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Calibrating a Large Slab Vessel: A Battle of the Bulge

Slab tanks (critically-safe-by-geometry vessels) were
proposed for the storage of concentrated, highly-enriched
uranium solution in the design of the Fuel Processing
Restoration (FPR) Facility at the Idaho Chemical Processing
Plant (ICPP). ICPP accountability personnel had prior
measurement experience with cylindrical--including annular--
vessels and therefore resisted the installation of slab

tanks. The design engineers, however, felt that annular
vessels would consume too much cell space and consequently
were too expensive. Each group agreed that both vessels
mixed equally well but disagreed over the consequences of
vessel expansion.

Three types of vessel expansion were identified: elastic
deflection, thermal expansion and tin-canning. Elastic
deflection is the gradual expansion of the vessel walls
resulting from an increased weight of contained solution.
All vessels exhibit some elastic deflection, but the
expansion of cylindrical (including annular) vessels is
usually negligible and is therefore ignored in ICPP
accountability measurements. The flat walls of large slab
vessels, however, are prone to elastic deflection and
consequently are joined together by internal pins (stay
bolts) and are supported externally by braces. In spite of
these restraints, slab tanks usually experience some
deflection. Design engineers recognize this but often
contend that the wall deflection can be quantified through
calibrating the vessel with fluids of differing densities.

Thermal expansion is the change in vessel volume resulting
from a change in temperature, the correct modeling of which
has been debated by the safeguards community. ICPP
personnel believe that the unconstrained walls of
cylindrical (including annular) vessels respond to changes
in temperature as documented in ANSI N15.19-1989 (American
N6_tional Standard for Nuclear Materials Control--Volume

Calibration Techniques). As stated, slab vessels usually
have both internal and external structures for restricting
elastic deflection, but these constraints may also restrict
thermal expansion and may redistribute heat such that the
models for thermal expansion in ANSI N15.19 are
inappropriate.

Tin-canning is a sudden--and perhaps capricious--shifting of
the vessel wall from its empty, stable position (either
bowed-in or bowed-out) to the opposite position as the

vessel is filled. Tin-canning is probably a function of MAS_B
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both temperature and solution density and is perhaps the
most intractable of the three phenomena to model. The
difficulty is in predicting the precise conditions required
for triggering the rapid change.

Currently, measurements of bulk mass in ICPP annular vessels
have standard deviations on the order of 0.2%, or less.
ICPP personnel felt that their inexperience with the
aforementioned expansions would prevent them from attaining
comparable precision with slab tanks. To help assess the
measurement accuracy of slab vessels, a full-scale mockup of
those proposed for the FPR Facility was installed for test
calibrations. These calibrations were designed to detect
vessel expansion under differing conditions.

Three series of calibrations were originally planned: water
at ambient temperature, water at an elevated temperature,
and aluminum nitrate at ambient temperature. The
calibration using water at ambient temperature was to form a
basis or precedent for comparison with subsequent
calibrations. The calibration using water at an elevated
temperature was to determine whether the obse_led thermal
expansion was consistent with ANSI N15.19. The calibration
using aluminum nitrate at ambient temperature was to
determine the extent of elastic deflection or the presence
of tin-canning as the vessel was filled with a denser
solution.

This paper will compare the base-line, water calibrations
with those of the higher-density aluminum nitrate, and any
observed deflection will be described using vessel
calibration techniques. The calibration using water at an
elevated temperature was not performed due to the difficulty
of maintaining the elevated temperature. This calibration
probably will not be conducted because the construction of
the FPR Facility has been halted.

The full-scale mockup is 2.5 inches thick by 11.5 feet wide
by 31.5 feet high, giving a volume of approximately 1960
liters. The vessel bottom is sloped 15 degrees to enable
solids removal. The walls are constructed of 0.25 inch

stainless steel and are joined together by 96 internal
spacer pins (stay bolts). In addition, the walls are
supported externally by braces for prevention of wall
deflection.

Three base-line calibration runs were conducted using the
guidance in ANSI N15.19. That is, known volumes of
demineralized water were added to the slab tank via a

calibrated forty-liter prover (volumetric standard). Forty-
nine prover additions were required to fill the vessel to
its 1960 liter capacity. For each volume addition, the
differential pressure between the major and the reference
probe and the differential pressure between the minor and



the reference probe was measured using a high precision
pressure gauge. The temperature of the prover water and of
the cumulative water in the vessel were also measured.

For each volume addition, the heights of accumulated liquid
above the tips of the major and minor probes were computed.
These heights are primarily functions of the respective
differential pressures and the density of the calibration
fluid at the current temperature. Demineralized water has
been used successfully as the calibration fluid at the ICPP
because of its ready supply and because its density at
various temperatures is well characterized.

The computed heights and the cumulative water volume at the
observed temperatures were adjusted to the corresponding

i heights and volume at reference temperature (twenty-five
degrees Celsius at the ICPP). From these adjusted data, an
equation giving volume as a function of height above the
major probe was generated using least squares analysis. In
this analysis, cumulative volume was fit as a function of
both heights (major and minor probes) using a common slope
with dual intercepts. By fitting volume versus both
heights, twice as many points are available for estimating
the slope (the change in volume with respect to a unit
change in height). In the final calibration function,
however, only the height above the major probe is retained
as the independent variable.

The segmented curve of Figure I is a residual plot resulting
from the fit of the base-line data to a single, straight-
line segment. Here, the horizontal axis is the liquid
height in inches above the tip of the major probe. For each
height, the residual measures the difference between the
observed volume and that predicted by the fitted line. The
residuals of this plot have been standardized by dividing by _
their estimated standard deviation.

The systematic deviations of the observed from the predicted
volumes indicate that a single line is a crude calibration
function. In other words, these residuals show the
irregularity in the vessel cross sectional area; that is,
that changes in volume for equal changes in height are not
constant throughout the height of the vessel. These
residuals do, however, identify major segments (regions of
uniform change) and also illustrate the repeatability of the
calibrations. The overlapping residuals demonstrate that
the initial three water calibrations (at ambient
temperature) replicated very nicely.

To account for the irregularity in volume change (differing
changes in volume for equal changes in height), a more
precise function was fit to the calibration data by dividing
the data into regions of common slope, fitting a straight
line to the data of each, and then joining the fitted
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segments together. The standardized residuals to this
composite function are plotted in Figure II. Typically,
about ninety-five percent of the standardized residuals
should lie between plus and minus two, if the model is
correct and if the residuals are normally distributed. The
random and uniform scatter of these residuals imply that the
segmented function adequately fits the calibration data.
Consequently, this composite function became the benchmark
for comparison with future calibrations.

After completing the baseline calibrations, the aluminum
nitrate calibrations were conducted for comparison.
Specifically, this comparison was to identify differences in
volume for solutions of equal level but of differing
densities. It was conjectured that the increased weight of
the higher density aluminum nitrate would exert more
pressure against the vessel walls, causing them to deflect
(expand) more than they did for an equal level of water.
This increased deflection would be indicated by a greater
cumulative volume. For each prover addition, the change in
cumulative volume would be detected by first computing the
height of aluminum nitrate (major probe only), using this
height for predicting the corresponding volume from the
baseline calibration curve, and then comparing the predicted
volume with that accrued via the prover.

Prior to these subsequent calibrations, the aluminum nitrate
was added to the vessel from the shipping drums and
thoroughly mixed. The emptied drums were then refilled from
the vessel. The two calibration runs using aluminum nitrate
were performed in a manner analogous to those of the water.
That is, the slab tank was emptied,,the prover was
repetitively filled with aluminum nitrate (from the refilled
drums), and the known volumes of the denser solution were
added to the slab tank. For each addition, the solution
temperatures were recorded and the pressures were measured.

As with water, the heights of aluminum nitrate above the
tips of the bubbler probes are functions of the measured
differential pressures and the solution density at the
current temperature. Unfortunately, the density of aluminum
nitrate at different temperatures is not as well
characterized as that of water, partly because of the
differing molarities of aluminum nitrate. Fortunately,
though, the temperature of each prover addition was
consistently near eighteen degrees Celsius; and this,
together with the prior mixing, resulted in measured
densities (two per drum) that were consistently close to
1.35 g/ml. Consequently, the two aluminum nitrate
calibrations replicated quite well in spite of the unknown
density-temperature relationship.

The upper curve of Figure III, the overlapping triangles and
circles, shows the difference in cumulative volume (in



liters) between the aluminum nitrate and that predicted for

water at the same liquid level (in inches). Clearly, the

greater volume of aluminum nitrate for the same liquid
height indicates an increased deflection in the vessel wall.
The difference in volume at the vessel top is near forty

liters (approximately two percent of the total volume) _which

is clearly unacceptable from an accountability standpoint.
Because the change in volume is a gradual function of

increasing liquid level, the tin-canning phenomenon probably
did not occur. It might have been obse_zed with warmer or

denser solutions, however.

nl_r_ runs the engineerUpon completing the two aluminum '_-_te ,

performing the calibrations suspected that some of the

i observed deflection may have been permanent. That is, once
expanded, the walls may not have returned to their originalI

position even after the aluminum nitrate was emptied. This
assertion was tested by runninq a fourth water calibration

at ambient temperature. If no pe_nanent deflection
occurred, the fourth water calibration should replicate with

the original three; otherwise, an increased volume for the

same liquid level would be evident in a manner similar to
the aluminum nitrate.

The deviating curve of plus signs in Figure III shows that

the hypothesis of permanent deflection was correct. This
line shows the difference in volume between the fourth water

calibration and that predicted by the baseline calibration

curve. It indicates a steady increase up to approximately

half the vessel ]height; at which point, the change in volume

begins to level off. The conjecture is that the cumulative

weight of aluminum nitrate was great enough to have caused a

permanent deflection at the lower half of the vessel, while
the deflection of the upper half was only temporary.

This same result is shown in Figure IV in which the

residuals of a single-segment fit of all four water

calibrations are plotted. The residuals of the fourth

calibration continue to diverge from those of the other

three until near the half-way point; from ther_ on, the

difference is fairly constant.

These calibrations demonstrate that the wall expansion of

the slab tank mockup is a function of solution density.

This assessment is based upon vessel calibration techniques

and is rudimental, at best. Still to be differentiated is

the expansion caused by tin-canning as opposed to that of
elastic deflection. In addition, a determination as to when

any observed deflection is permanent or temporary must be

made, and the consequences of thermal expansion are yet to
be characterized.

Although exploratory, this study suggests that the volume of

a large slab vessel is a function of both solution level and
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density. It also infers that considerably more effort will
be required to calibrate large slab vessels for
accountability measurements. In all likelihood, several
calibrations with fluids of varying densities (and perhaps
temperatures) will be required; and a family of calibration
curves, one for each calibration fluid, must be generated
for each vessel. Even then, the volume measurement of a
process solution having a density different from those of
the calibration fluids will require extrapolation. In
contrast, the ICPP vessel measurement system using
cylindrical vessels has operated for years with one
calibration function per vessel and with demineralized water
as the sole calibration fluid.
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o Figure III
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DISCLAIMER

This report was prepared as an account of work sponsored-by an agency of the United States

Government. Neither the United States Government nor any agency th,_reof, nor any of their
employees, makes any warranty, expressor implied, or assumesany legal liability or responsi-
bility for the accuracy, completeness,or usefulnessof any information, apparatus, product, or
processdisclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specificcommercial product, process,or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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