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PROOF OF PRINCIPLE REPORT FOR IN-TANK MOISTURE MONITORING
USING AN ACTIVE NEUTRON PROBE

EXECUTIVE SUMMARY

This document establishes the proof of principle for use of a neutron probe to measure
moisture concentrations in ferrocyanide waste tanks at the Hanford Site. Computer modeling
and experiments with a modified neutron probe have shown that neutron-based measurements
will provide accurate moisture determinations in Hanford Site ferrocyanide waste tanks.
Moisture measurement using neutron moderation and diffusion is an established and
extensively documented technology for the well logging industry. Sophisticated neutron
transport modeling and calibrations with known moisture concentrations have provided the
necessary developmental analyses and validations. Proof of principle was accomplished
using the existing in-tank neutron surveillance tool and its support equipment, A minor,
inexpensive hardware modification permitted extending the use of the existing probe to
moisture measurements. A limited moisture calibration was performed using the modified
in-tank neutron probe, and the results were used to adjust model parameters. Scan data from
three ferrocyanide tanks have been obtained using the modified in-tank neutron probe, and
interpretation of these scans is in progress. Modeling analyses and experimental test results
have provided information that will be used to develop a prototype neutron device for
improved in-tank moisture monitoring at the Hanford Site. Now a prototype device must be

assembled, tested, and fully calibrated in known moisture ferrocyanide waste simulants.
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PROOF OF PRINCIPLE REPORT FOR IN-TANK MOISTURE MONITORING
USING AN ACTIVE NEUTRON PROBE

1.0 SUMMARY

Moisture measurement using neutron diffusion is an established technology that uses a
neutron source and one or more neutron detectors. The thermal or epithermal neutrons
reaching a detector originate as fast neutrons from the source and are slowed or absorbed by
the medium. Because hydrogen atoms are the most effective at slowing neutrons, the
detector response is a strong function of the surrounding moisture concentration.

The Monte Carlo Neutron Photon (MCNP) mathematical neutron transport modeling code
has been used to predict the responses of neutron devices to changes in intrinsic device
design or in surrounding conditions, such as moisture concentration (LANL 1986).

A neutron probe currently monitors the interstitial liquid level in some waste tanks. Small
modifications, based upon model results, were implemented on the existing in-tank neutron
probe to improve its use as a moisture measurement device. An assessment of the moisture-
measuring capabilities of this device constitutes the major portion of the proof of principle of
an in-tank neutron diffusion-based moisture monitoring system.

A limited moisture calibration was performed using the modified in-tank neutron probe. The
measurements were made with the probe under controlled conditions, and the results were
used to adjust model parameters. Reasonable agreement between model predictions and
measured results was obtained.

Scan data of three ferrocyanide tanks have been obtained using the modified in-tank neutron
probe. Improved moisture measurements with reduced uncertainties may be achieved with
more complete calibrations, an improved device design, and with longer data collection time.
Interpretations of the scans relating the data to moisture concentrations is in progress.
Additional calibrations in more representative materials are needed for accurate
interpretations to be obtained from available data.

Modeling and experimental test results have provided information to be used in developing a
prototype neutron device for improved in-tank moisture monitoring at the Hanford Site. This
prototype device will include more than a single detector and will use epithermal detectors to
reduce the effects of strong thermal neutron absorbers in the surrounding media. The
spacings between the source and the detectors will be optimized for the desired moisture
concentration sensitivity and vertical resolution.

1-1
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2.0 BACKGROUND

2.1 CURRENT NEUTRON PROBE TANK SURVEILLANCE

For about 15 years, a neutron probe has been used at Hanford Site tank farms to determine
the air/liquid or interstitial liquid interface level (height) in the tanks. This measurement has
provided a means to monitor changes in the tank liquid level. A change in the level could
indicate a tank leak. Equipment and procedures to measure and obtain pertinent data are in
place. A neutron moisture concentration measurement probe will build on this background
of established surveillance activity and integrate it with the extensively developed
methodology used in well logging applications. The potential of using the current in-tank
probe for moisture measurement has been assessed, and recommendations for further study
and development have led to the current work (Crowe and Heer 1992).

2.2 LITERATURE REVIEW

Since the 1940’s, significant study and work using neutron tools for measuring moisture
concentrations in geophysical formations has been done. A large literature base describes the
technique of using neutron diffusion to measure moisture. The primary difference between
techniques discussed in this literature and those applicable to Hanford Site waste tanks is that
waste tank techniques must operate effectively in a high gamma radiation environment, and
they must account for material compositions and geometries that are tank-specific. Much of
the literature information can be applied effectively to the assessment of an in-tank neutron
diffusion-based moisture measurement technique.

2.2.1 Moisture Gauge and Neutron Log

The two primary neutron tools used in well logging for moisture measurement are the
moisture gauge and the neutron log. An excellent review and comparison of the methods,
applications, and sensitivities of these tools can be found in A Comparison of the Moisture
Gauge and the Neutron Log in Air-filled Holes (Hearst and Carlson 1993). Both methods for
the measurement of moisture concentration around wells are based upon neutron moderation
and diffusion. The first method, the moisture gauge, has a short source-to-detector spacing,
0 cm to 6 cm. At the shortest spacing (0 cm) the source is placed in a ring around the
detector. The response of a moisture gauge is characterized by an increase in detector
response with increasing moisture concentration of the surrounding medium. A thermal
neutron detector is usually employed in the moisture gauge. The second method, the neutron
log, often has two detectors with longer source-to-detector spacing (20 to 50 cm) that exhibit
a decreased response to increased moisture concentrations. In a neutron log, the detector

placed at the shorter spacing is used to correct the response of the more distant detector for
borehole effects.




WHC-EP-0695

In general, the neutron log is more sensitive to low moisture concentrations (below about

15 weight percent), while the moisture gauge is more sensitive to high moisture
concentrations (above about 25 weight percent). Because of its small vertical extent, the
moisture gauge exhibits better vertical spacial resolution to changes in the surrounding
media. The neutron log interrogates a larger vertical extent than the moisture gauge and a
greater radial extent. Typically, the neutron log interrogates a radius of about 30 cm, while
the moisture gauge interrogates a radius of only about 18 cm. These investigation distances
vary with the density, moisture content, and neutron absorber content of the surrounding
media.

2.2.2 Concerns About Measurements

The neutron log and the moisture gauge are affected by several characteristics of the
surrounding media (other than moisture concentration). The primary material properties that
may affect the tool’s response are the density, the presence of hydrogen other than in water,
and the presence of strong thermal neutron absorbers. The presence of liquid in the well
hole, not encountered in Hanford Site liquid observation wells (LOW), would strongly affect
the response of any neutron moisture measurement device.

Density variations in the surrounding media may change the apparent water content by about
10 volume percent per 1 g/cm® change in density (Hearst and Carlson 1993). Moisture
measurements may be corrected for density effects if the density of the surrounding media is
known. Density logging measurements are usually made using a gamma source and a
detector arrangement that measures the number of photons that backscatter from and diffuse
through the media to reach the detector(s) (Hearst and Nelson 1985). This method of
determining the density of tank materials would be very difficult to implement in the

100 Rad/h gamma fields present in some Hanford Site waste tanks. Core sample analyses
may provide useful density profile information about tank materials. The densities of tank
waste materials from prior samples have shown variations in the density of sludge on the
order of 0.5 g/cm’. If the density of the waste is known to +0.25 g/cm?’, the effect of
density uncertainty upon moisture concentration uncertainty will be smail.

The presence of hydrogen in materials other than water is not distinguishable from water-
bound hydrogen. It is possible to make corrections to the moisture measurement by
measuring this hydrogen content in samples or by using nuclear magnetic resonance
techniques (McKague et al. 1992). Hydrogen is not expected to be present in significant
quantity in most Hanford Site ferrocyanide tanks in any form other than water.

The effect of the presence of elements with a high thermal neutron absorption cross section
may be virtually eliminated by using a device with an epithermal neutron detector

(IAEA 1970). The presence of unknown and possibly varying concentrations of boron in the
installed LOWs requires that the detector be relatively insensitive to changing concentrations
of thermal neutron absorbers. Using an epithermal detector will decrease the detector
counting rate, thereby increasing the statistical uncertainty of a measurement over another
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measurement obtained with a thermal detector using identical counting times. The use of
epithermal detectors may also slightly decrease the sensitivity of the device to changing
moisture concentrations. Compensation may be made by using stronger sources or longer
counting times.

2.2.3 Pulsed Neutron Log

Often, a more accurate measure of the moisture concentration of the media may be obtained
using pulsed source devices instead of steady-state tools. Using pulsed source tools allows a
measurement technique that is more sensitive to changes in moisture content and less
sensitive to the surrounding matrix material. The detector response can also be gated in time
with respect to the pulse enabling separation of the borehole effects from the properties of
the formation (Mills et al. 1991). A measure of the thermal neutron absorber content of the
media sometimes can be made using a pulsed source system. Pulsed sources are also
beneficial because of the reduced dose received by those working with them, and because
they can be turned off. Pulsed source detector systems are much more complex and costly
than steady-state source systems.

2.2.4 Monte Carlo Modeling

Neutron transport Monte Carlo codes are used to accurately predict the response of nuclear
logging tools to various media, perturbations, and changes in tool design. Experiments show
that Monte Carlo codes can predict absolute detector counting rates to varied but well-known
materials to within an average of about 3 percent (Locke and Butler 1993). Real cost savings
are possible using computer models of the device. Tests have demonstrated that calibration
curves relating counting rates to moisture concentrations for a specific tool may be computed
and require a relatively small number of confirming test measurements (Goncalves

et al. 1992). With the availability of powerful computer workstations, many accurate
calculations may be performed instead of costly experiments to investigate detector responses
to changing conditions. ‘
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3.0 ASSESSMENT OF THE CURRENT NEUTRON PROBE
FOR MOISTURE MEASUREMENT '

3.1 DESCRIPTION OF THE SOURCE-DETECTOR SYSTEM

The current in-tank neutron probe was developed to help determine the interstitial liquid level
in the Hanford Site waste tanks. The probe consists of a 1.5 Ci AmBe neutron source and a
single boron-trifluoride (BF,) gas filled detector. The dimensions of the active region of the
detector are 20.5 cm length and 3.8 cm diameter. The boron in the gas is enriched to

96 percent '°B; the gas fill pressure in the detector is 25 cm Hg. The low fill pressure of the
detector combined with relatively low sensitivity to photons allows the tube to operate in the
high gamma fields (100 Rad/h) present in the waste tanks. The detector is also wrapped with
1.0 cm-thick lead to provide additional gamma shielding. BF, detectors are most sensitive to
neutrons to thermal energy. The current detector, which is not covered with a thermal
neutron absorber, is vsed as a thermal neutron detector. The source-detector arrangement is
designed so that the spacing between the source and detector can be changed easily by
connecting the source to the detector housing with a threaded spacer. With no spacer (source
extender), the distance from the center of the source to the center of the detector active
region is 18.3 cm. The active detector region is 19.8 cm long and has a diameter of 3.37
cm. A cross-sectional sketch of the detector deployed in a LOW (see Figure 3-1) identifies
the basic geometry of the current probe. The probe accesses the tank contents from within a
fiberglass LOW 7.62 cm ID to 8.89 cm outside diameter.

3.2 COMPARISON OF MCNP MODEL PREDICTIONS
AND EXPERIMENTAL TEST DATA

MCNP (Version 3XE), a sophisticated radiation transport code, has been used to model the
current neutron probe. This model allows the precise geometries, material compositions and
densities, and source strength and spectrum to be specified in the input description. The
code uses Monte Carlo techniques combines with a near-continuous energy treatment of
neutron cross section data to determine the results of neutron interactions. Neutron
importance-based geometry splitting with Russian Roulette is used as a variance reduction
technique to increase the calculational efficiency of the modeled problems (Soran

et al. 1990). The physics treatment of neutron interactions with hydrogen uses the S(«,8)
method for interaction with water-bound hydrogen for neutron energies below about 4 eV.
For higher incident neutron energies, a free gas model is employed in the calculation of
scattering from hydrogen.

3-1
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Figure 3-1. Sketch of Current In-Tank Neutron Probe Geometry.
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An initial calibration of the neutron probe for moisture concentration measurements was
performed as part of the proof of principle effort. This calibration effort is limited in that it
provides calibration curves for detector response (count rate) as a function of moisture
concentration for a non-infinite media consisting of CLEAN UP IV* sorbent outside of
aluminum and LOW casings. CLEAN UP 1V is a sedimentary opal clay processed and used
as a liquid sorbent. Information gained from measurements in the moisture standards
allowed the Westinghouse Hanford Company (WHC) to adjust unknown MCNP model input
parameters so the model may be applied to other similar media. Extended application of the
model to significantly different conditions or media is possible, but it may require further
model refinements. The extended application will require additional experimental validation.

On May 7, 1993, the measurements described below were taken in the moisture standards.
Data were obtained for at least four source-to-detector spacings at several heights in each
moisture standard. The standards consist of drums (314 L capacity) holding either water or a
moisture sorbent containing a controlled moisture concentration (see Figure 3-2). The total
moisture concentration of the sorbent is known only to about +2 weight percent. Although
the moisture content of the prepared sorbent drums was measured using a moisture analyzer,

*Trademark of Excel-Mineral Company, Inc., Goleta, California.
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Figure 3-2. Geometry of Limited Moisture Standards
Containing an Aluminum Casing.
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an unknown bound water content was probably not measured by the technique. The vendor
of the sorbent claims that bound water usually comprises about 2 to 4 weight percent of the
sorbent. The amount of bound, and therefore the total moisture in the sorbent, was one of
the larger unknowns in the conditions associated with the limited calibration measurements.

The probe was usually deployed in the standards through a section of fiberglass LOW.
Because only one LOW section was available for use, the standards (except for the water
barrel) were equipped with a 1/8-in. thick aluminum casing into which the LOW could be
inserted and removed. Four standards were used: one containing watér only; and three
containing sorbent with about 8, 17, or 32 weight percent water. The unbound moisture
content of the three sorbent-containing standards was measured using the moisture analyzer
on more than six samples from each standard. The lowest moisture content standard was
found to contain 5.66 + 0.31 weight percent unbound water. The next standard was found
to contain 14.79 + 0.22 weight percent unbound water, and the highest moisture content
standard contained 29.83 + 0.43 weight percent unbound water. Data were also obtained

for the probe placed in the water barrel without the LOW or aluminum casing surrounding
the probe.

The MCNP model required an input spectrum for the AmBe neutron source. Such a
chemical source does not produce a standard, defined neutron spectrum. Because no actual
spectrum measurement is available for our source, a spectrum obtained from the literature

3-3
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was used initially in our model (Kluge and Weise 1982). Figure 3-3 shows the comparison
of measured data with MCNP-calculated results for the neutron probe immersed in water for
several source-to-detector spacings. The reported uncertainty of the measured results are
indicative of the statistical error. The dashed line represents the MCNP results obtained
using the source spectrum from the literature, and the solid line represents the MCNP results
obtained after adjusting the input spectrum to better agree with the measured data.

Figure 3-4 shows the literature source spectrum and the adjusted source spectrum used to
obtain better agreement. This source spectrum adjustment may not be a unique way to
achieve the demonstrated agreement between model predictions and actual measurements.
The adjustment of the modeled source spectrum was the most reasonable method of adjusting
the model. The source strength was also varied to obtain a best fit to the measured data.
Although the source is known to contain 1.5 Ci of »!Am, the neutron yield from a chemical
source is not defined. Based upon comparisons of data and MCNP calculations, the source
was found to have a neutron yield of about 2.0*10° neutrons/second/Ci of *'Am. Other
unknowns associated with the current AmBe neutron source include source geometry, inner
encapsulation material and geometry, the ratio of americium atoms to beryllium atoms, and
the exact location of the source within its encapsulation. Our model assumes that the source
contains 1 americium atom for every 13 beryllium atoms, a typical ratio for this type of
source. The source is modeled at the center as defined by the outer encapsulation geometry.
The source volume is modeled as cylindrical, with height equal to twice the diameter. The
inner encapsulation is assumed to be tantalum. The effects of these unknowns upon model
predictions were investigated by parametric modeling studies. The location of the source
within its encapsulation seems to be the only parameter that strongly effects the predicted
tool response.

A sample of the fiberglass LOW section used in the standards was submitted to the WHC
Process Chemistry Laboratory for elemental analysis. The results of that analysis showed
that 8.1 weight percent B,0O, was present in the LOW glass, and that approximately

29 weight percent of the LOW composite was glass. The LOW manufacturer estimated that
the LOW glass contains 8 to 9 weight percent B,0; and that the glass comprises about

65 weight percent of the composite. A more accurate determination of the glass content of
the composite could be obtained (using a different laboratory technique) from another LOW
sample. To make a model determination of the glass content of the LOW, the calibration
data obtained for the LOW surrounded by water were modeled while adjusting the weight
percent glass in the composite. Figure 3-5 shows a comparison of the measured data and
MCNP calculations of the detector response for the neutron probe in a LOW surrounded by
water for different assumed weight percent glass in the LOW. The best agreement was
obtained between the measured data and the calculations for about 32 weight percent glass in
the composite. This is in reasonable agreement with the laboratory estimate.

Figure 3-6 shows a comparison of the data obtained for several source-to-detector spacings in
the three moisture concentration standards with corresponding MCNP calculations. The
three striped bands (labeled according to unbound moisture content) represent the uncertainty
introduced in the MCNP calculations by uncertainties in the bound moisture concentrations

3-4
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Figure 3-3. Comparison of Measured Values and MCNP Modeled Detector Responses
with the Probe Immersed in Water.
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Figure 3-5. Comparison of Measured Values and MCNP Modeled Detector
Responses with the Probe Inside a LOW Immersed in Water.
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Figure 3-6. Comparison of Measured Values and MCNP Modeled Detector
Responses with the Probe Deployed in Moisture Standards.
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and in the densities of the three prepared sorbents. Because the moisture standard drums are
not representative of infinite media at these low moisture concentrations and low densities,
the detector response for long extender lengths increases with increasing moisture content.
For these non-infinite media, it was necessary to model the moisture standard drums on
either side of the given measured drum and the concrete floor below the drums.

Data points are the measured values, and striped regions are the calculated uncertainty
bounds based upon moisture content.

The most probable explanation for the disagreement in Figure 3-6 is that the sorbent, a
natural sedimentary opal clay, contains trace amounts of strong neutron absorbers such as
chlorine, lithium, or boron. The current detector response is strongly affected by the
presence of strong neutron absorbers. The striped bands plotted in Figure 3-7 represent the
model predictions, revised from Figure 3-6, with 0.02 weight percent natural boron present
in the sorbent. Predicted tool responses are in excellent agreement with the measured data
for this postulated sorbent composition. The measured density of the sorbent (0.64 g/cm’) is
not within the range specified by the vendor (0.55 to 0.58 g/cm®). This may be indicative of
differences between the typical chemical composition supplied by the vendor and the true
composition. To more accurately benchmark the model, a better defined material with a
tightly controlled hydrogen content, density, and neutron absorber content may be required.

The moisture standard material composition contains a postulated 0.02 weight percent natural
boron component. Data points are the measured values, and striped regions are the
calculated uncertainty bounds based upon moisture content.

Figure 3-8 compares measured values and modeled detector responses for two source-to-
detector separations. The model results were obtained using a vendor-supplied sorbent
chemical composition and the best estimate of the total, bound and unbound, moisture
content of each standard.

Figure 3-9 shows the results of processing the data shown in Figure 3-8 by dividing both
measured and calculated responses for no extender cases by responses obtained with the
20.25 cm extender (38.6 cm source-to-detector spacing). It is important to notice that this
data processing leads to the cancellation of some types of systematic errors and to better
moisture resolution over a wider range of moisture contents. Although the individual
detector responses (see Figure 3-8) are not precisely predicted by the MCNP model
(probably because of trace neutron absorbers), the ratios of these responses agree quite well.
For an infinite medium, further improvement in the moisture resolution is expected.
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Figure 3-7. Comparison of Measured Values and MCNP Modeled Detector
Responses with the Probe Deployed in Moisture Standards.

| . ;//%// 2////, MCNP Calculated
3 1000 i M ///{ 7 —
i /////////////////
§ /////7//////////
w8714 7 e
///////////////////////////////////////W |
o ?;"////A”G&’///////////////////'////////////////f/////////f ]

Extender Length (om)

Figure 3-8. Comparison of Measured Values and MCNP Modeled Detector
Responses for Two Source-to-Detector Separations.
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Figure 3-9. Comparison of Measured and MCNP Modeled Response Ratios for
Two Source-to-Detector Separations (probe response with no extender
divided by that with a 20.25 cm extender).
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4.0 INTERPRETATION OF TANK SCANS

Scans have been obtained in three ferrocyanide Watch List tanks using the current in-tank
neutron probe for two source-to-detector spacings. These scans were obtained in tanks
241-BY-107, 241-BY-110, and 241-BY-111. Each of these tanks has been interim stabilized
and therefore contains little or no pumpable liquid. In order to relate the axial counting rates
observed in these scans to an axial moisture concentration profile, WHC modeled the probe
response to best estimate tank 241-BY-104 saltcake and sludge for different water
concentrations. The density used in the model was 1.6 g/cm® for the sludge and 1.7 g/cm?®
for the saltcake. To perform initial calculations, WHC used the calibration-adjusted MCNP
model and assumed that the LOW material composition was identical to that measured in the
laboratory. Initial model results for expected near-field {(no extender) count rates in high
moisture content sludge were about 30 percent below the average count ra.es observed in the
sludge region of all three tanks. For the sludge region of all three tanks, average count rates
observed in the scans for the near-field probe were between 2100 and 2500 counts per
second. As shown in Figure 4-1, the experimentally observed count rate for the zero
extender length (near-field) probe placed within the LOW surrounded by 100 percent water is
only 1616 + 3.7 counts per second. Using the same boron content LOW as in the
laboratory sample, there was no reasonable material that could be modeled around the LOW
to predict the high count rates observed in the scans. Passive neutron scans have been
obtained in several tanks without a neutron source attached to the detector; the background
counting rates due to gamma rays or spontaneous fission neutrons are usually less than 1
count per second.

.Figure 4-1. MCNP Predicted Near-Field Detector Response to Sludge
with 10 Weight Percent Borosilicate LOW Content.
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The most plausible solution explaining the scan results is to assume that the boron content of
the tank LOWs was less than that of the laboratory LOW section. To confirm this, WHC
took advantage of the scan data obtained in the riser/soil region of the scan. The LOW is
inserted into a 4-inch schedule 40 steel pipe through the soil into tanks 241-BY-110 and
241-BY-111 and through a 12-inch schedule 40 steel pipe into tank 241-BY-107. The probe
was modeled within the LOW in each of these risers for the two source-to-detector spacings.
The soil surrounding the risers was modeled using material information about the 241-T
Tank Farm backfill composition (Routson et al. 1979) and assuming 5 weight percent
moisture content and a bulk density of 1.85 g/cm®. This soil is comprised primarily of
diorite, basalt, and granite, each of which is primarily composed of silica oxide. The
borosilicate fiber content of the LOW was varied, beginning with the amount that gave best
agreement between modeled and measured results in the calibration. Table 4-1 measured
count rates for the two riser sizes for both the near- (no extender) and far-field (20.25 cm
extender) measurements. The model-predicted count rates for both the near- and far-field
results average within 2.7 percent of the average observed values when the LOW is modeled
with 10 weight percent borosilicate fiber in the LOW. The reported modeling results each
have a statistical uncertainty of less than 3 percent.

Table 4-1. Modeled Predicted Probe Count Rates Compared with Measured Count
Rates in the Riser/Soil Region.

Model Fiber 4-inch Riser 12-inch Riser
Content (wt%) Model (/s) | Measured (/s) | Model (/s) | Measured (/s)
near-field 10 1454 1992 792 744
32 ‘ 999 552
far-field 10 523 539 442 429
32 361 291

The model-predicted count rates are given for two different LOW borosilicate fiber
contents.

4.1 INTERPRETATION OF SLUDGE REGION DETECTOR RESPONSES

With data supporting the assertion that the LOW boron content in the scanned tanks is lower
than that found in the laboratory sample, WHC proceeded to model typical ferrocyanide
sludge containing different moisture concentrations. Actual sludge composition and density
are not well known. Figure 4-2 shows the calculated detector response of the near-field
(18.3 cm source-to-detector spacing) probe configuration to a 10 weight percent borosilicate
fiber LOW surrounded by tank 241-BY-104 sludge (density = 1.6 g/cm®) of different
moisture concentrations. A power law fit has been applied to the calculated data and seems
to be representative of the data over the range of interest. The error bar displayed for each
calculated value is representative of the stochastic uncertainty associated with that value. The
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model assumes that the sludge is in direct contact with the outer LOW surface. The
calculated far-field (38.6 cm source-to-detector spacing) detector response to various
moisture content sludge is shown in Figure 4-3. A power law fit is applied to the calculated
data. If the detector system were fully calibrated and the modeled waste composition was
representative of the tank material, it should be possible to predict moisture concentrations
based upon the near- or far-field detector response alone.

Figure 4-2. MCNP Predicted Far-Field Detector Response to Sludge
with 10 Weight Percent Borosilicate LOW Content.
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1

Further improvement in the moisture prediction is usually gained by using the ratio of these
two responses. This ratio will often reduce or cancel some systematic uncertainties in the
measurement as well as correct for some near-borehole effects. The ratio of the responses
will usually give a better estimate of the moisture content of the surrounding material than a
single detector measurement. Figure 4-4 shows the calculated near- to far-field response
ratio to sludge as a function of the moisture concentration. The curve shown in this figure
provides a calculated calibration function that can be applied to determine the sludge
moisture content as a function of the response ratio of the near- and far-field detectors. The
curve was developed for homogeneous surrounding tank materials and cannot be applied
without adjustment to material interfaces, such as the interface between saltcake and sludge.

This calculated calibration curve has not been confirmed with experimental measurements in
known moisture waste simulant and must therefore be considered theoretical and preliminary.
Based on available core sampling data, a relatively high value for the sludge density

(1.6 g/cm®) was chosen for modeling. Using a larger value for the density in the model will
cause the model to predict a conservative or lower than best estimate of moisture
concentration in the sludge.

Figure 4-4 shows actual neutron probe scans of tank 241-BY-107. The result of dividing the
near-field response by the far-field response is superimposed on actual scans. All scan
values are originally measured with respect to the vertical position of the source. These
scans have been shifted so that the response is plotted versus the depth in the tank at which
the probe is most sensitive to the surrounding media. Modeling has shown that this position,
rather than the source position, is about halfway between the source and the detector.

MCNP modeling was performed to determine this most sensitive vertical position for each
source-to-detector spacing, and the result was used to shift each scan by the appropriate
distance. Five regions of the complete scan have been identified: riser/soil, riser/dome
(concrete), tank airspace, saltcake, and sludge. Detector responses in the riser regions of the
scan may not be directly compared with responses in the waste because of the air gap, steel
riser casing, and the different material compositions and densities. The general trends
observed in each of these regions are consistent with model expectations. In general, an
increase in the near- to far-field response ratio is indicative of an increased hydrogen
concentration in the surrounding material. The ratio is relatively low in the riser/soil region
and increases in the riser/dome region. This is consistent with the expectation of low
moisture in the soil and increased bulk density and hydrated water in the concrete tank dome.
A more pronounced result is observed in the waste. The response ratio is about three times
larger in the sludge region than in the saltcake region.

Scan data are collected for 1 second at 1/10-foot intervals. The uncertainty in the
unprocessed data is due to the Poisson counting uncertainties in individual data values.
Because a calibration has not yet been performed for typical ferrocyanide sludge and because
the current probe uses thermal detectors, the actual total uncertainty for the present
measurement cannot be accurately estimated at this time. The calculated detector response
ration is higher than in the saltcake and remains relatively constant throughout much of this
region, indicating constant moisture concentration higher than that observed in the saltcake
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Figure 4-4. Tank 241-BY-107 Neutron Scans and Near- to-Far-Field
Response Ratio.
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region. Relatively high values for the detector response ratio are observed for the bottom
two data points acquired in the scans. The near-field response increases, and the far-field
response decreases rapidly in this region of the tank. The LOW installation drawing
(H-2-91924) specifies that LOWs are to be installed with a minimum 2-inch clearance
between the bottom of the LOW and the tank liner. The observed effect may correspond to
an actual significant increase in the moisture content of the sludge or may be produced by the
proximity of the probe to the tank bottom. A similar feature is observed in the scans of tank
241-BY-111 but not in the scans obtained in tank 241-BY-110.

Figure 4-5 shows actual neutron probe scans of tank 241-BY-111. The result of dividing the
near-field response by the far-field response is superimposed upon the actual scans. The
detector response ratio plots for tanks 241-BY-111 and 241-BY-107 are very similar.

Figure 4-6 shows actual neutron probe scans of tank 241-BY-110. The result of dividing the
near-field response by the far-field response is superimposed on the actual scans. No
anomalous effect in the detector response ratio is observed in the scan data obtained near the
bottom of this tank.

4.2 INTERPRETATION OF THE SALTCAKE REGION DETECTOR RESPONSES

The interpretation of the scan data obtained from the saltcake region of each tank is
complicated because the LOW insertion through the hardened saltcake required that a water
lance be used to create an opening. Figure 4-7 shows an actual in-tank photograph of the
LOW inserted in the saltcake of tank 241-BY-107. The LOW is the green-colored fiberglass
pipe. Because the entrance hole for the LOW is larger than the LOW, an annular air gap
exists around the LOW. Because the saltcake is somewhat solid,.it does not appear to slump
back in around the LOW, as is the postulated behavior for the sludge. If the saltcake had
been more like a slurry at the time of LOW insertion, it might have filled in around the
LOW. The annular air gap affects the detectors’ responses. It should be possible to correct
for such an air annulus using modeling in conjunction with experimental tests. Figure 4-5
shows the predicted responses of both near- and far-field detectors to different radius annular
air holes between the LOW and low- to high-moisture saltcake (density = 1.7 g/cm?).
Because the far-field detector arrangement normally interrogates a larger volume of the
surrounding material than the near-field probe, its response is less sensitive to near-borehole
air gaps until the size of the air gap becomes comparable to the far-field source-to-detector
spacing.

The LOW entrance hole into the saltcake is only visible in available in-tank photographs for
tank 241-BY-107 (see Figure 4-7). Using this photograph, the diameter of the entrance hole
was estimated by measuring its apparent size and comparing that with the apparent size of
the LOW, whose outer radius is known to be 4.445 cm. A best estimate of the radius of the
saltcake entrance hole is 7.9 cm (measured from center of hole to edge of saltcake). If this
size hole wa~ maintained throughout the saltcake, modeling results predict that the count
rates for the near-field probe should reach about 1700 counts per second for one saltcake
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Figure 4-5. Tank 241-BY-111 Neutron Scans and Near- to Far-Field
Response Ratio.
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Figure 4-6. Tank 241-BY-110 Neutron Scans and Near- to Far-Field
Response Ratio.
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Figure 4-7. In-Tank Photograph of LOW and its Entrance into the
Saltcake of Tank 241-BY-107.
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region and about 1500 counts per second in a region with less moisture. The observed near-
field count rate in the saltcake region of tank 241-BY-107 only rises to about 700 counts per
second, while the far-field count rate averages about 500 counts per second in the same
region. '

The most plausible interpretation of these results is that, although the water lance appears to
have produced a clean entrance hole in the saltcake, the annular air space around the LOW
must increase to about 15 to 25 cm in radius below the saltcake surface. Figures 4-8 and 4-9
show that, for the LOW surrounded by a 20 cm radius air annulus followed by average
moisture saltcake, the predicted count rates in tank saltcake for both the near- and far-field
probe are in good agreement with those observed in the scans obtained in tank 241-BY-107.
Without the information gained from both the near- and far-field detectors, this analysis
would be difficult to substantiate. Accurate measurements of the saltcake moisture
concentration from within an LOW surrounded by an air gap are more difficult than without
the gap. If the size of the air gap is unknown, a simple ratio of the near- and far-field
detector response is not adequate information on which to base a moisture estimate.
Absolute count rate information must be combined with this ratio to determine the
approximate air gap size and surrounding moisture concentration simultaneously.
Experiments must be performed to confirm the model predictions for different air gaps
between the LOW and saltcake of different moisture concentrations.

The scan data obtained in the saltcake region of tank 241-BY-111 exhibits more pronounced
evidence of changing air annulus size between the LOW and saltcake. The near-field count
rate initially rises to a plateau of about 1180 per second, while the far-field reaches about
570 counts per second after both probes have completely entered the saltcake. These
individual count rates are both consistent with those predicted for about a 12 cm-radius air
annulus surrounded by average moisture saltcake. At a depth of about 11.58 m in the tank,
the near-field count rate has fallen to about 750 per second and the far-field count rate has
dropped to about 430 per second. These absolute count rates and their ratio are consistent
with those predicted for about a 17 cm-radius annular air hole surrounded by average
moisture saltcake. The saltcake scan data are consistent with what would be expected for
saltcake containing a relatively constant moisture concentration of about average moisture
throughout its vertical profile, but with a relatively small LOW insertion air hole that
increases in radius about .60 cm below the surface of the saltcake. Because of possible air
hole variations, it is likely that the saltcake portion of the scan for each tank will require an
individual analysis and interpretation that may not lend itself to the automated use of a single
calibration curve.
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Figure 4-8. Calculated Near- and Far-Field Responses to Annular Air Holes
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Figure 4-9. Comparison of Calculated Responses of an Epithermal
Detector to Different Moisture Concentration Sludge for
Two LOW Borosilicate Concentrations.
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5.0 DESIGN RECOMMENDATIONS FOR AN IMPROVED MOISTURE
MEASUREMENT NEUTRON PROBE

Several improvements over the current interstitial liquid level neutron probe may be easily
included in a new design. A new design should include multiple detectors at appropriate
spacings from the source. The most useful information probably would be obtained using
three detectors, two in the near-field response region and one in the far-field response region.
The far-field and one of the near-field detectors should be used to detect epithermal neutrons
in order to eliminate the effects of the LOW boron content and the possible presence of
strong neutron absorbers in the waste matrix. An epithermal system should measure the
moderating properties rather than the neutron absorption properties of the surrounding media.
Figure 4-9 shows the calculated response of the current near-field detector wrapped with a
4-mm-thick polyethylene inner sleeve and a 2.5-mm-thick outer gadolinium sleeve to sludge
of different moisture concentrations with two widely different LOW borosilicate fiber
contents. The outer gadolinium sleeve absorbs thermal neutrons allowing higher energy
neutrons tc enter the inner polyethylene sleeve where their energy is reduced by collision.
These neutrons then enter the active detector region with an energy that is more efficiently
detected. The predicted response of this epithermal neutron detector nearly eliminates the
effects caused by the borosilicate content of the LOW, while maintaining a reasonably high
count rate and good sensitivity to moisture variations. This same device should enable more
accurately determination interstitial liquid levels in Hanford Site tanks. The current probe,
when configured in its shortest source to detector spacing (18.3 cm center-to-center) is not a
true near-field detector. A near-field detector is more effective when it is placed closer to
the source and shortened in length. Another desirable improvement would be the ability to
control the scan rate of the system so that more data could be acquired over scan intervals of
interest, thereby improving the counting statistics. More ideal measurements, requiring less
complicated interpretation, could be made from within a well casing inserted through the
saltcake and sludge without using a water lance. For example, an insertion method using a
penetrometer would minimally disturb the waste immediately surrounding the casing.
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6.0 CONTINUING DEVELOPMENT AND INVESTIGATION

To complete the development and final deployment of a neutron moisture measurement
device for routine surveillance purposes, several tasks must be performed. Tank waste
moisture simulants must be procured and used to obtain final experimental measurements and
calibrations. With these simulants, WHC will want to investigate the response of the
prototype probe to moisture concentrations, geometrical air- or liquid-filled regions around
the LOW, and vertical material interfaces. These simulants will be representative of actual
ferrocyanide waste (without radioisotopes). The simulants must only be the equivalent of
ferrocyanide wastes in terms of their elemental composition and density, because neutron
interactions are essentially unaffected by the chemical structure binding elements other than
hydrogen.

To deploy a prototype neutron probe in the field, changes must be implemented in the
drywell surveillance vans hardware. The vans currently perform scans using gamma and
neutron probes in cased, air-filled wells at the Hanford Site. The vans are equipped with a
draw-works that physically controls and measures the height of the probe in the well using a
single conductor, armor-jacketed cable. The probe’s analog signal is transmitted along the
cable to the van’s data acquisition system, and DC power is supplied to the probe
transformer using the same cable. To make the vans compatible with the currently proposed
neutron probe design, additional data acquisition electronics will be required. Additional
data acquisition electronics will be needed to receive and process the signals from the added
detectors. The draw-works of the drywell van should also be modified to allow for variable
and slower scan rates. Currently the probes raust be scanned at speeds of 0.03 or 0.015 m
per second. The ability to stop the scan and collect data for longer times at certain intervals
and the ability to perform continuous scans at rates down to 0.0009 m per second are
desirable. Longer counting times provide measurements with less statistical uncertainty,
while allowing a weaker source to be used for safety considerations.

LOWs have not yet been installed in all ferrocyanide tanks at the Hanford Site. The design
and material composition of additional LOWs must be determined to allow current and
proposed in-tank LOW monitoring tools to function effectively.

To obtain more accurate interpretations of scans, both experimental measurements and
computer modeling will be used to determine the responses of the detectors to possible air-
or liquid-filled regions immediately surrounding the LOW. The possibility of using a pulsed
neutron system to identify and correct for such anomalies will be investigated with computer
modeling.
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7.0 CONCLUSIONS

The ability of a simple, active neutron probe to respond in a predictable manner to changes
in surrounding moisture concentration has been demonstrated. Measurements have been
obtained, using a slightly modified in-tank neutron probe, both in experimental moisture
standards and in actual tank waste. The results from these measurements compare favorably
with predictions made by computer modeling of the device’s response to these various
conditions and materials. Using theoretical model predictions and best estimate tank material
compositions and densities, estimates of tank material moisture concentrations may be
derived from scan data. Valuable information has been obtained regarding tank conditions
under which an improved device must be able to measure moisture. With more complete
calibrations and better knowledge of materials, modeling has shown that an improved neutron
device should be capable of measuring moisture concentrations with increased accuracy and
with decreased uncertainty in Hanford Site waste tanks.
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