
temperature dependent. Another objective of the in-tank technique is to
develop a verification method for authenticating volume-measurement algorithms
using density-probe measurements of liquid height.

Tests have been designed to demonstrate how the temperature-correction
algorithm can be applied to non-bottom probes and to tank regions requiring
the use of polynomial measurement equations for accurate representation.
Individual tank-temperature profiles for each probe can be obtained following
the thermal-expansion test procedures described by Keisch and Suda [1980].
Comparisons of height and volume determinations based on measurements having
different volumes of liquid above and below the bubbler probe can be used to
verify tank and solution expansions, which are used to evaluate the tempera-
ture-correction applications of various volume-measurement models.

Central to the implementation of the in-tank technique is a clear
understanding of the principle of bubbler-probe manometry and recent technical
advances in differential-pressure measurements.

PRINCIPLE OF BUBBLER-PROBE MANOMETRY

The widespread use of bubbler-probe manometry as a means of measuring
liquid height a>id density in tanks that are inaccessible to maintenance
procedures is testimony to the proven durability and good precision and
accuracy attainable with such systems. Bubbler-probe manometry is based on
the measurement of the differential pressure between the liquid and reference
probes. The pressure on the liquid probe is equal to the weight of the column
of liquid above the effective tip of the probe, whereas the pressure on the
reference probe is that of the air- in the vapor-head portion of the tank. The
pressure medium is a controlled flow of gas to the bubbler probes. A schematic
diagram of bubbler-probe manometry in a process, vessel is shown in Figure 1.

The gas source can be either the process-air supply available in most
'nuclear plants to operate pulsed columns and equipment such as pneumatically
powered switches, or a bottle of N2 gas. Purged air rotameters release a
constant flow of gas to the bubbler probes. Pressure on the supply side of



the rotameters typically ranges from 20 to 40 psi (290 to 580 kilopascals).
Air pressure on the bubbler-probe side of the rotameters varies with the
height and density of the liquid in the tank (e.g., from 0 to 10 psi; 145
kPa). The gas, which forms bubbles as it is released into the tank liquid,
rises to the surface and escapes from the tank through the off-gas system (not
shown here).

The volume of liquid in a process tank is given by the volume-measurement
equation, volume = A * H, where A is an expression for the cross-sectional
area of the tank, and H is the height of the column of liquid. The cross-sec-
tional area, a function of the tank geometry, is determined by calibrating the
tank with known quantities of liquid. The height of the liquid in the tank is
determined by measuring the differential pressure between the liquid- and
vapor-head probes in the tank.

Automated data collection, automated pneumatic scanning, and high-
accuracy null-balance pressure-gage measurements are key factors in the
improvement of manometry measurements. The safeguards-verification technique
described is based on the automated electromanometer system developed by
Brookhaven National Laboratory.

Suda [1979] described a fully automated bubbler-probe measurement system
using a null-balance quartz bourdon-tube differential-pressure gage and a
pneumatic scanner that cycles through the bubbler probes, comparing each in
turn with the vapor head. The principles here of averaging the oscillating
pressure data (oscillations caused by the forming and breaking away of
bubbles) collected ovar a period of several seconds, and of measuring each
probe pressure individually relative to the vapor-head presssure, have
improved the accuracy of bubbler-probe measurements by an order of magnitude.

PRINCIPLE OF THE MULTIPLE-PROBE-CORRELATION TECHNIQUE

A multiple-probe-correlation (MPC) technique for density and volume
determinations, based on the use of a null-balance quart2 bourdon-tube
differential-pressure electromanometer, is being evaluated in a coordinated
program under Member-State support programs for IAEA safeguards. A
multiple-probe tank has been designed and purchased by the Agency for the
demonstration of this technique. A schematic diagram of the MPC tank is shown
in Figure 2.

The major objectives of the multiple-probe-correlation study is to
demonstrate the applicability of consistency-check techniques of in-tank
density and volume measurements with other process and accountability data.

The multiple-probe-correlation technique for density measurements can be
used to compare densities at different liquid levels, thereby verifying the
homogeneity of the tank solution before samples are drawn. A schematic
drawing of the MPC approach for density is shown in Figure 3. The horizontal



lines illustrate how six probes, taken two at a time, result in ten different
density determinations.

Multiple-probe data can be used in establishing reference conditions for
the tank volume at the time of calibration, and the MPC technique for volume
measurements can be used to verify temperature-correction algorithms. A
schematic diagram of the MPC approach for volume is shown in Figure 4. In the
arrangement shown, each of the five volume determinations is based on a
different equation with different amounts of liquid above and below the probe
and different corrections for temperature.

EXPERIMENTAL DESIGN CONSIDERATIONS
FOR THE MULTIPLE-PROBE-CORRELATION (MPC) TECHNIQUE

To counter the effects of liquid-surface turbulence on the precision and
accuracy of the pressure measurements caused by all five bubbler probes
operating continuously, manual-setting rotameters (purged air-flow meters)
used at present will be replaced with ones that can be controlled by the
system computer. An added feature of this equipment is that the actual flow
rate can be remotely monitored and recorded as part of the inspection data.

Operation of the transmitting rotameters is similar to that of the
pneumatic scanner that cycles through the pneumatic ports and individually
measures each bubbler-probe pressure relative to the vapor-head pressure.

Preliminary trials are being conducted at the ENEA Laboratories,
Casaccia, Italy in the summer of 1987 to be followed by proof-of-principle/ap-
plication testing in 1988. These tests will include:

i) using innocuous solutions, demonstration of high-accuracy density
measurements and establishment of sensitivity factors for determining
when liquid homogeneity has been achieved, and

ii) using heated-solution data, evaluation of temperature-correction
algorithms by comparing the results of equations that are each based
on a probe with a different amount of liquid above and below the
bubbler probe.
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Figure 2. Schematic Diagram Showing Bubbler and
Temperature Probe Locations for MPC Techniques
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Figure 4. Schematic Diagram of MPC Techniques for Volume


